Electrochimica Acta 374 (2021) 137929

Contents lists available at ScienceDirect

Electrochimica Acta

journal homepage: www.elsevier.com/locate/electacta

Electrochemical detection of trace silver N

Check for
updates

Kequan Xu*, Clara Pérez-Rafols”, Maria Cuartero, Gaston A. Crespo*

Department of Chemistry, School of Engineering Science in Chemistry, Biotechnology and Health, KTH Royal Institute of Technology, Teknikringen 30,
Stockholm SE-100 44, Sweden

ARTICLE INFO ABSTRACT

Article history:

Received 8 December 2020
Revised 5 February 2021
Accepted 6 February 2021
Available online 10 February 2021

Increasing utilization of silver and silver nanoparticles (AgNPs) in daily processes and products has led
to a significant growth in scientific interest in methods for monitoring silver. In particular, the amount of
silver ions (Ag*) released to the environment is known to have a detrimental effect on aquatic ecology,
and thus some control actions have been implemented in recent years; for example, the manufacturing
industry is now required to control and certify the quantity of AgNPs present in products. Electrochemical
Keywords: sensors are well suited to the task of silver monitoring due to several beneficial properties, including low
Silver costs, fast measurements, and facile adaptation to miniaturized, portable instrumentation. The predom-
Trace amounts inant method for electrochemical silver determination involves potentiometric ion selective electrodes
IOQ‘SE}ECti"e electrodes (ISEs) and voltammetric measurements. Reviewing the literature of the last ten years reveals significant
Stripping voltammetry improvements in the analytical performance of electrochemical sensors, mainly related to the develop-
ment of new protocols, selective receptors, and electrode materials. Remarkably, ISEs with limits of detec-
tion (LOD) in the nanomolar range have been reported, employing careful control of ion fluxes across the
membrane interfaces. What's more, sub-nanomolar LODs are attainable by stripping voltammetry using
either ligand-based deposition strategies or thin layer membranes coupled to conducting polymers. Se-
lectivity has also been optimized through the membrane composition of ISEs, with special focus on Ag*
ionophores. Furthermore, novel voltammetric methods allow for discrimination between Ag* and AgNPs.
However, there is still a dearth of studies applying such electrochemical sensors to on-site water anal-
ysis, and hence, further research is needed in order to translate these laboratory scale achievements to
real-world contexts. Overall, this review describes the state-of-the-art in electrochemical silver detection,
and provides a comprehensive description of those aspects contributing to the further development and
improvement of analytical performance.

© 2021 The Author(s). Published by Elsevier Ltd.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)

1. Introduction cause for concern, given that it is a non-biodegradable metal able

to persist in the environment for long time periods. Furthermore,

Silver is a naturally occurring metal whose extraordinary prop-
erties have been known to mankind since antiquity, which cur-
rently finds use in such diverse applications as electronics, explo-
sives, photography, and medicine. In addition, the relatively non-
reactive and antibacterial nature of silver in its metallic form, to-
gether with its luster, have encouraged its use in the fabrication of
utensils, hollowware, and jewelry. As a result of this versatility, the
market demand for silver has exceeded 30,000 tons per year since
2010 [1], which has been accompanied by a remarkable release of
silver into the environment. The non-natural presence of silver is a
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anthropogenic emissions to the environment induce perturbations
in silver speciation, which drastically affects its geochemical (mo-
bility, reactivity) and biological (bioavailability, toxicity) behavior
[2]. Whereas silver naturally occurs mainly in the form of highly
insoluble and immobile oxides and sulfides [3], these changes in
speciation may result in the release of these previously trapped
silver ions (Ag*), which is especially troubling given the extreme
toxicity of silver (comparable to that of mercury) [4]. In humans,
severe exposure to Ag*™, known as argyria, causes skin and hair to
turn blue-gray [3-5].

Silver in the form of nanoparticles (AgNPs) is of particular in-
terest, as it constitutes one of the most commonly used engineered
nanomaterials and finds use in many applications and products,
such as water filters, paints, textile, food packaging, detergents,
biosensors, and biomedicines [6,7]. In order for AgNPs to satisfy
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Table 1
Silver levels reported for different applications.
Description Specie Concentration range Ref
Drinking water recommended maximum levels Total Ag 0.93 utM [33]
Environmental studies
Genesee River, USA - Groundwater Total Ag < 92 - 1020 pM [36]
Phulali Canal, Pakistan - fresh water receiving municipal and industrial effluents Total Ag 64 - 504 nM [37]
Ocean water (global locations) Dissolved Ag < 0.24 - 307 pM [32]
Influents in wastewater treatment plants (Germany) Total Ag 3-28nM [38]
Sperm whales (global study) Total Ag 0.93 - 1.14 ng/g [39]
AgNPs released from paint used in outdoor facades AgNP < 0.74 - 1854 nM [40]
Predicted AgNPs concentration in surface water in 2020 AgNP 0.003 - 16.7 nM [41]
Product manufacturing
Toothpaste Total Ag 0.044 - 61 pg/g [35]
Detergent Total Ag 0.055 - 27 pg/g [35]
Antibacterial spray Total Ag 0.04 - 94 ng/g [35]
AgNPs synthesis
Humic acid induced Ag* 0.01 - 1 mM [14]
Fulvic acid induced Ag* 0.005 - 1 mM [15]
Sunlight induced in the presence of chloride Ag* 0.05 - 0.1 mM [42]
Sunlight induced in the presence of organic matter Ag* 10 - 200 mM [16]
Studies/applications related to AgNPs
Study of AgNPs toxicity AgNP 0.006 - 51 pM [43]
Use of AgNPs to study protein interactions AgNP 0.9 - 50 nM [44]
Release of Ag from AgNPs coated surgical sutures Total Ag 2.6 - 26 uM [45]
Evaluation of the disinfectant performance AgNP 9.2 - 185 nM [46]

the expected requirements for the targeted application, precise
control of the amount of silver present is crucial. As with Ag™,
toxic effects have been reported for AgNPs when discharged to the
environment [7,8]; it is therefore essential to have access to reli-
able analytical methods for the detection and quantification of sil-
Ver.

The current reference method for the determination of silver
is inductively coupled plasma (ICP) with either mass spectrometry
(ICP-MS) [9-11] or optical emission spectrometry (ICP-OES) [11-13].
The limit of detection (LOD) for silver ions using these methods
falls easily within the nanomolar level, and they provide several
desirable features for such analyses, including wide linear range of
response (LRR), high accuracy and sensitivity, simultaneous multi-
element characterization, and the possibility to obtain isotopic in-
formation. However, the equipment required for ICP is bulky and
expensive, some samples may require pretreatment, and the anal-
ysis itself requires a constant supply of inert gas, all of which effec-
tively limits the use of these techniques to centralized laboratory
analysis. For many applications (e.g. quality control in manufactur-
ing, environmental assessment of wastewaters, real-time monitor-
ing of formation and dissolution of AgNPs) [14-17] real-time and/or
on-site measurements are highly desirable. Electrochemical sensors
offer a far greater scope for such decentralized analysis, being eas-
ily adaptable for miniaturization and portability, and can even be
used in the analysis of extremely low-volume samples [18,19]. Par-
ticular examples of the successful application of electrochemical
sensors to decentralized analysis include the use of fluidic based
submersible probes for the long-term determination of pH, cal-
cium and carbonate in seawater [20] and a profiling ion analyzer
(PIA) for high depth resolution of pH and ammonium in freshwa-
ter [21,22]. For more detailed information regarding decentralized
electrochemical analysis the reader is referred to the following re-
views [19,23]. In the case of silver detection, several electrochemi-
cal sensors have been reported, mostly in the form of ion selective
electrodes (ISE) [24-27] or voltammetric sensors [28-31]. Although
early proposed electrochemical sensors offered significantly infe-
rior sensitivity and LOD to that provided by ICP-MS, important ad-
vances in analytical performance have been achieved over the last
decade, positioning electrochemical sensing as a supremely viable
technique for on-site silver analysis [32]. An additional benefit can
be obtained by the use of electrochemical sensors, in that they al-

low direct speciation among different silver species; a feature that
can only be achieved with ICP when coupled to a suitable separa-
tion technique (usually in the form of chromatography) [11].

In order to understand the necessity for decentralized silver
monitoring, it is important to consider the levels of silver asso-
ciated with the most common applications. Some specific exam-
ples of silver levels somehow linked to the need for decentral-
ized analysis (e.g. environmental control, product manufacturing,
AgNPs) are collected in Table 1. In drinking water, silver is catego-
rized within the Secondary Maximum Contaminant Levels (SMCL)
by the Environmental Protection Agency (EPA) [33]. As such, only
non-mandatory drinking water quality standards have been estab-
lished for silver, with the maximum level set at 0.93 uM. However,
there is no clear evidence that levels below this limit necessarily
prevent argyria in humans, especially if we consider that drinking
water is not the only source of silver to which humans are daily
exposed [33]. In fact, the presence of silver has been reported in
several biological fluids, with levels ranging from 0 to 2.4 nM and
from O to 3.0 nM in blood and urine, respectively [34]. Even higher
values are expected for patients using silver-coated prostheses [34].
From an environmental perspective, silver surveillance is impor-
tant due to its toxicity to aquatic organisms. Typical silver concen-
tration in natural water ranges between 0.28 pM and 4.6 nM [6],
which means that an analytical technique with an unusually broad
range of response is required for its analysis. A wide concentration
range is also expected for AgNPs in samples connected to synthetic
procedures (up to mM) and applications (nM), e.g. surgical sutures,
study of protein interactions. Similar silver levels are also common
in product manufacturing (e.g. sanitizers, toothpaste) [35].

This work critically reviews the advances in silver electro-
chemical sensing achieved in the last decade, taking into account
the mentioned criteria pertaining to silver concentrations and de-
centralized analysis. Beyond providing an updated assortment of
papers on that topic, this review particularly focuses on those
achievements that allow lowering LODs and/or facilitate imple-
mentation in on-site analysis. Altogether, we consider that the
analysis of the selected works will stimulate future progress in de-
centralized silver monitoring; if we have obviated any manuscripts
reporting on electrochemical silver sensors, it was not our inten-
tion to undervalue those works. All data presented herein were ac-
quired from the original sources (published papers), and it was not
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our goal when analyzing the analytical parameters to criticize the
manner in which they were calculated.

2. Potentiometric determination of silver

Generally, the concept of potentiometric determination of silver
can be considered synonymous with ion-selective electrodes (ISEs),
tailored for Ag® detection. To the best of our knowledge, the first
Ag*t selective electrode was reported in 1968 and was based on
Ag/Ag,S crystal membranes [47]. This electrode presented a Nern-
stian response from 0.1 mM to 0.1 M Ag" concentration, and un-
like many other sulfide-based ISEs it showed a very high primary
ion selectivity, only weakly responding to other transition metal
ions with the exception of Hg2t [48]. In all probability this se-
lectivity played an important role in delaying the development of
liquid membrane ISEs for AgTwith respect to other analytes. It
was not until 1986 that Lai and Shih demonstrated the first ISE
based on a selective membrane for silver [49]. The electrode was
of inner-filling-solution type and contained a dithia-crown ether as
Ag* ionophore. The electrode displayed a sub-Nernstian response
(slope of 40 mV), LRR from 10~ to 10-! M, and LOD of 1 uM.
In terms of selectivity, the highest interferences were observed for
Hg?*t, Fe3t, Mgt and Na* (logKg;’i_Mn+ = -0.11, -0.06, -1.55 and
-1.3, respectively). Following this breakthrough, efforts were di-
rected towards ameliorating both the LOD and the selectivity, in
the main following two strategies: (i) optimization of the mem-
brane composition with special emphasis on the search for new
Ag* ionophores to improve the selectivity; and (ii) the control of
ion fluxes across the membrane interfaces, primarily to optimize
the LOD and bring it to the levels required for real-sample Ag"
detection.

