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Abstract
During the last decade, the capabilities of potentiometric analysis have changed fundamentally in
that the lower limit of detection (LOD) of ion-selective electrodes (ISEs) has improved by a factor
of up to one million and the discrimination factor of interferences from ions by up to one billion.
These spectacular improvements are related to the control of ion fluxes through the ion-selective
membrane. Nowadays, ISEs can be used for trace measurements in environmental samples. However,
by reducing the volume of the samples, the LOD in terms of the amount of analytes has been reduced
to the attomole range. This is promising for bioanalysis using metal nanoparticle labels. Other recent
progress includes the excellent fundamental understanding of the working mechanism, the
introduction of a novel kind of calibration procedure that reduces the demands on signal stability and
reproducibility, and the advent of pulsed amperometric methods.
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1. Introduction – the status 25 years ago
Although each novel scientific result has its roots in some earlier findings, it is probably safe
to state that different independent achievements in the mid-1960s marked the starting point of
modern potentiometry [1]. In 1967, Ross described the first membrane electrode based on a
liquid ion exchanger [2] and Bloch and co-workers introduced the first ionophore-based solvent
polymeric membrane based on PVC [3], a matrix still widely used today. At about the same
time, Stefanac and Simon discovered that antibiotics inducing selective-ion transport through
biological membranes also generate a selective potentiometric response in liquid membranes
[4]. Finally, this was also the time of birth of host-guest chemistry [5,6], which later played an
important role in developing novel selective ionophores.

Subsequently, in the following 15 years, tremendous results were achieved by a number of
research groups world-wide [7,8]. Ion-selective electrodes (ISEs) for more than 50 different
ions were introduced [8], microelectrodes were pioneered for in vivo measurements [9], and,
as the most important development in terms of practical impact and commercial success,
potentiometry has become the standard technique in the clinical analysis of ions, including
Na+, K+, Ca2+, and Cl−. Today, over a billion potentiometric measurements are performed
world-wide and more than 10 companies sell blood-gas analyzers with potentiometric detectors
for relevant ions using of the order of 100 μL blood, serum, or plasma [10].
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By the early 1990s, potentiometry seemed to be at a standstill and a number of scientists
contributing to it turned their attention to other different areas because no major developments
seemed to be possible any more. In retrospect, it is clear that several puzzles and inconsistencies
had persisted and their more thorough investigation has become the basis of spectacular
developments during the last 25 years.

2. Fundamental understanding
Ion-selective membranes are among the best studied and understood analytical devices. Much
of the current knowledge has been collected during the past decades. Although the theoretical
background of potentiometry was a topic of intensive studies from the beginning [11–13], a
unanimous perception concerning important issues, such as the role of membrane-internal
processes or the response function of ISEs in the presence of ions with different charges, had
not been achieved by the early 1990s. Then, numerous experiments were performed with a
view to understanding the response mechanism and corroborating the potential-determining
process [14]. Today, it is widely accepted that in practically all relevant cases, even in the
presence of ion fluxes (see below), changes in the phase-boundary potential [12,15] adequately
account for the potentiometric response at steady state. Confusions with regard to the definition
and the correct measurement of selectivity coefficients have been resolved [16]. Today, the
quantitative description of the potentiometric response of an ISE in the presence of any mixture
of mono-, di-, and tri-valent ions is available [15,17,18]. It is a strong feature of potentiometry
that, once the selectivity coefficients of the relevant ions are known, the response to any mixture
of them is fully predictable.

The potentiometric selectivity coefficients are directly related to thermodynamic equilibria in
the membrane and at the membrane/sample interface. It is therefore important that various
potentiometric [19–22] and optical methods [23] are now available for determining the
complex formation constants in the membrane. Such measurements are not only relevant for
optimizing the sensors but also for obtaining fundamental parameters in host-guest chemistry
[24].

In the early days, no ion exchanger was incorporated in the membrane and, as it turned out
later, the potentiometric response relied on ionic impurities of the different components. By
now, the kind [25] and the concentration [26,27] of such impurities have been studied well.
With electrically charged ionophores, the required charge of the added ion exchanger can be
predicted [28,29] and used for elucidating the carrier mechanism [30]. Even apparently non-
Nernstian ISE responses are theoretically well understood [31,32].

Not only thermodynamic parameters but also time-dependent processes in the bulk and at the
phase boundaries of solvent polymeric ISE membranes have been studied thoroughly [33–
35]. The diffusion coefficients of relevant components have been determined as a function of
the membrane composition [36–38]. Their knowledge has turned out to be very important
because the lower limit of detection (LOD) of polymeric membrane ISEs is often directly
influenced by the internal diffusion processes of membranes (see below).

