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A B S T R A C T

Potentiometry, particularly involving ion-selective electrodes (ISEs), is widely employed in laboratories due to its 
selectivity and compatibility with portable instruments. However, ISEs face a drawback —instability over time, 
requiring frequent calibration for precise and reliable results. This manual calibration process contradicts the 
user-friendly concept and inhibits the development of single-use quantitative devices for untrained personnel. To 
solve this limitation, a novel potentiometric autocalibration procedure, which is automated, is presented, and 
successfully tested for the first time with versatile potentiometric disposable test strips to perform the deter
mination of chloride ion in sweat as a demonstrator. The test strips are based on a cyclic olefin copolymer 
platform, where two identical Ag/AgCl chloride ISEs are integrated, one acting as indicator and the other as 
reference electrode. Comparison of chloride results in real sweat samples between those obtained with the 
proposed test strips performing the novel autocalibration procedure and using ion chromatography reveals that 
the automated procedure effectively allows quantitative chloride ion analysis with good analytical features: 
linear range from 10 to 150 mM (covering the pathological range), average inter-method error of 7 % and 
average RSD between test strips of 4 %. By carefully selecting the initial solution composition in direct contact 
with each electrode, the autocalibration ensures that potentiometric test strips can be calibrated just before its 
use without requiring conscious user involvement. This breakthrough not only streamlines the process but also 
opens the possibility for the development of cheap disposable potentiometric test strips, accessible to non-experts 
operators, to quantitatively determine selected analytes in different fields.

1. Introduction

Nowadays, one of the most important challenges in the area of 
analytical chemistry focuses on solving the need for miniaturized, low- 
cost and easy-to-use analytical instrumentation, which allows obtain
ing, in real time and in situ, useful analytical information about specific 
(bio)chemical compounds at increasingly low concentrations and small 
sample volumes with extremely complex matrices [1,2]. These demands 
stimulate the development of novel analytical methodologies such those 
based on (bio)chemical sensors in which sample pretreatment is dras
tically reduced thanks to its selectivity. Lately, great advances in this 
area have been done by combining (bio)chemical sensors and micro
fluidics for the development of miniaturized analytical instrumentation, 
arising the Lab-on-a-chip (LoC) concept [3,4]. These miniaturized de
vices are capable to fulfill most of the necessary analytical quality fea
tures of analytical instrumentation. In this sense, they offer portability, 
automation, integration of the different stages of the analytical pro
cedure and reduced energy consumption, reagents and sample volumes, 

wastes generation, analysis time and overall costs per analysis [5–9]. 
Test strips can be considered as a simplified form of LoC devices, where 
the principles of miniaturization and integration are applied for on-site 
or point-of-care analysis. While LoC devices cover a broader spectrum of 
complexity, ranging from simple microfluidic chips to highly sophisti
cated devices with integrated sensors, microvalves, and control systems, 
test strips focus on specific assays and are particularly well-suited for 
scenarios where simplicity and speed are essential [10,11].

Potentiometry emerges as an ideal quantitative detection technique 
for integration into microfluidic platforms or test strips, owing to its 
conceptual and instrumental simplicity, as well as its inherent potential 
for seamless automation. It is also characterized by wide linear ranges 
and robustness, so its applicability is wide in different fields [12–15]. 
Commercial potentiometric equipment consist mainly of an electro
chemical cell structure, which includes two different types of electrodes: 
one or several Ion Selective Electrodes (ISEs) and another one acting as 
reference electrode [16], which can operate efficiently in both batch or 
flow continuous mode. Their integration into microfluidics to develop 
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LoC devices has been proven to provide excellent analytical features 
however, in all cases they need frequent recalibration to achieve accu
rate and repeatable results [13–15,17]. Although different disposable 
potentiometric devices/test strips have been proposed, their main lim
itation is the inexistence of a reliable, simple and inexpensive automated 
calibration protocol that can be performed prior to each quantitative 
sample analysis and without the user intervention, making them 
economically and commercially viable [18–21].

The concept of symmetrical potentiometric cells was presented for 
non-miniaturized and intensive use systems [22,23]. In this case, two 
identical ion-selective electrodes are used, one acting as an indicator and 
the other as a reference. This allows reducing signal noise and increasing 
electrode stability over time, obtaining systems that do not require such 
frequent recalibration. In the case of disposable analytical devices, the 
concept of calibration-free potentiometric electrodes, similar to the 
amperometric glucometer, emerged as an option to consider [24–26]. In 
this approach, by evaluating a few test strips from an entire 
manufacturing batch, an initial factory calibration could be obtained. 
However, it is still a long way off to apply this strategy to ISEs because 
Nernst equation coefficients depend on many variables (test strip 
packaging, storage conditions, ion selective electrode conditioning and 
measurement conditions, among others). This fact prevents the effec
tiveness of a factory calibration, especially when accurate and precise 
quantitative results are needed, and forces a calibration to be carried out 
ideally just before the measurement process.