Table 2 collects potentiometric ISEs for Ag™ detection reported
since 2010. These electrodes are all based on a silver-selective
membrane, employing different ionophores (or selective recep-
tors). It is important to mention that the appearance of silver-
selective electrodes in the solid-contact format dates from 2001
[50], almost 10 years after the first demonstrations of conduct-
ing polymers as effective ion-to-electron transducers in ISEs [51].
Whatever the configuration of the electrode, the use of a plas-
ticized polymeric silver selective membrane is a constant fea-
ture in the collected potentiometric ISEs. The reported mem-
branes usually contain the ionophore (ranging from 10 to 80 mmol
kg~! membrane), a cation exchanger (5-40 mmol kg™!), a poly-
mer (25-35 wt%) and a plasticizer (55-67 wt%); some of the re-
ported membranes do not contain a cation exchanger. A range of
common cation exchangers have been applied in potentiometric
ISEs: sodium tetraphenylborate (NaTPB) [52], potassium tetrakis p-
(chlorophenyl)borate (KTpCIPB) [53,54] and sodium tetrakis-[3,5-
bis(trifluoromethyl)phenyl]borate (NaTFPB) [55,56]. For the poly-
meric matrix polyvinyl chloride (PVC) is the preferred polymer,
and typical plasticizers include 2-nitrophenyl octyl ether (o-NPOE)
[54,56,57], dioctyl phthalate (DOP) [53,58], dibutyl sebacate (DBS)
[59], dibutyl phthalate (DBP) [52,60] and dioctyl adipate (DOA)
[61]. Overall, we could not realize any general benefit of using
a specific cation exchanger or plasticizer in silver-selective elec-
trodes, although fluorous polymers seem to favor Ag*™ coordination
in conjunction with certain types of ionophores (see below) [62].

Regarding the ionophore, there are two principal aspects to be
considered: its chemical and physical nature, and the molar ratio
ionophore: cation exchanger in the membrane. Receptors that have
been demonstrated as silver ionophores include calixerene deriva-
tives [53,63,64], Schiff bases [60,65,66], azathioether derivatives
[56,67], podands [68,69], porphyrin derivatives [25,70], cholane
derivatives [71], other macrocyclic compounds [72,73] and, more
recently, similar compounds coupled to nanomaterials [74,75].
Representative examples of each group are displayed in Fig. 1.
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Seemingly, the receptors most frequently utilized are calix[4]arene
based compounds; indeed, one commercially available ionophore

showing an excellent selectivity profile (10g1(£§£_Mn+ = -2.5 for

Hg2t; -4.7 for K+ and Pb?t; -5 for Nat and Ni?*; < -5 for
NH4*, Cu?*, Cd**and Zn?* in a membrane containing KTpCIPB
and BBPA as plasticizer and calculated using the fixed interfer-
ence method (FIM)) is labeled as 0,0”-bis[2-(methylthio)ethyl]-
tert-butylcalix[4]arene (also known as silver ionophore V) [63].
An important number of new publications appearing in the lit-
erature related to ISEs for Ag*are, still, concerned with the devel-
opment of new ionophores. In this context, several structural fea-
tures are thought to be critical to achieve selective binding of the
ionophore for Ag*, with the incorporation of soft donor atoms (e.g.
S, N) and m-coordinating centers, and geometrical arrangement
among the most important aspects [64]. The presence of carbonyl
groups generally favors coordination to alkali metals, whereas the
incorporation of substituents containing m-electrons or sulfur and
nitrogen atoms increases the interaction with soft transition met-
als (i.e., HgZt, Ag*, Cu?t). Szigeti et al. demonstrated that higher
Ag* selectivity is achieved with calix[4]arene ionophores incorpo-
rating sulfur donor atoms than m-coordinating centers [76]. Thus,
of ten different calix[4]arene derivatives tested, those based on
m-coordinating centers showed logarithmic selectivity coefficients
(calculated using the separate solution method, SSM) lower than
-6 for Nat, H* and Ca%*, while those incorporating sulfur atoms
presented logK}:gi‘Mn+ between -6.5 and -13 for the same inter-
fering cations [76]. In a later study, substituents containing donor
atoms were further investigated by Janrungroatsakul et al., (Fig. 2),
demonstrating that the presence of two substituents on opposing
phenolic groups of calix[4]arene (compounds II, III) results in lower
susceptibility to interferences than displayed by monosubstituted
calix[4]arenes (compounds I, IV) [77]. Importantly, the highest se-
lectivity was achieved with two benzothiazole substituents (com-

pound III, Fig. 2), which provided a logKggi_MH< -3 for all tested
ot

interfering cations, except for Hg?* which gave logK/‘\’g M~ -2.
Crown ethers per se generally present high affinity to alkali and
alkaline earth metal ions, whereas substitution of oxygen atoms by
nitrogen and/or sulfur provides higher affinity towards transition
and heavy metal ions [78,79]. Zhang et al. explored the use of nine
monoazathiacrown ethers as Ag™ ionophores (Fig. 3), studying the
effect of total ring number (20, 21, 22 for compounds V, VI, VII;
17, 18, 19 for compounds VIII, IX, X; 19, 20, 21 for compounds XI,
XII, XIII) and number of sulfur atoms (5 for compounds V, VI, VII,
4 for others) present in the ring [80]. The authors observed that
selectivity towards Ag* depended on the number of sulfur atoms
present in the ring system (more sulfur provides enhanced selec-
tivity), and the flexibility of the ring. More flexible rings allowed
for the ionophore to more easily contort in order to form stable
complexes with ions such as Hg2*, resulting in poorer selectivity.
In this case, the best selectivity (logKA"g‘t”wn+ = -2.5 (Hg?t), -8.2
(K*), -8.4 (Pb?*) and lower than -9 for all other tested ions us-
ing the SSM) was achieved with a 2,2’-thiodiethanethiol derivative
containing five sulfur atoms and a total ring number of 22 atoms
(compound VII, Fig. 3). An optimized membrane containing PVC
(33 wt%), o-NPOE (66 wt%), ionophore (0.7 wt%) and NaTFPB (0.3
wt%, corresponding to a 4:1 ionophore: NaTFPB molar ratio) re-
sulted in a very respectable LOD of 0.22 nM and a near-Nernstian
response (slope of 54.5 mV dec™!) up to 10—> M Ag™ concentration.
Although most of the reported Ag' ionophores are based on
macrocyclic compounds, a few non-macrocycle ionophores have
also been reported. The group of Nam evaluated the suitabil-
ity of tweezer-type ionophores based on cholic, deoxycholic and
chenodeoxycholic acid derivatives as well as 7-deoxycholic amide
and cholane derivatives [71,81]. Compared to analogous com-
pounds containing a single binding site, tweezer-type ionophores
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Table 2
Potentiometric silver-selective electrodes.
Type of Ionophore Membrane Analytical Ag*[Nat selectivity  Application Ref
electrode composition performance logKA";“Na‘
IFS 5-(4-dimethylaminobenzylidene) rhodanine 5 wt.% I, 60 wt.% LOD: 1 uM, LRR: NS None [58]
DOP, 35 wt.% PVC 1 pM - 0.1 mM, t;:
20 s
IFS thioether-amide-amine based ionophores 4 wt.% 1, 63 wt.% LOD: 60 uM, LRR: -1.4 Titration of Ag* [57]
0-NPOE, 33 wt.% 100 pM - 100 mM,
PVC tri< 15 s
IFS p-tert-butylthiacalix[4]arene derivative 1.8 wt.% I, 63.6 wt.%  LOD: 5 nM, LRR: -2.0 Titration of Ag* [59]
DBS, 34.5 wt.% 7 UM - 8 mM, t;:
PVC, 1.0 wt.% 10-20s
NaTFPB
IFS p-tert-butylcalix[4]arene 1.00 wt.% 1, LOD: 0.1 uM, LRR: —-4.01 Titration of Cl~ in [53]
65.97 wt.% DOP, 0.5 uM - 1 mM water samples,
32.99 wt.% PVC, determination of
0.04 wt.% KTpCIPB vitamin C
IFS calix[4]arene derivatives 1.0 wt.% I, 66.0 wt.% LOD: 0.48 uM, LRR: -6.7 Detect DNA [77]
0-NPOE, 33.0 wt.% 1uM - 10 mM hybridization
PVC, 75 mol%
KTCIPB relative to [
IFS 24,26-dihydroxy-25,27-bis(1- 2.0 wt.% I, 66. wt.% NS —6.7 NS [121]
ethoxycarbonylmethoxy1,2,3-triazole-4- 0-NPOE, 33.0 wt.%
methoxy)-p-tert-butylcalix[4]arene PVC, 50 mol%
KTCIPB relative to I
IFS aza-thioether crown containing a 9.2 wt% 1, 61.3 wt.%  LOD: 1.2 nM, LRR: NS Spiked Ag* water [56]
1,10-phenanthroline subunit silver(I) 0-NPOE, 27.6 wt.% 5 uM - 100 mM, samples
ion-imprinted polymer (IIP) PVC, 1.9 wt.% t:25-60s
NaTFPB
IFS diamide 7,10,13-triaza-1-thia-4,16-dioxa-20,24- 6.0 wt.% I, 56.0 wt.% LOD: 1 uM, LRR: NS Detection of Ag™ [72]
dimethyl-2,3; 0-NPOE, 30.0 wt.% 2 puM - 10 mM, t;: in photographic
17,18-dibenzo-cyclooctadecane-6,14-dione PVC, 8.0 wt.% OA <55s and radiographic
films
IFS 1,13-bis(8-quinolyl)-1,4,7,10,13- 53 wt.% I, 4.5 wt.% LOD: 0.9 uM, LRR: -3.24 Spiked Ag* [52]
pentaoxatridecane NaTPB, 30.0 wt.% 1 pM - 100 mM, distilled water
PVC, 60.2 wt.% DBP t: 15 s samples
IFS 2,2'-(1E,1’E)-(1,1'-binaphthyl-2,2’-diylbis(azan-1- 1.0 wt.% I, 60.2 wt.% LOD: 0.34 uM, LRR: -3.6 Spiked Ag* tap [122]
yl-1-ylidene))bis(methan-1-yl-1- 0-NPOE, 33.0 wt.% 1 uM - 10 mM, t;: water samples
ylidene)diphenol PVC, 50.0 mol.% 3s
KTCIPB
IFS (N2E,N2’E)-N2,N2’-Bis(Thiophen-2- 1.0 wt.% [, 66.0 wt.%  LOD: 40 nM, LRR: -3.6 NS [61]
ylmethylene)—1,1’-Binaphthyl-2,2’-Diamine DOA, 33.0 wt.% 0.1 pM - 10 mM,
PVC t:9s
IFS 9,10,20,25-tetrahydro-5H,12H- 1.0 wt.% I, 65.7 wt.% LOD: 55 nM, LRR: -8.64 Titration of [55]
tribenzo([b,n,r][1,7,10,16,4,13]tetrathiadiaza 0-NPOE, 32.9 wt.% 1pM - 1 mM, t;: chloride in water
cycloicosine 6,13-(7H,14H)-dione PVC, 0.4 wt.% <15s
NaTFPB
IFS 9,10,12,13,24,25-Hexahydro- 0.7 wt.% I, 66.1 wt.% LOD: 0.22 nM, LRR: -9.4 Spiked Ag* tap [80]
5H,15H,23Hdibenzo[b,q][1,7,10,13,19,4,16]- 0-NPOE, 33.0 wt.% 1nM - 10 uM water samples
pentathiadiazacyclodocosine PVC, 0.3 wt.%
6,16(7H,17H)-dione NaTFPB
IFS N,N’-Bis(pyridin-2-ylmethylene)benzene-1,2- 1.0 wt.% I, 66.0 wt.% LOD: 0.23 pM, LRR: NS NS [123]
diamine 0-NPOE, 33.0 wt.% 0.1 pM - 1 mM, t;:
PVC, 50 mol% 10s
KTpCIPB relative to
I
IFS 1,3-Bis(2-ethoxyphenyl)Triazene 1.5 wt.% I, 65.0 wt.% LOD: 85 nM, LRR: -3.37 Spiked Ag™* tap, [124]
TEHP, 33.0 wt.% 0.32 uM - well, river,
PVC, 0.5 wt.% 100 mM, t;: 12 s waste, mineral
NaTFPB water samples
IFS N,N’-Bis(3-methyl-1-phenyl-4-benzylidine-5- 2.2 wt% 1, 64.7 wt.% LOD: 0.2 pM, LRR: —-4.7 Detection of Ag* [60]
pyrazolone)propylenediamine DBP, 32.3 wt.% 1 pM - 100 mM, in radiographic
PVC, 0.8 wt.% t:5-30s films
KTpCIPB
IFS Fullerene-Based 2-aminopyridine 3-hydroxy 5.0 wt.% I, 63.0 wt.%  LOD: 0.1 pM, LRR: 6.1¢10°6 (MPM) Biosensing of [74]
benzaldehyde DOP, 30.0 wt.% 0.5 uM - 100 mM, glucose
PVC, 2.0 wt.% t:<10s
NaTFPB
IFS ionophore-gold nanoparticle conjugate NS LOD: 10 nM, LRR: -53 NS [75]
1 mM - 10 nM
SS-CPE (Z)-2-(2-((3-(2-hydroxyphenyl)—5-(p-tolyl)—1H- 25 wt% 1, 61.7 wt.% LOD: 0.73 uM, LRR: -3.72 Spiked Ag* urban, [110]

