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F or most chemists, potentiometry with ion-selective electrodes (ISEs)
primarily means pH measurements with a glass electrode. Those
interested in clinical analysis might know that ISEs, routinely used for
the determination of blood electrolytes, have a market size comparable
to that of glass electrodes. It is even less well known that potentiometry
went through a silent revolution during the past decade. The lower
detection limit and the discrimination of interfering ions (the selectivity
coefficients) have been improved in many cases by factors up to 10°

and 10", respectively, thus allowing their application in fields such as
environmental trace analysis and potentiometric biosensing. The
determination of complex formation constants for lipophilic hosts and

ionic guests is also covered in this Minireview.

1. The New Wave of Potentiometry

Potentiometric sensors based on liquid or polymer
membrane materials are an established technology that
spearheaded the integration of sensing devices into the
clinical laboratory for the automated testing of physiological
samples for key electrolytes such as potassium, sodium,
calcium, and chloride, as well as for measuring the pH value.["
This important success story in the field of electrochemical
sensing took place in the 1970s and 1980s,*! after which time
the technology was deemed mature, and important advances
were no longer thought to be possible.

One of the key turning points in the field of potentio-
metric sensors in the early 1990s was the introduction of the
heparin-selective electrode by the groups of Meyerhoff and
Yang.! The importance of a sensor for the widely used
anticoagulant drug heparin and its antidote protamine was a
driving force in its development. In the early stages of the
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research, the underlying sensing mech-
anism was not understood. The subse-
quent explanation of the response
mechanism as a nonequilibrium ion-
exchange/counterdiffusion process”*!
helped launch the field of nonclassical
potentiometry.”!

In parallel, success with optical sensors in reaching low
detection limits down to sub-nanomolar levels!'” put into
question the unappealing detection limits of higher-than-
micromolar levels observed with the corresponding ion-
selective electrodes (ISEs) based on the very same materi-
als.'"?l The detection limit of potentiometric sensors, it
turned out, was also dictated by nonequilibrium diffusion
processes across the membrane, > which could be described
by analogy to the polyion sensors mentioned above.['1°
Understanding and eliminating the undesired zero-current
ion fluxes from the membrane into the sample solution helped
to lower the detection limits of ISEs to ultratrace levels.'*7-1%]
Subsequently, research has continued in the direction of
miniaturization and simplification of the fabrication process
by incorporating suitable solid rather than aqueous inner
contacts!”! to show that potentiometry is a very useful
technique to assess ultralow total ion quantities in small
sample volumes.’?) The measurement in small sample
volumes is especially attractive for coupling the ion-detection
step to bioanalytical assays, for example, with dissolvable
nanoparticle labels.”” Other recent trends have focused on
actively controlling the ion transport by potential or current
control, thus bringing the field of ISEs ever closer to that of
traditional voltammetric sensors.”

The quest for improved lower detection limits has also
reinvigorated the search for better molecular receptors and
the characterization of their binding behavior in ISE mem-
branes. New methods were proposed to determine the
underlying ion-exchange selectivity of such membranes,***!
which yielded ion selectivities that were sometimes better by
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up to 10 orders of magnitude than those originally reported
with traditional protocols. A number of methods were also
introduced to assess the complex formation constants of
lipophilic receptors directly in the organic sensing phase.?*>
These developments, along with appropriate theoretical
treatments on the ion-exchange and diffusion behavior of
such membrane systems,*!! have provided a strong founda-
tion for further developments in this attractive field.

2. lon Selectivities

The selectivity of a polymer-membrane-based ISE may be
understood from an empirical or a mechanistic perspective,
and there has been significant debate of the importance of
each. In the context of the design and characterization of
molecular hosts, membrane materials, and sensors with
optimal lower detection limits, the mechanistic perspective
is far more important and useful.™3! In this case, the
selectivity is defined as the thermodynamic ion-exchange
selectivity of the membrane, and is described by the
potentiometric selectivity coefficient K% (the subscripts I
and J refer to the primary (analyte) ion and the interfering
ion, respectively). Smaller values of the selectivity coefficient
translate into better selectivity for I. The selectivity coef-
ficient can be directly related to the ion-exchange constant
and formation constants of the relevant ion-ionophore
complexes and sometimes also to membrane concentrations.
For ions I and J that have the same charge z and form strong
complexes with an uncharged receptor L of the same
stoichiometry, the selectivity coefficient is described by
Equation (1).”

