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An electrochemical aptasensor is an analytical device integrating the aptamer as bioreceptor in close contact with an electrochemical transducer which convert the target-aptamer interaction into an electrochemical signal. The sensing element (i.e. the aptamer probe) is immobilized directly on the electrode substrate used as inert conductive platforms (mainly gold, glassy carbon or platinum) or onto nanostructured materials which are subsequently grafted on the electrode surface thus allowing the enhancement of the aptamer surface density. The associated nanomaterials are in most of the cases carbon nanotubes [START_REF] Wang | Construction of sandwiched self-powered biosensor based on smart nanostructure and capacitor: Toward multiple signal amplification for thrombin detection[END_REF], graphene-based nanostructures [START_REF] Amiri | Graphene-family materials in electrochemical aptasensors[END_REF][START_REF] Wang | Electrochemical aptasensor based on gold modified graphene nanocomposite with different morphologies for ultrasensitive detection of Pb2+[END_REF][START_REF] Yang | A bifunctional electrochemical aptasensor based on AuNPs-coated ERGO nanosheets for sensitive detection of adenosine and thrombin[END_REF], metal and metal oxide nanoparticles [START_REF] Xu | An electrochemical thrombin aptasensor based on the use of graphite-like C3N4 modified with silver nanoparticles[END_REF], metal-organic framework [START_REF] Feng | Electrochemiluminescence aptasensor for multiple determination of Hg2+ and Pb2+ ions by using the MIL-53(Al)@CdTe-PEI modified electrode[END_REF], conductive polymers [START_REF] Wang | Electrochemical aptasensor based on conductive supramolecular polymer hydrogels for thrombin detection with high selectivity[END_REF][START_REF] Yang | Electrochemical Sensor Based on Molecularly Imprinted Polymer-Aptamer Hybrid Receptor for Voltammetric Detection of Thrombin[END_REF][START_REF] Ding | An electrochemical aptasensor for detection of lead ions using a screen-printed carbon electrode modified with Au/polypyrrole composites and toluidine blue[END_REF] or a combination of them [START_REF] Wei | Ultrasensitive aptasensor with DNA tetrahedral nanostructure for Ochratoxin A detection based on hemin/G-quadruplex catalyzed polyaniline deposition[END_REF]. Such nanomaterials could contribute to the signal amplification due to their electrocatalytic properties which provide the increase of the electron transfer rates. Methods of immobilization include π-π interactions mainly onto graphene-based nanostructures [START_REF] Wang | Graphene-based aptasensors: from molecule-interface interactions to sensor design and biomedical diagnostics[END_REF], physisorption onto gold surface via a terminal adenine nucleotides track (polyA) incorporated into single stranded DNA (ssDNA) [START_REF] Ran | A novel labelfree electrochemical aptasensor with one-step assembly process for rapid detection of lead (II) ions[END_REF][START_REF] Liang | Improved binding induced self-assembled DNA to achieve ultrasensitive electrochemical proximity assay[END_REF] or through the self-assembly of thiolated DNA onto gold surfaces (followed by a backfilling with a small thiol molecule [START_REF] Zhu | Hairpin DNA assisted dual-ratiometric electrochemical aptasensor with high reliability and anti-interference ability for simultaneous detection of aflatoxin B1 and ochratoxin A[END_REF]), covalent bonding such as amine coupling [START_REF] Wang | Electrochemical aptasensor based on conductive supramolecular polymer hydrogels for thrombin detection with high selectivity[END_REF] or avidin-biotin affinity interactions [START_REF] Gupta | An electrochemical aptasensor based on gold nanoparticles and graphene oxide doped poly(3,4-ethylenedioxythiophene) nanocomposite for detection of MUC1[END_REF][START_REF] Liu | A highly sensitive electrochemical aptasensor for detection of microcystin-LR based on a dual signal amplification strategy[END_REF]. The immobilization method impacts the orientation and the accessibility of the sensing aptamer towards the target and the stability of the support material as well as the minimization of non-specific adsorption of the target. The analytical performances of aptasensors depend both on the proper affinity of the selected aptamer for its target and on the electrochemical method which plays a crucial role in the sensitivity of the detection. The electrochemical transduction methods used for aptasensors could be categorized in potentiometry, voltammetry (amperometry) [START_REF] Zhang | Electrochemical sandwich-type thrombin aptasensor based on silver nanowires& particles decorated electrode