pyrrol-2-yl)imino)—>5-(p-tolyl)—2H-pyrrol-3-
yl)phenol

DOS, 34.8 wt.%
PVC, 1.0 wt.%
KTCIPB

10 pM - 100 mM,
t:3s

river, spring and
some
commercially
available bottled
water samples

(continued on next page)
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Table 2 (continued)
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Type of Ionophore Membrane Analytical Ag*[Na*t selectivity  Application Ref
electrode composition performance logK,'\’;f_Nv
SS-CPE Acetophenone oxime-functionalized glycidyl 10 wt.% [, 40 wt.% LOD: 0.12 uM, LRR: —-4.92 Spiked Ag* river, [111]
methacrylate-methyl acrylate copolymer GP, 35 wt.% PO, 0.31 uM - lake, tap water
10 wt.% MWCNT 100 mM, t;: 5s samples
SS-CPE N,N’-di-(cyclopentadienecarbaldehyde)-1,2-di 3.0 wt% 1, 16.0 wt.%  LOD: 0.8 nM, LRR: —4.22 Spiked Ag* in [112]
(0o-aminophenylthio) ethane GP, 31.0 wt.% RTIL, 2 nM - 20 mM, t;: urine, blood
50.0 wt.% SGAN 5s serum, burning
ointment and
radiology films
SS-CPE N,N’-bis(benzophenone imine)formamidine 6.0 wt.% I, 64.0 wt.% LOD: 50 nM, LRR: -3.27 Titrated mineral [27]
GP, 30.0 wt.% PO 0.2 utM - 20 mM, water and
t;:<10s medicinal
sample
SS-CPE Single-walled carbon nanotube 6.07 wt.% I, LRR: 1 yM - 10 mM, NS NS [125]
N-6aminohexylamide 30.36 wt.% GP, t: 18 s
63.57 wt.% PO
SS-CPE N-(6-aminohexyl) carboxamide 6.6 wt.% I, 45.0 wt.% LOD: 0.8 uM, LRR: -2.29 NS [126]
GP, 48.4 wt.% PO 1 pM - 10 mM, t;:
< 18s
SS-CPE 2-Acetylbenzimidazole benzoylhydrazone 1.0 wt.% 1, 42.4 wt.% LOD: 70 nM, LRR: —-2.41 Detection of Ag* [118]
GP, 56.6 wt.% DOS 0.11 pM - 1 mM, in radiographic
t:3s films
SS-CPE Thionine 7.0 wt.% 1, 53.0 wt.% LOD: 4.17 nM, LRR: —5.64 Detection of Ag* [26]
GP, 30.0 wt.% DPA, 8 nM - 10 mM, t;: in acidified river
10.0 wt.% GNS 6s water
SS-CPE N1-(1-(pyridin-2-yl)ethylidene)ethane-1,2- 9.5 wt% I, 71.4 wt.% LOD: 0.9 uM, LRR: —-4.14 Spiked Ag* in [127]
diamine-MWCNTMWCNT GP, 19.1 wt.% PO 1 M - 100 mM, reflux tea water
t: 15s
SS-CPE MAETEPU-MWCNTs@Si02 7.6 wt.% 1, 71.3 wt.%  LOD: 80 n M, LRR: —6.09 Determination of [114]
GP, 21.1 wt.% PO 86 nM - 100 mM, Cl- ions in water
t:20s samples
SS-CPE B15C5-MWCNTs 8.4 wt% 1, 71.3 wt.%  LOD: 0.17 uM, LRR: -4.32 Detection of Ag* [115]
GP, 28.4 wt.% PO 0.27 uM - in radiographic
100 mM, t;: 15 s films
SS-CPE diazo-thiophenol-functionalized silica gel 6.0 wt.% I, 63.5 wt.%  LOD: 1 pM, LRR: -5.55 Detection of Ag™ in  [128]
GP, 30.5 wt.% PO 1 M - 100 mM, radiology films
t: 50 s
SS-CPE NGO-AuNP-TPC 6.3 wt.% I, 65.1 wt.% LOD: 0.63 pM, LRR: -5.19 NS [115]
GP, 28.6 wt.% PO 0.84 pM -
100 mM, t;: 10 s
(1 pM - 100 mM)
SS-CPE [N,N’(bis[(1-oxoethyl) morpholine-2- 6.0 wt.% I, 64.0 wt.% LOD: 63 nM, LRR: —3.96(MPM) Direct [68]
carbodithioate])—2,6diaminopyridine] GP, 30.0 wt.% PO 80 nM - 15 mM, determination of
t:5s tap water and
spiked
laboratory water
SS-CPE 1,3,6,10,13-pentaaza-2,14-(2,6-pyridyl)- 8.0 wt.% I, 62.0 wt.% LOD: 2.5 nM, LRR: —5.00 Spiked Ag* in [68]
cyclotetradecane-4,12-dione GP, 30.0 wt.% PO, 4 nM - 22 mM, t;: silver-
100 puL SGAN 5-15s sulfadiazine
cream and
radiological film
SS-CPE 1,3,6,9,11,12-pentaaza-2,13-(2,6-pyridyle)- 8.0 wt.% I, 62.0 wt.% LOD: 0.2 uM, LRR: —5.00 NS [68]
bicycle[2,2,9]pentadecane-4,11-dione GP, 30.0 wt.% PO, 0.22 uM - 20 mM,
100 uL SGAN t:5-15s
SS-CPE 1,3-bis(perfluorodecylethylthiomethyl) benzene 30nM [, 1.0 nM LOD: 38 p M, LRR: -12.9 NS [62]
NaTFPB 0.1 nM -1 nM, t;:
5s
SS-CPE PVC-co-VAc 443 wt.% 1, LOD: 4.25 pM, LRR: NS Spiked Ag" in tap [129]
55.2 wt.% DBP, 10 uM - 100 mM, and lake water
0.5 wt.% NaTFPB t:5-30s
SS-CPE TEPQA-MCM-41 2 wt% I, 75 wt.% GP,  LOD: 1 pM, LRR: -39 Detection of Ag" [130]
23 wt.% PO 1.2 pM - in soil samples,
100 mM,t;: 5 s sea water, urine
samples
SS-CPE graphitic carbon nitride 50 wt% 1, 143 wt.%  LOD: 0.9 M, LRR: -3.12 Spiked Ag* in [131]
n-eicosane, 1 M - 100 mM, river, mineral
80.7 wt.% GP t:30s and sea water
SS-CW 1,2,4,5-tetrakis-(8- 4.0 wt.% 1, 63.0 wt.% LOD: 1 uM, LRR: -1.10 Determination of [103]
hydroxyquinolinoxymethyl)benzene 0-NPOE, 33.0 wt.% 10 uM - 100 mM, Ag* in various
PVC t;:15s synthetic
samples
SS-CW Tetraethylthiuram disulfide 6.0 wt.% I, 60.5 wt.% LOD: 1 uM, LRR: —0.6 (MPM) Titration of [104]
0-NPOE, 33.0 wt.% 5 pM - 100 mM, F-,Cl-,Br-and I~
PVC, 0.5 wt.% t:20s ions
NaTFPB

(continued on next page)
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Table 2 (continued)
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Type of Ionophore Membrane Analytical Ag*[Nat selectivity ~ Application Ref
electrode composition performance logKK;’I Na+
SS-CP Zn based porphyrine dimesr into PEDOT dopped 33.0 wt.% PVC, LOD: 20 uM, LRR: —-4.92 NS [25]
with either PSS~ or Cl- 66.0 wt.% 0-NPOE, 100 uM - 70 mM
1.0 wt.% porphyrin,
0.2 wt.% KTCIPB
SS-CP PANI/SSA 0.5 M aniline, 0.2 M LOD: 1 nM, LRR: -2.74 Spiked Ag* in [108]
SSA 10 nM - 1 mM photographic
waste, waste
solution
SS-CP ARS into polypyrrole 0.1 M pyrrole, LOD: 25 nM, LRR: -3.12 NS [109]
1075 M ARS 50 nM - 6.3 mM,
t:10-35s
SS-CP (0,0"-bis[2-(methylthio)ethyl]- 1.7 wt.% GNP@Dit, LOD: 1.26 uM, LRR: -39 NS [107]
tertbutylcalix[4]arene) into 65.1 wt.% o-NPOE, 10 yM - 100 mM
POT 31.8 wt.% PVC,
1.4 wt.% NaTFPB
SS-CP o-xylylene-bis(N, N-diisobutyldithiocarbamate) 0.77 wt.% I, 10 wt.% LOD: 19 nM, LRR: NS Titration of CI- and [106]
into POT POT, 32.93 wt.% 30 nM - 30 pM, t;: spiked Ag* in
PVC, 65.86 wt.% <20s tap water and
0-NPOE, 0.44 wt.% lake water
NaTFPB
SS o-xylylenebis(N, N-diisobutyldithiocarbamate) 6.00 wt.% 1, LOD: 0.16 uM, LRR: NS Kinetic assessment  [117]
65.86 wt.% DOS, 1pM - 1 mM of AgNPs
32.93 wt.% PVC, dissolution

