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Abstract: Solid-contact ion-selective electrodes (SC-ISEs) have the advantages of easy miniaturiza-
tion, even chip integration, easy carrying, strong stability, and more favorable detection in complex
environments. They have been widely used in conjunction with portable, wearable, and intelligent
detection devices, as well as in on-site analysis and timely monitoring in the fields of environment,
industry, and medicine. This article provides a comprehensive review of the composition of sensors
based on redox capacitive and double-layer capacitive SC-ISEs, as well as the ion—electron transduc-
tion mechanisms in the solid-contact (SC) layer, particularly focusing on strategies proposed in the
past three years (since 2021) for optimizing the performance of SC-ISEs. These strategies include
the construction of ion-selective membranes, SC layer, and conductive substrates. Finally, the future
research direction and possibilities in this field are discussed and prospected.
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1. Introduction

The 21st century is an era of great health, and human beings are constantly pursuing
complete health in psychology, physiology, society, and environment. Green ecological
environment and health have become a common aspiration of all humankind. Environ-
mental pollution and life health have always been issues of great concern. Therefore, the
development of sensors that can achieve timely monitoring and on-site analysis of target
substances is of great significance for people to create a green ecological environment
and understand their own health status. With the development of technology, various
electrochemical sensors have been studied, including ion-selective electrodes, which can
quantify the concentration of target ions and relate it to electrical output parameters, such
as potential, impedance, and current, and have become the most promising biological and
chemical sensing devices due to their excellent detection performance, low cost, low energy
consumption, simple equipment, and single output parameters [1]. It has been found that
traditional liquid-contact ion-selective electrodes (LC-ISEs) have inherent limitations [2]:
(1) The evaporation, permeation, sample temperature, and pressure changes of the in-
ner filling solution affect the electrode response; (2) Osmotic pressure resulting from the
difference in ion strength between the sample and the inner filling solution can cause
water to enter and leave the internal filling solution, resulting in large volume changes or
stratification of the ISM; hence, LC-ISEs must be used and maintained carefully, which
incurs high cost; (3) There is a steady-state ionic flux between the inner filling solution and
the test solution; (4) It is difficult to reduce the volume of the inner filling solution to the
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milliliter level, making it difficult to miniaturize the electrode. These factors have hindered
the development of LC-ISEs in the past. In recent years, SC-ISEs have been continuously
developed and applied. Compared with LC-ISEs, a solid contact (SC) layer is formed
between the ion-selective membrane (ISM) and the electronic conduction substrate (ECS) in
the structure of SC-ISEs to replace the liquid contact, serving as an ion—electron conversion
layer, thereby eliminating the cumbersome liquid-phase contact and completely solving
the problem of the need for an internal filling solution in LC-ISEs. Combining SC-ISEs with
potentiometric analysis, the application performance of SC-ISEs is significantly improved
due to the inherent advantage of potentiometric analysis in terms of power efficiency. In an
electrochemical process, when a negligible bias current flows, the potential at the interface
between the working electrode and the reference electrode can be accurately measured [3,4].
Compared with voltammetric and amperometric sensors, this technique is less affected by
Ohm’s drop and interference effects [5]. In addition, previous studies have demonstrated
that electrodes based on potentiometric analysis can achieve a miniaturized design without
sacrificing sensitivity [6]. Therefore, SC-ISEs have the advantages of easy miniaturization,
even chip integration, easy carrying, strong stability, and more favorable detection in com-
plex environments. They have been widely used in conjunction with portable, wearable,
and intelligent detection devices, as well as in on-site analysis and timely monitoring in the
fields of environmental monitoring, food safety, and medicine.

Although SC-ISEs have developed rapidly in recent decades, there are still many issues
such as poor stability, low reproducibility, and high toxicity of ion carriers in wearable devices.
Previously, there have been some related review papers on SC-ISEs, but the publication years
are mostly before 2021 [7,8]. In order to address these issues and help readers from a wide
range of disciplines to conduct more in-depth research in the field of SC-ISEs, this article
provides a comprehensive review of the composition of sensors based on redox capacitive
and double-layer capacitive SC-ISEs, as well as the ion—electron transduction mechanisms
in the solid-contact (SC) layer, particularly focusing on strategies proposed in the past three
years (since 2021) for optimizing the performance of SC-ISEs. These strategies include the
construction of ion-selective membranes (SIMs), the SC layer, and conductive substrates. Future
research directions and possibilities in this field are also discussed and prospected.

2. Composition and Working Principle of Solid-State Potential Sensors

There are two design schemes for solid-state potential sensors. One is the standard
configuration, which consists of an SC-ISE and a solid-state reference electrode (RE) in
a dual electrode layout [9]. The other configuration is the three-electrode design, which
includes an additional counter electrode (CE) compared to the standard configuration [10].
Among them, SC-ISEs are composed of the ISM, the SC layer, and the ECS [11]. The
ISM is the most important component of SC-ISEs and has been widely studied in the
past few decades. The ISM is composed of an ion carrier, an ion exchanger, a plasticizer,
and a polymer matrix. These components have different functions. The ion carrier is
responsible for selectively extracting the target ions from the sample interface into the ISM.
Therefore, the ion carrier generally has a functional group structure that can accommodate
a large number of target ions or a functional group structure with coordination space and
coordination sites that can fulfill ion-specific binding. In addition, highly hydrophobic
ion carriers can also prevent the leakage of membrane components into the sample [12].
Currently, a large number of natural or synthetic ion carriers, mainly cationic uncharged
carriers or anionic charged carriers, have been developed [13]. The ion exchanger is an
indispensable and important part of the ISM. It can introduce a large number of ions
with opposite charges into the membrane to reduce interference. It can also facilitate
the exchange process between the ISM and target ions and increase the conductivity of
the ISM. This characteristic is very favorable for the miniaturization of SC-ISEs. When
the ion carrier is electrically neutral, using an ion exchanger with an opposite charge
to the target ions can ensure that the ISM has a considerable number of ion sites with
opposite charges, thereby achieving the “Donnan exclusion effect” for electrically neutral
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carriers [14]. Currently, commonly used cationic ion exchangers include sodium tetrakis
(pentafluorophenyl) borate (NaTFPB), potassium tetrakis (4-chlorophenyl) borate (KTPCIPB),
and potassium tetrakis [3,5-bis (trifluoromethyl) phenyl] borate (KTFPB). The polymer matrix
provides the necessary physical and mechanical properties for the ISM and serves as the
backbone of the ISM. Currently, widely used polymer matrices include polyvinyl chloride
(PVC) and its derivatives, acrylic esters, polyurethane, polystyrene, and silicone rubber. The
plasticizer is used to improve the plasticity or fluidity of the active components in the ISM.
Selecting an appropriate amount of plasticizer can ensure both the physical properties of
the ISM and its high fluidity. In addition, plasticizers with different polarities have different
dielectric constants and liposolubilities. Therefore, the selection of the plasticizer should meet
its compatibility with the ion carrier, thus optimizing the selectivity of the ISM based on the ion
carrier [15]. Common plasticizers used in polymer membranes are bis(2-ethylhexyl) sebacate
(DOS), dibutyl phthalate (DBP), dioctyl phthalate (DOP), and 2-nitrophenyloctyl ether (NOPE).

The potential difference between SC-ISEs and the reference electrode (including the con-
nected metal wire) is the measured electromotive force (EMF), and the total EMF is equal
to the sum of all interfacial potentials [16]. When the sensor is in operation, the target ions
in the sample are specifically recognized by the ion carrier in the ISM, resulting in an input
signal [17]. Subsequently, unlike traditional LC-ISEs (Figure 1a) where a reversible redox reac-
tion (Equation (1)) is induced through the internal filling solution through the inner reference
electrode (Ag/AgCl), the ions in the ISM as freely movable charge carriers are conducted to the
SC, achieving an ion—electron conversion at the ISM/SC interface. Depending on the different
conversion mechanisms, SC can be classified into oxidation—reduction capacitance-type and
electric double-layer (EDL) capacitance-type.

inner filling
a sample ion-selective membrane solution AgClI Ag
e
R™ ML,*<= M* Agte
I L
M* == ML,* R- Clre=CI
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SC withredox  e-conducting
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Figure 1. Schematic representation of all relevant interfaces within different types of ISEs with cation
(M*)-selective membranes that contain an electrically neutral ionophore (L) and anionic sites (R™):
(a) a conventional ISE with an inner filling solution; (b) an SC-ISE based on an anion (A~, R™) doped-
conducting polymer (CP) SC with a high redox capacitance; (c) an SC-ISE based on a high-surface-area
SC exhibiting a high double-layer capacitance [16].

The oxidation-reduction capacitance-type SC-ISEs introduce a conductive material
with a large oxidation-reduction capacitance between the ECS and ISM. Conducting poly-
mers (CPs) not only exhibit electronic conductivity but also demonstrate ionic conductivity
through doping, making them an efficient ion—electron transducer with both electronic
and ionic conductivities. Similar to the redox reactions of the built-in reference electrode
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in traditional LS-ISEs, the oxidation-reduction reactions (Figure 1b) occurring during the
conversion of charge carriers from ions to electrons in CP-based SC-ISEs can be repre-
sented by Equations (2) and (3), and these two reaction steps determine the potential
difference (A @pz) at the CP/ECS interface, while the distribution of ions in CPs and the
ISM determines the potential difference (A @y,;) at the interface between the two phases.

Ag(s) + Cli(aq) =5 AgCl(S) +e (1)
CP+A_(SC) + M+(SIM) +e = CPOA_M+(SC) (2)
CP'R™(sc) +e~ = CP%sc) + R (s1m (3)

where CP represents the conducting polymer and A~ refers to the doping ions (such as poly(4-
styrenesulfonate) polyanion, PSS™). M* and R™ represent the target ions (such as K*) and the
hydrophobic counter ions (such as tetraphenylborate derivatives), which can be transferred
through the interface between the ISM and CPs. Currently, the deposition of CPs on the
ECS is typically achieved through methods such as drop casting from polymer solutions
or electrochemical polymerization, which are both conducive to mass production and
commercialization of the sensor.

