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This review is an update of two previous ones focusing on the limit of detection of electrochemical nucleic acid biosensors allowing direct detection of nucleic acid target (miRNA, mRNA, DNA) after hybridization event. A classification founded on the nature of the electrochemical transduction pathway is established. It provides an overall picture of the detection limit evolution of the various sensor architectures developed during the last three decades and a critical report of recent strategies.

II. Introduction

Nucleic acids detection for medical diagnosis is a major issue of life sciences. Nucleic acids are classically quantified by biological amplification (i.e. PCR) and subsequent fluorimetric detection. Electrochemical detection of nucleic acids provides advantages over PCR since it does not require PCR amplification and it allows direct transduction of a hybridization event conversely to optical and acoustic transduction techniques. The main limitation of electrochemical DNA-biosensors development is their high detection limit, which is beyond the PCR/fluorimetric assays one, and their limited reproducibility. Nevertheless, many works were performed to overcome these limitations [START_REF] Ho | Analysis of the evolution of the detection limits of electrochemical nucleic acid biosensors II[END_REF][START_REF] Lazerges | Analysis of the evolution of the detection limits of electrochemical DNA biosensors[END_REF]. This review focuses electrochemical biosensors designed by grafting nucleic acids, DNA or PNA (peptide nucleic acid), onto a solid electrode surface through physical adsorption, electrochemically assisted adsorption, chemical covalent attachment, or avidin-biotin complexation, etc., and based on a direct hybridization with a non-labelled DNA-target, with or without redox indicator. However, electrode surfaces modified with polymers or membranes useful for immobilization of capture probes are not discussed in this review.

III. Biosensors based on direct DNA oxidation

Hybridization event can be transduced by guanine oxidation ( Fig. 1).

Fig. 1. Guanine oxidation mechanism.

The electrochemical oxidation signal increases after hybridization due to additional oxidation of the target guanine groups (Fig. 2). Guanine oxidation process is irreversible due to chemical reactions (i.e. proton losses) occurring after first electron transfer. The faradic oxidation charge of adsorbed DNA guanine is: [START_REF] Ho | Analysis of the evolution of the detection limits of electrochemical nucleic acid biosensors II[END_REF] where (mol/cm 2 ) is the surface concentration of guanine onto electrode, (C/mol) the Faraday constant and A(cm 2 ) the electrode area. It is interesting to use Differential Pulsed Voltammetry (DPV) for this kind of hybridization transduction to remove the current due to the charge of the electrode-electrolyte interface capacity from the electrochemical response.

An interesting strategy was developed to increase signal/noise ratio by replacing guanine bases of an oligonucleotide probe by inosine bases that establish hydrogen bonding with A, T and C bases (Fig. 3). The inosine oxidation potential is higher than guanine one [3], thus the electrochemical response of the probe is silenced (Fig. 4). A decrease of the biosensor selectivity was not mentioned by the authors, but it can be expected as the inosine, that is three orders of magnitude less reactive than guanosine, can form hydrogen bonded complexes with both A, T and C bases. Anyhow, this does not constitute a shortcoming as it is possible to restore this loss of selectivity by increasing the probe size by few bases.

The performances of electrochemical DNA biosensors based on guanine oxidation are summarized in Table 1 and presented on Fig. 7. The utilization of materials like pencil electrodes (PE) and nanomaterials (such as Au-NPs) immobilized onto electrode surface allows to reach lower LODs (10 -15 M).

IV. Non-Faradaic Biosensors

Transduction can be based on the modification of the electrical properties of the electrode-electrolyte interface due to hybridization: both electrical conductivity and capacity of the interface are changed during hybridization. This kind of transduction is interesting because it does not require redox species and because DNA -probe and -target are not damaged during the measurement, allowing repeating hybridization with the same biosensor.

The variation of the interfacial capacity can be measured by transient electrochemical techniques like electrochemical impedance spectroscopy (EIS), or linear sweep (LSV) and cyclic voltammetry (CV) (Fig. 6). Transient electrochemical techniques allow the separation of ohmic and capacitive responses of the interface. The LOD reported for these transduction pathways are summarized in Table 2 and presented on Fig. 7. Ten studies reported a LOD in the femtomolar range, eight studies a LOD in the attomolar range and the lower reported LOD is equal to 10 -20 mol/L. It is interesting to note that most of the lowest LOD are obtained for semiconducting materials: the space charge layer of a semiconductor is drastically modified during adsorption of nucleic acid targets (negative charge) due to the low concentration of charge carriers, yielding to an important modification of interface electric impedance. In the case of a metallic conductor, the concentration of charge carriers in the space charge layer is very high yielding to a feeble modification of electric properties of the interface.