0.44 wt.% KTFPB

ARS: Alizarin Red S; DBP: dibutyl phthalate; DBS: dibutyl sebacate; DOA: dioctyl adipate; DOP: dioctyl phthalate; DOS: Dioctyl sebacate; DPA: diphenylacety-
lene; GNS: graphene nanosheets; GP: graphite powder; I: ionophore; IFS: inner-filling solution; KTFPB: potassium tetrakis[3,5-bis(trifluoromethyl)phenyl]borate; KTp-
CIPB: potassium tetrakis p-(chlorophenyl)borate; LOD: limit of detection; LR: linear range; MWCNT: multi-walled carbon nanotubes; NaTFPB: sodium tetrakis [3,5-
bis(trifluoromethyl)phenyl]borate; NaTPB: sodium tetraphenylborate; NGO: graphene oxide nanosheets; NS: not-specified; o-NPOE: 2-nitrophenyl octyl ether; PANI: polian-
iline; PEDOT: poly(3,4-ethylenedioxythiophene; PO: paraffin oil; POT: poly(3-octylthiophene); PSS—: polystyrenesulfonate; PVC: polyvinyl chloride; RTIL: room-temperature
ionic liquid; SGAN: sol-gel/Au nanoparticle; SSA: 5-sulfosalicylic acid; SS-CPE: solid state carbon paste electrode; SS-CW: solid state coated wire; SS-CP: solid state conductive
polymer; TEHP: tris(2-ethylhexyl) phosphate; TPC: 2-thiophenecarboxylic; tr: response time.

provided enhanced sensitivity (reaching a Nernstian response)
and higher selectivity over Hg2t (for all other transition met-
als: logKXgiMrH < -4.5) [82]. Of this class of ionophores, the
best analytical performances were demonstrated by receptors XIV
and XV (Fig. 4). Membranes containing ionophore XIV (1 wt%),
PVC (33 wt%) and DOA (66 wt%) provided a LOD of 32 nM
and a logl(ggi Hg2t = -4.5 [71]. lonophore XV substituted into the
same membrane composition resulted in a LOD of 0.8 nM and a
logKKg Hg2t = -3.3 [82]. These are not the only non-macrocyclic
compounds to have shown good analytical performances; for ex-
ample, a LOD of 50 nM and a logK goi Hg2+ = -2.8 calculated with
the fixed interference method (FIM) were achieved using N,N’-
bis(benzophenone imine)formamidine, although in this case se-
lectivity towards other ions was inferior to the above-discussed
1on0phores(log1<pg+ vt = —3.0 (Cu?*) and -2.7 (Pb%+)) [27].
Importantly, some bifunctional receptors may act as ionophore
for both Ag*™ and perchlorate ions, depending on the ion exchanger
included in the membrane. This is the case for a new family of
porphyrin dimers synthesized by Lisak et al., which acted as Ag*
ionophores in the presence of KTCIPB and as perchlorate receptors
with tridodecylmethylammonium chloride (TDMACI) ion exchanger
[25]. The observed dualism was judged to be due to the use of
mixed porphyrin dimers containing one anion- and one cation-
sensitive porphyrin environment (metalloporphyrin and freebase
units, respectively). Interestingly, mixed porphyrin dimers resulted
in better selectivity toward Ag™ than dimers based on two free-
base units (i.e. logkP®t -4.92 for Nat and -2.74 for K* with

Ag+ M+
two freebases and logKX; wn+= —6.25 for Na* and -4.14 for K*
using the mixed dimer). However, selectivity against mercury was
not reported. More recently, Bobacka et al. found that ISEs based
on complexes of rare earth elements with “double-decker” type
porphyrins showed impressive selectivity towards Ag*, especially
those containing terbium and yttrium (Tb"(TPP), and Y!(TPP),)

[83]. The observed LODs were rather high (between 8 and 10 M
for all the tested ionophores), but this work demonstrated the po-
tential benefits of using density functional theory (DFT) calcula-
tions in designing new Ag™ ionophores, which provided good cor-
relation with the empirically determined selectivity patterns.
Although for ISEs ionophores are usually added directly to the
membrane cocktail, grafting onto nanomaterials (either organic or
inorganic) has also been reported as an effective strategy for Ag*
recognition [75]. Since covalent immobilization leads to lower dif-
fusion of ionophores, leaching of membrane components is sig-
nificantly reduced, resulting in improved durability of the devel-
oped ISEs. The group of Gyurcsanyi introduced ionophore - gold
nanoparticle conjugates (IP-AuNP), which were based on the spon-
taneous self-assembly of Agt with thiacalixarene derivatives on
the surface of gold nanoparticles [75]. IP-AuNPs were included in a
cocktail membrane containing PVC, o-NPOE (ratio 2:1) and NaTFPB.
Selectivity coefficients (logK K‘)i vn+ = —7.4 for Mg?*, -6.6 for Pb%*,
-4.9 for Kt and -5.7 for Nat) were higher than those observed
with the free ionophore in the membrane (logkP% = -116

Ag+ Mn+
for Mg2+, -10.8 for Pb%+, -8.4 for K+ and -10.8 for Na*), which
was attributed to a lower stability of the Ionophore-AuNP-silver
complex. Nevertheless, the use of IP-AuNPs provided a LOD of
5 nM, shorter conditioning time, drift-free potential response, and
suppression of super-Nernstian behavior at lower Ag* concentra-
tions. The same group further explored ionophore grafting onto
gold nanopores as a synthetic version of biological ion channels
[84]. In this case, all active compounds were covalently grafted to
the internal surface area of gold nanopores and a perfluorinated
thiol derivative was used to confer hydrophobicity, reaching a LOD
of 6.8 nM. Fullerene has also been reported as a nanomaterial that
can improve selectivity for silver, especially over mercury, given its
large number of m-electrons [74]. The resulting sensor provided a
LOD of 0.1 pM and a logkP® < -4.2 for all tested ions, includ-

Agt Mn+
ing HgZt.
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Fig. 1. Representative examples of family compounds commonly employed as silver ionophores.
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Fig. 2. Four calix[4]arene derivatives reported by Janrungroatsakul et al. as Ag*
ionophores [77]. One or two opposite phenolic groups of calix[4]arene are modi-
fied by either benzothiazole or dipicolylamine.

An important development which ought not to be omit-
ted is the use of fluorous sensing membranes, which has been
demonstrated to enhance selectivity and LOD of silver-selective
electrodes [62,85]. Fluorous membranes contain a high fluo-
rine content, and thereby present non-coordinating and poorly
solvating properties. This promotes stronger binding between
Ag' and the ionophore, and additionally results in weak solva-
tion of interfering ions in the sensing membrane, thus improv-
ing electrode selectivity. Using this approach, Lai et al. devel-
oped an ISE composed of perfluoro-saturated polymer with 1,3-
bis(perfluorodecylethylthiomethyl)benzene as ionophore and three
dimensionally ordered macroporous (3DOM) carbon as the solid
contact [62]. This approach provided a LOD of 0.38 pM and a re-
markably selectivity over sodium (e.g. logKK;t+ Nat = —12.9). How-
ever, the electrode presented a very narrow LRR, from 0.1 to 1 nM.

Conventional knowledge regarding silver-selective electrodes
targets Hg?* as the most relevant interfering ion. However, mer-
cury levels in the environment have been significantly reduced in
recent years due to much stricter regulations on its use [86,87]. As
a consequence, environmental Hg* concentrations are now gener-
ally lower than those of Ag™, suggesting that high discrimination
(ie. large selectivity coefficient logk®° Ag. Hg2+) is no longer essen-
tial. In contrast, selectivity with regards to Na* should be carefully
evaluated due to the near ubiquitous nature of this ion. For exam-
ple, in drinking water, the sodium concentration can vary between
43.5 uM and 17.5 mM [88] whereas recommended maximum lev-
els for Agt are 0.92 pM [33]; thus, logKXgi nae Of at least —3.9 is
required to assure accurate Agt measurements in drinking water.
Additionally, even better selectivity is necessary for analysis of sea-
water, which contains about 0.5 M NaCl [89]. From the values of
logl(f\’;g’fr Na+ Shown in Table 2, it can be observed that only about
half of the reported inner-filling solution ISEs for Ag* present suf-
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Fig. 3. Nine monoazathiacrown ethers reported by Zhang et al. as Ag* ionophores
[80] with different ring number and number of sulfur atoms.
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Fig. 4. Cholan-24-amide (N) and cholane (O) derivative synthetized by Kim, Nam
and coworkers as Ag* ionophores [71,82].

ficient selectivity to meet these requirements for Ag* detection in
environmental waters.

Tighter control of ion fluxes across any membrane interface has
been demonstrated to be a crucial factor in determining the LOD
associated with Ag* selective electrodes [90]. Using low amounts
of ion-exchanger and ionophore in the membrane was shown to
reduce ion fluxes across membrane interface, whereas loading the
membrane with a certain amount of the primary ion salt helps
to minimize co-extraction effects [91]. It is essential to reduce the
concentration of free Ag* in the inner filling solution. In this con-
text, Kim et al. were able to decrease the LOD from 63 nM to 1 nM
by adding Na,EDTA to the inner filling solution [82]. Other meth-
ods include actively controlling the ion transport by current or po-
tential [92], the use of polymeric microspheres to suppress the mo-
bility of ions in the membrane [93], the use of methyl methacry-
late and decyl methacrylate (MMA-DMA) copolymers to fine-tune
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diffusion coefficients, and increasing the membrane thickness [94].
In combination, several strategies aiming to reduce ion fluxes
across the membrane can induce a significant decrease of the
LOD of ISEs for Ag*, from micromolar to even subnanomolar lev-
els. Moreover, it has also been reported that these strategies can
lead to an improvement in selectivity for silver ions [91]. For ex-
ample, a classical conditioning in 5 mM AgNOs solution for the
membrane based on S,S-methylenebis(diisobutyldithiocarbamate)
results in non-Nernstian slopes and logKX;’iqMHbetween —3.0 and
—4.6 for Nat, K+, Ca2*, Pb%+ and Cu?*, whereas the same elec-
trode conditioned in 10 mM NaCl (thus avoiding prior contact to
Ag™) provides not only Nernstian response to Ag* but also near-
Nernstian response for all other ions tested (58.7, 59.2 mV dec™!
for Nat, K*, 25.3, 35, 32 mV dec~! for Ca2*, Pb2*, Cu®*, respec-
tively), with logKKgi,M,1+ between —8.2 and —11.0 for all these ions,
almost three times lower than the values obtained with the classi-
cal conditioning protocol [95].

