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Water pollutants have attracted great attention because of their negative effect on human health.
Accordingly, various analytical techniques have been investigated to detect water pollutants as a preliminary
step for their control. This review highlights silver nanoparticles (AgNPs) as promising electrochemical probes
studied for detecting organic pollutants. Electrochemical sensors can be fabricated by modifying electrode
surfaces using AgNPs via different techniques, such as electrochemical deposition, drop casting, spin coating,
sticking, and transfer sticking, as well as carbon paste-based modification. AGNPs at electrode surfaces can be
identified by their stripping to form Ag* with a particular oxidation peak. Additionally, they can be detected
indirectly by catalyzing electrochemical reactions. AgNP-modified electrodes are known for their increased
surface area and superior conductivity compared with unmodified electrodes. They can detect various
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have been highlighted as efficient tools for detecting organic pollutants. Overall, AQNP-based electrochemical

rsc.li/materials-advances sensors are considered a promising tool for determining various organic pollutants in water.
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contaminants depending on their concentrations. Contaminants
are considered pollutants when they present in higher concen-
trations that cause harmful effects. Water pollutants include
inorganic compounds such as cadmium, mercury, nitrates,
and chromium and organic compounds. The effects of these
hazardous substances on human health were previously
reported.” Accordingly, water treatment to remove organic
pollutants has become a vital process. Basically, the treatment
can be done by removing pollutants via coagulation and sub-
sequent precipitation, filtration, or adsorption.”” Additionally,
treatment can be achieved by degrading organic pollutants into
nonhazardous or less hazardous substances.” As a preliminary
step, detecting pollutants is significant before applying suitable
treatment processes. In fact, various chromatographic and
spectroscopic techniques have been applied for detecting
pollutants.®® However, they necessitate sophisticated tools and
use toxic organic solvents. Recently, optical and electrochemical
techniques have been introduced to replace the traditional
techniques because of their simplicity, optimized sensitivity,
and selectivity. Furthermore, nanoparticles (NPs) have been
incorporated into optical and electrochemical sensors for a
superior enhancement of their response."®™**

NPs have attracted a great attention because of the incredible
electrical, magnetic, thermal, and catalytic characteristics
that are generated when their particle size is miniaturized.'®
Their contributions to health, electronics, manufacturing,
environment, agriculture, and different biomedical industries
have been reported.'®'” They can be generally divided into
metal-based, metal oxide-based, and carbon-based NPs. Metal-
based NPs (MNPs), especially those based on noble metals, have
drawn more attention because of their optical, electrical, and
sensing characteristics.'®>' MNPs can be synthesized via several
pathways, such as electrochemical techniques, laser ablation,
y-radiation, photochemical techniques, and chemical reduction.>*
They are considered excellent substances for constructing optical
and electrochemical sensors. MNP-based optical sensors, which
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can be divided into colorimetric, fluorometric, and surface-
enhanced Raman scattering sensors, have been broadly applied
to detect many analytes, such as metal ions, anions, pesticides,
and dyes.’®*™*> Also, MNPs can be used as electrochemical
probes for determining various inorganic and organic pollutants
in water with enhanced sensitivity compared with chromato-
graphic, spectroscopic, and optical techniques. This review high-
lights silver NPs (AgNPs) as a promising electrochemical probe for
detecting organic pollutants in water. The recent advances in the
preparation, electrochemical identification and characterization,
and role of AgNP-modified electrodes in detecting organic
pollutants are also explained.

AgNPs

AgNPs are among the most frequently used NPs because of their
promising catalytic, electronic, chemical, magnetic, optical, and
electrochemical properties.”>**”” Various chemical, physical,
biological, and mechanical methods are applied in the synthesis
of AgNPs. Chemical and biological methods depend on the
reduction of Ag® to Ag’ using suitable reducing agents.
Conventional chemical reducing reagents are often toxic and
non-biocompatible compounds. Thus, biological reducing agents
have been tested as biodegradable and benign compounds for the
synthesis of AgNPs. Plants, fungi, and bacteria can be used in the
synthesis of AgNPs.>® However, AgNPs may require additional
capping agents such as polymers for increasing the stability of the
nanoparticles.”® Accordingly, they were extensively applied in
industrial,”® biomedical,***"* and environmental applications.’?
In industrial applications, AgNPs supported on multiwalled
carbon nanotubes (MWCNTs), were applied as heterogeneous
catalysts to reduce bicarbonate to formate.*® This process is used
for energy storage and the production of synthetic fuels.
Additionally, AgNPs incorporated with graphene oxide NPs in
bismuth-doped manganese oxide NPs have been used for oxygen
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reduction reactions and can be applied in clean energy
technologies.? Tannic acid-capped AgNPs were used to immo-
bilize B-galactosidase for its application in food technology.>*
Moreover, AgNPs stabilized on aluminum oxide provide optical
properties of great relevance to the fields of catalysis and
photonics.”® Recently, AgNPs have gained great attention in
the biomedical sector. They have been utilized as key chemo-
therapeutic drugs to treat various types of cancers, such as
pancreatic, prostate, breast, ovarian, and blood cancers.*® Addi-
tionally, they were previously investigated as potential
antibacterial,®”° antifungal,* insecticidal,** and antioxidant®®
agents. Their contribution in controlling environmental
pollution has also been studied.*”*> For example, AgNPs
prepared using metal-organic framework (MOF) precursors
showed high affinity to toxic bromine ions with a high adsorption
capacity.*® Also, their role in removing pollutants such as total
nitrogen, ammonium nitrogen, and total phosphate has been
confirmed.**> Moreover, they have displayed potential efficiency in
degrading some dyes, such as reactive black 5, methyl orange,
Congo red, and methylene blue.**™*> Recently, Orooji et al. pub-
lished a review on the recent progress in the degradation and
removal of environmental pollutants using AgNPs.” In this study,
the detection of environmental pollutants, especially organic ones,
using AgNP-based electrochemical sensors has been studied.