KE = Ky O 1)
P

Ky is the ion-exchange constant for the uncomplexed ions
in the aqueous (aq) and membrane (m) phases [Eq. (2)], and

I g T I () =T () £ T (g @)

P and By are the overall formation constants of the indicated
complexes in the membrane phase. The effect of the free
energy of solvation is described by Kj, whereby more
lipophilic primary ions I** give smaller selectivity coefficients.
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The host molecules (ionophores) must bind much more
strongly to the primary than to the interfering ions to give a
selectivity pattern that deviates significantly from that of a
simple ion-exchanger-based membrane, whose selectivity is
dictated by Ki; alone.

The selectivity coefficient is accessible experimentally by
recording separate calibration curves for each of the ions of
interest and measuring the Nernstian calibration slopes. For
the measurement of the primary ion, the relationship between
electromotive force emf and ion activity ¢; in Equation (3) is
expected.

emf = E] + 2‘ii(iﬂlog a (3)

R, T, and F are the universal gas constant, the absolute
temperature, and the Faraday constant, respectively. The
intercepts, E as well as EY obtained analogously for an
interfering ion, are used to determine the selectivity coef-
ficient [Eq. (4)].

log Kiy" = (Ey—EY) )

2303RT 303 RT

If ion fluxes are irrelevant and the two ions I and J have
the same charge, one may expect the emf for a mixed solution
containing both I and J to follow the Nicolsky equation

[Eq. (5)]-

emf = E? + L?f Tl

og(a; + Kiy'ay) )

In this case, the meaning of the selectivity coefficient is
apparent as a weighting factor for the interfering ion. In cases
in which the two ions have different charges or ion fluxes are
relevant, the response function is described by a more
complex equation.>

The historical challenge of obtaining selectivity coeffi-
cients that truly reflect the underlying ion-exchange selectiv-
ities [Eq. (1)] was the incomplete ion-exchange upon expo-
sure of the ISE membrane to interfering ions. This situation
was especially problematic with strongly discriminated inter-
fering ions, but was overcome by working with membranes
that had never been exposed to the primary ion before
measurement (Figure 1),?Y by adding a complexing agent for
the primary ion to the aqueous phase**® or by using
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Figure 1. Determination of unbiased selectivity coefficients for a Ag*-
selective polymer-membrane electrode.” According to Equation (4),
the large potential difference between the Ag"™ and Na™ calibration
curves translates into a selectivity coefficient of log K2, = —8.7. The
data were obtained with a membrane that was not exposed to Ag"
before recording the calibration curves for Na* and K*.*l

membranes that exhibited a strong ion flux in direction of the
inner solution, thus effectively preventing the leaching of
primary ions from the membrane into the sample solu-
tion.[14:3¢]

Today, numerous ISEs have been properly characterized
in terms of their underlying ion-exchange selectivity. As
shown in Table 1, which summarizes a number of reevaluated

Table 1: Unbiased selectivity coefficients and lower detection limits of
selected ion-selective electrodes.

lon | Detection  Selectivity coefficients Ref.
limit [m] log Kf*"
Na* 3x10°8 H™ —4.8, K©: —2.7, Ca’": —6.0 139]
K 5%x107° Na': —4.2, Mg*": —7.6, Ca®": —6.9 [40]
NH,~ 2x107® [40]
Cs* 8x107° Na': —4.7, Mg?": —8.7, Ca’": —8.5 [471]
Ca®*  ca. 10 H':—4.9 Na': —4.8, Mg*": —5.3 [42]
Agt 3x107" H*: —10.2, Na™: —10.3, Ca*": —11.3 [43]
Pb>*  6x107" H™: —5.6, Na™: —5.6, Mg®": —13.8 [36,44]
cd* 1x107"° H*: —6.7, Na": —8.4, Mg®": —13.4 45, 46]
cu’  2x10° H*: 0.7, Na": <—5.7, Mg*": <—-6.9 [47]
clo,~ 2x10°® OH™: —5.0, ClI": —4.9, NO;: —3.1 [48]
I- 2x107° OH: -1.7 [48]

systems, the selectivity coefficients can sometimes reach
values in the order of 107" to 10", many orders of magnitude
lower than those observed with traditional methods put forth
by TUPAC.P*! These excellent selectivities have formed the
chemical basis for achieving improved lower detection limits,
as outlined below.