3. Lower LOD and selectivity coefficients
In spite of the richness of the above-mentioned results, the real revolution in potentiometry
was brought about by the extraordinary improvement in the lower LOD and selectivity behavior
of ISEs. Until about 10 years ago, it was common knowledge that ISEs could not be used at
concentrations below 10−6 M and that the discrimination factors of interfering ions, the
potentiometric selectivity coefficients, could not be better than 10−4–10−5. In the meantime,
there have already become available ISEs with lower LODs in the range 10−8–10−11 M (i.e.
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down to the low ppt range) for 12 ions, and many selectivity coefficients found to be <
10−10, sometimes even < 10−15 [39].

It should be noted that the definition of the lower LOD of ISEs (as defined by IUPAC [40])
does not agree with that of other methods (also by IUPAC [41]), so the range above should be
further lowered by about two orders of magnitude (i.e. to ca. 10−10–10−13M), if potentiometry
is compared with other analytical methods [39].

What could cause such a revolution? It is ironical that, for decades, one simple bias hindered
the development of such high-performance ISEs. By convention, on their inner side, ISE
membranes were in contact with a rather concentrated solution of the primary (analyte) ion.
The discovery that their response characteristics may strongly depend on the composition of
this solution was the starting point of the improvements [42,43]. It is now obvious that the flux
of ions from the membrane to the sample brings about a limiting concentration of the primary
ions near the sensing membrane, even if the bulk of the sample is further diluted [44]. Today,
the response of ISEs in the presence of ion fluxes is well understood [45–47] and it is also clear
that, although such ion-flux effects can be strongly reduced, they cannot be entirely eliminated.
The numerous methods of decreasing these biasing effects are related to the adjustment of the
inner solution [47], the reduction of ion diffusion in the membrane and/or its acceleration in
water [48], and the compensation of ion fluxes by an external current [49]. As an example, the
responses of two Ca2+-ISEs are compared in Fig. 1. One is based on a monolithic capillary and
the other on a conventional poly(vinyl chloride) (PVC) membrane [50].

Within a short time after being developed, ISEs with highly improved lower LODs were shown
to be applicable to the environmental monitoring of trace metals [51–53]. It is important to
keep in mind that the different analytical techniques detect different forms of the species to be
determined. While the response of an ISE depends on free ionic activities, voltammetric
methods yield information on the concentration of chemically available (labile) analytes,
whereas atomic spectrometric methods atomize the entire sample and do not distinguish
between the different forms of the analyte.

Combination of different techniques is a straightforward way of speciation. The pH dependence
of the response of a Pb2+-ISE to 10 ppb Pb2+ illustrates this in the left panel of Fig. 2. At pH
> 4.0, the increasing amount of carbonate successively reduces the activity of free Pb2+ (the
dashed curve displays the calculated response to a total concentration of 4.14 × 10−3 M
carbonate). The right panel of Fig. 2 shows the excellent agreement of the results obtained by
potentiometry at pH 4.0 and by inductively coupled plasma mass spectrometry (ICP-MS)
[51]. The novel ISEs with much improved lower LODs have also been successfully applied in
bio-uptake studies of Pb2+ and Cd2+ [54,55].

In contrast to other analytical techniques, potentiometric measurements do not consume the
analytes, so they are especially attractive when low total amounts are to be measured. Recently,
sub-femtomole LODs were reported for different cations (for an example, see Fig. 3) [56].

4. Non-classical responses; use of ion fluxes
Traditionally, it was assumed that, during potentiometric measurements, the composition of
the ISE membrane remains unchanged and that the composition of the sample near the
membrane is the same as in the bulk. A number of new non-classical concepts are related to
systems in which these assumptions are not valid [57].

First, ISEs for polyions, such as heparin and protamine, must be mentioned. Due to the high
charge numbers of up to 70 of these ions, the sensitivity (i.e. the response slope) of a traditional
ISE would be extremely low. However, by relying on a non-equilibrium response [31], highly
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sensitive polyion sensors of clinical relevance have been successfully developed by
Meyerhoff’s group [58]. In another approach, enhanced sensitivities of the potentiometric
measurement of metal ions were achieved by making use of strong ion fluxes [59]. The uptake
of ions by the sensing membrane can also be used to improve the LOD in potentiometric
titrations [60]. Electrodes with twice or thrice the Nernstian response can be obtained when
the composition of the membrane changes with that of the sample [61,62]. Although the
potentiometric response always depends on ion activities, total concentrations have been
determined using polymeric membranes with relevant ion fluxes [63]. Finally, with membranes
in which ion fluxes are strong, such as supported liquid membranes, novel calibration principles
have become possible [64,65]. Concentration gradients across thin, supported liquid ISE
membranes can be assessed by determining the direction of the potential drift upon altering
the stirring rate on either side of the membrane. The disappearance of this drift indicates the
absence of concentration gradients across the membrane and is used to determine the sample
composition [64,65].