and the signal amplifier of Pt loaded hollow zinc ferrite[END_REF], electrochemical impedance spectroscopy (EIS) [START_REF] Feng | An impedimetricAptasensor based on a Novel Line-Pad-Line Electrode for the Determination of VEGF(165)[END_REF], field effect transistor (FET) [START_REF] Yuan | Sensitivity enhancement of potassium ion (K+) detection based on graphene field-effect transistors with surface plasma pretreatment[END_REF] and electroluminescence [START_REF] Feng | Electrochemiluminescence aptasensor for multiple determination of Hg2+ and Pb2+ ions by using the MIL-53(Al)@CdTe-PEI modified electrode[END_REF]. Voltammetry including Square Wave Voltammetry (SWV) [START_REF] Chai | Electrochemical aptasensor based on a potassium ion-triggered DNA conformation transition and self-assembly on an electrode[END_REF], Differential Pulse Voltammetry (DPV) [START_REF] Huang | A Sensitive Aptasensor Based on a Hemin/G-Quadruplex-Assisted Signal Amplification Strategy for Electrochemical Detection of Gastric Cancer Exosomes[END_REF], Cyclic Voltammetry (CV) [START_REF] Wang | Sensitive and label-free electrochemical lead ion biosensor based on a DNAzyme triggered G-quadruplex/hemin conformation[END_REF] and Alternating Current Voltammetry (ACV) [START_REF] Wu | Electrochemical Aptamer-Based Sensor for Real-Time Monitoring of Insulin[END_REF] represents the mainly used transduction method. The objective of this short review is to highlight the recent developments of G4-based electrochemical aptasensors for the detection of various target analytes. Instead of being exhaustive we will focus on recent selected publications of outstanding significance, we will in particular discuss about the sensing mechanism involved in the detection process. A simple and effective assay format involves a single aptamer with a detection mode based on the modification of a single-stranded nucleic acid structure into a G4 conformation upon the analyte binding (Fig. 2) either onto the functionalized surface [START_REF] Wu | Electrochemical Aptamer-Based Sensor for Real-Time Monitoring of Insulin[END_REF][START_REF] Yuan | Sensitivity enhancement of potassium ion (K+) detection based on graphene field-effect transistors with surface plasma pretreatment[END_REF][START_REF] Ran | A novel labelfree electrochemical aptasensor with one-step assembly process for rapid detection of lead (II) ions[END_REF][START_REF] Feng | An impedimetricAptasensor based on a Novel Line-Pad-Line Electrode for the Determination of VEGF(165)[END_REF][START_REF] Abu-Ali | Development of Novel and Highly Specific ssDNA-Aptamer-Based Electrochemical Biosensor for Rapid Detection of Mercury (II) and Lead (II) Ions in Water[END_REF] (Fig. 2A andB) or in the solution [START_REF] Chai | Electrochemical aptasensor based on a potassium ion-triggered DNA conformation transition and self-assembly on an electrode[END_REF][START_REF] Fan | A novel modification-free thrombin electrochemical sensing based homogeneous strategy[END_REF] (Fig. 2C) following by an electrochemical detection. Yuan et al [START_REF] Yuan | Sensitivity enhancement of potassium ion (K+) detection based on graphene field-effect transistors with surface plasma pretreatment[END_REF] proposed a sensitive-enhanced potassium ion (K + ) selective detection using a graphene FET biosensor with the immobilization of the aptamer G4 forming sequence on a graphene-based conducting channel (Table 1 -Entry 1). Feng et al. [START_REF] Feng | An impedimetricAptasensor based on a Novel Line-Pad-Line Electrode for the Determination of VEGF(165)[END_REF] reported an impedimetric aptasensor based on a label-free gold line-pad-line electrode for the determination of vascular endothelial growth factor (VEGF165), an important biomarker for breast and lung cancers. Upon addition of VEGF165, a large target-induced conformational change of the specific aptamer anti-VEGF165 into G4 structure was generated and caused an increase of the impedance magnitude of the electrochemical device (Table 1entry 2). Wu et al. have developed an electrochemical aptasensor for the detection of insulin [START_REF] Wu | Electrochemical Aptamer-Based Sensor for Real-Time Monitoring of Insulin[END_REF] (Table 1 -Entry 3). The thiolated aptamer was labeled with methylene blue (MB) and immobilized on gold surface. The insulin binding induces a steric hindrance which reduces the efficiency of the electron transfer between the redox probe and the electrode surface and triggers a decrease of the electrochemical signals (ACV and SWV). Such so-called signal-off response (corresponding to a decrease of the electrochemical response compared to the initial signal without the analyte) offered a high sensitivity.