3. Lower Detection Limits

Ideally, the lower detection limit of an ISE results from
interfering ions; hence, its value is determined by the
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concentration of other ions in the sample and the corre-
sponding selectivity coefficients K¥* of the membrane. For a
primary ion I with charge z; and a dominating interfering ion J
with charge z;, the lower detection limit is defined as a;(DL) =
KP'ai/s. Note that this IUPAC definition* does not
correspond to that of all other analytical methods” (also by
IUPAC), for which the lower detection limit is expressed in
terms of the signal in the absence of analyte and noise. This
latter definition would result in potentiometric detection
limits that would be lower by about two orders of magnitude
than those according to the expression given above.['®

Unfortunately, at sub-micromolar concentrations of the
analyte ion, detection limits given by the above expression
cannot be fully achieved. Although they are still related to the
selectivity and the concentration of interfering ions, the
relationship is much more complicated™ because the sample
is contaminated by the sensing membrane. The concentration
of ions in an ISE membrane is in the order of 107-
103 molkg . Therefore, leaching of a small fraction of them
into the sample as well as slow transport of primary ions from
the inner solution to the sample are capable of biasing the
response of ISE membranes at sub-micromolar concentra-
tions. These processes typically uphold an approximately
micromolar concentration of primary ions in the sample layer
adjacent to the membrane (the sensing layer) even if the bulk
of the sample does not contain any primary ions.®’” For a long
time, it was, therefore, assumed that the lower detection limit
of such sensors could not be better than approximately 10 m.
For the same reason, the relevance of interfering ions had
been heavily overestimated. What was presumed to be
interference was in fact the result the above-mentioned
micromolar concentration of primary ions. After the real
cause was discovered,>'¥ a series of different methods were
designed to reduce this bias.”!! Today, it is clear that the bias
cannot be eliminated entirely and that the lower detection
limit at sub-micromolar concentrations is always worse than
expected from the interference by other ions alone.*” As,
however, many selectivity coefficients have turned out to be
very low (down to as low as ca. 10~"%), detection limits around
10%-107""m have already been found for more than 10 ions
(see Table 1 and Figure 2).

4. Miniaturization

Conventional ISEs are based on polymeric membranes (in
most cases, plasticized poly(vinyl chloride), PVC) with
diameters of 5-10 mm, usually in contact on their inner side
with a solution containing the primary ion, and equipped with
an inner reference electrode (e.g., Ag/AgCl). These dimen-
sions have mainly historical reasons and are by no means
mandatory. In fact, potentiometric electrodes with diameters
in the um range have been known for more than 30 years and
were used for in vivo measurements in living cells.”” Such
microelectrodes were fragile, cumbersome to prepare, and
had short lifetimes of only hours or days. Although even
smaller electrodes with diameters in the order of 100 nm have
been prepared in the meantime,™ most current develop-
ments focus to membrane dimensions of 0.1-1 mm, which is
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Figure 2. Calibration curve of a Ag*-selective polymer-membrane elec-
trode, exhibiting a sub-nanomolar detection limit.?"! Inset: Responses
upon repeated exposure to 1- and 10-nanomolar levels of silver nitrate.

the typical size of the ISE membranes used in blood
electrolyte analysis, for which about 100 pL of blood, serum,
or plasma is used for around 10 parallel measurements on a
single sample.™)

More-recent efforts have focused on the construction of
ISEs of this size, and the lower detection limits are similar to
the best ones obtained with macroscopic membranes (see
Section 3). One advantage of achieving such good detection
limits in samples of small volumes is the possibility to
determine very low total amounts of analyte. Potentiometry
has good prospects in this regard because, in contrast to most
other techniques, the analyte is not consumed during mea-
surement. Because conventional reference electrodes cannot
be used in such small samples, a second miniaturized ISE
membrane is utilized as a reference, which responds to an ion
whose activity is kept constant. In a recent example,
plasticized PVC membranes prepared in micropipette tips
were used for measurements in samples of 3 uL.”" A total of
300 attomoles of different cations generated a signal that was
up to 300 times higher than the standard deviation of the
background noise (Figures 3 and 4).”") Monolithic capillaries
have also been used as holders of ISE membranes (without
PVC).”! With such membranes, transmembrane ion fluxes
are largely suppressed so that the ISE response is virtually
independent of the composition of the inner solution.””