In this scenario, we propose a new autocalibration concept to be 
applied in quantitative potentiometric disposable test strips, which was 
patented in 2018 [27]. It is based on using versatile microfluidic plat
forms (test strips) containing an electrochemical cell integrated by two 
identical ISEs, thus selective to the same analyte. One of them acts as 
indicator electrode and the other one as reference electrode. By means of 
a proper selection of the composition of the solutions in contact with 
each electrode, it is possible to calibrate the test strip (to obtain Nernst 
equation coefficients – see Eq. (1) in section 2.4. “Novel autocalibration 
procedure”) just before sample analysis, under the same sample mea
surement conditions. With this new conceptual approach, it is guaran
teed that several months after its manufacturing and packaging, the test 
strip can be calibrated when used without conscious user intervention, 
thus increasing the overall potentiometric device robustness and 
simplicity.

For the manufacturing of the disposable potentiometric test strips, 
microfabrication techniques based on polymer multilamination have 
been employed using cyclic olefin copolymer (COC) as polymeric sub
strate. It offers multiple advantages such as high mechanical and 
chemical resistance, high biocompatibility, low water absorption, and 
fairly good compatibility with conductive inks and pastes to integrate 
electrodes and conductive tracks for electrochemical devices [28–32].

In the present work, in order to verify the proper operation of the 
proposed autocalibration procedure and its applicability, we have 
developed, evaluated and validated disposable potentiometric test strips 
as demonstrators for the analysis of chloride ions in sweat which can be 
applied for cystic fibrosis (CF) diagnosis. This inherited disease causes 
severe damage to lungs, digestive tract, reproductive system and other 
organs in the body, and can be fatal. Its diagnosis in newborn screening 
tests allows patients maintaining a better life quality and life expectancy 
[33]. High chloride ion concentration in sweat is often used as a 
confirmatory biomarker of the disease. Values fewer than 30 mM in 
newborns and 40 mM in the rest of the population are not pathological, 
while in case of concentrations between 30/40 and 60 mM respectively, 
additional tests are required to confirm the disease diagnostic. Con
centrations above 60 mM are pathological in all cases [34].

It is expected that the novel autocalibration strategy presented can 
be applied, for the potentiometric determination of different parameters 
in liquid samples in multiple fields of application that require simplicity, 
ease of use, and portability but also precision and on-site analytical in
formation, by changing the ISEs on the test strip and after an 

optimization stage. Biomedicine (hospital or home point-of-care follow- 
up), environmental analysis and industrial processes and food control 
are a few examples of these fields of application.

2. Materials and methods

2.1. Materials and reagents

In order to fabricate the disposable potentiometric test strips pro
totypes, different substrate materials were used: a 50 μm-thick double 
faced pressure sensitive adhesive (PSA) tape (FAD 50 V, Flexcon, 
Spencer, USA) and two different types of COC layers (Tekni-Plex, 
Erembodegem, Belgium): 400 and 200 μm-thick COC 5013 sheets with a 
glass transition temperature (Tg) of 130 ◦C and 25 μm-thick COC 8007 
foils with Tg of 75 ◦C. The electrodes (both indicator and reference) were 
fabricated using a Ag/AgCl (60/40) paste (C2130809D5, Sun Chemical 
Corporation, Bath, UK). A low gelling temperature (26–30 ◦C) agarose 
hydrogel (Sigma Aldrich, St Louis, USA) was used to imbibe and stabilize 
reagents on the electrodes.

All reagents used to carry out the analytical characterization and 
validation of the developed test strips and the autocalibration protocol 
were of ACS grade or similar from Merck-Sigma Aldrich, and Milli-Q 
water was used to prepare the corresponding solutions. Chloride stan
dard solutions were obtained by serial dilutions from a 1 M NaCl stock 
solution. A 100 mM phosphate buffer adjusted to pH 5.5 (sweat pH) was 
used to keep buffered pH and ionic strength.