AgNPs for detecting organic pollutants

Organic pollutants comprise a large fraction of water contaminants.
Their presence in water harms aquatic organisms and terrestrial
life through drinking water. Organic pollutants can be classified
into several types, such as pesticides, organic dyes, drugs, nitro-
aromatics, and mycotoxins. Pesticides are applied in agricultural
production to reduce crop damage from pests and weeds.*® Organic
dyes comprise a large number of complex aromatic compounds
that are used in textiles, leather, paints, papers, and plastics.””
Pesticides and organic dyes, as environmental pollutants, have
attracted major global attention because they are extremely non-
biodegradable and toxic and can transform into carcinogenic,
teratogenic, and even mutagenic agents.*® Drugs such as antibiotics
are widely used to treat bacterial infections in organisms. However,
they are considered major organic pollutants in water that cause
various health issues, such as immunity decline, allergic reactions,
hereditary genetic defects, and cancers.*>*° Nitro-aromatics, which
are the primary components of explosives, pose several health and
environmental problems because of their high water solubility and
low vapor pressure.> Mycotoxins, which are secondary metabolites
formed by filamentous fungi growing on organic material, are
known for their potential threat to human and animal health.”
Hence, developing new methods and techniques is necessary as a
preliminary step to control organic pollutants.

AgNPs are considered potential nanoprobes for detecting
organic pollutants. Recently, they have attracted great attention
as optical probes for detecting several organic pollutants
because of their strong absorption band, which is very sensitive
to the particle size, shape, and relative permittivity of the local
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environment, in the visible region of light.>® AgNP-based opti-
cal sensors were reported for the detection of pesticides,>>*™>°
organic dyes,®® drugs,®>®® nitro-aromatics,** and mycotoxins.®*
Electrochemical sensors, such as AgNP-based electrochemical
sensors, are considered promising for detecting organic
pollutants with sufficient sensitivity and selectivity compared
with optical sensors.”> Additionally, they are less time-
consuming and easier to set up. In optical sensors, various
targeted analytes should be converted into detectible
species, while electrochemical sensors can be wused for
detecting targeted analytes directly. The direct detection of tar-
geted analytes makes electrochemical sensors feasible for in situ
studies. Moreover, electrochemical sensors can monitor changes
in analyte concentration with time. Thus, AgNP-based electro-
chemical sensors are studied herein. Fig. 1 shows a schematic of
the types of organic pollutants detected using AgNP electro-
chemical probes. The selected organic pollutants with their
classifications and chemical structures are outlined in Table 1.

AgNP-based electrochemical sensors

Generally, electrochemical sensing systems are based on four
main components: a transducer, a capture probe, a reporter
probe, and the signal transduction method.

A transducer (electrode) is an element that converts
chemical reactions into measurable electrical signals.®® Various
factors can affect the transduction efficacy, such as the
electrode material, kinetics of the redox reaction at the
electrode surface, and electrolytic conditions. A redox-active
species could be oxidized by donating electrons to the electrode
or reduced by receiving electrons from the electrode surface.
The oxidized or reduced species are constantly shuttled
between the electrode surface and the bulk solution, forming
a double layer that behaves like a parallel plate capacitor.®®

A capture probe is an element that can recognize and
bind to targeted analytes. It is usually immobilized directly to

Pesticides

Explosives

Electrochemical

Mycotoxins Organic Dyes

Fig. 1 Schematic of the classes of organic pollutants detected by AgNP
electrochemical probes.
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Table 1 Classification and chemical structures of organic pollutants detected by AgNP electrochemical probes
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Table 1 (continued)
Organic pollutants Selected compounds
Drugs Antibiotics
TH oH Cl OH o
", wNHy o al E
° V. o o o | |
T El o1 V4 -'N\@/\N NH HN
HO,, 0 __A__O S, o) - NH.
HOT Y THN “/NH 0 o o A NH
H N/ N OH
o O)\C HO/S\OH O// OH . fl o
NH, . . Ciprofloxacin
Amikacin -sulphate Nitrofurazone Chloramphenicol
Decongestants Nonsteroidal estrogens
OH HO.
CHg O CHs
cl NH_|_“CHg
H,N s I O
cl
CHj oH
Chlenbuterol Diethylstilbestrol
Dienestrol
Antimetabolites Benzodiazepines Anthracycline anticancer drugs
OYNH O
HNW“J\ cl
F NZ Q
o) “°/$=N
HO 'OH
- . NH,
5-fluorouracil 0xazepam Doxorubicin
Non-nucleoside reverse transcriptase inhibitors
N = CHrlN /@A\\N
s
NH N)\NH
CH,
Rilpivirine
Dyes Azodyes Xanthene dyes
+ Q r
Na \\s\\go— e r|3cW (0H3 a
0\\ OH Ho Q o N o N{_CHy
7 \ O @
o N OO HO, N=N \\o 7
J Oy
Orange Il . P
g Eriochrome black T Rhodamine B
Other pollutants Organohalides Thioureas Phenolics
OH
OH
cl 0 HS
CIM >:NH e
cl OH HoN
OH
Trichloroacetic acid Thiourea Hydroquinone Catechol

the electrode surface, enhancing its selectivity toward the
targeted analytes.®” Capture probes can be antibodies,
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Antibodies (bioreceptors) act as recognizing elements that
can detect specific antigens easily. Thus, antibodies attached to
analytes can bind specifically with immobilized antigens,
increasing the selectivity toward the analyte of interest.
Additionally, antibodies can generate signals which are
correlated with the concentration of the targeted analyte.
Antibody-based sensors (immunosensors) show advantages
such as automation, portability, and the requirement of a low
sample volume.®® Although there are five classes of antibodies,
IgG, IgM, IgA, IgD, and IgE, IgG is the predominant class in
human serum.”® Thus, IgGs are the most frequently used
antibodies in the construction of immunosensors. Moreover,
monoclonal and polyclonal antibodies have been used for
immunosensing. However, monoclonal antibodies show higher
specificity than polyclonal antibodies and are capable of
producing an unlimited homogenous type of antibody.”*

