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Abstract: Breast cancer is the second leading cause of cancer deaths in women worldwide; therefore,
there is an increased need for the discovery, development, optimization, and quantification of di-
agnostic biomarkers that can improve the disease diagnosis, prognosis, and therapeutic outcome.
Circulating cell-free nucleic acids biomarkers such as microRNAs (miRNAs) and breast cancer sus-
ceptibility gene 1 (BRCA1) allow the characterization of the genetic features and screening breast
cancer patients. Electrochemical biosensors offer excellent platforms for the detection of breast cancer
biomarkers due to their high sensitivity and selectivity, low cost, use of small analyte volumes, and
easy miniaturization. In this context, this article provides an exhaustive review concerning the elec-
trochemical methods of characterization and quantification of different miRNAs and BRCA1 breast
cancer biomarkers using electrochemical DNA biosensors based on the detection of hybridization
events between a DNA or peptide nucleic acid probe and the target nucleic acid sequence. The
fabrication approaches, the biosensors architectures, the signal amplification strategies, the detection
techniques, and the key performance parameters, such as the linearity range and the limit of detection,
were discussed.

Keywords: cancer biomarker; breast cancer; microRNA; mi-RNA; miR-21; miR-155; BRCAI;
electrochemistry; electrochemical biosensor

1. Introduction

Breast cancer remains one of the main causes of mortality in women; its occurrence
increases with age, especially after the age of 65 [1,2]. The increased need for breast
cancer early detection requires the discovery, development, optimization, and efficient
analytical detection of diagnostic biomarkers that can improve the disease prognosis and
the therapeutic outcome [3]. Cancer-associated biomarkers are generally nucleic acids
(DNA and RNA sequences) [4-10], proteins [11,12], exosomes [13,14], or whole cells [15].
Among them, circulating nucleic acids may reflect the characteristics of the primary tumor
cells and the micrometastatic cells, and, therefore, are considered excellent biomarkers for
screening breast cancer in biological fluids [16], as shown in Figure 1.

Noncoding RNAs (ncRNAs) are a family of functional RNA molecules without the
protein-coding feature that represents an important part of the human transcriptome, e.g.,
ribosomal RNAs, transfer RNAs, circular RNAs, long ncRNAs, and short ncRNAs. Among
short ncRNAs, microRNAs (miRNAs) are a highly conserved family of transcripts with
lengths of approximately 20-25 nucleotides, which primarily regulate gene expression
by promoting messenger RNA degradation or repressing its translation [17]. miRNAs
are regulators of a variety of cellular processes involving development, differentiation,
and signaling; their aberrant expression is associated with a variety of human diseases,
including cancer and immune dysfunctions. miRNAs received increased attention as
cancer biomarkers for the non-invasive early diagnosis, detection, and treatment of breast
cancer because they are soluble and observable in cancer cells, blood, plasma, and patients’
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saliva [3]. Moreover, their large amount in biological fluids allows for an easy detection
without sample treatment. The most known miRNAs biomarkers used in breast cancer
research are miR-21, miR-155, miR-222, and miR-1246, while a number of other miRNAs,
such as miR-9, miR-10a, miR-10b, miR-93, miR-125b, miR-181d-5p, miR-191, miR-200,
miR-205, miR-221/222, miR-374a, miR-375, miR-378e, and let-7, are implicated in various
stages of breast cancer metastasis [16]. Moreover, miR-7, miR-29b, miR-34a, miR-124, miR-
153, miR-141, miR-148a, miR-152-3p, miR-205, and miR-497 are known to act as tumor
suppressors in breast cancer.

BODY SAMPLE BREAST CANCER
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Blood
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Saliva —) @\ —)
Sweat

Tumour aspiration
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ELECTROCHEMICAL
DETECTION

Figure 1. Schematic representation of the electrochemical detection of nucleic acid breast cancer
biomarkers that can be obtained via body samples.

Breast cancer susceptibility genes 1 and 2 (BRCA1 and BRCA?2) are antioncogenes
expressed in the breast and ovarian cells of women genetically predisposed to breast
and ovarian cancer, where they play an important role in the repair of the chromosomal
damage. Mutations in the BRCA1 lead to malfunctions and increase the risk of breast
cancer. Therefore, the detection of BRCA1 biomarker allows for the characterization of the
genetic features and the screening of breast or ovarian cancer patients.

The usual methods for the analysis of nucleic acid breast cancer biomarkers are
based on traditional molecular biology techniques, such as cloning, enzymatic ligation
assays, Northern blot analysis, oligonucleotide microarray methods, quantitative real-time
polymerase chain reaction (QRT-PCR), in situ hybridization, and deep sequencing [18,19],
but they require many experimental steps, are expensive, laborious, time consuming, and
require highly trained biologists.

Electrochemical methods, including cyclic voltammetry (CV), differential pulse voltam-
metry (DPV), square wave voltammetry (SWV), amperometry (A), and electrochemical
impedance spectroscopy (EIS) are highly sensitive and selective in detecting different an-
alytes [20-25], offering excellent platforms for the detection of breast cancer biomarkers.
Electrochemical biosensors have seen promising developments in the field of clinical diag-
nosis due to their robustness, easy miniaturization, low detection limits, low cost, use of
small analyte volumes, and the ability to be used in turbid biofluids with optically absorb-
ing and fluorescing compounds when compared with optical, magnetic, and colorimetric
biosensors [26]. In particular, electrochemical DNA biosensors have received increased
attention due to their ability to easily detect biomarkers of DNA oxidative damage [27-30]
and of disease [31-33].

According to IUPAC, an electrochemical DNA biosensor is a device consisting of an
electrochemical transducer (the electrode) with a biological recognition element (the DNA
film) immobilized on its surface [34]. Its applications are generally based on detecting the in-
teraction between the analyte under investigation and the immobilized DNA [4-10]. Using
this approach, electrochemical DNA biosensors have been successfully used to study DNA
interactions with target nucleic acid sequences [31-33], pharmaceutical drugs [9,10,35-37],
proteins [38,39], hazard carcinogenic compounds [40], and pollutants [9].
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This review presents the recent advances on the electroanalytical methods of detection
and quantification of miRNAs and BRCA1 breast cancer biomarkers using electrochemical
DNA biosensors, consisting on the detection of hybridization events between a DNA
or PNA (peptide nucleic acid) capture probe and the target nucleic acid sequence. The
biosensors fabrication strategies, based on functional nanomaterials, oligonucleotides,
and enzymes, the detection techniques, and the key performance parameters, such as the
linearity range and limit of detection (LOD), are discussed.

2. Electrochemical Biosensors for miRNA Analysis

In recent years, various approaches for the development of electrochemical biosensors
for miRNA analysis have been reported [32,41,42], as shown in Table 1. Generally, they are
constructed by immobilizing short, complementary single-stranded DNA (ssDNA) capture
probes onto the surface of electrochemical transducers; the hybridization with the target
miRNA is measured either directly (Iabel-free electrochemical biosensors) or via changes of
the redox signal of an electroactive label.

The biosensor electrochemical performance is closely related with its interfacial struc-
ture, which profoundly affects both the thermodynamics and kinetics of the DNA-miRNA
binding and the signal transduction of the biomolecules. Therefore, to enhance the electron
transfer, to improve the biosensor capture efficiency, and to amplify the electrochemical sig-
nal, various integrated nanostructured materials have been employed [19,32], as shown in
Figure 2. Examples may include metal nanoparticles (NPs) [43-50], nanorods (NRs) [51,52],
nanostructures [53-55], graphene (G), graphene oxide (GO) [51,56], reduced graphene ox-
ide (rGO) [54,57], graphene quantum dots (GQDs) [54,58], carbon nanotubes (CNs) [57,59],
polymers [49,60,61], hydrogels [61,62], DNA nanostructures [63,64], and dendrimers [59].

Multi-walled Graphene Metal Quantum
Graphene

oxide nanoparticles dots

Nanocomposites DNA nanostructures Dendrimers

Figure 2. Schematic representation of the nanostructured materials usually employed in the fabrica-
tion of electrochemical biosensors for the detection of nucleic acid breast cancer biomarkers.
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Table 1. Selected studies concerning the electroanalytical determination of nucleic acid breast cancer biomarkers in standard solutions containing only the analyte *.

Biomarker Analyte Biosensor Design Redox Probe Technique Linear Range LOD Ref.
miRNA

ITO/PET/hydrogel-ssDNA Fc DPV 1.0 x 1078-5.0 x 107> M 50x 1077 M [62]

SPCE/rGOs/Au NPs/SH-ssDNA; Fc-Au NPs-ssDNA Fc DPV 1.0 x 107420 x 10712 M 50x10"1°M [65]

Au/PNA21, PNA155; Fe-CHAZ21, Mb-CHA155 Fc SWV 1.0 x 1074250 x 109 M 24x10°5M  [66]

detection

PGE/CB-Au NPs/ssDNA Mb DPV 29 x 1071570 x 1077 M 1.0 x 10715 M [46]

Au/chitosan/ssDNA origami Mb DPV 1.0 x 10713-1.0 x 1078 M 8.0 x 10714 M [64]

Au/LNA-TW]J Mb, TCEP ACV 1.0 x 10716-1.0 x 10719 M 7.7 x 107V M [67]

PGE/PPy/ssDNA MDB DPV —_— 1.7 x 10710 M [47]

Au/Au NPs-PPy/ssDNA TB DPV 1.0 x 10710-1.0 x 107°M 7.8 x 1077 M [68]

SPCE/Au NPs/ssDNA K3[Fe(CN)g], [Ru(NH3)4]Cl3 SWV 1.0 x 1071510 x 1071 M 40 x 10716 M [69]

miR-21 GCE/Au NPs/DNA Ag NPs LSV 1.0 x 10710-5,0 x 10~ M. 2.0 x 1077 M [70]