2.2. Fabrication of the disposable potentiometric test strips

The disposable potentiometric test strips were fabricated applying a 
multilayer microfabrication protocol partially described previously 
[35–37], consisting in a sequential hybrid process of thermal lamination 
and lamination at room temperature using COC layers and double faced 
PSA tapes. COC 8007 foils were used as heat sealing foils, PSA tapes 
were used as pressure adhesive layer and COC 5013 sheets were used as 
structural layers, where all patterns were micromachined. Six 
manufacturing steps were required: device design, structures micro
machining, electrodes integration, thermal lamination, hydrogel depo
sition and final lamination at room temperature.

For the purpose of designing the structure of the test strips, 
computer-aided design (CAD) software was used. The layout has three 
main parts (Fig. 1A): the bottom layer (c) consists of a block of two 
previously laminated 400 μm-thick COC 5013 sheets (Tg = 130 ◦C) with 
a 25 μm-thick COC 8007 heat sealing foil (Tg = 75 ◦C) in between, which 
contains the Ag/AgCl electrodes; the middle layer (b) consists of a 200 
μm-thick COC 5013 sheet with a previously thermolaminated sealing 
foil, patterned with the cavities (electrode and salt bridge) to be filled by 
hydrogel with the corresponding solutions; and the top layer (a) consists 
of a 200 μm-thick COC 5013 sheet with a 50 μm-thick PSA tape bonded, 

Fig. 1. A: Layered test strip design with top (a), middle (b) and bottom (c) 
layers. B: Image of the potentiometric disposable test strip where: a) Electric 
connectors; b) Reference electrode (ISE A); c) Indicator electrode (ISE B); d) 
Salt bridge.
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which contains the sample chamber. Reference and indicator electrodes 
diameters are 1.8 mm and 2.6 mm, respectively. Salt bridge dimensions 
(L x W x H) are 5 mm x 1 mm x 0.23 mm. Volumes of each cavity on 
reference and indicator electrodes are 0.6 and 1.2 μL, respectively. Test 
strips dimensions (L x W x H) are 13 x 25 x 1.3 mm and weight is only 
350 mg.

An automated computer controlled micromilling machine (Protomat 
C100/HF, LPKF, Germany), was used for COC layers micromachining.

A Ag/AgCl paste was used for the integration of the indicator and 
reference electrodes, by following a previously optimized protocol 
[15,38]. It consists of filling the different bas-reliefs machined on the 
COC layer with the conductive ink (Fig. 1Ac) and then curing it at 80 ◦C 
for 30 min. After that, layers b and c were thermally laminated using a 
temperature-controlled press (Francisco Camps, Granollers, Spain) set at 
105 ◦C and 6 bar of pressure.

In order to confine reagents so that they remain stabilized in the 
corresponding chamber and to prevent chloride ion diffusion between 
electrodes during the sample measurement, a 2 % agarose hydrogel 
imbibed with different compositions was employed. Two types of 
agarose hydrogel solutions were employed: the first one, deposited on 
the indicator electrode and the salt bridge contained a phosphate buffer 
at pH 5.5 with 10 mM chloride concentration; and the second one, 
deposited on the reference electrode contained the same buffer but with 
a 100 mM chloride concentration. Both hydrogels were prepared by 
adding the necessary amount of agarose to a certain volume of the so
lution to imbibe and bringing the mixture to its certain melting tem
perature using a heating plate with magnetic stirring (Fisherbrand, 
USA). Once the agarose was melted, the resulting solution was deposited 
onto the corresponding chambers until they were filled. Four different 
types of agarose (Sigma Aldrich, Germany) with melting and gelling 
temperatures between 36 – 90 ◦C and 8 – 36 ◦C, respectively, were 
evaluated. By cooling to 8 – 36 ◦C, the solution gelled and the hydrogel 
formed. Finally, a lamination between block “b-c” (Fig. 1A), containing 
hydrogels, and block “a” was carried out at room temperature using the 
PSA tape and applying a pressure of 4 bar. The construction of the test 
strip was completed (Fig. 1B) and ready to be used immediately. The 
rapid preparation, deposition and encapsulation of the hydrogel solu
tions in the corresponding chambers allow avoiding the evaporation of 
water and thus the modification of chloride concentrations. To increase 
the prototype lifetime, the sample chamber can be sealed until the test 
strip use to prevent the evaporation of the solution contained in the 
hydrogel.

2.3. Experimental setup

The simple experimental setup used to carry out the potentiometric 
measurements is schematized in Fig. 2A. A customized miniaturized 
potentiometer (6017- COM16, TMI, Barcelona, Spain) was used for the 
acquisition and processing of the signals.

