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ABSTRACT

Polyanions have been introduced as replacements for poly(vinyl chloride) (PVC) and potassium tetrakis(4-chlorophenyl)borate
(KTpCIPB) in the preparation of solid contact potassium-ion selective electrodes (K*-ISEs). Partly carboxylated PVC (PVC-COOH)
and a fully charged polyanion, sodium poly(4-styrenesulfonate) (NaPSS), were used, culminating in the fabrication of three-

component jon-selective membranes (ISMs). The comparison with a PVC-based ISM showed significantly reduced potential drifts

during conditioning (from ~1.3 to ~0.2 mV/h) and a constant drift rate. Reduced drift is attributed to the presence of counter-charges

in the polymer and the large molecular weight of the polyanions, therefore decreasing the leaching of the components resulting in

degradation of the membrane. The ISEs utilizing the hydrophilic and highly charged NaPSS as the polymer matrix exhibit similar
water layer formation compared to the PVC-based ISEs, and maintained a sensitivity of 54 + 1 mV/dec and a selectivity over sodium of
—3.1 (log K%OI’ Na+ ) after 1 week in solution, suggesting an alternative approach to the standard membrane preparation protocol.

1 | Introduction

The fabrication of wearable and portable potentiometric ion-
sensing devices has gained significant popularity with various
applications [1], ranging healthcare diagnostic [2, 3], agricultural
monitoring [4], sensing devices with forensics or pharmaceutical
purposes [5], and water contaminant detection [6, 7]. Among the
various sensing strategies available, all-solid-state, ion-selective
electrodes (ISEs)-also called solid contact (SC) ISEs-have the
advantage of being miniaturized and stored under dry conditions,
requiring less sample volume and maintenance [8].

A key functionality of SC-ISEs is their affinity layer, named ion-
selective membrane (ISM), which is set to make the sensor

selective toward a specific analyte. Such a layer is often prepared
by mixing four different components, i.e. i) an ionophore, a.k.a. the
ion receptor, ii) a lipophilic salt that acts as an ion buffer/
exchanger, iii) a polymeric matrix such as poly(vinyl chloride)
(PVC) as a flexible, structural support, and iv) a plasticizer to sup-
port dissolution of the other components and enhance flexibility of
the membrane by decreasing the glass transition temperature of
PVC [8, 9]. The lipophilic salt acts as a counter-charge to the pri-
mary ion of interest and imposes a permselective effect, called the
Donnan exclusion effect [8, 10, 11]. Furthermore, it provides addi-
tional ionic sites, reducing the resistance of the membrane [9, 12].
For plasticized-PVC potassium ISEs (K*-ISEs), a borate lipophilic
salt such as potassium tetrakis (4-chlorophenyl)borate (KTpCIPB)
is typically used as a negatively charged additive [12-14].

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the original work is

properly cited.

© 2025 Wageningen University and OnePlanet. Electroanalysis published by Wiley-VCH GmbH.

Electroanalysis, 2025; 37:¢70043
https://doi.org/10.1002/elan.70043

1 of 11


https://orcid.org/0000-0001-8767-0119
https://orcid.org/0000-0002-2903-0831
https://orcid.org/0000-0001-7252-4047
https://orcid.org/0000-0003-4214-6537
mailto:louis.desmet@wur.nl
mailto:francesca.leonardi@imec.nl
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1002/elan.70043
https://doi.org/10.1002/elan.70043
http://crossmark.crossref.org/dialog/?doi=10.1002%2Felan.70043&domain=pdf&date_stamp=2025-09-16

Preparing ISMs by mixing the four key ingredients is the most
straightforward approach. However, a drift of the sensor response
limits the use of ISEs for continuous monitoring due to the need of
regular calibrations [1, 15]. Such a drift may be originated by the
spontaneous leaching of low molecular weight (MW) membrane
components, as well as the formation of a water layer between the
SC and the ISM [16, 17]. Various solutions have been proposed to
reduce leakage, such as covalently attaching some of the mem-
brane components [18-20], or the use of high MW plasticizers
[21]. Other approaches focused on immobilizing the membrane
to the SC by employing porous materials or chemically bonding
the ISM to the SC [22, 23]. The preparation of three-component
ISE membranes with (plasticizer-free) elastomeric polymers,
e.g. polysiloxanes, has also been explored [24, 25].

