Impedance-based sensor for potassium ions
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Abstract
A conductometric sensor for potassium ions in solution is presented. Interdigitated, planar gold electrodes
were coated with a potassium-selective polymer membrane composed of a poly(vinyl chloride) matrix with
about 65 wt% of plasticiser and 2 - 5 wt% of a potassium-selective ionophore. The impedance of the membrane was measured, using the electrodes as a transducer, and related to the concentration of potassium in a
sample solution in contact with the membrane. Sensitivity was optimised by varying the sensor components,
and selectivity for potassium over sodium was also shown. The resulting devices are compact, miniature,
robust sensors which, by means of impedance measurements, eliminate the need for a reference electrode.
The sensor was tested for potassium concentration changes of 2 mM across the clinically relevant range of
2.7 - 18.7 mM.
Keywords: potassium, impedance spectroscopy, conductometric sensor, ion-selective membrane, blood
analysis, portable sensor

1. Introduction
Detection of potassium-ion concentration in solution is essential for multiple applications, the main ones
being soil analysis for crop growth [1, 2], and clinical analysis of blood and other biological fluids [3, 4].
Almost all such sensor devices are based on an ionophore, usually valinomycin, embedded in a plasticised
polymer membrane matrix, often poly(vinyl chloride) (PVC). These ion-selective membranes have been
widely researched and developed since their introduction in the 1970s [5–7]. Multiple transduction methods
have been investigated, principally ion-selective electrodes (ISEs), optodes, and ion-selective field-effect
transistors (ISFETs). Mikhelson et al provide an overview [8].
Most commonly employed are ISEs; these are present in traditional off-line methods of soil-sample
potassium testing [1], as well as more modern in situ measurement devices [2]. Similarly, ISEs are employed
in almost all commercial, clinical blood analysers used in hospitals [9]. Traditional ISEs in larger machines
have an internal filling solution, which creates a limit on miniaturisation and durability [10]. However,
the demand for miniature sensors for in situ and point-of-care monitoring has increased significantly, and
recently, all-solid-state ISEs have been developed which are miniaturisable [4, 10–12]. The requirement for
a reference electrode and for frequent calibration, however, remains a drawback of ISEs [10].
Recently, optical methods for potassium detection have become more prevalent, both for crop growth [13]
and in blood analyses [14, 15]. However, spectrophotometers remain relatively large, making miniaturisation
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difficult. In addition, a review of optodes for clinical use concluded that coupled pH measurements would
always be required, which increases complexity [3].
Less widely researched are conductometric sensors. Ion-selective conductometric microsensors (ISCOMs)
were developed for potassium and calcium in the 1990s [16–18], but little further work appears to have been
done on them. However, these sensors appear promising: they carry the same advantages as solid-state ISEs,
in that they are all-solid-state and can be miniaturised. They also have the advantage over potentiometric
measurement, in that neither frequent calibration nor a reference electrode is required: a simple conductance
measurement of the medium between two electrodes provides the reading.
In addition, there does not currently exist a hand-held blood potassium sensor that is licensed for clinical
use; patients must have their blood potassium measured on a large blood analyser in hospital. Most patients
who require blood-potassium monitoring are those with kidney disease, who comprise an estimated 6-7% of
the UK population [19], so this leads to a significant use of hospital time and resources [20]. The normal
range for potassium concentration in blood is 3.5 - 5.0 mM; in patients with hyperkalaemia (high blood
potassium) the concentration can be as high as 10 mM and in patients with hypokalaemia (low blood
potassium) it can be as low as 1.5 mM. Both can occur in kidney patients, and concentrations below 2.5
or above 6.5 may be dangerous and may require emergency hospital treatment. Both are associated with
cardiac rhythm abnormalities, muscle dysfunction and sudden death [21]. For patients with more severe
kidney disease, it is possible for potassium levels to become dangerously high between hospital visits which,
if unnoticed, can cause severe health problems and even death. At-home measurement would allow patients
to monitor their blood potassium and act accordingly, improving patient safety and reducing healthcare
costs.
Therefore, the aim of this work was to take steps towards developing a conductometric sensor capable
of determining the potassium concentration in human blood. Little recent work has been done on sensors
of this type; Shvavev et al developed a conductometric sensor based on impedance measurements [22], but
this used very thick ion-selective membranes (20 - 250 µm compared to < 1 µm in most other works) and
consequently sensitivity was low. Braiek et al also worked on a conductometric sensor, based on conductance
measurements, recently [23]; however, the blood to be measured was diluted before use by 600 mM sucrose
solution in a 1:30 ratio, making the sensor operation relatively complex.
To that end, a sensor consisting of planar gold electrodes coated in a potassium-selective membrane was
developed. The membrane composition used was similar to that which has been optimised for ISEs, with
a 1:2 ratio of PVC : plasticiser [7]. However, no specific optimisation for conductometric sensors appears
to have been been done previously; in this work, the membrane composition was varied and three different
ionophores were tested. In addition, the effect of pre-soaking the sensor in concentrated ionic solutions was
investigated. This method has been used in previous works, but an explanation of its use was not given;
eliminating this step would further simplify the sensing process [17, 23].
2. Materials and Methods
2.1. Reagents
Valinomycin, potassium ionophore II, potassium ionophore III (see Supplementary Information for details), bis(2-ethylhexyl) sebacate (97%, Selectophore grade), poly(vinyl chloride) high molecular weight,
potassium chloride (99%, ACS reagent grade), sodium chloride (99%, ACS reagent grade) and phosphatebuffered saline tablets were purchased from Sigma-Aldrich. Tetrahydrofuran (HPLC grade) was purchased
from Fischer Scientific.
2.2. Electrode design
Pairs of interdigitated gold electrodes were fabricated in-house on a glass substrate, including a 20 nm
thick titanium layer to improve the adhesion of the 80 nm thick gold layer to the glass. They were patterned
using a lift-off process. Four different arrangements of electrodes were produced, with either a 1 mm2 or
4 mm2 sensitive area, and either 20 µm or 40 µm wide fingers. The gaps between the fingers were the
same width as the fingers themselves. Figure 1a shows a glass wafer containing four electrode pairs, and
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microscope images of the active area can be seen in Figure 1b and in the Supplementary Information [Figure
S1].

