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Abstract—The research on ion-measuring devices has
seen a rapid expansion in the last years as a consequence of
the growing interest in wearable sensors for biofluids analysis
and in portable devices for remote or in-line water and food
quality monitoring. As a result, an increasing number of
researchers is approaching the field of ion-selective sensors.
Despite the apparently simple transduction principle, the the-
ory behind their working mechanism is far from trivial and a correct understanding is necessary for an optimal exploitation
of the technology. In current literature, imprecise characterization procedures lead to the definition of misleading sensors
parameters, which cannot be effectively used for comparisons. In fact, some unique definitions and procedures applies to
this category of sensors, which significantly differ from the traditional ones applied in sensing research. This tutorial aims
at highlighting the basic thermodynamic theory and the correct experimental practice for the accurate and reproducible
characterization of potentiometric ion-sensors. The most important requirements and design considerations on hardware
and software interfaces will also be discussed to give a complete overview of the various aspects of current technology
to people approaching this promising area of sensing.

Index Terms— Ion-sensing, ion-selective electrodes, solid-contact, theory, practice, guidelines, sensor parameters,
state-of-the-art.

I. INTRODUCTION

THE research on ion-sensing is expanding rapidly in
various fields, from medicine, to food and water qual-

ity monitoring, as well as control of industrial production.
Currently, the most used sensors for ion-quantification are
Ion-Selective Electrodes (ISEs), electrochemical systems that
convert the activity of a target ion into an electrical potential
as the measurable signal. The need for miniaturized system
for wearable or on-line applications brought the technology to
the development of all-solid-state ISEs. These devices enable
smaller and accurate sensing, with characteristics suitable for
conformal or portable devices [1]–[5].

The most investigated application area is certainly health-
care. In fact, electrolyte balance provides significant infor-
mation on patient’s health [6]. The first and so-far most
studied fields are the monitoring of hydration and physical
exercise (Na+ and K+) [7], [8], and the diagnosis of cystic
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fibrosis (Cl−) [9]. However, research is rapidly expanding
towards other sectors of medicine as well, including the control
of heavy metal contamination in people exposed to risky
environments (Pb2+, As2+) [10], the control of liver and bones
status (NH+

4 and Ca2+, respectively) [11], the therapeutic
drug monitoring in people suffering from bipolar disorder
(Li+) [12], as well as skeletal and dental studies (F−).

Apart from medical analysis, ion-quantification is funda-
mental also for other relevant applications, like agriculture,
fishery, food and water quality monitoring, industrial control.
Most of the times these applications involve water solutions,
thus interference is expected to be much lower than in bodily
fluids, thus facilitating the sensing. In particular, consider-
able attention has been attracted by water quality monitoring
[13]–[16]. We recommend this tutorial for more details on
this specific topic [17]. Possible applications of ion-sensors
outside medical care also include: control of salt content in
food; fluoride content in drinking water and drinks, calcium
monitoring in dairy products and beer, potassium in fruit juices
and wine making; agriculture (Na+, K+ NO3, Cl−, NH4 in
soils, plant material and fertilisers); pollution-monitoring in
effluents and natural waters (F−, S−2, Cl−, NO3); study of
the effect of detergent manufacture on water quality (Ca2+,
Ba2+, F−); control of electroplating process (F−, Cl− and
S−2) [18], [19].

It is clear that ion-sensing occupies a primary role in current
sensing research. So far, the most efficient and precise ion-
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sensing devices employ electrochemical measurements using
ISEs [20]. Despite this rapid growth, there is still large confu-
sion in the scientific community about the theory and correct
practice behind their characterization and use, as some unique
definitions and protocols apply to this category of sensors.
As a prime example, the traditional definition of Limit-Of-
Detection (LOD) does not apply for this type of sensors, as a
more restrictive one is more appropriate and recommended
by the International Union of Pure and Applied Chemistry
(IUPAC). In addition, precise conditioning protocols must
be applied to obtain accurate and comparable values. These
peculiar characteristics of ISEs are often confused and ignored
by many experts in the field of sensing that approach ions for
the first time.

The aim of this review is to highlight the correct definitions
and practice of this unique branch of sensing, in order to
avoid inaccuracy in the determination of sensor parameters that
causes misleading and incomparable values among different
research groups. In Section II, a brief summary of the most
important thermodynamic parameters necessary for the correct
use of these sensors is provided. This is followed by the
description of the working principle of conventional ISEs and
their evolution towards all-solid-state systems for miniaturized
and portable applications are reported. In Section III, the pro-
cedure for the accurate characterization of solid-contact ISEs is
detailed, with particular emphasis on common misunderstand-
ings. Section IV gives an overview of hardware and software
interfaces for these types of sensors, stressing the most suitable
approaches and design considerations.

A. Abbreviations and Acronyms
ADC Analog-to-Digital Converter
CMRR Common-Mode Rejection Ratio
CRC Current Reversal Chronopotentiometry
DC Direct Current
FIM Fixed Interference Method
ISE Ion-Selective Electrode
ISM Ion-Selective Membrane
IUPAC International Union of Pure and Applied

Chemistry
LOC Lab-on-Chip
LOD Limit of Detection
MCU Micro-Controller Unit
MPM Matched Potential Method
OCP Open Circuit Potential
PCB Printed Circuit Board
POC Point-of-Care
RE Reference Electrode
SC Solid Contact
SC-ISE Solid-Contact Ion-Selective Electrode
SSM Separate Solution Method
WE Working Electrode

II. ION-SELECTIVE ELECTRODES (ISEs) -
THEORY AND WORKING PRINCIPLES

ISEs are potentiometric sensors based on the deposition on
the sensor surface of an Ion-Selective Membrane (ISM) that

contains a species, called the ionophore, that selectively binds
to the target ion. Larger ion concentrations in solution causes
the trapping of higher amounts of ions in the ISM. This results
in a measurable and proportional Open Circuit Potential (OCP)
with respect to a stable Reference Electrode (RE).