Enzymes are protein macromolecules that can be adsorbed
to electrode surfaces to act as receptors for analyte recognition.
The use of immobilized enzymes is favorable because of their
handling ease, prolonged availability and robustness, increased
resistance to environmental changes, and reusability.””> The
catalytic activity of enzymes is electrochemically monitored
through the generation of electroactive enzymatic products.
The inhibition of the activity of enzymes by some selected
analytes was previously studied for their detection.”

Aptamers are oligonucleotide sequences that occur naturally
as the sensing part of riboswitches, which are regulatory
segments of messenger RNA involved in gene expression.”
Synthetic aptamers, which are short single-stranded molecules
comprising approximately 20-80 nucleotides with a molecular
mass of 6-30 kDa, were introduced as high affinity binders for
targeted analytes.”>’® Aptamers have attracted great attention
among capture probes because of their facile synthesis, low cost,
small size, and high stability.”” On another note, molecularly
imprinted polymers (MIPs) provide specific recognition toward
targeted analytes. MIPs could be prepared through the copoly-
merization of crosslinkers and functional monomers in the
presence of template molecules through covalent, noncovalent,
and hydrogen bonding. Thereafter, the templates are removed
from the MIP films, leaving recognition sites that are comple-
mentary to the analytes.”® MIPs are preferred over other receptors
because of their superior sensitivity, selectivity, and mechanical
stability.”® Recently, the synergistic effect of a combined aptamer
and MIP for analyte recognition has been reported.** The dual
recognition element showed the highest selectivity compared with
single recognition elements (MIP or aptamer).

A reporter probe is an element that generates a signal in
response to analytes. Capture probes such as aptamers and
peptides can also be used as reporter probes.®’’ Additionally,
other electrode coatings and molecular linkers can be integrated
to enhance the sensor performance.®*

Signal transduction methods, which monitor changes in cur-
rent or potential resulting from analyte-electrode interactions,
include voltammetric, amperometricc, and impedimetric
methods.*® Voltammetric methods include cyclic voltammetry
(Cv), differential pulse voltammetry (DPV), linear sweep

© 2021 The Author(s). Published by the Royal Society of Chemistry
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voltammetry, and square wave voltammetry (SWV).** The differ-
ences between the voltammetric techniques result from the time
waveforms produced by their respective functional applications.®
The interpretation of the current-potential-time (I-E-t) relation-
ship ensuing from half-cell reactions at working electrodes is of
prime interest in voltammetry.*® In the DPV technique, the
current is measured at two points for each pulse: before and at
the end of the applied pulse. The difference between the two
measured currents for each pulse is plotted against the base
potential.*” In SWV, a special form of DPV, a symmetrical square
wave is superimposed on a staircase waveform where the forward
pulse coincides with the staircase step. SWV is known for its
superior sensitivity and measurement speed compared with the
DPV technique.®® For greater sensitivity, square wave stripping
voltammetry can be applied through the -electrodeposition
(preconcentration) of specifically targeted analytes, such as metal
ions into electrodes, before the SWV analysis. In square wave
anodic stripping voltammetry, for example, the deposition
(reduction) of metal ions at the electrode surface occurs at a
negative potential; then, the reduced species is oxidized (stripped)
into the solution again in a positive scan direction.® Differential
SWV, a hybrid of DPV and SWV, has been developed to unify the
advantages of both techniques.”® Adsorptive anodic stripping
voltammetry and adsorptive cathodic stripping voltammetry can
be used for analyte detection.”” The difference between stripping
and adsorptive stripping is that the preconcentration in adsorptive
stripping is accomplished through accumulation and adsorption
on the electrode surfaces under an open circuit potential.”
Recently, NPs have been incorporated into electrochemical
sensors to optimize the electrode material by increasing the surface
area, improving the immobilization efficiency, consolidating the
molecular recognition, and enhancing the transduction signals.
For example, the immobilization of antibodies at electrode surfaces
can be enhanced by incorporating MNPs.”* In enzyme-based
sensors, NPs can be conjugated with enzymes to increase the
sensor sensitivity, stabilize the enzymes, increase the surface area,
and enhance conductivity.”* The selection of NPs is a critical issue
for maintaining enzyme function.”® As with the incorporation of
antibodies and enzymes, incorporating NPs with aptamers
upgrades the immobilization efficiency, the conductivity of the
sensing surface, and the signal readout.”® Additionally, integrating
MIPs with NPs can significantly enhance recognition of target
molecules and improve the signal output.”” Gold NP (AuNP)- and
platinum NP (PtNP)-based electrochemical sensors for detecting
analytes were previously reported.”® """ In this review, AgNP-based
electrochemical sensors for determining analytes are explained.
Recent developments in modified electrode fabrication and the
mechanisms of organic pollutant detection are also highlighted.