Sample chamber, where standard solutions or samples are added, is 
over the indicator electrode (see ISE B in Fig. 2), on the right side of the 
test strip. The reference electrode (see ISE A in Fig. 2) is in contact with a 
hydrogel solution with fixed chloride concentration providing a con
stant potential value.

To favor analyte diffusion from sample to the surface of the indicator 
electrode and thus shortening the analysis time, a customized eccentric 
rotating mass (ERM) actuator (similar to that used in mobile phones) 
working at a 180 Hz was used.

In order to simplify optimization process, calibration experiments in 
solution under batch conditions were performed. In this case, both 
electrodes from the test strip were evaluated as working electrodes and 
the electrochemical cell was completed by using a commercial reference 
electrode (Orion™ 900200). In this way, the dual electrode configura
tion or autocalibration protocol were not involved in the results ob
tained but allowed the evaluation of the electrodes performance.

2.4. Novel autocalibration procedure

The novel autocalibration process presented in this work is a very 
simple procedure that can be applied to potentiometric measurements in 
general. The only requirement is to use two ISEs selective for the same 
analyte and a specific composition of the hydrogels.

The process of autocalibration and sample measurement is shown in 
Fig. 2 with example data to understand data treatment.

As explained in section 2.2, each electrode is in contact with a 
hydrogel containing solutions with different but perfectly known ana
lyte concentrations. These concentrations must be also higher than the 
concentration at the lower limit of the linear response of the ISEs. At the 
situation when the concentration difference between both solutions in 
contact with the electrodes is of a decade, the value of the measured 
potential (E) will be equal to the slope of the calibration equation but 
opposite sign. For instance, in the case of the studied application, con
centrations in the hydrogels are 10 mM Cl- (indicator electrode) and 100 
mM Cl- (reference electrode).

Calibration function follows Nernst equation that can be generalized 

Fig. 2. Scheme of the autocalibration and sample measurement processes (drawing is not to scale). A) Initial step just before connecting the test strip to the 
potentiometer; B) Autocalibration step, when test strip is connected to the potentiometer and the calibration equation is automatically obtained; C) Sample analysis 
step, when a drop of sample is added to the sample chamber on the indicator electrode. Ref.: reference electrode; Ind.: Indicator electrode.

A. Calvo-López et al.                                                                                                                                                                                                                           Journal of Electroanalytical Chemistry 977 (2025) 118829 

3 



as Eq. (1), where “a” is the y-intercept and “b” the slope or sensitivity, 
and if an ionic strength similar to the one expected in the samples is set, 
the activity coefficient will be constant and then concentrations ([Cl− ])
can be used instead of activities (aCl− ). Although the theoretical value of 
the slope should be 59.16 mV for monovalent ions, the actual value will 
differ slightly depending on the characteristics of the electrode and the 
experimental conditions used. This uncertainty associated with the co
efficients of the Nernst equation is the reason to perform the autocali
bration procedure. Taking into account that the measured cell potential 
(Ecell) is the difference between the potential of the half-cell acting as 
indicator and the one acting as reference (Eq. (2)), assuming that the 
coefficients of the Nernst expressions on each half-cell are the same 
because both electrodes are the same, and knowing the concentrations 
of the analyte in the chamber of each half-cell (10 mM and 100 mM), we 
can obtain the slope of the potentiometric test strip (Eq. (3)) as the 
measured potential once the test strip is connected to the potentiometer 
(Fig. 2B) but opposite sign (for this example is Eautocalibration = 57.6). 
Rearranging equations and taking into consideration that the potential 
of the reference half-cell (Eref) is constant, the cell potential depends 
solely on the potential of the half-cell of the indicator electrode. Thus, 
the calibration equation (Eq. (4)) of the test strip is obtained automat
ically at this precise moment of the test strip connection to the poten
tiometer, and it is then ready for sample analysis. 

E = a+b⋅log (aCl− ) = a+ b⋅log[Cl− ] (1) 

Eautocalibration = Eind − Eref = a+ b⋅log[Cl− ]ind − (a + b⋅log [Cl− ]ref) (2) 

Eautocalibration = 57.6 mV = b⋅log
(

10
100

)

→ b = − 57.6 mV dec− 1 (3) 

Esample = − 57.6 log
(
[Cl− ]sample chamber

100

)

= 38 mV→ [Cl− ]sample chamber

= 22 mM (4) 

[Cl− ]sample chamber =
Vchamber ⋅ [Cl− ]initial + Vsample ⋅[Cl− ]sample

(
Vchamber + Vsample

) →[Cl− ]sample

= 34 mM
(5) 

To proceed with the measurement, a known volume of the sample is 
added into the sample chamber on the indicator electrode (Fig. 2C), and 
after a stabilization time, a potential value (Esample) can be read, which 
for this example is 38 mV (Eq. (4)). By interpolation into the previously 
obtained calibration expression and taking into account a) the known 
volume ratio between the sample chamber and the added sample (in this 
example both are the same to facilitate calculations), and b) the [Cl-] in 
the hydrogel before the addition of the sample; finally the concentration 
of Cl- in the sample is obtained with Eq. (5). Note that in order to obtain 
more accurate results, activities can be used instead of concentrations.

