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Abstract:�While�potentiometric�sensors�experienced�a�golden�age�in�the�1970s�that�drove�innovation�and�imple-
mentation�in�the�clinical� laboratory�as�sensors�of�choice,�it�has�been�only�fairly�recently�that�a�theoretical�un-
derstanding�coupled�with�modern�materials�approaches�transformed�the�area�of�membrane�electrodes�from�a�
playful,�yet�empirical�field�to�one�firmly�rooted�in�scientific�understanding.�This�paper�summarizes�key�progress�in�
the�field�during�the�past�two�decades,�emphasizing�that�the�key�impulses�at�the�time�originated�from�the�emerg-
ing� field�of�optical� ion�sensors.�This�simplified�and� transformed� the�underlying� theory�of� their�potentiometric�
membrane�electrode�counterparts,�where�subsequently�substantial�progress�was�made,�including�the�realization�
of�ultra-trace�detection� limits.�The�better�understanding�of�zero-current� ion�fluxes�and�transport�processes� in�
turn�allowed�the�development�of�approaches�utilizing�dynamic�electrochemistry�principles,�thereby�drastically�
expanding�the�field�of�membrane�electrodes�and�making�available�a�range�of�new�methodologies�that�would�have�
been�difficult�to�predict�only�a�few�years�ago.�These�significant�developments�are�now�starting�to�come�back�and�
influence�the�field�of�optical�sensors,�where�the�control�and�triggering�of�dynamic�processes,�away�from�simpler�
equilibrium�principles,�are�becoming�a�highly�promising�field�of�research.
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1. Introduction

Chemical sensors represent a highly de-
sirable, yet difficult to achieve goal in the 
analytical sciences. They aim to translate 
chemical information into a detectable sig-
nal in a direct fashion, possibly without the 
work intensive and error prone steps in tra-
ditional analytical approaches that involve 
sampling, homogenizing, preconcentra-
tion, the forming of aliquots, separation 
and detection, and, of course, calibration 
of the process.

Chemical sensors are today invaluable 
tools in the area of clinical diagnostics, es-
pecially point of care analysis at the bed-
side of patients, where rapid information 
on constituents in blood and other body 
fluids is required for diagnosis and treat-
ment. Glucose monitoring in diabetic pa-
tients with the help of compact biosensors 
has also become a reality, while continu-
ous in vivo sensing with implantable sen-
sors is a more difficult goal to achieve, but 
research continues in this important direc-
tion. Other applications that are in need of 
chemical sensor systems are environmen-
tal sensor networks to identify fluxes of 
nutrients, electrolytes or toxic substances 
in oceans, estuaries and river systems, and 
the identification and control of nutrients 
in soil. 

Today, electroanalytical sensing princi-
ples are the most widely used for aqueous 
sample analysis. Electrolytes, including 
hydrogen ions, are assessed with poten-
tiometric sensors. Redox active transition 

metals at trace levels are typically detected 
by stripping voltammetric techniques, and 
glucose and lactate are measured with en-
zyme biosensors. While much current re-
search is underway to expand this palette 
to other species and recognition principles, 
the three types of sensors mentioned above 
still dominate the current market. 

The potentiometric sensor on the basis 
of an ion-selective membrane is the quint-
essential chemical sensor, since it is able 
to translate chemical information directly 
into an electrical signal. While traditional 
pH electrodes contain a lithium or sodium 
doped glass membrane as the sensing el-
ement, much progress has been made in 
the past decades by developing solvent 
polymeric membrane electrodes that con-
tain lipophilic ion receptors, also called 
ionophores. The sensors are governed by 
ion extraction principles and hence form a 
bridge between the analytical sciences and 
host-guest chemistry. This particular field 
has experienced a significant resurgence 
in recent years, with a simplified theoreti-
cal understanding giving rise to improved 
analytical characteristics and new modes 
of operation. This progress is briefly sum-
marized in this review. 

2. Understanding Membrane 
Electrodes

The earliest ionophore based mem-
brane electrodes consisted of an organic 
solvent membrane doped with an electri-
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Fig. 1 (bottom) shows the response behav-
ior (based on absorbance measurements) 
of such an optode film as a function of 
pH.[5] The activity change of the hydrogen 
ion in the organic sensing phase may be 
directly calculated from buffer equilibrium 
considerations, using the experimental ab-
sorbance values, and inserted into Eqn. 
(3) to obtain the expected phase boundary 
potential change of the corresponding ion-
selective electrodes. As Fig. 1 (top) shows, 
the correspondence is convincing and sup-
ports the phase boundary potential model. 
Another key experiment was performed 
by Bühlmann and Umezawa, who showed 
that valinomycin membranes containing no 
added ion-exchanger no longer responded 
to potassium in a Nernstian fashion once 
all membrane components were carefully 
purified.[6] Much of the early success of 
neutral carrier based membranes (and the 
very early theoretical focus on diffusion 
potentials) seemed to have been aided by 