Chai et al [START_REF] Chai | Electrochemical aptasensor based on a potassium ion-triggered DNA conformation transition and self-assembly on an electrode[END_REF] have developed a potassium aptasensor involving the recognition step in solution (Table 1 -Entry 4). MB was covalently attached to a thiolated guanine-rich aptamer sequence. The thiol group was hidden into a sternloop structure preventing the anchoring of the aptamer on the gold electrode. The presence of K + induced a conformation transition of the aptamer to form a G4 structure that liberated the thiol, resulting in the assembling on the electrode surface and consequently detection of the MB label by SWV. Similar strategy was also used to detect the thrombin [START_REF] Fan | A novel modification-free thrombin electrochemical sensing based homogeneous strategy[END_REF] (Table 1 -Entry 5).

Figure 2.

Aptasensor with a detection mode based on the conformation modification: A) without an electroactive species attached at the aptamer extremity (i.e. the electroactive species is in solution); B) and C) with an electroactive species attached on the aptamer. In B) the aptamer is previously immobilized before the recognition event, in C) the recognition event in solution induces the aptamer immobilization on surface. The figures A, B and C were adapted from references [START_REF] Ran | A novel labelfree electrochemical aptasensor with one-step assembly process for rapid detection of lead (II) ions[END_REF], [START_REF] Abu-Ali | Development of Novel and Highly Specific ssDNA-Aptamer-Based Electrochemical Biosensor for Rapid Detection of Mercury (II) and Lead (II) Ions in Water[END_REF] and [START_REF] Fan | A novel modification-free thrombin electrochemical sensing based homogeneous strategy[END_REF] respectively. e.t. or e-: electron transfer.

For extending the variety of analytes detection, G4-based aptasensors with more complex architecture were developed.

