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Abstract: The detection of antimicrobial residues in food products of animal origin is of utmost
importance. Indeed antimicrobial residues could be present in animal derived food products because
of animal treatments for curative purposes or from illegal use. The usual screening methods to detect
antimicrobial residues in food are microbiological, immunological or physico-chemical methods.
The development of biosensors to propose sensitive, cheap and quick alternatives to classical meth-
ods is constantly increasing. Aptasensors are one of the major trends proposed in the literature,
in parallel with the development of immunosensors based on antibodies. The characteristics of
electrochemical sensors (i.e., low cost, miniaturization, and portable instrumentation) make them
very good candidates to develop screening methods for antimicrobial residues in food products. This
review will focus on the recent advances in the development of electrochemical aptasensors for the
detection of antimicrobial residues in food products. The contribution of nanomaterials to improve
the performance characteristics of electrochemical aptasensors (e.g., Sensitivity, easiness, stability) in
the last ten years, as well as signal amplification techniques will be highlighted.
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1. Introduction

Antibiotic residues could be present in animal derived-food products because of vet-
erinary treatments for curative or preventive purposes. The persistence of antimicrobial
residues in food products may present certain risks for the consumer (e.g., allergies, toxi-
cological issues) and may be problematic for the food industry (i.e., Milk transformation
into cheese or yoghurts). Furthermore, it could lead to the development of antimicrobial
resistance in zoonotic bacteria that could have an impact on human health by transfer of
antimicrobial resistance to human pathogenic bacteria [1]. In the European Union (EU),
there are two kinds of veterinary medicines: authorized substances for which Maximum
Residue Limits (MRL) were set [2,3] and banned substances with reference points for action
(RPA) [4,5]. Monitoring and surveillance plans are in place in the EU to control the absence
of banned substances and to measure the levels of residues of authorized substances [6].
The first step of the control is based on screening methods. Screening methods have to
be sensitive, simple, quick, specific or selective, inexpensive and with high throughput of
samples [4]. Classical screening methods used to monitor antimicrobial residues in food
products are: microbiological (e.g., Tube tests, plate tests), immunological (e.g., Enzyme
linked immunosorbent assay (ELISA), dipstick tests), and physico-chemical methods (e.g.,
Liquid chromatography coupled to mass spectrometry in tandem (LC-MS/MS)). Biosensors
represent a promising development path to improve the current performance of screening
methods. Indeed, microbiological methods are inexpensive, with a wide spectrum of
detection and simple, but they often lack sensitivity for some families of antimicrobials.
Immunological methods are useful especially for banned substances because they are very
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specific in general for the detection of one compound or a family of compound. Some
dipsticks tests are available for a multiplex detection of two to more families of antimicro-
bials. They are quick and simple methods; however their cost increases as the number of
families detected increases. LC-MS/MS methods are increasingly used at the screening
step because of their high sensitivity and their ability to identify and quantify the target
analytes, even at the screening step. However these methods are costly. We therefore need
to develop innovative methods with high sensitivity, and at minimal cost.

The first developed biosensors for the detection of antimicrobial residues were im-
munosensors [7]. The detection was based on polyclonal or monoclonal antibodies. ELISA
tests for the detection of antimicrobial residues were developed previously and so anti-
bodies were already available. Moreover antibodies present a strong affinity for the target
analytes and broad specificity; the production of monoclonal antibodies is reproducible
and in unlimited quantity [8]. However they are only active and stable under physiologi-
cal conditions, there is a lot of batch to batch variation (i.e., polyclonal) and monoclonal
antibodies are expensive.

The major limiting factor in the development of a biosensor is the bioreceptor. There-
fore the development of innovative bioreceptors such as aptamers is a promising path to
develop biosensors with better performance characteristics. Aptamers are oligonucleotide
sequences (single-stranded DNA or RNA molecules). They are synthesized by a multi-step
iterative process of in vitro selection and amplification cycles that is also called SELEX
(systematic evolution of ligands by exponential enrichment). Aptamers are gaining use
in the development of biosensors because of numerous advantages [9]. First, the target is
not limited to immunological molecules. Moreover aptamers have enhanced affinity to the
target, while being more stable (i.e., Molecule itself, immobilized surfaces) and reusable.
They can be easily modified to enable their immobilization by combinatorial chemistry [10].
Their production is simple, reproducible, and can be automated.

Piro et al. compared the performances of immunosensors and aptasensors [11]. This
review showed that the sensitivity of immunosensors is often better than sensitivity of
aptasensors. However the progresses in transduction techniques and signal amplification
strategies have led to the development of very sensitive aptasensors.

Amaya-Gonzalez et al. (2013) highlighted the innovative aspects of aptasensors and
their potential benefits for the control of food pathogens to improve consumer protec-
tion (Figure 1) [12]. Similar benefits can be expected for the development of innovative
screening methods for monitoring antimicrobial residues in food products. Aptasensors
are increasingly exploited for the detection of antibiotic residues. According to a Scopus
search with the keywords “aptasensors” and “antibiotic,” the first article published on this
topic dated back in 2007. However the majority of articles were published from 2015 until
now (90% of the publications).

Different types of aptasensors for the detection of antimicrobials in food products
were developed based on three main transduction principles: optical, electrochemical, and
mass-sensitive. This review is focused on electrochemical aptasensors because of their
high potential (i.e., Simple, low cost, quick, sensitive, and portable). The contribution of
nanotechnologies to the development of biosensors and in particular to electrochemical
aptasensors has been tremendous in recent years. This review will highlight the main types
of nanomaterials used for the development of electrochemical aptasensors for the detection
of antimicrobial residues. The role of nanomaterials in the improvement of electrochemical
aptasensors performance will be discussed, as well as amplification strategies.
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Figure 1. Aptamer-Based Analysis: A Promising Alternative for Food Safety Control. Reprinted from reference [12]. This

article is an open access article distributed under the terms and conditions of the Creative Commons Attribution license
(http:/ /creativecommons.org/licenses /by /4.0/ (25 March 2021)).

2. Electrochemical Aptasensors for the Detection of Antimicrobial Residues

The first aptamers for antimicrobial residues were published at the end of 1990’s and
included those with a specific binding to aminoglycosides [13], chloramphenicol [14], and
tetracycline [15]. Nowadays, aptamers for the specific detection of chloramphenicol (CAP),
kanamycin (KAN), streptomycin (STR), tetracycline (TTC), and oxytetracycline (OTC) are
commonly described. The antimicrobial families for which aptamers have been devel-
oped were beta-lactams (e.g., Penicillin, ampicillin), aminoglycosides (e.g., Kanamycin,
streptomycin, tobramycin, neomycin), tetracyclines (tetracycline, oxytetracycline), fluo-
roquinolones (e.g., Ciprofloxacin, danofloxacin, enrofloxacin and ofloxacin), lincomycin,
chloramphenicol and sulphonamides (e.g., Sulfadimethoxine) [16]. The 3-dimensional
structure of some aptamer-antibiotic complexes by crystallographic analysis is available
on a public database named Protein Data Bank (https:/ /www.rcsb.org/ (25 March 2021)).
Some aptamers were specific for one antimicrobial (i.e., Chloramphenicol (CAP)) while
others were selective for the detection of several antimicrobials of the same family. For
instance, an aptamer anti-penicillin could also bind to other beta-lactams such as ampicillin
and amoxicillin. Kwon et al. developed a colorimetric aptasensor for the detection of the
tetracyclines’ family [17]. The same aptamer was able to detect tetracycline, oxytetracycline,
doxycycline and chlortetracycline. This characteristic was of utmost importance to develop
selective aptasensors, with a wide spectrum of detection.

The first aptasensors developed in the second half of 1990s were optical aptasen-
sors. However, the development of electrochemical aptasensors gradually increased in
early 2000 [18]. The first articles dealing with electrochemical aptasensors developed
for the detection of antimicrobial residues were published from 2010 [19,20]. The per-
formance characteristics common to all electrochemical sensors are—simplicity, rapidity
in detection, cost-effectiveness, and the ease of miniaturization, which are necessary for
point of care (POC) applications of biosensors. Different types of electrochemical biosen-
sors can be distinguished—amperometric, potentiometric, voltametric (e.g., Differential
pulse voltammetry (DPV), cyclic voltammetry (CV)), conductimetric and impedimetric
(i.e., Electrochemical impedance spectroscopy (EIS)). Gaudin reviewed the principles of
each technique, their advantages and drawbacks [8]. The current review will highlight
that voltametric techniques (i.e., Differential Pulse Voltammetry (DPV), Square Wave
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Voltammetry (SWV)) are most commonly used, especially due to higher sensitivities than
potentiometric and amperometric ones. Moreover electrochemical derived techniques
(photoelectrochemical (PEC), electrochemiluminescence (ECL)) could be applied to the
detection of antimicrobial residues. PEC and ECL techniques are a combination of optical
and electrochemical methods. So they have the advantages of both methods. In the PEC
technique, the light is employed as the excitation source and electricity is produced and
detected. A photoactive material is deposited onto the electrode surface and its excitation
under light irradiation induced electron transfer that produced current. Conversely in the
ECL technique, a potential (i.e., the excitation source) is applied to an ECL luminophore
(e.g., Luminol, ruthenium(ll) tris-bipyridine (Ru(bpy)32+))-modiﬁed electrode and the
luminescence is emitted and measured.

2.1. Different Strategies of Development of Aptasensors

Due to the aptamer intrinsic properties, two main different strategies could be used
to develop electrochemical aptasensors [21]. The electrochemical detection of aptasen-
sors could be based on two principles: target induced conformation change (i.e., direct
conformational change of aptamers in the presence of the target) and target-induced
displacement format.

2.1.1. Change of Aptamer Conformation

Aptamers are characterized by a specific 3D conformation. Different natural aptamer
conformations can be observed.

One well-known example is the antiparallel-G-quadruplex aptamer-target complex
structure [22,23]. Guanine rich nucleic acids can self-assemble into four-stranded guanine
(G)-quadruplex structures (Figure 2) [24]. This structure is based on base pairings of the
Hoogsteen type forming a plateau of four guanine residues, also called a “quartet”. The
parallel and uninterrupted stacking of at least two quartets, intercalated by a monova-
lent cation (sodium or potassium) stabilizing the structure, constitutes the G-quadruplex
structure. Aptamers could recognize their target by means of three-dimensional folding of
their chain.

/—.ﬁ —@- J @

v v ¥

TETRAMER DIMER MONOMER

G-QUADRUPLEX

Figure 2. Schematic representation of tetramer, dimer and monomer G-quadruplex structures. The
black balls represent the cations that stabilize the structure. Reprinted and adapted from reference [24]
with permission from Elsevier.