cally neutral antibiotic ionophore such 
as valinomycin,[1] giving a Nernstian re-
sponse for potassium ions, typically writ-
ten as 
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where E is the observed electromotive 
force, B

i
 is a constant, a

i
 is the activity of 

the analyte (in this case, potassium) with 
charge z

i
, while F, R and T have their estab-

lished meanings as the Faraday constant, 
the universal gas constant and the absolute 
temperature. 

Importantly, valinomycin based mem-
branes exhibited a selectivity that had been 
unattainable with other membrane materi-
als such as glass. While this triggered the 
successful application of the technology 
to measure potassium in blood samples, it 
was more difficult to understand the opera-
tional principles of these unusual systems. 

One may use the Nernst Planck flux 
equation to summarize the early disagree-
ments on the response mechanism of 
ionophore based ion-selective electrodes, 
which can be written for a unidimensional 
process within a given phase as:
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where J is the flux of the ion i (with charge 
z

i
) in space and time, D

i
 is the diffusion co-

efficient of i, c
i
 its molar concentration, f 

the electrical potential and v the velocity of 
the medium. The right hand side exhibits 
three terms, diffusion (first term), migra-
tion (second term) and convection (third 
term). While convection can normally be 
neglected for polymeric membranes, the 
origin of the observed membrane potential 
was subject to heated debate in the past.[2] 
Some scholars proposed the predominant 
effect due to diffusion processes (caused 
by concentration gradients) within the 
membrane, while others advocated that 
the potential principally develops at the 
interface between the aqueous phase and 
the membrane. The former model is based 
on Eqn. (2), where a diffusion potential 
develops whenever ions from a concentra-
tion gradient within one phase. The second 
model assumes an electrochemical equi-
librium across the interface and can be 
described in general form by the follow-
ing phase boundary potential (also called 
Nernst potential), E

PB
:
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where a
i
(aq) and a

i
(m) are the so-called 

free activities of i in the denoted phase, 

and m
i
 is the standard chemical potential of 

i in the indicated phase and comprises the 
solvation energies for the ion of interest. It 
can be clearly seen that Eqn. (3) reduces 
to the Nernst Eqn. (1) if the activity of i in 
the membrane, a

i
(m) is kept independent of 

the sample composition. This is achievable 
with a membrane exhibiting ion-exchanger 
properties, for example by adding the salt 
of a lipophilic organic ion and its hydro-
philic counterion to the membrane. 

A number of key experiments helped 
to fully establish the second model (Eqn. 
(3)) and to relegate the influence of the dif-
fusion potential to a more negligible role. 
Optical sensors containing the same type 
of membrane materials, but additionally 
being doped with a suitable ion-exchang-
er and an indicator dye, and solvent cast 
onto solid supports, gave rise to systems 
where the response behavior was directly 
correlated to ion extraction equilibria (ion-
exchange and electrolyte coextraction).[3] 
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Fig.�1.�Top,�open�circles:�potentiometric�calibration�curve�for�a�
plasticized�poly(vinyl�chloride)�membrane�containing�a�lipophilic�ion-
exchanger�and�an�electrically�neutral,�lipophilic�pH�indicator.[4]�Bottom:�
mole�fraction�of�protonated�indicator�for�an�identically�formulated�film�
spin�coated�onto�a�glass�support,�determined�spectrophotometrically�
in�the�same�sample.�Ion-exchange�of�hydrogen�ions�with�interfering�
potassium�ions�occurs�at�high�pH,�while�hydrogen�ion�extraction�
with�chloride�ions�is�observed�at�low�pH.�The�corresponding�change�
in�hydrogen�ion�activity�in�the�membrane�is�responsible�for�the�
deviation�from�the�Nernstian�slope�in�the�corresponding�potentiometric�
experiment,�shown�as�solid�circles�that�are�calculated�from�the�
spectroscopic�data�and�Eqn.�(3).[4]�
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trolyte diffusing across the membrane 
without net charge transport).[19] 

For permselective polymeric ion-selec-
tive membrane exhibiting ion-exchanger 
properties, counter-diffusion properties are 
often more prevalent since they originate 
in unequal levels of ion-exchange at either 
side of the membrane.[20] If one assumes 
that the interfacial ion-exchange process 
occurs at local equilibrium, the mole frac-
tion of analyte ions at the sample–mem-
brane phase boundary is a direct function 
of the selectivity of the membrane:[20b,21]
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where c
iLn

 is the concentration of analyte 
ions in the membrane (which is in its com-
plexed form if an ionophore is present) and 
R

T
 is the ion-exchanger concentration. For 

Eqn. (4), all ions are monovalent. The ac-
tivities shown on the right hand side for 
the analyte and interfering ion are phase 
boundary activities, and are not necessarily 
equal to the bulk sample values. 

