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Electropolymerized hydrophobic polyazulene as
solid-contacts in potassium-selective electrodes

Ning He,? Robert E. Gyurcsanyi*® and Tom Lindfors*®

Electropolymerized hydrophobic polyazulene (PAz) based solid-state potassium ion-selective electrodes
(SC-ISEs) have been characterized in terms of their suitability for clinical application. Polarization of the
PAz solid contact before applying the plasticised poly(vinyl chloride) based K*-selective membrane was
implemented as a convenient approach to address the general problem of the irreproducible standard
potential (E®) of SC-ISEs. Using this method, the E° reproducibility among different electrodes was, in the
worst case, +7.9 mV (n = 4). The effectiveness of the redox buffer-free approach presented here in stabi-
lizing E% is strengthened by the absence of light, oxygen and carbon dioxide sensitivity of the PAz
SC-ISEs. No evidence was found for the formation of an aqueous layer for the PAz-based SC-ISEs. Thus
the hydrophobic carbon structure of PAz having a water contact angle of 98 + 11°, which is slightly higher
than that for graphene, can apparently efficiently counteract the aqueous layer formation. In terms of the
specific application, the PAz solid contact ISEs were found to show a remarkably good potential stability
at their first contact with an aqueous sample. We also confirmed that the PAz-based SC-ISEs can be used
for the accurate determination of the K* concentration in serum solutions. Overall, the PAz solid contact
shows significant advantages as compared to the state-of-the-art of electrically conducting polymer

www.rsc.org/analyst based SC-ISEs.

Introduction

Besides electrochemical glucose sensors, the ion-selective elec-
trodes (ISEs) are the most employed electrochemical sensors
in the routine analytical and clinical practice.'™ In recent
years, research interest has been redirected from the classical
liquid contact ISEs toward solid-contact ion-selective electro-
des (SC-ISEs). From a practical point of view, the main driving
force for the SC-ISE development is its compatibility with mass
production by standard microfabrication techniques®® and the
opportunity for robust miniaturization.” However, there are
numerous additional benefits originating from these enabling
technologies,® e.g., low cost and energy consumption, which
make SC-ISEs appealing even for already established routine
tasks that presently employ classical liquid contact ISEs.
Additionally, SC-ISEs would meet the demands of emerging
applications such as the use of ISEs as detectors for low-cost
paper-based analytical platforms,”" wearable sensors,'>"?
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and bioassays.'”'® For widespread implementation, the

SC-ISEs need to approach or surpass the potential stability of
their liquid contact alternatives by establishing a thermo-
dynamically well-defined interface between the ion conducting
ion-selective membrane (ISM) and the electron conducting
electrode substrate.'® Therefore, electrically conductive poly-
mers (ECPs) possessing mixed electronic and ionic conduc-
tivity have become one of the most popular ion-to-electron
transducer materials in SC-ISEs."”

Over the years, different ECPs have been applied as the SC
layer, such as polypyrrole,®'” poly(3-octylthiophene) (POT),'®
poly(3,4-ethylenedioxythiophene)'® and polyaniline (PANI).>
However, the commercialization of ECP-based SC-ISEs has
been so far limited by the poor reproducibility of their stan-
dard potential and their unsatisfactory long term potential
stability. These deficiencies may originate from (i) the sub-
strate electrode,*" (ii) intrinsic equilibration processes of the
deposited ECPs,>*** and (iii) the sensitivity of ECPs to one or
more environmental parameters, e.g., pH,20 0O,, CO,, tempera-
ture and light,>* but most often from (iv) the accumulation of
a water layer/pool at the buried interfaces of the SC-ISEs.*® Pre-
sently, the full prevention of the formation of a thin aqueous
layer beneath the ISM caused by the water uptake of ISMs*®2®
is one of the most challenging tasks in SC-ISE develop-
ment.”>*® It was recently proven by the Fourier transform
infrared attenuated total reflection (FTIR-ATR) technique that
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the water uptake of the ISMs is influenced by the composition
of the sample solution.®® Thus water accumulation is a
complex process, in which a thin aqueous layer or water
pools will be formed and behave as small electrolyte reser-
voirs with ill-defined ion activity. Owing to their extremely
small volume, the ion composition of the aqueous layer can
be changed even by minute transmembrane fluxes of the
primary and interfering ions.>® This induces severe potential
instability and hinders the wide applicability of the relevant
SC-ISEs.”® Hence, it is crucial to minimize the water uptake
of the ISM and the SC layer that could be achieved using
highly hydrophobic SC materials, most optimally combined
with a low diffusivity hydrophobic ISM membrane
matrix.>”*831