(a) Four electrode pairs, each with 4 mm2 active area.

(b) Microscope image of 20 µm wide interdigitated fingers.

Figure 1: Interdigitated gold electrode pairs on a glass substrate.

2.3. Membrane preparation
Membranes of various compositions were prepared, containing 0 - 5 wt% ionophore, 31 - 34 wt%
poly(vinyl chloride) (PVC) and 64 - 66 wt% of the plasticiser bis(2-ethylhexyl) sebacate (DOS) of various dilutions in tetrahydrofuran (THF). For example, the preparation method for a 2 wt% valinomycin
membrane solution was as follows:
PVC (0.16 g) was stirred in THF (6 mL), covered to prevent evaporation, for approximately 30 minutes
until dissolved. Valinomycin (0.01 g) and DOS (0.33 g) were also dissolved in THF (4 mL) and this solution
added to the PVC solution. The mixture was stirred for a further 30 minutes to ensure an even distribution
of valinomycin.
Three different potassium ionophores were investigated in this work, to determine which shows the best
response when employed in a conductometric sensor architecture. Their molecular structures are given
in the Supplementary Information [Figure S2]. Valinomycin is the most commonly used for K+ sensing
applications.
To apply the membrane to the electrodes, dip-coating using a Langmuir-Blodgett dipper mechanism
(NIMA Technology) at a pull speed of 40 mm/min was employed and the THF allowed to evaporate,
depositing a thin membrane film of approximately 1 µm thickness on the surface.
The effect of pre-soaking the membranes was also investigated. Here, the membrane-coated electrodes
were submerged in a 0.1 mM solution of either KCl or NaCl for at least 24 hours. They were removed
from the solution, rinsed briefly with de-ionised water and dried under an air flow before being used for
measurements.
2.4. Impedance measurements
A home-made mount for the electrodes was built, shown in Figure 2c, with a rubber O-ring to confine the
liquid in the cell to only the transducer part of the electrode. During operation, 70 µL of phosphate-buffered
saline (PBS), containing 137 mM NaCl and 2.7 mM KCl, was added to the cell and a cover slip placed on
top to prevent evaporation. 1 µL aliquots of 140 mM KCl solution were added, each time increasing the
concentration of K+ in the cell by 2 mM (assuming the volume change is negligible).
Impedance measurements were performed by applying a 500 mV alternating voltage between the two
electrodes and scanning through a range of frequencies from 10 Hz - 1 MHz. The DC offset was zero. The
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impedance (magnitude and phase) of the system was measured at intervals of 0.2 log(frequency/Hz). These
measurements were carried out on a 1260 Impedance/Gain-Phase Analyser (Solartron). Diagrams of the
setup used in this work are shown in Figure 2.