Note that Eqn. (4) may yield a differ-
ent concentration of analyte ion at the inner 
membrane side because the composition 
of the inner solution does generally not 
match that of the sample. If, for example, 
the level of ion-exchange is more signifi-
cant at the sample side of the membrane 
than at the inner solution side, an outward 
concentration gradient of analyte ion de-
velops across the membrane, resulting in a 
net flux of these species in direction of the 
sample. At steady-state, one may assume 
linear concentration gradients and by con-
sidering only diffusion as the predominant 
mode of transport, Eqn. (2) is rewritten and 
related to concentration gradients in the 
membrane and aqueous phase as follows:
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membrane materials that contained a cat-
ion-exchanger impurity. 

Numerous other approaches that had 
been successfully developed for the emerg-
ing field of optical ion sensors were subse-
quently extended to the more established 
area of potentiometric membrane elec-
trodes. This allowed both fields of research 
to be more directly compared to each other, 
so that each could benefit from advances 
in materials and fundamental understand-
ing of the other. This cross-fertilization fo-
cused primarily on thermodynamic char-
acteristics. 

As an example, a theory of selectiv-
ity was developed for optical ion sensors 
by considering ion-exchange equilibria, 
thereby relating the optical response in the 
presence of an interfering ion to that in the 
absence of interference.[7] This resulted 
in compact mathematical formulations 
that, however, deviated significantly from 
established (and IUPAC approved) ap-
proaches for their potentiometric counter-
parts.[8] This discrepancy, and the fact that 
potentiometric sensors were characterized 
with a semi-empirical formulation that is 
inconsistent if the interfering ion exhibits a 
different charge as the analyte ion, resulted 
in renewed efforts to describe the selectiv-
ity of potentiometric membrane electrodes 
on the basis of thermodynamic character-
istics.[9] The resulting equations were an 
extension of earlier efforts by Morf[10] and 
could now be directly compared to those 
for optical sensors. They showed that the 
selectivity of both types of sensors are fun-
damentally identical for comparable ex-
perimental conditions, including equilib-
rium concentrations in the membrane.[11] 

This work on ion-selective electrode 
selectivity had important consequences. 
With a description of selectivity on the 
basis of thermodynamic ion-exchange 
considerations, one was able to establish 
adequate experimental conditions to de-
termine correct selectivity coefficients.[12] 
The phase boundary potential model could 
then be used to predict how the selectivity 
coefficient may be optimized with respect 
to the concentrations of membrane compo-
nents, complex stoichiometries and iono-
phore complex formation constants.[13] 
Fig. 2 shows how the selectivity coefficient 
is expected to depend on membrane con-
centrations for two divalent ions that form 
different complex stoichiometries with the 
ionophore (1:1 complexes for the primary 
ion and 1:2 for the interfering one). 

This approach was extended to electri-
cally charged ionophores, demonstrating 
that the corresponding membrane elec-
trodes benefit from addition of an ion-
exchanger of the same charge sign as the 
analyte ion.[14] This type of equilibrium 
theory was also used by Amemiya and 
Bühlmann to understand unusual response 

slopes (of half or double the Nernstian val-
ue) of membranes containing compounds 
that interact also with other ions, as for me-
talloporphyrins that may be able to form 
hydroxy-bridged dimers.[15] 

Approaches to determine apparent 
complex formation constants in the mem-
brane phase and developed originally for 
optical sensors were also extended to po-
tentiometric membrane electrodes. In an 
early strategy, such formation constants 
were estimated by comparing the ion-ex-
change characteristics of two membranes, 
one with and one without the ionophore of 
interest, and both containing a lipophilic 
H+-indicator and a cation-exchanger.[16] 
The approach assumes that the exchanging 
cation does not chemically interact with 
the H+-indicator. The methodology was 
first introduced for optical sensors, and 
the subsequent extension to potentiomet-
ric sensors showed good correspondence 
of the observed formation constants,[17] 
again supporting the phase boundary po-
tential model. In later work, a range of al-
ternate methodologies were introduced for 
potentiometric sensors that are now more 
commonly used than the two-ionophore 
method described here.[18] 