In EDL capacitance-type SC-ISEs, one side of the ISM/SC interface carries ionic charges
due to the accumulation of cations and anions from the ion-selective membrane, while
the other side carries charges formed by electrons or holes in the SC layer. Therefore, the
ion—electron transduction in this type of SC-ISEs can be simply described as the formation
of an asymmetric capacitor at the ISM/SC interface (Figure 1c). As the concentration of
target ions changes, some electrons are capacitively coupled with the SC, leading to changes
in the potential compensation ions of the EDL potential and indirectly calibrating the ion
activity [18]. Carbon materials such as carbon nanofibers, carbon nanotubes (CNTs), graphene
(GP), and carbon black (CB) exhibit chemical inertness, insensitivity to gases, light, and redox
substances; and are widely utilized in sensor technology due to their unique chemical, me-
chanical, optical, and electrical properties [19]. Their superior conductivity has made them an
attractive and promising material for surface conductivity (SC) with a confirmed dependence
on the electrolyte-driven layer (EDL) capacitive conduction mechanism [20-23]. Bene et al. [24]
improved the electrochemical detection performance of potential sensors by using nanocom-
posites prepared by doping double-walled carbon nanotubes (DWCNTs) into PEDOT and PPy.
Metal oxides, which are ionic compounds containing positive cations and negative oxygen
ions, possess unique optical and electrical characteristics. Copper oxide nanoparticles (CuO)
exhibit high conductivity and are p-type semiconductors. Abdelaal et al. [25] developed a
novel ion—electron transducer layer by synthesizing nanocomposites incorporating Ag/Cu0
nanoparticles with t-butylcalix[8]arene (BCXS).

Due to the high conductivity of most EDL capacitance materials, A is negligible.
Unlike the case of solid contact with CPs, the interface potential (A @) between the SC/ISM
is neither determined by ion distribution between the two phases nor by the redox reaction.
Furthermore, there is no charge transfer at the SC/ISM interface, making ¢, undefined.
However, ¢ is related to the charge amount AQ in the electric double layer, and its
potential change can be described by Equation (4).

Apen =AQ/C (4)

where AQ is the charge amount passing through the SC/ISM, and C is the EDL capacitance.
Therefore, the larger the EDL capacitance of SC-ISEs based on EDL capacitance materials,
the more stable the potential response signal.

In order to improve the performance of SC-ISEs, current research mainly focuses on
the development of new materials for each component in the ISM and the adjustment of
their content. As the bridge between the ECS and ISM, SC is an important component of
SC-ISEs and has been the main focus of research in recent years.
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3. Index of Characteristics

The International Union of Pure and Applied Chemistry (IUPAC) provides recommen-

dations for evaluating the performance indicators of ISEs, and several important indicators
are commonly used to evaluate the sensing performance of SC-ISEs.

)

@)

®)

@)

©)

(6)

Selectivity: The selectivity of SC-ISEs refers to their ability to detect the target ions
while disregarding other interfering ions. In practical measurements, SC-ISEs may
also respond to some interfering ions, leading to a deviation of the response slope from
the theoretical value and a decrease in sensitivity. An ideal SC-ISE has high selectivity,
ensuring accurate information about the presence and activity values of target ions.
The selectivity coefficient is usually calculated based on the two-solution method in
mixed solutions [26]. A smaller selectivity coefficient indicates better selectivity and
stronger anti-interference ability of the SC-ISE.

Reproducibility: Over time, the ionized compounds in the membrane structure enter
the aqueous solution, and the stability of the electrode gradually decreases, resulting
in a decrease in the slope [27]. Currently, SC-ISEs must be periodically calibrated to
meet the requirements of practical testing, and the pre-calibration process is essential,
which relates to the accuracy and reproducibility of the test results. However, complex
or frequent calibration processes consume a significant amount of time and increase
costs, especially for commercial potential sensors, which require users to have certain
professional knowledge. It has been found that adding oxidable/reducible active
substances with buffering capabilities to the SIM can significantly improve the repro-
ducibility of the initial E° of carbon-based all-solid-state ion-selective electrodes [28].
However, the loss of oxidable/reducible active substances caused by the ion exchange
in the ISM may lead to a gradual drift of E°. Therefore, achieving high reproducibility
of the standard electrode potential remains a challenge and an important step toward
achieving calibration-free measurements.

Detection limit and detection range: Both excessively high and low activity of target
ions in the test solution can cause the electrode response to deviate from the theoretical
value of the Nernst slope. When the concentration of the target ions is too low,
interfering ions can enter the selective membrane and interfere with the electrode
response, resulting in the limit of detection (LOD). When the activity of the target
ions is too high, the ISM will undergo co-extraction with the test solution, resulting in
the detection upper limit [29]. According to the definition by IUPAC, the intersection
of the extension lines of the horizontal and linear parts represents the activity of the
target ions corresponding to the detection upper limit or detection lower limit; the
linear part between the detection upper limit and detection lower limit represents the
detection range of the electrode.

Response time: The response time refers to the time required for the electrode’s
potential to reach 95% of the equilibrium value after immersing from one sample
solution to the next. It reflects the speed at which the potential value of SC-ISEs
reaches equilibrium.

Lifespan: The lifespan of an electrode refers to the duration of time the electrode can
function properly while maintaining its performance indicators. Factors such as aging
of the membrane matrix, loss of ion carrier and membrane additives, and external
environmental damage to the membrane components can all affect the lifespan of
SC-ISEs. Wardak et al. [30] modified polymer membranes with a nanocomposite
composed of carbon nanofibers and ionic liquid (1-hexyl-3-methylimidazolium hex-
afluorophosphate), which significantly enhanced the strength of the ion-selective
membrane (ISM), and the electrode retained its properties for four months, with
negligible changes in the standard potential (E°) and Nernst slope.

Stability: The stability of the electrode refers to the fluctuation and drift of the elec-
trode’s measured potential during the operation. Ideally, SC should have a non-
polarizing interface with a high exchange current density [31]. However, in practical
testing, the input current of the measurement amplifier inevitably leads to its charge—
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discharge, causing polarization of the electrode to varying degrees and resulting in a
potential drift. Currently, the stability of the electrode is evaluated using the reverse
current timing potential method proposed by the Bobacka group [32].

4. Construction Strategies and Applications of SC-ISEs
4.1. Oxidation—Reduction-Type SC-ISEs

CPs are considered to be one of the most effective ion—electron transducers. Among
the many SC materials studied, poly(3-octylthiophene) (POT), polyaniline (PANI), and
poly(3,4-ethylenedioxythiophene) (PEDOT) are the most commonly used.

In environmental monitoring and water safety analysis, the stability, response time, sensi-
tivity, and lifespan of SC-ISEs are adversely affected when the ISM is covered by biofilm on the
electrode surface [33,34]. In recent years, capsaicin and its derivatives have been widely used for
their ability to inhibit microbial adhesion [35] in applications such as anti-fouling coatings and
antibacterial ultrafiltration membranes [36,37]. Liu et al. [38] successfully prepared a lead ion-
selective electrode (GC/PANI-PFOA /Pb?*-PISM) based on PANI by incorporating an envi-
ronmentally friendly capsaicin derivative (propyl 2-(acrylamidomethyl)-3,4,5-trihydroxy
benzoate, PAMTB) into the ISM. First, PANI doped with PFOA was electrodeposited on
a glassy carbon electrode (GC) to prepare the hydrophobic SC (PANI-PFOA) (Figure 2).
Then, a lead ion-selective membrane (Pb%*-PISM) composed of lead ion carrier IV, PAMTB,
o-NPOE, PVC, and NaTFPB was assembled on the surface of the SC. The long-term anti-
fouling effect of the sensor was evaluated, and the study showed that the introduction
of PAMTB in the ISM effectively inhibited bacterial attachment on the surface of PISM,
thereby improving the overall anti-fouling performance of the SC-ISEs. The excellent
antimicrobial performance is attributed to the leakage of PAMTB, which contains abundant
phenolic hydroxyl and amide functional groups, from the ISM when it is immersed in
the solution. This disrupts the cell membrane structure of Escherichia coli and/or causes
osmotic stress, leading to bacterial cell deformation, collapse, and rupture, resulting in
bacterial inactivation [39]. In addition, PISM doped with PAMTB exhibits slightly increased
hydrophilicity, which is helpful in reducing the adhesion of biofouling. Under optimal
conditions, the constructed sensor has no water layer, high selectivity, stability, and an
LOD of 1.9 x 10~7 M for Pb?* in water, with a response slope of 28.5 + 0.8 mV/decade
and a response time of 20 s. This study provides a new strategy for developing anti-fouling
SC-ISEs in complex water systems.

a b
= a BFE e
GNP ﬁ*“@ w@\%

Pb*~ISM

m\u‘e bacterial ;‘; i Dead bacterial -“‘ PANI-PFOA * PAMTB

Figure 2. (a) Biofouling process on Pb%*-ISM and (b) antifouling mechanism of Pb%*-PISM [38].

CPs can facilitate a charge transfer at the sensor interface and enhance the potential
stability of ISEs [40—42]. However, due to certain limitations of CPs, such as sensitivity to
light, redox side reactions, and the presence of water layers at CP/ISM interfaces, CP-based
SC-ISEs are limited in practical applications [43]. Composite materials of CPs with highly
stable materials are considered effective solutions to improve the hydrophobicity and long-
term stability of SC-ISEs. Metal-organic frameworks (MOFs) have emerged as promising
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candidates for improving CP performance due to their unique properties, such as crystal
structure, high porosity, and excellent chemical inertness and thermal stability [44]. The
MIL-101(Cr) framework possesses a large pore size and surface area, as well as superior
chemical inertia and thermal stability [45], and can effectively convert ion signals passing
through the ISM into electronic signals between the metal contact and the sensing ele-
ment [46]. Additionally, the hydrophobic nature of MIL-101(Cr) can prevent the formation
of water layers at SC/ISM interfaces and minimize potential drift [47]. Keshta et al. [48] de-
veloped a low-cost and HF-free synthetic approach to obtain MIL-101(Cr) (R-MIL-101(Cr))
from organic waste (PET bottles) and inorganic waste (CrpO7 ™) (Figure 3). PANI-based
R-MIL-101(Cr)-conductive composite material (PANI@R-MIL-101(Cr)) was prepared by an
in situ polymerization method, and then PANI@R-MIL-101(Cr) was fixed on the surface of
physically polished and DI-washed solid contact screen-printed electrodes (SC-SPEs) using
drop casting. Finally, a SIM membrane composed of potassium tetrakis-4-chlorophenyl
borate (KTPCB) as a cation exchanger, 3-cyclodextrin as an ion carrier, di-n-butyl sebacate
(DBS) as a plasticizer, and PVC as a polymer matrix was used to construct the SC-Pb?*-ISE
for rapid on-site detection of Pb?* in environmental samples. The study demonstrated
that PANI@R-MIL-101(Cr) exhibited fast ion—electron transport characteristics with low
impedance and high capacitance, while its surface area (87.50 m?/g) and hydrophobicity
(CA = 62.85°) were higher than pure PANI. These excellent characteristics enhance the
sensor’s conductivity for faster ion-to-electron transfer and hinder the formation of water
layers at the electrode/SIM interface. Under optimal conditions, the sensor achieved an
LOD for Pb?* aslow as 1 x 107 mol/L, a potential drift of 0.9 mV h™1a response time
of 55, and a lifespan of 70 days. This strategy provides new insights for reducing the
production cost of Pb?* sensors and opens the door for the development of new composite
materials. However, developing low-cost sensors capable of rapid and highly sensitive
detection of other metal ions remains a challenge.

