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A novel planar electrode for flow-through potentiometric sensing is presented in this work. Planar and concen-
tric potassium solid-contact ion-selective electrodes (K*-SCISEs) were designed and studied using potentiom-
etry and electrochemical impedance spectroscopy (EIS). The K*-SCISE consisted of a neutral carrier PVC-based
ion-selective membrane with valinomycin as ionophore, carbon cloth as ion-to-electron transducer, and a gold
wire as electronic conductor, all incased in a polycarbonate support. The prepared electrodes showed a stable
and reproducible potentiometric response. The average slopes for three identical flow-through K *-SCISEs, cal-
ibrated once per day during five days (n = 15), was 57.2 mV/decade (SD = 0.9 mV/decade). The correspond-
ing standard potential of the electrodes during five days (n = 15) was 417 mV (SD = 3.6 mV). The water-layer
test showed that the ion-selective membrane/carbon cloth interface was not subject to the formation of a water
layer. The electrodes had selectivity coefficients comparable to the values obtained from the literature. The
resistance of the ion-selective membrane, determined by EIS, was in the range of 45-250 MQ for the planar

electrode geometries studied in this work.

1. Introduction

Ion-selective electrodes (ISEs) are an important group of chemical
sensors that allow the determination of more than 50 analytes [1,2].
During the last decades, solid-contact ion-selective electrodes (SCISEs)
have gained importance due to their robustness and the possibility of
miniaturization and versatile engineering [3-5].

The measurement of electrolyte concentrations in biological sam-
ples by ISEs is part of routine medical analysis [6]. Furthermore,
non-invasive wearable sensors for health monitoring are becoming
an important field of application of SCISEs [7]. Among biological flu-
ids, sweat is easily accessible, especially during physical exercise, and
therefore an attractive sample for non-invasive chemical analysis. Such
analysis gives important information about several clinically relevant
biomarkers. The analytes measured in sweat include electrolytes and
pH, metabolites such as glucose and lactate, uric and ascorbic acid,
etc. [8,9]. The quantity of electrolytes present in sweat can be linked
to some health problems and can be used as a diagnostic tool for
e.g. cystic fibrosis [10]. The importance of real-time values of elec-
trolyte concentrations, is leading research towards wearable sensors
for sweat-monitoring [9].

The potentiometric sensors used in wearable devices must be
robust and able to measure small sample volumes. These require-
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ments create a need to optimize the electrode design. Currently,
the most common approaches for wearable potentiometric devices
rely on planar geometries [5,9]. Some examples of wearable devices
are wristbands [11], watches [12,13], adhesive patches [14-16], tat-
toos [17-19], textiles [20], and bandages [21]. However, there are
some challenges related to wearable chemical sensors that still need
to be addressed. These include the mixing of old and new sweat,
which can lead to averaged values instead of real-time continuous
values [22]. Furthermore, the direct contact of the sensor membrane
with the skin surface may restrict sample flow and may cause skin
irritation.

Flow-through electrochemical cells [23,24] are sensing platforms
that allow continuous monitoring of analytes. Planar electrodes, which
are designed to let the sample solution flow through a small opening in
the sensing membrane, would allow continuous sample flow without
any additional microfluidic conduits. Such an approach should be fea-
sible for wearable on-body sensing applications.

This study presents a new electrode design that combines the prop-
erties of a planar SCISE with the advantages of a flow-through measur-
ing cell with sample volumes of a few microliters. Due to its clinical
importance, potassium was chosen as the main ion in this proof-of-con-
cept study. The geometry of the ISE was designed to allow the combi-
nation of different electrodes in a sandwich-shaped sensing platform,
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and to minimize the direct contact between the sensing membrane and
the skin.

2. Experimental
2.1. Chemicals and materials

Sodium chloride was purchased from VWR. Magnesium chloride
hexahydrate and potassium chloride were purchased from Merck. Cal-
cium chloride dihydrate was purchased from Fluka Chemicals. Lithium
chloride, lithium acetate (LiOAc, 98%), Iron (III) chloride hexahydrate
(>98%), potassium ionophore I (valinomycin), potassium tetrakis
[3,5-bis(trifluoromethyl)-phenyl]borate (KTFPB), bis(2-ethylhexyl)seba-
cate (DOS, >97%), high molecular weight polyvinyl chloride (PVC),
and tetrahydrofuran (THF, >99.5%) were obtained from Sigma-
Aldrich. Deionized water (ELGA Purelab Ultra, resistance 18.2 MQcm)
was used for preparing the aqueous solutions. Carbon cloth (Kynol®
activated carbon fabric ACC-5092-20) was purchased from Kynol
Europa GmbH, Hamburg (Germany). Gold wire (24 carats, diameter
1 mm) was purchased from City Gold, Turku (Finland). Polycarbonate
sheet was purchased from ETRA Oy (Finland).