The Triple-helix molecular switch (THMS) that relies on the autonomous formation of
DNA triplex can also be used for the development of aptasensors [25]. THMS is usually
constituted of an aptamer sequence with two arm fragments or a DNA sequence that
forms a hairpin structure in the presence of other parts of THMS, a sequence that is
trapped between two arm fragments of aptamer sequence or DNA sequence, sometimes
called signal transduction probe (STP) (Figure 3) [26]. The binding of the target to the
aptamer modified the THMS structure. In this case, the conformation change was detected
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because the fluorophore and the quencher were close in the STP structure, while they
were far from each other in the THMS structure. The fluorescence signal was quenched
and therefore the signal decreased (“signal off” sensor). This THMS structure was less
employed in the development of electrochemical sensors for the detection of antimicrobial
residues than the G-Quadruplex structure. This structure was very much used to develop
biosensors based on fluorescence. It lent itself better to this mode of detection because of
the quenching effect.
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Figure 3. Schematic illustration of the conformation change of the Triple-helix molecular switch (THMS) structure in the

presence of the target Reprinted from reference [26] with permission from Elsevier.

The initial conformation of the aptamer will influence the sensitivity of the developed
aptasensor. Indeed, when one extremity of the aptamer is functionalized with a redox probe,
the initial proximity (or the distance of the redox probe from the surface of the electrode)
is determined by the aptamer conformation. Thus when the aptamer binds to the target,
the distance gain of the redox probe with the electrode will be greater or less depending
on the initial distance. Schoukroun-Barnes et al. developed strategies to better exploit the
target binding-induced changes in aptamer conformation and/or flexibility (Figure 4) [27].
They rationally designed and tested three mutant (modified) aptamer sequences to support
larger conformation changes. The structure of the parent aptamer sequence is a stem-loop
structure, even in the absence of target. Therefore, the aptamer conformation change
when binding to the target is relatively small. This observation may explain the lack of
sensitivity of the aptasensors developed first with the parent RNA sequence. Therefore
the authors modified the RNA sequence in order to destabilize their structure. Doing that
they planned to increase the conformation change and therefore to improve the sensitivity
of the developed aptasensors. The three modified aptamers were designed following two
criteria: firstly bases involved in binding with the target were conserved; secondly the
modified sequence should exhibit minimal secondary structure. The performance of the
electrochemical aptasensors developed using the modified aptamers were compared with
those obtained with the parent RNA aptamer sequence. With one of the modified aptamers
(D2), the sensitivity was increased about 10 times.

The conformation of a given aptamer is heavily affected by various factors, such
as temperature, pH, type, and concentration of cations [21]. The change of structure
or conformation (e.g., hairpin, pseudo-node) of the aptamer when it interacts with the
target analyte can be electrochemically detected. The electrochemical detection is possible
when the 3’ and 5 extremities of the aptamer are labelled with electrochemical tags (e.g.,
methylene blue (MB), ferrocene)) [21]. This is a labelled technique that required the binding
of redox probe to one aptamer’s extremity (Figure 5).

Another possibility is to introduce charge-bearing particles into solution like hexamine-
ruthenium(IIT) ([Ru(NH3)]**) (RuHex) that is a redox cation which is attracted by the
negatively charged phosphate backbone of aptamers [28].
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Figure 4. Schematic illustration of two electrochemical aptasensor architectures: a low signal gain sensor and a high signal

gain sensor. The latter illustration shows a larger change in conformation upon target binding thus leading to a high signal

change. Reprinted with permission from Schoukroun-Barnes LR, Wagan S, White R]. 2014. Enhancing the Analytical

Performance of Electrochemical RNA Aptamer-Based Sensors for Sensitive Detection of Aminoglycoside Antibiotics. Anal.
Chem. 86:1131-1137. Copyright (2013) American Chemical Society.

The different aptasensors can also be categorized as signal on or signal off sensors.
When the target analyte binds to the aptamer (grafted onto the electrode surface), the
conformational change of the aptamer induces a decrease of the distance between the
electroactive compounds and the electrode surface. Therefore the current is increased in
the presence of the target analyte (“signal on” sensor) (Figure 5). For instance, Yu et al.
developed an electrochemical aptasensor for the detection of penicillin G in milk [29]
using MB as the electrochemical tag. Two different aptamers functionalized with MB were
immobilized onto a gold electrode. The change of conformation of the aptamer in the
presence of penicillin G induced an increase of the current measured by Square Wave
Voltammetry (SWV) because the electrochemical tag was brought closer to the electrode
surface by the conformation change (signal on). On the contrary, the change of aptamer
conformation could increase the distance between the redox probe and the electrode surface.
Therefore the signal is decreased, it is a “signal off” method [30].

R : redox probe.

Figure 5. Working principle of a labelled electrochemical aptasensor based on target induced
conformation change. The aptamer was previously labelled with a redox probe on its free extremity.
The aptamer conformation was modified in the presence of the target analyte (a) the distance between
the redox probe to the electrode surface was decreased (“signal on”). Reprinted from reference [16].
This article is an open access article distributed under the terms and conditions of the Creative
Commons Attribution (CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/ 25 March
2021).
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Techniques without labelling are also available because aptamers are polyanionic
molecules. Aptamers possess intrinsic electrochemical properties that could be used for
the detection. When the aptamer binds to its target analyte, the produced electrochemical
signal is modified and is different from the signal of the free aptamer. The development
of electrochemical aptasensors without labelling is of interest because there is no need
to modify the aptamer sequence. Wang et al. developed a label free electrochemical
aptasensors for the detection of malachite green [31] (Figure 6).

Figure 6. Working principle of a label free electrochemical aptasensor for the detection of malachite green. Reprinted from
reference [31]. This article is an open access article distributed under the terms and conditions of the Creative Commons
Attribution (CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/ 25 March 2021).

Taghdisi et al. developed a label-free electrochemical aptasensor based on ladder-
shaped DNA structure for the detection of ampicillin in milk [32] (Figure 7). A ladder-
shaped DNA structure composed of 6 ssDNA is formed onto the surface of a screen printed
gold electrode (SPGE). One extremity of two of them is complementary with one part
of the aptamer sequence. In the absence of the target, the ladder-shaped DNA structure
remains intact because it is stabilized with the aptamer. The redox probe [Fe(CNé)]g”/ 4= s
at distance of the electrode surface because of steric hindrance and electrostatic repulsion
coming from the DNA structure. The electrochemical signal is therefore weak. In the
presence of the target, the aptamer is released from the ladder-shaped DNA structure,
which itself detaches from the electrode. Then [Fe(CNg)]*~/4~ can come into contact with
the electrode and the signal increases.

Chiorcea-Paquim and Oliveira-Brett reviewed the strategies developed for the fabrica-
tion of G-quadruplex-based biosensors with electrochemical detection [24]. Two strategies
are presented: G-quadruplex aptasensors and hemin/G-quadruplex peroxidase-mimicking
DNAzymes biosensors.

Hemin/G-quadruplex peroxidase-mimicking DNAzymes are constituted of DNA
oligonucleotide that first adopted a G-quadruplex structure and then formed a complex
with hemin. Hemin (ferric chloride heme) is an iron-containing porphyrin with chlorine.
DNAzymes are a class of metalloenzymes that use DNA molecules exclusively for catalysis,
and aptamers for binding the target. They are widely used for the development of aptasen-
sors for various targets, especially because they are more stable than natural enzymes and
because of their excellent catalytic activity [33]. DN Azymes were widely used to develop
aptasensors for the detection of antimicrobials [34-36]. For instance Huang et al. devel-
oped an aptasensor for chloramphenicol (CAP), based on an Ag-DNAzyme [37] (Figure 8).
Silver ions (Ag+) are bound to the C-C mismatches of the aptamer, inducing a change of
conformation. In the presence of CAP, the conformation of the aptamer is modified and
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the Ag+ ions are released (the Ag-DNAzyme). The DNAzyme is activated in the presence
of Ag+ ions and so the Ag-DNAzyme cleaved the substrate DNA immobilized on the
electrode surface. Therefore the electrochemical response of [Fe(CN)g]?~/4 is increased.
The signal increased proportionally to the CAP concentration. Furthermore the signal
is amplified because the DN Azyme released after cleavage of one DNA is available to
hybridize another DNA on the electrode and cleave it again.

|
| | S—
i ﬁ
| | |
SH  SH S S 1)| 2)| | S S 1) 2)] 3) Is M |
A) _—
_ —_—
4l Ladder-shaped
DNA structure
Fe(CN);"’;
| I—
1
| I |
L ] — A sL & [+ @ (1)
-« -
Fe(CN)>/* - 1,
| \ - /2
L 3 - -
B) is s — L 1 -5
] | ’| E -
— l S I (2) Potential (V)
SH SH 1 =)
Screen-printed ssDNA1 ssDNA6 Aptamer ssDNA2 ssDNA7 ssDNA3 ssDNA4 ssDNAS MCH  Ampicillin

gold electrode

Figure 7. Schematic illustration of a label-free electrochemical aptasensor based on ladder-shaped DNA structure for the
detection of ampicillin in milk. Reprinted from reference [32] with permission from Elsevier.

Aptamer

[Fe(CN)(>/+

Ag-DNAzyme

pmme

Figure 8. Principle of the aptasensors based on an Ag-DNAzyme for the detection of chloramphenicol (CAP). Reprinted
from [37] with permission from Elsevier.

2.1.2. Target-Induced Displacement

This method is independent of the aptamer change of conformation. An aptasensor
based on direct target induced displacement was developed for the detection of tobramycin
(Figure 9) [19]. The aptamer first binds to the target immobilized onto the electrode and
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then is displaced by the target present in the analyzed sample. Therefore less aptamers
are binding to the electrode and therefore the overall signal tends to decrease (signal
off). In this particular case, the aptamer is not functionalized with redox probe, so it is a
non-labelled technique.

[Fe(CN)gJ* [Fe(CN)gJ**-

S

A

NH NH NH NH

0

S AVERTED 408

S S S

\/

v B558-

NH  NH NH NH / B

0

S S§

Figure 9. Working principle of an aptasensor based on aptamer displacement assay. (A) Incubation of tobramycin with

the aptamer-modified electrode. (B) Sensing phase regeneration. (C) Saturation of the sensing phase with the aptamer.

Reprinted from reference [19] with permission from Elsevier.

A different approach was based on a complementary DNA (cDNA) that was initially
linked to the aptamer [30]. In this case, the target-induced displacement format was based
on the displacement of the cDNA by the target. When the target was present, the cDNA
was released because the affinity of the target to the aptamer was higher. Therefore the
conformation of the aptamer was modified, the distance between the redox probe and the
electrode was decreased and the current increased, it is a “signal on” method. This review
illustrated an mode of amplification of the signal [30]. Indeed electroactive components
(redox probe) were intercalated into the aptamer sequence bound to the cDNA. Therefore
the current was amplified due to the presence of multiple redox probes. When the target
is present, cDNA and redox probes were released. Consequently, the distance increased
and the current decreased (signal off). The signal amplification is of utmost importance
to improve the sensitivity of aptasensors for the detection of antimicrobial residues and
to reach very low levels of analytes (i.e., pg/kg). Figure 10 illustrated the principle of
target-induced aptamer displacement and the signal amplification by accumulation of the
redox probe [38]. A gold electrode was modified with a nanocomposite containing gold
nanoparticles, polyethylenimine and acid-oxidized carbon nanotubes (AuNPs/PEI/CNTs-
COOH). An ssDNA was immobilized onto this nanocomposite modified electrode. Then
the aptamer was added that hybridized with the cDNA. Then methylene blue (MB) was
accumulated onto the electrode surface. When the target was added, the formed complex
aptamer-target was released from the electrode surface also removing the accumulated MB.
Therefore the signal decreased when the concentration of target increased.
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Figure 10. Schematic illustration of the target-induced aptamer displacement format and signal amplification by accumula-
tion of redox probes. Reprinted and extracted from reference [38] with permission from Elsevier.