GCE/SA/ssDNA [Fe(I)(CN)g]*~ /Fe(III)(CN)¢]*~  EIS 1.0 x 10714-1.0 x 1078 M 20x 10714 M [71]

GCE/HP1, HP2, DG-TIS [Fe(I)(CN)g]*~ /Fe(llI)(CN)¢]*~ DPV 50x 10714-5.0 x 1077 M 35x 10714 M [63]

SPCE/Au NPs/ssDNA HRP SWV 1.9 x 107°-1.0 x 10~ M 1.9 x 107 M [72]

uPAD/Au NRs CeO,-Au@GOx DPV 1.0 x 107 1°-1.0 x 10712 M 43 x 1071 M [52]

GCE/Mo0S,-Thi-Au NPs/ssDNA MoS2-Thi-Au NPs SWV 1.0 x 10712-1.0 x 1078 M 26x1071BM [73]

Au/SWCNs/NDs/ssDNA-HCR-hemin/GQ — DPV 1.0 x 107 4-1.0 x 109 M 20x 10715 M [48]

DNAzyme

GCE/rGO/p-CD/HP-DNAzyme Fc DPV 1.0 x 10715-1.0 x 1071 M 1.8 x 10715 M [74]
Au/HCP1-HCP2, ssDNA1/Fe;04 NPs/Thi, . o _16

SSDNA2, Fes 05 NPs/Fe, HCR Thi, Fc DPV 46 x 10716 M [75]

CPE/Fe304NPs@Ag/NH,-ssDNA RSV DPV 5.0 x 10710 -1.0 x 10~? g/mL 1.5x 1071 g/mL  [45]

GCE/GO/Au NRs/SH-ssDNA OB DPV 20x10715-80x 10712 M 6.0 x 10714 M [51]

GCE/Fe-Ni@GO/QD-Ag, Au NS/SH-ssDNA hematoxylin DPV 5.0 x 10720-5.0 x 10" 1 M 20 x 1077 M [54]
GCE/MWCNTs/PtNPs/DNA, CHA, PSC@Au . 14 9 _15

miR-155 NPs-ALP, NPP PMo1,049 DPV 1.0 x 10714-1.0 x 10 M 1.6 x 10715 M [44]

Au/PNA21, PNA155—CHA Mb SWV 5.0 x 107 4-5.0 x 1078 M 1.1x 1074 M [66]

Au/ssDNA-GQDs HRP A 1.0 x 10715-1.0 x 10713 M 1.4 x 10710 M [58]

GCE; LCR, MB-CP1CP2; PbS-QDs, CdS-QDs PbS-QDs, SWV 50 x 1071430 x 10- 1 M 12 x 1074 M [76]

CdS-QDs
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Table 1. Cont.
Biomarker Analyte Biosensor Design Redox Probe Technique Linear Range LOD Ref.
miRNA

R4 GCE/MWCNT-PAMAM/ssDNA Mb DPV 1.0 x 10714-1.0 x 1077 M 5.0 x 1071 M [59]

s GCE/PANI-PA /ssDNA — DPV 1.0 x 10715-1.0 x 10712 M 34 x 10716 M [61]

R122 Au/Au NPs/rGO/SH-ssDNA [Fe(II)(CN)g]*~ /Fe(Ill)(CN)¢]>~ DPV 1.0 x 1071-1.0 x 10> M 1.7 x 10712 M [77]

e SPGE/ssDNA — DPV — 50 x 1079 M [78]

PGE/ssDNA [Co(phen)33+] DPV 14 x 107743 x 1077 M 84 x1078%M [79]

1.3 x 107’ M

CA-IL-PGE/ssDNA — DPV 20x1073-10 x 1072 gL ! - - 80

miR-34a 8 @8x104gLly ]

GO-PGE/ssDNA — DPV 1.0 x 102-4.0 x 102 g L1 70 x 1077 [56]

: : & (G.0x 103 gL

— HMDE/ssDNA-MB Os(VI)bipy DPV 1.0 x 1078-2.0 x 1077 M — [81]

s HDME/ssDNA Os(VI)bipy DPV 2.0 x1079-4.0 x 1078 M 20x 1077 M [82]

Au/rGE/CNTs/ssDNA; ELISA-like amplification HRP SWv 1.0 x 10714-1.0 x 1077 M 1.0 x 1074 M [57]

R.141 GCE/poly(JUGco-JUGA) — SWV 5.0 x 10713-1.0 x 1071 M 6.5 x 10713 M [60]
miis- .

Au/HCP1-HCP2, ssDNA1/Fe;04 NPs/Thi, . o _16

SSDNA2, Fes 05 NPs/Fe, HCR Thi, Fc DPV 44 x 10716 M [75]

miR-27b GCE; LCR, MB-CP1CP2; PbS-QDs, CdS-QDs PbS-QDs, CdS-QDs SWV 50x 10714 -1.1 x107°M 31x 1074 M [76]

miR-103 GCE/Au NPs/JUGMHA /NH,-ssDNA SWV 1.0 x 1078-5 x 10° M 1.0 x 10718 M [49]

let-7 Au/GQ-DNA-CHA-hemin/GQ DNAzyme — DPV 1.0 x 1071%-1.0 x 107 M 46 x 10710 M [83]
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Table 1. Cont.

Biomarker Analyte Biosensor Design Redox Probe Technique Linear Range LOD Ref.
BRCA1

Au/MCH/PNA Fc-PBA SWV 1.0x 107 ¥-1.0x 108 M 29 x 10715 M [84]
GCE/PEDOT/PEP MB DPV 1.0 x 1071410 x 102 M 34 x 10715 M [85]
Au/Cys/Glu/Fc-PAMAMSs/ssDNA; Fc-PAMAM DPV 13 x1079-2.0 x 1078 M 40 x 1071°M [86]
GCE/GO-CB [7]; Fc AuNS/T-DNA /HRP-Au NSs HRP DPV 1.0 x 1077-5.0 x 101 M 25 x 1071 M [87]
GCE/P[(DA-B-CD)/CTAB-Ag NPs]/MCM—41-SO3H HRP SWV 6.3 x 1071020 x 1077 g L1 — [88]
GCE/P[(DA-B-CD)/CTAB-Ag NPs]/MCM-41-SO3H HRP DPV 1.6 x 10711210 x 108 g L1 — [88]
Au/cDNA/MCH/CESA /3-QD@DNA NC S DPV 50 x 107850 x 107 M 12 x 10718 M [89]

SPE/TDNA /BSA /polyA Au _ _ _
BRCAL NPs-ssDNA;Biotin-BRCA1 /SA}DHP}iQ; SH-TMB/H,0, - Cv; A L0 X 107°-1.0 x 1077 M L0 x 10710 M [50]
GCE/rGO/MWCNTs/PANHS/ssDNA — EIS 1.0x 1071810 x 10019 mol L1 35 x 107 molL-1  [91]
GCE/MWCNTs/PANHS/ssDNA S EIS 1.0 x 1077-1.0 x 10709 mol L-! 3.1 x 107 ¥ molL-1  [91]
GCE/ /PANHS/ssDNA S EIS 1.0x 107610 x 1079 mol L1 37 x 107 molL-1 [91]
GCE/PEG/ssDNA S EIS 50 x 1074-1.0x 107°M 1.7 x 10715 M [92]
ITO/CHIT-co-PANI/ssDNA S EIS 50 x 1071725 x 1074 M 50 x 10- V7 M [93]
Au/SH-ssDNA S EIS 1.0x10719-1.0x 107" M 46 x1072°M [94]
GCE/PEG/Fe(lll)-TA)/pDA; Au NPs —_ EIS 1.0 x 1071-1.0 x 10~ M 5.0 x 1077 M [95]

* Abbreviations: 1-naphthyl phosphate (NPP); 1-pyrenebutyric acid-N-hydroxysuccinimide ester (PANHS); 3,3’,5,5 -tetramethylbenzidine (TMB); 5-hydroxy-3-hexanedithiol-1,4-
naphthoquinone (JUG-SH), 6-mercaptohexanoic acid (6-MHA); 6-Mercaptohexanol (MCH); alkaline phosphatase (ALP); alternating current voltammetry (ACV); amino-modified
ssDNA (NH;-ssDNA); amperometry (A); bovine serum albumin (BSA); capture probe (CP); carbon black (CB); carbon nanotubes (CNTs); carbon paste electrode (CPE); catalyzed
hairpin assembly (CHA); chemically activated (CA); chitosan (CHIT); cobalt phenanthroline ([Co(phen)33+]) ; cucurbit[7]uril (CB [7]); cyclic enzymatic signal amplification (CESA); cyclic
voltammetry (CV); cysteamine (Cys); differential pulse voltammetry (DPV); digestion-to-growth regulated tandem isothermal amplification (DG-TIS); double-strand specific nuclease
(DSN) and triple-CdTe QD-labeled DNA NC (3-OD@DNA NC); electrochemical impedance spectroscopy (EIS); ferrocene-labeled ssDNA detection probe (Fc-ssDNAdp); ferrocene
(Fc); glassy carbon electrode (GCE); glucose oxidase (GOx); glutaraldehyde (Glu); gold nanoparticles-modified polystyrene magnetic microspheres (PSC@Au NPs); G-quadruplex
(GQ); graphene (G); graphene oxide (GO); graphene quantum dots (GQDs); hairpin capture probe (HCP); hairpin probe (HP); hanging mercury drop electrode (HMDE); horseradish
peroxidase (HRP); horseradish peroxidase (HRP); hybridization chain reaction (HCR); indium tin oxide/polyethylene terephthalate (ITO/PET); indium-tin-oxide (ITO); ionic liquid
(IL); linear-sweep voltammetry (LSV); locked nucleic acid (LNA); magnetic beads (MBs); Meldola’s blue (MDB); mercaptoacetic acid (MCH); methylene blue (Mb); microfluidic
paper-based analytical device (tPAD); mobile crystalline material-41 grafted by sulfonic acid (MCM-41-SO3H); molybdophosphate anion (PMo12040%~); multiwalled carbon nano-tubes
(MWCNTs); nanocomposites (NCs); nanodiamonds (NDs); nanoparticles (NPs); nanorods (NRs); nanosphere (NS); nanostars (NSs); Oracet Blue (OB); pencil graphite electrode (PGE);
peptide nucleic acid (PNA); phenylboronic acid (PBA); phytic acid (PA); poly(5-hydroxy-1,4-naphthoquinone-co-5-hydroxy-2-carboxyethyl-1,4-naphthoquinone) (poly(JUGco-JUGA));
poly(amidoamine) (PAMAM); poly-adenine (polyA); polyaniline (PANI); poly-dopamine (pDA); polyethylene glycol (PEG); polypyrrole (PPy); polyvinylpyrrolidone (PVP); quantum
dot (QD); reduced graphene oxide (rGO); resveratrol (RSV); screen-printed graphite electrode (SPGE); silver-conjugated graphene quantum dots (GQD-Ag); single-stranded DNA
(ssDNA); single-walled carbon nanotubes (SWCNs); six-valent osmium and 2,2-bipyridine (Os(VI)bipy); square wave voltammetry (SWV); streptavidin (SA); sulfonic acid (SA); tannic
acid (TA); tetrahedral-DNA (TDNA); thiolated ssDNA (SH-ssDNA); thiolated ssDNA capture probe (SH-ssDNAcp); thionine (Thi); three-way junction (TWJ); toluidine blue (TB); tris (2-
carboxyethyl) phosphine (TCEP); -cyclodextrin (3-CD).
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2.1. Electrochemical Biosensors Based on Redox Mediators