These devices offer several advantages over other technolo-
gies, including the relative simplicity of OCP measurements,
their low cost and maintenance. A wide concentration range
can be measured with these systems, making them very
flexible to the user’s needs. Both cations and anions can be
detected in a broad temperature window. For these reasons,
they are ideal candidates for a variety of applications.

The direct measurement of ion activity, rather than its
concentration, is particularly useful in biological and medical
analysis. With careful use, accuracy and precision levels
of 2-3 % can be achieved for some ions. This performance
is comparable to the most specialized analytical techniques,
which require complex and expensive instrumentation [20].
In addition, it is possible to mass produce arrays of miniatur-
ized sensors for simultaneous analysis of cations and anions
mixtures, with possibilities of simple and compact integra-
tion [7], [21]. Moreover, the measurements do not require
high voltages as in capillary electrophoresis. Finally, the direct
correlation between the measured potential and ion activity
suggests the absence of a scaling law and of signal reduction
with reduced electrode dimensions [21]–[23].

Despite the wide success of ISEs, other types of sensors
have also been investigated for ion-sensing [24], including
luminescent [18] and colorimetric [25], [26] detection. How-
ever, such optical sensors necessitate more elaborated and
larger system implementations, thus they are not suitable for
miniaturized on-line sensing systems that are the main focus
of current ion research.

In the next subsections, the main thermodynamic concepts
in ion-sensing are defined, along with the working mechanism
of conventional ISEs. Then, the evolution towards all-solid-
state ISEs is described, emphasizing its importance for sensor
miniaturization.

A. Ion Activity and Activity Coefficients
The understanding of some basic thermodynamic concepts

is essential for a thorough grasp of the theory and correct
definition of the most important analytical parameters of ISEs.
In this subsection, an introduction of the main thermodynamic
notions needed in ion sensing is provided. In particular,
the activity of an analyte, and its single ion activity coefficient
are carefully distinguished. Furthermore, we define the mean
activity coefficient and the ionic strength of a solution.

The activity describes the effective concentration of a
solution. The equilibrium in ionic solutions depends on ion
activities. The activity of an ion a j in solution is proportional
to its molar concentration c j according to the following
equation [27]:

a j = γ j c j , (1)

where γ is the single ion activity coefficient. Its value can-
not be obtained experimentally. Nonetheless, in most practi-
cal cases, the single ion activity coefficient for anions γ−,
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or cations γ+, can be calculated from the mean activity
coefficient of the solution γ±, which is defined as:

logγ± = | z− |
| z+ | + | z− | logγ+ + | z+ |

| z+ | + | z− | logγ−, (2)

where z− and z+ are the valences of the anions and cations,
respectively. The splitting of the mean activity coefficient into
the relevant single ion activity coefficients can be performed
with different conventions. The most precise calculation is the
one obtained by using the hydration theory of Stokes, Robin-
son and Bates. However, in ordinary analytical procedure,
the simplified Debye-Hückel convention [27] is sufficiently
accurate:

logγ+ =
∣∣∣∣
z+
z−

∣∣∣∣logγ± (3)

logγ− =
∣∣∣∣
z−
z+

∣∣∣∣logγ± (4)

The extended Debye-Hückel equation can be used in most
cases to evaluate the mean activity coefficient γ± [27]:

logγ± = − A | z+z− | √
I

1 + B
√

I
+ C I. (5)

This is a semi-empirical relationship. A is a parameter that
varies with temperature in Kelvin as T −3/2. For standard
condition (T = 25◦C) in water solutions, A = 0.5108. B and C
are thermodynamic parameters depending on the electrolyte.
A list of their experimental values is reported in [28]. I is the
ionic strength of the solution, which by definition is given by:

I = 0.5
∑

j

z2
j c j . (6)

B. Structure and Working Mechanism of
Conventional ISEs

The structure and working mechanism of a conventional
ISE is shown in Figure 1a and 1b. The measurement is
performed in a two-electrodes setup. Conventional systems are
characterized by the presence of an internal liquid junction (i.e.
of an internal filling solution at constant concentration) at the
Working Electrode (WE) to maximize stability. This clearly
makes these systems macroscopic. The ISM of the WE is
used to separate the internal liquid junction from the sample
solution. The ISM allows the flow and entrapment only of
the primary ion, thanks to the presence of a neutral chemical
compound called the ionophore, which selectively binds to the
target ion M+.