An electrochemical aptasensor was developed for the detection of kanamycin based
on target-induced signaling probe shifting mechanism [39]. The complex capture probe
(i.e. the aptamer) with the assistant probe was bound onto the surface of a gold electrode.
The signaling probe was a cDNA modified at one extremity with a redox probe (Methylene
blue (MB)) (labelled method). When the signaling probe was injected onto the electrode
surface, the signal was weak (background signal) because the redox probe was far from
the electrode. On the contrary when the target was added, the target bound to the capture
probe that was released from the assistant probe. The assistant probe was then free to bind
to the signaling probe that was also complementary with the assistant probe. The redox
probe was then closer to the electrode surface and the signal increased (signal on method).
A different strategy was implemented by Liu et al. Their electrochemical aptasensor for
the detection of kanamycin A was based on signaling-probe displacement using two
approaches (Figure 11) [40]. In the first approach, a thiolated aptamer was immobilized
onto a gold electrode. Then a cDNA functionalized with ferrocene (Fc) as redox probe
was added and bound to the aptamer. Fc was close to the surface and so the current
signal was high. When the target was present in the sample, it bound to the aptamer
and the Fc tagged cDNA was released. Therefore the signal decreased when the target
was present (signal off method). The second approach was based on a thiolated cDNA
immobilized onto the electrode. The aptamer functionalized with Fc was added and binds
to the cDNA. When the target was present, it bound to the Fc tagged aptamer and therefore
the complex aptamer-target was released. Again, the signal decreased in the presence of
the target (signal off method). The sensitivity obtained with the first approach (aptamer
acted as capture probe onto the electrode) was better than with the second one. The
authors observed that the DNA probe density was higher with sensor B (second approach).
Furthermore non-specific adsorption of kanamycin (positively charged in the buffer) on
DNA probes (negatively charged) may be higher. Therefore the sensitivity decreased.

These two different signal transduction mechanisms (i.e., Conformation change and
target-induced displacement) were employed to develop two electrochemical aptasensors
for the detection of kanamycin (Figure 12) [41]. The first one was based on the confor-
mation change of the aptamer-MB when the complex aptamer-target was formed (probe
conformation changing mode (PCCM)). The aptamer was functionalized with MB as an
electrochemical tag. Therefore this conformation change made the MB closer to the elec-
trode surface and the signal was increased (signal on method). The second one was based
on the target-induced signal probe shifting (TISPS). A signaling probe functionalized with
MB was free in solution. When the target bound to the aptamer, the complex aptamer-
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cDNA immobilized onto the gold electrode was broken. The cDNA was free to bind to
the signaling probe. Finally the redox probe MB was close to the electrode surface and the
signal was increased (signal on method). The authors concluded that the sensitivity of the
TISPS based sensor was better because the background current was weak. The electron
transfer (ET) was lower with this sensor in the absence of the target because the signaling
probe (MB) was in solution and far from the electrode surface. However when analyz-
ing matrices (tap water and diluted milk), this sensor was slower and the anti-fouling
properties ware reduced.

—- _‘- . -
‘_gélé .Eig_‘ - §
AN C AMNA Y Fe ©Kanamycin A § MCH
Figure 11. Schematic illustration of two approaches for the development of an electrochemical

aptasensor for the detection of kanamycin A based on signaling-probe displacement. Reprinted from
reference [40]. with permission from Elsevier.

___________________ -
PCCM mode :
2L Target :
|
& s |
e Co‘\(m’mation s ~% L 1
g a2, ls
A -2 T
> 5
& l
% |
oo |
Au electrode Au electrode _:
T T TIees et N
I'ISPS mode :
i‘.f*‘il"{“ Target I
‘ ’ |
5§0 | probe :
B gignd d 5’)// ~ &\
P —— 5{2& g |
' \ &3 I
,> 4 |
|
— o h——-— I
Au electrode Au clectrode l

Figure 12. Two electrochemical aptasensors for the detection of kanamycin using two different signal
transduction mechanisms: probe conformation changing mode (PCCM) and target-induced signal
probe shifting (TISPC). Reprinted from reference [41] with permission from Elsevier.
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2.2. Different Immobilisation Techniques of Aptamers

In some cases, the first step of the aptasensor development consists in the immobi-
lization of the aptamer onto the electrode surface (or other surfaces (e.g., Nanomaterials
like gold NPs)). The sensitivity of the developed aptasensors will be influenced by the
probe density on the electrode surface that means that an attention has to be paid on
the concentration of aptamer used to fabricate sensing monolayers [27]. Therefore the
immobilization of the aptamer is a crucial step. Aptamer sequences have to be modified to
covalently immobilize them onto electrode surfaces. The aptamer is usually modified at
the 5’-end for electrode grafting (e.g., thiolated) and at the 3'- end, with a redox probe (e.g.,
MB, Fc).

Oberhaus et al. recently published a review of immobilization techniques for aptamers
on gold electrodes (2017-2019) [10]. The first approach consists of the direct immobilization
of thiolated aptamers by covalent linkage. Thiolation involves in the introduction of the
sulfhydryl (SH) group. There is a strong interaction between SH and gold that is used
for the immobilization via Au-S bonds (covalent binding) and non-specific absorption.
Thiol-containing molecules such as mercaptoethanol could be used in combination with
the thiolated aptamers to remove non-specific binding of aptamers onto the electrode.
Consequently MCH ensures the control of aptamer orientation in the upright position, due
to electrostatic interactions, and so the accessibility of the immobilized aptamers [42].

Amino and thiolated aptamers are the most commonly used aptamers for the de-
velopment of electrochemical aptasensors [43]. Comparative assays allowed concluding
that the initial modification density of amino aptamers was higher. The produced elec-
trochemical signal was higher and the sensitivity was better. However the stability of the
amino modified aptamers was lower than the one of thiolated aptamers and these latter
can be reused. Therefore thiolated aptamers were better candidates for the construction of
electrochemical aptasensors.

One other possibility is to insert short linkers (e.g., alkyl chain, 3-mercaptopropionic
acid (MPA) or poly(thymine) linker) between the aptamer and the surface. Furthermore, the
streptavidin/biotin interaction can be used for the immobilization. This procedure usually
required an initial functionalization of DNA (i.e., Biotinylated aptamer or cDNA) and of
the electrode surface (or nanomaterials (e.g., AuNPs [44]) with streptavidin. The binding
streptavidin/biotin is very strong and stable (one of the strongest non covalent bond
known), because the affinity of biotin towards streptavidin is high. Finally, nanomaterials
(e.g., reduced graphene oxide) may be used as immobilization platforms.

Aptamers can also be immobilized onto electrodes via a diazonium coupling mecha-
nism based on electrografting [45]. Screen printed carbon electrodes (SPCE) were previously
functionalized with 4-carboxyphenyl (4-CP) diazonium salt (4-COOH-Ar-N,+) that is the
diazonium derivative of 4-aminobenzoic acid (4-ABA). Then the carboxyl group of 4-CP
reacted with N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride (EDC) and
N-hydroxysuccinimide (NHS). NHS is a chemical reagent used to convert carboxyl groups
to amine reactive NHS esters. EDC is utilized as a carboxyl-activating agent for amide
bonding with primary amines. Finally the 3’ NH, modified aptamer was bound covalently
to 4-CP. The immobilization by diazotization is easy to perform, stable, and produced
uniform surface modification. Furthermore the surfaces produced by this mechanism
allowed to develop sensitive aptasensors [45]. The diazonium coupling mechanism can be
used to immobilize aptamers on different materials (e.g., gold, carbon, carbon nanotubes).

Fouling substances consisted in interfering compounds that can be matrix compounds
(i.e., Proteins) that could interfere with the electrochemical signal detection. Antifouling
strategies for optical biosensors are commonly used, even based on high molecular weight
molecule such as polyethylene glycol (PEG). Few antifouling strategies compatible with
electrochemical measurements are available to reduce non-specific protein adsorption on
the electrode surface. Oberhaus et al. have reviewed the such antifouling strategies compat-
ible with electrochemical sensors [10]. Self-assembled monolayers of aromatic thiols (i.e.,
p-aminothiophenol (p-ATP) and p-mercaptobenzoic acid (p-MBA)) that improved electron
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transfer could be used to immobilize aptamers on the electrode surface. The immobilization
with a high surface density allows lower detection limits. Furthermore this scheme of
immobilization gives a very low non-specific binding and a lower background signal.

2.3. Nanomaterials

Nowadays, nanotechnologies and nanomaterials (NMs) in particular are essential to
the improvement of the performance of biosensors and especially in the case of electro-
chemical biosensors [46]. Electrochemical biosensors could be categorized according to the
different nature of the nanoparticles used.

The classification of nanomaterials could be based on various criteria. Nanomaterials
could be classified as per the size and dimensions. There are four types of nanomaterials
such as zero dimension (e.g., Gold (Au) and silver (Ag) nanoparticles (NPs), Quantum
Dots (QDs)) (1-50 nm), one dimension (e.g., metals (Au, Ag), metal oxides (ZnO, TiOy),
QDs) (1-100 nm), two dimensions (2D) (e.g., thin-films, thin-film multilayers, nanosheets),
and three dimensions (3D) [47].

They could be also classified as per composition: carbon nanomaterials (e.g., carbon
nanotubes (CNT), graphene, graphene oxide (GO)), metallic (e.g., gold and silver NPs) and
non-metallic nanoparticles (e.g., SiO, NMs), metal compound nanomaterials (e.g., QDs).

Nanomaterials involved in the development of aptasensors could have different
functions: carrier, enhancer, reporter, catalyst (nanoenzyme like), quencher, separator
(Table 1) [48,49]. Carrier and enhancer NMs could be used in electrochemical aptasensors
to amplify the signal because of large surface area, high surface-to-volume ratio, favorable
electronic properties, and electrocatalytic activity. The immobilization of NMs onto the
electrode surface could amplify the signal by increasing the surface of interaction. Another
possibility to amplify the signal is to use NMs immobilized with signaling materials (e.g.,
ferrocene). NMs act as catalyst when they exhibit enzyme like activities, for instance
Horseradish peroxidase (HRP) like activity (e.g., noble metal NPs, metallic oxide NPs and
composite NPs). This characteristic could be used to develop sensitive electrochemical
aptasensors because these NMs can catalyze the degradation of hydrogen peroxide. An
electrochemical reporter NM is used as a signal molecule (signal probe) (e.g., Metal NPs,
metallic oxide NPs and QDs). Quencher NMs (e.g., AuNPs) can be used in aptasensors
based on electrogenerated chemiluminescence (ECL) quenching. The main NMS acting
as separator are magnetic nanoparticles (MNDPs). They are used to extract a target analyte
from a complex matrix that is the case for food products. These NMs are used to remove
or at least decrease matrix effects due to the presence of many constituents in the matrix.
As it is shown in Table 1, each type of NMs can have several properties that can be used
simultaneously in the development of a biosensor (e.g., Carrier and enhancer, carrier
and catalyst).