2.5. Sweat samples preparation

Two different types of samples were used to validate the autocali
bration concept: synthetic samples and human sweat. Synthetic samples 
were prepared taking into account the average expected concentration 
of the main components found in human sweat according to bibliog
raphy [39]. Thus, 5 samples were prepared with a matrix of 50 mM 
sodium, 5 mM potassium, 22 mM lactate, 8 mM urea, 16 mM ethanol, 3 
mM bicarbonate, 5 mM ammonia and 0.1 mM glucose and increasing 
concentrations of 10, 30, 50, 100 and 150 mM Cl- (covering the desired 
chloride working range).

As for sweat samples, the gold standard for diagnosing CF (known as 
sweat test) establishes a very strict sampling protocol so that results on 
chloride determination are representative, allowing a reliable diagnosis 
of the disease [34,40]. Taking into account that the final objective of the 

present work is only the validation of the results provided by the 
developed test strips compared with a reference method, sweat sampling 
protocol was modified. The sampling followed a simplified protocol, 
which consisted on collecting sweat generated by perspiration of vol
unteers caused by exposure to high ambient temperatures or prolonged 
physical exercise and its further storage in vials. Throughout this process 
sweat samples evaporates and therefore, higher analyte concentrations 
are found compared to sweat samples obtained with the appropriate 
protocol. Even so, these samples can be used for the validation of the test 
strip with autocalibration procedure in a real sweat matrix of unknown 
chloride concentration. 16 samples from different anonymous volun
teers were analyzed. Ion chromatography (IC) was selected as the 
reference method for the determination of chloride in sweat samples. 
Dionex Integrion equipment with a Dionex AS-AP autosampler (Thermo 
Scientific, USA) was used. Samples were filtered before analysis with 
0.22 μm pore size filters due to operational requirements of the com
parison method.

3. Results and discussion

3.1. Design and optimization of the disposable potentiometric test strip

Different structural, chemical and operational variables were eval
uated in the development of the disposable potentiometric test strips in 
order to guarantee the best results in terms of sensitivity, selectivity, 
precision, accuracy, linear range, analysis time, amount of sample, re
agents and materials needed, and ease of use (Table 1).

First of all, the dimensions of the electrodes and the volume of the 
chambers containing the hydrogels were optimized (Fig. S1). It is well 
known that in potentiometry, where the current is practically zero, the 
area of the electrodes does not have any influence on the potential 
measured. Nevertheless, the aim was to find suitable dimensions to 
simplify the manufacturing process and also the deposition of hydrogels. 
In this way, two electrode dimensions (1.8 and 2.6 mm in diameter), 
thus two chamber volumes on the electrodes (0.6 and 1.2 μL) were 
evaluated. As expected, no significant differences were found between 
calibrations obtained with electrodes with different areas or different 
chamber volumes. However, dispensing with precision sub-microliter 
volumes of hydrogel is complex. In order to simplify the 
manufacturing process and bearing in mind that it is not essential to 
know precisely the solution volume on the reference chamber (this does 
not apply to the sample chamber), a volume of 0.6 and 1.2 μL of chamber 
on the reference and indicator electrodes were selected, respectively. 
The latter was chosen to match the sample volume (1.2 μL) and thus, 
simplify further calculations. This volume was dispensed by using a 
micropipette.

Another designing parameter to optimize was the length and shape 
of the salt bridge microchannel (that is, the separation between elec
trodes). The objective was to prevent chloride ions diffusion from the 

Table 1 
Optimization of design, chemical and operational variables.