There is only a limited number of studies that have explored the
use of charged polymers in the preparation of ISMs, and in most of
these cases, modified PVC and a liquid-contact configuration were
employed, with a strong focus on carboxyl and amine functional
groups [26]. These low-charge-density polyelectrolytes (PEs), i.e.
only a few percent of the monomers are charged, do not only
improve the membrane adhesion on silicon substrates [27], but
they increase biocompatibility [26, 28], and enable a large variety
of functionalization schemes, including biomolecule immobiliza-
tion [26]. Moreover, ionophore-free ISMs made with low-charge-
density aminated PVC functions as a pH sensor [29]. Responses to
H* and K* [30], as well as F" [31], has also been observed for ion-
exchanger-free ISMs made with low-charge-density PVC-COOH.
Nevertheless, it remains good practice to add free lipophilic borate
salt to reduce the membrane resistance [28, 32]. Lastly, next to
carboxylation and amination, sulfonation of PVC has also been
explored, albeit in the fields of cation-exchange resins [33] and
proton-conductive membranes [34], rather than ISMs.

Rosatzin et al. compared several borate salts, including a sulfo-
nated copolymer with immobilized ionic sites. Unfortunately,
no functionalization degree is reported and the wt% is kept to
the typical values of the lipophilic component [35]. One interesting

@ Traditional 4-component ISM

PE is sodium poly (4-styrenesulfonate) (NaPSS), which in combi-
nation with poly (3,4-ethylenedioxythiophene) (PEDOT) or poly-
pyrrole (PPy) forms a conductive material (e.g. PEDOT:PSS) often
used for the preparation of SCs for SC-ISEs [36-39]. Furthermore,
it can be combined with other materials such as graphene oxide
(GO) for the fabrication of nanostructured ISMs, with the aim of
mimicking selective nanochannels found in biological systems
[40]. Some studies used NaPSS to build layer-by-layer (LbL) mem-
branes, serving as transducer layers for the fabrication of K*- and
Na™-ISEs [41, 42], although it is more common to find LbL in
applications oriented to water purification [43] or in capacitive
deionization (CDI) membranes [44, 45]. Bakker and coworkers
employed ion-exchange membranes (based on PEs) for liquid con-
tact ISE fabrication, obtaining good slopes but low selectivity com-
pared to ionophore-based ISEs [46].

To the best of our knowledge, incorporation of high-charge-
density PEs, for example one charge per monomer, in ISMs has
not been explored. Therefore, in this work we explore the feasibil-
ity of utilizing polyanions to fabricate four- and three-component
K*-ISMs on solid-state ISEs. The polyanion replaces two of the
traditional membrane components: the matrix materials (PVC)
and the lipophilic salt (KTpCIPB) (Figure 1A). ISEs prepared with
low-charge-density PVC-COOH and high-charge-density NaPSS
were compared. The ISMs have been characterized morphologi-
cally (wettability), and the ISEs electrochemical performance
(selectivity, sensitivity, capacitance, and resistance) has been stud-
ied to elucidate their stability over time.

2 | Materials and Methods

2.1 | Reagents and Instruments

High-molecular-weight poly (vinyl chloride) (PVC, 90 000 g/mol,
~1440 monomers), bis (2-ethylhexyl) sebacate (DOS), potassium

tetrakis (4-chlorophenyl)borate (KTpCIPB), potassium ionophore I
(valinomycin, (Figure S1)), potassium chloride (KCl), sodium
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FIGURE1 | (A) Overview of the strategy of employing high-charge-density PEs in K*-ISMs. (B) Micrograph of the sensor substrate composed of

three independent gold contacts of 0.5 mm diameter inside a glass reservoir of 0.4 mm thickness. The layers comprising the SC-ISE include the SC carbon
ink that completely covers the gold surface, while the ISM is drop-cast to fill the hole reservoir.
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chloride (NaCl), and cyclohexanone were purchased from Sigma-
Aldrich (Selectophore grade). Poly(sodium 4-styrenesulfonate)
(NaPSS, 70000 g/mol, ~340 monomers) were purchased from
Sigma-Aldrich. Poly (vinyl chloride) carboxylated (PVC-COOH,
1.8 wt% carboxyl content, 220 000 g/mol, ~55 carboxyl monomers,
~3508 monomers in total) was purchased at Thermo Scientific
Chemicals. No further purification was performed. A carbon con-
ductive ink (Micromax BQ226) was employed as SC and used as
received. All aqueous solutions employed for potentiometric
experiments were prepared with ultrapure water (Milli-Q IQ
7000 purification system, resistivity ~18.2 MQ-cm). Membrane
images were taken with a MikroCam II 3.2 MP camera (BRESSER)
coupled to a KERN & Sohn GmbH OZL-963U microscope.