Many electrochemical biosensors for miRNA detection are based on the detection
of redox mediators that can be either attached to the DNA probe or the sensing as-
sembly, or produced within the biosensing system. The electronic mediators can be
(i) redox molecules, e.g., ferrocene (Fc) [62,66,74], methylene blue (Mb) [46,64,66],
Oracet Blue (OB) [51,96], resveratrol (RSV) [45], ruthenium oxide [97], (ii) redox cou-
ples, e.g., [Fe(III)(CN)6]3~ /[Fe(I)(CN)s]*~ [71], (iii) redox enzymes [98], or (iv) poly-
meric systems [49,60,61]. When the hybridization of the DNA probe with the target
miRNA takes place, the redox probe electrochemical signal varies proportionally to the
miRNA concentration.

2.1.1. Biosensor Based on Redox Molecules

miR-21 and miR-155 have been demonstrated to play a major role in breast cancer
progression, which makes them especially important in breast cancer detection [16].

An electrochemical biosensing platform for miR-21 based on the Fc-tagged DNA hydro-
gel self-assembled onto indium tin oxide (ITO)/polyethylene terephthalate (PET) electrode
was proposed [62], which showed a linear range from 1.0 x 108 M to 5.0 x 10> M and
an LOD of 5.0 x 10° M.

In a different report, a disposable biosensor for the voltammetric determination of
miR-21 was reported [65], consisting of a sandwich-type hybridization architecture, which
used two DNA probes (one for capture and the other one for detection) that hybridized
contiguously with the target miRNA-21, as shown in Figure 3A. The first thiolated ssDNA
(SH-ssDNA) capture probe was immobilized onto screen-printed carbon electrodes (SPCEs)
modified by rGO and Au NPs, while the second Fc-Au NPs-labeled ssDNA detection probe
was used as a carrier for the redox probe. Based on this strategy, the biosensor showed a
linear range from 1.0 x 1071# t0 2.0 x 1072 M and an LOD of 5.0 x 101> M.
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Figure 3. Schematic representation of different strategies employed for electrochemical biosensors
for miR-21 detection, based on (A) Fc-Au NPs redox label, and (B) [Fe(I[)(CN)g]*~ /Fe(III)(CN)g 13~
redox couple and DG-TIS amplification. Reproduced from [63,65] with permission.
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An electrochemical biosensor for miR-21, consisting of Mb-labeled SH-ssDNA probes
immobilized onto carbon black (CB) and gold NPs (Au NPs)-modified pencil graphite
electrodes (PGEs), was also reported [46]. After hybridization with the target miR-21,
the orientation of the labeled capture probe changed, which caused a decrease in the
DPV response of the Mb oxidation peak current. The sensor showed a linear range from
29 x 107 t07.0 x 1077 M and an LOD of 1.0 x 10~'> M. In addition, based on Mb label-
ing, an amplification-free electrochemical biosensor was developed using DNA origami
nanostructured probes self-assembled onto chitosan-modified gold electrodes [64], which
showed a linear range from 1.0 x 107 1% t0 1.0 x 10~® M and an LOD of 8.0 x 10~ !4 M.

A three-way junction (TWJ]) DNA electrochemical biosensor for miR-21 detection was
also developed [67], using locked nucleic acid (LNA) as the capture probes, immobilized
onto gold electrodes, and Mb and tris (2- carboxyethyl) phosphine (TCEP) redox labels.
The biosensor showed a linear range from 1.0 x 1071° to 1.0 x 1071 M and an LOD of
7.7 x 10717 M.

miR-21 was also detected at PGEs modified by electropolymerized polypyrrole (PPy)
and ssDNA probes labeled with Meldola’s blue (MDB), showing an LOD of 1.7 x 10719 M
by DPV [47]. In another report, Au NPs and PPy superlattices were used to amplify
the electrochemical signal of the toluidine blue (TB) label [68], with the Au/Au NPs-
PPy /ssDNA biosensor showing a linear range from 1.0 x 1071° t0 1.0 x 10~? M and an
LOD of 7.8 x 10~ M.

Using K3[Fe(CN)g] and [Ru(NHj3)6]Cls redox probes, an electrochemical biosensor
which enabled three detection modalities based on miR-21 hybridization, p19 protein
binding, and protein displacement was also reported [69]. The sensor achieved the miR-21
detection by SWV via a hybridization protocol with a complementary SH-ssDNA probe
self-assembled onto Au NPs-modified SPCEs in the linear range from 1.0 x 1071 to
1.0 x 1071 M with an LOD of 4.0 x 10~ !¢ M.

An electrochemical biosensor for miR-21 was also developed [70], based on hairpin-
like DNA probes immobilized onto a Au NPs-modified glassy carbon electrode (GCE) and
the in situ formation of Ag NPs aggregate labels, detected by linear-sweep voltammetry
(LSV). The sensor showed an LOD of 2.0 x 10~!7 M in the linear range from 1.0 x 107! to
50 x 107 M.

Using a ferricyanide/ferrocyanide, [Fe(II)(CN )6]*~ /Fe(II)(CN)s]*~, redox couple,
miR-21 was specifically detected at an electrochemical biosensor consisting of ssDNA cap-
ture probes immobilized onto a GCE modified by sulfonic acid deposition with subsequent
chlorination [71]. The sensor presented a linear range from 1.0 x 1074 t01.0 x 1078 M
and an LOD of 2.0 x 10~ M.

Furthermore, based on the [Fe(I)(CN)s]*~ /Fe(II)(CN)s]*~ redox couple, an electro-
chemical biosensor for miRNA-21 detection was developed [63], which used a digestion-to-
growth regulated tandem isothermal amplification (DG-TIS) and two hairpin probes as the
enzymatic reaction units, as shown in Figure 3B. The sensor showed a linear range from
5.0 x 1071*t0 5.0 x 1077 M and an LOD of 3.5 x 10~* M, and was able to easily distinguish
between one-base mismatched sequences.

miR-155 is a particularly important biomarker for urine sample analyses since in-
creased levels of miR-155 in the urine of breast cancer patients were observed, when
compared with the miR-21 lower expression in urine, when compared with healthy
controls [16].

An electrochemical method for the simultaneous detection of miR-21 and miR-155
used a strategy based on 2 redox labels, Fc corresponding to miR-21 and Mb to miR-
155 detection, coupled with a target-catalyzed hairpin assembly (CHA), as shown in
Figure 4 [66]. Gold electrodes were modified by two peptide nucleic acid (PNA) probes,
one for each miRNA target; in the presence of miR-21 and miR-155, the CHA was triggered
selectively between the two hairpins, one labeled with Fc and the other with Mb. The
resulting redox label-modified CHA products (Fc-CHA21 or Mb-CHA155) were specifically
captured by the immobilized PNA probes, with the Fc and Mb labels being detected by SWV.
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This assay was highly selective for discriminating between the two miRNAs with similar
sequences, presenting LODs of 2.4 x 10~!> M for miR-21 and 1.1 x 10~'* M for miR-155,
in the linear ranges from 1.0 x 10~ t0 5.0 x 10~? M for miR-21 and from 5.0 x 10~!* to
5.0 x 1078 M for mi-155. The method was applied for the determination of miR-21 and
miR-155 in human cancer cells.

= miR-21 miR-155 (m3 {111}

/,_.-_—_|“|||'||II (—’_"\-_/ /—-;:__. —_—— I'I'I'I'F'I'I"I'r,-:__‘
Ve \ "
w)f
| CHA21
AN .
AN fFra -
OSOON
N —\
\'—’ g
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l 5 s% slé
O L) Yp—
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Figure 4. Schematic representation of the electrochemical biosensor for simultaneous detection
of miR-21 and miR-155, based on coupling the PNA immobilization with target-triggered CHA
amplifications. Reproduced from [66] with permission.