(a) COOH
C’é}& Basic 9@5@%
— £ 25)
Q) hydrolysis %: P g -
PET waste COOH = [ Centrifugation g L
BDC —- Y, & ®Y

(@

Acidic

Dy 3 % o et
Cré* o CT %@“

reduction solution 12h,220°C R=MIL=101(Cr)

(b) ™

IWE% Aniline, HCI
} [ . (NH,),S,04
2P In-situ
§\ % ?‘% polymerization

R=MIL=101(Cr)

(c)

Screen printed

PANI@R—MIL=101(C:

@R -MIL=101(Cr) oreen pin
P _eeeeee._ electiode

% :R=MIL=101(Cr) ~ : PANI P0?" — selective Sediment sample
b membrane containing Pb?*ions

Figure 3. (a) R-MIL-101(Cr) synthesis from recyclable PET and Cré*. (b) Polymerization of aniline
over R-MIL-101(Cr) to produce PANI@R-MIL-101(Cr) composite. (c) Potentiometric experiment setup
for determining Pb2* jons in the sediment sample [48].

Another potential drawback of using CPs as SC is their continuous redox potential
behavior, which presents a challenge for improving the reproducibility of ASS-ISEs with
CPs layers. Although the shorting method can improve this drawback, it becomes relatively
time-consuming toward the end of the process. In addition to CPs, various other oxidation—
reduction SC materials have been developed, such as oxidation-reduction self-assembled
monolayers (SAMs) and novel oxidation-reduction pairs. However, SAMs have a limited
oxidation-reduction capacity, resulting in less-than-ideal potential reproducibility for SAM-
based all-solid-state ISEs (standard deviation of standard potential, E°, £10 mV) [49].
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To address this issue, Mu et al. [50] proposed a strategy to functionalize macroporous
gold (m-PG) with a ferrocene-based SAM (FcCgSH) and incorporate it into polymeric
solid-contact ISEs for carbonate ions (CO3%™) (Figure 4). The membrane components
included carbonate ionophore VII, tridodecylmethylammonium chloride (TDMACI), PVC,
and di-n-butyl sebacate (DOA). Firstly, m-PG substrate was prepared on a gold electrode
surface using an electrochemical self-template method combining gold electrodeposition
and hydrogen bubbling. Then, the FcCsSH SAM with thiol groups anchored to the m-PG
thin film (Au/m-PG/FcCsSH) was formed through gold—sulfur bonds. Finally, the SIM
membrane was applied to the Au/m-PG/FcCgSH surface. FcCgSH not only prevents the
formation of water layers at the ECS/SIM interface, but also facilitates charge transfer at
the ECS and SIM interface due to its highly electron-rich sandwich structure, resulting in
stable changes in the standard potential (E°) of the SC-ISEs (standard deviation of E° of
1.5 mV). Additionally, the exceptional conductivity and large surface area of m-PG with its
porous structure were found to enhance the potential performance of the sensor compared
to planar gold ECS. Under optimal conditions, the sensor achieved an LOD of 1.1 x 107> M
for CO32~, a response slope of 28.3 & 0.4 mV /decade, improved potential stability, and
a lifespan of at least 120 days. This approach, which transformed the electrode substrate
from a planar to a porous structure to enhance the redox capability of the SC layer, provides
new insights into constructing stable and reliable SC-ISEs.

Fabrication of macroporous gold

B " Step 1: gold eleclrodepositionM Step 2: hydrogen bubbling ;;/{

S i : S ng&:&;?" Self — assembled p N = :
= CO;" " —selective membrane - so S = fanctionalization — & . ‘

—— HS~n EE
Solid-contact CO,* —selective electrode Ferrocenyl SAM — functionalized macroporous gold Macroporous gold electrode

electrode

Figure 4. Schematic representation of fabrication of the SC-ISEs based on functionalized ferrocenyself-
assembled monolayer [50].

Nickel-cobalt-sulfide (NiCo,S;) is a well-known supercapacitor material in the field
of energy storage, with a significantly higher redox capacitance (~2000 F g~!) than indi-
vidual metal sulfides [51]. Li et al. [52] utilized a one-step hydrothermal or solvothermal
method to form a uniform SC on a glassy carbon (GC) surface, followed by constructing an
all-solid-state Ca®* ion-selective electrode (NiC0,S4-based for all-solid-state solid-contact
Ca?*-ISE) using calcium ion carrier II (ETH129), NaTFPB, PVC, 0-NPOE, and other mem-
brane components. The constructed ASS-Ca?*-ISE exhibited high reproducibility (standard
deviation of E° of 0.35 mV) and a low potential drift of 1.77 uV s~!, especially the signif-
icantly improved stability owing to the high redox capacitance of 565 uF. The excellent
electrochemical performance was attributed to NiCo,S4, which provides remarkable redox
capacitance through the reversible redox reactions of Ni** /Ni?* and Co**/Co* /Co?* [53].
Under optimal conditions, the sensor achieved an LOD for Ca?* aslow as 5.0 x 1077 M,
with a Nernst slope of 27.5 &+ 0.2 mV /decade. This potential sensor is expected to be used
for calibration-free potential measurements.

In recent years, another type of SC-ISE, paste electrodes, has attracted widespread
attention in the field of electrochemistry [54,55]. The advantages of this electrode lie in its
easy preparation and simple structure; especially after being used, a new electrode can be
obtained by peeling off the ISM layer, reapplying a small amount of paste, and re-covering
the surface with the ISM. The paste used in paste electrodes should meet certain require-
ments, such as facilitating rapid ion-electron transduction and having a non-polarized
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surface between the paste and ISM. Additionally, the paste should be hydrophobic, have
low water absorption, and be cost-effective and non-toxic. Moreover, the combination of
CPs with single-metal-oxide nanoparticles has been studied for ion—electron transducers,
showing that modifying CPs with metal oxide nanoparticles as fillers can improve the elec-
trical performance of CPs [56,57]. Titanium dioxide (TiO,) possesses attributes such as high
mechanical strength, strong binding energy, high electrical conductivity, excellent chemical
stability, large surface area, and non-toxicity. Niemiec et al. [58] modified carbon black (CB)
paste based on poly(3-octylthiophene-2,5-diyl) (POT) with hydrated ruthenium dioxide
(RuOy) to fabricate a novel carbon paste ion-selective electrode for nitrate ion (NO3;™)
determination in soil. The high capacitance and low charge transfer resistance of hydrated
ruthenium dioxide significantly reduced the potential drift of the sensor. Under optimal
conditions, the sensor was unaffected by light and pH conditions ranging from 2 to 10,
achieving an LOD of 107532 M for NO; . Similarly, Abdallah et al. [59] polymerized aniline
in the presence of TiO, and CuO nanoparticles to obtain a TiO,-CuO bimetallic/PANI
nanocomposite, which was used as a transducer in a carbon-paste electrode (Figure 5). An
ion-selective carbon-paste electrode for the determination of vildagliptin concentrations in
bulk drugs, tablets, and human plasma was developed using 18-crown-6 ether as the ion
carrier. The study showed that the presence of TiO, and CuO simultaneously produced a
synergistic effect, resulting in better electrical performance of the carbon-paste electrode
based on TiO,-CuO bimetallic compared to the single-metal /polyaniline nanocomposite
electrodes. Under optimal conditions, the electrode achieved an LOD of 4.5 x 10~ M
for vildagliptin, a Nernst slope of 60.04 4= 1.4 mV /decade, and a response time of 10 s + 1.3.
Furthermore, the absence of a water layer between the carbon paste and the metal conductor
resulted in high stability and a long lifespan (137 days) for the sensor.

) Graphite Powder
NH, ® ®e
| 7\ 47X Ti0O,/ CuO nanoparticles
o 2 ()(\O/\()
Aniline monomer 1-Ultrasonication at 0 °C £ .; [ j
> (Y o o
— NH," e %)
' . - o) = - ; i K/o\/l
) VO™ TiO;— CuO bimetallic/PANI
— N 0L S 18—crown—6—ether
(& _Cn) -5 O s —KTCPB
0 CuO bimetallic/PANI :
= From low o high APS ! —Paraffin Oil

~== From high to low
Homogenous mixing

Em Packing
“ - B S——

T T T T T
0 500 1000 1500 2000

Time (s)

Figure 5. Schematic illustration of the fabrication protocol of the proposed CPE [57].