V. Biosensors based on redox probe labeling

The principle of this transduction is based on the measurement of the redox response of a DNA-probe labeled with an electroactive molecule, in a classic or hairpin configurations (Fig. 8). The electrochemical response is due to reversible oxidation of the redox probe: [START_REF] Ho | Analysis of the evolution of the detection limits of electrochemical nucleic acid biosensors II[END_REF] (mol/cm 2 ) is the surface concentration of redox probes onto electrode, (C/mol) the Faraday constant and A (cm 2 ) the electrode area. In the case of a hairpin configuration, the current can increase or decrease depending on the nature of the transduction and on the DNA-probe sequence. This transduction pathway is focused on detection of short DNA targets. If a hairpin probe is used, single mismatch detection can be achieved if the hairpin duplex is more stable than the hairpin-mismatched target duplex. Compared with the classical configuration DNA-probe, the hairpin configuration DNA-probe can distinguish single mismatch well and can be used for real-time monitoring of hybridization [START_REF] Huang | An electrochemical detection scheme for identification of single nucleotide polymorphisms using hairpin-forming probes[END_REF][START_REF] Canady | Enhanced hybridization selectivity using structured gammaPNA probes[END_REF]. The LOD reported for this kind of transduction pathway are summarized in Table 3 and presented on Fig. 9. Tagging a DNA-probe with a redox group adds one step more to the probe synthesis.

Also, such probes are expensive to produce as they require two chemical modifications, for both surface anchoring and redox monitoring functions. Green: attomolar LOD. Orange: attomolar LOD but sample volume not mentioned.

Six studies reported a LOD in the femtomolar range, two studies a LOD in the attomolar range and the lower reported LOD is equal to 1.710 -18 mol/L.

VI. Biosensors based on long-range electron transfer

Long range electron transfer is the principle according to which most electrochemical biosensors are developed. The transduction in these sensors is explained by the increase of the electronic conductivity of the DNA duplex due to the stacking of the DNA bases along the helix axis. First generation biosensors are based on the electrochemical response of cationic redox species, such as tris(1,10-phenanthroline) cobalt (III) perchlorate (i.e.

[Co(Phen)] 3+ ,3ClO 4 -) intercalated in the negatively charged DNA-probes (Fig. 10). In Table 4 are summarized the LOD reported by the long-range electron transfer transduction

The LOD evolution over the years of this type of electrochemical DNA-biosensors is presented on Fig. 811. Sixteen studies reported a LOD in the femtomolar range, ten studies a LOD in the attomolar range and the lower reported LOD is equal to 10 -21 mol/L, unfortunately, the analytical sample volume was not mentioned for the two studies with the two lowest LODs and dilution of nucleic acid sample beyond Avogadro number for the four next LODs.

VII. Biosensors based on catalyzed long-range electron transfer

Two redox systems are used to ensure the long-range electron transfer of electrochemical biosensors. They consist of a negatively charged redox mediator ([Fe(CN) 6 ] 3-/4-) in solution at high concentration (10 -3 M), and catalyst, which is an organic redox intercalator (methylene blue) adsorbed in the DNA biological layer at a low concentration (10 -6 M).

The negatively charged DNA phosphate backbones block the diffusion of the redox mediator into the DNA layer due to electrostatic repulsions.

Furthermore, due to the very low concentration of the intercalator, the resulting current is very low. The redox signal of the indicator electro catalyzed by a long-range electron transfer enhanced by the redox intercalator represents the unique electrochemical response of this system ( Fig. 12). Table 5 lists the references of works based on this transduction pathway allowing single mismatch detection and focused on detection of short DNA targets.

The results of the bibliography show that we can reach low detection limits, but we cannot evaluate the performance of these biosensors (Table 5 and Fig. 13).

As the faradic signal is not limited to the redox species adsorbed on the biosensor surface which explains the low detection limit. Another advantage of this transduction pathway, compared to all others, is the possible detection of a single mismatch at room temperature.

Indeed, a single mismatched target can be hybridized without heating, but the mismatch induces a disruption of the axial stacking of the DNA bases, resulting in a decrease in the long-range electron transfer efficiency. Two studies reported a LOD in the femtomolar range, one study a LOD in the attomolar range and the lower reported LOD is equal to 10 -21 mol/L, unfortunately, the dilution of nucleic acid sample is beyond Avogadro number.

VIII. Biosensors Based on Conducting Polymers

We can use the reversible oxidation of conjugated organic polymers, such as polypyrrole (PPy), to achieve transduction by hybridization (Fig. 14). The transduction is based on the modification of the electrochemical response of the conducting polymer following hybridization. Despite the low detection limits (on the order of 10 -15 M), this approach suffers from some limitations including the aging of the conducting polymer which can be irreversibly oxidized in air. Also, the discrimination of ss-DNA versus ds-DNA is poor because the difference in charge of the conductive polymer, before and after hybridization, is very small compared to the signal of the conductive polymer background (before hybridization).