The dominance of ECPs was challenged lately by nano-
structured carbonaceous materials, e.g. 3D ordered meso-
porous carbon,** carbon nanotubes,*® as well as graphene
and reduced graphene oxide.***> These materials have a high
surface area that, owing to their large capacitance, stabilizes
very effectively the electrode potential of the relevant SC-ISEs.
Importantly, they generally show no photovoltaic effects and
are more inert than ECPs, which seems to offer essential
advantages in terms of potential stability and avoiding the
formation of an aqueous layer beneath the 1ISM.***” However,
in many cases the handling and implementation of these car-
bonaceous materials in ISE fabrication is not as straight-
forward as that in the case of ECP-based SCs.*® Additionally,
their inertness depends on the surface functionalities and/or
surface adsorbed dispersing agents that should be minimized
to avoid aqueous layer formation. This requirement is rather
similar to many of the ECP solid contacts where the oxidation
state of the polymer needs careful consideration as well as
the removal of the excess of doping ions, which generally
increases the hydrophilicity of the ECPs.>® Very recently,
improved hydrophobicity was reported for the composite SC
material of few-layered graphene and PANI in Ca®"-selective
SC-ISEs.*® The synergistic effect between the ECP and the
few-layer graphene results in improved redox capacitance.
Therefore, we were interested in implementing an all
hydrocarbon based ECP as a solid contact in conjunction
with a lipophilic counter ion. Based on previous investi-
gations,” we expected polyazulene (PAz) to be especially
beneficial as the SC layer in SC-ISEs owing to its high
hydrophobicity in the semiconducting form (water contact
angle: 98 + 11°), which is slightly higher than that for gra-
phene,*” and also due to its relatively high areal redox
capacitance (ca. 45 mF cm™2; measured for the electrically
conducting form).*" Therefore in this work, we studied the
use of electrochemically synthesised PAz as the ion-to-elec-
tron transducer solid contact in potassium-selective SC-ISEs
and tested it for potassium measurement in the clinically
relevant range in artificial serum. This task is especially
demanding as the reference range of potassium in serum
or blood is 3.5-51 mM®* and such a narrow range
requires K'-selective SC-ISEs with extremely good potential
stability.

This journal is © The Royal Society of Chemistry 2016
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Experimental

Chemicals

Azulene (99%), acetonitrile (ACN, 99.5%, anhydrous) and KCl
were received from Aldrich and used without further purifi-
cation. High molecular weight poly(vinyl chloride) (PVC), bis-
(2-ethylhexyl) sebacate (DOS), potassium tetrakis[3,5-bis(tri-
fluoromethyl)phenyl]borate (KTFPB), potassium ionophore I
(valinomycin), and tetrahydrofuran (THF), all of Selectophore
grade, and tetrabutylammonium hexafluorophosphate
(TBAPFs, 99%) were purchased from Fluka and used as
received. The regioregular poly(3-octylthiophene-2,5-diyl) (POT;
M,, = 34 000) with an electrical conductivity of 107° S cm™" was
purchased from Sigma-Aldrich. Deionized water (ELGA, resis-
tivity: 18.2 MQ cm) was used to prepare the aqueous solutions.
Thermo Scientific provided the three calibration solutions (Cal
1: 4.50 mM K*, 0.6 mM Mg?, 140 mM Na®, 1.25 mM Ca*",
101.5 mM CI-, pH = 7.40; Cal 2: 6.00 mM K, 0.3 mM Mg?,
120 mM Na®, 0.75 mM Ca>', 82 mM Cl~, pH = 7.00; Cal 3:
3.00 mM K, 0.3 mM Mg? 150 mM Na®, 1.75 mM Ca*",
108 mM CI-, pH = 7.80)** and the human serum (Nortrol)
which is used as control serum for in vitro validation of
selected instruments and methods defined by Thermo Fisher
Scientific.