Miniaturized ISEs with a solid rather than a conventional
aqueous inner contact are simpler to fabricate and currently

Figure 3. 3-uL measuring cell. A Ca®" ISE indicator electrode (left) and
a Na' ISE reference electrode (right) are inserted into 1-mm i.d.
silicone tubing and put in contact with the aqueous sample plug.”
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Figure 4. Potentiometric detection of 300 amol of Ca®" (107"°m in
3 pl) against a constant background of 107*m NaNO;. A miniaturized
Na' ISE was used as reference electrode.”™

represent an active field of research. Although ISEs with an
internal solid contact have been known for more than
30 years,” until recently, they have shown insufficient
potential stability as a result of the lack of a defined redox
couple between the membrane and the inner electrode>* as
well as the formation of a thin water film between the two
components.”” Moreover, the transport of ions through the
sensing membrane may significantly alter the composition of
this water film of very small volume and, thus, also change the
boundary potential between this layer and the contacting
phases.”’ Both sources of instability can be eliminated by the
use of lipophilic, redox-active self-assembled monolayers
(Figure 5).5%%! Conducting polymers are a more versatile
possibility and have been extensively investigated during
recent years.® More than 10 years ago, they were shown to be
excellent ion-to-electron transducers in so-called all-solid-
state electrodes.!'” However, their use in ISEs with sub-

Metal electrode

Redox layer

ISE membrane

Sample solution K+

Figure 5. A solid-contact ISE. The measuring current (in the order of
fA) is transported by ions in the solutions and the ISE membrane and
by electrons in the metal. The two processes are coupled in the redox
layer (a conducting polymer or a redox-active self-assembled mono-
layer). If the redox layer is absent or not lipophilic enough, a water film
may form at the inner surface of the membrane, which leads to
potential instabilities and deteriorates the lower detection limit.
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micromolar detection limits is more recent.>%! In particular,
the formation of a water film between the ISE membrane and
the conducting polymer, which is especially critical in this low
concentration range, has only been investigated more re-
cently.**%! If a water film is avoided, lower detection limits
can be achieved with miniaturized solid-contact ISEs that are
as good, or even better, than their liquid-contact analogues.””!
In most cases, the PVC matrix is replaced by acrylate or
methacrylate copolymers that do not require the addition of a
plasticizer.[®®%] The diffusion coefficients in such matrices are
significantly lower, by orders of magnitude, than in PVC,""
which is an advantage with respect to the response time and
the possible formation of the above-mentioned water film but
a disadvantage with respect to the conditioning time.
Although many details and optimized preparation procedures
are still to be established, it seems that miniaturized solid-
contact ISEs represent the preferred method of constructing
the next generation of ISEs.

5. Applications

For many decades, besides pH determinations, clinical
analyses have been an important practical application of ISEs.
As the physiological ranges of relevant ions are rather narrow,
the precision and accuracy must be better than 2-3 %, which
is rather demanding in view of the small sample amounts and
the complexity of media such as whole blood.! As a more
recent clinical application, the determination of heparin and
its antidote protamine has emerged.”! Because of the high
charges of the analytes (—70 for heparin and +30 for
protamine), the sensitivity (i.e., the slope of the correspond-
ing sensor response function, 59.2/z [mVdec™'] at 25°C)
would normally be negligibly small, so nonclassical potenti-
ometry must be used to assess these clinically important
polyions (see Section 6).”