3. Non-equilibrium Processes with 
Membrane Electrodes

While the phase boundary potential 
model outlined above provided a firm basis 
for the thermodynamic characteristics of 
potentiometric membrane electrodes, one 
must acknowledge that an ion-selective 
membrane is normally contacted by two 
aqueous solutions of unequal composition, 
and cannot be at equilibrium. A measure-
ment at zero current does not equate to a 
zero transmembrane ion flux. Indeed, con-
centration polarizations can be observed 
on the basis of counterdiffusion processes 
(ions of the same charge sign diffusing in 
opposite directions) or co-diffusion (elec-
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Fig.�2.�Predicted�
dependence�of�the�
logarithmic�selectivity�
coefficient�on�the�lipo-
philic�ion-exchanger�
concentration�in�the�
membrane�if�the�pri-
mary�and�interfering�
ion�have�the�same�
charge,�but�the�pri-
mary�ion�forms�a�1:1�
stoichiometry�with�the�
ionophore�while�the�
interfering�one�forms�
a�1:2�complex.[9c]�The�
ionophore�concentra-
tion�is�here�5�mM.�
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where δ
m
 and δ

aq
 are the diffusion layer 

thicknesses in the two indicated phases. 
For convectively agitated samples, δ

aq
 is 

the Nernst diffusion layer, while δ
m
 is equal 

to the membrane thickness. Eqn. (5) may 
be rewritten to describe the analyte con-
centration at the aqueous phase boundary 
as a function of its bulk concentration and 
the gradient in the membrane (Eqn. (6)).[20b]

Clearly, this process may give rise to 
concentration polarizations and associated 
ion fluxes that may effect potentiometric 
measurements. The first application of this 
principle was the explanation of the un-
usual response behavior of potentiometric 
sensors for the polyions heparin and prot-
amine.[22] Equilibrium theory was found 
to be inadequate to rationalize the large 
(super-Nernstian) response slopes of these 
membrane electrodes, as well as other be-
havior (effect of plasticizer content and ge-
ometry of the electrode) that clearly hinted 
at a system where transport processes were 
relevant.[23] Despite their promise of direct 
detection of polyions in undiluted whole 
blood samples, these systems were not ad-
equate for continuous heparin monitoring 
because of the essentially irreversible ex-
traction behavior of the polyion. 

Subsequently, Eqn. (6) was success-
fully used to explain why the response of 
ion-selective electrodes exhibited detec-
tion limits that were orders of magnitude 
inferior than their optical sensor counter-
parts containing exactly the same under-
lying chemistry.[24] Indeed, optical film 
or particle based sensors function on the 
basis of a two-phase equilibration step and 
hence can yield detection limits that are 
dictated by thermodynamic ion-exchange 
with interfering ions.[24b,25] Ion-selective 
membranes of similarly high selectivity, 
on the other hand, are bound by Eqn. (6), 
where even a comparably small concentra-
tion gradient can result in an elevated con-
centration of analyte ions at the membrane 
surface that masks the true response to the 
bulk composition of the sample. 

The two groups of Pretsch and Bakker 
formed a collaborative effort to offer theo-
retical insights into the detection limits of 
ion-selective electrodes and to subsequent-
ly design potentiometric sensor systems 
that exhibit detection limits at ultra-trace 
levels, sometimes down to 10–10 M (see 
Fig. 3, left).[28] While early systems were 
targeted to environmental analysis, for ex-
ample the measurement and speciation of 
lead ions in drinking water samples.[21,29] 
the work was later extended to bioanaly-
sis. For this purpose, it was established 
that ion-selective electrodes are capable 
of detecting ultra-low concentrations in 
microliter sample volumes, demonstrating 
that hundreds of attomoles can be detected, 
essentially without altering the sample and 
any delicate equilibria that may be pres-

ent.[30] This attractive sensing technology 
was subsequently applied to affinity sand-
wich assays. Chemical amplification was 
achieved with nanoparticle labels on the 
secondary binding compound that were 
subsequently oxidatively dissolved to yield 
a burst of ions for each biological binding 
event. Such signal enhanced systems were 
demonstrated to function in potentiomet-
ric assays on the basis of antibody-antigen 
interactions,[31] DNA hybridization,[32] and 
a DNA Aptamer assays for thrombin (see 
Fig. 3, right),[33] with detection limits that 
rival those of other state of the art tech-
nologies and that appear to be given by the 
selectivity of the assay, not the detection 
limit of the electrochemical sensor. 