The reported LODs for this transduction pathway are summarized in Table 6 and presented on Fig. 8. Green: attomolar LOD.

Six studies reported a LOD in the femtomolar range and the lower reported LOD is equal to 5.010 -17 mol/L.

IX. Biosensors based on variation of resistance increase

This transduction pathway is based on the decrease of the faradic charge after hybridization (Fig. ). It allows the detection of single mismatches and is focused on the detection of short DNA targets. The reported data show that low reproducible detection limits in the pM-fM range (10 -12 /10 -15 mol/L) can be achieved (Table 7 and Fig. 8), but this transduction pathway is not attractive compared to long-range electron transfer because the hybridization response is lower than the initial response. Similarly, detection of a single mismatch is not possible at room temperature for the same reason, as both perfected matched and single mismatch DNA induce a decrease of the redox response. Twenty-one studies reported a LOD in the femtomolar range, five studies a LOD in the attomolar range and the lower reported LOD is equal to 1.210 -19 mol/L, unfortunately, the dilution of nucleic acid sample is beyond Avogadro number for 3 of the 4 lowest LOD.

X. Critical analysis of the lowest LOD

The performances of transduction pathway are summarized in Table 8. It should be pointed out that (i) The number of studies is indicated; (ii) The LOD of the electrochemical DNA-biosensors reviewed herein were examined for each transduction pathway: the works for which dilution of nucleic acid sample beyond Avogadro number were not taken into accounts and the lowest LOD is considered if the detection was performed at least three times;

(iii) The selectivity criterion is the ratio of biosensors allowing single mismatch detection. A significative number of studies was reported for 6 transduction pathways, the number of studies using catalyzed long-range electron transfer (LRET) is low. The reproducible LOD of detection is in the 10 -16 mol/L range and is the same for 5 transduction pathways. The LOD of the biosensors using guanine oxidation is higher and the LOD of the biosensors using catalyzed LRET is higher but this LOD is not relevant as the number of studies is not yet significative. It means that electrochemical DNA biosensor is not a mature technology to perform direct nucleic acid detection without PCR. The selectivity is higher for LRET transduction, high for resistance increase transduction and average for other transduction pathways. The more solid transduction pathway is long-range electron transfer (i.e. without catalysis), allowing reproducible detection and mismatch detection in the fentomolar range (10 -16 mol/L). 

Conclusions
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 2 Fig. 2. Transduction based on the electrochemical oxidation of guanine (DPV) response: before (left) and after (right) hybridization (guanine groups are represented in red).

Fig. 3 .

 3 Fig. 3. Double hydrogen bonded complexes of inosine I with A, T and C bases.

Fig. 4 .

 4 Fig. 4. Transduction based on the electrochemical oxidation of (DPV) response before (blue) and after (red) hybridization. The signal before hybridization is silenced by substitution of guanine with inosine (blue).

Fig. 5 .

 5 Fig. 5. LOD evolution of electrochemical DNA-biosensors based on guanine oxidation. Orange circles: attomolar detection limit but sample volume not indicated.

Fig. 6 .

 6 Fig. 6. Electrochemical transduction of DNA hybridization of non-faradic biosensor: linear sweep voltammetry response.

Fig. 7 .

 7 Fig. 7. LOD evolution of non-faradaic biosensors. Green: attomolar LOD. Orange: attomolar LOD but sample volume not mentioned. Red: attomolar detection but dilution of nucleic acid sample beyond Avogadro number.

Fig. 8 .

 8 Fig. 8. Illustration of redox probe electrochemical transduction pathway with classic (left, bottom) and hairpin (left, top) DNA-probes tagged with redox groups (green circle symbols): Linear Sweep Voltammetry (LSV) responses.

Fig. 9 .

 9 Fig. 9. LOD evolution of electrochemical DNA-biosensors based on redox probe labeling.

Fig. 10 .

 10 Fig. 10. Hybridization detection based on long-range electron transfer of cationic redox species: cyclic voltammetry response.

Fig. 11 .

 11 Fig. 11. LOD evolution of electrochemical DNA-biosensors based on long-range electron transfer. Green: attomolar LOD. Orange: attomolar LOD but sample volume not mentioned. Red: attomolar detection but dilution of nucleic acid sample beyond Avogadro number.

Fig. 12 .

 12 Fig. 12. Hybridization detection based on catalyzed long-range electron transfer (green triangles are redox indicators and green circles are redox intercalators.

Fig. 13 .