Electropolymerization and polarization of azulene

Azulene was electrochemically polymerized on glassy carbon
(GC) substrates incorporated into polyether ether ketone
(PEEK) bodies. The GC/PEEK electrodes had an outer diameter
of 6 mm with the GC surface area of 0.02 cm® (¢ 1.6 mm).
They were polished with 0.05 um Al,O; paste and rinsed with
deionized water and ACN. The polymerization was performed
in a three-electrode cell connected to an Autolab PGSTAT 30
potentiostat (equipped with the GPES software). A coiled Pt
wire and a Ag/AgCl wire served as the counter and the pseudo-
reference electrode (calibrated vs. ferrocene/ferrocenium),
respectively. All PAz films (Fig. 1a) were formed by cycling the
potential between —0.6 V and 1.2 V (10 cycles, v = 50 mV s )
in ACN solutions containing 0.01 M azulene and 0.1 M
TBAPFs. The TBAPFs was dried under vacuum at 80 °C for
30 min prior to use. Prior to the ISM deposition, the PAz solid-
contacts were polarized at 0.2 V for 5 min in a 0.1 M TBAPF,-
ACN solution to improve the reproducibility of the SC-ISE by
adjusting the oxidation state of the PAz films, which are both
n- and p-dopable.”® The p-doping starts at ca. 0-0.1 V and the
polymer backbone is therefore positively charged at £ > 0.1 V.
Three mL solutions purged with nitrogen gas for 5 min were
used for both the electropolymerization and the polarization
of the PAz films. After each step, the PAz films were rinsed
with ACN and dried in air for 5 min.

Fabrication of the K*-selective SC-ISEs

Avalinomycin based membrane cocktail solution was prepared
by adding 100 mg of the membrane components (32.9% (w/w)
PVC, 65.7% DOS, 1.0% valinomycin and 0.4% KTFPB) into
1 ml THF solution. After the electropolymerization and polari-
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Fig. 1 (a) The chemical structure of PAz. (b) SEM image of a PAz film
electropolymerized on ITO glass, magnification: 10 000x.

zation of the PAz films, altogether 30 pl of the membrane cock-
tail was deposited onto electrosynthesised porous PAz films
(Fig. 1b) to form ISMs with the thickness of 90-110 pm. The
casting was made by applying successively three drops (3 x
10 pl) at ca. 1 min intervals to prevent sensor failure related to
pinhole formation.® The POT-based SC-ISEs were prepared by
pipetting 2 x 0.5 ul of a POT solution (10 mg ml™" in chloro-
form) on the GC substrate. After drying under an ambient
atmosphere for 10 min, 30 pl (3 x 10 ul) of the K'-selective ISM
cocktail (as described above but with 200 mg of the membrane
components dissolved in 1 ml THF) was applied on top of the
POT layer. For all SC-ISEs, the ISM covered the entire surface
of the GC/PEEK electrode. The coated wire electrodes (CWEs)
were prepared in a similar way, but the membrane cocktail was
directly cast onto the GC/PEEK electrode surface. The electro-
des were then allowed to dry overnight.