While zero current ion fluxes are un-
desirable for reaching trace level detection 
limits, they may be exploited to realize 
new types of sensors. The polyion sensors 
mentioned above fall in this category. An-
other example includes increased potential 
changes at the endpoint in potentiometric ti-
trations if membrane electrodes are chosen 
that exhibit inward ion fluxes.[34] Membrane 
electrodes with different flux behavior can 
be measured against each other to achieve 
highly sensitive sensing systems without the 
need for a traditional reference electrode, as 
demonstrated by Pretsch and coworkers.[35]

Among these methodologies, the con-
cept of backside calibration potentiometry 
is perhaps the most thought provoking[36] 
(see Fig. 4). Here, a reasonably thin mem-
brane (ca. 20 mm) is chosen with relatively 

rapid diffusion characteristics and contact-
ed on both sides with an identical sample 
solution. The membrane is at equilibrium, 
and hence concentration polarizations are 
unimportant as evidenced by the absence 
of a stir effect (a change in the sample 
stirring rate does not alter the observed 
membrane potential). Conversely, an un-
known sample composition can now be 
evaluated by performing stir effect experi-
ments by changing the composition of the 
backside solution, as illustrated in Fig. 4. 
The approach benefits from the facts that 
the sample composition does not have to 
be changed in the calibration/evaluation 
step, which is highly attractive in a num-
ber of scenarios such as in vivo diagnos-
tics or environmental monitoring, and that 
a classical reference electrode appears un-
necessary. Note, however, that the under-
lying counter-diffusion processes are also 
governed by a second ion (such as the hy-
drogen ion), which needs to be known and 
selectively extracted into the membrane as 
well. 

4. Dynamic Electrochemistry with 
Membrane Electrodes

Potentiometric membrane electrodes 
where ion fluxes are relevant have placed 
the field closer to voltammetric sensors, 
especially electrochemistry at the inter-
face of two immiscible electrolyte solu-
tions (ITIES),[37] which traditionally have 
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had limited interactions with each other. 
This is a welcome change that has result-
ed in fruitful cross-pollinations in recent 
years.

As stated above, ion fluxes can be driv-
en by concentration gradients that origi-
nate in unequal levels of ion-exchange at 
either side of the membrane. But ion fluxes 
may also be imposed instrumentally by an 
applied current as follows for a unidimen-
sional system:
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where j is the current density and J
i
 the flux 

for an ion i. Lindner (and earlier, Buck) 
was a key researcher advocating the use 
of current perturbation for chronopotenti-
ometry with ion-selective membranes. In 
particular, he showed that a well defined 
applied low amplitude current may com-
pensate the concentration gradient driven 
spontaneous ion flux (see Eqn. (6)) to yield 
an ultratrace level detection limit.[38] Later 
theoretical work suggested that this opti-
mal current may be found by a stir effect 
experiment, similar to that introduced for 
the backside calibration methodology ex-
plained above, but that the detection limits 
achievable with this methodology cannot 
be significantly better than by chemical 
optimization alone.[39] 

On the other hand, a high amplitude 
current may be used to drive ions from 
the sample into the membrane and hence 
control the membrane composition and the 
associated sensor behavior by instrumental 
means. Early experiments on reasonably 

concentrated samples suggested that clas-
sical membrane formulations containing an 
ion-exchanger for permselectivity give es-
sentially featureless chronopotentiometric 
responses.[40] To render the interface polar-
izable, therefore, membranes were chosen 
that do not contain added ion-exchanger 
but an inert lipophilic salt in addition to the 
ionophore.[40] If all membrane components 
are very lipophilic, as necessary for prac-
tical applications, current can be passed 
through the membrane only by extracting a 
counterion at the inner membrane side for 
each ion at the sample side. This concen-
tration perturbation at each interface re-
sults in a transient potential change. It can 
be made reproducible by electrochemical-
ly regenerating the membrane under con-
trolled potential conditions, for example 
by applying the previously measured open 
circuit potential. Such a sensor therefore 
is operated by alternating between an ap-
plied current pulse (for measurement) and 
applied potential pulse (for regeneration).
[41] Alternatively, a zero current pulse may 
follow the applied current pulse to allow 
for potential measurements that is not in-
fluenced by any ohmic drop.[42] 

It was found that such a pulstrode 
(pulsed galvanostatic membrane elec-
trode) exhibits near-Nernstian electrode 
slopes in complete analogy to zero current 
potentiometry if sample concentrations 
were high.[41] However, the sign of the ap-
plied current dictates the charge sign of the 
ion that is measured, and sample anions as 
well as cations can now be assessed with 
the same membrane. The amplitude of the 
current controls the interfacial concentra-
tion of extracted ions, and hence exhibits 

a selectivity modifying influence on the 
membrane, in analogy to variations of the 
ion-exchanger salt concentration in poten-
tiometry.[41] This is an attractive level of 
flexibility that allows one to explore new 
modes of operation and to gain fundamen-
tal information about membrane material 
and ionophore properties. 