Different types of nanomaterials can be employed for the development of analytical
methods for biological and chemical contaminants in food products, especially Carbon
nanotubes (CNTs) based and graphene based electrochemical sensors [50]. Single wall
CNT (SWCNT), multi-wall CNTs (MWCNT) or graphene functionalized with an aptamer
and deposited on an electrode enhance the electrochemical changes in the presence of a
specific target analyte. Nanocomposites (e.g., AuNPs composited with polymers) can also
be used to increase electrochemical efficiency [51].

The characteristics and the performance of electrochemical and electrochemically
derived aptasensors for the detection of antimicrobial residues in food products were
presented in Tables 2 and 3. This review of applications of electrochemical aptasensors for
the detection of antimicrobial residues in animal derived food products was presented in
relation to the different classes of NMs. As noticed in Tables 2 and 3 the great majority of
aptasensors are now developed based on nanomaterials.
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Table 1. Summary of types and functions of nanomaterials. Adapted from reference [48]. This article is an open access article
distributed under the terms and conditions of the Creative Commons Attribution (CC-BY) license (http://creativecommons.
org/licenses/by/4.0/ (25 March 2021)).

Nanomaterials (NMs)

. . . Metal Non-Metallic
Main Function Metallic NM Compound NM NM Carbon NMs Nanostructures
Carrier AuNPs QDs SiO,NPs  Graphene, CNTs DNA
nanostructures
Enhancer AuNPs, AgNPs CuO NPs Polyaniline NPs CNTs
Reporter AuNPs, AgNPs QDs, UCNPs CDs
Quencher AuNPs Graphene, CNTs
Catalyst PtNPs CuO NPs
Metal
Reporter nanoclusters
Separator Fe;04 NPs

Ag NPs: silver nanoparticles; AuNPs: gold nanoparticles; CDs: carbon dots; CNTs: carbon nanotubes; CuO NPs: Cupric oxide nanoparticles;
Fe304 NPs: magnetite; QDs: quantum dots; SiO, NPs: Silicon dioxide nanoparticles; UCNPs: upconversion nanoparticles.

Table 2. Electrochemical aptasensors for the detection of antimicrobial residues in food products.

Electrode@NMs Analyte Food Product Detec.tlon LOD (ng/mL) References
Technique
GCE@AuNPs/MD-BSA/Ab1 + - .
hemin@MOFs/ AuPt-Ab2-HRP + HRP Maduramicin Eggs Amperometric 0.045 ng/mL [52]
GCE@rGO/AgNPs CAP Milk Amperometric 0.65 ng/mL [53]
Au bar a@AuNPs/cDNA (52) + 0.17 ng/mL
Apt-MOFs (F-) + Au bar b-cDNA (S3) Kanamycin, CAP Milk, fish Potentiometric ’ ! [54]
+FSE 0.15ng/mL
GNPE@Apt + DNase | Kanamycin Milk Potentiometric 0.00003 ng/mL [55]
ECNF@AuNPs-Apt Penicillin Milk cv 0.6 ng/mL [56]
SPCE@4-CP-Apt Tetracycline Water CcvV 0.035 ng/mL [57]
SPE@IL/Fe304/Apt Tetracycline Milk CV 0.44 ng/mL [58]
SPCE@CS-MWCNT /CS-Fe304/Apt Tetracycline Milk Ccv 0.44 ng/mL [59]
SPGE@cDNA1/cDNA2 + MB-Apt-MB + . . .
[Fe( CN)6]3* /4 Ciprofloxacin Milk DPV 0.033 ng/mL [60]
AuE@S3/54/Apt/S1/S2/MB/AuNP/HRP Kanamycin Milk, honey DPV 0.0000091 ng/mL [61]
AuE@PEI-rGO/AuNCs-Apt CAP Chicken muscle DPV 0.67 ng/mL [62]
GCE@GO-£-/[Si-NH,]/ AgNPs-Apt + .
[Fe( CN)6]3’ /4 CAP Honey, milk DPV 0.001 ng/mL [63]
GCE@CS-rGO-AuNPs-MIP + KAN + . .
Au@Fe;0,/SH-p-CD-Fe-Apt Kanamycin Milk Drv 0.91 ng/mL [64]
AuE@AD/TS + Apt-Primer + DW Ampicillin Water Drv 0.0003 ng/mL [34]
GCE@ g .
GO-Fe304/MWCNT-Fes0, /PETi/ Apt Penicillin Milk DPV 0.0253 ng/mL [65]
SPCE@Au-APt Streptomycin Milk DPV 0.0026 ng/mL [28]
MBs-Ampi + GCE + biotinylated-Apt + e .
SA-HRP + MWCNT Ampicillin Milk DPV 0.00003 ng/mL [66]
GCE@GO/ZnO CAP Milk, honey DPV 3.23 ng/mL [67]
AuE@captDNA + Apt-Primer + Exolll + Kanamycin Milk DPV 0.00004 ng/mL [68]

Hemin + H,O,
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Table 2. Cont.
Electrode@NMs Analyte Food Product Detec'tlon LOD (ng/mL) References
Technique
AuE@captDNA + Apt-Primer + Exolll + - .
p Hemin f H,0, Ampicillin Milk DPV 0.027 ng/mL [35]
GCE@cDNA /Apt + Dpnll + Exo III + g .
[Fe(CN)(,]S’M* Ampicillin Milk DPV 0.011 ng/mL [69]
SPGE@ssDNA1/ssDNA6/Apt/ssDNA2/
ssDNA7/ssDNA3/ssDNA4/ssDNA5 + Ampicillin Milk DPV 0.00035 ng/mL [32]
[Fe(CN)]>~/+~
GCE@MCH/Apt/AuNPs/GQDs-WS, / Malachite green Fish DPV 1.11 ng/mL [31]
AuE@cDNA /Apt + Nuclease P1 + Ab .
anti-dsDNA + [Fe(CN)g P~ /4~ SDMX Milk DPV 0.01 ng/mL [70]
GCE@Pt-Sn@TiO, /cDNA/Apt + RecJf Streptomycin Milk DPV 0.01 4+ 0.003 (71]
exonuclease ng/mL
TFGE@Apt + cONA/MWCNT/ . —5
AuNPs + thionine OTC Chicken meat DPV 3.1 x 107° ng/mL [72]
GCE/OMC-CS/AuNPs-SA /Biot-
cDNA1/Fc-DNA2 Kanamycin Milk DPV 0.017 ng/mL [44]
(Apt)
AuE@Apt-cDNA + C60-tGO/Tb/ . 6
AuNPs + ExoNase SDMX Milk DPV 10 x 107° ng/mL [73]
E@AuNPsCNFs/MWCNTs/cDNA- Kanamvcin 0.036 ng/mL
KAN/polyA/cDNA-STR + CdS-AptKAN oo e Milk DPV 0001 8 ey [74]
+ PbS/AptSTR streptomycin .021 ng/m
AuE@cDNA + biotinylated Apt + MB + . .
AuNPs/SA/HRP + H,O, Kanamycin Milk DPV 0.00088 ng/mL [75]
AuE1l and AuE2/51-S2(Apt)/S3/MB Kanamycin Milk DPV 7.8 x 107% ng/mL [76]
AuE@HP2 + Apt-primer cDNA + Exo I + . .
HP1 + nb.BbvCl + Hemin/K*+ H,O, Kanamycin Milk DPV 0.00024 ng/mL [36]
GCE@PCNR/GR-Fe304,~AuNPs/Apt Streptomycin milk DPV 0.028 ng/mL [77]
AuE@cDNA1/cDNA2/cDNA3/Apt +Exo Tetracycline, .
I+ [Fe(CN)6]3_/4_ doxycyline Milk DPV 0.2ng/mL [78]
GCE@PEDOT-AuNPs/GR- s .
Fe;0;NPs/Apt Penicillin Milk DPV 0.057 ng/mL [79]
AuE@cDNA/Apt + Exo I + . .
[Fe(CN)J3~/4~ Streptomycin Milk DPV 8.2 ng/mL [80]
GCE@PCNR/MWCNT-CuO- . .
AuNPs/ Apt Streptomycin Milk, honey DPV 0.036 ng/mL [81]
SPGE@GelB-Apt CAP Milk DPV 0.059 ng/mL [82]
AuE@Apt + Biotinylated detection
DNA + ST-AP CAP Honey Drv 0.29 ng/mL [83]
GCE + Au bar a@AuNPs/S1/S2
5AptKAN)-S'1/S2 (AptAMP) + Kanamycin, - 8.7 x 10~ ng/mL, )
cDNAKAN (54)/Apo (Pb) + cDNAAMP ampicillin Milk, fish SWv 0.00001 ng/mL [84]
(S’4)/ Apo (Cd) + Au bar b@AuNPs/S3
AuE@HP (DNAzyme) + Apt/ .
Ag + [Fe(CN)s /b~ CAP Milk SWV 0.0004 ng/mL [37]
Au bar a@Apt1/cDNA1/AuNPs-EcoR1-
Apt2/cDNA2/AuNPs-BamH1 + Exol+  Kanamycin, CAP Milk SWV G ;‘;‘i [85]
Au bar b-dsDNA1&2/MOFs (MB, Fc) : &
GCE@MB-Apt Probe cDNA, M-NMOF . . 0.0000775 ng/mL,
(Pb2*, Cd2*) Kanamycin, CAP Milk SWV 0.0000061 ng /mL [86]
GCE + MGNPs@aDNA /CaptDNA1&2
s ; : . 0.0000107 ng/mL,
(=Apt + primer) + cDNA-MOFs (sDNA1 CAP, OTC Milk SWV 0.000022 ng/mL [871]

Pb, sSDNA2 Cd)
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Table 2. Cont.