The construction strategy of the ISM in SC-ISEs has always been one of the important
factors in research. On the one hand, the leakage of ISM components into the solution can
lead to the degradation or failure of SC-ISEs and contamination of the sample. It is notewor-
thy that the ion carriers in the SIM components are not only expensive but also toxic [60],
which may affect human health during the preparation and use of SC-ISEs, especially for
wearable applications. In this regard, Joon et al. [61] coated a layer of silicone rubber (SR) on
the surface of a PVC-based ISM to prevent the leakage of membrane components such as ion
carriers into the solution. Interestingly, the SR layer not only did not affect the selectivity of
SC-ISEs, but also improved the reproducibility of the electrode. On the other hand, the
hydration effect at the interface between SC and the ISM can cause the potential shift
of SC-ISEs. Although increasing the hydrophobicity of SC is an effective measure, the
hydrophilic phenomenon of the ISM is unavoidable. Therefore, the transport of water
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molecules across the membrane cannot be completely inhibited. Moreover, in long-term
analysis and monitoring, SIMs are generally fragile, and mechanical collisions in special
detection environments can cause irreversible damage to the ISM. In response to this,
Tang et al. [62] proposed a constructive strategy. They selected MyWO3; (M = Na, K) as a
dual-functional material for ion recognition and ion—electron transduction. NaWO3; and
Ko 3WO3 were anchored on the surface of a Au electrode with polyethylene terephthalate
(PET) as the substrate to construct pH and NH4" potentiometric sensors, along with a
Ag/AgCl solid-state RE, forming a wearable ion-selective sensor array without an ISM
(wearable bioelectronic ion-sensing array) (Figure 6). WO3 originally has a monoclinic
crystal structure, and its distorted crystal structure hinders ion diffusion and electron
transfer [63]. However, the group chose NaWOj3; and Ky 3WOj3 due to the incorporation of
potassium and sodium, which makes the WOj3 crystal structure more ordered and sym-
metrical. In the crystal structure, [WO¢] forms large channel centers in a square shape
(NaWO3) and hexagonal shape (K 3WO3), enabling the free movement of Na* and K* in
these channels. Meanwhile, these channels provide electrons for the WOj lattice, and the
ion—electron transduction is achieved through the oxidation-reduction of W*/5*. Previous
studies have shown that the ionic radius determines the transport capacity of the channels
for ions (H* < K*, NHy* < Na* < Ca?*) [64]. Itis noteworthy that due to the very close
ionic radii of K™ and NHy*, the anti-interference ability of the SC-ISEs to K* is particularly
important. Compared to K*, the working electrode of Ky 3WO;3 has a lower replacement
energy for NHy*, thus showing high selectivity for NH,* (rather than K*). In addition, the
working electrode of NaWOj3 in water can be divided into two layers: one is the hydrated
HxWO3; layer and the NaWO3-5C layer formed by the replacement of surface NaWOs3
with protons, and the potential difference at the HWO;/solution interface is similar to
that at the proton equilibrium of a classical glass electrode. Both sensors exhibit excellent
performance in sensitivity, selectivity, and stability, with both pH and NH4" responses
obeying Nernst slopes, with slopes of 63.8 mV pH~! (pH sensor) and 55.7 mV dec™!
(NH,4* sensor), respectively. The LOD for NHy* is 10~48 mol L~!. Furthermore, the po-
tential advantage of the group’s SIM-free design not only greatly reduces costs but also
exhibits excellent biocompatibility, providing a possible method for developing the next
generation of practical wearable ion sensors.
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Figure 6. (Color online) Comparison of the state-of-the-art and proposed ISM-free potentiometric
ion sensors. (a) Present ion sensors based on traditional SC-ISEs with three layers, i.e., substrate,
SC transducer, and ionophore-containing ISM. The transducer transforms ion concentration into
an electronic signal (e.g., PEDOT:PSS). The ISM plays a role in ion recognition (selectivity) based
on organic ionophores (e.g., nonactin ionophore for NHs* recognition). (b) The proposed ISM-free
potentiometric ion sensors with only the substrate and SC transducer of MxWOs. The MyWOj;
works as a bifunctional layer with ion-to-electron transduction through the redox reaction of Wo*/5*
(electronic conductor) and ion recognition through ion transport in the lattice (ionic conductor) [62].
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4.2. EDL Capacitance-Type SC-ISEs

In recent years, MXenes, a class of two-dimensional (2D) transition metal carbides and
nitrides [65], have attracted significant attention due to their high specific surface area, large
double-layer capacitance, and high metallic conductivity [66-68]. These competitive advantages
make MXenes a promising SC material for SC-ISEs with great potential. However, due to the
hydrophilic groups at the ends of MXenes, such as —OH, —O, and —F [69], it is not conducive to
eliminating the water layer between the conductive substrate and the ISM interface. Therefore,
introducing a modified material with excellent conductivity and hydrophobicity into MXenes
is a necessary condition for preparing stable SC-ISEs. To address this issue, Liu et al. [70]
used cationic amino-functionalized multi-walled carbon nanotubes (MWCNTS) as interlayer
spacers and introduced negatively charged MXenes via an electrostatic self-assembly method
to prepare MXene/ MWCNT composite materials as the SC for SC-ISEs (Figure 7), using N,
N-dicyclohexyl-2-[2-(dicyclohexylamino)-2-oxoethoxy] acetamide (ETH 129), NaTFPB, PVC,
and o-NPOE as membrane components to construct SC-Ca**-ISEs. The study showed that the
electrostatic self-assembly method used in this strategy can effectively prevent the aggregation
of MXene nanosheets and promote charge transfer, significantly improving DEL capacitance
and preventing the formation of a water layer at the interface. This is attributed to the large
specific surface area, good chemical stability, and hydrophobicity of MWCNTs. Furthermore,
the capacitance of GC/MXenes/MWCNTs/Ca?*-ISE (210 uF) was significantly higher than
that of GC/MXenes/Ca?*-ISE (189 puF) and GC/MWCNTs/Ca?*-ISE (67 uF). Under optimal
conditions, the constructed sensor achieved an LOD of 7.9 x 10~7 M for Ca* and a Nernst slope
of 25.8 £ 0.5 mV/decade. Therefore, MXene/ MWCNTs is expected to become a promising
SC material.
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Figure 7. The illustrations for (a) the preparation of MXene/MWCNT composites and (b) the fabrication
of SC-ISE for Ca?* detection [68].

Graphene has the characteristics of a large specific surface area, strong electron transfer
capability, and high chemical stability, and is a two-dimensional carbon nanomaterial. Its
unique sp2-hybridized carbon sheet structure at the atomic level endows it with excel-
lent hydrophobicity, which may hinder the formation of water layers and thus provide
enhanced stability for the sensor over a longer period [71]. Magdy et al. [72] prepared
graphene-PVC nanocomposite materials using a solution dispersion method [73]. Then,
the polished GC surface was covered with an SIM (containing graphene-PVC nanocom-
posite, tetradodecylammonium bromide, and 2-nitrophenyl octyl ether), and an SC-ISE for
measuring the level of perindopril (PER) in human plasma was constructed. In this sensor,
the addition of graphene-PVC nanocomposite increased the electrode’s surface area and
provided additional active sites for ion exchange. Moreover, the superior conductivity of
graphene offers an effective pathway for ion transport. The constructed sensor exhibited
high sensitivity and selectivity. Under optimal conditions, the LOD of the SC-ISE was
3.2 x 1077 M, with a Nernst slope of 58.89 mV /decade and a response time of 20 s. The



Sensors 2024, 24, 4289

12 of 18

analytical GREEnness metric (AGREE) and whiteness (RGB) are the current two metrics
used to measure green and sustainable analytical processes. It is noteworthy that the overall
AGREE score of this strategy was 0.93, confirming that the method is green and provides a
promising design approach to meet the needs of green analytical chemistry (GAC).

Although the sensors proposed in these studies on graphene as the transducer material
for SC-ISEs have shown quite satisfactory performance, the irreversible recondensation
and aggregation of graphene due to strong interlayer interactions and van der Waals forces
have led to a reduction in surface area and electron transfer pathways. In recent years,
metal nanomaterials have received increasing attention as SCs for SC-ISEs due to their
high conductivity and large specific surface area [74-76]. Nguyen et al. [77] prepared gold
nanoparticle-reduced graphene oxide (AuNP-rGO) composites using a simple and environ-
mentally friendly one-pot method with sodium citrate as the reducing and stabilizing agent.
Subsequently, the nanocomposite was formed as an SC layer on a GC substrate by drop casting.
Finally, a layer of an SIM with non-muscle actin as the ion carrier was covered to develop an
efficient SC-NH,*-ISEs based on AuNP-rGO. As expected, the XRD pattern of AuNP-rGO
showed a graphitic peak due to rGO stacking near 20 = 25.38° (002), but the rGO sheets
modified with AuNPs exhibited higher electrocatalytic activity than pure rGO, indicating
that the hybridization of AuNPs is beneficial for addressing the reduction in surface area
and electron transfer pathways caused by rGO stacking. Moreover, the AuNP-rGO layer’s
large surface area, high capacitance, and good hydrophobicity effectively enhanced the
electrode’s potential stability without forming a water layer. Under optimal conditions, the
electrode achieved an LOD of 3.80 x 10~ M for NH,*, with a good Nernstian response
(slope of 56.94 = 1.57 mV /decade) and rapid potential response (<10 s). Additionally, the
electrode exhibited good reproducibility, long lifespan, and insensitivity to interference
from light, oxygen, carbon dioxide, and redox substances. This strategy provides a viable
alternative for developing durable and efficient SC-ISEs.

