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Abstract

A new and selective voltammetric method for chloride determination is proposed, based on platinum and
chloride interactions. A screen-printed platinum electrode (SPPtE) functions as a sensing platform, which
promotes the formation of chloro-adsorbed species on the electrode surface, acting as an effective means of
anion-determination in several matrices. The pretreatment of the SPPtE and careful control of the cathodic
stripping voltammetric parameters yielded a well-defined electrochemical signal. This cathodic peak was due
to the adsorption of chlorine, which had previously been oxidized from chloride anions in the initial anodic
deposition step. It offers a simple, low-cost, fast, reproducible (RSD < 6%) and precise method for selective
chloride determination, with limit of detection of 0.76 mM, and a sensitivity of -24.147 uA mM ™ for a broad
determination range of up to 150 mM. Chloride determination was correctly performed with single drops of
environmental, pharmaceutical and food samples. In addition, the sensor was successfully adapted as a

flexible screen-printed platinum electrode sensor using Gore-Tex® as support for printing.
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1. Introduction

Chloride ion concentration is an important parameter in various environmental [1-3], pharmaceutical and
food-related fields [4,5]. Chloride also has a significant role in biology and medicine, as an essential
electrolyte that maintains corporal homeostasis, functioning as a diagnostic indicator of various conditions
and diseases. The chloride content of sweat samples is widely analyzed for the diagnosis of cystic fibrosis
(CF) [6]. At normal levels, sweat chloride can reach a maximum of 40 mmol L™, exceeding 70 or 80 mmol L°
Yin CF positive individuals [6-11]. As the most abundant ion in perspiration, chloride is also a potential
biomarker for electrolyte loss in endurance activities [12,13]. A further example is the diagnosis of chloride
levels that are outside the normal plasma range of 96 — 106 mmol L™ indicating conditions of hypo or
hyperchloremia [14,15]. Also present in urine, at concentrations ranging between 110 and 250 mmol L™,
chloride anion levels can provide information on kidney malfunctions [16,17]. Lower levels of chloride

anions are also present in the cerebrospinal fluid of patients with amyotrophic lateral sclerosis [18].



The Mohr volumetric method [19], potentiometric ion selective electrodes (ISE) [20-23], and more recently
ion-chromatographic analysis [24,25] are all current standards for chloride determination. Likewise,
resonance light scattering [26], turbidimetry [27], colorimetry [28,29], fluorescence [30] and
spectrophotometric [31,32] methods, have all been developed. Additionally, some papers published in recent
years [33-49] have described several screen-printed electrode (SPE) based electrochemical sensors that
perform chloride analysis. The clear advantages of this type of disposable platforms are the low-cost of the
materials in use, the possibility of on-site testing, and simple handling of the electrode modifications for their
analysis [49]. The majority of studies on chloride determination using SPE are based on the formation of
stable compounds between silver and chloride [33,34,40,47,50]. The Nernstian shift of a control species
voltammetric peak has also been used for chloride determination, since the pseudo-reference SPE Ag/AgCl is
affected in the presence of this anion [35-38]. Some of these SPE-based sensors printed on flexible substrates
are designed to determine sweat chloride. The excellent properties of fabric-based SPEs have also been
applied to the development of wearable sensors [35,50].

Even with the interesting results obtained from the above-mentioned methodologies, significant disadvantages
still exist. Despite offering continuous measurements, potentiometric methods are time-consuming and
require stabilization steps, complicating any routine use. Moreover, ISEs usually have a limited lifetime,
requiring regular electrode replacement. Some of the SPE-based sensors that have been described [35,48]
need control species, adding possible interferents to the analysis, and requiring sample preparation. Silver-
based sensors [33,34,36,40,47,50] present problems such as their complex preparation, electrode fouling,
impractical continuous measurement, and reduced concentration ranges.