 13 Fig. 13. LOD evolution of electrochemical DNA-biosensors based on catalyzed long-range electron transfer. Red: attomolar detection limit but dilution of nucleic acid sample beyond Avogadro number.

Fig. 12 .

 12 Fig. 12. Reversible pyrrole oxidation of polypyrrole response of probe (P) and probe-target (P-T): Linear Sweep Voltammetry (LSV) response before (blue) and after (red) hybridization.

Fig. 13 .

 13 Fig. 13. LOD evolution of electrochemical DNA-biosensors based on conducting polymers.

Fig. 14 .

 14 Fig. 14. Illustration of DNA biosensor variation of faradic resistance: (LSV) response.

Fig. 17 .

 17 Fig. 17. LOD evolution of electrochemical DNA-biosensors based on faradic resistance increase. Green: attomolar LOD. Red: attomolar detection but dilution of nucleic acid sample beyond Avogadro number.

  Over the past three decades, electrochemical DNA biosensors based on different transduction pathways have been developed rapidly. Although many exciting results have been achieved, further efforts are still needed to improve the performance of electrochemical techniques in the field of DNA analysis. An overview of electrochemical transduction pathways of DNA electrochemical biosensors and the evolution of the detection limits were provided in this review and aimed to develop high accurate and sensitive biosensing platforms to promote the application of electrochemical DNA biosensors in clinical diagnosis. The evolution of the detection limits of electrochemical DNA biosensors shows that many breakthroughs were achieved for each transduction pathway. Low detection limits, in the femtomolar range, are obtained for biosensors based direct guanine oxidation, non-faradaic oxidation, redox probe labelling, long-range electron transfer, conducting polymer, and faradaic resistance increase, which the LOD based on long-range electron transfer was the lowest and in the attomolar range. Nevertheless, as previously mentioned, biosensors based on conducting polymer and on faradaic resistance increase are less interesting because of material aging and of signal decrease during the detection event, respectively.Despite important advances in DNA electrochemical detection in different transduction pathways, there are still some important problems and challenges. Constructing a biosensor with simple design and strong anti-interference ability, while can obviously improve the sensitivity and selectivity performance, especially allow the detection of mismatch, are still research hotspots in the future. Our opinion is that biosensors based on long-range electron transfer and non-faradaic transduction are the more interesting for DNA detection, not only because of the low detection limit, but also the simplified electrode assembly and detection methods, which will further promote the construction of miniaturized and portable sensors. In addition, it is important to underline that electrochemical DNA biosensors based on long-range electron transfer are especially interesting as they allow single-mismatch detection at room temperature, which makes this transduction pathway useful for constructing electrochemical biosensors for DNA immunoassay applications and clinical diagnostics.

Table 1 .

 1 DNA detection limits of biosensors based on guanine oxidation.

	Electrode Material (Setup)	Electrochemical detection	Target	PCR	Target Volume	Hybridization time	Mismatch detection	LOD (mol/L)	Year Ref.
	C-Pa (3-electrode)	CP	29-base DNA	No	-	4 min	-	1.310 -8	[3]
	C-Pa (3-electrode)	CV	20-base DNA	No	10 L	5 min	-	1.010 -6	[4]
	Gr-Pe (3-electrode)	CP	19-base DNA	No	200 L	2 min	1-base	7.010 -8	[5]
	C-SPE (3-electrode)	SWV	244-base DNA	Yes	10 L	10 min	1-base	4.010 -7	[6]
	C-Pa (3-electrode)	DPV	23-base DNA	Yes	10 L	6 min	1-base	3.010 -9	[7]
	Gr-PE (3-electrode)	DPV	20-base DNA	Yes	-	15 min	1-base	5.010 -10	[8]
	Gr-PE/C-NTs (3-electrode)	DPV	20-base DNA	No	20 L	20 min	-	1.610 -8	[9]
	Pt/PPy/PVS (3-electrode)	DPV	25-base DNA (G 25 )	No	-	30 s	-	1.010 -17	[10]
	Gr/SnO 2 -NPs/PVF (3-electrode)	DPV	20-base DNA	No	-	30 min	1-base	3.010 -7	[11]
	Gr-Pe (3-electrode)	DPV	121-base DNA	Yes	2.5 L	10 min	-	1.010 -15	[12]
	Gr-Pe (3-electrode)	CV	500-base DNA	No	-	15 min	-	3.910 -7	[13]
	Gr-Pe/C-MWNTs (3-electrode)	DPV	16-base DNA	Yes	30 L	20 min	-	1.710 -8	[14]
	Gr-Pe/GO (3-electrode)	DPV	20-base DNA	No	1mL	30 min	-	4.310 -11	[15]
	Gr-Pe/GO (3-electrode)	DPV	22-base miRNA	No	40 L	60 min	-	1.110 -6	[16]
	Gr-Pe/PA-NFs (3-electrode)	DPV	18-base DNA	No	75 L	30 min	1-base	3.710 -8	[17]
	Gr-Pe/GO (3-electrode)	DPV	22-base miRNA	No	100 L	60 min	-	7.010 -7	[18]
	C-Pa/Ag-NPs (3-electrode)	EIS	22-base miRNA	No	-	30 min	-	1.010 -18	[19]
	Gr-Pe (3-electrode)	DPV	28-base DNA	Yes	200 L	30 min	-	2.110 -8	[20]
	C-SPE (3-electrode)	DPV	23-base DNA	Yes	10 L	15 min	-	1.210 -6	[21]
	Gr-Pe	DPV	22-base	No	40 L	30 min	2-base	8.010 -8	[22]