Variable Studied interval Optimal 
value

Chamber volume on indicator 
electrode (μL)

0.6 – 1.2 1.2

Chamber volume on reference 
electrode (μL)

0.6 – 1.2 0.6

Sample Volume (μL) 0.6 – 1.2 1.2
Agarose hydrogel:
Melting temperature (◦C) 36 – 90 65
Gelling temperature (◦C) 8 – 36 26
Buffer Phosphate, Citrate, 

acetate
Phosphate

Buffer concentration (mM) 10 – 2000 100
Buffer pH 4 – 7 5.5
Analysis time (min) 1 – 10 5
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chamber on the reference electrode (higher concentration) to the sample 
chamber on the indicator electrode (lower concentration) during the 
measurement time, thus preserving the quality of the results. Different 
lengths (between 4.5 and 18 mm) and shapes (straight line and meander 
configuration) were tested (Fig. S2). To monitor the diffusion process 
between chambers, hydroxyl ion (which has an ionic mobility almost 3 
times higher than chloride ion) was used as model ion and added as a 
sample to the sample chamber over the indicator electrode. The 
hydrogel on the chambers of the indicator and reference electrodes and 
on the salt bridge microchannel contained, for this experiment, the 
acidochromic dye phenol red in its acidic form. The mobility of hydroxyl 
ion from one chamber to the other was visualized by a color change 
(from yellow to violet color). Thus different diffusion times between 
both chambers were calculated depending on the salt bridge micro
channel configuration. The selected one consisted of a straight channel 
joining the two ISE chambers (reference and sample) with a length of 
4.5 mm. This configuration is the simplest and avoids, during at least 20 
min, the modification of the chloride concentration on the chambers of 
the electrodes due to diffusion phenomena.

In fact, the use of a hydrogel with a polymeric matrix nature aims to 
difficult the undesired ion diffusion processes between chambers during 
the measurement process. Agarose was selected, since its characteristics 
such as low cost, biocompatibility, non-toxicity and ease and speed of 
preparation were optimal to the desired application [41,42]. It was 
weighted and fully melted into the desired total volume of a specific 
solution composition (buffer and chloride ion). From the four different 
types of agarose tested (Table S1), the one with a melting and gelling 
temperature of 65 and 36 ◦C, was chosen, since it provided conditions of 
use that facilitate the devices manufacturing process. Regarding the 
percentage of polymer, 2 % was selected (0.5 to 3 % were evaluated) 
because it provided a suitable hydrogel consistency for the application 
studied.

Three possible buffer compositions using citrate, acetate or phos
phate, were evaluated by performing calibration experiments under 
batch (Fig. S3), as explained in section 2.3. Regarding the buffer con
centration and pH, these were evaluated between 10 and 2000 mM 
(Fig. S4) and pH 4 and 7 (Fig. S5). Similar analytical features were ob
tained, so the three buffer solutions could be used. For reasons of sta
bility and cost of the reagents, phosphate buffer was selected. In order to 
keep the ionic strength high enough and constant, and pH at values 
similar to those of sweat (pH 5.5), the optimal selected values were a 
buffer concentration of 100 mM and a pH of 5.5.

Regarding the analysis time, different options between 1 and 10 min 
with and without enhancing mixing by vibration were evaluated. A time 
of 5 min with vibration aid was necessary to obtain adequate results in 
the entire desired range of chloride concentrations (10 – 150 mM).

Finally, the influence of potential interfering ions present in sweat on 
the indicator ISE was also evaluated in batch conditions. Sweat is a 
rather complex aqueous mixture of different chemical compounds. Ac
cording to the literature, there are two anions that are present at high 
concentrations in sweat and that could potentially interfere with the 
response of ISEs. These are bicarbonate, which can be found between 0.5 
and 5 mM, and lactate, which can be found between 5 and 40 mM. 
Selectivity coefficients (logKpot

i,j ) were not calculated because the 
response of the electrodes was not Nernstian at the highest concentra
tion level of both interfering ions, however no significant differences 
were observed between calibrations with the buffer solution and solu
tions composed by the same phosphate buffer solution and 5 mM bi
carbonate or 40 mM lactate (Fig. S6). Therefore, we can conclude that 
there is no interfering effect of these compounds on the response of the 
ISEs in the desired chloride range (10–150 mM). Similarly happens with 
pH. The expected range in human sweat samples can be between 4.5 and 
6, with 5.5 being the typical value. As previously shown (Fig. S5), 
different chloride calibrations in batch were carried out at pH values of 
4, 5, 5.5, 6 and 7, obtaining %RSD of the mean slope and y-intercept of 

less than 5 % in both cases, thus demonstrating that pH values in the 
range 4–7 do not affect the measurement process.