Based on RSV redox labels, an electrochemical biosensor for the detection of miR-
155 was developed [45], consisting of complementary amino-modified ssDNA (NH;-
ssDNA) probes immobilized onto a magnetic bar carbon paste electrode (CPE) modified
by Fe3O4NPs@Ag core-shell NPs. The hybridization with the target miR-155 was detected
by DPV by monitoring the RSV oxidation peaks. The CPE/Fe;04NPs@Ag/NH,-ssDNA
biosensor presented a linear range from 5.0 x 1071 to 1.0 x 10~ M and an LOD of
1.5 x 107! M. The miR-155 detection without significant interference was successfully
achieved in spiked real samples of human serum.

The electroanalytical detection of miR-155 was achieved via an OB redox label, at an
electrochemical biosensor build by immobilizing SH-ssDNA probes onto a GCE modified
by GO sheets and Au NRs, as shown in Figure 5A [51]. The hybridization events were
detected by DPV, via the OB electrochemical peaks [51,96]. The biosensor presented a
linear range from 2.0 x 10715 t0 8.0 x 10712 M and an LOD of 6.0 x 10~ ¢ M, and was
able to discriminate between the target miR-155 and its non-complementary and one- and
three-base mismatched sequences.

More recently, a biosensor for miR-155 detection based on a hematoxylin redox la-
bel was developed [54]. Its design consisted of SH-ssDNA capture probes immobilized
onto a GCE modified by rGO with nickel-iron (Fe-Ni@rGO), silver-conjugated graphene
quantum dots (QDs) and Au nanostars (NSs), as shown in Figure 5B. The nanocompos-
ite significantly increased the electrode surface area and conductivity, and enhanced the
biosensor sensitivity to an LOD of 2.0 x 10717 M in the linear range from 5.0 x 10~2° to
5.0 x 10~ M. The biosensor showed a high specificity for miR-155 detection compared to
its non-complementary and one- and three-base mismatched sequences.
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Figure 5. Schematic representation of different strategies employed for electrochemical biosensors
for miR-155 detection, based on (A) OB (B) hematoxylin redox labels. Reproduced from [51,54]

with permission.

An electrochemical biosensor for miRNA-155 was also developed by coupling a
CHA-induced target recycling amplification strategy with the use of an alkaline phos-
phatase (ALP) enzyme to catalyze the in situ generation of the redox mediator, as shown
in Figure 6 [44]. ALP hydrolyzed the substrate 1-naphthyl phosphate (NPP) to produce
PO43~, which further reacted with acidic molybdate to form molybdophosphate anion
(PMo1,040%7). Au NPs-modified polystyrene magnetic microspheres (PSC@Au NPs) were
used for immobilizing ALP and streptavidin (SA) to form ALP-PSC@Au NPs-SA bioconju-
gates. Pt NPs were deposited onto carboxyl-functionalized multiwalled carbon nanotubes
(MWCNTs)-modified GCE to capture the hairpin probes. The PMo0;,040%~ formed was
used as a redox mediator to quantify the target miR-155 in the linear rage from 1.0 x 10~
t0 1.0 x 10~ M with an LOD of 1.6 x 10~'> M [44].
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Figure 6. Schematic representation of an electrochemical biosensor for miR-155 detection, based on
in situ generation of PMo1,040°~ redox mediator. Reproduced from [44] with permission.
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Along with miR-21 and miR-155, miR-24 is overexpressed in patients with breast
cancer, and it is downregulated after surgery or treatment [16].

An electrochemical biosensor for the detection of miR-24, consisting of a GCE modified
with MWCNTs and polyamidoamine (PAMAM) dendrimers and immobilized Mb redox
labeled ssDNA probes, was described [59]. The biosensor showed a linear range from
1.0 x 107 t0 1.0 x 1077 M and an LOD of 5.0 x 10~1® M in the standard samples, and
it was also successfully used to detect miR-24 in the total RNA samples extracted from
Hela cells.

A reduced miR-34a expression is strongly associated with tumor progression and
indicates a worse prognosis [16]. miR-34a was detected at an electrochemical biosensor
based on ssDNA probes labeled with the electroactive metal complex indicator
cobalt phenanthroline, [Co(phen)33+], immobilized on the surface of a PGE [79]. The
proposed sensor showed a linear range from 1.4 x 10~ to 4.3 x 1077 M and an LOD of
8.4 x 1078 M.

A high expression of miR-522 is correlated with poor overall survival in patients
with triple-negative breast cancer [99]. In a different report, miR-522 labeled with the
electroactive six-valent osmium and 2,2"-bipyridine (Os(VI)bipy) redox probe was hy-
bridized with a complementary biotinylated ssDNA capture probe attached to SA magnetic
beads (MBs) [81]. miR-522 was detected at the hanging mercury drop electrode (HMDE)
in the linear range from 1.0 x 1078 to 2.0 x 10~7 M [81]. Furthermore, relying on the
Os(VI)bipy redox label, the MBs-based hybridization between the complementary ssDNA
probe and the target miR-522 was detected at HMDE in the linear range from 2.0 x 1077 to
4.0 x 1078 M and an LOD of 2.0 x 1072 M [82].

High miR-122 levels in the circulation have been associated with metastasis in breast
cancer patients [100]. An electrochemical biosensor for the detection of miR-122, based on
the electrochemical detection of the [Fe(II)(CN)g]*~ /Fe(III)(CN)s ]~ redox couple and the
immobilization of SH-ssDNA capture probes onto a gold electrode modified by Au NPs
and rGO, as shown in Figure 7, showed a linear range from 1.0 x 10711 t0 1.0 x 107> M
and an LOD of 1.7 x 10712 M [77].

2.1.2. Biosensors Based on Enzymes

The circulating levels of miR141 play an important role as biomarkers for the early de-
tection of breast cancer metastases [16]. An electrochemical immunosensor for the detection
of miR-141 was developed, which used NH;-ssDNA probes immobilized onto screen-
printed gold electrodes (SPGEs) modified with rGO and carbon nanotubes (CNTs) [57]. The
hybridization with the miR-141 target was followed by an ELISA-like amplification strat-
egy via a horseradish peroxidase (HRP) catalytic system: the hydroquinone was oxidized
to benzoquinone by the HRP/H,0; catalytic system, then the benzoquinone reduction
was electrochemically detected, and the catalytic reduction current was correlated with
the immobilized HRP [57]. The sensor showed a linear range from 1.0 x 107 M to
1.0 x 1072 M and an LOD of 1.0 x 10~!* M. In a different report, based on DNA tetrahedral
probes and enzymatic HRP-assisted amplification, the detection of miR-141 was achieved
for concentrations as low as 1.0 x 101> M [101].

An electrochemical biosensor for miR-155 detection with an HRP enzyme-assisted
catalytic reaction and functionalized graphene quantum dots (GQDs) as the sensing element
was also developed, as shown Figure 8 [58], showing a linear range from 1.0 x 10715 to
1.0 x 1073 M and an LOD of 1.4 x 1016 M.

Furthermore, based on the HRP which catalyze the oxidation of o-phenylenediamine
into 2,3-diaminophenazine, the electroanalytical determination of miR-21 was succeeded at
an electrochemical biosensor consisting of SH-ssDNA capture probes attached onto Au NPs-
modified SPCEs [72]. The sensor showed a linear range from 1.9 x 107°t01.0 x 1071 M
and an LOD of 1.9 x 10714 M.
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Figure 8. Schematic representation of an enzyme catalytic amplification for miRNA-155 detection at
a GQD-based electrochemical biosensor. Reproduced from [58] with permission.

2.1.3. Biosensors Based on Electrochemical Indicator-Functionalized Nanomaterials

An electrochemical sensing platform for miR-21 detection was developed using ssDNA
probes immobilized onto a GCE modified by MoS; nanosheets functionalized with thionine
(Thi) and Au NPs (MoS,-Thi-Au NPs) [73]. Upon hybridization, the formation of the probe
ssDNA-miR-21 duplex hindered the electron transfer and decreased the Thi electrochemical
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signal. The sensor showed a limit of detection from 1.0 x 10712 to 1.0 x 1078 M and an
LOD of 2.6 x 10~ M.

In a different strategy, an electrochemical biosensor for miR-21 detection consisted of
Au NRs modified with a microfluidic paper-based analytical device (uWPAD), built using
CeO;-Au modified by glucose oxidase (CeO,-Au@GOXx) as an electrochemical probe for
signal amplification [52]. The biosensor provided an LOD of 4.3 x 1071® M in the linear
range from 1.0 x 10715 to 1.0 x 1072 M by DPV.

In a different report, an electrochemical biosensor for the simultaneous detection of
miR-155 and miR-27b was described [76]. The strategy was based on the combination of
the high base-mismatch selectivity of the ligase chain reaction (LCR), two reporting probes
labeled with PbS and CdS QDs, and two capture probes co-immobilized onto the MBs.
After the miRNA's incubation with the modified capture and reporting probe conjugates, T4
DNA ligase was added, leading to the release of the disjoined PbS and CdS QDs barcodes
from the MBs-conjugates. The miR-155 and miR-27b were detected by SWV, via the Pb and
Cd oxidation peaks, in the linear ranges from 5.0 x 10~ to 3.0 x 10~!! M for miR-155
and from 5.0 x 107! to 1.1 x 10~? M for miR-27b, and with the LODs of 1.2 x 10~ M
miR-155 and 3.1 x 10~* M miR-27b.

2.1.4. Biosensors Based on Conducting Polymers

Several studies reported the development of electrochemical biosensors for miRNA
detection based on the detection of the reversible oxidation of conjugated organic polymers,
such as polypyrrole (PPy). The transduction consisted of measuring the modification of the
electrochemical response of the conducting polymer after the hybridization of the miRNA
target with the immobilized ssDNA probe.

miR-141, along with miR-103 and miR-29b-1 biomarkers for bladder and lung can-
cer, was detected by SWV at an electrochemical biosensor based on the bifunctional
conducting polymer poly(5-hydroxy-1,4-naphthoquinone-co-5-hydroxy- 2-carboxyethyl-
1,4-naphthoquinone) (poly(JUGco-JUGA)) acting both as immobilizing and transduc-
ing elements [60]. The GCE/poly(JUGco-JUGA) biosensor showed a linear range from
50 x 10713 t01.0 x 107 M and an LOD of 6.5 x 1013 M.