In order to maximize sensing performance, the recom-
mended ISM cocktail should in general include 1-2% of
ionophore, 60-70% of plasticizer, and 30-40 % of high molecu-
lar weight PolyVinyl Chloride (PVC). The plasticizer increases
the free volume of the polymeric materials, thus enhancing
flexibility, mobility, and durability. Typically-used plasticizers
are bis(2-ethylhexyl)sebacate (DOS) or ortho-nitrophenyl octyl
ether (o-NPOE). The polymeric matrix provides mechanical
stability and is chemically inert. Small quantities of lipophilic
ions are added to the solution to avoid the removal of
large amounts of counterions from the sample solution to

Fig. 1. (a) Structure and working principle of conventional ISEs (i.e. with
inner filling solution). (b) Electrochemical setup used in the potentiometric
measurements with ISEs. (c) Potential profile within a cell containing
a conventional ISE and a liquid junction RE. The RE bridge consists of
a reference electrolyte solution separated from the sample solution by a
porous frit. The sample dependent potential is the one of interest for the
sensor calibration.

the ISM. In fact, this method makes the membrane perme-
able exclusively to ions of the same sign of the target ion.
This is called Donnan exclusion and is necessary to achieve
ideal sensor response. Tetraphenylborates are commonly
employed for this purpose in cation-selective ISM, whereas
tetraalkylammonium salts are often used in anion-selective
membranes [6], [20], [29].

Whenever the concentrations of the ions in the inner and
the sample solution are not equal, a potential difference is
built across the membrane as a consequence of ion exchange
and trapping in the ISM. By measuring the OCP of the ISE
with respect to a RE with stable potential, we can predict the
activity, i.e. the concentration, of the target ion in solution.
In particular, by keeping constant the activity of the target
ion in the internal solution aA, it is possible to determine the
unknown activity on the other side of the membrane ax , using
Nernst equation which defines the electrode potential E as:

E = RT

z A F
ln

( ax

aA

)
= const + 2.3

RT

z A F
log ax , (7)

where R is the gas constant, T the temperature, z A the
valence of the target ion, and F Faraday’s constant. The
internal liquid junction acts as a liquid contact enabling ion-to-
electron transduction by exploiting the reaction AgCl(s) →
Ag(s) + Cl−(aq). This defines the interfacial potential �φ3.
It is worth to underline that ISEs can detect free, not complex,
ion concentrations [20], [22], [30], [31].

ISEs are typically measured in a two-electrodes setup
(Figure 1a), where the ISE acts as the cathode, and the RE
as the anode. The measured potential difference is given by
the sum of all potential differences in the cell (Figure 1c).
Therefore, it is clear that all potentials must be kept
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Fig. 2. Example of calibration curve obtained with potentiometric K+
ISEs.

independent of sample solution, expect the one at the interface
sample/membrane (in orange) [20].

By definition, the calibration curve of a sensor is the plot
of the output signal as a function of the analyte concentration.
Observing Nernst equation (7), we can notice that in principle,
potentiometric ISEs offer a linear relationship when the poten-
tial is plotted with respect to the log of the ion concentration.
A typical calibration curve for this type of sensors is given in
Figure 2. The slope of the calibration curve, that is RT

z A F , is the
sensitivity of the sensor S. RT

F is equal to 59.16 mV at room
temperature. The sensitivity of potentiometric sensors depends
mainly on the target ion charge: monovalent cations show an
ideal calibration slope of 59 mV/decade, which means that
a 10-fold concentration will generate a change of 59 mV in
the measured potential; divalent cations will have a calibration
curve with a slope of 29.5 mV/decade. The same reasoning
can be applied to anions, but in this case negative sensitivity
will be observed.

C. All-Solid-State ISEs
As explained in the previous sections, conventional ISEs are

based on an internal liquid junction, that is, an internal filling
solution at constant concentration, allowing a minimization
of potential drifts. Conventional systems are very accurate,
with high stability and long lifetime [20], [22]. However,
the internal electrolyte of ISEs is prone to evaporation and
highly sensitive to temperature and pressure variations, that
can lead to large volume changes and eventually to delamina-
tion. Moreover, and most importantly, the filling solution limits
the possibility of miniaturizing these systems. This prevents
their applicability for Lab-On-a-Chip (LOC), wearable, or on-
line devices, where sensor dimension is a paramount factor.
To overcome this major drawback, all-solid-state potentiomet-
ric ion-sensors have been developed over the past 50 years
towards next generation portable and miniaturized ion-sensing
devices, with integration of steering circuits and read-out
electronics [20]. These ISEs exploit Solid-Contacts (SCs)
between the ISM and the electronic conductive substrate to
achieve ion-to-electron transduction. For this reason, they are
also called Solid-Contact ISEs (SC ISEs). Their fabrication

is based on the deposition of a properly designed ISM on
top of a metal electrode to attract selectively the target
ions close to the surface; the change in charge distribution
due to the accumulation of ions at the electrode surface is
detected by simply measuring the OCP with respect to the
RE. Different ions-to-electron transduction mechanisms can
be exploited [20], [22], [30], [31].

The first all-solid-state ISE was proposed in 1970 by
Hirata and Date [32], followed by another one proposed by
Cattrall et al. [33] the year after. Both systems were based on
coated-wire electrodes. Poor reliability was achieved mainly
because of the purely capacitive interface, and because of the
reduced interfacial contact area. Since then, several advances
have been made thanks to the use of new SC materials, and a
better understanding of transport phenomena and water accu-
mulation in the membrane. In particular, the most promising
candidates for commercial SC ISEs are conductive polymers
and nanostructures with high double layer capacitance. These
two classes of materials exploit different ion-to-electron trans-
duction mechanisms [6], [34]–[36]. The next two subsections
describes their working principle and main characteristics.