The demand for an efficient analytical tool calls for the development of new, fast and simple methods of
chloride determination. A novel Pt-based SPE sensor is therefore proposed in this paper, in response to the
problems found with silver-based SPEs.

Platinum (Pt) is a noble metal, with extensive applications in the electrochemical field. Pt electrode properties
are strongly affected by the presence of chloride ions, particularly when high anodic potentials are applied
during the experiments [51-57]. At these potentials, the chloride anions that are specifically adsorbed on the

Pt surfaces block the adsorption of oxygen and chlorine gas discharge occurs [57]. Indeed, exhaustive



research has already been focused on chloride behavior on Pt surfaces and the fundamentals of its interactions
[51-60].

In this study, the feasibility of an electrochemical sensor, using a screen-printed platinum working electrode
(SPPtE) is investigated, as an alternative to other approaches for the detection of chloride ions in matrices of a
different nature. Although chloride-Pt interactions have been already studied, to the best of our knowledge,
only one paper describes those interactions in the context of chlorine gas determination [60]. This method
achieved a detection limit of only 1.93 mM, and a linear range of up to 42 mM that is unsuitable for direct
analysis of some chloride samples.

The SPPtE-based sensor developed in this work, uses cathodic stripping voltammetry (CSV) to improve
chloride detection. Thus, a simple, fast, low-cost, disposable SPPtE-based sensor was successfully tested for
chloride determination in environmental, pharmaceutical and food samples. In addition, a flexible SPPtE
sensor was developed that could form the basis for the development of a wearable sensor to monitor the

chloride levels of human sweat.

2.Experimental Section

2.1.Chemicals and reagents
Human plasma, L(-)-malic acid, sodium pyruvate, and D(+)-glucose monohydrate, alanine, aspartic acid,
glutamic acid, phenylalanine, glycine, propionic acid, folic acid, iodide, isovaleric acid, leucine, tryptophan,
valine, butyric acid, nickel nitrate hexahydrate, calcium sulfate dihydrate, and isobutyric acid, were purchased
from Sigma-Aldrich (Steinheim, Germany). L-histidine monohydrochloride monohydrate, sulfuric acid, urea,
ascorbic acid, ammonia, sodium phosphate dibasic dihydrate, sodium phosphate monobasic dihydrate,
magnesium nitrate, copper(ll) sulfate pentahydrate, potassium chloride, and potassium nitrate, were obtained
from Merck (Darmstadt, Germany). L-lactic acid (85%), succinic acid, anhydrous citric acid, ortho-
phosphoric acid (85%), tyrosine, iron ammonium sulfate hexahydrate, cadmium nitrate tetrahydrate,
potassium bromide, sodium bicarbonate, potassium sulfate, sodium fluoride, iron ammonium sulfate
hexahydrate, and sodium chloride were purchased from Panreac-Applichem (Darmstadt, Germany).
Creatinine was obtained from Cromatest (Barcelona), uric acid from Alfa Aesar and acetic acid from VWR

(France).



Commercial wholemeal biscuits, chicken stock, and saline solution were obtained from local markets.

Human sweat and urine samples were collected from healthy volunteers and stored at -20°C before use.
Human plasma, was prepared at 0.05 % (w/v) in a phosphate buffer (0.31 mM, pH 6.2) and spiked with two
levels of sodium chloride, of 47 mM and 125 mM, to simulate conditions of hypo and hyperchloremia,
respectively.

Synthetic sweat was formulated, as described elsewhere [13,61], according to the median levels of the
compounds found in real human perspiration (Table Al).

All reagents were of analytical grade and all solutions were prepared with Milli-Q water (Millipore, Bedford,
USA).