Various practical applications of ISEs with recently
improved lower detection limits are in fact being developed.
Their utility for trace-metal analysis in drinking water has
been documented by the good agreement of the results with
those obtained by inductively coupled plasma mass spec-
trometry (ICPMS).*"7" As the ISE response depends on free-
ionic activities and ICPMS does not distinguish between the
different forms of the analyte, a direct comparison is only
possible when the analyte is in its free form during the
potentiometric measurements. The pH dependence of the
response of a Pb*" ISE to 10 ppb of Pb*" illustrates this fact
(Figure 6).""1 At pH > 4.0, the increasing amount of carbonate
successively reduces the activity of free Pb*" (the dashed
curve displays the calculated response). Performing the
measurements at pH 4.0 resulted in an excellent correlation
with the ICPMS data (Figure 7)." ISEs with improved lower
detection limits have also been successfully applied in
biouptake studies of Pb*" and Cd**.[*-7

One emerging application of miniaturized ISEs is poten-
tiometric biosensing with nanoparticle labels. This technique
was demonstrated with a sandwich immunoassay based on the
capture of gold nanoparticles and the deposition and sub-
sequent dissolution of silver, which was detected with a Ag*
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Figure 6. Potentiometric determination of the fraction of uncomplexed
Pb** as a function of pH in a sample of drinking water spiked with

10 ppb of Pb**. Dashed line: calculated free Pb?" activity for a total
carbonate concentration of 4.14 mm./""
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Figure 7. Comparison of Pb?" activity values of environmental samples
obtained by potentiometry at pH 4.0 with those obtained by ICPMS.!

ISE (Figure 8).?? This assay showed good selectivity and a
detection limit of about 12.5 pmol of IgG in a 50-uL sample
(Figure 8).”2! A further possible use of such miniaturized ISEs
is the detection of biorecognition-modulated ion fluxes
through functionalized gold nanotubules as a novel label-
free biosensing approach.’™

The measurement of complex formation constants in
lipophilic phases is another recent application of ISEs and
may also be of wider interest for studying host-guest
interactions. The potential difference at the membrane/
solution phase boundary is a direct function of the activity
of ions a;(,q/a;m) in both phases. For conventional applica-
tions, the activity in the membrane is kept constant. However,
ISE membranes can also be used to obtain information on
free-ion activities in the membrane and, thus, complex
formation constants. As complex formation also influences
the phase-boundary potential on the inner side of the
membrane, and the ISE response depends on the relative
lipophilicity of the ions as well [Eq.(1)], a reference is
required for obtaining the relevant information on free-ion
activities in the membrane. One possibility is to use a second
ionophore that does not interact with the ions of interest.

Angew. Chem. Int. Ed. 2007, 46, 5660—5668
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Adequate reference ionophores are organic bases that
interact strongly with H" but only negligibly with other
ions.”! Another approach involved reference cations such as
tetraalkylammonium that show only negligibly small inter-

f aHIg fH f1d/a Io PP agien IO ’oqu ’nn H,oz ; actions with the ionophores investigated.””’ Finally, one can

i ™ prepare a reference membrane without the ionophore but
a) b) ©) d) e) with otherwise the same composition as the membrane to be

investigated. When the two membranes are combined to

create a double membrane, its initial potential in a sym-

metrical cell reflects the ratio of the ion activities in the two

segments.”*?) As ion-pair formation also influences the

activities of free ioms, strictly speaking, formal complex

I formation constants are obtained that involve the ratio of
20 A

40 1

ion-pair formation constants of the free and complexed ions.
Alternatively, the method can be used to study ion-pair
emf/mV formation in such membranes."" So far, the complexation of
nearly 100 ionophores has been studied with this approach
(see Table 2 for a selection). In contrast to most currently
E applied techniques for investigating host—guest interactions,
0 L L ' - the potentiometric methods are extremely suitable for the

A o 1 L characterization of strong complexes. As they are rather

log (€ige/ g ML™) simple and much less demanding than the other techniques, it

Figure 8. Top: Sandwich immunoassay with potentiometric detection: is expected that they will be more widely applied in the future

a) The antibody is immobilized on gold by self-assembly; b) anti- by researchers outside the field of potentiometric sensor
mouse IgG antigen is bound to the antibody; c) a second antibody development.

with Au nanoparticle labels is bound to the antigen; d) Ag is deposited
on Au nanoparticles; and e) dissolved Ag" is detected with an Ag" ISE.
Bottom: Calibration curve of the Ag™ ISE response to I1gG.