Electrode@NMs Analyte Food Product Detec'tlon LOD (ng/mL) References
Technique
GCE@S3/54 + Apt-CAP + Apt-OTC + . 0.15 and 0.10
S1-MOF (Cd) + 52-MOF (Pb) + Exo I CAP, OTC Milk SWv ng/mL [88]
AuE@Apt CAP Milk SWV 0.52 ng/mL [89]
AuE@CaptDNA + 3 Apt (STR, CAP, TTC) . 5.82ng/mL,
+3 cDNAls + 3 QD-cDNA2 (PbS, CdS, Streptor;‘Ty (C:m' CAP, Milk SWASV 1.62ng/mL, [90]
ZnS NCs) + HNO;3 8.89 ng/mL
AuE@POP-Apt Ampicillin Milk EIS 0.00000133 ng/mL [91]
GCE@MWCNT/GO/Apt Tetracycline Milk Impedimetric 0.0000212 ng/mL [92]
. . 0.000000017
PGE@AuNPs/RGO/Apt Tetracycline Milk EIS ng/mL [93]
GCE@CB/CS-Apt Kanamycin Milk, yoghurt EIS 0.15ng/mL [94]
AuE@Ag(I) MOFs/ Apt + [Fe(CN)e]> /4~ Penicillin Milk EIS 0.000849 ng/mL [95]
-6
AuE@Ce-MOF/MCA/Apt ortC Milk EIS 174 %10 [96]
ng/mL
AuE@SWCNT-cDNA + Apt OTC Water Impedimetric 1.125 ng/mL [97]
AuE@Ce-MOF/MCA-Apt OTC Milk EIS 0.00000037 ng/mL [96]
PGE@rGO/AuNPs-Apt Penicillin G Milk EIS 0.00000027 ng/mL [98]
Fish, chicken, 0.000000115
PGE@rGO/AuNPs-Apt SDMX beef EIS ng/mL [99]
SPCE@MWCNT-V,05-CS-Apt + . . .
[Fe(CN)g] 4 /3 Ciprofloxacin Milk EIS 0.5ng/mL [100]
-6
AUE@TPN-COF@Co-MOF-Apt Ampicillin Milk EIS 0.217 % 10 [101]
ng/mL
SPCE@4-CP-Apt + [Fe(CN) o473 Kanamycin Milk EIS 0.11 ng/mL [45]
SPCE@4-NB-Apt + [Fe(CN) 6]4—/ 3— Penicillin G Milk EIS 0.17 ng/mL [102]
IDAM@CS/TiO, NPs Tetracycline Milk EIS 3 ng/mL [103]
AuE@Apt + [Fe(CN)g]*~/3~ CAP / EIS 0.57 ng/mL [104]

Apo: apoferritine; Apt: aptamer; AuE: gold electrode; AuNPs gold nanoparticles; Co-MOF: Co-based metal-organic frameworks; CPE
Carbon paste electrode; 4-CP: 4-carboxyphenyl; CS: chitosan; Exo-I: exonuclease; Endonuclease Dpnll; endonucleases Nb.BbvCl; Fc:
ferrocene; FSE: fluoride selective electrode; GR-Fe3Oj: graphene and iron oxide (magnetite); AD: hairpin anchoring-DNA; CaptDNA:
capture DNA; DW: hairpin DNA walker; ECNF: electrospun carbon nanofiber; EN: restriction endonuclease (EcoRI or BamHI); Fe3Oy: iron
oxide; GR: graphene; GR-Fe3O4NPs: magnetic graphene nanocomposite; GR-Fe30O4—AuNPs: multifunctional graphene nanocomposites;
IDAMSs: interdigitated array microelectrodes; MB: methylene blue; MGNPs Magnetic gold nanoparticles; MIP: molecular imprinting
polymer; MOFs: metal—organic frameworks; MoS,: molybdenumdisulfide; MWCNTs: multi-walled carbo nanotubes; NP-PtTi: nanoporous
platinum and titanium alloy; NCs: nanoclusters; OMC-CS: ordered mesoporous carbon-chitosan; OTC: oxytetracycline; PANI: polyaniline;
PCNR: porous carbon nanorods; PEDOT: poly(3,4-ethylenedioxythiophene); PEI-rGO/AuNCs: polyethyleneimine-functionalized reduced
graphene oxide and gold nanocubes composite; PGE: pencil graphite electrode; POP: porous organic polymer; Pt-Sn@TiO,: Pt and Sn
nanoparticles on the surface of TiO, nanorods; SA: streptavidin; SDMX: sulfadimethoxine; TPN-COF: terephthalonitrile-based covalent

organic framework; TS: three-stranded DNA complex. Fc/3-CD-SH: 3-cyclodextrin-ferrocene; APT/Fc/p-CD-SH/Au@Fe30;.

Table 3. Electrochemical derived techniques for the aptasensing of antimicrobial residues in food products.

Detection

LOD

Electrode@NMs Analyte Food Product Technique (ng/g or nM) References
ITO@ZIS-HNCs/CS-Apt Lincomycin Milk PEC 0.000034 ng/mL [105]
ITO@AuNPs/sDNA /Fc-rp/Fc-Apt + . PEC&EC
HP1-HP?2 + MB Streptomycin Water dual-mode 10.06 ng/mL [106]
ITO@SnO, /BiyS3-Apt Tobramycin Milk PEC 2ng/mL [107]
ITO@ZnxCo3-xO4 /N- Ampicillin Water PEC 0.00009 ng/mL [108]

GQDs/AgBiS,-Apt
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Table 3. Cont.

Electrode@NMs Analyte Food Product Detec‘t tont LoD References
Technique (ng/g or nM)
ITO@g-CN/Co304-Apt OTC Water PEC 0.0016 ng/mL [109]
ITO@BiOl/ Au-Apt Tetracycline PEC 0.0002 ng/mL [110]
GCE@Bi-BiOl@C/ Apt CAP / PEC 0.26 ng/mL [111]
FTO@BR-
CN/cDNA /biotinylated Apt + CAP Milk PEC O£09$E4 [112]
SAPNi + H,O, &
ITO@MIL —68(In)-
NH, /MWCNT/CdS/Apt TTC Water PEC 0.0067 ng/mL [113]
ITO@Bi,S3/NGQDs/CS/GA/Apt SDMX Milk PEC 0.009 ng/mL0 [114]
. R . 0.0000115
ITO@BiFeOs3 /utg-C3Ny_ Apt Ampicillin Milk PEC ng/mL [115]
ITO@Bi;MoOg /BNG-Apt Lincomycin Milk PEC 0.0015 ng/mL [116]
TiE@ TiO, NTs/GQDs CAP Honey PEC 0.019 ng/mL [117]
TiE@ TiOp NTs/AgyS/PDA-Apt Ofloxacin Milk PEC 0.00027 ng/mL [118]
FTO@TiO,NRA /Eu®* QDs .
(CdS)-Apt CAP Milk PEC 0.00012 ng/mL [119]
ITO@WS;-Apt + DNase CAP Milk powder PEC 0.0012 ng/mL [120]
ITO@BiPO, /3DNGH-Apt Tetracycline Milk PEC 0.0147 ng/mL [121]
ITO@TiO7-MoS;-AuNPs-Apt Kanamycin Milk PEC 0.024 ng/mL [122]
ITO@CdTe QDs/SWCNHs-Apt Streptomycin Honey PEC 0.02 ng/mL [123]
ITO@TiO, /H-DNA@CdTe QDs-Apt OTC Chlcﬁﬁ; raw PEC 0.09 ng/mL [124]
FTO@G-Bi,S3-Apt SDMX Milk PEC 0.17 ng/mL [125]
PE@Luminol/H;0O,/AgNPs-Apt Kanamycin Milk ECL 0.06 ng/mL [126]
GCE@Au-GO + CDots-Apt + MIP Lincomycin Meat ECL 0.000065 ng/mL [127]
GCE@CdS NCs/Apt-ssDNA/EV .
(HRP)-Au-SSB + Exol CAP Fish SPR-ECL 0.000011 ng/mL [128]
WEI: SPCE@CAS QDs-MG 0.023 ng/ml.
Apt-CySWE2: SPCE@ L-AuNPs-CAP MG, CAP Fish ECL y [129]
Apt-CA 0.01 ng/mL
P CAP
WEL1: SPCE@L-
AuNPs/cDNA/CA/AptWE2: CAP Fish R-ECL 0.01 ng/mL [130]
SPCE@CdS QDs
CPE@AuNPs/GOx-
Apt—csDNA/AuNPs/SiO, + R .
CPE@AUNPs,/PDA / Ampicillin Milk EBFCs 0.7 ng/mL [131]

Laccase + glucose

AgNPs: Silver nanoparticles; Apt: aptamer; Bi,MoOg: Aurivillius-phase bismuth molybdate; BiOl: bismuth oxyiodides; BNG: Boron and
Nitrogen co-doped graphene; CAP: chloramphenicol; CPE: carbon paper electrode; CA: chromogenic acid; CdTe: cdmimium telluride;
CS: chitosan; EBFCs: enzyme biofuel cells; FTO: fluorine-doped tin oxide electrodes; GA: glutaraldehyde; GQDs/TiO, NTs: graphene
quantum dots-sensitized TiO, nanotube arrays; H-DNA: hairpin DNA; ITO Indium-tin oxide electrode; hydrogen peroxide (H,0O,);
luminol-gold nanoparticles (L-Au NPs); MG: malachite green; MWCNTs: multi-walled carbon nanotubes; nitrogen-doped graphene
quantum dots (NGQDs; PEC: photoelectrochemistry; PE: platinum electrode; PDA: Polydopamine; QDs: quantum dots; R-ECL: Ratiometric
electrochemiluminescence; SDMX: sulfadimethoxine; SPR: surface plasmon resonance; SWCNH: s single walled carbon nanohorns; SPCE:
screen printed carbon electrode; utg-C3Ny: ultrathin graphite-like carbon nitride nanosheets; WE: working electrode; ZIS-HNCs: hollow

ZnIn254 nanocages.
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2.3.1. Carbon Nanomaterials (e.g., Carbon Nanotubes (CNT), Graphene, Graphene
Oxide (GO))

Carbon nanotubes (CNTs) are sheets of graphene rolled into a cylinder. Graphene
is a one-atom thick layer that is arranged into a honeycomb lattice structure. CNTs are
divided into Single Wall carbon nanotubes (SWCNTs) made from one layer of carbon atoms
and Multi-walled carbon nanotubes (MWCNTs) consisting of several layers. MWCNTs
are formed from the folding of graphene layers into carbon cylinders [46]. Graphene
oxide (GO) is a derivative of graphene that is produced by chemical oxidation of graphite.
Reduced graphene oxide (rGO) is obtained from GO through elimination of some oxygen
containing groups.

Carbon nanomaterials properties allow to improve the performance of electrochemical
aptasensors [132]. CNTs are characterized by good electrical conductivity, large surface
area and multiple functionalization possibilities. The large surface area is interesting to
immobilize a large amount of aptamers, that influenced the sensitivity of the aptasensor.
The good electrical conductivity is exploited to increase the signal (i.e., current). This is
also favorable to reach low limits of detection. These characteristics allowed to develop
sensitive, easy to prepare, cost-effective and stable electrochemical aptasensors.

A SWCNT based aptasensor was developed for the detection of oxytetracycline in
water samples [97]. A gold electrode surface was pre-grafted with SWCNTs and then
the probe DNA (complementary to part of the aptamer sequence) was immobilized onto
SWCNTs surface. A competition is performed by mixing samples with the aptamer that
are injected onto the electrode surface. When no oxytetracycline is present in the sample,
the aptamers are free to bind to the DNA-probe on the surface. Therefore the production
of current is high. On the contrary when oxytetracycline is present in the sample, less
aptamers are free to bind to the DNA-probes surface and so the current signal is decreased
(signal off). The authors highlighted the main advantage of this sensor compared to other
SWCNTs assembled sensors that is the controlled and uniform assembly of the SWCNTs at
the desired locations. The electrode is more stable and can be regenerated by removing the
aptamers and reused (over 20 times).