Table 2 .

 2 DNA detection limit of non-faradaic biosensors.

	Electrode
	(setup)

Electrochemical detection Target PCR Target Volume Hybridization time Mismatch detection LOD (mol/L) Year Ref.

  

	(2-electrode)		DNA						
	Gr-FET (3-electrode)	CP	26-base DNA	No	-	-	1-base	1.010 -11	[36]
	C-NTs-FET (3-electrode)	CA	24-base DNA	No	-	120 min	-	1.010 -12	[37]
	CNT-FET (3-electrode)	CA	21-base DNA	No	-	1 min	-	1.010 -12	[38]
	AAO-FET (3-electrode)	CP	10-base DNA	No	-	90 min	1,2-base	1.010 -10	[39]
	Gr-FET (3-electrode)	CP	15-base DNA	No	-	-	-	1.010 -13	[40]
	MoS 2 -FET (3-electrode)	CA	22-base DNA	No	-	60 min	1,3-base	6.010 -15	[41]
	NiO-FET (3-electrode)	CA	21-base DNA	No	20 L	30 min	2-base	3.010 -19	[42]
	ITO NWs-FET (3-electrode)	CA	21-base DNA	No	6 L	90 min	1-base	1.010 -15	[43]
	Gr-FET (3-electrode)	CP	15-base DNA	No	-	300 min	-	1.010 -16	[44]
	MoS 2 -FET (3-electrode)	CA	23-base miRNA	No	20 L	40 min	1-base	3.010 -17	[45]
	Au/AuNPs (3-electrode)	EIS	22-base miRNA	No	-	50 min	-	2.010 -12	[46]
	Al/p-Si/SiO 2 /PA H EIS chip (2-electrode)	EIS	72-base DNA	Yes	50 L	40 min	-	3.010 -10	[47]
	GaN /AlGaN-HEMT (3-electrode)	CA	22-base DNA	No	20 L	3 min	1,2-base	1.010 -15	[48]
	Gr-FET (3-electrode)	CA	16-base DNA	No	50 L	45 min	-	1.010 -15	[49]
	CeO2 NRs/Ppy NPs (3-electrode)	EIS	26-base DNA	No	-	-	1,2,3-base	2.910 -7	[50]
	Si/4-ABDMMS (3-electrode) MoS 2 -FET (3-electrode) Au (3-electrode) Al/p-Si/SiO2/P AH EIS chip (2-electrode)	EIS CA EIS EIS	30-base DNA (A 30 ) 30-base DNA 26-base DNA 72-base DNA	Yes No No No	50 L 60 L -100 L	-60 min 15 min 40 min	-3-base --	1.010 -10 1.010 -16 1.010 -9 1.010 -10	[51] [25] [26] [52]
	CdIn 2 O 4 semi-conductor (3-electrode) Gr-FET (3-electrode) Au (3-electrode) SiO 2 -ISFET (3-electrode) Au/SDD-Co(II) (3-electrode) Gr-FET (3-electrode) Au/PAMAM/G aNNWs (3-electrode) ITO/GA (3-electrode) Au-EGFET (3-electrode)	EIS CP EIS EIS EIS CP EIS EIS EIS	20-base 15-base DNA DNA 27-base DNA 21-base DNA 21-base DNA 20-base miRNA 24-base DNA 24-base DNA 26-base DNA	No No No No No No No No No	No -20 L -250 L 1 L 10 L --	45 min 300 min 5 min -45 min 20 min 10 min 120 min 30 min	-------1,3-base -	1.310 -11 1.010 -19 1.010 -14 1.010 -10 3.410 -13 1.010 -14 1.410 -15 1.010 -19 9.810 -13	[27] [53] [54] [28] [55] [29] [56] [30] [57]
	GC/AuNps/PPy (3-electrode) OTFT-FET (3-electrode)	EIS CA	20-base DNA 24-base miRNA	No No	7 L 100 L	40 min 240 min	1,2-base 1-base	8.410 -13 1.010 -20	[31] [58]
	RGO-FET (3-electrode) ITO/SnO 2 /rGO N/PANHS-FET	CP CA	22-base DNA 22-base miRNA	No Yes	--	60 min 20 min	1-base 1-base	1.010 -13 1.010 -14	[32] [59]
	SiO 2 -IDE CMOS (2-electrode)	CM	20-base DNA	No	-	-	-	1.010 -17	[33]
	Au-IDE (2-electrode)	CM	24-base DNA	No	20 L	30 min	-	1.510 -18	[34]
	Al-IDE	EIS	28-base	No	10 L	30 s	-	1.010 -17	[35]