The inks used for the fabrication of the SPEs, Electrodag PF-407 A (carbon ink), Electrodag 6037 SS
(silver/silver chloride ink), and Electrodag 452 SS (dielectric ink), were supplied by Achenson Colloiden
(Scheemda, Netherlands). Polymer platinum ink (C2050804P9) was obtained from Gwent Group (Mamhilad,
United Kingdom). Polyester films (PET) of 0.5 mm thickness (HIFI Industrial Film, Dardily, France) and
Gore-Tex® PACLITE® Shell 2-Layer Ripstop Nylon (from Rockywoods Fabrics LLC, Loveland, USA) were

used as the printing substrates.

2.2. Apparatus
Voltammetric measurements were performed using a PalmSens® portable electrochemical potentiostat with
the PS Trace 4.2 program (PalmSens® Instruments BV, Houten, The Netherlands).
The potentiometric analysis was performed with a pH & lon-Meter GLP 22+, connected to a chloride ion
selective electrode 96 52 C, from CRISON Instruments, S.A. (Barcelona, Spain).
The conventional three-electrode system was obtained from BASI bioanalytical systems (West Lafayette,
USA). It consisted of three electrode cells, namely a platinum electrode with a diameter of 1.6 mm (MF-
2013), a platinum wire electrode (CHI115), and a silver/silver chloride electrode (MF-2025), used as the
working, counter, and reference electrodes, respectively.
Microscopy imaging and elemental composition analysis were performed using a scanning electron

microscope (SEM) JEOL JSM-6460LV with an INCA elementary X-ray analysis system Oxford Instruments



(Abingdon-on-Thames, UK). The X-ray analysis was performed at three different zones of each working

electrode with a zoom of x500.

2.3.SPE manufacturing and preparation

The SPE systems were fabricated by sequential ink layer deposition on PET and Gore-Tex® supports,
previously heated and held at a temperature of 120° for 2h. SPE manufacturing was completed following
previously described procedures [62]. Briefly, silver and silver/silver chloride inks, cured at 120 °C for 20
min, were used to print the conductive tracks and the reference electrodes, respectively. The counter electrode
was then printed with carbon ink and cured at 60 °C for 30 min. Next, platinum ink was screen-printed and
cured at 80 °C for 30 min. to define the Pt working electrodes (SPPtE) (Area = 12.56 mm?). Finally, dielectric
ink, which defines the final geometry of the three electrodes, was printed and cured under the same
conditions.

Before the chloride analysis, each electrode was electrochemically polished in KNO3; 0.1 M, by applying 5

cyclic voltammetric scans from -0.20 to -1.50 V at 0.05 Vs (Fig. Al).

2.4. Cyclic voltammetric measurements

The screening of electrochemical behavior of chloride at SPPtE, was carried out using cyclic voltammetric
(CV) experiments, performed by drop casting 200 uL of supporting electrolyte (phosphate buffer, 0.31 mM,
pH 6.2), containing 5, 10, 20, 30, 60, 80, and 100 mM NacCl, onto the electrode surface. Voltammograms
were recorded, between -0.70 V and 1.30 V (vs SPE Ag/AgCl) at 0.1V s™.

Randles-Sevcik CV experiments, were performed by drop-casting 200 pL of supporting electrolyte containing
60 mM NaCl, onto the electrodic system, from 0.40 to 1.30 V (vs SPE Ag/AgCl), at the following scan-rate
values: 0.025, 0.050, 0.075, 0.100, 0.150 and 0.200 V' s™.

The experiments using the conventional three-electrode cell system, were performed from 0.40 to 1.30 V (vs
Ag/AgCI) in a cell containing 10 mL of supporting electrolyte, and the desired chloride concentration, spiked

from a stock solution of NaCl 3 M, at 0.1 V s,

2.5. Cathodic stripping voltammetry for chloride determination



The cathodic stripping voltammetric (CSV) experiments were performed by drop casting 200 pL of
supporting electrolyte containing different concentrations of NaCl onto the electrodic surface. A first
deposition step at 1.50 V was applied over 15 seconds, followed immediately (equilibration time 0 s) by a
cathodic linear sweep voltammetric scan, from 1.11 to 0.10 V at a scan rate of 0.20 V s, returning a

reduction peak at 0.80 V.