Zhou et al. developed an electrochemical aptasensor for the detection of tetracycline in
milk (Figure 13) based on MWCNTs-modified electrodes [133]. A glassy carbon electrode
(GCE) was first functionalized with MWCNTs. Non-specific binding was removed by
immobilising ethanolamine onto the electrode surface. The aptamer is immobilized onto
the MWCNTs electrode surface. When there is no tetracycline in the sample, the electron
transfer occurred due to the presence of the redox probe Fe(CN)g>~ /Fe(CN)g*~. The signal
measured by DPV is high. When the sample contained tetracycline, its binding to the
aptamer induced a change of conformation of the aptamer. Therefore the electron transfer is
prevented due to the conformation change (label free signal-off method). The homogeneous
immobilization of MWCNTs allowed us to increase the electrode conductivity and the
loading amount of aptamers, therefore producing higher currents and to improve the
sensor sensitivity. Furthermore the immobilization of aptamers onto this surface is so stable
that the electrode can be reused several times.

Among the carbon NMs, we have observed in the literature review that electrochem-
ical aptasensors were more currently developed using MWCNTs than SWCNTs for the
detection of antimicrobials (Tables 2 and 3). Furthermore graphene oxide (GO) were also
commonly used for the modification of electrodes [65,67,127,134]. An electrochemical
aptasensor was developed for the detection of sulfadimethoxine in milk [73]. A signal
probe functionalized with AuNPs decorated C60-rGOTb (C60-rGO-Tb-AuNPs) is used as
the signal tracer. Toluidine blue (Tb) is the redox probe A gold electrode was immobilized
with the aptamer and a capture probe (cDNA). When sulfadimethoxine was present in a
sample, the aptamer was released from the electrode surface. Then the capture probe was
free to bind with the signaling probe functionalized with C60-rGO-Tb-AuNPs. The current
increased proportionally to the sulfadimethoxine concentration. The signal was amplified
due to addition of an enzyme (Rec]f exonuclease) that digested the aptamer when bound
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Fe(CN)e

to the target. Therefore the target is again free to interact with aptamers on the surface of
the electrodes and a new cycle started.
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Figure 13. Fabrication of aptasensors modified with multi-walled carbon nanotubes (MWCNTs). Reprinted from

reference [133]. with permission from Elsevier.

2.3.2. Metallic Nanomaterials (e.g., Gold NPs, Silver NPs)

Metallic nanomaterials are essentially gold (Au) and silver (Ag) nanoparticles (NPs)
that are often used as tracers (enhancer, reporter effects) in electrochemical aptasensors.
Furthermore, metallic nanoparticles (MNPs) could be used as separators due to their
magnetic properties (magnetics beads (MBs)). Magnetic nanoparticles (MNPs) or Magnetic
Beads (MBs) are metal compound nanomaterials that could be used as separators when
the binding element such as an aptamer is immobilized onto the surface of the MBs [135].
Ferrous (Fe3O4 NPs) and ferric oxide (Fe;O3 NPs) are the most common and widely used
magnetic nanoparticles (MNPs).

AuNPs and Platinum (Pt)NPs could serve as catalysts, respectively due to their mim-
icking peroxidase activity and catechol oxidase-like activity. The peroxidase-like activity of
gold nanoparticles (AuNPs) was used in the development of an electrochemical aptasen-
sor for the detection of kanamycin in honey (Figure 14) [136]. AuNPs are characterized
by large surface area to volume ratio, good electrical properties, high surface reaction
activity, small particle size and good surface properties [46]. Furthermore, AuNPs have
a mimetic peroxidase activity. The aptamer anti-kanamycin was adsorbed onto AuNPs
by electrostatic interactions that blocked the catalytic sites. Therefore in the absence of
kanamycin, the peroxidase-like activity of AuNPs was inhibited. When kanamycin was
present in a sample, the aptamer bound to the target and was released from the AuNPs.
Therefore the peroxidase-like activity of AuNPs was recovered. The reduction of H,O; by
AuNPs generated an electron transfer that produced oxidized thionine (Thi). A current was
produced that could be measured by LSV. This aptasensor was based on the target-induced
displacement of the aptamer.

An electrochemical aptasensor for the detection of chloramphenicol (CAP) in milk
was developed using silver nanoparticles (AgNPs) [53]. A GCE was modified with a
combination of rGO and AgNPs (GCE@Gr/AgNPs). Then aptamers were immobilized
onto this modified surface, with 6-mercapto-1-hexanol (MCH) as blocking reagent to
prevent non-specific binding. In the presence of CAP, the aptamer captured its target
at the electrode surface. CAP was reduced by the nanocomposite rGO-AgNPs and thus
an electrochemical signal measured by linear sweep voltammetry (LSV) was produced
(signal on).

2.3.3. Metal Compound Nanomaterials (e.g., QDs, UCNPs, MOFs)

Quantum dots (QDs) are semiconductor nanocrystals that are constituted of a metal
(e.g., Pb, Cd, Zn, Cu) and sulfur S (Na25). They act as signal tags by exploiting the oxidation
potentials of the associated metal ions ion (e.g., Pb%*, Cd?*, Zn%*,Cu®*) in the construction
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of electrochemical aptasensors. Various QDs can be synthetized with different chemical
compositions and surface functionalization possibilities.
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Figure 14. Schematic illustration of an electrochemical aptasensor for the detection of kanamycin in honey based on

peroxidase-like activity of gold nanoparticles. Reprinted from reference [136] with permission from Elsevier.

Three different Quantum dots (QDs) were used to develop an electrochemical ap-
tasensor for the multiplex detection of streptomycin, chloramphenicol and tetracycline
in milk [90]. Three capture DNAs (capt-DNAs), each one complementary of one part of
three cDNA1s, were immobilized onto the surface of a gold electrode. Then the three
aptamers (Ap-DNAs) and the three cDNA1s, each one complementary of one part of one
Ap-DNA were mixed and injected onto the electrode surface. The three cDNA1 were also
complementary of part of the capt-DNA. When one of the target analytes is present in
a sample, the corresponding aptamer bound to the target, thus the cDNA1 was free to
hybridize with the corresponding capt-DNA. Three cDNA2 labelled each with one QDs
(i.e. PbS, CdS, and ZnS) complementary with a third part of the cDNA1 (different part
compared to capt-DNAs) were added. Thus in the presence of one of the target, the quantity
of QDs present onto the surface was high and the signal measured by SWASV (square
wave anodic stripping voltammetry) was increased (signal on). The dissolution of QDs
tags with nitric acid (HNOj3) that released Pb?*, Cd?* and Zn?* induced the electrochemical
signal. The three QDs were different, made of PbS, CdS, and ZnS that gave signals at
different potentials (respectively —0.6V, —0.8 and —1.1 V). Therefore the aptasensor could
identify which target was present. When none of the targets was present, no QDs could
be immobilized onto the electrode surface, so that the signal was low. The multiplex
potential of this electrochemical aptasensor was highly interesting. Moreover the detection
limits reported were low: 10 nM (5.8 ng/mL), 5 nM (1.6 ng/mL) and 20 nM (8.8 ng/mL)
respectively for streptomycin, CAP and tetracycline. It has to be noticed that the LOD of
CAP is too high compared to the EU regulatory limit (0.3 ng/mL).

Upconversion nanoparticles (UCNP) can be produced with different surface ligands
as well as variable emission range. UCNPs are able to convert near infrared radiations with
lower energy into visible radiations with higher energy via a nonlinear optical process.
The surface of upconverting nanoparticles could be modified (e.g., amine functionalized)
to immobilize antibodies or aptamers. No applications were found of using UCNPs to
develop electrochemical aptasensor for the detection of antimicrobials in food products.
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Most of the works published on the development of electrochemical aptasensors for
the detection of antimicrobials in food products are based on Metal Organic frameworks
(MOFs). MOFs are consisting of metal nodes coordinated to organic ligands to form one-,
two-, or three-dimensional structures. MOFs are especially attractive for use as catalysts.
An impedimetric aptasensor based on a Ce-MOF@MCA nanocomposite was developed for
the detection of oxytetracycline [96]. MCA was formed by the reaction of cyanuric acid
with melamine that formed a porous organic framework nanomaterial. Then a Ce-based
metal organic framework (Ce-MOF)@MCA was produced. A gold electrode (AuE) was
pre-grafted with this Ce-MOF@MCA nanocomposite onto which the aptamer was immo-
bilized. In the presence of the target, the complex aptamer-target was formed inducing
a conformation change of the aptamer. This conformation change prevented the redox
probes to come close to the electrode surface so the signal measured by electrochemical
impedance spectroscopy decreased (signal off).

A multiplex electrochemical aptasensor based on two different MOFs (PbS, CdS)
was developed for the detection of kanamycin and chloramphenicol in milk [86]. The
two aptamers were immobilized onto magnetic beads (MBs). Then two complementary
DNAs (cDNAs) tagged with MOFs were hybridized, one with the aptamer anti-kanamycin
and the other one with the aptamer anti-CAP (one PbS, the other one CdS). When one
of the target was present, the aptamer-target complex was formed onto the MB and the
cDNA-tagged MOF was released in the supernatant. The supernatant was deposited onto
a glassy carbon electrode (GCE). Therefore when one of the target was present, the quantity
of NMOFs released in the supernatant and the electrochemical signal of the corresponding
ion (Pb2+ or Cd2+) was high (signal on). On the contrary when no targets were present,
the signals were weak because no MOF was released in the supernatant. Each MOF was
specific for the detection of one of the two targets. Therefore the identification of the analyte
was possible.

He et al. developed an impedimetric aptasensor for the detection of penicillin in
milk [95]. Two different Ag(I) metal—organic frameworks (Ag-MOFs) were prepared based
on two counter anions (SiFg>~ and CH350;37). A gold electrode was coated with the
aptamer and with Ag-MOFs. In the presence of the target, the complex aptamer-target is
formed. When the concentration of penicillin increased, the impedance of electron transfer
of [Fe(CN)¢]>~/*~ was enhanced. The Ag,SiFg-MOF-based aptasensor was found to be
more sensitive (LOD 0.849 pg/mL) and selective than the AgoCH3503-MOF one.

Different kinds of metal oxide nanomaterials, such as TiO,, Fe,O3, Al,O3, ZnO,
andSiO; are used for the development of electrochemical aptasensors. A photoelectrochem-
ical (PEC) aptasensor was developed for the detection of ofloxacin in milk based on the
combination of TiO, nanotube array (NTA) with Ag,S nanoparticles [118]. The synergistic
effect of both NMs produced a better photoactive material characterized by a wider absorp-
tion range of visible light. The polydopamine (PDA) film reinforced the co-sensitization of
TiO, composites. The PDA film was able to immobilize more aptamers onto the surface.
The aptamer was then immobilized onto the modified surface with 6-mercapto-1-hexanol
(MCH) to remove non-specific binding. The PEC signal enhancement of this aptasensor
was caused by the combination of an increase of the quantity of immobilized aptamers
and an enhanced visible-light PEC activity. The PEC signal decreased in the presence of
ofloxacin in a sample (signal-off).

2.3.4. Conductive Polymers

Polymers are organic macromolecules, composed by repeated entities, called mer.
Conductive polymers are organic polymers that conduct electricity (e.g., Polyaniline,
polyacetylene, polypyrrole). The conductivity of a conductive polymer is increased when
the concentration of the charged dopant increased. Polyaniline is one of the most promising
conductive polymers.