Solid-Contacts Based on Conductive Polymers:
One of the most investigated SC materials for ISEs are

conductive polymers, as they are able to conduct both
ions and electrons when properly doped. For this reason,
they can be exploited as effective ion-to-electron transduc-
ers through redox reactions (Figure 3a). Polypyrrole [37],
polyaniline [38], poly(3-octyltiophene) (POT) [39] and
poly(3,4-ethylenedioxytiophene (PEDOT) [40], are nowadays
the most investigated conductive polymers in SC ISEs. They
can be deposited by electropolymerization or drop cast-
ing from polymeric solutions. Polyaniline, polypyrrole and
PEDOT show high stability, conductivity and redox capac-
itance. However, they are electroactive in a wide range of
potentials. This can cause several side reactions and conse-
quent potential drift. Furthermore, the redox potential can vary
significantly with the crystallinity degree, film morphology and
doping effect on the glass transition temperature. Conversely,
POT participates much less in side reactions, but presents a
much lower redox capacitance and conductivity [20], [30].

Solid Contacts Based on Nanostructured Layers:
Nanostructured SCs are based on the formation of an

electrical double layer at the membrane/electrode interface for
ion-to-electron transduction: the trapping of ions on one side of
the interface thanks to the role of the ISM provokes the accu-
mulation of electrons and holes on the other side; this causes
the generation of an asymmetric capacitor. In such systems,
the interfacial potential is not due to redox reactions, as in the
case of conductive polymers, or to ion partitioning, as for
conventional ISEs, but to the amount of charge accumulated
in the double layer. This leads to the build-up of the potential
difference ��2 (Figure 3b). The large surface area facilitates
adhesion, avoiding the risk of water absorption, while the high
capacitance values reduces potential drift due to polarization
effects caused by the small but non-zero currents required for
the measurement. Both carbon and noble metals nanostructures
have been successfully investigated in the research community
for SC ISEs [20], [29], [41]–[48].
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Fig. 3. a) Scheme and working mechanism of ISEs with SCs based
on conductive polymers (CP). b) Scheme and working mechanism of
ISEs with SCs based on nanostructured SCs. I represents the ionophore,
M the metal, R is an anionic exchanger.

III. PERFORMANCE EVALUATION CRITERIA OF ISES

In order to properly characterize and compare sensors per-
formance, it is crucial to define meaningful and reproducible
sensing evaluation criteria. It is clear that the main require-
ments for the design and fabrication of a sensor will depend
on the specific application, but in general, the most important
parameters in every sensing system are the following:

• Sensitivity - absolute amount of change that can be
detected by a measurement;

• Limit-Of-Detection (LOD) - minimum analyte concentra-
tion that can be reliably sensed;

• Dynamic linearity range - ability to follow linearly vari-
ations of analyte concentration in a certain concentration
range;

• Selectivity - ability to determine the concentration of a
substance in the presence of interfering substances.

Furthermore, the use of SC ISEs in portable, wearable and
on-line sensing systems requires that several other charac-
teristics are met: reproducibility, precision, biocompatibility,
stability over time in order to monitor patients for several
hours (and eventually even longer) without calibration. Among
these properties, potential drift represents certainly one of the
most critical issues of ISEs. For this reason, it is important
to perform appropriate characterization of potential stability.
In the next subsections, we will describe more precisely the
most significant sensor parameters, with particular focus on
the correct practical procedure to avoid incurring inaccurate
or incomparable values.

A. Sensitivity
Sensors calibration is clearly the most fundamental proce-

dure to characterize sensor analytical performance. In order
to calibrate a sensor, its response (e.g. OCP for ISEs) is
recorded at increasing and known concentrations of target
analyte. The potential value at each concentration step is

taken to build a calibration curve showing the relationship
between the sensor output and the concentration of the target
analyte. The slope of the calibration plot is called sensor
sensitivity and is an essential characterization parameter of
any sensor [6]. A typical experimental calibration curve is
reported in Figure 1c, where the inset shows the time trace
at increasing concentration from which the calibration graph
was calculated.

As explained before, a linear relation is usually found
when the OCP is plotted against the logarithm in base 10 of
the target ion activity, as stated by Nernst equation (7).
At ambient temperature, an ideal ISE exhibits a Nerns-
tian slope of 59.2 mV/decade for monovalent ions, and of
29.5 mV/decade for divalent ions. However, in reality these
values are not always attained. In order to achieve an ideal
behaviour, the membrane must be perfectly selective to the
target ion and the RE potential must be independent of sample
composition. In addition, the membrane-target ion binding
must be fully reversible, and the membrane composition must
remain constant over time. In practice, some non-idealities
are often present. For instance, in AgCl-based membranes,
the surface is frequently modified by other less soluble
halides [20], [22], [30], [31].

B. Limit-Of-Detection (LOD)
The definition of LOD for ISE is one of the most critical and

often misleading aspects of their characterization, as a unique
definition is applied for this class of sensors with respect
to the traditional one. LOD is one of the most important
parameters to characterize the analytical performance of a
sensing device because it defines the application limit of the
proposed technology. This is used to give an indication of
the smallest concentration of analyte that can be reliably
detected. In general, in analytical chemistry, the LOD is
defined according to the IUPAC standard, as:

L O D = 3σb

Sensi tivi ty
, (8)

where σb is the standard deviation of the signal of the
blank (that is, a solution identical to the analyzed one, but
without target analyte). The factor 3 maintains the minimum
required confidence level of 99%. In other words, the LOD
is the concentration at which there is an increase of the
signal with respect to the background level of the noise
determined, as three times the standard deviation of the blank
measurement [49].