(a) Three-dimensional drawing

(b) Cross-section

(c) Mount containing an electrode set

Figure 2: Schematics (not to scale) and photograph of the membrane-covered electrodes as set up during measurements. The
exposed part of the electrodes is connected by gold pins and wires to the impedance analyser.

3. Results and Discussion
3.1. Raw Data
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Figure 3: Impedance spectra obtained from sensor S6 (see Table 1) under different K+ concentrations.

Typical impedance spectra for the same sensor at different K+ concentrations are shown in Figure 3. At
low frequencies, the resistance component of the membrane’s impedance is dominant; this is not dependent
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on frequency, hence the plateau in impedance. At higher frequencies, the capacitance contribution to
impedance dominates, and hence the impedance decreases as the frequency increases. It can be seen that
the largest spread in impedance magnitude between measurements is at about 100 Hz, so this frequency was
chosen to present all the data that follow.
3.2. Curve-fitting analysis
Figure 4 shows the change in impedance of the sensor over time as aliquots of KCl were added, as
described in Section 2.4. It shows clearly that there is a non-linear decrease in impedance with time,
independent of any other factors. A similar time-dependence of the sensor response has previously been
observed [22]. An explanation for this is that water is being slowly taken up into the membrane over time,
increasing the conductivity. A mechanism for this phenomenon has been proposed, whereby water forms
micelles within the hydrophobic membrane structure, allowing ions to move much more freely within these
micelles [22]. It can also be seen in Figure 4 that the sensor response appears to be partially reversible.
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Figure 4: Impedance vs time graph for sensor S5 at 100 Hz. The dashed lines show the times at which the concentration of
K+ in the sample solution was increased. Concentrations (in mM) are indicated at each point. At t = 118 minutes, the sample
solution was removed from the cell and replaced with PBS, then the K+ concentration was increased stepwise again.

In order to determine the plateau value of impedance, Z, curve fitting to the data points for each K+
concentration was performed. An assumption was made that the decay of impedance with time is exponential
and an empirical equation of the form y = Z + be−ct was used. The results of the curve fit are shown in
Figure 5, and a table of the coefficients Z, b and c can be found in the Supplementary Information [Table
S1]. The plateau impedance values, Z, obtained from the fitted curves were used to create a response vs
concentration curve, shown as the inset in Figure 5. A fractional difference method was used, i.e. plotting
∆Z
+
Z0 against the logarithm of the concentration of K , where ∆Z = (Z −Z0 ) and Z0 is the plateau impedance
value in PBS (i.e. 2.7 mM KCl). This method is preferred because changes in Z0 are eliminated, allowing
for better comparison between sensors and removing the effect of the transducer [18]. This plot is a straight
line, which agrees with results in [18] and [22].
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Figure 5: Data points (from Figure 4) and models for each concentration. Inset: calibration curve obtained from the model.