A biosensor for the detection of miR-103, miR-141, and miR-29b-1 was also devel-
oped [49]. 5-hydroxy-3-hexanedithiol-1,4- naphthoquinone (JUG-SH) was used as the
transducing element, while 6- mercaptohexanoic acid (6-MHA) was used for anchoring
the NHy-ssDNAprobes, with both polymers self-assembled onto the surface of the Au
NPs-modified GCE. The JUG-SH quinone groups were playing the role of the redox probe.
The sensor quantitative performance was evaluated for miR-103 by SWV, showing a linear
range from 1.0 x 1078 t0 5 x 107 M and an LOD of 1.0 x 10~ 13 M.

An electrochemical biosensor for the detection of miR-24 was built via the immobiliza-
tion of ssDNA probes onto a GCE modified by a conducting polymer hydrogel formed by
polyaniline (PANI) and phytic acid (PA) [61]. Using DPV, the sensor showed a linear range
from 1.0 x 10" t0 1.0 x 1072 M and an LOD of 3.4 x 101¢ M.

2.2. Label-Free Electrochemical Biosensors

There are only very few reports concerning the label-free and reagentless electrochem-
ical detection of microRNA breast cancer biomarkers.

Label-free electrochemical biosensors are advantageous over conventional bioassay
techniques as they offer a rapid analytical response time, demand an ultra-low sample
volume, and are easily integrated with modern gadgets useful for on-site utilities. However,
achieving amplified sensitivity, reliability, and specificity without compromising on the
inherent redox behavior is highly challenging.

2.2.1. Biosensors Based on the Detection of Guanine Residues

The DNA bases guanine (G), adenine (A), thymine (T), and cytosine (C) are electroac-
tive and their oxidation at GCE follows the order of: EpG =~+0.70V < EpA =~+096V <
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EpT =~+1.16 V < EpC =~+1.31V, vs. Ag/AgCl, 3 M KCl, at pH = 7.0 [102], as shown in
Figure 9A. The oxidation of double-stranded DNA (dsDNA) and ssDNA at GCE gener-
ally presents two pH-dependent anodic peaks, corresponding to the oxidation of G and
A residues oxidation, as shown in Figure 9B [6,8], while the T and C residue oxidation
occurs at high positive potentials, near the potential of oxygen evolution, and are not
usually detected.

A DNA bases
G
A
100 nA T ¢

02 04 06 08 10 12 14 16
E IV vs. Ag/AgCI

B DNA
G A
ssDNA
dsDNA
IIOnA

02 04 06 08 10 12 14 16
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Figure 9. DPVs baseline corrected at GCE in solutions at pH 7.0: (A) 20 uM equimolar mixture
of G, A, T, and C bases; and (B) 60 ug mL~! dsDNA and 60 ug mL~1 ssDNA. Adapted from [8]
with permission.

A first report concerning the direct and label-free detection of miRNA was based
on the detection of G residues’ electrochemical oxidation using DPV [78]. The signal-on
detection of miR-122 was achieved by following the occurrence of the G residues’ oxidation
peak of the miR-122 target after the hybridization with ssDNA capture probe immobilized
onto SPGEs. The ssDNA capture probes presented the G residues substituted by inosine;
therefore, only the target miR-122 contributed to the G oxidation peak current. The sensor
showed an LOD of 5.0 x 10~2 M [78].

Furthermore, based on the DPV detection of the G residues’ oxidation peak, an elec-
trochemical DNA biosensor for miR-34a was built by immobilizing the ssDNA probes
onto GO-modified disposable PGEs [56]. The hybridization with the target miR-34a
was followed at the GO-PGE/ssDNA biosensor in the linear range from 1.0 x 107 to
4.0 x 1072 gL~ ! withan LOD of 7.0 x 107 (5.0 x 1073 g L™!). In a different report, the
same DPV methodology for miR-34a detection employed an ionic liquid (IL)-modified
chemically activated (CA) PGE, showing a linear range from 2.0 x 1073 t0 10 x 1072 g L~!
and an LOD of 8.8 10~% g L= (1.3 x 1077 M) [80].

2.2.2. Biosensors Based on Hemin/GQ DNAzymes

Hemin/G-quadruplex (GQ) DNAzyme electrochemical biosensors represent one of
the most popular building assays of label-free electrochemical biosensors. In peroxidase
hemin/GQ DNAzyme, the complex formed by hemin, an iron-containing porphyrin, with
GQ DNA sequences leads to an improved peroxidase activity of hemin [103].
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Based on this strategy, a TW] DNA electrochemical biosensor for let-7 detection was
developed [83]. The system contained three DNA hairpins and SH-ssDNA probes able
to self-assemble into GQ structures, immobilized onto the gold electrode. The target let-7
triggered the formation of trivalent DNAzyme junctions, while the integration of CHA and
DNAzyme amplifications enhanced the signal outputs. The sensor showed a linear range
by DPV from 1.0 x 1071° to 1.0 x 10~ M and an LOD of 4.6 x 10716 M.

An electrochemical biosensor for the miR-21 detection was also described, based on the
electrode fabrication with layer-by-layer assembly of oxidized single-walled CNs (SWCTNs)
and nanodiamonds (NDs), and an amplification strategy consisting of a hybridization chain
reaction (HCR) and long hemin/GQ DNAzymes nanowires, as shown in Figure 10 [48].
The sensor presented a linear range from 1.0 x 107 to 1.0 x 102 M and an LOD of
20x 107 P M.
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Figure 10. Schematic representation of the (A) DNA-functionalized Au NPs-based HCR and
(B) hemin/GQ DNAzyme-based electrochemical biosensor for miR-21 detection, where n repre-
sents the number of cycles. Reproduced from [48] with permission.

3. Electrochemical Biosensors for BRCA1 Analysis

All electrochemical strategies for the detection of BRCA1 were based on hybridization
events between the BRCA1 target and the complementary DNA or PNA capture probe, as
shown in Table 1.

Several electrochemical biosensors for BRCA1 detection were based on redox medi-
ators. A polysaccharide-amplified method for the electrochemical detection of BRCA1
was reported [84], consisting of the immobilization of PNA sequences complementary to
BRCAT1 onto a gold electrode. The phosphate sites of the BRCA1 targets were modified
by carboxyl groups-containing polysaccharide chains via phosphate-Zr(IV)-carboxylate
crosslinking. Then, the polysaccharide chains were decorated with Fc labels via affinity
coupling between the cis-diol site and the phenylboronic acid (PBA) group. Using this
methodology, the electroanalytical determination of BRCA1 showed a linear range from
1.0 x 107 t0 1.0 x 107® M and an LOD 0f 2.9 x 107> M.
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In addition, at a GCE, a polypeptide (PEP)-doped poly(3,4-ethylenedioxythiophene)
(PEDOT) nanocomposite with a 3D microporous network structure was used for the attach-
ment of complementary ssDNA probes [85]. The GCE/PEDOT/PEP biosensor showed, in
the presence of the Mb redox label, a linear range from 1.0 x 107 to
1.0 x 107? M and an LOD of 3.4 x 1015 M for BRCA1 detection.

An electrochemical biosensor was described based on ssDNA immobilization via
bifunctional cross-linker glutaraldehyde (GLu) onto a Au electrode modified by three
different generations of Fc-cored PAMAMs [86]. The biosensor showed a wide linear range
from 1.3 x 107? t0 2.0 x 1078 M and an LOD of 4.0 x 10~ 1* M.

A recyclable electrochemical sensing platform for the determination of BRCA DNA
was developed, based on the DNA hybridization and host-guest interaction [87]. In the
presence of the target BRCA, HRP-labeled DNA /Au nanospheres (NSs) concatemers were
linked to Fc-labeled DNA/Au NSs. The hybridized complex was further captured on
the GCE modified by GO and cucurbit[7]uril (CB [7]) through the host-guest interaction
between CB [7] and Fc, which brought the HRP label next to the electrode surface. The dual
signal amplification using Fc and HRP NSs concatemers led to BRCA detection with an
LOD of 2.5 x 10~!! M in the linear range from 1.0 x 1077 to 5.0 x 10~!! M. The proposed
detection strategy showed a good applicability in human serum samples.

An electrochemical biosensor for BRCA1 was prepared by modifying the GCE using a
nanocomposite consisting of poly(dopamine-beta cyclodextrine-Cetyl trimethylammonium
bromide doped with Ag NPs (P[DA-3-CD/CTAB])-Ag NPs) and functionalized meso-
porous silica (mobile crystalline material-41 grafted by sulfonic acid, MCM-41-SO3;H) [88].
To further amplify the electrochemical signal, the MCM-41-SOsH provided a suitable pore
volume and functional groups to capture the HPR-labeled antibodies. The proposed sensor
showed: (i) by DPV, a linear range from 1.6 x 107" t0 1.0 x 1078 g L~1; and (ii) by SWV, a
linear range from 6.3 x 10710 t0 2.0 x 10~° g L~! and a limit of quantification (LOQ) of
3.0 x 107" gL,

In a different report, a double signal amplification strategy for the detection of miRNA
of BRCA1 was developed based on a cyclic enzymatic signal amplification (CESA) with a
double-strand specific nuclease (DSN) and triple-CdTe QD-labeled DNA nanocomposites
(3-QD@DNA NC) as a cascade signal probe [89]. CESA was first used to recognize the
target miRNA of BRCA1, then the DNA of the RNA-DNA duplex was selectively cleaved,
and the free miRNA was released to trigger the second cycle. The biosensor exhibited a
linear range from 5.0 x 1071¥ t0 5.0 x 1071 M and an LOD of 1.2 x 10~18 M.