All three-electrode configuration experiments were per-
formed using an Autolab (PGSTAT128N, Metrohm BV, The
Netherlands) potentiostat/galvanostat with a double junction
Ag/AgCl (3 M KCl bridge and electrolyte filling, type
6.0729.100, Metrohm) reference electrode and a Pt wire
(IS-PT.W.CE, PalmSens) as the counter electrode. Ion chromatog-
raphy showed no significant KCI leakage from the RE. All poten-
tiometric measurements were performed using a high-input
impedance (10'* Q) meter (Jenco 6250 pH/mV/Ion meter).

2.2 | Fabrication of SC K*-ISEs

The sensor substrate presented in this work was fabricated by
Micronit (Enschede, Netherlands). A complementary metal-oxide-
semiconductor-compatible production process was employed to
pattern gold electrodes on Si/SiOx wafers (containing ~100 sensors
of ~150 mm). Each chip comprises three gold contacts, which serve
as working electrodes (WE, 0.5 mm diameter). The top surface was
sealed with a glass cover (0.4 mm thick) possessing three apertures
matching the three Au contacts. This structure ensured the pres-
ence of three reservoirs (2.5mm in diameter, 0.4 mm in height)
for the deposition of the membrane (Figure 1B), and it allowed
the collection of triplicate measurements during each experiment.

To prepare the K*-ISE, the gold substrate was first cleaned by
electropolishing using 0.05 M H,SO, (12 cycles from —1.0 to
+1.0 V at 0.1 V/s scan rate). After electropolishing, the sensor
was thoroughly rinsed with water and dried with compressed
air. The conductive carbon ink was drop-cast on the gold sub-
strate and cured for 15 min at 130°C. Once cooled down, the sen-
sor was rinsed with water and dried in air.

Two sets of K*-ISM have been prepared. Cyclohexanone was
employed as membrane solvent aiming for better manipula-
tion and reduced evaporation of the membrane stock solution
[47-50]. Additionally, the higher polarity of cyclohexanone, com-
pared to tetrahydrofuran, makes it a suitable solvent for the
hydrophilic PEs added in the membrane.

The first set aimed to study the effect of replacing the lipophilic
salt (KTpCIPB) with one of the investigated PEs (PVC-COOH
and NaPSS). All four-component membranes were prepared
by dissolving 2.6% (w/w) valinomycin, 32% (w/w) PVC, and
65% (w/w) DOS, and a molar ratio of 2.2 for the ionophore with
respect to the counter-charges (see Table S1). The mixture was
then dissolved in 1 mL of cyclohexanone. Additionally, an ISM

named “no salt” which lacks the lipophilic agent, was prepared
as a blank membrane.

In the second set of K™-ISMs, the investigated PEs replaced the
polymeric matrix partially (25% or 50%) or fully (100%), where in
the latter case the ISM consists of three components. For this set,
all membranes maintained a 2.8% (w/w) valinomycin, 32% (w/w)
polymer (i.e. PVC + PE or PE only), and 65% (w/w) DOS, dis-
solved in 1 mL of cyclohexanone. In this scenario, the ratio of
ionophore to ionic sites is significantly lower than those of stan-
dard membrane compositions. As a control, NaPSS membranes
without an ionophore were prepared to study whether NaPSS
influences the selectivity coefficient (see Table S1).

The membrane mixture was deposited in the sensor reservoir
using a 5 pL glass syringe. First, 2 pL of the membrane mixture
was drop-cast and allowed to dry for 24 h at room temperature.
Then, the process was repeated with an additional 1 pL aliquot of
membrane cocktail to ensure a proper filling of the reservoir. The
final membrane thickness was 21 + 3 pm (n = 13), measured by a
confocal sensor (MicroEpsilon confocalDT model IFS2405-0.3).

2.3 | Membrane Wetting and Mechanical
Properties

Membrane wettability was determined by measuring the static
water contact angle (SWCA) using a drop shape analyzer
(Kruss; 3 pL water droplet volume; sessile drop method, ellipse
(Tangent-1)), controlled by the ADVANCE software (version
1.8.0.4). The membranes were drop-cast (5 pL) onto a glass slide
and let dry overnight. The measurements were done in triplicate,
and each measurement recorded the SWCA value every second
during the first 10 s after the water droplet deposition.

Some mechanical properties of the reference and 100% NaPSS
membranes were studied. A semiquantitative adhesion test
was performed by tearing up Scotch tape from the sensor chip
(dry after use) [51, 52]. Additionally, the membrane solution
was drop-cast (20 pL) on a glass slide and on the C-ink, to evalu-
ate the adhesion on different substrates. The tape was gently
pressed onto the ISM to ensure contact, and was quickly removed
after 30 s. The viscosity of the two freshly stirred membrane mix-
tures was measured with an Anton Paar MCR 702e MultiDrive
with a measuring bob DG26.7 at room temperature. Rheological
properties were characterized in an Anton Paar RheoCompass
MCR 501 rheometer with a 10 mm smooth flat parallel plate sys-
tem. Parameters (yield stress and modulus of elasticity) were
obtained performing an amplitude sweep (log strain ramp from
0.1 to 1000%), at a fixed normal force of 1 N, dry conditions, and
room temperature.