Electrode modification using AgNPs

AgNPs could be incorporated into electrodes through different
in situ and ex situ approaches (Fig. 2). The in situ approach
depends on the electrochemical deposition of AgNPs at elec-
trode surfaces through the electrochemical reduction of Ag" ion
with subsequent nucleation, aggregation and coalescence of
metallic particles (Fig. 2A). Electrochemical deposition is

Mater. Adv., 2021, 2, 7350-7365 | 7355
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Fig. 2 Electrode modification using AgNPs through electrochemical
deposition (A), drop casting (B), spin coating (C), sticking (D), transfer
sticking (E), and carbon paste (F), with subsequent AgNP stripping.

considered the most frequently used method for electrode
modification.'®*"% The ex situ approaches include drop casting,
spin coating, sticking, transfer sticking, and carbon paste
modification. The drop casting technique depends on the place-
ment of AgNPs directly on electrode surfaces with subsequent
drying for solvent evaporation''® (Fig. 2B). In the spin coating
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technique (Fig. 2C), AgNPs are directly placed on the surface of a
stirring electrode attached to the center of the spin coater via a
vacuum system.'™ In the sticking technique (Fig. 2D), the
electrode is dipped in an AgNP suspension mixed with electrolytes
for a certain time."'® Similarly, the transfer sticking technique is
accomplished by dipping the electrode in an AgNP suspension
only, which is then transferred to the electrolyte for the stripping
process (Fig. 2E). The modified electrode could be prepared by
incorporating a paste, formed using AgNPs, paraffin oil, and
graphite, into the electrode.'*>

Notably, gold, glassy carbon, and graphite electrodes were
mainly used for electrode modification with AgNPs, as shown
in Tables 2 and 3. Previously, we studied the efficiency of glassy
carbon, gold, and platinum electrodes for immobilizing
dissolved organic matter-capped AgNPs on their surfaces.'*®
The efficiency of AgNPs adsorption at the electrode surface was
monitored through the detection of the oxidation peak of the
AgNPs. Glassy carbon electrode resulted in adherence of a
greater amount of AgNPs compared to the other electrodes.

Electrochemical detection and characterization of AgNPs

Different direct and indirect electrochemical pathways have
been reported for the detection of AgNPs at electrode surfaces
(Fig. 3). AgNPs can be detected directly through their oxidation
(stripping) to form Ag*."*® This pathway requires direct contact
between the AgNPs and the electrode surface to enable electron
transfer. In some cases, the molecules surrounding AgNPs can
prevent electron transfer between the AgNPs and the electrode.
Thus, the digestion pathway is followed for the detection.** 1t is
based on digesting AgNPs into Ag" using a strong oxidant. Then,
the released ions are deposited on the electrode surface, followed
by stripping to Ag', showing the AgNP oxidation peak. The AgNP
stripping peak can be improved by catalyzing AgNP oxidation using
enhancers such as AuNPs."*> Moreover, AgNPs can be detected
indirectly through catalyzing an electrochemical reaction.'*®
Customarily, CV and electrochemical impedance spectro-
scopy (EIS) are used to characterize AgNP-modified electrodes.
In both techniques, ferrocyanide ions ([Fe(CN)e]* ") are used
as a redox probe. As Fig. 4 shows, the CV and Nyquist plots of
the bare and AgNP-modified electrodes were obtained. The CV
measurements show an enhancement in the oxidation peak
current and a decrement in the oxidation/reduction peak
separation. In the Nyquist plots, the electron transfer resistance
(Rcr), which is equal to the semicircle diameter of EIS,
decreased after electrode modification using AgNPs. The
improvement in the oxidation peak current and the diminution
of the Rcr are attributed to the role of AgNPs in the enhancing
the electron transfer rate between the redox probe and the
electrode surface, and hence in the decrement of charge
transfer resistance for the redox probe to access the
electrode.’”” On another note, the redox behavior of AgNPs in
phosphate buffer solution was characterized by CV.'** The CV
diagram shows the oxidation and reduction peaks of the AgNPs
at the electrode surface. The oxidation peak corresponds to the
conversion of Ag® to Ag* on the forward anodic scan, while the
reduction peak corresponds to the conversion of Ag" back to

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 2 AgNP-based electrochemical sensors
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Modification Detection
Analyte AgNPs-modified electrode technique Technique Mechanism limit (nM) Ref.
Amyloid- oligomers AgNPs/Ad-PrP(95-110)/MCH/fB-  Soaking LSV Modifier-based sensing (aggregation 0.008 151
(ABOS) CD/Au electrode (sticking) with signal inhibition)
Caffeine rGO-AgNPs/PG Electrochemical SWV Analyte-based sensing (oxidation) 0.54 149
deposition
Creatinine AgNPs/MCNT/FA/CPE Carbon paste ~ DPV Analyte-based sensing (oxidation) 8 112
DNA PNA/MCH/T-DNA/Zr*"/BPAA/ Soaking DPV Modifier-based sensing 4.725 x 10°° 119
GEMA/NalO,/AgNPs/Au electrode (sticking) (amplification)
Estriol rGO-AgNPs/GC Drop casting DPV Analyte-based sensing (oxidation) 21 148
Gastrodin MIPs/rGO-AgNPs/NF Electrochemical DPV Modifier-based sensing (inhibition) 1 147
deposition
Glucose Mucilage-AgNPs/GC Transfer- SWvV Modifier-based sensing (inhibition) 100 x 10° 113
sticking
Gonadotropin AgNPs/peptide/Au electrode Soaking LSV Modifier-based sensing (aggregation 0.0004 (U mL™") 143
(sticking) with signal amplification)
Influenza virus H7  Antibody-AgNPs-graphene/Au Drop casting LSV Modifier-based sensing 0016 (ppb) 145
electrode (amplification)
NS1 biomarker Antibody-AgNPs/GPE Soaking DPV Modifier-based sensing 0.5 (ppb) 142
(sticking) (amplification)
p53 protein BDT-AgNPs/p53/dsDNA/Au Soaking LSV Modifier-based sensing 0.0001 144
electrode (sticking) (amplification)
T4 PNK AgNPs/T4 DNA ligase/DNA probe/ Soaking Lsv Modifier-based sensing 0.01 (UmL™") 146
T4 PNK/DNA probe/Au electrode (sticking) (amplification)