At lower concentrations where mass 
transport of the analyte ion to the mem-
brane may be rate limiting, a more abun-
dant background ion may need to be ex-
tracted into the membrane as well to fulfill 
Eqn. (7). This results in a super-Nernstian 
response slope akin to potentiometric 
measurements, but under kinetically con-
trolled conditions that give highly repro-
ducible sensor behavior where potenti-
ometry exhibits strong potential drifts.[41] 
For the first time, operationally reversible 
and reproducible polyion sensors became 
achievable.[43] The direct and reproducible 
detection of the polycation protamine in 
undiluted whole blood samples was subse-
quently demonstrated with this promising 
new methodology (see Fig. 5).[44] 

A fundamental study involving the cast-
ing of polyelectrolyte multilayers onto ion-
selective electrode membranes shed light 
into the role of interfacial transport on the 
sensor response.[45] While the presence of 
polyelectrolyte multilayers were confirmed 
by atomic force microscopy and zeta po-
tential measurements, the potentiometric 
response to the analyte ion calcium did 
not exhibit a measurable change relative to 
uncoated membranes.[45] This may be sur-
prising at first sight, but establishes once 
more that a Nernstian electrode response is 
observed under essentially thermodynam-
ic conditions. Interestingly, however, the 
pulsed galvanostatic measurement proto-
col in the super-Nernstian response region 
showed important signal changes upon 
multilayer coating. The results suggest that 
transport of the analyte ion across the poly-
electrolyte membrane is inhibited relative 
to the more abundant background ion and 
causes a shift in the super-Nernstian chro-
nopotentiometric response. This insight 
was further exploited for the establishment 
of an affinity biosensor approach, using bi-
otin groups covalently attached onto an ion-
selective membrane.[46] Depending on the 
sample concentration of avidin, the chrono-
potentiometric ion response changed, sug-
gesting that surface bound avidin exhibited 
a similar inhibition of ion transfer as the 
polyelectrolyte multilayers in the earlier 
study. This affinity biosensor platform is 
especially attractive since it avoids metal 
electrodes and uses non-polar membranes 
as substrates that may chemically mimic 
the lipid bilayers present in biological sys-
tems.

Another approach focused on the anal-
ysis of the shape of a transient chronopo-
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tentiometric pulse in a pulsed galvanostatic 
measurement protocol.[47] Indeed, diffu-
sion theory predicts a critical time at which 
the analyte concentration at the membrane 
surface will deplete, akin to a dynamic ti-
tration endpoint. This critical time depends 
on the applied current density, the sample 
concentration and diffusion coefficient, as 
described by the Sand equation:
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where τ is the critical time. This approach 
was successfully established for mem-
brane electrodes selective for hydrogen 
ions,[47] calcium[48] and the polyion prot-
amine,[49] and gave critical times on the or-
der of 1–2 s for concentrations up to ca. 1 
mM. Higher concentrations seem feasible 
for membrane materials exhibiting larger 
mobilities or smaller thicknesses, other-
wise analogous transitions in the mem-
brane phase will mask the response. 

Note that in most such dynamic meth-
ods where sample ions effectively deplete 
near the membrane surface, the sensor re-
sponse becomes a function of the available 
ion concentration, and not the ion activ-
ity as in the Nernst equation. This must 
be taken into account when designing or 
utilizing different methodologies involv-
ing the same basic materials. There are 
situations where a combination of various 
protocols will allow one to yield a more 
complete picture of the sample. Calcium 
ions in whole blood, for example, are ei-
ther reported as ionized calcium (free cal-
cium) or total calcium, and the two values 
are different by typically a factor of two, 
depending on the sample pH and the avail-
ability of calcium binding proteins in the 
sample. Potentiometry with calcium-se-
lective electrodes in undiluted blood gives 
ionized calcium levels, while acidification 
of the sample transforms bound to free cal-
cium and hence yields total calcium levels 
with the same methodology.[50] The use of 
membrane electrodes that employ dynamic 
electrochemistry in conjunction with zero 
current potentiometry may allow one to 
report on both values without sample ma-
nipulation, as reported recently.[48] This 
elegant distinction of the speciation of an 
ion without bulk sample manipulation may 
also be valuable for the study of dynamic 
biological and environmental processes.