2.6. Chloride ion selective electrode measurement
A chloride ion selective electrode (Cl — ISE) was the reference method used to corroborate the voltammetric
results. The experiments were performed in stabilization mode and the potential value recorded after
measurement stabilization. According to the supplier, chloride standards from 0.5 to 60 mM of KCI were
prepared in KNO; 0.01 M. Calibration curve (log [KCI] (mM) vs potential (mV)), was used to determine the

chloride content in samples.

3.Results and discussion

3.1.Chloride voltammetric peak screening

As previously mentioned, several authors have described specific interactions between chloride and platinum
surfaces, once this anion leads to the inhibition of redox processes [52], competing with oxides and protons
that are usually adsorbed [55].

Confirmation of those sorts of interactions at the SPPtE was carried out by screening the voltammetric peak in
the presence of chloride through CV scans. In Fig. 1, numerous peaks appear within the CV experimental
data. Special attention was given to the cathodic peak developed at 1.0 V, as its potential remained stable,
showing a relation with chloride concentrations. This is in agreement with the findings of Kuhn and Wright
for platinum electrode behavior in strong chloride solutions [51]. This peak may be related with the chlorine
gas generated on the working electrode surface. No stable oxidation signal was observed in the CV scans, to
pair it with the reduction signal, so several experiments, were performed to determine the cause of the
reduction. The results obtained for potential sweeps, by means of CSV performed from 1.3 to 0 V, were

therefore analyzed.



3.2.CSV setting for chloride quantification
CSV was found to be the ideal technique to follow the reduction peak developed in the presence of chloride
ions. Previous experiments have shown that the current signal is notably increased when an anodic
pretreatment step is performed before the cathodic potential sweep. In doing so, the influence of both anodic
potential (Eqp.) and time deposition (tqp) pretreatment can be considered. In this study, an Ege, of 1.5 V was

applied over 15 s as the optimal CSV conditions (Fig. A2).

3.3. SPPtE electropolishing

When assessing the performance of the sensor for chloride determination, under the previously adjusted
conditions, it was found that the voltammetric reduction peaks were irreproducible and unstable. An
electropolishing step of the SPPtE in 0.1 M KNO; was therefore performed (Section 2.3. SPE Manufacturing
and Preparation). The cyclic voltammograms obtained for electropolishing step, exhibits a different behavior
in the first scan, since the reduction peak developed at -1.0 V disappeared over repeated KNO; scans (Fig
Al).

With the purpose of detecting modifications in the typical proton and oxygen adsorption zones on Pt surfaces,
the effect of this step was studied in acidic media [63]. Thus, when 0.1 M H,SO, was used as a supporting
electrolyte, the untreated SPPtE exhibited a flat CV profile, with low current densities and imperceptible
signals. Contrasting data were found when using an electropolished working electrode (SPPtE/EP), which
recorded increased current outputs and a well-marked CV profile, displaying the expected peaks shapes and
positions usually found for a Pt surface (Fig. A3). This treatment generates a higher number of active sites for
the reaction on the electrode surface. These data might be related with the presence of a polycrystalline
nanosurface of platinum available to interact with reactants [51,55,63], as a result of the elimination of Pt ink
impurities.

The data obtained in the X-ray elemental composition analysis of the SPPtE/EP surface (see Appendix B),
confirmed the increase of a more electroactive surface, revealing a 15 % increment in oxygen composition,

when compared with an untreated SPPtE (Table 1). The chloride reduction peak was also shifted from 1.0 to



0.8 V when the CSV experiments were performed, which confirmed that the chloride redox process occurred
more easily and extensively on a treated surface, rather than on an untreated SPPtE.

The chloride voltammetric peak current was remarkably increased at SPPtE/EP and the number of scans
improved the anion determination. Five cycles were selected for the electropolishing step, as lower deviations
were found between replicas (Fig. Al).