Potentiometric measurements

The potentiometric response of the PAz-based SC-ISEs was
measured with a 16-channel potentiometer (Lawson Labs, Inc.,
input impedance: 10" Q) at room temperature (23 + 2 °C). The
reference electrode used for all the potentiometric measure-
ments was a double junction Ag/AgCl/3 M KCl//1 M LiOAc elec-
trode. Four identical SC-ISEs were always used in the
potentiometric measurements and their response character-
istics were compared with four POT-based SC-ISEs or CWEs.
The measurement of the initial potential stability upon
making the PAz- and POT-based SC-ISEs come into contact, for
the first time, with aqueous electrolyte solution was carried
out in 10~ M KCI without stirring for ca. 50 h. In the case
where the PAz-based SC-ISEs and their CWE counterparts were
evaluated in terms of their lower limit of detection (LOD), a
special conditioning preceded the calibration, ie., after
measuring the initial potential stability, the electrodes were
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kept in 10™* M KCl solution for 24 h and then placed in
10~° M KCl solution for 4 h. During these last 4 hours, the KCI
solution was replaced each hour by a fresh solution. Before the
calibration of the electrodes, the electrodes were placed in
10~* M KCl solution for ca. 10 min. The calibrations were done
in KCI solutions from 107 to 10° M with the successive auto-
matic dilution system (711 Liquino and Dosino 700, Metrohm,
Herisau, Switzerland), by successively replacing 68.4% of the
KClI solution in the cell with deionized water. The electrode
potentials were measured in a Faraday’s cage for 5 min at each
concentration step by stirring the solution during the first
minute. The potential (EMF) values were corrected for the
liquid junction potentials and the activity coefficients were cal-
culated according to the Debye-Hiickel equation. The LOD was
determined from the intersection of the two straight lines repre-
senting the linear part of the SC-ISE response and the low
activity range where the electrode is not anymore responding to
the changes in the K'-activity. The E° values reported corres-
pond to extrapolation of the linear potential response to ax’ = 1.

Before starting the selectivity measurements, the SC-ISEs
and CWEs were equilibrated in a 10~* M KCl solution for 4 h.
The electrode potentials were measured first in 0.1 M chloride
solutions of the interfering ions (Mg>", Li*, Na*, NH,", Ca*", in
that order) and finally in the 0.1 M KCIl. The potentiometric
aqueous layer tests were performed by recording the changes in
the potential of three identically prepared SC-ISEs and CWEs in
0.1 M KCl, 0.1 M NacCl and then 0.1 M KClI for 4 h in each solu-
tion. The oxygen and carbon dioxide sensitivity of fully equili-
brated PAz-based SC-ISEs was measured in a stirred 0.1 M KCI
solution by purging it with pure O,, N, or CO, gas in the follow-
ing measuring sequence: N, (1 h)/O, (1 h)/N, (1 h)/CO, (1 h)/N,
(1 h). The light sensitivity was measured in 100 ml of 0.1 M KCl
solution by using a Leica CLS 150 XE cold light source
equipped with a tungsten halogen lamp (Philips EKE 150 W, 21
V) directed through the electrolyte solution towards the SC-ISE
surfaces. The ambient room light was provided by fluorescent
lamps (Universal Thermo, 36 W/840). Before starting the test,
the electrode potentials were monitored in the dark for ca. 4 h
until the potentials had stabilized. The following measuring
sequence was used during the light sensitivity test: ambient
room light (30 min), cold light (30 min), ambient room light
(30 min) and dark conditions (30 min).

For the measurement of potassium in human serum, three
identical PAz-based SC-ISEs were fabricated. To determine the
K' concentration in the control serum, a three-point cali-
bration was performed by using three different calibrator solu-
tions with K" concentrations of 3.0, 4.5, and 6.0 mM (£1%).
Before these measurements, all the electrodes were con-
ditioned overnight in 10> M KCI.

Polarization of the solid-contacts

Constant-current chronopotentiometry was performed to study
the polarization of the PAz and POT solid contacts and their
redox capacitances. The measurements were conducted using
the Autolab PGSTAT 30 potentiostat in the three electrode
setup with GC/PEEK, a GC rod and the double junction Ag/

This journal is © The Royal Society of Chemistry 2016
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AgCl/3 M KCl//1 M LiOAc electrode serving as the working,
counter and reference electrodes, respectively. The potentials
of the PAz and POT-based K'-SC-ISEs were recorded in 0.1 M
KCl while a constant current of +10~° Awas applied to the elec-
trodes for 60 s followed by —107° A for another 60 s.