Ad-PrP(95-110): ABOs-specific binding peptide labeled with adamantine, B-CD: B-cyclodextrin, MCH: 6-mercapto-1-hexanol, MWCNT: multi-walled
carbon nanotube, FA: folic acid, CPE: carbon paste electrode, PNA: peptide nucleic acid, BPAA: a-bromophenylacetic acid, GEMA: glycosyloxyethyl
methacrylates, rGO: reduced graphene oxide, DPV: differntial pulse voltammetry, PG: pyrolytic graphite, MIPs: molecularly imprinted polymers,
GPE: graphite pencil electrodes, BDT: benzene-1,4-dithiol, PNK: polynucleotide kinase, LSV: linear sweep voltammetry.

Ag® on the reverse cathodic scan.'® The potential and current
values of the oxidation peak of AgNPs provide valuable
information about the size and amount of AgNPs adsorbed at
the surface of the electrodes.®

Mechanisms of AgNP-based electrochemical sensors

AgNP-based electrochemical sensors are considered a promis-
ing tool for analyte detection with low cost and high sensitivity.
AgNP-modified electrodes can be used to detect analytes on
the basis of the modifier and the electrochemical responses
of the analyte. Modifier-based sensors involve the aggregation,
inhibition, amplification, and displacement of AgNPs after analyte
addition. By contrast, analyte-based sensors depend on the oxida-
tion or reduction of the analyte itself (Fig. 5). The aggregation,
inhibition, amplification, and displacement mechanisms depend
on the analyte and capping agent of the AgNPs. Fig. 6 shows that
modifier-based sensors lead to signal inhibition, signal
amplification, or signal inhibition/amplification. According to the
electrochemical transduction method, AgNP-based electrochemical
sensors can be classified into voltammetric, amperometric, chron-
oamperometric, and impedimetric sensors.

Voltammetric sensors are versatile tools that can be utilized
for monitoring signal inhibition, signal amplification, and signal
inhibition/amplifications, related to the aggregation, inhibition,
amplification, and  displacement  mechanisms.*”***118119
In amperometric and chronoamperometric sensors, the current
produced from the oxidation or reduction of specific electroactive
species is measured at constant voltage."**** The current is
plotted against time in the amperograms and chronoampero-
grams. Previously, amperometry was studied as an analyte-based
electrochemical technique using AgNPs as electrode modifiers.">* >’

© 2021 The Author(s). Published by the Royal Society of Chemistry

Similarly, chronoamperometry was studied as both an analyte and
a modifier-based electrochemical technique using AgNP
modifiers."*®'* In impedimetric sensors, the concentration of
the analyte in solution is determined by measuring the number of
bound molecules on the receptors immobilized on the electrode
surface; this leads to increased resistance accompanied by an
amplification signal or decreased resistance accompanied by an
inhibition signal, depending on the chemistry of the targeted
analyte."”'3%131 AoNPs can be incorporated into the electrode
surface to increase the electron transport."*> Overall, AgNPs
can be used as a catalyst in analyte-based electrochemical
sensors or as a probe in modifier-based electrochemical
sensors.'> 1261271337141 Taple 3 lists the recently reported AgNP-
modified electrodes for detecting different organic analytes using
different sensing mechanisms and transduction techniques.
AgNP  aggregation-based  electrochemical  sensors
reported for determining amyloid-f oligomers (ABOs) and
gonadotropins.'*>'** Additionally, electrochemical sensors based
on AgNP oxidation amplification and inhibition were used to assess
T4 PNK, p53 protein, biomarker NS1, influenza virus H7, gastrodin,
glucose, and DNA,''3M191421447147 Voregver, analyte-based electro-
chemical sensors using AgNPs as electrode modifiers were used to
detect caffeine, creatinine, glucose, and estriol,"*>*4571%°

were

AgNP-based electrochemical sensors
for detecting organic pollutants
Electrochemical sensors based on aggregation of AgNPs

Colorimetric sensors based on the aggregation of MNPs for
analyte determination can be converted into enhanced
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Table 3 AgNP-based electrochemical sensors for detecting organic pollutants