The most recent direction of dynamic 
electrochemistry with membrane elec-
trodes in our group has focused on the 
design of sensing principles for absolute 
measurements by thin layer coulometry.
[51] If successful, this would present a plat-
form to design robust chemical sensors 
that would be attractive for field deploy-
able monitoring systems, handheld analyz-

ers and perhaps even implantable sensor 
units. Absolute measurements are in prin-
ciple recalibration free and would perhaps 
not suffer from signal drifts or fluctuations 
in temperature as traditional sensing prin-
ciples. We aim to develop membrane elec-
trode principles for thin layer coulometry, 
in which an applied potential forces the de-
pletive transport of analyte ions from a thin 
layer sample through the selective mem-
brane into a receiving solution. This con-
trast to work by other groups such as Ki-
hara,[52] who effected the assisted transfer 
into a bulk organic solvent, which appears 
less practical for the envisioned applica-
tions. Early work in our group suggested 
to utilize permselective membranes for this 
purpose,[51] allowing one to transport only 
one type of ion across the membrane. Such 
membranes, moreover, can be interrogated 
potentiometrically before any electro-
chemical perturbation. The decaying cur-
rent during electrolysis is integrated to give 
the coulomb number, which, if the volume 
is known and constant, directly relates to 
the number of moles of analyte ion pres-
ent in the sample by applying Faraday’s 
law. Fig. 6 illustrates this principle with 
a tubular calcium selective membrane as 
example. Currents unrelated to the analyte 
extraction process can be partially com-
pensated for by recording a second current 
transient after an intermediate baseline 

pulse.[53] While we are only at the begin-
ning of this project, the resulting calibra-
tion curves were found to be independent 
of temperature and allowed for excellent 
reproducibility on the order of 1% within a 
two week period without recalibration.[53] 

5. Optical Ion Sensors

Traditional optical sensor approaches 
directly mimicked the design of their elec-
trochemical counterparts by physically at-
taching an optical sensing layer to a solid 
support.[54] This support either served to just 
physically stabilize the sensing film, or was 
designed to consist of the optical transducer 
(such as a optical fiber or an attenuated to-
tal reflectance crystal). Indeed, the working 
definition of a chemical sensor originally 
demanded a physical attachment between 
sensing layer, transducer and detector. The 
resulting sensor devices were aptly named 
optodes or optrodes, referring to the design 
similarity to ion-selective electrodes, and 
hence were based on the somewhat unsci-
entific term ‘optical electrodes’. 

There is, however, no clear reason why 
sensing chemistry and transducer cannot 
be physically detached, as electromagnetic 
radiation possesses the attractive property 
of penetrating soft matter and numerous 
solvents with relative ease. One example 
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explored in our group involved the inte-
gration of optical sensor approaches into 
bead based chemical analysis schemes.[55] 
Analytical flow cytometry, originally de-
veloped for counting and sorting cells by 
means of fluorescence spectroscopy, is a 
technology that is readily adapted to mi-
crobead suspension array assays. If selec-
tive chemistries become available to detect 
most key analytes in a target sample such 
as blood, analytical flow cytometry may 
become a highly attractive platform for 
clinical diagnostics or environmental anal-
ysis. Fig. 7 illustrates such optical sensing 
beads and their use in analytical flow cy-
tometry.[56] The bead based optodes were 
fabricated by a sonic casting apparatus, in 
which an inner core stream containing all 
sensing ingredients is focused by a sheath 
flow and destabilized into droplets by vi-
bration.[57] Flow cytometry of the cured 
particles may monitor the fluorescence 
properties of thousands of particles, hence 
allowing the use of statistics to narrow the 
confidence interval of the resulting fluo-
rescence signal.[56] This general bead based 
sensing approach was extended to the use 
of imaging arrays in which the beads were 
dropped into etched wells that can be indi-
vidually addressed with fluorescence mi-
croscopy.[58] 

The volume of a 10-mm microparticle 
sensors is about 1 picoliter and hence dras-
tically smaller relative to their traditional 
thick film counterparts.[59] A net extraction 
of even 1 millimolar concentration into 
such a particle corresponds therefore to just 
a quantity of about 1 fmol. This should re-
sult in extremely low achievable detection 
limits without perturbing the surrounding 
bulk sample. Indeed, as shown in Fig. 8, 
detection down to the picomolar level was 
demonstrated with such beads,[61] which is 
much lower than the corresponding ion-
selective electrodes, even after optimiza-
tion for low detection limits.[62] Clearly, 
miniature optical sensing beads not only 
benefit from their small size but also from 
their ability to be read out by light: they 
do not require any solid support and can 
be made to obey true two-phase equilibria. 
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Electrochemical sensors cannot offer this 
characteristic. 