2.4 | Galvanostatic Charge/Discharge

Current reversal chronopotentiometry (CRC)-also named
constant-current chronopotentiometry or galvanostatic charge/
discharge-was used to determine the electrode capacitance
and resistance [17, 53, 54]. Measurements were done using a
three-electrode configuration in a 10 mM KCI solution at room
temperature. The sensor was polarized by applying a small direct
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current of 10 nA for 60 s (charge step), then switched to-10 nA
(discharge step) for another 60 s. This charge-discharge process
was repeated three times, and each membrane was measured in
triplicate, after 1 and 7 days. The electrode capacitance (C) was
calculated as I x At/AE, where I is the current applied and At/AE
the slope of the linear section of the discharge curve. The resis-
tance (R) was calculated as AEqyicn/I, Where AEqicn iS the
potential jump when switching the current from positive to neg-
ative. Using this method, the measured C corresponds to the
overall interfacial capacitance.

2.5 | Potentiometric Measurements

Open-circuit potential (OCP) measurements were conducted in a
two-electrode configuration, by measuring the K*-ISE versus a
double junction Ag/AgCl reference electrode. The sensors were
calibrated by measuring the K* concentration in the range of
107 to 10™* M KCl, in Milli-Q ultrapure water or background
electrolyte of 0.1 M NaCl (all solutions with a pH value between
5.5and 6.1). The OCP at each concentration step was recorded for
5 min and averaged. The linear range of the calibration curve was
used to calculate the slope and offset (E®) was from 107 to 107 M.
At least five replicates were measured per ISM, and a box plot
analysis was used to identify outliers [55]. Standard deviations
are influenced by the inter-batch variability, unavoidable due
to the manual drop-casting method of the SC and the ISM.

A
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] and PVC
80{ A = R N o
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s i
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The selectivity was determined by calculating the selectivity coef-
ficient (K‘I';"f _Na+) using the fixed interference method (FIM) [8].
This method consists of varying the concentration of the primary
ion (a,) while keeping a constant background of the interfering
ion (ag). In Equation (1), z4 and zg have the same signs and a, is
obtained by determining the intersection of the extrapolation of
the linear portions of the calibration curve [56].

KR =an/(ag)®/ €3]

Finally, a water layer test was performed to evaluate the accumu-
lation of water at the interface between the carbon ink and the
ISM. The test consisted of a first equilibration step of the sensor
in a 10 mM KCl solution for 1 h, followed by 10 mM Nacl for 2 h,
before moving back to 10mM KCI for 3 h. Electromotive
force (EMF) values in the primary ion solution were evaluated
as an indication of water layer formation [53].

3 | Results and Discussion

3.1 | Membrane Hydrophobicity, Capacitance, and
Resistance

SWCA data (Figure 2A) reveal a slightly hydrophobic surface of
the reference membrane composition (85°) [57, 58]. By replacing
KTpCIPB with PEs (first set), the SWCA values remain high,
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FIGURE 2 | (A) SWCA data of K*-ISMs drop-cast on a glass substrate. The error bars correspond to the standard deviation of three replicates.
(B) Capacitance and resistance of the K*-ISMs after 1 day (light color) and 7 days (dark color) in 10 mM KCl, measured by CRC. The error bars corre-
spond to the standard deviation of a minimum of three replicates. (C) Pictures of the second set of K*-ISM before use.
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between 79° and 82°. This can be rationalized as the relative
amount of PE is as low as 0.2 wt% (see Table S1) and the polymer
matrix and the plasticizer largely dominate the overall mem-
brane surface wettability.

In the second set of ISMs, no lipophilic salt was used, and the
PVC content (32 wt%) was gradually reduced by introducing a
polyanion until a PVC-free, three-component membrane was
obtained. Wettability values for the PVC-COOH membrane com-
positions are in line with the reference recipe, obtaining SWCA
values of 79° (25% PVC-COOH), 78° (50% PVC-COOH), and 81°
(100% PVC-COOH). Despite the significantly increasing addition
of PVC-COOH, the small difference in SWCA data can be ratio-
nalized by the low carboxyl fraction of PVC-COOH (1.8 wt%).
Additionally, protonation of all carboxylated groups is not
guaranteed, and as a consequence, the bulk behavior is similar
to the one of PVC-ISM [29, 30].