The sandwich assays are usually applied for large size analytes because it could bind more than one aptamer. In a direct sandwich assay, the analyte first binds to the sensing aptamer grafted onto the electrode surface and in a second step a secondary labeled aptamer is added (Fig. 3A). A thrombin aptasensor describing an example of sandwich structure involving two thrombin aptamers 1 and 2 has been reported (Table 1 -Entry 6). Aptamer 1 was immobilized onto an electrode previously modified with a conductive hydrogel copolymerized with polyaniline while aptamer 2 was anchored onto magnetic nanoparticles (MNP). In the presence of thrombin, aptamer 1, thrombin and MNPaptamer 2 could form a sandwich structure resulting in an electrochemical signal-off. In this biosensing system, both aptamers served as the biorecognition elements to specifically bind the target [START_REF] Wang | Electrochemical aptasensor based on conductive supramolecular polymer hydrogels for thrombin detection with high selectivity[END_REF]. For some other sensing schemes using redox probes, the binding of the analyte with the sensing aptamer previously hybridized with a complementary strand, induces the denaturation of the duplex DNA and results in a change of the electrochemical signal (Fig. 3B). Zhu et al. [START_REF] Zhu | Hairpin DNA assisted dual-ratiometric electrochemical aptasensor with high reliability and anti-interference ability for simultaneous detection of aflatoxin B1 and ochratoxin A[END_REF] have developed a dual-ratiometric electrochemical aptasensing strategy based on the denaturation of a DNA duplex (Table 1 -Entry 7). The aptasensor simultaneously targeted two mycotoxins (i.e. ochratoxin A (OTA) and aflatoxin B1 (AFB1)) found as contaminants widespread in food products. In the designed construction, an anthraquinone (AQ)-labelled hairpin DNA was used to provide separate and specific binding sites to assemble the ferrocene-labelled AFB1 aptamer (Fc-Apt1) and methylene-blue-labelled OTA aptamer (MB-Apt2). In the presence of the analytes, the binding events induced the release of G4 Fc-Apt1 and MB-Apt2 bound to their respective analytes, leading to a decrease of the oxidation current of Fc and MB, while the oxidation of AQ remained unchanged. Thus, respective current ratios measured by ACV were used to quantify AFB1 and OTA, respectively. Such sensing mechanism involving a competition between duplex and G-quadruplex structures fits particularly well for the case of hemin-G4 complex. The latter complex is an example of DNAzyme resulting from the interaction of hemin, an iron-containing porphyrin, with G4 structure. The hemin-G4 aptamer could act as a bioreceptor in the biosensing device for which an amplification of the electrochemical signal involves a peroxidase-like catalytic activity [START_REF] Travascio | DNA-enhanced peroxidase activity of a DNA aptamer-hemin complex[END_REF]. This property has been extensively exploited in the field of biosensors [START_REF] Kosman | Peroxidase-mimicking DNAzymes for biosensing applications: A review[END_REF] and numerous example of electrochemical sensors using this peroxidase-like activity have been published [START_REF] Pelossof | Amplified Biosensing Using the Horseradish Peroxidase-Mimicking DNAzyme as an Electrocatalyst[END_REF]. For instance, it has been used for the detection of lead (Pb 2+ ) on gold functionalized surfaces (Figure 3C) [START_REF] Wang | Sensitive and label-free electrochemical lead ion biosensor based on a DNAzyme triggered G-quadruplex/hemin conformation[END_REF]. The sensor was composed of 3D-DNA tetrahedral structures to control density and orientation of the sensing nucleic acid strands (Table 1 -Entry 8). Two catalytic DNA constructs were used: the hemin/G4 complex and a lead specific DNAzyme. This latter is a duplex oligonucleotide in which one strand is able to catalyze the cleavage of the complementary substrate strand in the presence of Pb 2+ . The substrate strand was linked to the extremity of the hemin aptamer sequence for which the formation of the G4 is precluded because of the formation of the duplex. The detection of the target occurs in two steps conformational switches: in presence of Pb 2+ , the substrate strand is removed from the hemin aptamer allowing it to form the G4 and subsequent interaction with hemin. Then the hemin-G4 complex is able to catalyze the reduction of H2O2 that is monitored by CV. Another example based on hemin-G4 catalyzing an electrochemical reaction is related to the detection of OTA [START_REF] Wei | Ultrasensitive aptasensor with DNA tetrahedral nanostructure for Ochratoxin A detection based on hemin/G-quadruplex catalyzed polyaniline deposition[END_REF]. DNA tetrahedral nanostructures (DTN) grafted on gold nanorods were modified with OTA aptamer which forms G4-hemin complex in the presence of the analyte and the interaction with hemin (Table 1 -Entry 9). The detection mechanism is based on the catalytic oxidation of aniline in the presence of H2O2 by G4-hemin complex which amplify DPV signal. Huang et al [START_REF] Huang | A Sensitive Aptasensor Based on a Hemin/G-Quadruplex-Assisted Signal Amplification Strategy for Electrochemical Detection of Gastric Cancer Exosomes[END_REF] reported the development of a label-free aptasensor based on a hemin-G4 for the electrochemical detection of gastric cancer exosomes (Table 1 -Entry 10). The sensing platform contains an anti-CD63 antibody modified gold electrode used to capture the exosomes and an exosome specific aptamer linked to a primer sequence which is a complementary sequence to a G4 circular template. The presence of exosomes triggered rolling circle amplification and produced G4 units. The incubation with hemin induced the formation of hemin-G4 complex which is able to catalyze the reduction of H2O2 and generates the electrochemical signal (DPV).

The co-immobilization of photoactive or luminescent nanomaterials with aptamers has paved the way to the design of new highly sensitive aptasensors. Photoelectrochemical (PEC) sensing is based on the photoinduced charge transfer from the aptamer to the electrode. It is expected to significantly increase the signal-to-noise ratio with respect to electrochemical sensing because the excitation event (by light) is decoupled from the detection event (electrochemical signal).