The group of Kopelman pioneered the 
concept of intracellular detection with sub-
micron-sized optical sensing particles,[63] 
which was an elegant extension on their 
earlier work with miniature optical fiber 
sensor probes.[64] Some of these beads 
mimicked the composition of classical hy-
drogel based indicator assays, but others 
were based on the ion optode principles 
discussed above.[65] In earlier approaches, 
indicator dyes such as calcium green or 
Fura-2 were simply dissolved within an 
intracellular environment,[66] resulting in 
chemical and biological degradation of the 
dye and the possibility of biotoxicity. The 
concept of localizing the chemical recog-
nition into a small sensing sphere physi-
cally separates the sensing phase from the 
biological environment and avoids these 
limitations.[67] Moreover, these optical sen-
sor strategies are closer to that employed 
traditionally with potentiometric micro-
electrode probes, but can avoid rupturing 
the cell walls for measurement as they do 
not require an electrical circuit to be com-
pleted. Kopelman and co-workers devised 
elegant materials approaches by the in-
troduction of magnetic control of sensing 
spheres that are capped on one side by a 
metal coating.[67,68] Magnetically induced 
rotation of the sensing spheres results in 
blinking signals to eliminate background 
fluorescence. 

The optical sensor concepts discussed 
above represent passive sensing systems, in 
which extraction and recognition process-
es occur spontaneously, without external 
control. In many ways, therefore, optical 
sensors mimic the function of correspond-
ing potentiometric sensors. Once stable, 
the signal readout essentially represents 

an equilibrium response. Consequently, 
such optical sensors lack the ability to be 
externally triggered and to hence gain in-
formation about kinetic parameters of a 
sample whose composition is not chang-
ing rapidly. It would be highly desirable to 
achieve dynamic optical sensor concepts 
so that reactions can be triggered, fluxes to 
and from the sensor surface may be initi-
ated, and relaxation after local perturbation 
can be monitored. Dynamic control may be 
offered by electrochemical means, as dem-
onstrated elegantly by Heineman with the 
concept of spectroelectrochemical multi-
mode chemical sensing.[69] Unfortunately, 
the principles set forth by combining elec-
trochemical and optical sensing approach-
es necessarily require wired sensing films 
and are therefore not suitable for intra-
cellular particle based detection. Instead, 
photoactivation of the sensing chemistry 
may be a promising research direction to 
achieve this goal. The first report on photo-
activated optical sensors has recently been 
introduced by Shvarev, who used light to 
trigger the release of acid from a photosen-
sitive dye embedded in a pH sensing film.
[70] The kinetic signal recovery after photo-
activation was found to be a direct function 
of the buffer capacity of the surrounding 
sample, hence yielding information that a 
static sensor approach cannot provide. Our 
group is now actively involved in further 
developing the concept of photoactivated 
chemical sensor approaches, especially in 
view of learning about the chemical behav-
ior of local intracellular environments. 

6. Conclusions

As in other fields of research, the ini-
tial exuberance of potentiometric sen-

sors has eventually given way to a more 
measured progress that involve fewer and 
more focused groups. In this period, one 
could witness the consolidation and sim-
plification of previously difficult to digest 
theoretical models that allowed the field to 
make bold predictions about attainable ion 
selectivities and detection limits. Indeed, 
subnanomolar detection limits are today a 
reality for many such sensors, and much 
of this was realized by understanding the 
underlying response mechanism. Recent 
progress in this field has involved combin-
ing the concepts of local phase boundary 
equilibria with transport kinetics within 
the bulk phases (sample and sensing mem-
brane), giving adequate guidance for sen-
sor design. The better understanding of 
transmembrane ion fluxes, combined with 
instrumental approaches to impose net ion 
fluxes by current control, has opened up 
this field further and brought it closer to the 
realm of dynamic electrochemistry. Many 
recent fruitful directions have come from 
this approach, yielding sensor concepts 
that are either more sensitive, operation-
ally more reversible, more rapid, or more 
robust than traditional membrane elec-
trodes. The application of this family of 
sensing principles to affinity bioassays and 
environmental monitoring has enriched the 
field and made the methodologies attrac-
tive to real world applications. While the 
emerging field of optical ion sensors was at 
the origin of quietly transforming the field 
of membrane electrodes, research in recent 
years focused more strongly on materials 
and miniaturization, rather on the develop-
ment of novel sensing principles. This is 
now likely to improve with the advent of 
photodynamic optical sensors that is the 
topic of current research. 
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