However, the standard IUPAC definition for potentiometric
ISEs is different from the traditional one. This issue is often
ignored by many experts in the field of sensing who do not
directly work with ISEs, or who approach this field for the
first time. A deviation from the linear response is usually
present in the calibration curve of ISEs at high and low
activity concentrations. IUPAC recommends that the upper and
lower LODs for ISEs are determined as the intercepts between
different linear segments of the calibration curve, as shown in
Figure 4. The upper LOD is caused by loss of permselectivity
(also called Donnan Exclusion), that is the permeability only
to ions with the same charge sign of the target ion. An ideal
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Fig. 4. Determination of upper and lower LOD according to IUPAC
definition.

slope is observed only if no significant amount of counter ions
(ions with opposite charge sign of the measuring ion) are co-
extracted together with the target ions from the sample into the
membrane phase. Conversely, if ions of opposite sign are also
attracted, we will observe a reduction of the measured OCP
with respect to the expected value. The lower detection limit
can be explained considering interference effects or leaching
out of target ions from the membrane.

It is important to notice that the unique definition of LOD in
potentiometric ISEs is more restrictive than the classical one.
In fact, for an ideal membrane, the LOD corresponds to the
situation in which a well-defined part (50 % for ions of the
same charge) of the interfering ions replaces the target ones in
the organic phase. This will give a deviation of 17.8/z mV in
the potential [49], where z is the ion charge number. On the
contrary, the typical definition of LOD, that is three times the
standard deviation of the noise, would result in a much lower
value, as in general the noise level in potentiometry is about
0.06 − 0.08 mV [6], [49].

It is worth mentioning that proper membrane conditioning
is needed in order to make the membrane sensitive in a
specific concentration range [6], [49] as this most of the times
influences the low and upper LOD.

C. Potential Response and Stability
One of the most critical challenges in solid-contact ISEs

is certainly represented by potential stability. It is clear then
why the correct characterization of this aspect is essential for
comparison purposes. A first step is the measurement of the
sensor potential stabilization time when it comes in contact
with a solution for the first time. In this regards, the selection
of the electrically conductive substrate plays an important
role [20], [50].

However, the most crucial issues of all-solid-state ISEs is
represented by potential drift over a long period of time, that
is potential instability. One of the most common and simple
explanation related to this shortcoming is the formation of a
water layer at the ISM/SC interface. This phenomenon can be
deducted from various aspects of sensor performance: slow
stabilization time, sensitivity to osmolality variations, positive
potential drift upon addition of interfering ions, negative
drift upon removal. The most commonly-used method for
characterization of potential stability due to formation of an
aqueous layer is the so-called water layer test [6]. This is
based on the measurements of the potential during successive

Fig. 5. Ion fluxes and typical potential profile during a water layer test
for evaluating ISEs potential drift.

Fig. 6. CRC curves with and without nanostructured SCs. The response
of the SC with gold and platinum nanostructures is compared. CRC are
useful to determine the stability of the SC-ISE from potential drift over
time. It is clear that the nanostructures in this case offer a significant
improvement in potential drift (i.e. flatter curves).

exposures of the sensor to concentrated solutions (e.g. 0.1 M)
of target and interfering ions for several hours. Even small
ionic fluxes during ion exchanges can lead to large changes of
the very thin water layer at the ISE/SC interface, leading to
positive and negative drifts during exposure to the interfering
and target ion, respectively. The mechanism of ion diffusion
and consequent potential drifts is depicted in Figure 5.

Another very common method to characterize potential
stability of ISEs is Current Reversal Chronopotentiometry
(CRC). In this method, a direct current of a few nanoamperes
is applied, and reversed after a certain period of time. The
potential drift dE

dt can be computed from the slope of the
graph [6], [34]. A typical CRC curve is given in Figure 6
for a Li+ ISE based on two different types of nanostructures,
in comparison with the one deposited on a bare electrode
(the solid black curve in the graph). The beneficial effect of
electrode nanostructuration on potential stability is evident in
both cases as the presence of this nanostructured SC enables
the achievement of flat CRC curves(i.e. very small potential
drift). On the contrary, the electrode without nanostructura-
tion shows a major potential instability, as evident from the
graph slope.

CRC is also useful to compute the electrode capacitance as
C = i

d E/dt , where i is the applied current, and d E/dt is the
potential drift [20]. A higher capacitance will in general result
in a larger potential stability.

The formation of a water layer can be a consequence of
water uptake during the fabrication process, even before the
contact with an aqueous solution. For instance, Tetrahydrofu-
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ran (THF) is known to be highly hygroscopic. Freshly distilled
THF and dry conditions can be employed in order to minimize
this phenomenon, if needed [6], [29]. As explained before,
potential drifts are not necessarily related to a water layer.
It can also be caused by the small but non-zero currents
required for the potential read-out. For this reason, it is
important to assess the effect of current polarization on sensor
response, especially on miniaturized electrodes (mm or sub-
mm size) [6], [20]. Another possible source of potential insta-
bility is the progressive degradation of membrane composition.
This can be related to the leaching out of ionophores or
lipophilic salts from the ISM. This phenomenon can also be
observed with CRC measurements [6], [20], [29].