A particular case of potentiometry that allows for a better con-
trol of ion fluxes across the membrane is the use of galvanostatic
pulse chronopotentiometry (also known as pulstrode) [92,96]. This
measurement protocol consists of a sequence of three steps: (i) de-
termination of open circuit potential (OCP) at zero-current condi-
tions; (ii) galvanostatic interrogation pulse; and (iii) application of
a potential equal to the OCP. Specifically, the galvanostatic pulse in-
duces an ion-exchange process whereby electrolytes are extracted
from the sample into the membrane (this process is assisted by
the ionophore in case of the primary ion) and counterions are ex-
tracted from the inner solution of the electrode to maintain elec-
troneutrality in the entire system [97]. This pulse results in a po-
tential decay, with the endpoint considered to be the potential sig-
nal of the ISE, exhibiting a near-Nernstian response in total analogy
to zero-current potentiometry. Finally, the application of a poten-
tial equal to the initial OCP of the electrode permits the regen-
eration of the membrane and, therefore, the generation of repro-
ducible signals [98]. Because the ion-exchange process is controlled
by the applied galvanostatic pulse, there is no ion-exchanger in
the membranes in pulstrodes. Therefore counter-transport affects
are avoided, and this facilitates Nernstian response to any ion (pri-
mary and interferences). Furthermore, the total ion exhaustion, en-
forced by the OCP potential pulse, has been demonstrated to lead
to unbiased selectivity coefficients [99]. A very interesting Ag™ pul-
strode was reported by Makarychev-Mikhailov et al. based on a
silver-selective membrane containing bis-thioether functionalized
tertbutyl calix[4]arene as ionophore [96]. The resulting LRR was
narrower than that provided by conventional ISEs (i.e. about one
activity decade), but this range could be tuned in principle by vary-
ing the magnitude and duration of the galvanostatic pulse. Thus,
the pulstrode was able to detect Agt with concentrations in the
range from less than 107 M to more than 10~* M. A clear ad-
vantage of pulstrodes is that the observed potentials are indepen-
dent of the reference electrode, opening a new perspective into the
miniaturization of sensors [96].

The all-solid-state concept was conceived to solve a series of
drawbacks related to the presence of the inner-filling solution
in ISEs, including the suppression of ion-fluxes at the internal
membrane interface [100]. This configuration also furnishes ISEs
with a versatility for adaptation in miniaturized and differently
shaped electrode platforms [101]. The all-solid-state silver-selective
electrodes reported in the literature over the last decade tend
to come in the form of coated wire electrodes or carbon paste
electrodes, and generally use conducting polymers as the ion-to-
electron transducer (see Table 2). The few coated wire ISEs for Ag™
presented LODs at the micromolar level, and rather unsuitable se-
lectivity towards sodium (e.g., -4 < logK/‘\’ginﬁ < -0.5) [102-104],
showing therefore a limited analytical performance comparable to
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the classical inner-filling solution ISEs. Furthermore, coated wire
ISEs are known to provide unstable response due to the low capac-
itance at the metal-membrane interface and lack of a well-defined
ion-to-electron transducer [105].

Different kinds of conducting polymers have been reported as
effective ion-to-electron transducers in ISEs for Ag". Lisak et al.
presented a glassy carbon electrode (GCE) modified with elec-
tropolymerized poly(3,4-ethylenedioxythiophene) (PEDOT) doped
with polystyrenesulfonate [25], presenting LODs between 10 and
20 pM. Yin et al., presented Ag™ detection with an electrode pre-
pared with poly(3-octylthiophene) (POT) as the transducer and a
membrane based on o-xylylene-bis(N, Ndiisobutyldithiocarbamate)
as ionophore [106]. In this case, POT was directly mixed with
the membrane cocktail, thereby constituting a single-piece solid-
contact ISE. The LOD achieved with the resulting electrode was
19 nM. ISEs for Ag* based on POT were also reported by Woznica
et al., particularly using gold NPs to anchor the ionophore within
the membrane phase [107]. This strategy provided an improvement
in the upper detection limit, allowing a Nernstian response to be
maintained up to 0.1 M Ag*t. However, such high concentrations
of silver are unlikely to occur in any real sample. Besides PEDOT
and POT, other conducting polymers employed for silver-selective
electrodes include polyaniline (PANI) [108] and polypyrrole [109].

Interestingly, the majority of all-solid-state ISEs for Ag™ re-
ported in the last decade are based on carbon paste, which can act
as both electro-conductive material and Ag* receptor. In a study
using the former option, with deposition of the ion-selective mem-
brane on top [110], the LRR for Ag* detection was found to be be-
tween 10~> and 10~! M. However, much lower LODs (between 10
and 100 nM) were claimed when the carbon paste acts as both
electro-conductive material and Ag* receptor [27,111,112]. In this
type of electrode, the carbon paste usually contains graphite pow-
der (30 - 70 wt%), paraffin oil (20 - 40 wt%) and Ag* ionophore (1
- 10 wt%), and no polymer substrate is incorporated. Afkhami et al.
developed a carbon paste electrode (CPE) based on the addition
of graphene nanosheets and diphenylacetylene (DPA, a conductive
binder agent) onto the carbon paste containing thionine as Ag*
ionophore [26]. The incorporation of graphene nanosheets seem-
ingly provided enhanced conductivity and a larger surface area,
whereas the replacement of paraffin oil by DPA resulted in a higher
sensitivity due to its 7 - 7 interactions with graphene. Overall, the
analytical performance was significantly improved as compared to
the unmodified CPE, achieving a LOD of 4.2 nM and a LRR from
8 nM to 10 mM. In another study, Yang et al. grafted the ionophore
2-thiophenecarboxylic acid onto graphene and decorated it with
gold nanoparticles (AuNPs) [113]. This provided a hybrid nanoma-
terial that acted as both receptor and ion-to-electron transducer
which was able to overcome problems associated to the leaching
of membrane components. Beyond graphene, carbon nanotubes are
another popular carbon nanomaterial that has displayed improved
analytical performance of ISEs for Ag*™ [111,114,115].

AuNPs have additionally demonstrated suitability in improving
the electron-transfer process between the electrode surface and
the electrolyte [112,116]. Ramenazi et al. reported a CPE compris-
ing Schiff base N,N’-di-(cyclopentadienecarbaldehyde)—1,2-di(o-
aminophenylthio)-ethane as ionophore and encapsulated AuNPs in
a 3-(mercaptopropyl)-trimethoxysilane (MPTS) derived sol-gel net-
work [112]. The encapsulation of AuNPs was achieved via S-Au co-
valent bonding and provided high electrical conductivity and an in-
creased surface area along the three-dimensional electrode. Electri-
cal conductivity and long-term stability were further improved by
the substitution of paraffin oil by room-temperature ionic liquids,
giving rise to higher sensitivity and lower response time [112]. The
resulting sensor provided a LOD of 0.8 nM and a LRR from 2.4 nM
to 22 mM, with a fast response time (5 s) and adequate selectivity

over sodium (logKApgi Nat = —55).
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Fig. 5. Representation of the sensing mechanism for the AgNPsp-based label-free potentiometric DNA detection reported by Janrungroatsakul et al. Reproduced with permis-

sion from ref. [77].

While inner-filling solution electrodes were primarily demon-
strated for halide titrations and the determination of samples
containing high silver contents (e.g. photographic and radiologi-
cal films, or spiked water samples) [57,72], the all-solid-state con-
cept opened up new applications such as on-site water analysis
[19,23], AgNPs speciation [117] and the use of silver as an indi-
rect marker to study protein interactions [44]. These new appli-
cations are possible not only because of the improved analytical
performance of all-solid-state ISEs but also because the removal of
the inner-filling solution facilitates electrode miniaturization, and
thereby decentralized silver measurements. Moreover, the use of
inner-filling solution ISEs represents a challenge for in situ water
analysis, because inner-filling solutions are susceptible to evapora-
tion and highly sensitive to changes in temperature and/or pres-
sure [19]. Unfortunately, the vast majority of the papers published
on the last decade about silver-selective electrodes show a focus
on the search for improved analytical performance of ISEs, with-
out much exploration of their potential applications. It is common
to find lab-bench applications that consider relatively high levels
of Ag™ and, particularly, spiked samples. Also, on many occasions,
complex sample pre-treatments such as acid digestion [112], filtra-
tion [60] and dry ash in muffle furnaces [118] are required. The
need for such complex experimental procedures also impedes de-
centralized measurements.

Janrungroatsakul et al. applied silver-selective electrodes based
on calix[4]arene derivatives to the detection of DNA hybridization
[77]. A peptide nucleic acid DNA probe was covalently attached
to a gold substrate. Then, hybridization of target DNA resulted in
a negatively charged surface that was used to adsorb positively
charged AgNPs. These AgNPs were subsequently oxidized with hy-
drogen peroxide to release Ag*, which was detected by a silver-
selective electrode. The sensing mechanism is illustrated in Fig. 5.
This method allowed for the discrimination of fully complementary
DNA from single base mismatched and non-complementary DNA,
achieving a LOD for DNA of 0.2 uM. A similar approach was also

10

used for glucose sensing [74,119]. In this case, the oxidation of glu-
cose by the glucose oxidase enzyme generates hydrogen peroxide,
which oxidizes AgNPs to Ag™. In fact, this procedure allows specia-
tion analysis to differentiate between Ag™ and AgNPs in a two-step
measurement protocol: initial Ag*t detection followed by total sil-
ver analysis after complete oxidation of AgNPs to Ag*™ (quantity of
AgNPs is therefore calculated as the difference between the two
measurements) [120].

Bobacka et al. have recently investigated the spontaneous
and stimulated dissolution of AgNPs in real time using an all-
solid-state silver-selective electrode comprising o-xylylenebis(N,N-
diisobutyldithiocarbamate as Ag*™ ionophore and mesoporous car-
bon as solid contact [117]. Kinetic assessment carried out by this
ISE for 8 h showed comparable results to discrete measurements
by ICP-MS, with the advantage of providing real time, continuous
information with the ISE. Speciation of silver between Ag™ and Ag-
NPs, was possible because potentiometric ISEs provide information
about ion activity (i.e. effective concentration of a species in a non-
ideal solution) rather than total concentration. Thus, ISEs discrimi-
nate free Ag* from other silver species (complexes and nanomate-
rials), which is very useful in both clinical and environmental fields
given that free silver ions are the main agent responsible for phys-
iological and toxicological effects.