Modification
Organic pollutant  Sensing material technique Technique = Mechanism LOD (nM) Ref.
Acetamiprid AgNPs/His-GQD/GC Drop casting DPV Modifier-based sensing (inhibition) 4.0 x 10~° 155
Acifluorfen FeS,/AgNPs/SPCE Drop casting DPV Analyte-based sensing (reduction) 2.5 164
Amikacin sulphate rGO-AgNPs/Ni foam electrode DPV Analyte-based sensing (oxidation) 38 106
Atrazine DOM-AgNPs/GC Transfer sticking SWASV Modifier-based sensing 89.35 110
(aggregation)
Analyte-based sensing (oxidation)  63.01
Carbendazim Fumed silica@AgNPs/CPE Carbon paste DPV Analyte-based sensing (oxidation)  0.94 171
Catechol TACO0Pc/PANI/AgNPs/GC Drop casting DPV Analyte-based sensing (oxidation) 460 177
Chloramphenicol ~ Apt/AgNP/[NH,-Si]-f-GO/GC Drop casting DPV Modifier-based sensing (inhibition) 0.0033 156
Chlorpyrifos DOM-AgNPs/GC Sticking SWv Modifier-based inhibition 136.9 118
Natural latex-AgNPs/GC 87
Mucilage-AgNPs/GC 0.048
Ciprofloxacin AgNPs-AuNPs/Au electrode Drop casting DPV Analyte-based sensing (oxidation)  7.24 135
Clenbuterol Melamine-AgNPs/Au electrode  Soaking LSV Modifier-based sensing 0.01 161
(sticking) (amplification)
Dienesterol AgNPs/SWCNT/CPE Carbon paste SWv Analyte-based sensing (oxidation)  43.55 172
Doxorubicin Poly(chitosan)/AgNPs/GC Electrochemical SWV Analyte-based sensing (oxidation) 103 178
deposition
Diethylstilbestrol a-Fe,0;-BSA-DES/DES/BSA/Ab/  Drop casting LSV Modifier-based sensing 0.00167 ppb 160
(DES) Cuj;(BTC),-Ag NPs/GC (amplification)
Eriochrome black T Natural latex-AgNPs/GC Transfer-sticking SWV Electrochemical displacement 15.2 47
(modifier)
6.33
(displacer)
5-Fluorouracil Porphyran-AgNPs/CPE Carbon paste SWV Analyte-based sensing (oxidation) 10700 173
Hydroquinone TACoPc/PANI/AgNPs/GC Drop casting DPV Analyte-based sensing (oxidation) 600 177
Lindane AgNPs-PANI-Nano-ZSM-5 Drop casting DPV Analyte-based sensing (reduction) 5 163
Malathion ACHE/AgNPs@Ti;C,T,/GC Drop casting DPV Modifier-based sensing (inhibition) 0.327 x 107° 158
Methyl parathion  para-Sulfonatocalix[6]arene- Electrochemical DPV Analyte-based sensing (reduction) 4 165
AgNPs/GC deposition
Methylene blue Gum arabic-AgNPs/GC Sticking SWASV Modifier-based sensing 3 28
(amplification)
Analyte-based sensing (oxidation) 200 and 1375
Monocrotophos AChE/CNTs-NH,/Ag NPs-N-F- Drop casting DPV Modifier-based sensing (inhibition) 0.0002 159
MoS,/GC
4-Nitrophenol B-1,4-Poly p-glucosamine-AgNPs/ Soaking DPV Analyte-based sensing (reduction) 600 128
graphite electrode (sticking)
4-Nitrotoluene AgNPs/Au electrode Drop casting Amperometry Analyte-based sensing (reduction) 92 125
Nitrofurazone BC/Cr,03/Ag/MIP/GC Drop casting DPV Analyte-based sensing (reduction) 3 166
Ochratoxin A Pt-Ag NPs/PCN-223-Fe/gold Drop casting DPV Modifier-based sensing (inhibition) 34.7 157
electrode
Orange 1II Carbamazepine-AgNPs/GC Drop casting DPV Analyte-based sensing (oxidation) 1.2 176
Oxazepam Ag-Pt/GRs/GC Drop casting DPV Analyte-based sensing (reduction) 42 170
Paraoxon Stearic acid/AgNPs/GC Electrochemical DPV Analyte-based sensing (reduction) 0.1 167
deposition
Pentachlorophenol AgNPs-rGO/GC Drop casting DPV Analyte-based sensing (oxidation) 1 175
Phoxim AChE®@CChit/AgNPs/rGO/GC Drop casting DPV Modifier-based sensing (inhibition) 0.000081 82
Rhodamine B Carbamazepine-AgNPs/GC Drop casting DPV Analyte-based sensing (oxidation) 1 176
Rilpivirine CQDs/NH,-fMWCNT/AgNPs/GC  Drop casting DPAdSV Analyte-based sensing (oxidation)  0.03 and 0.06 174
Thiodicarb AgNPs/SAE SWAdSV Analyte-based sensing (reduction)  20.3 168
Thiourea Oxadiazole/AgNPs/GC Electrochemical DPV Analyte-based sensing (oxidation) 0.1 129
deposition
Trichloroacetic acid Maleic acid-AgNPs/GC Drop casting SWV Analyte-based sensing (reduction) 30 169
Trifluralin rGO-PEI-AgNPs/GC Electrochemical SWV and Modifier-based sensing 1 162
deposition DPV (amplification)

His-GQD: histidine-functionalized graphene quantum dots, GC: glassy carbon, DPV: differential pulse voltammetry, SPCE: screen-printed carbon
electrode, rGO: reduced graphene oxide, SWASV: square wave anodic stripping voltammetry, CPE: carbon paste electrode, TACoPc: tetra amino
cobalt phthalocyanine, PANI: polyaniline, [NH,-Si]-f-GO: graphene oxide functionalized with (3-aminopropyl)triethoxysilane, DOM: dissolved
organic matter, SWV: square wave voltammetry, LSV: linear sweep voltammetry, SWCNT: single-walled carbon nanotubes, BSA: bovine serum
albumin, DES: diethylstilbestrol, PANI-Nano-ZSM-5: nanoporous polyaniline-zeolite, ACHE: acetylcholinesterase, MIB: molecular imprinted
polymer, GRs: graphene nanosheets, CChit: carboxylic chitosan, CQDs: carbon quantum dots, NH,-fMWCNT: amine-functionalized multi-
walled carbon nanotubes, DPAdSV: differential pulse adsorptive stripping voltammetry, SWAdV: square wave adsorptive voltammetry, SAE: solid
amalgam electrode, PEI: polyethylene imine.