In recent years, paper-based SC-ISEs have been widely used in environmental monitoring
and medical diagnostics [78]. In sensor design, selecting an appropriate high-selectivity sensing
material is crucial. Synthetic molecularly imprinted polymers (MIPs), as receptors targeting tar-
get molecules, have high specificity and stability and unique physical, chemical, and mechanical
properties, as well as low cost and simplicity in preparation [79]. Hassan et al. [80] developed
a solid-state MIP paper potentiometric sensor for monitoring a losartan potassium (LOS-K)
drug. First, two rectangular Whatman® filter paper strips with circular carbon ink (diame-
ter 4 mm) were used as platforms (20 x 5 mm each, 180 um thick). One carbon ink was
modified with rGO and coated with MIPs (using LOS-K drug molecule as the template,
acrylamide (AAm) as the monomer, ethylene glycol dimethacrylate cross-linker (EGDMA)
as the cross-linker) as the recognition electrode, and a solid polyvinyl butyral (PVB) was
applied on the second carbon dot as the RE. The formation of hydrogen bonds between
highly electronegative atoms in MIPs and the aromatic ring 7 electron cloud of LOS-K and
the interaction between the amide carbonyl of AAm and the C-Cl group of the losartan
drug resulted in a high selectivity of the constructed sensor. Moreover, the improvement
of the sensing membrane interface EDL capacitance by rGO and the enhancement of the
hydrophobic performance of the conductive carbon ink contributed to the enhancement of
the sensor’s potential stability (0.2 mV) and long lifespan (up to 3 months) [81]. Under
optimal conditions, the sensor achieved an LOD of 2.7 £ 0.3 x 10~7 M for LOS-K with a
Nernst slope of —58.2 + 0.3 mV /decade. It showed good selectivity for acetaminophen,
ascorbic acid, dextromethorphan, and other related compounds commonly used by pa-
tients with COVID-19. It can be used for rapid medical diagnosis, drug formulation, and
losartan determination in human urine samples in patients with COVID-19, as well as for
rapid diagnostics in hospitals for overdose patients and quality control/quality assurance
testing in the pharmaceutical industry. It is noteworthy that the dual-electrode design of
the potentiometric sensor requires a reliable RE to ensure stable reference potentials for
sensitive ion detection in SC-ISEs [82]. To ensure that SC-ISEs are matched to a reliable
RE, Mandjoukov et al. [83] integrated the RE and SC-ISEs into a single measurement unit
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to develop SC-K*-ISEs with high sensitivity and stability. Initially, a low-cost flexible
graphene paper with pre-deposited Ag/AgCl and K*-ISM was prepared by lamination,
then placed in a lamination bag and sent to a laminator. Unlike previous SC-ISEs, the
ISM of this sensor was directly coated on the surface of graphene, thus serving both as an
electrode substrate and as an ion—electron transducer (Figure 8). Under optimal conditions,
the constructed sensor exhibited good reproducibility in detecting K* in samples, and the
Nernst slope and LOD are 57.4 & 0.3 mV/pK (n = 4) and 6 x 1077 M, respectively. This
superior performance is attributed to the simultaneous pressing of RE and K*-ISM in a
one-step molding process, which not only ensured that the electrode matched a reliable
RE to enhance sensitivity but also eliminated the manual drop-casting steps. This not only
avoided potential electrode surface defects and reproducibility issues caused by manual
operations but also simplified electrode structure and manufacturing processes for mass
production [84]. Additionally, the SC-ISEs exhibit minimal photosensitivity and a low
cost (<EUR 1), making them potentially useful in blood analysis with relatively constant
chloride content.

Upper and lower sides of the laminating pouch (125 um)
Circular hole (diam. 3 mm) Graphene paper (25 um)
Ag/AgCl layer Two circular overlapping 4 mm holes

*

A. Laminated pseudo-reference electrode

lon-selective membrane Place for electrode connector

B. Laminated ion-selective electrode

|

Figure 8. Schematic side view of the construction of the flexible graphene paper-based (A) laminated
Ag/AgCl pseudo-reference electrode and (B) laminated K*-selective electrode [83].

Similarly, various printing techniques, including screen printing and 3D printing, have
been used to simplify carbon-based SC-ISEs. For point-of-care (POC) home testing, there is
a need to develop low-cost, portable sensing devices that can be automatically calibrated
or require no calibration and can perform frequent POC analyses for untrained users. Elec-
trolytes such as Na*, K*, and Ca?* in biological fluids play a vital role in maintaining life
activities [85]. Currently, for the analysis of electrolytes in human urine, samples require a
brief freezing treatment. However, immediate in situ analysis of urine samples can provide
the most accurate results. Teekayupak et al. [86] proposed a fully automated system for
the mass production of potentiometric sensors based on laser-induced graphene electrodes
(LIGEs), which are integrated with a portable radio potentiometer for detecting K*, Na™,
and Ca®* ion contents in real urine and simulated sweat samples. Initially, CB carbon-based
materials and Na*-SIM (comprising Na ion carrier X, NaTFPB, DOS, and PVC), K*-SIM
(comprising Valinomycin, KTCIPB, DOS, and high-molecular-weight PVC), and Ca?*-SIM
(comprising calcium ion carrier II (ETH129), KTCIPB, NPOE, and PVC) were prepared.
Then, a computer-controlled semiconductor diode laser scribing micromachining system
(a laser-scribing micromachining system with a semiconductor diode laser-controlled by
a computer) was used to laser scribe polyimide (PI) into combustion and carbonization
to serve as the LIGE substrate. The 3D printing robot was operated to sequentially drop
CB carbon-based materials and Na*-SIM, K*-SIM, and CaZ*-SIM onto the LIGE substrate.
Finally, a microfluidic device was prepared by laser cutting with PET double-sided tape
(thickness 100 um) and a transparent film (thickness 100 pum) to form channels. The SC-ISEs
and PET double-sided tape and transparent film were assembled sequentially to construct
an ISE based on the microfluidic device. This device can be directly attached to the human
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skin, and sweat samples can be collected through nine sample inlet holes (4 mm) and di-
rectly flowed to a detection area of 15 mm diameter for potentiometric determination of K*,
Na*, and Ca2* ions. FE-SEM images showed that the laser-scribed PI, after combustion and
carbonization, formed a porous multilayer graphene structure with a parallel arrangement
on the substrate surface. The group also prepared two other substrates, one where TC303
graphite and carbon ink were applied to a PET substrate using an internal template printing
method, and another where PVC substrates were screen-printed with carbon ink. These
were compared with the LIGE substrate. The experimental results showed that SC-ISEs pre-
pared with the PET and PI substrates had slopes closer to the theoretical Nernstian values,
due to the highly hydrophobic nature of these substrates, which prevented the formation
of a water layer at the ISM interface. Moreover, the reproducibility of SC-ISEs fabricated
on the PET substrate through internal template printing was slightly better than that of
LIGEs, but LIGEs had the advantage of being easily mass-produced through automated
systems. The group also compared SC layers made from eight different carbon-based
materials, excluding CB, such as MWCNTs and GR. The results indicated that SC-ISEs
modified with GR had lower sensitivity, while CB exhibited high sensitivity comparable to
MWCNTs. Furthermore, CB had a lower cost than other carbon-based materials, including
MWCNTs. Moreover, CB not only showed higher uniformity and hydrophobicity on the
modified electrodes, but also increased the electrode’s surface area. Additionally, the poten-
tial drift of electrodes modified with CB was significantly lower than that of unmodified
electrodes, which can be explained by the conductivity of the SC material. Under optimal
conditions, this sensor achieved detection limits of 10~° M for Ca2* with a sensitivity of
30.1 mV/decade™!; 107> M for Na* with a sensitivity of 42.9 mV/decade!; and 10~* M
for K* with a sensitivity of 38.03 mV/ decade™!, consistent with ICP-OES results. This
strategy provides a low-cost detection and sensing platform for POC applications.

5. Conclusions and Future Perspectives

For ease of comparison, we have compiled the samples, objects, and detection results
of the various SC-ISE tests mentioned above in Table 1. Current research focuses on
optimizing the assembly components of SIMs, modifying the SC layer, synthesizing new
ion—electron transducers, and selecting rational conductive substrates for pre-treatment
strategies to construct SC-ISEs with fast response, high selectivity, stability, and sensitivity.
However, most research focuses on SC-ISEs with the ISM, neglecting the high cost and
the challenging elimination of the impact on potential stability. Therefore, membrane-free
SC-ISEs (ISM-free SC-ISEs) are expected to emerge in the field of sensor research due to
their advantages of high performance, low cost, long lifespan, lack of water layer effects,
and ease of miniaturization. The development of ISM-free SC-ISEs is still in its infancy.
The types and quantities of bifunctional materials for constructing ISM-free SC-ISEs are
insufficient, and systematic research on their selectivity and response mechanisms has not
yet formed, resulting in a lack of theoretical support during the research process. The future
development of ISM-free SC-ISEs will mainly focus on the following aspects: (1) Developing
simpler and more efficient research strategies to enhance the sensing performance of ISM-
free SC-ISEs; (2) Identifying more bifunctional materials that exhibit both ion recognition
and ion—electron transduction; (3) Conducting in-depth research on the selectivity and
response mechanisms of ISM-free SC-ISEs. Providing theoretical support for membrane-
free SC-ISEs in practical applications. With the advent of the Internet of Things and the era
of artificial intelligence, solid-state potentiometric sensors, as the front-end sensing devices
for digital intelligence, will have greater development potential.
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Table 1. The samples, objects, and detection results of the various SC-ISEs mentioned above.