Da et al. [START_REF] Da | A highly sensitive VEGF165 photoelectrochemical biosensor fabricated by assembly of aptamer bridged DNA networks[END_REF] developed a sensitive signal-off PEC aptasensor based on the assembly/disassembly of an aptamer bridged 3D DNA network structure for the sensitive detection of VEGF165 (Table 1 -Entry 11). By using photoactive graphitic carbon nitride electrode (GCE-C3N4), an initial photocurrent signal is generated. The DNA network provides an excellent dsDNA platform for the incorporation of MB which enhanced the PEC signal. In the presence of the VEGF165, the DNA network is destroyed through the formation of aptamer-VEGF165 complex, resulting in the release of MB from the DNA network, which further induces a decrease of the PEC signal (Fig. 4A). The excellent properties endow the PEC aptasensor very broad applications in clinical diagnoses for cancers. Another strategy refers to the electrochemoluminescence (ECL) for which the production of light is performed through an electrochemical reaction (Fig. 4B). Deng et al. [START_REF] Feng | Electrochemiluminescence aptasensor for multiple determination of Hg2+ and Pb2+ ions by using the MIL-53(Al)@CdTe-PEI modified electrode[END_REF] designed an aptasensor based on composites of metal-organic framework (MOFs) and quantum dots MIL-53(Al)@CdTe for the concomitant determination of Hg 2+ and Pb 2+ (Table 1 -Entry 12). Two different aptamers labeled with metal nanoparticles (aptamer1-AuNPs for Hg 2+ recognition and aptamer2-PtNPs for Pb 2+ ) were used as bioreceptors. Upon aptamer interaction with analytes, decreased ECL intensity was observed. Indeed, the recognition of Hg 2+ with aptamer1-AuNPs generates a conformational switch of this one and induces its removal from the electrode, whereas the capture of Pb 2+ by aptamer2-PtNPs triggered its folding into G4 structure bringing the attached PtNPs close enough to CdTes quantum dots to produce a decrease of the ECL intensity owing to the ECL energy transfer between PtNPs and CdTes.

In conclusion, this short review focuses on the applications of G-quadruplex in the design of electrochemical aptasensors able to detect a wide variety of analytes including low molecular weight molecules, proteins and living cells for different applications from clinical diagnosis to environmental monitoring. The achievement of G4-based aptasensors with high sensitivity required signal amplification. Various strategies have been reported: hybridization chain reaction, rolling circle amplification, target triggered amplification, catalysis amplification or nanomaterial based amplification. G4-based aptasensors can be used with other detection techniques such as optical methods, however electrochemical aptasensors has the advantages of simple operation and are consequently miniaturizable making them efficient candidates for on-site assay. However, the analysis time depends on the design of the aptasensors and varies from few minutes to several hours. The large incubation time could hamper their application. Several efforts are made to reduce the analysis time and enhance the limit of detection. In our opinion, the main interest of G4 aptasensors relies on the DNAzyme (hemin-G4) mediated amplification which represents a promising strategy to improve the biosensors analytical performance.

Figure 1 .

 1 Figure 1. A/Chemical structure of guanine and scheme of the formation of G quartet and of a G-quadruplex B/ various G-quadruplex topologies.

Figure 3 .

 3 Figure 3. A) Example of a sandwich assay[START_REF] Wang | Electrochemical aptasensor based on conductive supramolecular polymer hydrogels for thrombin detection with high selectivity[END_REF]; B) Design of aptasensors, with the sensing aptamer previously hybridized with a complementary strand, in which the binding of the analyte induces the denaturation of the duplex DNA[START_REF] Zhu | Hairpin DNA assisted dual-ratiometric electrochemical aptasensor with high reliability and anti-interference ability for simultaneous detection of aflatoxin B1 and ochratoxin A[END_REF]; C) Use of the hemin to induce the G4 formation after recognition of the target[START_REF] Wang | Sensitive and label-free electrochemical lead ion biosensor based on a DNAzyme triggered G-quadruplex/hemin conformation[END_REF]. Sub-TSP: specific tetrahedral nanostructure-based substrate; eT or e-: electron transfer.

Figure 4 .

 4 Figure 4. Schematic illustrations for the preparation and sensing mechanism of (A) a photoelectrochemical[START_REF] Da | A highly sensitive VEGF165 photoelectrochemical biosensor fabricated by assembly of aptamer bridged DNA networks[END_REF] and (B) a electrochemoluminescence aptasensor[START_REF] Feng | Electrochemiluminescence aptasensor for multiple determination of Hg2+ and Pb2+ ions by using the MIL-53(Al)@CdTe-PEI modified electrode[END_REF]. CB: conduction band; VB: valence band; D: electron donor, H2O2.

  

Table 1 .

 1 Properties of G4-based electrochemical aptasensors described in this review.

	Entry Analyte	Electrochemical	Linear range/dynamic	LOD	Ref.
			technique	range		
	1	K +	FET	0.1pM -100 nM	58 fM	[22]
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