2.2. Design of the planar flow-through K*-SCISE

The design principle of the planar flow-through SCISE, in compar-
ison with the commonly used design, is illustrated in Fig. 1.

The composition of the potassium ion-selective membrane (K*-
ISM) in % (w/w) was: 1.0 valinomycin, 0.5 KTFPB, 65.2 DOS, and
33.3 PVC. These components were dissolved in THF to obtain a cock-
tail with 20% dry mass. The cocktail was vigorously shaken for a few
minutes, mixed overnight, and then stored in the refrigerator. The ISM
was applied using the drop-casting method, as illustrated in Fig. 2.

In this work, carbon cloth (CC) was used as solid-contact material.
Carbon cloth is a flexible material, easy to cut and shape with good
electrical properties and high specific surface area enabling good
ion-to-electron transduction properties [25].

A piece of carbon cloth with the dimensions of = 35 X 35 mm was
used. A round hole with a 4 mm diameter was cut in the middle of the
carbon cloth. The carbon cloth piece was fixed on a clean PTFE sheet.
A 50 uL portion of the K*-ISM cocktail was drop-cast in the area
around the hole (Fig. 2a). This was done to ensure that the CC threads
around the hole would stay attached to the cloth. After 45 min, air was
blown in the middle of the hole to remove all the remaining loose CC
threads. Then a sequence of additions of 4 x 50 pL was made into the
hole (Fig. 2b). Each addition was followed by 45 min of drying time.
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After the fourth addition, the membrane was left to dry for 4 h. Subse-
quently, the CC piece was turned upside-down and the PTFE support
was cleaned. One last addition of 50 uL. was made on the bottom side
of the membrane, ensuring that the cocktail spreads towards the car-
bon cloth (Fig. 2c). This last addition was performed to ensure that
the K*-ISM would completely cover the CC also on the bottom side
(Fig. 3a). The membranes were left to dry overnight at room
temperature.

It was important that the membrane covered the top and bottom
surfaces of carbon cloth in order to obtain a tight seal between the
membrane and the polycarbonate support in the region of the channel,
as illustrated in Fig. 3b. In this work, the measured thickness of the
bare carbon cloth was ca 0.3 mm and the total thickness in the area
where the membrane covered the carbon cloth was ca 0.4 mm. The
membrane thickness in the center of the membrane was ca 0.3 mm.

A hole of 2.5 mm diameter was punched in the middle of the mem-
brane. The CC piece with the K*-ISM was then sandwiched between
two pieces of polycarbonate (PC) support (Fig. 3b). A gold wire was
used as electrical contact. One side of the wire was flattened and
inserted in the support to be in contact with the CC substrate. The
two pieces of polycarbonate support were kept together using screws
(Fig. 4). The K*-ISM acted both as the sensing membrane and as a seal
between the K*-ISM and the polycarbonate support in the region of
the sample channel. Three identical K*-SCISEs (E1, E2, and E3) were
prepared and characterized.

2.3. Electrochemical impedance spectroscopy (EIS)

EIS measurements were performed using the Autolab General Pur-
pose Electrochemical System with Autolab Frequency Response Ana-
lyzer (FRA) (AUT20.FRA2-Autolab, Eco Chemie, B.V., The
Netherlands). The measurements were performed in deaerated 0.1 M
KCl solution. A glassy carbon rod and Ag/AgCl/3 M KCl (6.0733.100
Metrohm, Switzerland) were used as the counter and reference elec-
trode, respectively. The impedance spectra were recorded at open-cir-
cuit potential in the frequency range 100 kHz-10 mHz by using an ac
excitation amplitude of 100 mV.

2.4. Potentiometric measurements

The potentiometric measurements for three identical K*-SCISEs
(E1, E2, and E3) were performed using a 16-channel millivoltmeter
(Lawson Labs EMF16 Interface system) with a high input impedance
(10"*® Q) and L-EMF DAQ 3.0 software. A commercial double-junction
Ag/AgCl/3 M KCl reference electrode (6.0726.100 Metrohm, Switzer-
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Fig. 1. Schematic representation of a traditional SCISE (left) and a planar flow-through SCISE (right).
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c) 50 pL

Fig. 2. Schematic representation of the drop-casting process used to cast the K*-ISM. a) 50 uL addition around the hole, b) 4 X 50 pL additions in the middle of the
hole, ¢) 50 uL addition on the opposite side of the membrane after turning around the CC piece.
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Fig. 3. Illustration of the planar flow-through K*-SCISE using carbon cloth as ion-to-electron transducer (a) and the polycarbonate support with a gold contact (b).