3.3. Optimisation of sensor design
Table 1: All tested sensor designs.

Sensor
number

Electrode
area / mm2

Electrode finger
width / µm

Ionophore

Ionophore
conc / wt%

Pre-soaking

Analyte

S1
S2
S3
S4
S5
S6
S7
S8
S9
S10
S11

1
1
4
4
4
4
4
4
1
4
4

40
40
40
40
40
20
20
20
40
40
40

Valinomycin
Valinomycin
Ionophore II
Ionophore III
Valinomycin
Valinomycin
Valinomycin
Valinomycin
Valinomycin
Ionophore II
Ionophore III

2
5
5
5
5
5
5
5
2
5
5

Unsoaked
Unsoaked
Unsoaked
Unsoaked
Unsoaked
Unsoaked
0.1 M KCl
0.1 M NaCl
Unsoaked
Unsoaked
Unsoaked

KCl
KCl
KCl
KCl
KCl
KCl
KCl
KCl
NaCl
NaCl
NaCl
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Table 1 details all the different sensor designs that were tested. The data were analysed as described in
Section 3.2 above and are plotted in Figure 6; a steeper gradient implies a more sensitive sensor.
It was determined from the results shown in Figure 6a that the 5 wt% ionophore membrane was more
sensitive; for cost-efficiency reasons, the ionophore concentration was not increased further, although this
could lead to a higher sensitivity. Of the four different types of electrode (described in Section 2.2), Figure
6b shows that S6 performs the best, which is unsurprising since it has the largest active area and path
length.
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Figure 6: Results of sensor optimisation.

Figure 6c shows clearly that ionophore II has the poorest response; ionophore III and valinomycin are
comparable, with ionophore III perhaps responding slightly better. However, as described in Section 3.4
below, ionophore III shows a larger response to sodium than does valinomycin, which is undesirable.
Comparison of sensors S6, S7 and S8 (Figure 6d) shows that soaking in NaCl gives the poorest results,
and leaving the membrane unsoaked is preferable to soaking in KCl. On the other hand, the sensor that was
soaked in KCl has a weaker time-dependence than the unsoaked one, which means that the extrapolation
described in Section 3.2 is more reliable. For this reason, soaking could be preferable, although it also makes
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the fabrication process more complicated, so will be omitted for the sake of simplicity.
3.4. Selectivity for potassium over sodium
Sodium ions are a very common interference species for potassium-ion sensors, particularly in blood, as
Na+ is so much more abundant than K+ ; the Na+ :K+ ratio in a healthy person is typically around 35:1.
Therefore, all three ionophores were tested for their Na+ response, and this is plotted alongside their K+
response in Figure 7. It can clearly be seen that all three show a negligible response to sodium; any small
deviations are most likely due to experimental error.
However, ionophore III appears to show a marginal negative Na+ response. Although this could be
experimental error, it is possible that it indicates that ionophore III complexes sodium as well as potassium.
Since ionophore III has only a marginally better sensitivity than valinomycin, as seen in Figure 6c, valinomycin was determined to be the best ionophore overall. For a to-scale comparison of the Na+ responses of
each ionophore, see Figure S3 in the Supplementary Information.
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Figure 7: Comparison of the responses to K+ and Na+ . In the NaCl experiments, 1 µL aliquots of a 140 mM NaCl solution
were added to the PBS solution to increase the Na+ concentration in the cell by 2 mM at a time, analogously to the process
described in Section 2.4 for KCl. On the x-axis, the Na+ concentration has been scaled to aid comparison: [X+ ] = [K+ ] =
([Na+ ] - 134.3 mM). The base concentration of NaCl in PBS is 137 mM, compared to that of KCl which is 2.7 mM.
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4. Conclusions
In this work, a conductometric sensor was developed to detect potassium-ion concentration in a sample
solution of the same concentration range as found in human blood. The potassium-selective membrane used
in similar sensors in the past has been developed for ISEs; here, it was optimised specifically for use in
conductometric sensors. It was found that a higher ionophore concentration of 5 wt% produced a better
response than the 1 - 2 wt% used in most ISEs. Valinomycin was found to be the best overall ionophore
for this application, and gold electrodes with the largest active area and narrowest finger width showed the
best response of those tested.
Further membrane optimisation is needed to improve the sensitivity of the sensor and its response time.
Calculation of the measurement accuracy possible within a certain time-frame is also necessary; for clinical
use, a response time of a few minutes would be reasonable. This could be achieved by further studies and
analysis of the time-dependent response, and by taking readings more frequently, so that curve-fitting could
be done and a result obtained rapidly. However, the work appears very promising: individual sensors are
small, compact and simple to produce, show a strong sensitivity to potassium ions and are not sensitive to
sodium, and do not require a reference electrode.
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