3. Voltammetric determination of silver

Table 3 summarizes the most relevant voltammetric sensors re-
ported in the last decade for the determination of silver, focusing
on: the type of electrode, the silver species determined, the type of
voltammetric technique, and the main analytical parameters (LOD
and LRR). In addition, the electrochemical protocol and the ana-
lytical application are collected in Table 3, aiming to provide a
more thorough assessment of the potential of each reported sensor
for application in decentralized analysis. Notably, the electrochem-
ical protocol most widely used is stripping voltammetry after the
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1

dental amalgam

Table 3
Silver determination by stripping voltammetry.
Electrode Analyte Technique Accumulation step LOD LRR Application Ref
GaN micropillars Ag* DPASV Eq=-01V,t; =180s 30 nM 93 nM - 9.3 Tries tap water but levels [28]
M are too low
Graphite electrode impregnate Ag" LSASV Eq =-07V,t4 =120s 0.15 uM 0.15 - 46 uM Standard samples of Cu [177]
with polyethylene (vibration) and Ni sludge and pyrite
from the
Kirovsko-Kryklyns kaya
ore zone
Boron doped diamond, disk Ag*t DPASV Eg=-03V,t4 =120s 6.5 nM (disk) 9.3 - 690 nM Water reference solution [157]
and planar 16 nM (disk) 46 nM (NIST) and simulated ISS
(planar) -23uM potable water (NASA)
(planar)
CPE or SPCE modified with Ag*t SWASV Eg=-13V,t4 =100 s 28 nM 93 nM - 4.6 Industrial water but does [193]
chromium oxide M not find silver
Porous GaN Ag* SWASV Eg =-05V,tg =120 s 4.6 nM 9.3 - 930 nM None [132]
Conductive hybrid Ag*t DPASV Eg=-01V,t4 =180 s 54 nM 93 nM - 930 Spiked tap water [158]
diamond/graphite film M
CPE modified with silver IIP Agt DPASV Eq=-04V,t =180 s 0.11 nM 0.5 nM - 0.28  Certified reference [194]
M material and spiked tap,
river and groundwater
Graphite felt Agt DPASV Eq=-06V,t4=90s 25 nM 27 nM - 1.6 None [31]
M
Waurtzite GaN Ag*t DPASV Eg=0V,tg =180s 65 nM 0.46 - 9.3 pM  None [159]
Nanocrystalline cubic SiC thin ~ Ag* DPASV Eq =0V, ty =180 s 37 nM 93 nM - 9.3 None [160]
film M
CPE modified with CNT Ag*t DPASV Eg=-04V,t3 =120s 1.8 nM 10 - 1000 nM  Spiked sea, mineral and [156]
well water
GCE Ag" in the SWASV Eq=-05V, t4 =120s 12 nM 23 - 180 nM Commercial products of [178]
presence of colloidal silver
AgNP
In-situ bismuth film on GCE Ag" in the SWASV Es=-08V,t4 =60s 19 nM 93 - 830 nM Supernatant of a [155]
presence of commercial AgNP
AgNP suspension
Au and Pt micro and Ag* ASV Eq=-03V,t4 =60s 1.3 pM 1.3 - 80 nM None [162]
nanoelectrodes (micro), tq = 30 s (nano)
GCE coated with LB film Ag*t LSASV Eq = -056V, tg =200s 0.4 nM 0.6 nM - 1 uM  Spiked tap and lake water  [195]
containing polyaniline
doped with PTSA
GCE modified with N-(2- Ag*t DPASV Eq=-06V,t3 =180s 25 nM 50 - 1000 nM  Spiked river and tap water  [134]
aminoethyl)—4,4’-bipyridine
CPE modified with Agt DPASV Eqs =-09V, ty =300s 6.7 nM 10 nM - 2 pM  X-ray photographic film [137]
bis(2-hydroxyaceto and spiked spring water
phenone)
butane-2,3-dihydrazone
CPE modified with Agt DPASV Eq=-03V,ty =480s 0.1 pM 3pM-1nM Spiked tap and river [29]
poly(methylene disulfide) NP waters and tea leaves
CPE modified with Ag* DPASV Accumulation at OCP for 9.3 pM 9.3 pM - 093  Certified reference [30]
2-hydroxybenzaldehyde 3 min followed by Ag* M estuarine water and
reduction at 0 V for 3 river water
min
CPE modified with AuNPs and Ag* DPV DNA hybridization at 0.5V 24 pM 90 pM - 1 nM  Spiked tap, river and sea [144]
DNA probes for 5 min followed by water
immobilization of label
for 5 min at OCP
GCE modified with GOx Ag* Amperometry  None 1.8 nM 20 - 200 nM None [172]
CPE modified with Ag*t DPASV Accumulation at OCP for 0.74 nM 4.6 nM - 2.2 Photographic films and [145]
silver-chelating Schiff base 12 min followed by Ag* M spiked tap, well and
reduction at —0.7 V for wastewater
20 s
CPE modified with Ag* DPASV Accumulation at OCP for 48 nM 50 nM - 2 uM  X-ray photographic film [165]
p-isopropylcalix[6]arene 3 min followed by Ag*
reduction at —0.25 V for
35s
CPE modified with Schiff base Ag* DPASV Accumulation at OCP for 0.85 nM 4.6 nM - 1.8 X-ray photographic films [164]
of N,N'-bis (2- 9 min followed by Ag+ M and spiked tap, well and
hydroxybenzylidene)—2,20 reduction at —0.7 V for Persian gulf water
(aminophenylthio) ethane 20 s
GCE modified with Agt DPASV Accumulation at OCP for 10 nM 50 nM - 3 pM  Spiked tap, lake and [133]
4-tert-butyl-1-(ethoxy 20 min followed by Ag* synthetic water
carbonyl- reduction at —0.6 V for
methoxy)thiacalix[4]arene 30s
CPE modified with DNA probe Ag* DPV Incubation for 600 s 10 pM 20 pM - 1 nM  Spiked tap water and [168]

(continued on next page)
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Electrode Analyte Technique Accumulation step LOD LRR Application Ref
CPE combined with magnetic ~ Ag* DPASV Incubation for 4 min with  0.14 nM 0.46 nM - 1.4  Spiked dam, aqueduct and [166]
silver IIP NPs NPs followed by Ag* M well water
reduction at -0.8 V for
40 s
Carbon ceramic electrode Ag* DPASV Accumulation at OCP for 1.1 nM 4.6 nM - 2.8 X-ray photographic films [163]
modified with 12 min followed by Ag+ M and super-alloy samples
4-(2-pyridylazo)-resorcinol reduction at —0.6 V for
15s
AuE modified with sulfur QDs  Ag* DPV NS 71 pM 0.1 nM - 3 mM Spiked tap and pond water [136]
AuE modified with Agt DPV Incubation with C-rich 1.3 nM 10 - 500 nM Spiked lake and river [169]
16-mercaptohexadecanoic ssDNA for 10 min and water
acid MWCNT for 15 min
followed by deposition
on electrode and drying
for 80 min
AuE modified with DNA Agt ACV None 9.3 nM 9.3 - 93 nM Spiked synthetic human [135]
probes containing adenine saliva and silver
and cytosine sulfadiazine
AuE modified with GOx Agt Amperometry  None 2 nM 2 - 40 nM Spiked tap, spring and [171]
river water
Edge plane ordinary pyrolytic =~ Ag* DPV Precipitation with NaCl for 235 uM NS None [138]
graphite 4 min followed by
reduction at —0.7 V for
60 s
Pyrolytic graphite electrode Ag* DPASV Evaporation of solvent for 0.19 uM 0.56 - 92 uM None [139]
4 min during AgCl
precipitation followed
by Ag* reduction at
-039 Vfor 15 s
Magnetic GCE Agt DPV Incubation for 5 min with 3.3 nM 0.12 - 18 pM Spiked tap, lake and [167]
NPs followed by Ag™ synthetic water
reduction at —0.5 V for
120 s
MWCNT modified GCE Ag*t DPASV Incubation with guanine 30 nM 0.1 - 2.5 uM Spiked pond and well [170]
for 20 min followed by water
Ag* reduction at 0.3 V
for 240 s
GCE modified with POT and Ag* ALSV Eace =0V, taee =720 s 5 nM 5 - 100 nM Spiked water samples [24]
thin-layer polymeric
membrane
GCE modified with POT and Ag*t ALSV Eace =0V, taec = 1440 s 0.05 nM 0.05 - 10 nM Spiked water samples [173]
thin-layer polymeric
membrane
GCE modified with L-lysine Ag*, AgNP DPV Drop-casted onto WE and 93 pM 0.18 - 93 nM Tonic and colloidal silver [179]
dried with N, commercial antibiotic
CPE modified with AgNP DPV Rotating electrode for < 9.2 nM NS Spiked lake, mineral and [183]
poly(4-vinylpyridine) or 2-24 h in solution wastewater
Fe(ILIIT) oxide
SPCE AgNP LSV Drop-casted onto WE and NS NS Commercial colloidal [184]
dried with N, products
SPCE modified with cysteine AgNP LSV Immersion from 0 to 960 NS NS Spiked sea water [180]
min
AuE modified with DMSA AgNP ASV Immersion at OCP from NS NS None [181]
3hto96 h
GCE AgNW LSV Adsoption without 32 pM 46 pM - 23 Wastewater from AgNW [192]
potential for 10 min nM film preparation and

spiked tap water

ACV: alternating current voltammetry; ALSV: anodic linear sweep voltammetry; AuE: gold electrode; CPE: carbon paste electrode; DPASV: differential pulse anodic strip-
ping voltammetry; DPV: differential pulse voltammetry; GCE: glassy carbon electrode; GOx: glucose oxidase; IIP: ion imprinted polymer; LB: Langmuir-Blodgett; LSASV:
linear sweep anodic stripping voltammetry; LSV: linear sweep voltammetry; NP: nanoparticle; NS: not specified; NW: nanowire; OCP: open circuit potential; PTSA: p-
toluenesulfonic acid; QD: quantum dot; SPCE: screen-printed carbon electrode; SWASV: square wave anodic stripping voltammetry.

pertinent accumulation step. Indeed, a key aspect in lowering the
LOD and achieving the determination of trace levels of silver is an
appropriate optimization of the accumulation step.

Several strategies are available for this purpose, with the most
common illustrated in Fig. 6. The first strategy (Fig. 6a) corre-
sponds to the classical approach of anodic stripping voltammetry
(ASV) which is the preferred technique for metal and carbon-based
electrodes. Initially, a negative deposition potential (E4, usually be-
tween -0.7 V and 0 V) is applied for a given deposition time (tg4,
usually between 60 and 180 s) to reduce Ag* to metallic silver,
which is accumulated on the electrode surface. Afterwards, dur-

12

ing the stripping step, metallic silver is re-oxidized back to Ag*
and released from the electrode surface, giving rise to an oxidation
peak. Thus, the analytical performance is highly dependent on the
electrode material, with the lowest reported LOD in the order of
nanomolar levels and the widest LRR covering two orders of con-
centration magnitude [28,31,132].

The second strategy for the accumulation step (Fig. 6b) is exclu-
sive to electrodes modified with a ligand that presents affinity for
silver (e.g. calixarenes [133], bipyridines [134], DNA probes [135]).
Immersion of the electrode in the sample at the OCP allows for the
binding of Ag™, being directly accumulated at the electrode sur-
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Fig. 6. Accumulation strategies reported for the stripping voltammetric determination of Ag*. a) Traditional ASV method, b) Accumulation based on ligand-silver binding, c)

Stripping voltammetry microprobe.

face. This step is traditionally followed by the application of a neg-
ative potential that reduces the accumulated Ag* to metallic silver,
which is then re-oxidized back during the stripping step. This latter
results in an oxidation peak, which is usually better defined than
a reduction peak. Although the deposition step is usually longer
(3 - 20 min), in many cases, this second strategy displays signif-
icantly improved analytical performance compared to traditional
ASV, lowering the LOD to subnanomolar levels and slightly widen-
ing the LRR [30,136]. Evidently, a crucial aspect here is the selec-
tion of the ligand: binding must be strong enough to accumulate
Ag*, but not too strong to prevent release during oxidation and/or
the stripping step. As metal-ligand bonds are strongly influenced
by pH, the binding and unbinding of Ag™ is usually controlled by
carefully optimizing both the accumulation and the stripping me-
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dia. Indeed, in many cases, the pH needed for each step is sig-
nificantly different, which forces the use of two different media.
For example, a bis(2-hydroxyacetophenone)butane-2,3-dihydrazone
modified CPE reported by Gholivand et al. required 0.1 M NaNOs
during the accumulation of Ag* and 5 mM HCI for the stripping
step [137].