5. Solid contact
In the conventional set-up, the back side of ISE membranes is in contact with an electrolyte in
order to obtain stable potentials. Although ISEs with an internal solid contact, which allows a
much simpler fabrication, have been known for more than 30 years [66], until recently, they
have shown insufficient potential stability. Currently, intensive research is taking place in this
area. An internal contact with conducting polymers [67,68] seems to be especially promising.
The improved lower LODs [69,70], the possible miniaturization of the sensors [71] and their
simple construction [72] make these systems very attractive. Although some of their aspects
are, at present, not yet fully understood, it seems that they represent the typical way of
constructing the next ISE generation.

6. Prospects
For decades, plasticized PVC used to be the dominating membrane matrix. More recently,
polyacrylates and polymethacrylates [73] have been investigated by various groups. Due to
the much lower diffusion coefficients of the dissolved components [38], these matrices are
especially attractive in controlling the ion fluxes in the membrane. They are likely to become
the standard matrix of future miniaturized solid-contact ISEs.

Once an ISE membrane is characterized, the interference by ionic species can be fully predicted.
Unfortunately, this is not the case with lipophilic compounds, which are often present in
biological samples and can be extracted into the membrane [74]. Enhancing the
biocompatibility of ISE membranes has, therefore, been an important research topic [75]. The
recent development of fluorous phases as extremely lipophilic ISE membrane components
might be a solution to this problem [76]. These emerging systems may become very important,
especially for clinical potentiometric analyses.

At present, novel applications of miniaturized ISEs with very low LODs are being developed.
Since such electrodes are especially attractive for low amounts of sample [56], potentiometric
biosensing using nanoparticle labels might become an inexpensive alternative to optical
detection [77].

Voltammetric investigations at the interface of two immiscible liquids as models of ISEs have
a long tradition [78]. More recently, various, as yet unforeseen, possibilities of ion-transfer
voltammetry with ionophore-based polymeric membranes have been emerging [79]. Such
systems offer attractive alternatives to traditional potentiometry [80]. As an example, the
responses of a pulsed amperometric sensor and a conventional ISE to the polycation protamine
are compared in Fig. 4 [81].
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This short summary of recent novel developments shows that the dynamic progress in the field
of potentiometric sensors is more vivid than it was 25 years ago.
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Figure 1.
Calibration curves for two types of a Ca2+-selective membrane electrode, each with two
different inner solutions, as indicated. Left: ISE based on a monolithic capillary (200 μm i.d.)
and a membrane solution without PVC [50]. Right: ISE with conventional plasticized PVC
membrane (5 mm o.d., ca. 150 μm thickness) [50]. The EMF responses were recorded in
CaCl2 solutions at pH 6.2 (successive dilutions) with 10−4 M NaCl as background electrolyte.
With the conventional PVC membrane, because of ion fluxes from the membrane into the
sample (inner solution 10−1 M CaCl2) or in the case of 5 × 10−2 M Na2EDTA (pH 9.0) from
the sample into the membrane, LODs are less than optimal. With the monolith ISE, the
composition of the inner solution has virtually no effect on the response.
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Figure 2.
Left: Speciation analysis of drinking water spiked with 10 ppb of Pb2+. Data points for % of
free Pb2+ as a function of the sample pH. Dashed line: Calculated free Pb2+ activity for a total
carbonate concentration of 4.14 mM [51]. Right: Comparison of the values obtained by
potentiometry at pH 4.0 with ICP-MS measurements [51].

Pretsch Page 9

Anal Chem. Author manuscript; available in PMC 2008 April 28.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3.
Top: Detail of the 3-μL measuring cell. The Ag+-ISE (left, indicator electrode) and a Na+-ISE
reference electrode (right) are inserted into a 1-mm i.d. silicone tube and put in contact with
the aqueous sample plug (3 μL). Bottom: Potentiometric detection of 300 attomol of Ag+

(10−10 M in 3 μL) at a constant background of 10−6 M NaNO3 [56].
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Figure 4.
Calibration curves for protamine in 0.1 M NaCl. A: with pulsed galvanostatic technique: B:
with a conventional protamine ISE. Logarithmic protamine concentrations (mg/L) are
indicated on the traces (first and last samples are 0.1 M NaCl) [81].
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