Results and discussion
Potential stability of the SC-ISEs at their first sample contact

For the practical application of potassium electrodes either in
a blood gas analyser or point of care devices, the time required
for conditioning, i.e., the time required to achieve the desired
potential stability, is essential. This is an often overlooked
aspect and the potential stabilities of the SC-ISEs are generally
reported after extensive conditioning, which does not guaran-
tee their prompt use after fabrication or unpacking. Therefore,
we investigated the potential stability at the first contact of the
electrodes with an aqueous solution. In addition to the
different equilibration processes, which include the water
uptake and contingent formation of an aqueous layer, the PAz
solid-contacts were additionally pre-polarized before the ISM
deposition, which minimizes additional drifting. The pre-
polarization was performed not only to adjust the oxidation
state of the PAz polymer to obtain SC-ISEs with reproducible
E° values, but also to ensure a suitable hydrophobicity of the
polymer film while keeping the potential in the thermo-
dynamically stable region.

The value of 0.2 V was chosen to fulfil these criteria as it
was recently shown that the open circuit potential of neat PAz
films polarized at 1.0 V slowly drifted to ca. 0.2 V upon their
first contact with an aqueous solution (0.1 M CaCl,).** More-
over, while PAz is only partially oxidized (i.e. electrically con-
ductive) at this potential, it is still very hydrophobic with a
water contact angle of 98 + 11°.*" Therefore, we assumed that
the PAz solid contact pre-polarized at this potential will exhibit
minimal oxidation state change even in the worst case scenario
of having an aqueous layer accumulated beneath the ISM as a
result of the transmembrane flux of water.

We have compared the performance of the PAz solid
contact with the commonly used chemically synthesised POT
solid-contact due to their relatively similar hydrophobicity rep-
resented by the water contact angles of 98 + 11° (PAz polarized
at 0.2 V) and ca. 110° (POT).*® Fig. 2 shows clearly the bene-
ficial effect of pre-polarized PAz-based SCs on the potential
stability of the respective SC-ISEs as compared with the com-
monly used POT-based SC-ISEs upon their first contact with
an aqueous solution (107> M KCl). The average of the EMF
values and their standard deviation were calculated for four
identically prepared PAz- and POT-based SC-ISEs. After ¢ =
2 min, 0.5 h, 10 h, 20 h, and 30 h in contact with the 107> M
KClI solution, the standard deviations (SD) of the potentials of
the PAz-based SC-ISEs were 3.1, 3.4, 2.6, 1.4, and 0.9 mV (n =
4), while they were 11.2, 12.7, 16.5, 18.1, and 17.4 mV (n = 4)
for the POT-based SC-ISEs. Thus the potentials of the POT-
based SC-ISEs show a divergence in time while the SDs of the

This journal is © The Royal Society of Chemistry 2016
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Fig. 2 Potential response of (a) the PAz-based and (b) POT-based SC
K*-selective electrodes (n = 4) at their first contact (after fabrication)
with a 107> M KCl solution.

PAz-based ISEs are in fact slightly decreasing so that they are
almost 20 times smaller after 30 h than the SDs of their POT-
based counterpart. The potential drifts calculated for PAz- and
POT-based K'-selective SC-ISEs were 0.1 mV h™" and 0.5 mV
h™', respectively, between ¢ = 2 min and 49.5 h. However,
between ¢ = 10 h and 49.5 h the drift was only 28 pv h™" for
the PAz-based SC-ISE, unlike the POT-based SC-ISEs that still
showed a potential drift of 0.5 mV h™". These data show unde-
niably that the PAz-based SC-ISEs surpass the commonly used
POT-based SC-ISEs (using chemically prepared POT) in their
initial potential stability and the reproducibility of their stan-
dard potential. Moreover, the results presented here suggest
that the PAz-based SC-ISEs may be used in the best case
already after a conditioning (equilibration) time of only 2 min.
However, the standard deviation of the PAz-based SC-ISEs is
still too high to be used in calibration-free applications.