electrochemical sensors.® In contrast to the colorimetric assay, MNPs oxidation, depending on the analyte and capping agents
electrochemical aggregation of MNPs results in voltammetric  of the MNPs.%*>'%'>152 For example, an electrochemical aggre-
signal inhibition, amplification, or inhibition/amplification of gation sensor based on the inhibition of AgNP signals was
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Fig. 4 Schematic of the CV (A) and EIS Nyquist (B) plots of bare and
AgNP-modified electrodes.

constructed previously to detect ABOs.’* Adamantine (Ad)-
labeled PrP(95-110) was used as a receptor to induce the
aggregation of AgNPs. Ad-PrP(95-110) interacts specifically with
ABOs, thus losing its capability to bind AgNPs and induce the
formation of an AgNP-based network on the electrode surface,
leading to a decrease in the current signal. On a different note,
an electrochemical thymine-functionalized AgNP aggregation
sensor based on AgNP current signal amplification was
studied.®®'** The third type of electrochemical aggregation
sensor is based on signal inhibition/amplification, where the
nonaggregated AgNPs signal is inhibited and the aggregated

© 2021 The Author(s). Published by the Royal Society of Chemistry
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AgNPs signal, with a positive potential shift, is amplified.""°
The positive potential shift after the induced AgNPs aggregation
is attributed to the diminished surface area to volume
ratio.’>**** Our research group previously reported a dissolved
organic matter (DOM)-capped AgNP aggregation-based
electrochemical sensor to determine atrazine herbicide in
natural water."'® Atrazine was detected on the basis of the
inhibition of the nonaggregated AgNPs signal and the amplification

of the aggregated AgNPs signal after atrazine addition (Table 3).

Electrochemical sensors based on displacement of AgNPs

Electrochemical displacement sensors are considered a promising
tool for analyte detection with high sensitivity and selectivity.
To the best of our knowledge, only two studies have reported
electrochemical displacement sensors for analyte detection. The
first study showed the capability of Hg** to replace measurable
amounts of AgNPs at glassy carbon to indirectly detect Hg>" in
water."*® The electrochemical displacement mechanism is based
on the interaction between Hg>" and AgNPs before the AgNPs
stripping process that results in the conversion of AgNPs to Ag* by
Hg”?*. This conversion reduces the amount of AgNPs, which
reflects the Hg>" concentration in the solution. In the stripping
process, there was a reduction in the stripping peak of AgNPs that
remained unreacted with Hg>". The second study was conducted
by our research group to develop an electrochemical sensor for
the detection of Eriochrome black T (EBT) dye in water using
natural latex (NL) polymer-capped AgNPs.*” The displacement
mechanism is based on the affinity of EBT to be oxidized and
polymerized at the modified electrode compared with that of
NL-AgNP. The displacement of the NL-AgNPs was accompanied by
a decrease in the stripping peak of the AgNPs. Additionally, the
oxidation peak of EBT increased after the displacement, resulting
in a two-way sensor. Thus, electrochemical displacement sensors
are considered promising for detecting many inorganic and
organic molecules.

Electrochemical sensors based on oxidation/reduction
inhibition of AgNPs

The electron transfer inhibition of AgNP-based modifiers leads
to voltammetric signal inhibition or impedimetric signal
amplification. Previously, a DPV sensor was reported for the
detection of acetamiprid insecticide based on its inhibitory
effect on the AgNP-based modifier response.">® For the selective
detection of acetamiprid, an aptamer of acetamiprid was
connected to the AgNPs via a sulfur linkage."® Similarly,
chloramphenicol was detected on the basis of the inhibition
of the aptamer/AgNP-based modifier signal.'®® Moreover,
ochratoxin A, a mycotoxin, was detected through the inhibition
of the oxygen reduction signal.'®” First, AgNPs were incorpo-
rated with PtNPs and iron-porphyrinic MOF for large catalytic
enhancement of oxygen reduction. Then, the oxygen reduction
signal was inhibited by the aptamer bounded by ochratoxin A.
Additionally, acetylcholinesterase (AChE) biosensors were
developed to detect phoxim and malathion insecticides via
enzyme inhibition at the GC electrode.®**'>® The AgNPs not
only enhanced the electron transfer but also increased the
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electrode surface area. Similarly, AgNPs-N-F-MoS, nanocompo-
sites, coupled with AChE inhibition, were used to detect
monocrotophos.’® Recently, we reported an AgNP-based
electrochemical inhibition method to detect chlorpyrifos in
natural water without the need to use aptamers or
enzymes.''® Three GC electrodes modified using DOM-AgNPs,
NL-AgNPs and mucilage-AgNPs were used for chlorpyrifos
sensing.'® The detection mechanism is based on the role of
pesticides in the inhibition of oxidation of AgNPs.