The figure is not drawn to scale.

Fig. 4. The setup of the measuring cell with the K*-SCISE.

land) with 1 M lithium acetate (LiOAc) as outer bridge solution was
used. Ion activities were calculated using the extended Debye-Hiickel
equation.

The potential of the planar K*-SCISE was measured in 1 M to
108 M KCl solutions for ca. 5 min at each concentration. The poten-
tial was measured every 2 s. The averages of the last five potential val-
ues were used to construct the calibration curves.

The water layer test was done by measuring the potential of the pla-
nar K*-SCISE, which was conditioned in 0.1 M KCl for 24 h before
starting the test, in 0.1 M KClI solution for 1.5 h, then in 0.1 M NaCl
for 2 h, and finally in 0.1 M KClI for 4 h.

The selectivity coefficients (K;;) of the K*-SCISEs were determined
for common interfering cations (Na*, Ca®>*, Mg>*, Li*) by the sepa-
rate solution method (SSM) in 0.01 M chloride solutions of the cations.

3. Results and discussion

The planar K*-SCISE is designed so that it can be combined with a
solid-state reference electrode and used in the flow-through mode.
However, this work is limited to the characterization of the planar
flow-through indicator electrode (K*-SCISE), as a proof-of-concept.
For this purpose, a small container was connected to the upper hole
of the polycarbonate support (Fig. 4). The container was filled with
sample solution and housed the reference electrode during measure-
ments. The lower hole of the polycarbonate support was closed during
measurements. The K™ -SCISEs were stored dry when not in use.

3.1. Electrochemical impedance spectroscopy (EIS)

Impedance measurements were done to study the effect of the
geometry of the K*-ISM, which is determined by the diameter of the
hole in CC (x), the diameter of the hole in the K*-ISM (y) and the
resulting membrane width (z) of the K*-ISM, as shown in Fig. 3a.
Results from impedance measurements are shown in Fig. 5. The shape
of the impedance spectra of the planar flow-through K*-SCISE is com-
parable to that of an ideal SCISE. The high-frequency semicircle is
attributed to the bulk resistance of the PVC-based K*-ISM. The low-
frequency impedance curve is due to the ion-to-electron transduction
process. As can be seen in Fig. 5a, the resistance of an electrode with
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Fig. 5. Examples of EIS spectra of planar flow-through K*-SCISEs with different geometries (as shown in Fig. 3). a) x = 5mm, y = 3 mm, z = 1 mm, b)
X =4mm,y = 3mm,z = 0.5mm, c¢)x = 4mm,y = 2.5mm, z = 0.75 mm. The impedance spectra were recorded at open-circuit potential in 0.1 M KCl solution
in the frequency range 100 kHz-10 mHz by using an ac excitation amplitude of 100 mV.

x = 5mm,y = 3mm, and z = 1 mm is ca. 250 MQ. By changing the
dimensions of the electrode to x = 4 mm, y = 3 mm, and z = 0.5 mm,
the resistance of the membrane decreased to ca. 45 MQ (Fig. 5b). How-
ever, this configuration was not optimal from the fluidistics point of
view. Since the hole in the membrane (3 mm) was slightly bigger than
that in the channel (2.5 mm), the result was a recessed membrane in
the channel where solution was easily trapped. To overcome this prob-
lem, the dimensions were ultimately changed to x = 4 mm,
y = 2.5 mm, and z = 0.75 mm. As shown in Fig. 5c, the electrode
in this case had a resistance of ca. 100 MQ, which is satisfactory from
the resistance point of view and which resolved the technical problem
of the recessed membrane.

This latter geometry (x = 4 mm, y = 2.5 mm, z = 0.75 mm) was
used in the rest of the experiments presented here. Although the resis-
tance of the membranes was relatively high (ca 100 M(Q), the potentio-
metric response of the cell was highly satisfactory.

3.2. Calibration curves and potential stability

The potential of the cell, consisting of a planar flow-through K-
SCISE (E1) as the indicator electrode and a Metrohm double junction
reference electrode, was measured in 1 M to 10~ M KCl solutions
(Fig. 6a). The test was done without and with 0.1 M NaCl as constant
background electrolyte (BGE).

As shown in Fig. 6a, the device gives a linear response over a wide
KCl concentration range (1 M — 1075 M KCl). As the concentration of
potassium ions in sweat is generally in the order of 2-8 mmol/L
[26,27], the range of potassium ion concentrations chosen for further
characterization was 10~* M to 10~* M. Fig. 6b shows a representa-
tive calibration curve for E1 with and without 0.1 M NaCl as BGE in
this concentration range.