A label-free multiplex electrochemical aptasensor was developed for the detection
of ampicillin and kanamycin based on poly(3,4-ethylenedioxythiophene (PEDOT) as the
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conductive polymer [137]. The aptamer was covalently immobilized to the polymer film.
PEDOT is stable in phosphate buffers, and highly conductive. The developed aptasensor
was able to detect ampicillin in milk below its regulatory limit (4 ng/mL). Zhao et al.
developed an electrochemical aptasensor for the detection of penicillin based on a PEDOT-
AuNPs composite [79]. The detection limit was low (0.057 ng/mL).

A Carbon Black (CB)-oligolactide composite was used to develop an impedimetric
aptasensor for the detection of kanamycin in milk [94]. A GCE was first co-immobilized
with carbon black and chitosan. Chitosan is a natural biocompatible polyoxide that could be
combined with other conductive polymers like polypyrrole or with other NMs. In this case,
CB was added into the chitosan matrix to improve the aptasensor performance because
of its high surface-to-volume ratio and electrochemical properties. Then the covalent
immobilization of the aptamer using EDC/NHS was reliable due to this porous CS-CB
layer. In the presence of streptomycin, the charge transfer resistance decreased (signal off).
The limit of detection was 0.3 nM.

2.3.5. Combination of Several Nanomaterials

Increasing number of electrochemical aptasensors for the detection of antimicrobial
residues in animal derived food products use a combination of several nanomaterials to
potentiate their effects.

A nanoporous PtTi/graphene oxide-Fe;04/MWCNT-Fe;04 nanocomposite was used
to develop a label-free aptasensor for the detection and quantification of penicillin
(Figure 15) [65]. This aptasensor was based on a combination of several carbon and metal-
based nanomaterials to produce a synergistic effect of all the materials. This combination
enhanced the signal intensity due to the combined NMs properties and increased the
immobilization rate of aptamers. The authors assumed that this synergistic effect would
increase the sensitivity of the sensor compared to a sensor using a single NM, which
was demonstrated in this study (detection limit 25.3 pg/mL). A concentration as low
as 0.05 ng/mL of penicillin was detected in a milk sample, while the regulatory limit
(Maximum Residue Limit (MRL)) was set at 4 ng/mL. The first step of the fabrication of
the aptasensor consisted in the immobilization of a nanocomposite material consisted of
graphene and iron oxide (magnetite) (GR-Fe30O4) onto the GCE surface. Then a second
layer of multi-walled carbon nanotubes and iron oxide MWCNTs-Fe;04) was grafted.
A third layer of nanoporous platinum and titanium (NP-PtTi) alloy was deposited. The
aptamer anti-penicillin was immobilized onto the modified GCE. Finally Bovine serum
albumin (BAS) was added to the surface to remove non-specific binding effects. In the
presence of penicillin in a sample injected onto the electrode surface, the target bound to
the aptamer. The conformation change was responsible for a decrease of the current signal
that was measured by DPV.

An electrochemical aptasensor was fabricated based on a combination of nanomateri-
als for signal amplification, porous carbon nanorods (PCNR) and multifunctional graphene
nanocomposites (GR-Fe3O4—AuNPs) (Figure 16) [77]. The first step was the immobiliza-
tion of a PCNR layer, followed by an assembly of graphene nanocomposites and gold
nanoparticles. The role of the first layer was to increase the surface area for aptamer
immobilization. The second layer function was to improve the current signal due to the
electrocatalytic characteristics of graphene nanocomposites (GR-Fe3O,4) and AuNPs. The
high electron transfer capability of both nanomaterials was potentiated in the construction
of this aptasensor. The aptamer anti-streptomycin was immobilized onto these layers,
in combination with BSA that reduced the non-specific binding. The aptamer hindered
electron transfer between the redox probe [Fe(CN)g]?~/4~ in solution and the electrode. In
the absence of streptomycin, the aptamer remained free and the current signal was high.
When streptomycin was present in a milk sample, it bound to the aptamer that changed of
conformation. The electron transfer was much more hindered than without streptomycin.
The current signal decreased when streptomycin concentration increased.
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Figure 15. Schematic representation of a label-free aptasensor for the detection of penicillin based on nanoporous

PtTi/graphene oxide-Fe304/MWCNT-Fe30,4 nanocomposite. Reprinted from reference [65] with permission from Elsevier.
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Figure 16. Schematic representation of an electrochemical aptasensor for the detection of streptomycin based on the
porous carbon nanorods and multifunctional graphene nanocomposites. Reprinted from reference [77] with permission
from Elsevier.

A photoelectrochemical (PEC) aptasensor based on a ternary composite structure
was developed for the detection of kanamycin in milk [122]. The heterostructure was
formed with 3D flower-like TiOp, MoS; and gold nanoparticles. The authors reported
similar improvements of the NMS composite to the aptasensor performance characteristics:
acceleration of the electron transfer, increase of the amount of immobilized aptamers and
improvement of the visible light excitation. The detection limit was 0.05 nM of kanamycin.
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Carbon nanofibers (CNFs) and mesoporous carbon-gold nanoparticles (OMC-AuNPs)
were used to promote the electron transfer in the development of an electrochemical
aptasensor for the multiplex detection of kanamycin (KAN) and streptomycin (STR) in
milk (Figure 17) [138]. CNFs and OMC-AuNPs were successively grafted onto a SPCE. Two
different complementary sDNA probes were immobilized onto the modified SPCE. Then
the two aptamers tagged with QDs (CdS Apt-KAN and PbS Apt-STR) hybridized with the
cDNA probes on the electrode surface. When one of the target was present, the complex
aptamer-target was released far from the electrode and the cDNA remained immobilized.
The Cd and Pb stripping peak intensities were correlated to the concentration of kanamycin
and streptomycin respectively.

Figure 17. Multiplex electrochemical aptasensor for the multiplex detection of kanamycin and streptomycin in milk based
on carbon fiber (CNFs) and mesoporous carbon-gold nanoparticles (OMC-AuNPs). Reprinted from reference [138] with

permission from Elsevier.

A pencil graphite electrode (PGE) was modified with reduced graphene oxide (rGO)
and AuNPs to develop an electrochemical aptasensor for the detection of sulfadimethoxine
in fish [99]. The aptamer was immobilized onto the modified electrode. When the target
was present, the complex aptamer-target increased the value of charge transfer resistance
(Rct). The limit of detection was 3.7 x 10~ 1M. After fish sample preparation, the lowest
detected concentration in the matrix was 1.10719 M.

2.4. Different Amplification Techniques

For the detection of residual levels as it is the case for antimicrobials residues in food
products, signal amplification is often necessary. Nanomaterials as it was explained before
greatly contributed to signal amplification. But there are other techniques available for
signal amplification.

Aptamers are flexible for designing different biosensors because they can be repli-
cated or cleaved with various DNA enzymes for signal amplification (e.g., Exonucleases,
polymerases). Some amplification techniques are based on enzymes able to digest DNA
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that are called nucleases or exonucleases. Different enzymes could be used to improve the
sensitivity of electrochemical aptasensors.

Exonuclease I (Exo I) was used to develop an electrochemical aptasensor for the
detection of streptomycin in milk (Figure 18) [80]. Exo I selectively digests the 3’-end of
ssDNA. The aptamer and a complementary strand cDNA were immobilized onto a screen
printed gold electrode (SPGE). Their hybridization formed a bridge that prevented the
redox probe [Fe(CN)s]>~/4~ to reach the electrode surface. The signal is low. When the
target was present, it bound to the aptamer. Therefore the bridge was broken and the
enzyme Exo I digested the cDNA on the electrode. So the redox probe could come closer to
the electrode surface and the produced current was high (signal on).

Fe(CN)¢™'*

IS'H SH >< . IS‘H S‘HI

"\ a
e ol
Fe(CN)s*'™*
;' o ) 50
x [ ™ I.' €| 025 000 025 050

Current (uA)

ISH snl g -_ '
SH 1> b Potential (V)
SH SH | o ><
Aptamer Complimentary MCH  Target Exonuclease |

strand

Figure 18. Schematic illustration of the signal amplification by Exonuclease I for the detection of streptomycin in milk.

Reprinted from reference [80] with permission from Elsevier.

The triggered cleavage activity of nuclease P1 by aptamer-target complex was used to
develop an electrochemical aptasensor for sulfadimethoxine detection [70]. The capacity
of nuclease P1 to digest only ssDNA was used. The aptamer hybridized to a cDNA that
was immobilized onto the surface of a gold electrode. Upon addition of nuclease P1 and
antibody anti-dsDNA, the complex aptamer-cDNA (dsDNA) could not be digested by
nuclease P1 and the antibody bound to the ds DNA. So the redox probe [Fe(CN6)]P—/4-
could not reach the surface of the electrode and the electrochemical signal was weak. When
the target of the aptamer was present, the aptamer-target complex was formed because
of high affinity constants. Nuclease P1 therefore digested the single strand cDNA on the
electrode and less antibodies were able to bind to ds-DNA. The electrode surface was more
accessible to the redox probe and finally the signal was increased (signal on method).

An electrochemical aptasensor based on the combined action of two enzymes, the
restriction endonuclease Dpnll and the exonuclease Exo III, was developed for the detection
of ampicillin in milk (Figure 19) [69]. A cDNA capture probe was immobilized onto the
surface of glassy carbon electrode (GCE). The aptamer hybridized with this probe, forming
the active binding site for the Dpnll. This enzyme cut part of the dsDNA that was released
in solution. Thus the remaining dsDNA on the electrode was digested the by Exo 111, as
well as the released part of the cDNA. By addition of the redox probe [Fe(CN)s]>~/4~, the
DPV signal was high. When the target (ampicillin) was present, the aptamer bound to its
target. Therefore the two enzymes could not make their catalytic actions because no ds
DNA was formed onto the electrode surface. The signal was weak (signal off).