An additional study, using a conventional (not screen-printed) three-electrode cell system with a Pt working
electrode, was performed in the presence of chloride, before and after KNO; electropolishing. As observed
using a SPPtE, under the CV conditions employed for chloride voltammetric peak screening (CV from -0.7 to
1.3 V, at different chloride concentrations, in phosphate buffer, 0.31 mM, pH 6.2), the conventional Pt
electrode developed a well-defined reduction peak at 1.0 V (vs Ag/AgCl), which current is related with
chloride concentrations (Fig. A4). Nevertheless, the electropolishing of this conventional Pt electrode,
displayed a different behavior to those observed at the SPPtE, developing a flat behavior over the five scans
(Fig. AS5). This Pt surface also behaved differently in CSV experiments, originating weak reduction peaks that
can barely be related with chloride concentrations. Even though poor linearity was found for the chloride
calibration at this conventional Pt surface, KNOs. electropolishing also increased the current output for the
cathodic peaks (Fig. A6).

As previously mentioned, the Pt ink is also crucial for chloride determination, as the conventional metallic Pt
electrode proved itself ineffective at obtaining a satisfactory response in the presence of the anion. Therefore,
all the experiments conducted for the characterization, application and validation of the proposed sensor, were
performed with previously electropolished SPPtEs. This step, performed just before the first utilization,

demonstrated stable measurements.

3.4. Electrochemical mechanism for CSV chloride reduction peak
It has been demonstrated that the reduction peaks observed in CSV experiments can be related with chlorine
evolution; however, it involves a complex mechanism. In fact, many processes may occur on the electrode
surface involving both faradaic and non-faradaic contributions. A chemisorption electrochemical mechanism
is proposed for a better understanding of the voltammetric reduction peak and its generation in chloride

containing-media. The mechanism may rely on the formation of chloro-complexes on the Pt surface, which



are oxidized during the anodic pretreatment, applied just before the cathodic sweep. Somewhat conflicting
information exists regarding the type of complexes formed; nevertheless, there is agreement that an oxide
layer deposited on the Pt surface will favor chloride complexation with the metal. Some of those complexes
are described as PtCI", PtCl,, PtCl,* and PtCls* [51-57]. Other studies, in agreement with the results found
using the proposed system, have indicated the presence of strongly adsorbed chlorine atoms in the electrode
reaction mechanism [58-60].

X-ray analyses of the different steps of sensor operation for chloride analysis was used to evaluate changes in
the SPPtEs surface composition (see Appendix B). The wt % of each element was compared on various
surfaces: untreated SPPtE (identified as SPPtE in table 1), after the KNO; electropolishing treatment
(identified as SPPtE/EP in table 1), when submitted to an anodic treatment at a Eg., of 1.5 V applied during
15 s under different chloride concentrations in the solution (identified as SPPtE/EP/Ege, 0, 10 and 150 mM
NaCl in table 1), and after the cathodic sweep, also at different chloride concentrations (identified as
SPPtE/EP/Eg, 0, 10 and 150 mM NaCl/CSV in table 1). The untreated SPPtE presented a small percentage of
oxygen, limiting the formation of chloro-adsorbed complexes that originated small voltammetric reduction
peaks. The oxide layer was increased after the electropolishing step (SPPtE/EP), which prompted extensive
interaction between chloride and Pt, resulting in improved sensitivity to the anion. This is also noticeable for
the Pt oxide peak current, which is improved at a EP/SPPtE (Fig. A3).