Despite the two described strategies being the most common in
the literature, some authors have also explored other approaches
for the accumulation step. Gulppi et al. developed the so-called
stripping voltammetry microprobe, a method based on the precip-
itation of silver chloride allowing for the analysis of low sample
volumes (Fig. 6¢) [138,139]. Sodium chloride is first adsorbed onto
the electrode surface by either cyclic voltammetry or drop-casting.
After that, a small volume of the sample containing silver ions
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(2-10 pL) is drop-cast onto the electrode surface and the solvent
evaporated in the oven under vacuum. This step results in the
complete precipitation of silver chloride, which is then reduced
back to Ag® with the application of a negative potential and re-
oxidized to Ag"™ during the stripping step. In this case, the LOD
and the LRR were found to depend on the electrolyte concentra-
tion: with higher electrolyte content the LOD decreases and the
linearity increases. However, for samples with low silver content
(<1077 M), a larger volume is needed, which is not always com-
patible with electrodes presenting small geometrical area.

Regardless of the strategy used, the accumulation step is al-
ways an important factor in lowering the LOD. Nevertheless, this
step also represents a challenge for the implementation of strip-
ping voltammetric methods to the on-site determination of silver.
First, preconcentration of silver requires an accumulation [140] or
deposition time [141-143], which coupled to the time required for
the reduction step, can easily result in measurement times of at
least 3-5 min. Even longer times are needed to reach subnanomo-
lar levels [144,145]. Thus, real-time monitoring of silver is only
possible in those scenarios where silver concentration does not un-
dergo rapid change (i.e. high frequency measurements are not re-
quired). Second, in most of the reported studies, the accumulation
step takes place under magnetically stirred solutions, which cannot
really be implemented in most decentralized measurements. This
drawback may be overcome by using rotating/vibrating electrodes,
although the ensuing change in mass-transport is expected to af-
fect the analytical performance. Particularly interesting is the com-
bination of vibration with microelectrodes, as this lowers the diffu-
sion layer thickness down to ~1 um, ensuring high mass transport
and a low LOD for a short deposition time [146]. Third, complete
stripping is required to remove the remaining accumulated metals
between measurements and provide good reproducibility [140,147].
In some cases, simple electrochemical protocols based on the ap-
plication of an oxidative potential for a certain amount of time
(30-480 s) in the measuring solution are enough for the same pur-
pose [140]. These protocols are easy to implement in decentralized
analysis, although they prolong the analysis time. Sometimes com-
plete stripping is only possible in the presence of oxidative acids
(e.g. nitric acid, perchloric acid) or strong ligating agents (e.g. EDTA)
[148], which is not really feasible in on-site analyses. Fourth, accu-
mulation steps based on the formation of a metal-ligand complex
are usually dominated by absorption processes. Therefore, keeping
the electrode immersed in the sample between measurements may
result in extraneous absorption that will therefore provide overes-
timated results. Furthermore, those methods that require different
media for the accumulation and stripping steps are less suitable
for decentralized analysis.

3.1. Detection of free Ag*

Metal ion determination by stripping voltammetry has been
historically dominated by the hanging drop mercury electrode
(HDME), since polarography was first introduced in 1922 by Hey-
rovsky [149,150]. The determination of silver at the HDME was not
simple to elucidate because silver and mercury present very simi-
lar standard reduction potentials (0.799 V for Ag*/Ag, 0.854 V for
Hg2t/Hg, and 0.789 V for Hg,2*/Hg), which resulted in the silver
signal being masked by the oxidation wave of mercury [151]. This
high oxidation potential of Ag*/Ag not only represents a challenge
for the HDME but also for other voltammetric electrodes that have
been replacing the HDME in the determination of trace metal ions.
This is the case of bismuth and antimony film electrodes [152-
154]: a narrow anodic potential window prevents the application
of most bismuth and antimony film electrodes to the voltammetric
determination of Ag*™, which can only be carried out with in situ
deposited films as the metallic film is renewed for every measure-
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ment. Rominh et al. reported on the in situ modification of bismuth
on a GCE for the determination of Ag*™ in the presence of oxygen,
showing a LOD of 19 nM and LRR of 93-830 nM [155]. In situ mod-
ified films, however, require the presence of a large concentration
of the film metal (e.g. 0.5 mg L ~ ! of bismuth reported by Rominh
et al. [155]) in the sample solution, which could be inconvenient
for decentralized measurements.

The development of voltammetric sensors for the determina-
tion of Ag* requires the use of electrode materials that are stable
at highly positive potentials. Such stability has been provided by
carbon electrodes modified with different nanostructures. In this
context, the determination of Ag™ based on the classical approach
of ASV has been reported for the CPE modified with CNTs [156],
graphite felt electrode [31], boron-doped diamond (BDD) [157] and
hybrid diamond/graphite films [158]. Out of these examples, the
CNT modification provided the lowest LOD (1.8 nM) [157] whereas
the widest LRR was achieved by a planar BDD electrode (46 nM
- 2.3 uM) [156]. The potential window was studied in depth by
Guo et al., who developed a hybrid diamond/graphite film with a
potential window between -1.2 V and 1.9 V, very similar to that
observed for BDD and positive enough to allow the determination
of Ag™ [158]. Nevertheless, these carbon-based electrodes require
very delicate treatments, and the fabrication process following the
published preparation protocols is often highly complicated.

Other, non-carbon-based nanostructured materials have also
been reported for the voltammetric determination of Agt. One
such is gallium nitride (GaN) [28,132,159], a biocompatible semi-
conductor with excellent chemical stability under harsh condi-
tions that provides low background current and a large poten-
tial window suitable for Ag*t determination. Notably, analytical
performance seems to depend on its structure and topology (e.g.
wurtzite, porous, micropillars), but in all cases the reported LOD
was below 70 nM. The lowest LOD was demonstrated by porous
GaN, attributed to the higher active area and greater number of
binding sites provided by the pores [132]. Hao et al. reported anal-
ogous analytical performance (LOD of 37 nM and LRR of 93 nM -
9.3 pM) using cubic silicon carbide (SiC) [160], another semicon-
ductor with high chemical and mechanical stability that offers a
potential window of 3.0 V in 0.1 M H,SO4 [161]. Even lower LODs
were reported by Sidambaram et al. using platinum and gold mi-
cro and nanoelectrodes, achieving the lowest LOD (1.3 pM) with
a platinum nanoelectrode in 0.1 M chloride-free phosphate buffer
[162]. However, the determination of such low Ag" concentrations
was highly affected by the presence of chloride, which induced the
precipitation of silver chloride. This in turn resulted in the anodic
stripping peak shifting to less positive potentials, and the appear-
ance of an additional wave that was attributed to silver chloride
deposition at the electrode surface.

A second group of electrodes reported for the voltammetric
determination of Ag* is based on the immobilization onto car-
bon or gold electrodes of a ligand that presents affinity towards
Ag*. Different compounds have been reported for this purpose, in-
cluding 2-hydroxybenzaldehyde benzoylhydrazone (2-HBBH) [30],
4-(2-pyridylazo)-resorcinol (PAR) [163], N-(2-aminoethyl)—4,4’-
bipyridine (ABP) [134], bis(2-hydroxyacetophenone)butane-2,3-
dihydrazone (BHAB) [137], silver-chelating Schiff bases [145,164]
and calixarenes [133,165]. Several modification strategies exist for
the immobilization of such ligands, including mixing in carbon
paste [29,30,137,145,164,165], drop-casting [133], dip-coating [163],
or covalent immobilization through aryl diazonium salt electro-
grafting [134]. This type of electrode is compatible with the two
main accumulation strategies discussed above (see Fig. 3a and
Fig. 3b) and usually provides lower LODs and wider LRRs than elec-
trodes that do not contain any ligand. It seems that the lowest
LODs are attained when the accumulation step involves formation
of the Ag*- ligand complex followed by its further reduction.
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Gholivand et al. developed a CPE modified with BHAB that,
upon application of a conventional ASV deposition protocol with
a duration of 300 s, was able to reach a LOD of 6.7 nM and a LRR
of 10 nM - 2 pM [137]. El-Mai et al. reported a CPE modified with
2-HBBH with an initial accumulation step at the OCP for 3 min to
bind Ag* followed by reduction of the complex at 0 V for a fur-
ther 3 min [30]. Following this strategy, the LOD was as low as 9.3
pM while still offering a wide LRR from 9.3 pM to 0.93 uM. Other
examples involve the use of longer accumulation periods (such as
9 and 20 min) [133,164] and present interferences from other ions
such as Cu(Il), Hg(II), Pb(II) and Cd(II) that can bind the chosen lig-
and [164].

The combination of nanomaterials and ligand-based electrodes
has also been explored. Ghalebi et al. modified a CPE with
poly(methylene disulfide) NPs, thus taking advantage of the known
affinity between sulfur and Ag* [29]. Sensitivity towards silver,
deemed as a soft cation, is significantly improved by the inclu-
sion of this soft ligand in comparison to the non-modified (bare)
CPE; following a traditional ASV deposition with 480 s, the LOD
and LRR obtained were indeed found to be excellent at 0.1 pM and
3 pM - 1 nM, respectively. Fu et al. also exploited S-Ag™ interac-
tions to develop a sulfur quantum dot (SQD) modified gold elec-
trode with LOD of 71 pM and a very wide LRR from 0.1 nM to
3 mM [136]. Given the non-conductive nature of SQD, the amount
deposited onto the electrode surface shows a great influence in
the resulting analytical performance; too little causes a decrease in
the attraction to Ag* whereas too much SQD negatively affects the
overall electrochemical performance of the electrode. Magnetic NPs
are also suitable for Ag* detection [166,167]. Functionalized mag-
netic NPs with high affinity for Ag* were added to the sample and
left to incubate for several minutes such that Ag* was adsorbed
onto the NP surface. Afterwards, the NPs with adsorbed Agt were
brought into contact with the electrode surface by means of a
magnetic electrode, and a negative potential was applied to reduce
Ag™ to metallic silver, before being re-oxidized during the stripping
step. Depending on the type of NP selected, this method provides
LODs between 0.13 nM and 59 nM. However, the need for addition
of reagents (magnetic NPs) in the sample to be analyzed represents
an evident drawback for on-site determinations.