Table 3 .

 3 Detection limit of electrochemical DNA-biosensors based on redox probe labeling.

	Electrode (setup)	Electrochemical detection	Target	PCR	Target Volume	Hybridization time	Mismatch detection	LOD (mol/L)	Year Ref.
	GC/chitosan (3-electrode)	DPV	256-base DNA	No	1 mL	60 min	-	2.010 -9	[62]
	Au (3-electrode)	CV	27-base DNA	No	500 L	30 min	-	1.010 -11	[63]
	Au (3-electrode)	CV	24-base DNA	No	2 L	60 min	1-base	1.010 -13	[64]
	Au (3-electrode)	CV	15-base DNA	No	5 L	60 min	1-base	2.010 -10	[65]
	Au (3-electrode)	DPV	28-base DNA	No	12 L	120 min	-	1.010 -9	[66]
	Au (3-electrode)	CV	17-base DNA	No	100 L	60 min	-	2.010 -8	[67]
	Au (3-electrode)	DPV	27-base DNA	No	5 L	120 min	1,3-base	7.410 -16	[68]
	Au (3-electrode)	CV	18-base DNA	No	-	60 min	1,3-base	1.710 -18	[69]
	Au (3-electrode)	DPV	18-base DNA	No	20 L	45 min	1-base	6.010 -14	[70]
	Au (3-electrode)	DPV	14-base DNA	No	-	40 min	1,3-base	2.310 -12	[71]
	Au (3-electrode)	CV	25-base DNA	No	10 L	63 min	-	5.010 -9	[72]
	C-SP/G-PANI (3-electrode)	SWV	14-base DNA	Yes	3 L	15 min	-	2.310 -9	[73]
	Au (3-electrode)	DPV	21-base DNA	No	5 L	30 min	-	7.010 -10	[74]
	GC/AuNPs (3-electrode)	LSV	22-base miRNA	No	50 L	30 min	1,3-base	2.010 -17	[75]
	Au microchip array (3-electrode)	CV	27-base DNA	No	5 L	20 min	-	2.510 -13	[76]
	ITO/PET (3-electrode)	DPV	22-base miRNA	No	3 L	30 min	-	5.010 -9	[77]
	Au-Cys (3-electrode)	DPV	28-base DNA	Yes	2.5 L	30 min	-	1.510 -10	[78]
	Gr-PE/CB/Au NPs (3-electrode)	DPV	22-base miRNA	No	100 L	30 min	3-base	1.010 -15	[79]
	Au (3-electrode)	CV	22-base miRNA	No	200 L	10 min	1-base	1.710 -16	[80]
	Au(3-electrode )	DPV	27-base DNA	No	-	-	1-base	7.410 -16	[81]
	Au(3-electrode )	DPV	18-base DNA	No	100 L	45 min	1,3-base	1.110 -16	[82]
	Au (3-electrode)	CV	107-base miRNA	Yes	-	30 min	-	2.110 -8	[83]

Table 4 .