D. Interference Studies
The selectivity of a sensor represents its ability to detect the

concentration of the target substance in presence of interfering
compounds. This parameter is essential to manufacture an
efficient sensing system. During ion-sensing through an ISE,
ions of identical charge sign as the target ion might be able to
replace the target ions from the ISM, thus giving spurious sig-
nal. As explained in IUPAC reports [34], Nikolsky-Eisenman
equation can be used to define the measured potential under
the presence of interfering ions:

E = E0 + RT

z F
ln

[
aA +

∑
B

K pot
A,B(aB)

z A
zB

]
, (9)

where E0 is a constant including the standard potential of
the electrode, aA and aB are the activities of the target and
interfering ions respectively, z A and zB their valence, K pot

A,B
the potentiometric selectivity coefficient of the target ion A
against the interfering ion B. The smaller the value of K pot

A,B ,
the higher is the selectivity of the sensor. If K pot

A,B < 1
the sensor is more selective towards the target ion. On the
contrary, if K pot

A,B > 1, the sensor is more selective towards
the interfering ions (this case is seldom). It is worth reminding
that (9) can be used only when the following assumptions are
satisfied: 1) the sensor exhibits a Nernstian response towards
both ions; 2) the selectivity coefficient K pot

A,B does not vary;
3) target and interfering ions have the same charge (when
mono and divalent ions are present, more complex equations
must be used) [27], [34]. The selectivity coefficient in (9)
acts as a weighting factor for any ion activity. An example
of calibration graphs for membranes with different selectivity
coefficients is reported in Figure 7. It is clear that the higher
the value of K pot

A,B , the larger the interference is, which in turn
will result in a lower LOD. On the contrary, the sensitivity is
in principle not affected.

According to IUPAC recommendations, three different
methods are possible for the determination of the selectivity
coefficients K pot

A,B [51]:

• the Separate Solution Method (SSM) I is based on the use
of two different solutions for the measurements. The first
one contains only target ions A at activity aA, the second
one has only interfering ions B at activity aB = aA.

Fig. 7. Calibration curves of ISE with different selectivity coefficients
Kpot

A,B. The intersection of the two linear portions is the LOD. It is evident

that a smaller selectivity coefficient Kpot
A,B results in lower LOD, thus lower

interference.

The selectivity coefficient is then calculated as:

logK pot
A,B = (EB − E A)z A F

2.303RT
+

(
1 − z A

zB

)
logaA (10)

It is important to notice that this method can be used only
if the sensor exhibits a Nernstian response towards both
target and interfering ions. Therefore, it is necessary to
record the full calibration curve for each ion, also for the
interfering ones. An example for a Li+ ISE is reported in
Figure 8b. The calculations of the selectivity coefficients
must be performed by picking the potential values falling
in the concentration range in which all ions of interest
show a Nernstian behaviour. Once you determine the best
range for the linear fitting of each slope, you can extrap-
olate the potential values for log(aion)=1, and use (10)
to calculate the correct selectivity coefficients. Achieving
a Nernstian response also for the interfering ions is not
always an easy task. If it is the case, a bias in the response
will be present due to incomplete ion-exchange at the
sample/ISE interface. As a result, the experimentally
determined K pot

A,B values may vary remarkably. Several
procedures have been proposed to tackle this issue. The
simplest and most common method is based on mem-
brane conditioning before the measurements in a solution
of the least interfering ion (in our example magnesium),
instead of the target one. This stratagem will stimulate a
complete ion-exchange at high concentrations, resulting
in unbiased values of the selectivity coefficients.

• the Separate Solution Method (SSM) II consists in the
independent calibration of the sensor with respect to the
ions A and B. The two activities that satisfy the condition
E A = EB are used for the calculation of the selectivity
coefficient according to (11).

• the Fixed Interference Method (FIM) is based on the
use of solutions containing interfering ions at a constant
concentration, and varying concentration of the target ion.
The intersection of the extrapolated linear portions of
the calibration curve plotted in a semi-logarithmic scale
is used to determine the activity of the target ion aA.
In Figure 9b, an example of FIM calculations is reported
for a Li+ ISE with respect to four interfering ions. From
these values, it is possible to compute the selectivity
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Fig. 8. a) Summary of the steps for the calculations of selectivity
coefficient with the SSM. b) Example of interference measurements and
calculations for a Li+ ISE with the SSM.

coefficient K pot
A,B using the following relation:

K pot
A,B = aA

(aB)
z A
zB

, (11)

where z A and zB have the same sign.

The first and third methods described above must be con-
sidered the most reliable ones. In fact, as reported in some
works [52], [53], the SSM II, also called Matched Potential
Method (MPM), might give rise to negative potential changes.
In this case, the selectivity coefficients obtained with this
method are meaningless.

In the case of FIM, the calibration is performed with respect
to the target ion, at a constant concentration of each interfering
ion. On the contrary, in the SSM, the calibration must be done
with respect to each interfering ion (see the difference in label
between the x-axes of Figure 8b and 9b).

It is also worth to underline that the FIM can give an
indication of the minimum target ion concentration at which
the interference effect is not relevant. Moreover, some papers
[31], [51] have shown that the simultaneous measurements of

Fig. 9. a) Summary of the steps for the calculations of selectivity
coefficient with the FIM. b) Example of interference measurements and
calculations for a Li+ ISE with the FIM.

some interfering ions (in addition to target ion-sensing) can
be useful to correct interference errors, thus improving the
analytical accuracy.