Calibration of the K*-selective SC-ISEs

While the clinical application of SC K'-selective electrodes is
not demanding, in terms of requiring very low LODs to fully
explore the analytical performance characteristics of the PAz-
based SC-ISEs, this aspect was also carefully investigated by
using extensive conditioning at low K™ concentrations.”” The
SC-ISEs were calibrated in 107> M to 10™° M KCI solutions
(high to low concentration) and the slopes of the electrode
responses were calculated from the linear part (107°-107° M)
of the calibration plots. A representative potential trace for the
K'-selective SC-ISEs is shown in Fig. 3a with the relevant cali-
bration curves for 4 different electrodes plotted in Fig. 3b. The
SC-ISEs had a close to Nernstian slope of 57.0 + 0.3 mV per
decade (©* = 0.9999; mean residual standard deviation, s;es =
1.4 + 0.8) and a LOD of (7.2 + 0.9) x 10~® M. For comparison
the CWEs (not shown) exhibited almost an order of magnitude
higher LOD (2.8 + 0.4) x 10~ M with a slope of 56.6 + 1.4 mV
per decade (¥ = 0.9997). The SD of the E° values for the K-
selective SC-ISEs was + 7.9 mV, which is inferior to SC-ISEs
based on implementing dedicated redox species loaded to the
membrane to adjust the E°.*® However, the simplicity of the
preparation procedure may easily compensate for this

Analyst, 2016, 141, 2990-2997 | 2993
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Fig. 3 PAz-based SC-ISEs: (a) the potential trace curve measured when
the K* concentration was successively lowered and (b) the calibration
graph (n = 4). Inset in (a): expansion of the selected concentration
range.

deficiency for most routine applications and as expected the
benefits are obvious compared with CWEs showing SD exceed-
ing 40 mV (not shown).

After conditioning in 10™* M KCI solution, the potentio-
metric selectivity coefficients of the SC-ISEs were determined
by the separate solution method (SSM)* at the 0.1 M level
using chloride salt solutions of Mg>*, Li*, Na*, NH," and Ca*".
The obtained potentiometric selectivity coefficients of K'
against Mg**, Li*, Na*, NH," and Ca** were —4.0 + 0.1, —5.0 +
0.1, —4.3 + 0.1, —4.3 + 0.1 and —4.0 * 0.1, respectively (n = 4).
In general, the choice of the solid-contact should not influence
the selectivity of the ISM and indeed these values were in rela-
tively good agreement with the selectivity coefficients reported
in the literature for the valinomycin-based electrode and fulfill
the selectivity requirements for measurements in blood or
serum.”®

Potentiometric aqueous layer test: oxygen, carbon dioxide and
light sensitivity

As explained in the introduction, the formation of a thin
aqueous layer or pools of aqueous solutions beneath the ISM
in the SC-ISEs can counteract all the benefits of the SC.'®**
We used the potentiometric aqueous layer test to investigate
whether the PAz-based SC can avoid the accumulation of such

2994 | Analyst, 2016, 141, 2990-2997

View Article Online

Analyst

a layer.>® Thus the SC-ISEs were exposed successively to a rela-
tively high concentration (0.1 M) of the primary ion (K'), then
to the same concentration of the interfering ion (Na') and
finally to the primary ion.

The lack of potential drifts for the K'-selective SC-ISEs in
the aqueous layer test (Fig. 4) shows no indications of an
aqueous layer/pool formation. In contrast, the CWE shows a
drifting potential response pattern typical of the presence of
an aqueous layer. This is very remarkable since for conventional
plasticised PVC membranes, due to their high water uptake, it
is very difficult to avoid the aqueous layer formation for most
ECP-based solid contacts which are either in their semi-
conducting or conducting form. Very importantly, upon
placing back the SC-ISEs into the 0.1 KCI solution following
exposure for 4 h to 0.1 M NaCl, the potential drift was less
than 0.1 mV h™, i.e., even after such large changes in concen-
tration, the PAz-based SC-ISEs had a practically driftless
response. It has been previously reported that no aqueous
layer formation could be detected with solvent-cast POT-based
Ca”**-selective SC-ISEs®" and therefore this electrode type was
not included in the aqueous layer test in this work.