 4 Detection limit of electrochemical DNA-biosensors based on long-range electron transfer.

	Electrode (setup)	Electrochemical detection	Target PCR	Target Volume	Hybridization time	Mismatch detection	LOD (M)	Year Ref.
	CPE (3-electrode)	DPV	20-base DNA	No	-	5 min	-	9.010 -9 [84]
	GC/ZnONW/MWCNT/AuNP (3-electrode)	DPV	24-base DNA	No	4 L	35 min	1,3-base 3.510 -14 [85]
	GC/graphene/ PANIw	DPV	24-base DNA	No	-	30 min	3-base	3.310 -13 [86]
	GC/MP/AuNPs (3-electrode)	DPV	22-base DNA	No	-	60 min	4-base	7.210 -11 [87]
	Au (3-electrode)	DPV	20-base DNA	No	-	40 min	1-base	1.010 -10 [88]
	GC/GO (3-electrode)	DPV	18-base DNA	No 10 L	30min	2-base	3.210 -14 [89]
	Gold/Ni(en) 3 Ag 2 I 4 (3-electrode)	SWV	18-base DNA	No	-	240 min	1-base	5.010 -12 [90]
	GC/Fe@AuNPs/AETGO (3-electrode)	SWV	17-base DNA	No	-	20 min	1,2,3-base 2.110 -15 [91]
	GC/ MWCNT-PAMAM	DPV	22-base miRNA	No 100 L	60 min	1-base	5.010 -16 [92]
	Au/CS-MWCNTs/AuNPs	DPV	21-base DNA	Yes	4 L	30 min	1,3-base 3.310 -16 [93]
	Au (3-electrode)	DPV	18-base DNA	No 2.5 L	120 min	1-base	1.710 -10 [94]
	ITO/AuNPs (3-electrode)	SWV	22-base miRNA	No	-	60 min	1,2-base 1.010 -15 [95]
	GC/IL/NrGO (3-electrode)	DPV	30-base DNA	No	5 L	15 min	1,2-base 8.110 -9 [96]
	Au (3-electrode)	DPV	24-base miRNA	No 100 L	60 min	1,4-base 1.010 -7 [97]
	Au (3-electrode)	DPV	24-base DNA	No 40 L	30 min	-	1.210 -14 [98]
	GC/Pd-Au@CDs (3-electrode)	DPV	24-base DNA	No 200 L	35 min	1,3-base 1.910 -17 [99]
	Au-SPE (3-electrode)	DPV	21-base DNA	No 2.5 L	120 min	1,3-base 8.510 -12 [100]
	GC/PEG/PANI (3-electrode)	DPV	19-base DNA	No	1 mL	30 min	1,3-base 3.810 -15 [101]
	CILE/AuNPs/RGO (3-electrode)	DPV	22-base DNA	Yes 10 L	30 min	1,3-base 3.210 -14 [102]
	Gr-PE /Ppy (3-electrode)	DPV	22-base miRNA	No 100 L	30 min	1-base	1.710 -10 [103]
	C-SP /GO/AuNWs (3-electrode)	DPV	23-base miRNA	No 2.5 L	120 min	1,3-base 1.710 -15 [104]
	Au (3-electrode)	DPV	26-base	No	-	30 min	-	1.010 -9 [105]

Table 5 .

 5 Detection limit of electrochemical DNA-biosensors based on catalyzed long-range electron transfer.

	Electrode (setup)	Measure	Target	PCR	Target Volume	Hybridization time	Mismatch detection	LOD (mol/L)	Year Ref.
	Au wire (3-electrode)	CV	23-base DNA	No	7 L	120 min	1-base	1.010 -11	2007 [130]
	Au nanowire (3-electrode)	CV	20-base DNA	No	-	30 min	-	1.010 -13	2009 [131]
	GC/carbon nanofibre-chitosan (3-electrode)	DPV	17-base DNA	No	3 L	30 min	3-base	8.810 -11	2012 [132]
	Au (2-electrode)	CV	23-base DNA	No	50 L	30 min	1-base	6.010 -8	2013 [133]
	Au UMEs (2-electrode)	CA	22-base DNA	No	50 L	35 min	1-base	1.010 -14	2016 [134]
	Au UMEs (2-electrode)	CV	21-base miRNA	No	500 L	30 min	1-base	1.010 -16	2016 [135]
	Paper/GQDs nano ink/Ag	CA	26-base DNA	No	-	20 min	1,2,3-base	1.010 -21	2020 [136]

Table 6 .