In contrast, increasing NaPSS concentrations from 25% to 50%
and eventually 100% results in SWCA values decreasing to
77°, 74°, and 41°, respectively. The similar SWCA values for
the 25% and 50% formulations to the contact angle of the refer-
ence composition (85°) indicate that the interfacial properties are
comparable and therefore, dominated by the PVC. The distribu-
tion of the membrane components across the membrane is
known not to be homogeneous, as reported by previous research
showing that the lipophilic plasticizer predominates at the
surface [59]. In our scenario, due to the hydrophilic nature of
NaPSS, miscibility with other membrane components is reduced,
a phenomenon manifested during and after the membrane
preparation (see Figure 2C). All compounds can be stirred homo-
geneously during the membrane preparation, but after the depo-
sition by drop-casting, the membrane formation process becomes
uncontrolled, leading to phase separations [9]. Due to the higher
affinity of hydrophobic compounds with air [60], PVC may move
toward the surface, resulting in a similar SWCA. When no PVC is
added (100% NaPSS), this is no longer observed, as reflected by
the drop in the SWCA.

Next, we mapped and compared the bulk electrochemical charac-
teristics of the ISMs by employing CRC as described in Section 2.4.
Figure S2 illustrates the nonlinear chronopotentiometric curves
characteristic of ISMs [61-63]. Following the conditioning step
(membrane hydration), the reference membrane prepared with
KTpCIPB exhibits the highest capacitance (6.4 uF-1 day), whereas
all the other membranes show lower C values, ranging from 1.5 to
3.4 pF (Figure 2B). Conversely, the resistance is lower with the
reference K*-ISM (1.1 MQ-1 day), and it increases to values
between 3.0 and 4.3 MQ for the first set of membranes and for
the second set containing PVC-COOH. The observed capacitance
values are low compared to those of other SC materials
with porous features [13, 62], due to the nonporous nature of
the carbon ink, as reflected by the similar C obtained for the bare
gold (0.66 = 0.03 pF) and the C-ink (0.53 + 0.12 pF). The resistance
increases nearly tenfold with 25% and 50% NaPSS (9.7 and 8.6 MQ,
respectively). Unfortunately, the fully substituted NaPSS did not
yield reliable CRC data, preventing further comparison with the
rest of the batch, as evidenced by the contact angle (see Figure S2).
After 1 week in solution, the reference K*-ISM presents a drop of
the C to 3.5 pF and NaPSS membranes show a reduced, but still
higher, resistance. All the other ISMs containing PEs remain

stable, indicating that after 7 days they maintained their adhesion
on the SC despite their differences in composition and wettability.

Resistance is an intrinsic property of the membrane and is
directly influenced by ion mobility. With the counter-charges
located at the PE backbone, it may be expected to have reduced
mobility compared to free KTpCIPB, and therefore a higher resis-
tance [64]. Such an observation was reported by Rosatzin et al.,
who used a partially sulfonated copolymer to replace borate salts
[35]. Furthermore, the lower miscibility of NaPSS with lipophilic
components likely induces instability in diffusion gradients due
to heterogeneity in the membrane, enhancing the overall resis-
tivity [65-68]. Such heterogeneous features can be observed in
the optical images in Figure 2C. With the fully substituted
PVC membrane (100% NaPSS), this resulted in uncontrolled
interfacial phenomena that prevented a stable polarization curve
and a reliable Ohmic potential drop from being recorded, as
observed in Figure S2.

In order to elucidate the mechanical properties upon complete
replacement of PVC by NaPSS various tests were performed.
The Scotch tape test [51, 52], did not show any delamination
for neither of the membranes that were deposited in the sensor
reservoir with C-ink as the SC. While the adhesion on a reference
glass slide was poor (i.e., the membranes easily delaminated),
it was better for the membranes that were drop-cast onto a
C-ink-coated glass slide (Figure S3A). Furthermore, the PVC-
based membrane solution shows a tenfold higher viscosity com-
pared to the one of 100% NaPSS (Figure S3B), a result that follows
from the low miscibility of NaPSS with the plasticizer and the
organic solvent. Finally, from rheological measurements (stress—
strain curve, Figure S3C) it is possible to determine the elongation
break (193 and 87%) and Young’s modulus (230 and 263 Pa) for the
(PVC) reference and 100% NaPSS membrane, respectively [69].
The PVC-based membrane shows a broader linear viscoelastic
range (LVR) (LVR, storage modulus (G’) dropping >10% of the
plateau value). To conclude, both membranes maintain a gel-like
behavior although the reference ISM is more flexible and less stiff
than the 100% NaPSS ISM (more soft and brittle), a direct conse-
quence of the low miscibility of the NaPSS with the plasticizer.