ojgléezCT{SI)];s Sample Matrix Ion Range (mol/L) RF;I{?/rS:cg(lizl;)e LOD (mol/L) Ref
Seawater Pb?* 1.0 x 1073 t0 1.0 x 107 28.5+0.8 1.9 x 1077 [38]
Sediment of Lake Pb%* 1.0 x 1077 to 1.0 x 102 29.89 1x1077 [48]
Oxidation— Seawater CO3%~ 26 x10°t05.3 x 1074 2834 0.4 1.1 x 1073 [50]
Reduction Solution (CaCl,) Ca?* 1.0 x 1070 t0 2.9 x 1072 275402 50 x 1077 [52]
Soil NO3~ 1.0 x 1077 t0 1.0 x 107" 58.85 2.5 x 107° [58]
Human Plasma Vildagliptin 1.0 x 1078 t0 1.0 x 1072 60.04 +1.4 45 %1077 [59]
Human Biofluids NH,* 1.0 x 1075 t0 1.0 x 107! 55.7 1048 [62]
Solution (CaCl,) Ca2t 1.0 x 1072 t0 1.0 x 107! 25.8 £ 0.5 7.9 x 1077 [70]
Human Plasma PER 55x 1078 t01.4 x 1077 58.89 32 x 1077 [72]
Lake Water NH,* 1.0 x 1073 t0 1.0 x 1072 56.94 & 1.57 3.80 x 107 [77]
EDL Human Urine LOS-K 8. x1075t06.9 x 1072 5824 0.3 27+03x1077 [80]
Capacitance Solution (KNO3) K* 10753 to 107! 574 +0.3 6 x 1077 [83]
Ca?* 1074 to 107! 30.1 1075
Human Urine Na* 10~* to 10! 42.9 102 [86]
K* 103 to 1071 38.03 1074
Author Contributions: Conceptualization, L.G. and Y.T,; software, Y.T.; resources, L.G.; writing—original
draft preparation, L.G. and Y.T.; writing—review and editing, L.G., Y.T., W.G. and G.X,; visualization, L.G.;
supervision, L.G. and G.X,; funding acquisition, G.X. All authors have read and agreed to the published
version of the manuscript.
Funding: This work was supported by the National Natural Science Foundation of China (Nos. 22174136
and 22104072); the Natural Science Foundation of Shandong Province (No. ZR2021QB019); and the
Outstanding Youth Science Foundation of Shandong Province (Overseas) (No. 2022HWYQ-058).
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: No new data were created or analyzed in this study. Data sharing is
not applicable to this article.
Conflicts of Interest: The authors declare no conflict of interest.
References
1.  Bobacka, J.; Ivaska, A.; Andrzej, L. Potentiometric ion sensors. Chem. Rev. 2008, 108, 329-351. [CrossRef] [PubMed]
2. Hoekstra, R.; Blondeau, P.; Andrade, FJ. Distributed electrochemical sensors: Recent advances and barriers to market adoption.
Anal. Bioanal. Chem. 2018, 410, 4077-4089. [CrossRef] [PubMed]
3.  Ding,J.; Qin, W. Recent advances in potentiometric biosensors. TrAC-Trend Anal. Chem. 2020, 124, 115803. [CrossRef]
4. Walker, N.L.; Roshkolaeva, A.B.; Chapoval, A.L; Dick, ].E. Recent advances in potentiometric biosensing. Curr. Opin. Electrochem.
2021, 28, 100735. [CrossRef] [PubMed]
5. Smith, L.A; Glasscott, M.W.; Vannoy, K.J.; Dick, J.E. Enzyme Kinetics via Open Circuit Potentiometry. Anal. Chem. 2019,
92,2266-2273. [CrossRef]
6. Park, ].H.; Zhou, H.; Percival, S.J.; Zhang, B.; Fan, F-R.F; Bard, A.]. Open Circuit (Mixed) Potential Changes Upon Contact
Between Different Inert Electrodes-Size and Kinetic Effects. Anal. Chem. 2013, 85, 964-970. [CrossRef] [PubMed]
7. Lyu, Y.; Gan, S.; Bao, Y.; Zhong , L.; Xu, L.; Liu, J.; Wang, W.; Ma, Y.; Yang, G.; Niu, L. Solid-Contact Ion-Selective Electrodes:
Response Mechanisms, Transducer Materials and Wearable Sensors. Membranes 2020, 10, 128. [CrossRef] [PubMed]
8. Shao, Y,; Ying, Y.; Ping, J. Recent advances in solid-contact ion-selective electrodes: Functional materials, transduction mechanisms,
and development trends. Chem. Soc. Rev. 2020, 49, 4405-4465. [CrossRef] [PubMed]
9.  Sumitha, M.S,; Xavier, T.S. Recent advances in electrochemical biosensors—A brief review. Hybrid Adv. 2023, 2, 100023. [CrossRef]
10. Theyagarajan, K.; Kim, Y.-J. Recent Developments in the Design and Fabrication of Electrochemical Biosensors Using Functional
Materials and Molecules. Biosensors 2023, 13, 424. [CrossRef]
11.  Mishra, D.; Krause, A.; Sahni, H.S.; Chatterjee, S. Multi-walled carbon nanotube-functional ionophore based composite potentio-
metric sensor for selective detection of lead in water. Diam. Relat. Mater. 2023, 137, 110156. [CrossRef]
12. Cheong, Y.H.; Ge, L.; Lisak, G. Highly reproducible solid contact ion selective electrodes: Emerging opportunities for

potentiometry—A review. Anal. Chim. Acta 2021, 1162, 338304. [CrossRef] [PubMed]


https://doi.org/10.1021/cr068100w
https://www.ncbi.nlm.nih.gov/pubmed/18189426
https://doi.org/10.1007/s00216-018-1104-9
https://www.ncbi.nlm.nih.gov/pubmed/29806065
https://doi.org/10.1016/j.trac.2019.115803
https://doi.org/10.1016/j.coelec.2021.100735
https://www.ncbi.nlm.nih.gov/pubmed/34056144
https://doi.org/10.1021/acs.analchem.9b04972
https://doi.org/10.1021/ac3025976
https://www.ncbi.nlm.nih.gov/pubmed/23240811
https://doi.org/10.3390/membranes10060128
https://www.ncbi.nlm.nih.gov/pubmed/32585903
https://doi.org/10.1039/C9CS00587K
https://www.ncbi.nlm.nih.gov/pubmed/32458836
https://doi.org/10.1016/j.hybadv.2023.100023
https://doi.org/10.3390/bios13040424
https://doi.org/10.1016/j.diamond.2023.110156
https://doi.org/10.1016/j.aca.2021.338304
https://www.ncbi.nlm.nih.gov/pubmed/33926699

Sensors 2024, 24, 4289 16 of 18

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.
24.

25.

26.
27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Bakker, E.; Buhlmann, P,; Pretsch, E. Carrier-Based Ion-Selective Electrodes and Bulk Optodes. 1. General Characteristics. Cherm. Rev.
1997, 97, 3083-3132. [CrossRef] [PubMed]

Faridbod, F; Ganjali, M.R.; Dinarvand, R.; Norouzi, P. Developments in the Field of Conducting and Non-conducting Polymer
Based Potentiometric Membrane Sensors for Ions Over the Past Decade. Sensors 2008, 8, 2331-2412. [CrossRef] [PubMed]
Grygolowicz-Pawlak, E.; Crespo, G.A.; Ghahraman Afshar, M.; Mistlberger, G.; Bakker, E. Potentiometric Sensors with Ion-
Exchange Donnan Exclusion Membranes. Anal. Chem. 2013, 85, 6208-6212. [CrossRef]

Hu, J.; Stein, A.; Bithlmann, P. Rational design of all-solid-state ion-selective electrodes and reference electrodes. TrAC-Trend Anal. Chem.
2016, 76, 102-114. [CrossRef]

Li, Y;; Liao, Z.; Lin, X; Ding, J.; Qin, W. In Situ Continuous Measurement of Salinity in Estuarine and Coastal Sediments by
All-Solid Potentiometric Sensors. ACS Sens. 2023, 8, 1568-1578. [CrossRef] [PubMed]

Crespo, G.A.; Macho, M.; Bobacka, J.; Rius, X. Subnanomolar detection limit application of ion-selective electrodes with
three-dimensionally ordered macroporous (3DOM) carbon solid contacts. Anal. Chem. 2009, 81, 676—-681. [CrossRef] [PubMed]
Schroeder, V.; Savagatrup, S.; He, M; Lin, S.; Swager, T.M. Carbon Nanotube Chemical Sensors. Chem. Rev. 2018, 119, 599-663.
[CrossRef]

Jiang, C.; Li, X,; Yao, Y.; Ying, Y.; Ping, J. Fully Written Flexible Potentiometric Sensor Using Two-Dimensional Nanomaterial-Based
Conductive Ink. Anal. Chem. 2018, 90, 13088-13095. [CrossRef]

Wang, S.; Zhong, L.; Gan, S.; Tang, Y.; Qiu, S.; Lyu, Y,; Ma, Y,; Niu, L. Defective vs high-quality graphene for solid-contact
ion-selective electrodes: Effects of capacitance and hydrophobicity. Electrochem. Commun. 2021, 129, 107091. [CrossRef]

Yu, L.; Shearer, C.; Shapter, J. Recent Development of Carbon Nanotube Transparent Conductive Films. Chem. Rev. 2016,
116, 13413-13453. [CrossRef] [PubMed]

Paczosa-Bator, B. All-solid-state selective electrodes using carbon black. Talanta 2012, 93, 424-427. [CrossRef] [PubMed]

Bone, C.; Flahaut, E.; Legnani, M.; Boyer, P.T.; Launay, ]. Development of a Potentiometric Nitrate Ion Microsensor Improved
Using Conductive Polymer Doped with Carbon Nanotubes as a Transducing Layer. Proceedings 2024, 97, 111. [CrossRef]
Abdelaal, S.H.; Azab, N.F; Hassan, S.A.; Kosasy, A.M. Monitoring of the prohibited 2-phenethylamine in dietary supplements
using a t-Butyl calix [8]arene/Ag/CuO composite-based potentiometric sensor. Microchem. J. 2024, 201, 110695. [CrossRef]
Ross, ].W. Calcium-selective electrode with liquid ion exchanger. Science 1967, 156, 1378-1379. [CrossRef]

Bithlmann, P.; Umezawa, Y.; Rondinini, S.; Vertova, A.; Pigliucci, A.; Bertesago, L. Lifetime of ion-selective electrodes based on
charged ionophores. Anal. Chem. 2000, 72, 1843-1852. [CrossRef] [PubMed]

Hu, J.; Zou, X.U,; Stein, A.; Bithlmann, P. Ion-Selective Electrodes with Colloid-Imprinted Mesoporous Carbon as Solid Contact.
Anal. Chem. 2014, 86, 7111-7118. [CrossRef] [PubMed]

Mousavi, M.P.; Abd El-Rahman, M.K.; Tan, E.K,; Sigurslid, H.H.; Arkan, N.; Lane, ].S.; Whitesides, G.M.; Biithlmann, P. Ionic
liquid-based reference electrodes for miniaturized ion sensors: What can go wrong? Sens. Actuators B Chem. 2019, 301, 127112.
[CrossRef]

Wardak, C.; Morawska, K.; Paczosa-Bator, B.; Grabarczyk, M. Improved Lead Sensing Using a Solid-Contact Ion-Selective
Electrode with Polymeric Membrane Modified with Carbon Nanofibers and Ionic Liquid Nanocomposite. Materials 2023, 16, 1003.
[CrossRef]

Vasconcellos, E.C.C.; Evenson, K.M. New Far Infrared Laser Lines Obtained by Optically Pumping 3CD3OD. Int. J. Infrared
Millim. Waves 1985, 6, 1157-1167. [CrossRef]

Bobacka, J. Potential stability of all-solid-state ion-selective electrodes using conducting polymers as ion-to-electron transducers.
Anal. Chem. 1999, 71, 4932-4937. [CrossRef] [PubMed]

Qi, L; Liang, R,; Jiang, T.; Qin, W. Antifouling polymeric membrane ion-selective electrodes. TRAC Trends Anal. Chem. 2022, 150, 116572.
[CrossRef]

Jiang, T.; Qi, L.; Hou, C.; Fang, S.; Qin, W. Self-Sterilizing Polymeric Membrane Sensors Based on 6-Chloroindole Release for
Prevention of Marine Biofouling. Anal. Chem. 2020, 92, 12132-12136. [CrossRef] [PubMed]

Wang, X,; Yu, L.; Li, F,; Zhang, G.; Zhou, W,; Jiang, X. Synthesis of amide derivatives containing capsaicin and their antioxidant
and antibacterial activities. J. Food Biochem. 2019, 43, €13061. [CrossRef]