 6 Detection limit of electrochemical DNA-biosensors based on conducting polymers.

	Electrode (setup)	Electrochemical detection	Target	PCR	Target Volume	Hybridization time	Mismatch detection	LOD (mol/L)	Year	Ref.
	Pt/PPy (3-electrode)	CV	15-base DNA	No	-	120 min	-	1.010 -11		[137]
	Pt/PPy-Fc (3-electrode)	CV	25-base DNA	No	-	120 min	-	1.010 -14		[138]
	Pt/PTAE (3-electrode)	CV	15-base DNA	No	-	180 min	1-base	1.010 -9		[139]
	Pt/Ppy (3-electrode)	CA	23-base DNA	Yes	50 L	35 min	-	5.210 -11		[140]
	ITO/PPy (3-electrode)	CA	41-base DNA	No	5 L	30 min	-	1.610 -15		[141]
	Au/PPy (3-electrode)	CA	20-base DNA	No	-	60 min	-	7.210 -13		[142]
	Au/PPy (3-electrode)	CV	18-base DNA	No	10 L	10 min	-	1.610 -16		[143]
	GC/poly(JU		10 to							
	G-co-JUGA)	SWV	30-bases	No	-	120 min	1,2-base	2.510 -8		[144]
	(3-electrode)		DNA							
	Gr-SPE/Ppy-Fc (3-electrode)	CV	33-base DNA	No	33 L	60 min	-	1.010 -10		[145]
	GC/Ppy-co-PPA (3-electrode)	CV	18-bases DNA	No	40 L	60 min	1,2-base	9.810 -10		[146]
	Au/PPy (3-electrode)	CV	24-base DNA	No	-	-	-	1.010 -12		[147]
	GC/poly(JU G-co-JUGA) (3-electrode)	SWV	15-bases DNA	No	1 mL	180 min	1-base	1.010 -8		[148]
	Au/JUG thio (3-electrode)	SWV	20-bases DNA	No	50 L	120 min	1-base	3.010 -10		[149]
	GC/Pin (3-electrode)	CV	18-bases DNA	No	3 mL	60 min	1-base	5.810 -12		[150]
	Au/Ppy-Fc (3-electrode)	CV	32-base DNA	No	50 L	120 min	-	5.010 -17		[151]
	GC/poly(JU G-co-JUGA) (3-electrode)	SWV	22-base miRNA	No	500 L	120 min	-	6.510 -13		[152]
	Pt/PPy (3-electrode)	DPV	40-base DNA	No	-	20 min	-	1.010 -10		[153]
	Au/MWCN									
	Ts/Ppy/PAM AM-Fc	CV/SWV	15-base DNA	Yes	-	60 min	-	3.010 -16		[154]
	(3-electrode)									
	Au/PEDOT (3-electrode)	DPV	21-base DNA	No	-	30 min	-	1.310 -10		[155]
	GC/AuNPs/J UG-MHA (3-electrode)	SWV	23-base miRNA	No	500 L	60 min	-	1.010 -13		[156]
	GC/PANI/P A (3-electrode)	DPV, CV	22-base miRNA	No	-	45 min	1,3-base	3.410 -16		[157]

Table 7 .

 7 Detection limit of electrochemical DNA-biosensors based on faradaic resistance increase.

	Electrode (setup)	Electrochemical detection	Target PCR	Target Volume	Hybridization time	Mismatch detection	LOD (mol/L)	Year	Ref.
	Au (3-electrode)	DPV	24-base DNA	No	No	30 min	-	1.010 -10		[158]
	GC/CeO 2 /CHIT (3-electrode)	DPV	44-base DNA	No	10 L	60 min	4-base	1.610 -11		[159]
	GC/PDC/SWN Ts (3-electrode)	EIS	20-base DNA	Yes	10 L	500 s	1,2-base	1.410 -12		[160]
	GC/PDC-SWN Ts/PDDA (3-electrode)	DPV	20-base DNA	Yes	2 mL	60 min	1,2-base	2.610 -12		[161]
	GC/EBT/NG (3-electrode)	DPV	18-base DNA	No	10 L	60 min	1-base	1.010 -13		[162]
	Au/GG1PAMA M (3-electrode)	DPV	23-base DNA	No	5 L	-	1-base	1.010 -12		[163]
	Au/ZrO2-CeO2/ Chitosan (3-electrode)	DPV	20-base DNA	No	10 L	60 min	3-base	3.010 -14		[164]
	GC/CuS-Gr/Au NPs (3-electrode)	DPV	18-base DNA	No	10 L	50 min	1,3-base	1.010 -13		[165]
	GC/MWCNT (3-electrode)	DPV	22-base DNA	No	10 L	60 min	3-base	1.010 -11		[166]
	Au nanotubes array (3-electrode)	DPV	21-base DNA	No	10 L	45 min	-	7.710 -9		[167]
	GC/hemin-rGO/ AuNPs (3-electrode)	DPV	22-base DNA	No	50 L	90 min	1,2,3-base	1.410 -19		[168]
	PEG/CB (3-electrode)	EIS	24-base miRNA	No	100 L	35 min	-	1.010 -11		[169]
	Au (3-electrode)	CV	18-base DNA	Yes	-	60 min	-	2.010 -16		[170]
	C-SPE /ZnO/PSE-G (3-electrode)	EIS	25-base RNA	No	5 L	60 min	1,2-base	4.310 -12		[171]
	Au (3-electrode)	DPV	18-base DNA	No	-	40 min	1,2,3-base	7.610 -15		[172]
	Au (3-electrode)	EIS	25-base	No	30 L	720 min	2-base	1.510 -10		[173]

Table 8 .

 8 Comparison between biosensor transduction pathways for nucleic acid detection

	Transduction	Number of biosensors	Reproducible LOD (mol/L)	Mismatch detection ratio
	Guanine oxidation	22	10 -14	41 %
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