Moreover, when the anodic deposition step was performed without the cathodic potential sweeping
(SPPtE/EP/E4, NaCl), a wt % of chloride was found on the electrode surface. However, when chloride was
absent in the anodic deposition step, no compositional change was perceptible in comparison with the
SPPtE/EP surface. In this step, surface chloride and oxygen also appeared to be related with the lowest wt %
of oxygen that was present when the chloride concentration was increased. This observation lends support to
the idea that the formation of chloro-adsorbed complexes requires a previously formed oxide layer, which
promoted interaction between anions and the Pt surface. The X-ray elemental analysis, summarized in Table
1, also offers information on the electrochemical reduction of adsorbed chlorine gas, confirming the
disappearance of chloride from the Pt surface, after the cathodic potential sweep (SPPtE/EP/Ege, 10 and 150

mM NaCl/CSV).
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The X-ray data showed that the mechanism relies on chloride complexation at the electropolished Pt surface,
where its oxidization releases chlorine gas during the anodic step (Eq. 1). During this step, gas bubble
emerges from the sample, revealing that chlorine generation was occurring at these high potentials.
Subsequently, the electrochemically generated chlorine gas was reduced to chloride anions during the
cathodic potential sweeping (Eq. 2); regenerating the oxide layer at less positive potentials and recycling the
Pt surface for a new reaction. It is suggested that this behavior results from a nondissociative adsorption of
chlorine gas on the Pt electrode surface, which is followed by electron transfer [60].

2C1" = Clygqs + 27 (1)

Cly qas +2e~ - 2C1  (2)

Murugappan and co-workers proposed a similar mechanism for the detection of chloride gas on a Pt
microdisk. Their conclusion was that chlorine gas must partition into the liquid phase before chlorine
reduction occurs at the electrode surface [60]. In our system, the chlorine gas is formed on the working
electrode and partitioning may also occur. Even so, nondissociative chlorine gas absorption may be favored,
as the chlorine is generated in situ and is then reduced to its corresponding anions.

Fig. 2 shows SEM SPPtE imaging of a rough surface, constituted by spherical microstructures of platinum
that are homogeneous throughout the different steps of the analysis. This rough surface also contributes to the
nondissociative chlorine gas absorption mechanism, playing an important role in sensor performance. So, it
can be assumed that the successive steps converged in the improved effectiveness of the SPPtE to react, rather
than alter its surface morphology. Furthermore, the Randles-Sevcik equation, produced a non-linear relation;
indicating that this mechanism is not controlled by diffusion, with the possible involvement of adsorbed

intermediates (Fig. A7) [64].

3.5. SPPtE-based sensor characterization
If an analytical method is to be characterized, it is important to establish its precision in terms of
reproducibility and repeatability. Reproducibility was calculated taking into account calibration curves
registered by the different sensors (inter-sensors), and repeatability with one single sensor (intra-sensor). The
CSV responses of the SPPtE sensor to chloride concentrations over a range of 150 mM are shown in Fig. 3 a

and b. After 150 mM, a loss on linearity was observed, leading to saturation of the sensor. The average value
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of the voltammetric peak currents of several samples was used to construct the calibration curves. The
reproducibility associated with the slopes of these calibrations, in terms of relative standard deviation (RSD)
was 5.80% (n=7), and a sensitivity of -24.147 uA mM™ was achieved. In terms of repeatability, a single
SPPtE-based sensor maintained a stable slope over six successive calibrations, each constructed of sixteen
measurements (Fig. A8). Despite the disposable characteristics of the SPEs, considering that the evaluation of
each concentration corresponds to one experiment, each sensor was able to perform an average of 118 £ 5
reliable experiments in synthetic chloride samples. A limit of detection (LOD) of 0.76 mM, was obtained by
LOD =3S,, /b, where S, is the estimated standard deviation of the lowest concentration that was detected,

and b is the average slope of the calibration curves [65,66].

3.6. Analysis of interferences

It is important to check the specificity of the SPPtE to chloride, when other halides are present at the same
concentration levels. Therefore, fluoride, bromide and iodide were evaluated and their voltammetric behaviors
were analyzed. Only bromide originated a reduction peak at 0.60 V under the optimized experimental
conditions. This reduction peak can hinder the chloride peak when bromide is present in concentrations above
10 mM. So, despite the different peak potential, the determination of chloride by using the SPPtE-based
sensor in high bromide content samples should be reconsidered, in view of the false positive results that can
emerge. Nonetheless, bromide is not expected to occur in such high concentrations in most samples.