3.2. Evaluation of the feasibility of the autocalibration concept

Autocalibration is supported as long as the pair of electrodes on a test 
strip (reference and indicator ISEs) have a similar —ideally the same— 
response to the analyte, so that potential differences between them must 
be zero or close to zero, even when they may not exhibit Nernstian 
behavior (slope different from − 59.2 mV dec-1). A simple way to eval
uate differences and the consequent measurement error produced in 
applying the concept of autocalibration is to measure the ΔE in mV 
obtained between the pair of ISEs of each disposable potentiometric test 
strip for a given chloride concentration acting both as a indicator elec
trodes. The smaller the ΔE, the smaller the error in the determination of 
the analyte by applying autocalibration. To demonstrate the applica
bility of the autocalibration concept, 16 test strips (16 pairs of elec
trodes) were evaluated. The 32 electrodes were individually calibrated 
in batch using a commercial Ag/AgCl reference electrode, obtaining an 
average calibration curve of Eaverage = -58 (±1) log aCl- + 41 (±1); r2 =

0.9994. As example, Fig. 3A shows calibration curves of a pair of ISEs 
under test on test strip 1 and the ΔE in mV calculated for each of the 5 
concentrations measured in the calibration process (10, 30, 60, 100 and 
150 mM Cl-). This was done for every pair of electrodes of the 16 
evaluated test strips. From the 5 values of ΔE calculated, an average ΔE 
of each pair of electrodes in each test strip was extracted. Fig. 3B rep
resents this average ΔE and the % error involved in chloride determi
nation. Data suggest that the ISEs pairs from each test strip operate with 
remarkable concordance. This is supported by an average ΔE of around 
1 mV across all pairs, signifying a chloride determination error of under 
4 %, which coincides with the intrinsic error of the potentiometric 
technique. These results strongly validate the feasibility of the autoca
libration concept.

3.3. Analysis of synthetic and real sweat samples

Once the conceptual basis of the autocalibration procedure was 
verified, the chloride content of 5 synthetic sweat samples was deter
mined in order to evaluate the accuracy and precision of the procedure 
with a controlled matrix (Table 2).

The analysis was carried out using different test strips per triplicate 
and following the procedure explained in section 2.4 “Novel autocali
bration procedure”. Once the test strip was connected to the potenti
ometer and the parameters of the calibration equation were obtained by 
autocalibration, 1.2 μL of the corresponding synthetic sample was added 
in the sample chamber over the hydrogel on the indicator electrode. 
After 5 min, measured potential was taken and used for chloride con
centration calculations. In order to calculate the difference between 
considering concentrations instead of activities, chloride concentration 
values were also obtained using activities in the Nernst calibration 
expression only for the analysis of synthetic samples. To do that, the 
actual activity coefficients in each chamber for the autocalibration 
process and a theoretical activity coefficient (γcalculated = 0.75) to obtain 
the final concentration value, were used. The theoretical activity coef
ficient was calculated taking into account the ionic strength from the 
buffer (100 mM phosphate), an average concentration of Cl- of 45 mM 
(which is the value in the middle of the critical range to diagnose CF and 
where better accuracy on the results is needed), and the average con
centration of the rest of the ionic components present in the human 
sweat matrix, listed in section 2.5 “Sweat samples preparation”. All 
activity coefficients for this comparison were calculated using the 
extended Debye–Hückel expression [43].

As mentioned in the introduction, for sweat chloride concentrations 
between 30 mM and 60 mM, the diagnosis of cystic fibrosis requires 
additional tests, while values below 30 mM are a negative diagnosis and 
values above 60 mM are a positive diagnosis. Therefore, to achieve a 
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reliable diagnosis, it is necessary to obtain results as precise and accurate 
as possible around these concentrations. As we can observe from results, 
at the critical range of concentrations, we obtain recoveries very close to 
100 %, with variations between the added value and the value directly 
found below 3 % and RSD for each value of concentration less than 3 %. 
Similarly, the difference between calculating concentration values 
directly and obtaining them through the use of activities is less than 3 % 
in the critical concentration range, with less difference at higher 
concentrations.

Therefore, in light of these results, we can conclude that the devel
oped disposable potentiometric test strips and the mathematical ap
proximations assumed in the autocalibration procedure, allow obtaining 
reliable results especially in the critical range of chloride concentrations.

Finally, 16 human sweat samples were analyzed in triplicate using 
different disposable potentiometric test strips and results, calculated 
directly as concentration using the procedure shown in section 2.4
“Novel autocalibration procedure”, were compared with those obtained 
by ion chromatography. Results are shown in Table 3.