The enzyme assisted-target recycling amplification (TRCA) is another amplification
strategy. It consists in the digestion of the aptamer by an exonuclease. So the target
is released and free to do a new cycle of binding with other aptamer sequence. This
technique was employed to develop an electrochemical aptasensor for the detection of
streptomycin using Ru Hex as the redox probe in solution (Figure 20) [28]. Screen-printed
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carbon electrodes (SPCE) were pre-grafted with AuNPs and then co-immobilized with the
aptamer anti-streptomycin and a complementary cDNA. When streptomycin was present
in the sample, the aptamer was released after forming a complex with streptomycin. The
enzyme Exo I digested the aptamer from its 3'-end. Therefore the target was free to start
new cycles of complexation with other aptamers, so more aptamers were released from the
electrode surface and more cDNA are free on the electrode surface. Then metal-organic
frameworks (MOFs) immobilized with aptamers anti-streptomycin were injected onto the
modified SPCE, so that the MOF-aptamers bound to the cDNA remaining free onto the
electrode surface. Finally the high number of aptamers bound onto the MOFs attracted
RuHex added in solution. A high current was produced (signal on) and measured by DPV.
A dual amplification of the signal was performed due to target recycling amplification
(TRCA) and use of MOFs-bio bar codes (dsDNA formed by the hybridization of the aptamer
with a cDNA).
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Figure 19. Electrochemical aptasensor for ampicillin detection based on the protective effect of aptamer-antibiotic complex

towards Dpnll and Exo III digestion. Reprinted from reference [69] with permission from Elsevier.
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Figure 20. Schematic representation of an electrochemical aptasensor for the detection of streptomycin in milk. The signal

was amplified based on target recycling amplification (TRCA). Reprinted from reference [28] with permission from Elsevier.
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Zhang et al. developed an electrochemical aptasensor for the detection of ampicillin
in milk (Figure 21) [35]. The first stage of amplification was a target-triggered enzymatic
cyclic amplification. The aptamer was hybridized with trigger ssDNA in solution. In the
presence of the target, a complex aptamer-target was formed and the trigger was released.
After addition of hairpin probe (HP), the trigger bound to HP and the Exonuclease III (Exo
III) could digest part of the HP that was complementary to a short sequence of the trigger.
Then the trigger was released and was ready to perform a new cycle of amplification.
Unlocking probe (UP) was formed at each cycle and so was amplified by the repetition of
cycles. The more ampicillin there was in the sample, the more UP production increased. If
the target was absent, the above solution dropped on electrode surfaces did not contain
UP, but only aptamer-trigger complexes. So the signal was weak (background signal). The
second stage of amplification was linked to the presence of a high amount of UP. DNA-track
(DT) that contained hemin aptamer and a cDNA complementary to DW and a complex
DNA walker (DW)-Locking probe (LP) were grafted onto a gold electrode. The complex
DW-LP was resistant to the Exo IlI-catalyzed degradation. When the deposited solution
was concentrated in UP, UP hybridized with LP and DW was released to hybridize with
DT. In the complex UP-LP, the LP sequence was digested by Exo III, UP was released and
a new cycle could start. Moreover the Exonuclease digested part of the dsDNA formed
by DT and DW. The remaining part of DT was the aptamer sequence. By combination of
this sequence with hemin, the aptamer adopted a ¢ Hemin-G quadruplex conformation
that mimicked peroxidase activity. Finally this mimicking enzyme procured the reduction
of HyO; and the signal was increased. The more UP there is in the solution, the more
the amount of mimicking enzyme formed increased and therefore the more the signal
increased. The amplification came from the use of Exonuclease III which occurred at two
stages of this protocol.
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ation of a label-free electrochemical aptasensor for the detection of ampicillin based on target-

triggered enzymatic cyclic amplification. Reprinted from reference [35] with permission from Elsevier.

There are mainly two main nucleic acid amplification techniques used for the development
of aptasensors: hybridization chain reaction (HCR) and rolling circle amplification (RCA).
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The hybridization chain reaction (HCR) technique is an isothermal enzyme-free am-
plification. The HCR amplification is based on a chain reaction of hybridization events
between alternating H1 and H2 hairpins that form a double helix structure (Figure 22).
This structure grows until the there is no more hairpin available in solution.
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Figure 22. Schematic illustration of a fluorescent aptasensor for the detection of ochratoxin A based on hybridization

chain reaction (HCR). Reprinted from reference [139]. This article is an open access article distributed under the terms and

conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/ 25 March

2021).

This technique was used to develop an electrochemical aptasensor based on triple
helix aptamer probe with catalyzed hairpin assembly (CHA) signal amplification for the
detection of tetracycline [140] The THMS structure was formed by the assembly of the
aptamer loop with two arms and a trigger probe. This structure was broken in the presence
of the target by the formation of a complex aptamer-target. In this example the single-
stranded DNA initiator of the chain reaction was the released trigger probe. The released
trigger probe hybridized first with a complementary DNA with hairpin structure (H1)
tagged with ferrocene. The other hairpin structure-probe cDNA (H2) tagged with ferrocene
also was added and hybridized with H1, so that the released probe was free and started a
new cycle. Exo III digested the double helix structure formed by the hybridization of H1-H2
(dsDNA) and ferrocene was released in solution near the surface of the gold electrode. So
the signal was high in the presence of the target. When no target was present, the THMS
structure was not broken, so the probe was not released and the signal was low.

A dual amplification system was used to develop an electrochemical aptasensor for
the detection of kanamycin in milk [76]. HCR was one of the amplification technique,
based on two hybridized DNA probes S52-53, S2 containing the aptamer sequence; the
other one was target recycling amplification. In the presence of kanamycin, the complex
kanamycin-aptamer (S2) could hybridize with a third DNA probe S3. Thus kanamycin was
released for the next cycle. A low detection limit of 16 fM was obtained for the detection of
kanamycin. Liu et al. developed an aptasensor for the detection of streptomycin combining
two modes of detection: electrochemical and PEC (dual-ratiometric aptasensor) [106]. The
amplification technique used was HCR based on two DNA probes HP1 and HP2. The chain
reaction started when the target bound to the aptamer and so one part of the SDNA became
free to hybridize with HP1 and HP2. The bifunctional redox probe MB was intercalated
into the formed dsDNA and so produced amplified electrochemical and PEC signals. The
detection limit was low (10~ M).

Rolling circle amplification (RCA) is an isothermal DNA amplification technique.
The basic principle is the replication of specific DNA sequences [10]. The template used
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to initiate the RCA is a ssDNA minicircle (padlock probe) that hybridizes to the target
sequence (Figure 23). A long single-stranded DNA concatemer of the original DNA target
is generated. For instance an aptamer sequence could be replicated several times by RCA.
Aptamers tagged with AuNPs could be electrochemically detected. The amplification of
the aptamer will also increase the number of tagged AuNPs and therefore the signal will
increase. This technique will improve the sensitivity of the aptasensor.

AuNP-abelled
sSDNA target primer reporter probe
/ Ny
> . &
igase ) : \ _____________________
linear PLP / ‘circular PLP prlmer 3
DNA polymerase v I
POy incident < reflected
light

O light <
| |
ssDNA RCA product / /SPR chip

Figure 23. Schematic illustration of an optical aptasensor based on Rolling circle amplification (RCA). Reprinted from [141].

This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (https:/ /creativecommons.org/licenses/by/4.0/ 25 March 2021)).

Strand displacement reaction (SDR) technique could be used as a signal amplification
strategy. A multiplex electrochemical aptasensor milk based on circular strand-replacement
DNA polymerization (CSRP) was developed for the detection of chloramphenicol (CAP)
and oxytetracycline (OTC) in milk (Figure 24) [87]. Magnetic beads (MB) were immobilized
with assisted ssDNA (or capture cDNA). Signal probes tagged with QDs (PbS for OTC
and CdS for CAP) and the two aptamers anti-CAP and anti-OTC were hybridized with
the assisted DNAs. Two different structure were formed, one for each aptamer, by the
hybridization of assisted DNA, signal tag and aptamer. When one of the target was
present, the aptamer-complex was formed and released from the MBs in the supernatant.
The corresponding signal tag was also released from the MBs. The signals produced
by the signal tags could be electrochemically measured (Cd, Pb). The amplification was
performed by adding a primer, a polymerase (Bst DNA polymerase) and deoxynucleotide
triphosphates (ANTPs) that produced a ssDNA complementary to the aptamer sequence.
So the complex aptamer-target was broken by this elongation and the target was free again
to interact with a new aptamer. The amplification cycles could continue. When there was
no target analyte, the heterostructure formed by assisted DNA, aptamer and signal probe
remained immobilized onto the MBs. No signal tags were released in the supernatant. So
the signal was weak for both tags. Therefore the measured current increased the target
concentration (signal on).
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Figure 24. Schematic representation of a multiplex electrochemical aptasensor for the detection of chloramphenicol (CAP)

and oxytetracycline (OTC) in milk based on circular strand-replacement DNA polymerization (CSRP). Reprinted from

reference [87] with permission from Elsevier.

3. Conclusions and Perspectives

During the past decade, many works have been performed on the development of
electrochemical aptasensors for the detection of antimicrobial residues in animal derived
food products. Most of the electrochemical aptasensors developed for the detection of
antimicrobial residues in food products were based on voltametric techniques (e.g., DPV,
SWYV), but also the PEC technique amongst the electrochemical-derived techniques was
mainly employed. These aptasensors published were essentially developed for the detec-
tion of a relatively limited spectrum of antibiotics including kanamycin, chloramphenicol,
tetracycline, oxytetracycline, ampicillin and penicillin. Therefore there is still a lot of work
to achieve and to develop aptasensors for a wider variety of antimicrobial residues. A key
limitation for the development of such aptasensors for antimicrobial residues is funda-
mentally the lack of availability of aptamers for many antimicrobial residues. Currently
immunoassays are predominant on the market because of the availability of specific an-
tibodies, even though their specificity and affinity are not optimal for the purpose. New
aptamers have to be developed in the short term to increase the impact and enhance the
usage of aptasensors in the agri-food industry.

The specificity of aptamers for banned substances such as for CAP has drawn a great
interest for the obvious reason that the screening method should avoid false positive results
(positive result while the sample did not contain the banned compound). The selectivity
of some aptamers able to bind to several molecules from the same family has allowed
new exciting developments whereby one single aptasensor can be designed for a whole
family of antimicrobial residues. The interest is still high for the development of selective
aptamers for other authorized families of antimicrobials (e.g., Sulphonamides, quinolones,
macrolides, etc.).

Ideally, electrochemical aptasensors for the detection of antimicrobial residues can take
advantage of multiplex sensors over conventional screening methods (i.e. Microbiological,
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physico-chemical). Some applications cited here demonstrated that multiplexing is possible
by using several aptamers in parallel. The different targets could be discriminated for
instance by using different signal tags for the multiple targets (e.g., QDs: PbS, CdS).

Screening methods need to be very sensitive to achieve the very low concentrations,
sometimes below 1 ng/mL (or ng/g). The development of POC testing for field applica-
tions would be of great interest to develop a cost-effective, rapid and sensitive self-control.
We have demonstrated in this review that nanomaterials are increasingly used in the devel-
opment of selective and sensitive electrochemical aptasensors because of their outstanding
characteristics: electrochemical properties (e.g., High electron transfer), high capacity of
aptamer immobilization (i.e. High surface to volume ratio), ease of NMs functionaliza-
tion, magnetic properties (i.e., Magnetic beads for target separation), enzyme-mimicking
activities (e.g., AuNPs). Attention has to be paid to the toxicity of some nanomaterials.
The tendency is also to combine different nanomaterials to obtain synergistic effects. The
development of more performant aptasensors is strongly related to the use of nanomaterials
and nucleic acid signal amplification techniques.

This review has also highlighted that all the developments we have described are only
at the stage of proofs-of-concepts. Even though when some prototype aptasensor tests were
carried for the detection of antimicrobial residues in real samples, real validation assays are
urgently needed. Moreover, this review clearly emphasized that most of the real samples
tested were milk samples because it is a liquid matrix, the easiest food matrix to handle
with. The performance of electrochemical aptasensors for the detection of antimicrobial
residues in food products should be tested in real samples (e.g., milk, meat, eggs, honey)
because the sensitivity of the method is highly decreased in complex matrices compared to
assays in buffer solutions.
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