The sensitivities to O, and CO, of the polarized PAz-based
SC-ISEs are shown in Fig. 5a. The potential increased only
1.0 mV during 1 h while the 0.1 M KCI solution was purged
with pure oxygen. This minute change indicates that in prac-
tice, where such dramatic oxygen concentration changes are
unlikely, the SC-ISEs are essentially insensitive to oxygen. The
PAz-based SC-ISEs showed no significant changes in potential
upon purging the KCI solution with pure CO, for 1 h.

To determine the light sensitivity of the SC-ISEs,** the refer-
ence electrode was protected with an aluminum foil to elimin-
ate the contribution of the photovoltaic response of the Ag/
AgCl wire®® from the measured potential response. Assuming
that the ISM components are photostable, the light sensitivity
of the SC-ISEs can be ascribed to the redox reaction of the
inner SC layer, i.e. changes in its oxidation state, which results
in potential drifts. In the light sensitivity study, the changes in
the potential of the PAz-based SC-ISEs were measured upon

- a -

R -
E 1 0.1 MKCI 0.1 MKCI |
= | fEass38d1
L —
m [ 0.1 M NaCl

b
M/I’X/H’H [100mV
0 1 2 3 4 7 8 9 10 11 12

5 6
t/h
Fig. 4 Potentiometric aqueous layer test for the K*-selective (a) PAz-
based SC-ISEs and (b) CWEs. At t = 4 h, the primary ion (K*) was

changed to the interfering ion (Na*) solution and replaced again with
the primary ion solution att = 8 h (n = 3).
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Fig. 5 (a) The sensitivity to O, and CO, and (b) light of the PAz-based
SC-ISE measured in 0.1 M KCL.

changing the illumination between dark conditions, ambient
room light and intensive direct exposure to a cold light source
as shown in Fig. 5b. The results show that the illumination
conditions had very little effect on the potential of the SC-ISEs.
The change in potential as a result of changing from dark to
ambient room light conditions (and back) was practically
undetectable. The most noticeable change in potential was
recorded on exposure to cold light, but even in this case the
associated potential decrease was less than 0.5 mV during
30 min. Thus the PAz solid-contact ISEs under normal
measurement conditions should have no light sensitivity. This
is a major advantage with respect to POT-based solid contact
ISEs, one of the best performing ECP-based solid-contacts in
terms of potential stability and aqueous layer elimination,
which is extremely light sensitive (i.e., more than 300 mV
when switching from dark to a cold light source).**

Constant-current chronopotentiometry

We have performed constant-current chronopotentiometric
measurements to compare the polarizability of the PAz and
POT solid contacts and to estimate the redox capacitance of
the SCs, which is an important parameter for obtaining
SC-ISEs with stable potentials.>® The chronopotentiograms in
Fig. 6 show clearly that the POT solid contact is easily polar-
ized when a constant current of +1 nA was applied for 60 s

This journal is © The Royal Society of Chemistry 2016
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Fig. 6 Chronopotentiograms measured in 0.1 M KCl for (a) the PAz-
based and (b) POT-based K*-SC-ISEs. Applied current: +10~° A for the
first 60 s and —107° A for the next 60 s. The electrode potentials have
been shifted along the y-axis in relation to each other.

causing the potential to increase by 48.2 mV (t = 2-60 s; At =
58 s). This corresponds to a low capacitance of 1.2 puF
(59.7 uF ecm™?; AE/At = I/C) that is close to the capacitance of the
CWE.> The low interfacial capacitance is due to the fact that
pristine POT is practically non-conducting (ca. 107 S em™).