IV. HARDWARE AND SOFTWARE INTERFACES

Ion-sensing working principle, technology and performance
evaluation criteria formerly described are concepts generally
applicable to biomedical healthcare, environmental and water
quality monitoring, or agriculture. In this section, more empha-
sis is put on biomedical applications, for which particular
attention should be paid for the co-design of hardware and
software interfaces in a wearable potentiometric sensing sys-
tem. Namely, some guidelines are provided for a seamless
integration of ion-sensors with electronic interfaces, where
accurate, portable and power-efficient solutions are needed to
achieve continuous and real-time on-body ion-monitoring. The
main building blocks of integrated ion-sensing platforms are
depicted in Figure 10, where the ISE array is interfaced to
the hardware front-end performing signal acquisition, condi-
tioning, processing, and transmission to a remote node that



CRISCUOLO et al.: ALL-SOLID-STATE ISEs: TUTORIAL FOR CORRECT PRACTICE 22151

Fig. 10. Hardware and software interfaces for ion-sensors: it includes
an hardware front-end for signal acquisition, conditioning, processing,
and data transmission to a mobile device that is used as a visualization
terminal. Data are then uploaded to cloud servers for further analysis
and storage.

could be a mobile device. Data are then uploaded to cloud
servers for data analysis and storage. These functional blocks
are described in the following subsections.

A. Hardware Front-End
Electronic readout circuits for ion-sensors comprise an

analog front-end circuitry for signal acquisition and condi-
tioning, a processing unit, a transceiver for remote monitoring,
and a power management module to supply energy to these
blocks. Custom ASICs could be designed to achieve extremely
small form factor front-ends, reduce power consumption,
and increase Common-Mode Rejection Ratio (CMRR) [54],
which are strong requirements for implantable ion-sensors.
Nevertheless, the constraints from wearable potentiometric
sensors are usually fulfilled by off-the-shelf integrated circuits.
Namely, low-power, low-noise, high-CMRR instrumentation
amplifiers are available on the market, and all components
could be mounted on a Printed Circuit Board (PCB) with
dimensions that are suitable for integrated ion-sensing on
sweatband systems [55], [56]. Flexible PCBs are favoured
for a stable sensor-skin contact since the hardware adapts
to the shape of the body [7], [57]. The front-end is usually
mounted on polyimide substrate such as Kapton. However,
mechanical stability is a limiting factor for flexible PCBs
that are dynamically bent and folded. Therefore, advanced
technologies and materials should be chosen carefully in order
to increase wear and electrical connection stability on such
type of substrate (for instance semi-rigid PCBs, gold electrical
connections). The different modules constituting the hardware
front-end are described hereunder.

1) Signal Acquisition and Conditioning: Potentiometric ion-
sensing consists in measuring the potential difference between
the ISE and the RE, in open circuit conditions. Namely, no cur-
rent should flow through the electrochemical cell in order to
avoid potential drops at the connector and SC interfaces. As a
result, the measured OCP only depends on the potential that
is built up at the sample-ISM interface when a target ion is
entrapped by the membrane phase [20]. However, in practice,
a polarization current of few pA is needed to lower the LOD,
increase sensitivity and reproducibility of the sensor [6]. This
quasi-zero current polarization is achieved by high impedance
voltage buffers that ensure electrical isolation of the sensing
platform. Moreover, the RE is tied to a virtual ground potential
(analog ground or steady voltage). Attention should be paid

for hybrid electrochemical platforms supporting both amper-
ometric and potentiometric sensors. Indeed, current-sensing
and voltage-sensing paths should be electrically isolated. Thus,
the RE cannot be floating anymore, and the effective difference
of potential between the ISE and the RE is sensed [7], [58].

Next, a differential amplifier is needed to resolve the
OCP of the two-electrodes electrochemical cell. This reduces
the common-mode noise as well. A gain stage of four or
five is set so as to leverage the full dynamic range of the
Analog-to-Digital Converter (ADC) downstream [59]. This
allows increasing OCP readout resolution. Both buffering and
differential amplification could be implemented with an off-
the-shelf instrumentation amplifier. Low-power, high-CMRR,
rail-to-rail instrumentation amplifiers are available on the
market [60].

Besides, the signal conditioning path includes a low-pass fil-
ter serving as anti-aliasing element before sampling the signal,
and it is used to remove high-frequency noise and interference
from OCP measurements as well. A unity-gain low-pass filter
is typically implemented with a Sallen-Key topology that could
be cascaded to form high-order filters. A 4th-order Sallen-
Key Butterworth low-pass filter is a common design choice to
achieve a flat pass-band response and a steep 80 dB/decade
roll-off. Sub-Hz corner frequency are implemented since the
potentiometric sensor signals are DC potentials [7], [59].

Eventually, the output signal is sampled by a calibrated
ADC. The in-built ADC from a Micro-Controller Unit (MCU)
is generally used if it complies with accuracy requirements.
An alternative to the use of a differential amplifier is to
sense the potential of ISE and RE directly, with positive and
negative input of the ADC, respectively [61]. Furthermore,
oversampling and averaging are implemented in software on
the MCU so as to improve resolution and accuracy of OCP
readout.