3.2 | Sensor Performance

To evaluate the leaching of components and degradation of the
K*-ISEs membrane, the OCP was continuously monitored in a
10 mM KCl solution for 1 week. Calibrations were performed
using two sets of KCI solutions in a concentration range from
1077 to 10! M. The first one was prepared in Milli-Q water, while
the second one was buffered with 0.1 M of the interfering ion
(Na*). At least five replicates were prepared and measured in dif-
ferent batches. The linear range of the calibration curve used to
calculate the slope and offset (E®) spanned from 107 to 107" M.

The initial 24 h represent what is called the conditioning process,
during which water diffuses into the membrane and the iono-
phore complexes with the primary ion. Simultaneously, the
counter-ions, either the lipophilic salt or the PEs, may leach
out the membrane, resulting in potential drift as observed in
Figure 3A [8, 70]. After this process, the drift gradually declines,
following a similar trend for all K*-ISMs. An interesting aspect is
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FIGURE3 | Performance of the K*-ISM with PEs replacing the lipophilic salt over 1 week. (A) OCP drift (mV/h) in 10 mM KCI. (B) Table containing
the sensitivity (slope) and offset of the calibration curve (E°) in KCl. Selectivity coefficient (logKiOf’ No+) Were determined by the FIM and a NaCl

background concentration of 0.1 M. Standard deviations were obtained from minimum of five replicates.

represented by the standard deviation, which reduces as the oper-
ational time of ISE in water increases. We attribute the standard
deviation trend to the conditioning of the membrane, which
improves after several days of stabilization (Figure S4). After 1
week of continuous immersion in the solution, all membranes
exhibited consistent performance, demonstrating slopes of
>52 mV/dec in KCI (Figure 3B). The sub-Nernstian response
may be attributed to Donnan exclusion failure together with
the high level of miniaturization and the fabrication methods
that differ from liquid-contact construction [71-76].

In the case of the first set of ISMs, the offset (E°) remains
unchanged regardless of the presence of PE or KTpCIPB, and sim-
ilar variations in E° were observed after 7 days (Figure 3B in KCI
and Table S2 with interfering ion background). The selectivity
coefficients (calculated using the FIM) range from -2.6 to -3.2
for all K*-ISEs for the entire duration of the experiment
(Figure 3B). While this selectivity is on the low side for an iono-
phore such as valinomycin, it does fall within the range of reported
values [73, 77, 78]. Table S3 provides a comparative overview of
miniaturized ISE performance reported in the literature.

Interestingly, the “no salt” ISM - prepared as a blank-displays sen-
sitivity results comparable to those of all the other K*-ISMs, while
showing higher conditioning EMF drifts (-1.7 mV/h). The absence
of the lipophilic salt, which provides counter-charges, is expected
to result in very low or no sensitivity due to a failure of the Donnan
exclusion effect. However, as previously reported, commercial
plasticizers and PVC contain charged impurities that serve as ionic
sites [59, 79]. Despite this observation, adding lipophilic salt is still
a common practice to reduce membrane resistance and achieve
stable potentials [10, 80, 81], and some work suggests that incor-
porating lipophilic ionic sites can mitigate the impact of impurities
on sensor performance [82].

Figure 4A shows the drift performance of the second set of mem-
branes. Partial substitution of PVC with PVC-COOH (25 and 50%)

results in similar conditioning drifts comparable to the reference
K*-ISM composition, with values of -1.0, 1.3, and -1.4 mV/h,
respectively. When PVC is fully replaced by PVC-COOH, the
conditioning drift rate decreases to -0.8 mV/h. Introducing
NaPSS leads to faster conditionings, with drifts of -0.4 mV/h
(25% NaPSS), -0.1 mV/h (50% NaPSS), and -0.2 mV/h
(100% NaPSS). This results in a sensor that requires virtually
no conditioning prior to use, as the potential drift stabilizes within
the first hour. This behavior may be associated with the hydrophi-
licity and high-charge-density of NaPSS, potentially enhancing
water uptake. Throughout the rest of the experiment, all
PE-containing membranes exhibited consistently low drift. We
attribute this stability to two main factors: i) the use of large
MW polymers to replace KTpCIPB, effectively reducing membrane
leaching; ii) the charges of the polymer backbone are strongly
bonded to the polyanion, preventing any migration outside the
membrane. Short conditioning times have been achieved in the
past for SC-ISEs with PVC-based membranes and a wide variety
of SC materials [70, 83, 84]. However, in the context of this work,
where the difference between the tested membranes lies solely in
the membrane composition. It is observed that the use of NaPSS as
a membrane component resulted in reduced initial drift, and it
was consistent after 7 days.