Electrochemical sensors based on oxidation/reduction
amplification of AgNPs

The electron transfer enhancement of AgNP-based modifiers
is accompanied by voltammetric signal amplification or
impedimetric signal inhibition. The voltammetric signal
amplification of MNP-based modifiers could be obtained by
enriching the effect of MNPs without aggregating them. The
signal amplification of the AgNPs was studied to detect
various analytes.***37:141 However, only a few studies reported
the detection of organic pollutants based on AgNPs
signal amplification. Previously, the drug diethylstilbestrol
was detected on the basis of its ability to amplify the signal
of a copper-based MOF [Cu;3(BTC),] loaded with a AgNP-based
electrochemical immunosensor sensor.'®® AgNPs not only
enhance the conductivity of Cuz(BTC), but also immobilize
antibodies through Ag-NH, bonds. Similarly, clenbuterol was
detected on the basis of the stripping peak of melamine-AgNPs
without the need for aptamers and enzymes.'®" The detection
process depended on the selective interaction between the
adsorbed melamine at the gold electrode surface and the
AgNPs capped by melamine through hydrogen bond inter-
actions. Trifluralin was also detected using AgNPs as a signal
amplification element and reduced graphene oxide modified by
polyethyleneimine (rGO-PEI) as a wide surface polymer
matrix.’®> Recently, we reported an amplification sensor for
detecting methylene blue based on gum arabic-capped
AgNPs.?®

AgNP electrochemical sensors based on organic pollutant
oxidation/reduction

Organic pollutants can be detected at AgNP-modified electrodes on
the basis of their oxidation or reduction. AgNPs not only increase
the electrode surface area but also act as a catalyst for organic
pollutant oxidation/reduction.*’”'** They also have an excellent
conductivity, which facilitates electron transfer.'® The determina-
tion of various organic pollutants based on their electrochemical
reduction at AgNP-modified electrodes was reported. For example,
AgNP-decorated  polyaniline-nanocrystalline  organic-inorganic
hybrid zeolite (PANI-Nano-ZSM-5)-modified GC was constructed
to detect lindane through its irreversible reduction via dissociative
electron transfer.'®®  Additionally, ~FeS,/AgNPs/screen-printed
carbon electrode, para-sulfonatocalix[6]arene-AgNPs/GC, -1,4 poly
p-glucosamine-AgNPs/graphite electrode, AgNPs/Au electrode,
biomass carbon/Cr,05/Ag/MIP/GC, and stearic acid/AgNPs/GC
respectively were previously reported for the detection of
acifluorfen, methyl parathion, 4-nitrophenol, 4-nitrotoluene,

© 2021 The Author(s). Published by the Royal Society of Chemistry
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nitrofurazone, and paraoxon, respectively, on the basis of the
irreversible  reduction of -NO, to  hydroxylamine
groups.'?>1281647167 Additionally, thiodicarb was detected at an
AgNPs/silver solid amalgam electrode, depending on the
electrochemical reduction of two symmetric carbonyl groups in
the molecule involving four protons and four electrons.'®® Also,
trichloroacetic acid could be detected at maleic acid-AgNPs/GC
through its irreversible reduction to dichloroacetic acid.'®
Moreover, the reduction mechanism was reported for oxazepam
detection."””

Conversely, several organic pollutants were detected using
the oxidation mechanism. For example, carbendazim was
determined wusing a fumed silica@AgNPs/carbon paste
electrode (CPE) through its irreversible electrooxidation.'”*
Amikacin sulphate antibiotic was detected through its oxidation
at an rGO-AgNPs/Ni foam electrode with high sensitivity.'°® The
incorporation of AgNPs with AuNPs at a gold electrode for
superior electrical conductivity was established to assess cipro-
floxacin through its irreversible oxidation via two-electron and
two-proton transfer.'*® Furthermore, AgNPs/SWCNT/CPE was
used to detect dienestrol through the oxidation of phenolic
groups to semiquinone structures via two-electron and two-
proton transfer."”> For detecting 5-fluorouracil, porphyran-
AgNPs/CPE was used for drug oxidation via one-proton and
one-electron transfer.'”®> The reaction pathway depended on
the formation of radical species that deprotonated and produced
on the 5-fluorouracil dimer. In a related investigation, rilpivirine
showed two oxidation peaks, which may have originated from
two N-substituted aniline groups, for its detection at carbon
quantum dots/NH,-fMWCNT/AgNPs/GC.'”* Pentachlorophenol
was also detected at AgNPs-rGO/GC."”

Carbamazepine-AgNPs/GC determination was previously
reported for orange II and rhodamine B dyes on the basis of
their oxidation. For more intense peaks, electron transfer from
the dye to the mediator (AgNPs) and then to GC was achieved
through a hopping mechanism.'”® Moreover, oxadiazole/
AgNPs/GC was used to enhance the oxidation of thiourea
analyte." Catechol and hydroquinone were detected electro-
chemically via two-electron transfer.'”” Doxorubicin was also
oxidized via two-electron and two-proton transfer at
poly(chitosan)/AgNPs/GC for its detection using SWV.'®
Table 3 presents a comparison of the detection of organic
pollutants using various AgNP-modified electrodes.

Conclusion and future perspectives

AgNP-based electrochemical sensors are emerging electro-
analytical tools for detecting various organic pollutants with
remarkably high sensitivity. This review highlighted the fabri-
cation of AgNP-based electrochemical sensors, electrochemical
identification and characterization, and sensing process
protocols. Determining organic pollutants using AgNP-based
electrochemical sensors has attracted significant focus in this
review. Different protocols based on the electrochemical
responses of AgNPs and analytes were illustrated for the

© 2021 The Author(s). Published by the Royal Society of Chemistry
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determination of organic pollutants including pesticides,
organic dyes, drugs, mycotoxins and nitro-aromatics. AgNP-
based electrochemical sensors thus proved to be efficient
replacers of the traditional and optical techniques. Their role
in detecting organic pollutants in water is significant for
subsequent water treatment. AgNP-based electrochemical sen-
sors are emerging as promising candidates for detecting
organic pollutants. They should be developed so that they can
be scaled up to commercial applications. On another note,
there are many other organic pollutants that should be tested
by AgNP-based electrochemical sensors. Moreover, the recently
investigated sensing protocols such as electrochemical
displacement should be tested for different organic pollutants.
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