Wang, X.; Jiang, X.; Yu, L. Performance assessment of capsaicin derivatives containing amide groups used as active substances for
antifouling coatings. Prog. Org. Coat. 2021, 160, 106515. [CrossRef]

Tang, Y.; Zhang, L.; Shan, C.; Xu, L.; Yu, L.; Gao, H. Enhancing the permeance and antifouling properties of thin-film composite
nanofiltration membranes modified with hydrophilic capsaicin-mimic moieties. J. Membr. Sci. 2020, 610, 118233. [CrossRef]
Liu, Y,; Wang, X.; Zeng, X.; Waterhouse, G.I; Jiang, X.; Zhang, Z.; Yu, L. Antifouling improvement in Pb?* ion selective electrodes
by using an environmentally friendly capsaicin derivative. Talanta 2023, 258, 124436. [CrossRef]

Wang, X,; Li, C; Yun, F; Jiang, X.; Yu, L. Preparation and Evaluation of Gallate Ester Derivatives Used as Promising Antioxidant
and Antibacterial Inhibitors. Chem. Biodivers. 2021, 18, €2000913. [CrossRef]

Liu, Y.; Zeng, X.; Waterhouse, G.LN.; Jiang, X.; Zhang, Z.; Yu, L. Potential stability improvement in Pb2* ion selective electrodes
by applying hydrophobic polyaniline as ion-to-electron transducer. Synth. Met. 2021, 281, 116898. [CrossRef]

Wang, Q.; Wang, J.; Gao, X.; Yu, H.; Ma, Z.; Zhang, Y.; Gao, C. Antibiofouling polysulfone ultrafiltration membranes via surface
grafting of capsaicin derivatives. Water Sci. Technol. 2019, 79, 1821-1832. [CrossRef] [PubMed]


https://doi.org/10.1021/cr940394a
https://www.ncbi.nlm.nih.gov/pubmed/11851486
https://doi.org/10.3390/s8042331
https://www.ncbi.nlm.nih.gov/pubmed/27879825
https://doi.org/10.1021/ac400470n
https://doi.org/10.1016/j.trac.2015.11.004
https://doi.org/10.1021/acssensors.2c02690
https://www.ncbi.nlm.nih.gov/pubmed/36926846
https://doi.org/10.1021/ac802078z
https://www.ncbi.nlm.nih.gov/pubmed/19093752
https://doi.org/10.1021/acs.chemrev.8b00340
https://doi.org/10.1021/acs.analchem.8b04334
https://doi.org/10.1016/j.elecom.2021.107091
https://doi.org/10.1021/acs.chemrev.6b00179
https://www.ncbi.nlm.nih.gov/pubmed/27704787
https://doi.org/10.1016/j.talanta.2012.02.013
https://www.ncbi.nlm.nih.gov/pubmed/22483932
https://doi.org/10.3390/proceedings2024097111
https://doi.org/10.1016/j.microc.2024.110695
https://doi.org/10.1126/science.156.3780.1378
https://doi.org/10.1021/ac991130x
https://www.ncbi.nlm.nih.gov/pubmed/10784152
https://doi.org/10.1021/ac501633r
https://www.ncbi.nlm.nih.gov/pubmed/24983327
https://doi.org/10.1016/j.snb.2019.127112
https://doi.org/10.3390/ma16031003
https://doi.org/10.1007/BF01019859
https://doi.org/10.1021/ac990497z
https://www.ncbi.nlm.nih.gov/pubmed/21662838
https://doi.org/10.1016/j.trac.2022.116572
https://doi.org/10.1021/acs.analchem.0c03099
https://www.ncbi.nlm.nih.gov/pubmed/32794703
https://doi.org/10.1111/jfbc.13061
https://doi.org/10.1016/j.porgcoat.2021.106515
https://doi.org/10.1016/j.memsci.2020.118233
https://doi.org/10.1016/j.talanta.2023.124436
https://doi.org/10.1002/cbdv.202000913
https://doi.org/10.1016/j.synthmet.2021.116898
https://doi.org/10.2166/wst.2019.182
https://www.ncbi.nlm.nih.gov/pubmed/31241487

Sensors 2024, 24, 4289 17 of 18

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.
61.

62.

63.
64.

65.

66.

67.

68.

Ozbek, O.; Berkay Ugur, O.; Oren, S.; Burcu Giirdere, M.; Kocabas, S. New solid state contact potentiometric sensor based on a
thiosemicarbazone derivative molecule for determination of copper(Il) ions in environmental samples. Polyhedron 2024, 252, 116878.
[CrossRef]

Ping, J.; Wang, Y.; Ying, Y.; Wu, J. Application of Electrochemically Reduced Graphene Oxide on Screen-Printed Ion-Selective
Electrode. Anal. Chem. 2012, 84, 3473-3479. [CrossRef]

Abdollahzadeh, M.; Bayatsarmadi, B.; Vepsildinen, M.; Razmjou, A.; Asadnia, M. Highly stable Li* selective electrode with
metal-organic framework as ion-toelectron transduce. Sens. Actuators B Chem. 2022, 350, 130799. [CrossRef]

Keshta, B.E.; Yu, H.; Wang, L. MIL series-based MOFs as effective adsorbents for removing hazardous organic pollutants from
water. Sep. Purif. Technol. 2023, 322, 124301. [CrossRef]

Mendecki, L.; Mirica, K.A. Conductive Metal-Organic Frameworks as Ion-to-Electron Transducers in Potentiometric Sensors.
ACS Appl. Mater. Interfaces 2018, 10, 19248-19257. [CrossRef]

Wang, Y.; Du, K; Chen, Y.; Li, Y,; He, X. Electrochemical determination of lead based on metal-organic framework MIL-101(Cr)
by differential pulse anodic stripping voltammetry. Anal. Methods 2016, 8, 3263-3269. [CrossRef]

Keshta, B.E.; Yu, H.; Wang, L.; Uddin, M. A ; El-Attar, H.G.; Keshta, A.E.; Gemeay, A.H.; Hassan, F,; Eid, S.M. Cost-effective syn-
thesis of MIL-101(Cr) from recyclable wastes and composite with polyaniline as an ion-to-electron transducer for potentiometric
Pb2* sensing. Chem. Eng. ]. 2024, 485, 150049. [CrossRef]

Rousseau, C.R.; Bithlmann, P. Calibration-free potentiometric sensing with solid-contact ion-selective electrodes. TrAC-Trend Anal.
Chem. 2021, 140, 116277. [CrossRef]

Mu, S.; Yin, T.; Luan, E; Qin, W. High-redox-capacity solid contact based on ferrocenyl self-assembled monolayer functionalized
macroporous gold for an all-solid-state carbonate-selective electrode. Microchem. |. 2024, 197, 109696. [CrossRef]

Wen, Y.; Peng, S.; Wang, Z.; Hao, J.; Qin, T.; Lu, S.; Zhang, J.; He, D.; Fan, X.; Cao, G. Facile synthesis of ultrathin NiCo,5,4
nano-petals inspired by blooming buds for high-performance supercapacitors. J. Mater. Chem. A 2017, 5, 7144-7152. [CrossRef]
Li, Y; Li, J.; Qin, W. All-Solid-State Polymeric Membrane Ion-Selective Electrodes Based on NiCo,S, as a Solid Contact.
Anal. Chem. 2022, 94, 3574-3580. [CrossRef]

Liu, P; Liu, Y,; Li, J.; Wang, M.; Cui, H. Ultra-high rate capability of the synergistically built dual nanostructure of NiCo,S, /nickel
foam as an electrode in supercapacitors. Nanoscale 2020, 12, 22330-22339. [CrossRef]

Elshahed, M.S.; Toubar, S.S.; Ashour, A.A.; El-Eryan, R.T. A Portable Solid-Contact Potentiometric Sensor Based on Zeolite-Carbon
Paste for Assay of Prucalopride Succinate in Tablet Dosage Form: Green Profile Assessment. Measurement 2022, 204, 112071.
[CrossRef]

Radig, J.; Perovi¢, D.; Gricar, E.; Kolar, M. Potentiometric Determination of Maprotiline Hydrochloride in Pharmaceutical and
Biological Matrices Using a Novel Modified Carbon Paste Electrode. Sensors 2022, 22, 9201. [CrossRef] [PubMed]
Narasimhachar, R.; Basavaraj, B.; Vijaykumar, B.T.; Sannakki, B. Studies on the electrical properties of polyaniline with cadmiu-
moxide nanocomposites. Mater. Today Proc. 2023, 92, 1676-1680. [CrossRef]

Foronda, J.R.E; Aryaswara, L.G.; Santos, G.N.C.; Raghu, S.N.V,; Muflikhun, M. A. Broad-class volatile organic compounds
(VOCs) detection via polyaniline/zinc oxide (PANI/ZnO) composite materials as gas sensor application. Heliyon 2023, 9, e13544.
[CrossRef]

Niemiec, B.; Piech, R.; Paczosa-Bator, B. All-Solid-State Carbon Black Paste Electrodes Modified by Poly(3-octylthiophene-2,5-diyl)
and Transition Metal Oxides for Determination of Nitrate Ions. Molecules 2023, 28, 4313. [CrossRef] [PubMed]

Abdallah, N.A.; Ahmed, S.A.; Almaghrabi, M.; Alahmadi, Y.M. Utilization of a TiO,—CuO Bimetallic/Polyaniline Nanocomposite
as a Transducer in a Solid Contact Potentiometric Sensor for the Determination of Vildagliptin. Polymers 2023, 15, 3991. [CrossRef]
Privett, B.J.; Shin, J.H.; Schoenfisch, M.H. Electrochemical Sensors. Anal. Chem. 2008, 80, 4499-4517. [CrossRef]

Joon, N.K.; He, N.; Ruzgas, T.; Bobacka, J.; Lisak, G. PVC-Based Ion-Selective Electrodes with a Silicone Rubber Outer Coating
with Improved Analytical Performance. Anal. Chem. 2019, 91, 10524-10531. [CrossRef] [PubMed]