Table 2: Effective formation constants log 3, for complexes of lipophilic hosts and ionic guests in solvent polymeric membranes.”
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S S nC,,H j

/N
nCy,Hyg 1225

Cd** [2:1] 16.4%7 (DOS)
K* [1:1] < 3" (DOS)
Ag™ [2:1] 19.0%7 (DOS)
Ca”* [1:1] <3P (DOS)
Pb?* [2:1] 14.7%7 (DOS)
Cu** [2:1] 14.8%" (DOS)

Ag* [1:1] 1085, 11.31¢) (NPOE)

COOR

ROOC—_

ROOC

COOR

COOR

Ha Hp

NO, [1:1] 10.58®7 (DOS); 10.59°”
(NPOE)

8

[e] Q /_/7NH O//P
@i)jm?{ O

/\

P,

Eu’* [1:1] 28.3%°1 (NPOE)
Na™ [1:1] 8.4 (NPOE)
Cu*" [1:1] 19.8%° (NPOE)
Cd** [1:1] 19.1%°1 (NPOE)
Pb* [1:1] 17.45 (NPOE)
UO,*" [1:1] 21.5°1 (NPOE)

[a] The host—guest stoichiometry is given in brackets. The PVC membranes were based on the plasticizers: bis(butylpentyl)adipate (BBPA), bis(2-
ethylhexyl)sebacate (DOS), dibutyl phthalate (DBP), dioctyl phthalate (DOP), 2-nitrophenyl octyl ether (NPOE). [b] MMA-DMA: poly(methyl methacrylate)-co-
(decyl methacrylate).
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Potentiometry

6. Nonclassical Potentiometry

Zero-current concentration polarization at the ISE mem-
brane has been described above as highly undesirable for
characterization of the underlying ion-exchange selectivity
and for obtaining ultratrace detection limits. It can, however,
be very attractive for a number of applications. Probably the
most prominent examples that take advantage of zero-current
ion fluxes are the ISEs for the polyions heparin, protamine,
and a number of other highly charged species briefly
mentioned above.’ In these cases, the high polyion charge
would preclude an analytically useful sensitivity of the ISE,
since the slope of the calibration curve decreases linearly with
the charge of the ion. Analytically useful polyion sensors have
been designed by taking advantage of a counterdiffusion
process, in which the polyion of interest is depleted locally at
the membrane surface during the accumulation process. This
makes the response of the ISE dependent on the mass
transport of the polyion to the membrane surface and results
in calibration slopes significantly larger than those predicted
from the Nernst equation [Eq. (3)].” Polyion sensors of this
kind have been successfully implemented for use in the
clinical detection of heparin in undiluted whole-blood sam-
ples, thus demonstrating that such nonclassical sensing
schemes can be practically useful.

Nonclassical potentiometry may also be attractive in other
situations, because concentration polarization at the sample
side of the membrane may give more information about the
sample than ion activities according to the Nernst equation.
Interesting examples include chemical alarm systems with an
unusually high sensitivity and without the need for reference
electrodes, ™ as well as the monitoring of chemical titra-
tions that show larger than classically expected endpoints."”!
Recently, it was shown that thin polymeric membranes can be
used to calibrate ISEs from the back side without altering the
sample solution in any way."®” In this example, zero-current
fluxes in either direction are eliminated almost instantly when
the membrane—-internal concentration gradient is reduced to
zero by the judicious choice of composition of the inner
solution.

In recent years, this area of ISE research has been further
strengthened by the introduction of current control to induce
instrumentally an ion flux across the membrane. Initial
examples of this technique involve an imposed current to
lower the detection limit.*** More-recent research utilized
larger current densities in a multipulse sequence to make
many of the above-mentioned sensing principles fully rever-
sible and, therefore, analytically even more useful.?>7%83

7. Summary and Outlook

The performance of potentiometric sensors has been
dramatically improved during the past decade. New applica-
tions include the study of host—guest equilibria in lipophilic
organic phases and trace analysis in environmental samples.
One emerging field is potentiometric bioanalysis with nano-
particle labels or nanopores, which could eventually provide
an inexpensive and highly sensitive technique. Another
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developing field is nonclassical potentiometry including
controlled-current measurements.
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