The high affinity of silver towards several biomolecules has
also encouraged the development of biosensors for the voltam-
metric determination of Ag*. In particular, the interaction of sil-
ver with different nucleobases in the nucleic acids DNA and RNA
encouraged the development of sensors based on cytosine-rich
[135,144,168,169] or guanine-rich [170] DNA probes. Essentially,
Ag* interacts with cytosine, stabilizing two single DNA strands via
the formation of cytosine-Ag(I)-cytosine complexes [135,144] and
binds with guanine, interacting through its N; and CgO groups
to impede its electrocatalytic oxidation [170]. Maryam et al. re-
ported a sensor based on a CPE modified with AuNPs, including
the use of ethyl green as electroactive label and two single-strand
poly-cytosine DNA that were used as probe and target, respectively
[144]. The presence of Ag™ promotes the probe-target hybridiza-
tion, leading to a decrease in the ethyl green signal that was pro-
portional to the Ag* concentration.

Yan et al. reported on a gold electrode modified with 16-
mercaptohexadecanoic acid, achieving a hydrophobic layer that
isolated the electrode from any electroactive indicator present
in the solution [169]. This electrode was then incubated with
cysteine-rich single-stranded DNA and multi-walled carbon nan-
otubes (MWCNT), which only in the presence of silver were free
from DNA and could assemble on the modified electrode, mediat-
ing the electron transfer and resulting in an increased signal of the
electroactive indicator (Fig. 7). These two latter DNA-based strate-
gies have reported LODs between 0.1 and 1.3 nM. However, they
involve complex experimental procedures that are unlikely to be
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implemented in decentralized analysis of silver. The determination
of trace Ag* was also indirectly achieved using glucose biosensors,
because silver inhibits the steady-state enzymatic glucose oxidase
reaction [171,172]. These sensors seemingly reach a LOD of 5 nM,
with the additional advantage of high sensitivity and certainly fast
analysis time, which makes them particularly suitable for contin-
uous monitoring. As drawbacks, note that glucose concentration
might need to be adjusted for different matrixes and cleaning and
regeneration of the electrode takes a rather long time (4 min).

Silver-selective membranes interrogated under accumula-
tion/stripping voltammetry method have recently been presented
by Cuartero and co-workers [24,173]. The membrane has a very
reduced thickness (~200 nm) and any ion-transfer occurring at the
sample-membrane interface is modulated by the oxidation state
of a backside connected conducting polymer (POT) [24,173-176].
In particular, POT was electrodeposited on a GCE and further
modified with a thin-film membrane containing 0,0”-bis[2-
(methylthio)ethyl]-tert-butylcalix[4]arene as silver ionophore. The
proposed interrogation method consisted of an accumulation step
(Eapp = 0 V, t = 1440s and 300 rpm) followed by the stripping of
preconcentrated Ag* in the membrane (linear sweep voltammetry
from 0 to 1.2 V at 100 mV s~!). A LRR in the range of 0.05-10 nM
Ag*t concentration was reported for membranes formulated with
a reduced amount of the cation-exchanger, therefore minimizing
the amount of charge in the form of ion-transfer events occurring
at the sample-membrane interface [173]. The electrode was suc-
cessfully applied to the detection of sub-nanomolar Ag* levels in
different water samples, including seawater.

Despite the large number of electrodes published over the last
decade for the voltammetric determination of free Ag*, their ap-
plication to decentralized analysis still remains a challenge and is
rarely addressed in the literature. Most of the strategies reported
up to now were only tested in water samples and, in the vast
majority of the cases, the water samples were spiked to reach a
detectable Ag* concentration depending on the analytical perfor-
mance of the developed electrode. Interestingly, other samples be-
sides environmental and drinking water that have been analyzed
with voltammetric silver sensors include X-ray photographic films,
commercial colloidal products, human saliva, silver sulfadiazine,
tea leaves or minerals [29,135,163,164,177]. However, these sam-
ples with relatively complex matrix require pre-treatment(s) rang-
ing from relatively simple operations (such as filtration or pH ad-
justment) to more intricate treatments (such as acid digestion and
oven drying) that make it almost impossible to bring the analytical
proposal to a more decentralized level. Additionally, decentralized
detection of Ag*™ by stripping voltammetry is further hindered by
the calibration method. Most of the works reported on Agt quan-
tification relies on the standard addition method to account for any
matrix effect. As the reader may realize, this calibration protocol
requires several additions of a Ag* standard solution and a sep-
arate calibration procedure for each sample, two aspects that are
not suitable for decentralized analysis.

3.2. Speciation between Ag™ and AgNPs

In the particular case of silver, the ability to distinguish the spe-
ciation between Ag*™ and AgNPs is of utmost interest, given the
fact that the toxicity of AgNPs is associated with the release of
Ag*t [43]. Theoretically, determining speciation between Ag* and
AgNPs would require either the separation of the two species Ag*
and AgNPs, which is methodologically complex and involves time-
consuming processes such as filtration, centrifugation, vacuum,
centrifugal ultrafiltration, or dialysis, among many others [155], or
the provision of a single analytical methodology able to adequately
discriminate between the two species. And indeed, some reported
voltammetric electrodes show just this capability. Deamelys et al.
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permission from ref. [169].

achieved the selective determination of Ag* in the presence of Ag-
NPs by ASV at a bare GCE using NaClO4 as supporting electrolyte
and depositing silver at -0.5 V [178]. The determination of AgNPs
was achieved by calculation of the difference between Ag* and the
total silver content, which was obtained using the same ASV pro-
tocol after acidic digestion of the sample. The results were success-
fully validated by atomic absorption spectrometry in combination
with an ultrafiltration step that allowed for the isolation of Ag*.

A further step was proposed by Vidal et al, who quan-
tified both Ag*t and AgNPs without any sample treatment
[179]. The speciation of silver was performed at a GCE cova-
lently modified with L-cysteine or electropolymerized with sev-
eral oligomers (L-lysine, tiophene-3-carboxamide, thionine, and o-
phenylenediamine), which allowed the accumulation of both Ag*
and AgNPs. Two different procedures were evaluated: adsorptive
stripping voltammetry (AdSV) and voltammetry of immobilized
(nano)particles (ViNPs). These two procedures differ in the accu-
mulation step; in AdSV both Ag* and AgNPs are accumulated at
the OCP (Fig. 6b) whereas in ViNPs the sample is drop-casted
onto the surface of the electrode and then dried with nitrogen.
Next, the same stripping protocol is applied in both methods to
achieve discrimination between Ag* and AgNPs. Initially, the po-
tential is scanned toward anodic potentials (from 0.15 V to 0.45 V),
which results in a voltammetric oxidation peak proportional to the
amount of AgNPs present. Then, Agt is determined using a re-
verse scan from 0.25 V to 0 V, which causes the reduction of Ag™.
Furthermore, total silver was also quantified by introducing a pre-
electrolysis to reduce all Ag* to Ag® prior to oxidation during the
stripping step. ViNPs provided faster determinations and higher
sensitivities and, in terms of electrode modification, the best ana-
lytical performance was provided by GCE electropolymerized with
L -lysine, with a LOD of 93 pM and a LRR of 0.18 - 93 nM.

In terms of electrode material, AgNP determination was re-
ported at both unmodified carbon electrodes [178] and at the so
called “sticky electrodes” [180-182]. The latter offers increased ca-
pabilities toward AgNP immobilization with respect to Ag*, which
is achieved by modifying the electrode surface with molecules
that contain thiol, carboxylic acid, or amine moieties, all of which
present high affinity towards silver. Unmodified electrodes reached
a LOD of 12 nM and a LRR of 23 - 180 nM [178] whereas “sticky
electrodes” were able to measure at least 5.3 pM concentration
of silver [180]. However, it is worth noting that the accumulation
step reported for “sticky electrodes” is considerably longer (up to
96 h, compared to 120 s for unmodified electrodes). Spencer et al.
demonstrated the selective accumulation of AgNPs in the presence
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of Ag*t with a CPE modified with Fe2+/3+ oxide NPs, achieving a
LOD below 9.2 nM [183].

A common issue that has been observed in the voltammetric
determination of AgNPs is that the sensitivity is strongly influ-
enced by the size of the NP [184,185]. Thus, to obtain accurate
results, calibrations must be performed with NP standards with a
similar diameter to that of the target NPs [184]. This fact is a clear
limitation on the potential for analysis of unknown samples, but
may be overcome in the routine analysis of samples where the di-
ameter of AgNPs diameter is well established (e.g. quality control
of commercial products). On the other hand, when low concentra-
tions of AgNPs are considered (< 2 mg L~!) and the surface cov-
erage of the electrode is constant and low enough to allow Ag-
NPs to diffuse independently of each other, the peak potential will
depend only on the AgNP diameter [184]. In this particular sce-
nario, there is a linear relationship between peak potential and
the Napierian logarithm of the NP diameter, which allows the use
of voltammetric measurements for the characterization of AgNP
size, offering a faster and cheaper alternative to more conven-
tional techniques such as transmission electron microscopy (TEM)
[186,187], dynamic light scattering (DLS) [188] or X-ray diffraction
(XRD) [189].

Although AgNPs are the most common silver nanomaterial, the
implementation of other silver-based nanomaterials is also gaining
attention in different fields [190,191]. As novel silver nanomateri-
als are introduced to the market, and the differences in toxicity are
assessed, determination of speciation between silver nanomaterials
will also be demanded. In this context, Li et al. reported the selec-
tive determination of silver nanowires (AgNW) on an unmodified
GCE [192]. The different morphologies of AgNWs and AgNPs led to
a difference in the oxidation potential and the intensity of the cur-
rent was used for quantification purposes, providing a LOD of 32
pM and a LRR of 46 pM - 23 nM for AgNWs.

Conclusions and future perspectives

An overview of electrochemical silver determination reported
in the last decade is here presented, with an special focus on
discussing the potential of potentiometric and voltammetric elec-
trodes for decentralized analysis. Overall, the literature reflects im-
portant progress in both of these electrochemical techniques. The
development of new silver ionophores, together with a better con-
trol of ion fluxes, has been demonstrated to provide enhanced an-
alytical performance for inner-filling solution silver-selective elec-
trodes, being suitable for trace analysis of silver in the presence of
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common abundant ions. The all-solid-state format of silver poten-
tiometric sensors is gaining more attention with a view to facilitate
miniaturization as a step towards on-site measurements. Regarding
the voltammetric detection of silver, bearing in mind the benefits
of Ag™ preconcentration for lowering LODs, stripping voltamme-
try techniques have demonstrated applicability at the subnanomo-
lar level. Importantly, the steady rise of material science has pro-
vided novel nanomaterials that enhance the analytical performance
of voltammetric sensors, and new deposition methods have also
been of great value in lowering the LOD. Despite obvious advances
in the direction of electrode preparation and the associated work-
ing mechanism, the potential of potentiometric and voltammetric
sensors for decentralized analysis of silver has not yet been fully
realized in the literature: the vast majority of the papers published
in the last decade still target lab-bench applications, with only few
works attempting more novel applications such as silver specia-
tion (between Ag™ and AgNPs). Accordingly, future efforts should
be focused on assessing the real possibilities for application in de-
centralized silver analysis. For this purpose, evaluation of the per-
formance of new silver selective electrodes should not focus solely
on improving traditional analytical parameters (i.e. selectivity, sen-
sitivity, limit of detection) but also on the assessment of crucial
aspects for decentralized analysis, such as robustness, long-term
stability, biofouling resistance, calibration-free methods, miniatur-
ization, and reduced analysis times.
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