The average slopes for three K*-SCISEs (E1-E3) were 57.3 + 0.6
and 56.3 = 0.4 mV/decade (average = SD, n = 3) in calibrations
done without and with 0.1 M NaCl as BGE, respectively.

The performance of the novel K*-SCISE is comparable to or better
than those studied earlier in sweat-monitoring devices using valino-
mycin as ionophore. Pirovano et al. presented a wearable potentiomet-
ric system based on solid-contact ISEs to measure the concentration of
K* in sweat [12]. The authors reported slopes of 45.7 = 7.4 mV/dec-
ade in the linear activity range (10~ *~10~%%) when using poly(3,4-
ethylenedioxythiophene) (PEDOT) as solid contact, and slopes of
54.3 = 1.5 mV/decade in the linear activity range (10~ *-10~*) when
using poly(3-octylthiophene) (POT) as the solid contact [12]. Also Ali-
zadeh et al. presented a wearable patch used to determine K* in sweat
[15]. The authors reported a sensitivity of ~53.9 mV/decade for potas-
sium ions. Parrilla et al. presented a textile-based stretchable wearable
sensor for monitoring K* ions in sweat [20], which showed a linear
response in the activity range 10~ °-10 ! with a slope of 59.9 mV/dec-
ade. In another study, Parrilla et al. presented a wearable patch for
monitoring K* ions in sweat, which showed a slope of
56.8 = 2.5 mV/decade for K* in the activity range 10~ °-10~!
[16]. The linearity and sensitivity (slope) of the novel K*-SCISE stud-
ied in this work is thus well in accordance with other electrodes
intended for the same purpose.

In order to study the reproducibility of the electrode response, the
potential of the K*-SCISE was measured in KCI solutions starting from
low to high concentration and then back to low concentration (Fig. 7).

As can be seen in Fig. 7a, the potentiometric response of the sensor
is reproducible. The electrode has a high signal stability over a time-
frame of minutes and the time for achieving stable potential was less
than 1-2 min.

The day-to-day stability of the calibration plot is important for
wearable applications to minimize the need for recalibration. For
this reason, the potentiometric performance of three identical K*-
SCISEs (E1, E2, and E3) was measured during five consecutive days.
The test was performed by calibrating the electrodes in 10~ M to
10~* M KCl solutions with 0.1 M NaCl as BGE. The results are
shown in Table 1.
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Fig. 6. a) The calibration curve of a planar flow-through K *-SCISE recorded in 1 M to 10 ~® M KCl solutions without (black), and with (red) 0.1 M NaCl as BGE. b)
Comparison between calibration curves for a K*-SCISEs obtained in KCI solutions without (black) and with (red) 0.1 M NaCl as BGE.
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Fig. 7. a) The potential-time response obtained by measuring the potential of the electrode in KCl solutions starting from low to high concentration and then back

to low concentration, b) calibration curves obtained using the final potential values from a).

Table 1

Inter-day calibrations of K*-SCISEs measured in 10~" M to 10~* M KCl solutions with 0.1 M NaCl as BGE for five consecutive days.

Day Slope Standard potential

(mV/decade) (mV)

El E2 E3 El E2 E3
1 56.9 58.2 59.6 415 414 420
2 57.0 55.6 56.8 417 415 423
3 57.0 57.1 57.2 418 420 424
4 56.2 57.2 57.5 414 421 423
5 56.5 57.4 58.0 417 420 424

During five days, the change in the slopes of E1, E2, and E3 was
within the ranges of 0.8, 2.6, and 2.8 mV/decade, respectively. The
average slopes for the three identical flow-through K*-SCISEs (E1,
E2, E3) during five days (n = 3 x 5 = 15), was 57.2 mV/decade
(SD = 0.9 mV/decade). The corresponding average standard potential
of the electrodes during five days (n = 15) was 417 mV
(SD = 3.6 mV).

3.3. Water layer test

The water layer test proposed by Fibbioli et al. aims to identify the
presence of a water layer between the ISM and the solid contact [28].
The test is performed after complete conditioning of the ISM in a solu-
tion of the primary ion. First, the potential is measured in the solution
of the primary ion. Then the potential is measured in a solution con-
taining an interfering ion. Finally, the potential is measured again in
the solution of primary ion.

The presence of an aqueous layer causes a positive potential drift
when changing the sample solution from the primary cation to a solu-

tion with an interfering cation. In addition, when changing the sample
solution from the interfering cation to the primary cation solution a
negative potential drift indicates the existence of an aqueous layer.