2) Wireless Data Transmission: The elaborated data is sent
to a transceiver, leveraging serial communication capabilities
of the on-board MCU –Universal Asynchronous Receiver
Transmitter port, Serial Peripheral Interface, Inter-Integrated
Circuit bus. Then, the wireless module transmits the data to
a mobile device for visualization. Several wireless commu-
nication protocols are available: Bluetooth low energy, near-
field communication, ZigBee, ANT+, Wi-Fi, and many others.
Its choice depends on the specifications from the ion-sensing
application and some criteria such as the range of transmission,
the bit rate, the number of channels supported and channel
bandwidth, the power-saving schemes, and the protocol effi-
ciency for processing the data packets to convey [62]. These
figures are considered, targeting a power-efficient, continuous,
and real-time ion-monitoring.

3) Power Management: Reducing power consumption is a
salient priority in the design of wearable devices since they
need to operate continuously for a large time span. It is even
more intricate for multi-sensing platforms collecting signals
from array of sensors. Rechargeable flat lithium-ion batteries
with nominal voltage of 3.7 V are a common solution to
power-up the hardware front-end. The choice of the battery
capacity is conditioned by its form factor that should enable
its integration into a portable system. Coin cell batteries are
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another alternative, but these batteries are rather heavy and
hardly compatible with flexible sensing platforms.

Voltage-boost regulators, DC-DC converters, or Low-
Dropout regulators are used in order to get stable and regulated
voltage supplies for the analog front-end, the MCU, and the
wireless module. Suitable protection circuitry are also added
to protect the battery from unwanted output shorts and over-
charging.

4) Data Visualization and Storage: Custom mobile appli-
cations are designed to provide an user-friendly interface
enabling the visualization of the biological information of
interest in real-time. Device pairing and secure connection,
configuration of the wireless transmission process (data rate,
potentiometric channel to acquire data from), plotting, and
sharing features are desired services to have on the application.
The small memory resources of the mobile device suggest to
upload the aggregated biological information to cloud servers,
where they could be stored and further analysed by experts or
through complex data analytics.

B. Chemometric Tools for Ion-Sensors
Chemometrics is an interdisciplinary field that lever-

ages signal processing, mathematical methods, and statistics,
to address problems in analytical chemistry, biochemistry,
or medicine [63]. A data-driven approach is implemented
where the objective is to extract relevant information from
sensor responses in order to solve descriptive problems (under-
standing the properties of chemical systems), or for predictive
tasks (predict attributes of components in chemical systems).
Within a multi-ion-sensing framework, chemometric tools are
developed to get an accurate estimate of the electrolytes of
interest in the sample. For biomedical applications, it means
providing meaningful feedback to the user about its physiolog-
ical status, hydration state, or muscle fatigue, from the signals
output by ISEs. For water quality monitoring, it consists
in measuring the concentration of multiple free ions and
pollutants to ensure that the water complies with quality stan-
dards. The assessment of unknown samples is possible after
thorough in-the-field calibration procedures, that are mapping
the sensor responses to conclusive physiological information
or water quality compliance, for the two previous examples.
The massive amount of data collected from several subjects
or samples could be used as a database for data mining tools
and machine learning models that extract relevant analytical
information from these aggregated data. The coupling of
these chemometric software tools with a multi-ion-sensing
platform forms an electronic tongue system that is constructed
to improve the prediction accuracy of the electrolytes of
interest [64]. In addition, being able to warn the user when one
electrolyte is out of its nominal concentration range, or trend,
is a desired feature for such intelligent sensor.

An important challenge in accurate ion-sensing arises from
ion interference, as explained in Section III-D. Interference
comes from the sample matrix that inherently contains back-
ground electrolytes, or from extrinsic compounds (e.g. toxic
compounds and trace metals). Ion interference significantly
distorts sensor response and increases the lower LOD of the
sensor. This is critical if the non-linearity affects the range

of interest of the ions to be tracked. A typical approach is
to use a multi-ion-sensing platform that monitors the activity
of the target ions and also the main interfering electrolytes,
so that the latter information could be used as an additional
feature for the machine learning model in a feedback network.
Artificial neural networks are commonly built to optimize this
multivariate calibration procedure [65], [66].

The machine learning models are implemented in cloud
servers to leverage computational and memory resources.
However, latency could be a bottleneck for real-time ion-
monitoring. Thus, models with a lower computational com-
plexity, or pre-trained models could be deployed onto edge
devices at the vicinity of the sensors, e.g. Raspberry-Pi, Field
Programmable Gate Array, Arduino boards, in order to get a
coarse estimation of the parameters of interest. The power
consumption of the overall internet-of-things system is a
predominant factor for the design choices and trade-offs.

V. CONCLUSION AND FUTURE PERSPECTIVES

The interests in the improvement of the all-solid-state ion-
sensing technology has grown rapidly in the last years as
a consequence of the increasing demand for remote and
wearable ion-sensors. This typically exploit a variety of novel
solid-contact materials to enhance performance.

These devices have apparently a simple working principle.
However, the theory and characterization practice of these
class of sensors differs in some cases from traditional defini-
tions. In this tutorial, we have discussed the proper protocols
required to achieve reproducible results and especially to
define sensing parameters that can be safely compared to
literature ones. A brief overview of the major hardware and
software design considerations is also given to provide a
complete overview of the technology.

Despite the fast advancement of this technology in recent
years in several fields, there is still large room for improve-
ments to fabricate efficient all-solid-state ISEs for portable and
wearable devices suitable for commercialization. Certainly,
the recent expansion of the interests on ISEs will contribute
to the fast growth of the technology, with significant impact
on various fields of research, like healthcare and water quality
monitoring.
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