An electrochemical biosensor based on thiol-modified tetrahedral-DNA (SH-TDNA)
probes and poly-adenine (polyA)-mediated Au NPs with immobilized ssDNA showed,
after hybridization with the target BRCA1, a linear range from 1.0 x 10~ to 1.0 x 1077 M
and an LOD of 1.0 x 10716 M [90].

Several reports showed the development of label-free impedimetric biosensors for
BRCAI1. A label-free genosensor was developed by immobilizing the ssDNA probes
at the surface of the GCE modified by 1-pyrenebutyric acid-N-hydroxysuccinimide ester
(PANHS), MWCNTs, and rGO [91]. The biosensor showed: (i) for the GCE/PANHS/ssDNA
configuration, a linear range from 1.0 x 10710 t0 1.0 x 1071 mol L' and an LOD of
3.7 x 10~ mol L1; (ii) for the GCE/MWCNTs/PANHS/ssDNA configuration, a linear
range from 1.0 x 1077 to 1.0 x 107! mol L~! and an LOD of 3.1 x 107! mol L=};
and (iii) for the GCE/rGO/MWCNTs/PANHS/ssDNA configuration, a linear range from
1.0x 107 t01.0 x 107 mol L~ and an LOD 0f 3.5 x 10~ mol L~ .

Also at a GCE, complementary BRCA1 ssDNA sequences were immobilized after the
modification of the electrode surface with a cross-linked polyethylene glycol (PEG) film
containing amine groups, followed by the self-assembly of Au NPs [92]. The impedimetric
label-free sensor showed a linear range from 5.0 x 10~1* M to 1.0 x 10~ M and an LOD of
17 x 1071 M.

An impedimetric electrochemical biosensor based on chitosan-co-PANI (CHIT-co-
PANI) copolymer coated onto indium-tin-oxide (ITO) was used for the hybridization
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of immobilized complementary ssDNA probes with the BRCA1 target, as shown in
Figure 11 [93]. The biosensor showed a linear range from 5.0 x 1077 t0 2.5 x 10~ 4 M and
an LOD of 5.0 x 10~ ¥ M [93].
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Figure 11. Schematic representation of the fabrication and detection strategy of an ITO/CHIT-co-
PANI/ssDNA biosensor for BRCA1 detection. Reproduced from [93] with permission.

In another report, a label-free EIS method for BRCA1 detection, based on the immo-
bilization of SH-ssDNA onto a Au electrode and its further hybridization with a comple-
mentary BRCA1 target, was developed [94]. The genosensor showed a linear range from
1.0 x 107" t0 1.0 x 107 M and an LOD of 4.6 x 1072° M.

An impedimetric biosensor platform was also developed by immobilizing the SH-
ssDNA probes onto a GCE modified by PEG grafted on a Fe(Ill)-tannic acid (TA)/poly-
dopamine (pDA) coating via a layer-by-layer technique [95]. In the presence of Au NPs,
the sensor showed a linear range from 1.0 x 10716 to 1.0 x 107! M and an LOD of
50 x 1077 M.

4. Conclusions

Breast cancer is associated with a high incidence rate, recurrence, and metastasis;
therefore, it remains the second leading cause of cancer mortality in woman. Conventional
strategies of breast cancer biomarkers’ detection are expensive, laborious, time-consuming,
and require highly trained biologists.

This review presents a comprehensive overview concerning the design, development,
and applications of electroanalytical methods of detection of nucleic acid breast cancer
biomarkers, particularly miRNAs and BRCA1. The electrochemical biosensors fabrication
approaches, the signal amplification approaches, the detection techniques, and the key
performance parameters, such as the linearity range and limit of detection, were presented.

DNA electrochemical biosensors are considered extremely advantageous devices for
evaluating the levels of nucleic acid breast cancer biomarkers due to their high sensitivity
and selectivity, cost-effectiveness, short procedure time, simplicity, ability to be miniatur-
ized, and high potential applicability in urine, blood, and tissue samples.

The challenge in the development of electrochemical biosensors for nucleic acid breast
cancer biomarkers is to achieve the electrochemical transduction associated with the hy-
bridization events that do not actually involve charge transfer reactions. Nanostructured
materials, such as carbon nanotubes, graphene, graphene oxide, reduced graphene oxide,
graphene quantum dots, metal nanoparticles and nanostructures, magnetic beads, poly-
mers, hydrogels, dendrimers, and nanocomposites, are playing an increasingly critical
role in their fabrication and are expected to be used more in the future. Generally, they
represent the most attractive approach because they not only allow the amplification of
the electrochemical signal and the improvement of the biosensor sensitivity, but they can
also act as signal tags or signal reporters and can form highly conductive nanostructured
electrochemical platforms.
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Nevertheless, further studies are needed to enhance the biosensors’ stability and
reproducibility, especially in biological matrixes, avoiding misleading results due to DNA
and/or RNA sequences with similar structures and interferents. Moreover, challenges in the
miniaturization of the biosensor devices and the integration of microfluidics technologies
still need to be solved in order to develop commercially available point-of-care devices.

Funding: This research was sponsored by FEDER funds through the program COMPETE-Programa
Operacional Factores de Competitividade, and by national funds through FCT-Fundacao para a
Ciéncia e a Tecnologia, under the projects UID/EMS/00285/2020, UIDB/00285/2020 and
LA/P/0112/2020.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Conflicts of Interest: The author declares no conflict of interest.

References

1. McKinney, S.M.; Sieniek, M.; Godbole, V.; Godwin, ].; Antropova, N.; Ashrafian, H.; Back, T.; Chesus, M.; Corrado, G.C,;
Darzi, A.; et al. International evaluation of an Al system for breast cancer screening. Nature 2020, 577, 89-94. [CrossRef] [PubMed]

2. Li, L. Liu, Z.P. Detecting prognostic biomarkers of breast cancer by regularized Cox proportional hazards models. J. Transl. Med.
2021, 19, 514. [CrossRef]

3.  Afzal, S; Hassan, M.; Ullah, S.; Abbas, H.; Tawakkal, F.; Khan, M.A. Breast cancer: Discovery of novel diagnostic biomarkers,
drug resistance, and therapeutic implications. Front. Mol. Biosci. 2022, 9, 783450. [CrossRef]

4.  Oliveira-Brett, A.M.; Paquim, A.M.C.; Diculescu, V.C.; Piedade, J.A.P. Electrochemistry of nanoscale DNA surface films on carbon.
Med. Eng. Phys. 2006, 28, 963-970. [CrossRef] [PubMed]

5. Chiorcea-Paquim, A.M.; Oliveira Brett, A.M. Procedure 28 Atomic force microscopy characterization of a DNA electrochemical
biosensor. In Comprehensive Analytical Chemistry; Elsevier: Amsterdam, The Netherlands, 2007; Volume 49, pp. 203-205,
ISBN 9780444530530. [CrossRef]

6.  Oliveira Brett, A.M.; Diculescu, V.C.; Chiorcea Paquim, A.-M.; Serrano, S.H.P.; Chiorcea-Paquim, A.M.; Serrano, S.H.P. Chapter 20
DNA-electrochemical biosensors for investigating DNA damage. In Comprehensive Analytical Chemistry; Elsevier: Amsterdam,
The Netherlands, 2007; Volume 49, pp. 413437, ISBN 9780444530530. [CrossRef]

7. Diculescu, V.C.; Chiorcea Paquim, A.-M.; Oliveira Brett, A.M. Electrochemical DNA sensors for detection of DNA damage.
Sensors 2005, 5, 377-393. [CrossRef]

8.  Diculescu, V.C.; Chiorcea-Paquim, A.-M.; Oliveira-Brett, A.M. Applications of a DNA-electrochemical biosensor. TrAC Trends
Anal. Chem. 2016, 79, 23-36. [CrossRef]

9. Oliveira, S.C.B.; Diculescu, V.C.; Chiorcea Paquim, A.M.; Oliveira-Brett, A.M. Electrochemical biosensors for DNA-drug interac-
tions. In Encyclopedia of Interfacial Chemistry: Surface Science and Electrochemistry; Elsevier: Amsterdam, The Netherlands, 2018;
pp. 124-139, ISBN 9780128098943. [CrossRef]

10. Chiorcea-Paquim, A.-M.; Oliveira, S.C.; Diculescu, V.C.; Oliveira-Brett, A.M. Applications of DNA-electrochemical biosensors in
cancer research. In Comprehensive Analytical Chemistry; Barcelo, D., Hansen, P.-D., Palchetti, I., Eds.; Elsevier: Amsterdam, The
Netherlands, 2017; Volume 77, Chapter 9; pp. 287-336, ISBN 9780444639462. [CrossRef]

11.  Feng, T.; Wang, Y.; Qiao, X. Recent advances of carbon nanotubes-based electrochemical immunosensors for the detection of
protein cancer biomarkers. Electroanalysis 2017, 29, 662—675. [CrossRef]

12.  Chikkaveeraiah, B.V.; Bhirde, A.A.; Morgan, N.Y.; Eden, H.S.; Chen, X. Electrochemical immunosensors for detection of cancer
protein biomarkers. ACS Nano 2012, 6, 6546-6561. [CrossRef]

13.  Yang, L.; Yin, X.; An, B.; Li, F. Precise capture and direct quantification of tumor exosomes via a highly efficient dual-aptamer
recognition-assisted ratiometric immobilization-free electrochemical strategy. Anal. Chem. 2021, 93, 1709-1716. [CrossRef]

14. Yin, X,; Hou, T.; Huang, B.; Yang, L.; Li, F. Aptamer recognition-trigged label-free homogeneous electrochemical strategy for an
ultrasensitive cancer-derived exosome assay. Chem. Commun. 2019, 55, 13705-13708. [CrossRef]

15.  Cui, F; Zhou, Z.; Zhou, H.S. Review—Measurement and analysis of cancer biomarkers based on electrochemical biosensors.
J. Electrochem. Soc. 2020, 167, 037525. [CrossRef]

16. Schwarzenbach, H. Circulating nucleic acids as biomarkers in breast cancer. Breast Cancer Res. 2013, 15, 211. [CrossRef] [PubMed]

17.  Mahesh, G.; Biswas, R. MicroRNA-155: A master regulator of inflammation. J. Interf. Cytokine Res. 2019, 39, 321-330. [CrossRef]

18. Sundarbose, K.; Kartha, R.V.; Subramanian, S. MicroRNAs as biomarkers in cancer. Diagnostics 2013, 3, 84-104. [CrossRef]
[PubMed]

19. Tran, H.V,; Piro, B. Recent trends in application of nanomaterials for the development of electrochemical microRNA biosensors.