Figure 4B shows the averaged offset E° obtained from the calibra-
tion curves measured in KCl. The E° values for the reference
K*-ISM change from 543 + 49 to 395 + 25mV with a drift of
-148 mV throughout the experiment. Membranes containing
25%, 50%, and 100% PVC-COOH exhibit similar starting and end-
ing E° values, slightly higher than those observed for the reference
(all E®~650 mV - day 1). Increasing the content of PVC-COOH
reduces the E° drift (-139, -128, and -118 mV, respectively).

Introducing high-charge-density NaPSS lowers the initial E°
value compared to the reference ISM. Keeping PVC in the mem-
brane results in the same E° drift independently of the NaPSS
content (-75 mV for 25% NaPSS, -70 mV for 50% NaPSS), while
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FIGURE 4 | Performance of the K*-ISM with PEs replacing the lipophilic salt and PVC over 1 week. (A) OCP drift (mV/h) in 10 mM KCI (B) table
containing the sensitivity (slope) and offset of the calibration curve (E°) in KCI. Selectivity coefficients (log Ki"f _ na+) Were determined by the FIM and a

NaCl background concentration of 0.1 M. Standard deviations were obtained from minimum of five replicates.

the three-component NaPSS membrane shows the lowest E°
from the full set of membranes (E° from 370 = 73 to 317 + 14
(-53 mV drift)). Such behavior is consistent with the changes
observed in the wettability properties. We can conclude that,
despite its higher variability, the offset drift with 100% NaPSS
is reduced to half compared with the use of a low-charge-density
PE such as PVC-COOH.

Calibration curves (Figure S5) confirm that sensitivity was main-
tained after 7 days, with slopes >52 mV/dec in KCl (Figure 4B) and
>51 mV/dec with 0.1 M NaCl background (Table S2). The near
overlap of the two calibration curves for the 100% PE compositions
confirms a low Na* interference in the dynamic range of 107* to
10~! M KClI (Figure S6) [8]. Selectivity coefficient values obtained
by the FIM range from -2.9 to -3.4 for all K*-ISEs and were found
to be constant after 1 week in solution (Figure 4B). This indicates
that the valinomycin functionality is barely compromised by the

A Day 1
50 mV i +3mV
+1mV
— +2mV
E ‘ +2mvV
= +1mV
?ﬂ k/_/—’_‘/ +3mV
<
b | [ +4amv
<
w
>
w
0 1 2 3 4 5 6
Time [hour]

= Reference

25 % PVC-COOH

w50 % PVC-COOH
s 100 % PVC-COOH

reduction of the ionophore-to-counter-charge ratio, compared to
the reference ISM. At higher wt% of PE in the membrane compo-
sition, a fully dissociated NaPSS would worsen the selectivity val-
ues despite the addition of an ionophore, following the Hofmeister
series [46, 85]. Therefore, it could suggest a partial dissociation of
the PE sulfonate groups in the membrane. Control membranes
without an ionophore were prepared and assessed (Figure S7),
confirming that the high concentration of NaPSS does not influ-
ence the selectivity.

The strong hydrophilic character of the PSS membrane promotes
fast hydration, which might enhance the formation of a water
layer at the interface between the SC and the membrane.
Therefore, performing the water layer test is a necessary step
for the evaluation of the membrane’s drift. As illustrated in
Figure 5, the sensors were sequentially monitored in 10 mM
KCl, 10 mM Nacl, and 10 mM KCl. The water layer test revealed

B Day 7
somv +14mV
l +5mV
—_ ’ +8mV
>
3 +8mV
o +9mV
1
% +12 mV
< +18 mV
w
B4
w
0 1 2 3 4 5 6
Time [hour]

25 % NaPSS
s 50 % NaPSS

s 100 % NaPSS

FIGURE 5 | Water layer test data of the K*-ISM with PEs replacing the lipophilic salt and PVC after (A) 1 and (B) 7 days in solution.
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that, with an increasing % of the same PE, there is a progressive
increase in the EMF after the exposure to the interfering ion
(Figure 5A). This trend correlates with the increase in charge
density, both in terms of the transition from one PE to another
and the variation in the PE percentage within the final mem-
brane. After 1 week, the water layer trend is comparable
(Figure 5B), but a larger EMF mismatch is observed. To conclude,
while the increasing amount of NaPSS strongly impacts the wet-
tability properties of the membrane, the EMF values change only
with <4 mV after conditioning. This may indicate small differen-
ces in the water layer formation for the ISMs with different
NaPSS percentages.