Tang, Y.; Zhong, L.; Zhang, Y.; Mo, X.; Bao, Y.; Ma, Y,; Wang, W.; Han, D.; Gan, S.; Niu, L. A mixed electronic-ionic conductor-based
bifunctional sensing layer beyond ionophores for sweat electrolyte monitoring. Sci. Bull. 2023, 68, 3181-3191. [CrossRef]
Tanisaki, S. Crystal structure of monoclinic tungsten trioxide at room temperature. J. Phys. Soc. Jpn. 1960, 15, 573-581. [CrossRef]
Chao, D.; Zhou, W.; Xie, F; Ye, C.; Li, H.; Jaroniec, M.; Qiao, S.Z. Roadmap for advanced aqueous batteries: From design of
materials to applications. Sci Adv. 2020, 6, eaba4098. [CrossRef] [PubMed]

Wu, Q.; Li, Z,; Liang, Q.; Ye, R.; Guo, S.; Zeng, X.; Hu, J.; Li, A. Ultrasensitive electrochemical biosensor for microRNA-377
detection based on MXene-Au nanocomposite and G-quadruplex nano-amplification strategy. Electrochim. Acta 2022, 428, 140945.
[CrossRef]

VahidMohammadi, A.; Rosen, J.; Gogotsi, Y. The world of two-dimensional carbides and nitrides (MXenes). Science 2021,
372,1165-1178. [CrossRef] [PubMed]

Ma, R.; Chen, Z.; Zhao, D.; Zhang, X.; Zhuo, J.; Yin, Y,; Wang, X.; Yang, G.; Yi, F. Ti3C2Tx MXene for electrode materials of
supercapacitors. . Mater. Chem. A 2021, 9, 11501-11529. [CrossRef]

Qin, R; Shan, G.; Hu, M.; Huang, W. Two-dimensional transition metal carbides and/or nitrides (MXenes) and their applications
in sensors. Mater. Today Phys. 2021, 21, 100527. [CrossRef]


https://doi.org/10.1016/j.poly.2024.116878
https://doi.org/10.1021/ac203480z
https://doi.org/10.1016/j.snb.2021.130799
https://doi.org/10.1016/j.seppur.2023.124301
https://doi.org/10.1021/acsami.8b03956
https://doi.org/10.1039/C6AY00183A
https://doi.org/10.1016/j.cej.2024.150049
https://doi.org/10.1016/j.trac.2021.116277
https://doi.org/10.1016/j.microc.2023.109696
https://doi.org/10.1039/C7TA01326D
https://doi.org/10.1021/acs.analchem.1c04748
https://doi.org/10.1039/D0NR06450E
https://doi.org/10.1016/j.measurement.2022.112071
https://doi.org/10.3390/s22239201
https://www.ncbi.nlm.nih.gov/pubmed/36501902
https://doi.org/10.1016/j.matpr.2023.06.304
https://doi.org/10.1016/j.heliyon.2023.e13544
https://doi.org/10.3390/molecules28114313
https://www.ncbi.nlm.nih.gov/pubmed/37298788
https://doi.org/10.3390/polym15193991
https://doi.org/10.1021/ac8007219
https://doi.org/10.1021/acs.analchem.9b01490
https://www.ncbi.nlm.nih.gov/pubmed/31333015
https://doi.org/10.1016/j.scib.2023.10.011
https://doi.org/10.1143/JPSJ.15.573
https://doi.org/10.1126/sciadv.aba4098
https://www.ncbi.nlm.nih.gov/pubmed/32494749
https://doi.org/10.1016/j.electacta.2022.140945
https://doi.org/10.1126/science.abf1581
https://www.ncbi.nlm.nih.gov/pubmed/34112665
https://doi.org/10.1039/D1TA00681A
https://doi.org/10.1016/j.mtphys.2021.100527

Sensors 2024, 24, 4289 18 of 18

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.
85.

86.

Zhang, C.J.; Pinilla, S.; McEvoy, N.; Cullen, C.P.; Anasori, B.; Long, E.; Park, S.H.; Seral-Ascaso, A.; Shmeliov, A.; Krishnan,
D.; et al. Oxidation Stability of Colloidal Two-Dimensional Titanium Carbides (MXenes). Chem. Mater. 2017, 29, 4848-4856.
[CrossRef]

Liu, S.; Yin, T,; Li, Z.; Wang, ]J. Potentiometric/time resolved chronopotentiometric sensing for an all-solid-state ion-selective
electrode based on MXene/MWCNTs as solid contact. Sens. Actuators B Chem. 2024, 405, 135269. [CrossRef]

An, Q.; Gan, S.; Xu, J.; Bao, Y,; Wu, T,; Kong, H.; Zhong, L.; Ma, Y.; Song, Z.; Niu, L. A multichannel electrochemical all-solid-state
wearable potentiometric sensor for real-time sweat ion monitoring. Electrochem. Commun. 2019, 107, 106553. [CrossRef]

Magdy, R.; Hemdan, A ; Fares, N.V.; Mahmoud, A.M.; Marzouk, H.M.; Farouk, M. Sustainable graphene nanoparticle-enhanced
in-line potentiometric ion selective sensor for testing of Perindopril in human plasma. Microchem. J. 2024, 198, 110108. [CrossRef]
Mahmoud, A.M.; Ragab, M.T.,; Ramadan, N.K.; El-Ragehy, N.A.; El-Zeany, B.A. Design of Solid-contact Ion-selective Electrode
with Graphene Transducer Layer for the Determination of Flavoxate Hydrochloride in Dosage Form and in Spiked Human
Plasma. Electroanalysis 2020, 32, 2803-2811. [CrossRef]

Xu, ], Jia, E; Li, F; An, Q.; Gan, S.; Zhang, Q.; Ivaska, A.; Niu, L. Simple and Efficient Synthesis of Gold Nanoclusters and Their
Performance as Solid Contact of Ion Selective Electrode. Electrochim. Acta 2016, 222, 1007-1012. [CrossRef]

LilYin, T.; Qin, W. An effective solid contact for an all-solid-state polymeric membrane Cd?*-selective electrode: Three-dimensional
porous graphene-mesoporous platinum nanoparticle composite. Sens. Actuator B Chem. 2017, 239, 438-446. [CrossRef]

Zeng, X.; Qin, W. A solid-contact Ca?*-selective electrode based on an inorganic redox buffer of Ag@AgCl/1-tetradecyl-3-
methylimidazolium chloride as ion-to-electron transducer. Talanta 2020, 209, 120570. [CrossRef] [PubMed]

Duy Nguyen, L.; Mau Dang, C.; Chanh Duc Doan, T. Highly stable ammonium ion-selective electrodes based on one-pot
synthesized gold nanoparticle-reduced graphene oxide as ion-to-electron transducers. Microchem. |. 2023, 190, 108717. [CrossRef]
Chu, T,; Chu, J.; Gao, B.; He, B. Modern evolution of paper-based analytical devices for wearable use: From disorder to order.
Analyst 2020, 145, 5388-5399. [CrossRef] [PubMed]

Li, W,; Zhang, X.; Li, T,; Ji, Y.; Li, R. Molecularly imprinted polymer-enhanced biomimetic paper-based analytical devices:
A review. Anal. Chem. 2021, 1148, 238196. [CrossRef]

Hassan, S.5.M.; Kamel, A.H.; Fathy, M.A. All-solid-state paper-based potentiometric combined sensor modified with reduced
graphene oxide (rGO) and molecularly imprinted polymer for monitoring losartan drug in pharmaceuticals and biological
samples. Talanta 2023, 253, 123907. [CrossRef]

Ottiger, P.; Pfaffen, C.; Leist, R.; Leutwyler, S.; Bachorz, R.A.; Klopper, W. Strong N-H---m Hydrogen Bonding in Amide-Benzene
Interactions. J. Phys. Chem. B 2009, 113, 2937-2943. [CrossRef]

Shanbhag, M.M.; Manasa, G.; Mascarenhas, R.J.; Mondal, K.; Shetti, N.P. Fundamentals of bio-electrochemical sensing. Chem. Eng.
J. Adv. 2023, 16, 100516. [CrossRef]

Mandjoukov, B.; Lindfors, T. Planar, low-cost, flexible, and fully laminated graphene paper pseudo-reference and potassium-
selective electrodes. Sens. Actuators B Chem. 2024, 403, 135190. [CrossRef]

Bobacka, J. Conducting Polymer-Based Solid-State Ion-Selective Electrodes. Electroanalysis 2006, 18, 7-18. [CrossRef]
Mahendran, V.; Philip, J. Sensing of Biologically Important Cations Such as Na*, K, CaZ*, Cu?*, and Fe3* Using Magnetic
Nanoemulsions. Langmuir 2013, 29, 4252-4258. [CrossRef] [PubMed]

Teekayupak, K.; Lomae, A.; Agir, I.; Chuaypen, N.; Dissayabutra, T.; Henry, C.S.; Chailapakul, O.; Ozer, T.; Ruecha, N. Large-scale
fabrication of ion-selective electrodes for simultaneous detection of Na*, K*, and Ca?* in biofluids using a smartphone-based
potentiometric sensing platform. Microchim. Acta 2023, 190, 237. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1021/acs.chemmater.7b00745
https://doi.org/10.1016/j.snb.2023.135269
https://doi.org/10.1016/j.elecom.2019.106553
https://doi.org/10.1016/j.microc.2024.110108
https://doi.org/10.1002/elan.202060377
https://doi.org/10.1016/j.electacta.2016.11.069
https://doi.org/10.1016/j.snb.2016.08.008
https://doi.org/10.1016/j.talanta.2019.120570
https://www.ncbi.nlm.nih.gov/pubmed/31892074
https://doi.org/10.1016/j.microc.2023.108717
https://doi.org/10.1039/D0AN00994F
https://www.ncbi.nlm.nih.gov/pubmed/32700700
https://doi.org/10.1016/j.aca.2020.12.071
https://doi.org/10.1016/j.talanta.2022.123907
https://doi.org/10.1021/jp8110474
https://doi.org/10.1016/j.ceja.2023.100516
https://doi.org/10.1016/j.snb.2023.135190
https://doi.org/10.1002/elan.200503384
https://doi.org/10.1021/la400502b
https://www.ncbi.nlm.nih.gov/pubmed/23477486
https://doi.org/10.1007/s00604-023-05818-8

	Introduction 
	Composition and Working Principle of Solid-State Potential Sensors 
	Index of Characteristics 
	Construction Strategies and Applications of SC-ISEs 
	Oxidation–Reduction-Type SC-ISEs 
	EDL Capacitance-Type SC-ISEs 

	Conclusions and Future Perspectives 
	References