Microchim. Acta 2021, 188, 128. [CrossRef] [PubMed]


https://doi.org/10.1038/s41586-019-1799-6
https://www.ncbi.nlm.nih.gov/pubmed/31894144
https://doi.org/10.1186/s12967-021-03180-y
https://doi.org/10.3389/fmolb.2022.783450
https://doi.org/10.1016/j.medengphy.2006.05.009
https://www.ncbi.nlm.nih.gov/pubmed/16807050
https://doi.org/10.1016/S0166-526X(06)49071-1
https://doi.org/10.1016/S0166-526X(06)49020-6
https://doi.org/10.3390/s5060377
https://doi.org/10.1016/j.trac.2016.01.019
https://doi.org/10.1016/B978-0-12-409547-2.13499-7
https://doi.org/10.1016/bs.coac.2017.06.003
https://doi.org/10.1002/elan.201600512
https://doi.org/10.1021/nn3023969
https://doi.org/10.1021/acs.analchem.0c04308
https://doi.org/10.1039/C9CC07253E
https://doi.org/10.1149/2.0252003JES
https://doi.org/10.1186/bcr3446
https://www.ncbi.nlm.nih.gov/pubmed/24090167
https://doi.org/10.1089/jir.2018.0155
https://doi.org/10.3390/diagnostics3010084
https://www.ncbi.nlm.nih.gov/pubmed/26835669
https://doi.org/10.1007/s00604-021-04784-3
https://www.ncbi.nlm.nih.gov/pubmed/33740140

Sensors 2023, 23,4128 19 of 22

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.
44.

45.

Chiorcea-Paquim, A.M.; Oliveira-Brett, A.M. Amyloid beta peptides electrochemistry: A review. Curr. Opin. Electrochem. 2022, 31,
100837. [CrossRef]

Li, H,; Li, F; Wu, ].; Yang, Q.; Li, Q. Two-dimensional MnO2 nanozyme-mediated homogeneous electrochemical detection of
organophosphate pesticides without the interference of H202 and color. Anal. Chem. 2021, 93, 4084—4091. [CrossRef]

Liu, X,; Li, X.; Gao, X.; Ge, L.; Sun, X.; Li, F. A universal paper-based electrochemical sensor for zero-background assay of diverse
biomarkers. ACS Appl. Mater. Interfaces 2019, 11, 15381-15388. [CrossRef]

Chiorcea-Paquim, A.M.; Enache, T.A.; De Souza Gil, E.; Oliveira-Brett, A.M. Natural phenolic antioxidants electrochemistry:
Towards a new food science methodology. Compr. Rev. Food Sci. Food Saf. 2020, 19, 1680-1726. [CrossRef]

Enache, T.A.; Chiorcea-Paquim, A.-M.; Fatibello-Filho, O.; Oliveira-Brett, A.M. Hydroxyl radicals electrochemically generated in
situ on a boron-doped diamond electrode. Electrochem. Commun. 2009, 11, 1342-1345. [CrossRef]

Chang, J.; Lv, W.; Li, Q.; Li, H.; Li, F. One-step synthesis of methylene blue-encapsulated zeolitic imidazolate framework for
dual-signal fluorescent and homogeneous electrochemical biosensing. Anal. Chem. 2020, 92, 8959-8964. [CrossRef] [PubMed]
Pashchenko, O.; Shelby, T; Banerjee, T.; Santra, S. A comparison of optical, electrochemical, magnetic, and colorimetric point-of-
care biosensors for infectious disease diagnosis. ACS Infect. Dis. 2018, 4, 1162-1178. [CrossRef] [PubMed]

Oliveira-Brett, A.M.; Diculescu, V.C.; Enache, T.A.; Fernandes, LP.G.; Chiorcea-Paquim, A.M.; Oliveira, S.C.B. Bioelectrochemistry
for sensing amino acids, peptides, proteins and DNA interactions. Curr. Opin. Electrochem. 2019, 14, 173-179. [CrossRef]
Chiorcea-Paquim, A.M.; Oliveira-Brett, A.M. Nanostructured material-based electrochemical sensing of oxidative DNA damage
biomarkers 8-oxoguanine and 8-oxodeoxyguanosine: A comprehensive review. Microchim. Acta 2021, 188, 58. [CrossRef]
[PubMed]

Chiorcea-Paquim, A.M.; Oliveira-Brett, A.M. DNA electrochemical biosensors for in situ probing of pharmaceutical drug oxidative
DNA damage. Sensors 2021, 21, 1125. [CrossRef] [PubMed]

Chiorcea-Paquim, A.M. 8-oxoguanine and 8-oxodeoxyguanosine biomarkers of oxidative DNA damage: A review on HPLC-ECD
determination. Molecules 2022, 27, 1620. [CrossRef]

Zhang, Y.Y.; Guillon, FX.; Griveau, S.; Bedioui, F.; Lazerges, M.; Slim, C. Evolution of nucleic acids biosensors detection limit III.
Anal. Bioanal. Chem. 2022, 414, 943-968. [CrossRef]

Shabaninejad, Z.; Yousefi, F.; Movahedpour, A.; Ghasemi, Y.; Dokanehiifard, S.; Rezaei, S.; Aryan, R.; Savardashtaki, A.; Mirzaei, H.
Electrochemical-based biosensors for microRNA detection: Nanotechnology comes into view. Anal. Biochem. 2019, 581, 113349.
[CrossRef]

Mahato, K.; Kumar, A.; Maurya, PK.; Chandra, P. Shifting paradigm of cancer diagnoses in clinically relevant samples based on
miniaturized electrochemical nanobiosensors and microfluidic devices. Biosens. Bioelectron. 2018, 100, 411-428. [CrossRef]
Labuda, J.; Oliveira Brett, A.M.; Evtugyn, G.; Fojta, M.; Mascini, M.; Ozsoz, M.; Palchetti, I.; Palecek, E.; Wang, J. Electrochemical
nucleic acid-based biosensors: Concepts, terms, and methodology (IUPAC Technical Report). Pure Appl. Chem. 2010, 82, 1161-1187.
[CrossRef]

Corduneanu, O.; Chiorcea-Paquim, A.-M.; Diculescu, V.; Fiuza, S.M.; Marques, M.P.M.; Oliveira-Brett, A.M. DNA interaction
with palladium chelates of biogenic polyamines using atomic force microscopy and voltammetric characterization. Anal. Chem.
2010, 82, 1245-1252. [CrossRef] [PubMed]

Pontinha, A.D.R;; Jorge, S.M.A.; Chiorcea Paquim, A.M.; Diculescu, V.C.; Oliveira-Brett, A.M. In situ evaluation of anticancer
drug methotrexate-DNA interaction using a DN A-electrochemical biosensor and AFM characterization. Phys. Chem. Chem. Phys.
2011, 13, 5227-5234. [CrossRef] [PubMed]

Chiorcea-Paquim, A.-M.; Pontinha, A.D.R.; Eritja, R.; Lucarelli, G.; Sparapani, S.; Neidle, S.; Oliveira-Brett, A.M. Atomic
force microscopy and voltammetric investigation of quadruplex formation between a triazole-acridine conjugate and guanine-
containing repeat DNA sequences. Anal. Chem. 2015, 87, 6141-6149. [CrossRef] [PubMed]

Diculescu, V.C.; Chiorcea-Paquim, A.-M.; Eritja, R.; Oliveira-Brett, A.M. Evaluation of the structure-activity relationship of
thrombin with thrombin binding aptamers by voltammetry and atomic force microscopy. J. Electroanal. Chem. 2011, 656, 159-166.
[CrossRef]

Chiorcea-Paquim, A.-M.; Santos, P.V; Eritja, R.; Oliveira-Brett, A.M. Self-assembled G-quadruplex nanostructures: AFM and
voltammetric characterization. Phys. Chem. Chem. Phys. 2013, 15, 9117-9124. [CrossRef]

Chiorcea-Paquim, A.-M.; Corduneanu, O.; Oliveira, S.C.B.; Diculescu, V.C.; Oliveira-Brett, A.M. Electrochemical and AFM
evaluation of hazard compounds-DNA interaction. Electrochim. Acta 2009, 54, 1978-1985. [CrossRef]

El Aamri, M.; Yammouri, G.; Mohammadi, H.; Amine, A.; Korri-Youssoufi, H. Electrochemical biosensors for detection of
microRNA as a cancer biomarker: Pros and cons. Biosensors 2020, 10, 186. [CrossRef]

Chen, C.D.; La, M.; Zhou, B. Bin Strategies for designing of electrochemical MicroRNA genesensors based on the difference in the
structure of RNA and DNA. Int. J. Electrochem. Sci. 2014, 9, 7228-7238.