4 | Conclusions

The concept of using a high-charge-density PE as an alternative
to the traditional matrix polymer (PVC) and ion exchangers
(KTpCIPB) to fabricate three-component ISMs has been explored
for the first time. NaPSS was incorporated as a component for the
formulation of drop-cast ISE membranes, and assessed through
wetting studies, chronopotentiometry, and potentiometry.

While keeping PVC as the matrix polymer, replacing the tradi-
tionally used lipophilic borate salts with PVC-COOH, as well as
NaPSS, preserved the membrane’s characteristics and perfor-
mance. The partial substitution of PVC (25% and 50%) by
PVC-COOH had no impact on the conditioning drifts. In con-
trast, the use of NaPSS reduced this parameter by tenfold. The
sensitivity and selectivity values of all K*-ISEs were consistent
over 7 days. The complete replacement of PVC by NaPSS induced
a dramatic change in the ISM surface wettability, where the
SWCA values dropped from 85° to 41°, indicating higher hydro-
philicity. Despite this, the sensor performance remained unaf-
fected, with a drift of -0.2 mV/h. This corresponds to a
reduction of the drift rate by up to 80% compared to a traditional
K*-ISM composition. This feature, combined with comparable
performances, makes the three-component NaPSS membrane
an interesting alternative to the conventional four-component
ISM for K* sensing. Such a change in wettability appears to have
alow influence on the water layer formation at the SC-ISM inter-
face compared to the PVC-based membrane. Further morpholog-
ical investigation is required, as well as testing the effects of
changing other parameters, such as the membrane cocktail sol-
vent and the type of plasticizer.

A fast conditioning behavior is pointed out as advantageous, as it
enables a more effective implementation in single-use applica-
tions such as point-of-care ISEs [71], where an initial overnight
conditioning is still found to be a requirement [2]. Moreover,
NaPSS offers a promising pathway to develop new ISM formu-
lations with cheaper, commercially available compounds that
are more environmentally friendly. The presence of a sulfonate
group also points to the potential of chemical modifications.

Besides membrane degradation, the drift and performance of the
sensor are influenced by other parameters such as the SC, the
conductive substrate material, membrane thickness, and the sen-
sor substrate. While those have not been considered for this
proof-of-concept, they will need to be taken into account in

further investigations. To conclude, introducing a significant per-
centage of highly charged polymer (NaPSS) in the ISM paves the
way for future research on PEs in the membrane composition.
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Supporting Information

Additional supporting information can be found online in the Supporting
Information section. Supporting Fig. S1: Chemical structure of valinomy-
cin. Supporting Fig. S2: Representative data of CRC curves. The unstable
potential drift for 100% NaPSS K*-ISM made it infeasible to calculate capaci-
tance and resistance parameters. Supporting Fig. S3: Overview of the
mechanical properties of the reference PVC-based membrane and the
100% NaPSS membrane and their solutions. (A) Scotch tape adhesion tests
on - from left to right — the sensor reservoir, a glass slide, and on the solid
contact (Cink), (B) viscosity data, and (C) stress-strain curve (left) and shear
modulus-strain in log-log (right). The closed circles correspond to the storage
modulus (G') whereas the open ones the loss modulus (G”). Supporting
Fig. S4: Normalized OCP data of the first set of K*-ISM (n = 5) recorded
during the conditioning and the final 24 hours. Supporting Fig. S5:
Calibration curves (in KCl) of one representative replicate from the second
set of K+-ISMs, after (A) one and (B) seven days. Linear range from
10 to 10" M KCl. Supporting Fig. S6: Calibration curves of one represen-
tative replicate (in KCI (») and with 0.1 M NaCl interfering ion (a)) of the
reference, 100% PVC-COOH, and 100% NaPSS K*-ISMs (from left to right).
Supporting Fig. S7: Calibration curves with the presence of interfering ion
(0.1 M NaCl) after the first conditioning of the reference, 25% NaPSS,
50% NaPSS, and 100% NaPSS K*-ISM (from left to right). With () and with-
out ionophore (a). Supporting Table S1: Composition of all potassium ion-
selective membranes in weight% (mol%). Supporting Table S2: Sensitivity
(slope of the calibration curve) and offset (E°) obtained from calibration
curves with 0.1 M NaCl background electrolyte. Standard deviation obtained
from a minimum of five replicates measured in different batches.
Supporting Table S3: Brief literature overview of the K*-ISE performance
in miniaturized solid contact ISEs.
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