In comparison to the POT-based SC-ISEs, the potential of
the PAz-based SC-ISE increased only 2.7 mV (¢ = 2-60 s) upon
the constant-current polarization (Fig. 6). This shows that the
PAz-based solid-contact having a redox capacitance of 21.2 pF
(1.05 mF cm™?) has much better resistance against polari-
zation than the POT counterpart. It should be noted that the
redox capacitance of PAz in this work is much lower than that
reported earlier (45 mF ¢cm?) due to the semi-conducting
nature of the PAz film that has been polarized at 0.2 V.

Measurement of potassium in human serum

To test the adequacy of the PAz-based SC K'-ISEs for potas-
sium assay in the clinically relevant range, calibrations were
performed using the same standard solutions as used for cali-
bration of commercial clinical analyzers that mimicks the ion
composition of the serum. As shown in Fig. 7a, staircase type
potential responses were generated upon changing solutions,
i.e., the three calibrator solutions and the serum. The potential
stability in the standard solutions (Cal 1-Cal 3) expressed as
the standard deviation of the potential values was less than
0.1 mV except for the calibration standard that was first
measured (3 mM K'; ie. Cal 3 with serum-like high ionic
strength), where we registered a standard deviation of 0.12 mV.
The higher standard deviation is most likely due to ionic
strength effects when placing the SC-ISEs directly from the low
ionic strength conditioning solution (1 mM KCl) to the first
calibration solution with a much higher ionic strength. In the
human serum (Nortrol) the short time stability slightly wor-
sened as compared with the calibration solutions, ie.,
0.19 mV. The slope of three identically prepared PAz-based
SC-ISEs was close to Nernstian (58.6 + 0.6 mV per decade)
(Fig. 7b) with an average E° of 536.9 + 7 mV. The potassium
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Fig. 7 (a) Potential responses and (b) calibration graphs for three

different PAz-based SC-ISEs (filled symbols) and the respective
measured potentials in the Nortrol artificial serum solution plotted
against their nominal concentration (hollow symbols).

concentration in the serum determined with the three SC-ISEs
was 3.93 mM with a remarkably low standard deviation of only
0.024 mM. Compared with the nominal concentration of K" in
the Nortrol solution, 3.8 + 0.08 mM, this represents an error of
0.13 mM. Thus the PAz-based K'-selective SC-ISEs seem to
fulfil the general requirements for clinical use. Since, in this
preliminary study, we used a conventional reference electrode
and routine open cell laboratory conditions, we consider this
result to be especially promising for the application of PAz
electrodes in clinical potassium analyzers with dedicated
thermostated flow-through setups and built-in calibration rou-
tines.>* The slight discrepancy may have an essential contri-
bution from the reference electrode potential, which might be
affected in the high protein content serum solution.

Conclusions

The results indicate that the PAz-based SC may confer unique
advantages to SC-ISEs. The pre-polarization of the solid
contact prior to the deposition of the ISM membranes at a
rationally chosen potential, which provides both thermo-
dynamic stability and hydrophobicity to the polymer layer,
reduced the E° variation of the respective ISEs in the worst
case to +7.9 mV (n = 4). While various solid contacts based on

2996 | Analyst, 2016, 141, 2990-2997
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carbonaceous materials that are combined with redox buffers
were reported to achieve an even better E° reproducibility,>®
the convenience and simplicity of the PAz fabrication may
compensate for this minor deficiency in many applications.
The complete lack of aqueous layer formation beneath the ISM
even when using a plasticized PVC-based membrane with a
conventional composition, which has notoriously high water
uptake, makes PAz a robust alternative to the state-of-the-art
SCs. Its insignificant light, oxygen and carbon dioxide sensi-
tivity and excellent potential stability upon initial contact with
the aqueous samples seem to surpass the best ECP-based SCs
(e.g. POT). Finally, the preliminary results obtained using pre-
polarized PAz-based SC-ISEs for measuring the concentration
of K" ions in artificial serum are very promising in terms of
achieving the required accuracy and coefficient of variation.
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