Moreover, other anions and several cations, organic acids, carbohydrates, aminoacids and nitrogen
compounds, found in biological samples, were carefully analyzed at three distinct concentrations (Table Al).
None of the components under consideration, showed a major interference with the sensor operation for
chloride determination. However, biological matrices present various organic substances that can cause

electrode passivation, reducing the availability of sites for the formation of chloride surface complexes.

3.7. SPPtE-based sensor application and validation
The SPPtE-based sensor can be a useful tool to determine chloride content in several matrices. It offers
reliable performance for selective analysis with an absence of any relevant interferents. Efficient

determination of this anion in environmental, pharmaceutical, and food samples was successfully performed.
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Some of these samples required a pretreatment step, such as centrifugation, dilution and calcination, in order
to fit the sample into the calibration range, or as previously mentioned, to avoid electrode poisoning (Table
A2).

Real sample analysis was performed using the standard addition method, except in the analysis of human
sweat, the peak current value of which was introduced in the calibration curves previously built from
synthetic sweat, given the limited availability of real samples.

The SPPtE sensor results, shown in table 2, corroborated with potentiometric measurements of chloride-ion
selective electrode (CI-ISE), confirmed the viability and applicability of the voltammetric sensor to determine

the chloride content of several sample types.

3.7.1.  Sensor application for sweat analysis

Over the past few years, the application of sensorial platforms specifically for the determination of sweat
chloride has been under investigation, for non-invasive analysis of this electrolyte [29,34,35,38], which is
useful in CF disease diagnosis and for monitoring electrolyte loss during exercise [6—12]. Thus, considering
the suitability of the sensor in this field, special attention was given to sweat samples.

In vitro studies, using synthetic sweat samples, shown in Fig. 4, yielded well defined CSV peaks showing
excellent linear correlation with chloride concentrations (R? = 0.9997), and a sensitivity of -13.618 pA mM™.
Moreover, the electrodic system was printed on Gore-Tex®, which could be considered as a proof-of-concept
for sweat analysis, given that flexible substrates are required for the development of wearable devices. This
device, presented good linearity and analogous performances to those obtained with the rigid substrate (Fig.
4).

Comparing the CSV peaks for synthetic sweat with those of the supporting electrolyte (Fig. 3), a lower slope
of the calibration curves was found. These data may be an indicator of electrode poisoning, that agree with the
work of Polta and Johnson, who observed that electrochemical detection of aminoacids and carbohydrates
was not successful using Pt electrodes, due to the accumulation of adsorbed reaction products under anodic
potentials at Pt surfaces [67]. Nevertheless, a good linear relation was obtained in the range of interest to
determine chloride concentration in real human sweat samples. Thus, the height of the reduction peaks was

interpolated in the previously built synthetic sweat calibration curve, detecting a chloride value of 30.76 +

13



3.61 mM in the human sweat sample, which is in agreement with the value obtained using the CI-ISE (Table

2).

4.Conclusions

A new electrochemical chloride sensor has been developed, based on recognized interactions between the
chloride anion and the platinum electrode surfaces. The formation of surface chloro-complexes at the SPPtE
working electrode surface are oxidized in a primary anodic step to chlorine gas. This gas is strongly adsorbed
onto the Pt surface and reduced in the cathodic scan, originating reduction peaks that present a linear relation
with chloride concentration in the matrix. Its large linear range (0.76 to 150 mM) fits ideally with the chloride
concentrations that can be found in several types of samples, making this sensor a versatile analytical tool.
The device has proven to be a low-cost, non-invasive, simple, reusable and reproducible method for chloride
determination. Furthermore, the high specificity of its analysis has revealed that the reaction between
platinum and chloride prevails in the presence of numerous compounds, allowing selective chloride
determination in different types of environmental, pharmaceutical, and food samples. Additionally, the
printing technique is easily transferable to a flexible Gore-Tex® SPPtE-based sensor that future research could
further adapt, as a wearable non-invasive tool for CF diagnosis and for monitoring electrolyte loss in

endurance activities.
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Fig. 1. CV scans from -0.7 to 1.3 V recorded at SPPtE in a 200 uL drop of supporting electrolyte, containing