The results from the water-layer test for three K*-SCISEs (E1, E2,
and E3) are shown in Fig. 8. A significant potential drift is observed
when the electrodes are in contact with the interfering ion solution
(0.1 M NaCl). The extent of the drift is different for the electrodes
El, E2, and E3. However, no potential drift is observed when changing
from interfering to primary ion solution. From these results, it can be
concluded that the presence of a water layer is very unlikely. The
observed drifts in 0.1 M NaCl can tentatively be related to leaching
of K* ions from the K*-ISM into the small sample volume in the
flow-through cell.

3.4. Selectivity coefficients

The K*-SCISE presented in this work is intended for sweat monitor-
ing. Therefore, the most relevant interfering cations are Na™, Ca®*,
Li*, and Mg?™. The selectivity measurement was carried out for three
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Fig. 8. Results from the water layer test performed by measuring the potential
first in 0.1 M KCl, then in 0.1 M NaCl and finally in 0.1 M KCl solutions using
E1 (black), E2 (red), and E3 (blue) electrodes.

Table 2
Selectivity coefficients for three K™*-SCISEs + standard deviation (SD) between
electrodes.

logK; ca?* Li* Mg?* Na™

Average = SD —4.29 = 0.14 —-3.21 + 0.09 —4.68 = 0.05 —3.34 = 0.08

Table 3
Comparison of selectivity coefficients measured in this study with those
reported in the literature.

This study” [16]° [291° [30]°
log K ca -4.3 £ 0.1 -3.7 £ 0.1 -39+ 0.1 -4.7 £0.1
log K 14 -3.2 £ 0.1 -3.5 £ 0.0 -2.7 £ 0.1 -4.4 £ 0.1
log Ki Mg -4.7 £ 0.1 -3.9 £ 0.0 -4.1 % 0.1 -4.9 £ 0.2
log Kk na -3.3 £ 0.1 -3.7 £ 0.0 -2.8 * 0.1 -3.2 * 0.2

@ Separate solution method (SSM).
> Fixed interference method (FIM).

K*-SCISEs (E1, E2, and E3) using the separate solution method (SSM).
Results in Table 2 show the average values of the selectivity coeffi-
cients, as log K; ;, measured for three electrodes + the standard devi-
ation (SD), while Table 3 below shows a comparison of the selectivity
coefficient values obtained in this study with those of K*-SCISEs pre-
sented in the literature. It can be concluded that the planar flow-
through K*-SCISE presented in this study shows selectivity coeffi-
cients that are in line with other K*-selective electrodes presented
in the literature.

4. Conclusions

A new design of a planar flow-through ion-selective electrode was
introduced in this work. The proof-of-concept was provided for a
potassium-selective solid-contact electrode (K*-SCISE) utilizing car-
bon cloth as ion-to-electron transducer and a plasticized PVC-based
ion-selective membrane with valinomycin as ionophore. The analytical
performance of the suggested electrode design was evaluated by
potentiometry and electrochemical impedance spectroscopy. The aver-
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age potentiometric slopes for three identical flow-through K*-SCISEs,
calibrated once per day during five days (n = 15), was 57.2 mV/dec-
ade (standard deviation = 0.9 mV/decade). The corresponding stan-
dard potential of three electrodes during five days (n = 15) was
417 mV (standard deviation = 3.6 mV). The observed analytical per-
formance shows that the suggested electrode design is feasible. The
K*-SCISEs used in this work were prepared by manual drop-casting,
hole-cutting, and mechanical assembly into a polycarbonate support.
However, the suggested design should be compatible with automated
manufacturing via e.g. printing technologies.

The planar flow-through design presented here is expected to have
several advantages compared to existing designs. First, the planar elec-
trode contains a relatively high amount of ion-selective membrane
material and a large contact area with the solid contact material,
which ensures high robustness and potential stability. Second, thanks
to the concentric design, the contact area between the electrode and
the sample is very small, enabling a small sample volume. Third, when
considering applications such as wearable on-body sensing of sweat,
the ion-selective membrane will not be in direct contact with skin, thus
avoiding skin irritation. Fourth, the sweat sample can freely flow
through the sensor, thus ensuring sample renewal during continuous
measurements.

In this work, the emphasis was on the fabrication and characteriza-
tion of the indicator electrode but we hope that the same design can be
used also for a solid-state reference electrode. The suggested design
should enable a multi-sensor approach by stacking a multi-layer struc-
ture with several indicator electrodes and a reference electrode with a
small sample channel running through the device.
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