In general, the obtained chloride concentrations in real sweat sam
ples are high as a result of the simplified sampling protocol followed, 
which increase chloride concentration due to sweat evaporation, but 
this fact has little relevance for this work, as previously stated. Accuracy 
of the proposed method is demonstrated since there are no significant 
differences between both methods, as shown in the paired t-test (tcalc =

0.445; ttab = 2.131; tcalc < ttab) and the linear regression (n = 16; 95 % 
confidence): [Cl-]IC = 1.08 (± 0.08) [Cl-]POC − 6 (± 6); r2: 0.981. In 
addition, confidence intervals achieved in general demonstrate the good 
precision of the measurements.

Results obtained demonstrate that the new autocalibration concept is 

viable, successfully achieving the objectives of this work. However, 
certain aspects still need to be addressed to develop a market-ready 
product. First, an appropriate sample dosing system must be incorpo
rated, similar to the one used in glucose test strips, where the sample 
volume required for analysis is precisely controlled by capillary action, 
filling a reservoir of known capacity. Additionally, to ensure long-term 
shelf life, a diffusion limiter must be used in the salt bridge to prevent 
the solutions on the electrodes from homogenizing. This could involve a 
physical barrier that dissolves at the time of measurement or a similar 
approach. These challenges will be addressed in future work to develop 
a prototype suitable for industrialization.

4. Conclusions

In the present work, a novel autocalibration procedure has been 
proposed to be applied to disposable potentiometric tests strips. Its 
application requires the use of devices integrating two identical ISEs. As 
a demonstrator, the concept has been successfully applied for the anal
ysis of chloride ions in sweat.

The satisfactory results obtained in terms of precision, accuracy and 
reproducibility show that the proposed test strips configuration and the 
novel autocalibration concept have a very promising potential to be 

Fig. 3. A) Example of a calibration curve in batch between 10 and 150 mM Cl- for a pair of ISEs in a test strip (strip 1) and representation of the ΔE in mV obtained 
for the pair of ISEs of the test strip 1 for each concentration and average value (0.3 mV in blue dashed line); B) Representation of the average ΔE in mV obtained from 
the calibrations of each pair of ISEs in batch and the percentage of error in the estimated chloride ion concentration for each test strip. In white the average AE (0.3 
mV) calculated previously for test strip 1.

Table 2 
Recovery studies with synthetic samples (n = 3; 95 % confidence).

Synthetic 
sweat 
sample

[Cl-] 
added 
(mM)

[Cl-] 
found 
directly 
(mM)

% 
recovery

[Cl-] found 
from 
activities 
(mM)

% difference 
between 
[Cl-] found

1 10 11 ± 1 112 12 ± 1 6
2 30 29 ± 2 98 30 ± 2 3
3 60 59 ± 3 98 59 ± 3 1
4 100 98 ± 2 98 98 ± 2 0
5 150 135 ± 4 90 135 ± 4 0

Table 3 
Chloride ion concentrations (mM) using the different test strips (n = 3, 95 % 
confidence) and ion chromatography (IC) reference method.

Sample Test strips (mM) IC (mM) % error

1 58 ± 0 51 13
2 102 ± 9 97 5
3 130 ± 7 135 − 4
4 63 ± 4 62 2
5 56 ± 4 52 9
6 97 ± 8 100 − 2
7 121 ± 2 138 − 13
8 66 ± 6 61 8
9 103 ± 9 106 − 3
10 58 ± 5 53 11
11 133 ± 9 144 − 7
12 137 ± 15 133 3
13 88 ± 11 88 − 1
14 10 ± 0 9 18
15 30 ± 4 31 − 4
16 58 ± 2 61 − 6
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employed to determine other parameters by mainly changing the used 
ISEs and the hydrogels composition.

With this innovative approach, the autocalibration of disposable 
potentiometric test strips without user intervention becomes feasible 
allowing its use for rapid and in-situ measurements out of laboratory 
environment.

Furthermore, the simplicity of the proposed potentiometric test strip 
makes it suitable for mass production, making it cost-effective and 
making it an ideal candidate for application as a disposable device.

Future work will be addressed to solve different technological issues 
related to the mass production of the test strips, reagent encapsulation, 
sampling, diffusion limiter in the salt bridge and the development of a 
portable potentiometer, similar to the glucose-meter concept. While the 
ultimate validation of the proposed innovation requires extending the 
test strip concept and autocalibration strategy to analyze other analytes 
in diverse sample matrices, the present work serves as a promising proof 
of concept, marking a significant stride in the field of disposable 
potentiometry.
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