0,1, 5, 10, 20, 30, 60, 80 and 100 mM of NaCl. Scan rate 0.1 V s™.

Fig. 2. SEM micrographs of the working SPPtE at three different magnifications.

Fig. 3. SPPtE sensor responses obtained in the optimal conditions. (a) CSV cathodic peaks recorded in a 200

pL drop of supporting electrolyte with chloride ranging from 0 to 150 mM; and (b) Average calibration curve

and associated deviation, registered for seven distinct SPPtEs.

Fig. 4. Flexible Gore-Tex® SPPtEs-based sensors voltammetric peaks recorded in a 200 pL drop of synthetic

sweat with chloride ranging from 0 to 150 mM, and respective average calibration curves for (0) rigid

polyester SPPtE and (o) Flexible Gore-Tex® SPPtEs (n=3).
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Table 1. X-Ray elemental analysis of SPPtE surface at different steps of voltammetric analysis.

wt (%)
Step of analysis
Pt 0 Cl
SPPtE 89.26 +0.15 2,73 +0.10 0.00 +0.00
SPPtE/EP 85.94 +3.26 329 +0.25 0.00 +0.00
SPPtE/EP/E e, 0 mM NaCl 88.33 +0.57 341 +0.55 0.00 +0.00
SPPtE/EP/E e, 10 mM NaCl 88.46 +0.98 2.96 +0.50 0.50 +0.05
SPPtE/EP/E 4, 150 mM NaCl 87.67 +0.38 251 +0.15 0.80 +0.05
SPPtE/EP/Eg4ep 10 MM NaCl/CSV ~ 90.64 +0.26 231 +0.20 0.00 +0.00
SPPtE/EP/Ege, 150 mM NaCI/CSV  88.98 +0.20 3.02 +0.26 0.00 +0.00

SPPtE - untreated electrode; SPPtE/EP — After electropolishing step (0.1 M of KNOg); SPPtE/EP/E, — After the anodic
deposition (1.5 V, 15 s) for 0, 10, and 150 mM of NaCl; SPPtE/EP/E4e, /CSV - After CSV (from 1.10to 0.1 V at 0, 10 and

150 mM of NaCl).

Table 2. Chloride determination in different samples using potentiometric (CI-ISE) and voltammetric (SPPtE)

methods. Triplicates were performed for each sample analysis.

Cl-ISE SPPtE
Samples
[CI'TmM [CI'T mM
Sea Water 613.15 +6.77 613.14 +9.66
Saline Solution 141.10 +3.10 141.35 +3.46
Wholemeal biscuits 4429 +1.77 47.11 +2.76
Chicken Stock 134.00 +1.16 122.36 +10.10
46.37 +1.41 4713 +0.53
Human Plasma
126.98 +2.26 126.05 +4.10
Urine 63.67 +2.89 60.81 +4.88
Real Human Sweat 3192 +2.93 30.76 +3.61
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Highlights:

o SPPtE-based sensor takes advantage of CI” and Pt interactions.

e CSV at the SPPtE returns a well-defined voltammetric peaks for CI" monitoring.
o The sensor offers a simple CI” determination in different types of matrices.

« The device was transfer to flexible Gore-Tex® SPPtE sensor for sweat analysis.

o Flexible SPPtE is suitable for CF diagnosis and monitoring electrolyte loss.
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