Coutinho, C.; Somoza, A. MicroRNA sensors based on gold nanoparticles. Anal. Bioanal. Chem. 2019, 411, 1807-1824. [CrossRef]
Cai, W,; Xie, S.; Tang, Y.; Chai, Y.; Yuan, R.; Zhang, ]. A label-free electrochemical biosensor for microRNA detection based on
catalytic hairpin assembly and in situ formation of molybdophosphate. Talanta 2017, 163, 65-71. [CrossRef]

Yazdanparast, S.; Benvidi, A.; Azimzadeh, M.; Tezerjani, M.D.; Ghaani, M.R. Experimental and theoretical study for miR-155
detection through resveratrol interaction with nucleic acids using magnetic core-shell nanoparticles. Microchim. Acta 2020,
187,479. [CrossRef]


https://doi.org/10.1016/j.coelec.2021.100837
https://doi.org/10.1021/acs.analchem.0c05257
https://doi.org/10.1021/acsami.9b03860
https://doi.org/10.1111/1541-4337.12566
https://doi.org/10.1016/j.elecom.2009.04.017
https://doi.org/10.1021/acs.analchem.0c00952
https://www.ncbi.nlm.nih.gov/pubmed/32478502
https://doi.org/10.1021/acsinfecdis.8b00023
https://www.ncbi.nlm.nih.gov/pubmed/29860830
https://doi.org/10.1016/j.coelec.2019.03.008
https://doi.org/10.1007/s00604-020-04689-7
https://www.ncbi.nlm.nih.gov/pubmed/33507409
https://doi.org/10.3390/s21041125
https://www.ncbi.nlm.nih.gov/pubmed/33562790
https://doi.org/10.3390/molecules27051620
https://doi.org/10.1007/s00216-021-03722-9
https://doi.org/10.1016/j.ab.2019.113349
https://doi.org/10.1016/j.bios.2017.09.003
https://doi.org/10.1351/PAC-REP-09-08-16
https://doi.org/10.1021/ac902127d
https://www.ncbi.nlm.nih.gov/pubmed/20088546
https://doi.org/10.1039/c0cp02377a
https://www.ncbi.nlm.nih.gov/pubmed/21359288
https://doi.org/10.1021/acs.analchem.5b00743
https://www.ncbi.nlm.nih.gov/pubmed/25961908
https://doi.org/10.1016/j.jelechem.2010.11.037
https://doi.org/10.1039/c3cp50866h
https://doi.org/10.1016/j.electacta.2008.07.032
https://doi.org/10.3390/bios10110186
https://doi.org/10.1007/s00216-018-1450-7
https://doi.org/10.1016/j.talanta.2016.10.086
https://doi.org/10.1007/s00604-020-04447-9

Sensors 2023, 23,4128 20 of 22

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Yammouri, G.; Mohammadi, H.; Amine, A. A highly sensitive electrochemical biosensor based on carbon black and gold
nanoparticles modified pencil graphite electrode for microRNA-21 detection. Chem. Afr. 2019, 2, 291-300. [CrossRef]

Kaplan, M;; Kilic, T.; Guler, G.; Mandlj, J.; Amine, A.; Ozsoz, M. A novel method for sensitive microRNA detection: Electropoly-
merization based doping. Biosens. Bioelectron. 2017, 92, 770-778. [CrossRef] [PubMed]

Liu, L.; Song, C.; Zhang, Z.; Yang, J.; Zhou, L.; Zhang, X.; Xie, G. Ultrasensitive electrochemical detection of microRNA-21
combining layered nanostructure of oxidized single-walled carbon nanotubes and nanodiamonds by hybridization chain reaction.
Biosens. Bioelectron. 2015, 70, 351-357. [CrossRef] [PubMed]

Tran, H.V.; Nguyen, N.D.; Piro, B.; Tran, L.T. Fabrication of a quinone containing layer on gold nanoparticles directed to a
label-free and reagentless electrochemical miRNA sensor. Anal. Methods 2017, 9, 2696-2702. [CrossRef]

Bai, Y.Y.; Wu, Z.; Xu, C.M,; Zhang, L.; Feng, ].; Pang, D.W.; Zhang, Z.L. One-to-many single entity electrochemistry biosensing for
ultrasensitive detection of microrna. Anal. Chem. 2020, 92, 853—-858. [CrossRef]

Azimzadeh, M.; Rahaie, M.; Nasirizadeh, N.; Ashtari, K.; Naderi-Manesh, H. An electrochemical nanobiosensor for plasma
miRNA-155, based on graphene oxide and gold nanorod, for early detection of breast cancer. Biosens. Bioelectron. 2016, 77, 99-106.
[CrossRef]

Sun, X.; Wang, H,; Jian, Y.; Lan, E; Zhang, L.; Liu, H.; Ge, S.; Yu, J. Ultrasensitive microfluidic paper-based electrochemical/visual
biosensor based on spherical-like cerium dioxide catalyst for miR-21 detection. Biosens. Bioelectron. 2018, 105, 218-225. [CrossRef]
Su, S.; Wu, Y,; Zhu, D,; Chao, J.; Liu, X;; Wan, Y.; Su, Y.; Zuo, X,; Fan, C.; Wang, L. On-electrode synthesis of shape-controlled
hierarchical flower-like Gold nanostructures for efficient interfacial DNA assembly and sensitive electrochemical sensing of
microRNA. Small 2016, 12, 3794-3801. [CrossRef]

Khosravi, F.; Rahaie, M.; Ghaani, M.R.; Azimzadeh, M.; Mostafavi, E. Ultrasensitive electrochemical miR-155 nanocomposite
biosensor based on functionalized /conjugated graphene materials and gold nanostars. Sens. Actuators B Chem. 2023, 375, 132877.
[CrossRef]

Zhou, H.; Zhang, J.; Li, B.; Liu, J.; Xu, J.J.; Chen, H.Y. Dual-mode SERS and electrochemical detection of miRNA based on
popcorn-like gold nanofilms and toehold-mediated strand displacement amplification reaction. Anal. Chem. 2021, 93, 6120-6127.
[CrossRef] [PubMed]

Eksin, E.; Erdem, A. Electrochemical detection of microRNAs by graphene oxide modified disposable graphite electrodes.
J. Electroanal. Chem. 2018, 810, 232-238. [CrossRef]

Tran, H.V; Piro, B.; Reisberg, S.; Huy Nguyen, L.; Dung Nguyen, T.; Duc, H.T.; Pham, M.C. An electrochemical ELISA-like
immunosensor for miRNAs detection based on screen-printed gold electrodes modified with reduced graphene oxide and carbon
nanotubes. Biosens. Bioelectron. 2014, 62, 25-30. [CrossRef]

Hu, T.; Zhang, L.; Wen, W.; Zhang, X.; Wang, S. Enzyme catalytic amplification of miRNA-155 detection with graphene quantum
dot-based electrochemical biosensor. Biosens. Bioelectron. 2016, 77, 451-456. [CrossRef] [PubMed]

Li, E; Peng, J.; Zheng, Q.; Guo, X,; Tang, H.; Yao, S. Carbon nanotube-polyamidoamine dendrimer hybrid-modified electrodes for
highly sensitive electrochemical detection of microRNA24. Anal. Chem. 2015, 87, 4806—4813. [CrossRef]

Tran, H.V,; Piro, B.; Reisberg, S.; Anquetin, G.; Duc, H.T.; Pham, M.C. An innovative strategy for direct electrochemical detection
of microRNA biomarkers. Anal. Bioanal. Chem. 2014, 406, 1241-1244. [CrossRef] [PubMed]

Yang, L.; Wang, H.; L1, H.; Hui, N. Phytic acid functionalized antifouling conducting polymer hydrogel for electrochemical
detection of microRNA. Anal. Chim. Acta 2020, 1124, 104-112. [CrossRef]

Liu, S.; Su, W,; Li, Y;; Zhang, L.; Ding, X. Manufacturing of an electrochemical biosensing platform based on hybrid DNA
hydrogel: Taking lung cancer-specific miR-21 as an example. Biosens. Bioelectron. 2018, 103, 1-5. [CrossRef]

Yan, C.; Xu, J.; Yang, L.; Yao, B.; Liu, G.; Chen, W. Target-triggered substantial stacking of electroactive indicators based on
digestion-to-growth regulated tandem isothermal amplification for ultrasensitive miRNA determination. Sens. Actuators B Chem.
2021, 344, 130280. [CrossRef]

Han, S.; Liu, W,; Yang, S.; Wang, R. Facile and label-free electrochemical biosensors for microRNA detection based on DNA
origami nanostructures. ACS Omega 2019, 4, 11025-11031. [CrossRef]

Zouari, M.; Campuzano, S.; Pingarrén, ].M.; Raouafi, N. Femtomolar direct voltammetric determination of circulating miRNAs in
sera of cancer patients using an enzymeless biosensor. Anal. Chim. Acta 2020, 1104, 188-198. [CrossRef] [PubMed]

Fu, P; Xing, S.; Xu, M.; Zhao, Y.; Zhao, C. Peptide nucleic acid-based electrochemical biosensor for simultaneous detection of
multiple microRNAs from cancer cells with catalytic hairpin assembly amplification. Sens. Actuators B Chem. 2020, 305, 127545.
[CrossRef]

Hu, Z.; Zhao, B.; Miao, P.; Hou, X,; Xing, F.; Chen, Y.; Feng, L. Three-way junction DNA based electrochemical biosensor for
microRNAs detection with distinguishable locked nucleic acid recognition and redox cycling signal amplification. J. Electroanal.
Chem. 2021, 880, 114861. [CrossRef]

Tian, L.; Qian, K.; Qj, J.; Liu, Q.; Yao, C.; Song, W.; Wang, Y. Gold nanoparticles superlattices assembly for electrochemical
biosensor detection of microRNA-21. Biosens. Bioelectron. 2018, 99, 564-570. [CrossRef] [PubMed]

Labib, M.; Khan, N.; Ghobadloo, S.M.; Cheng, J.; Pezacki, ].P,; Berezovski, M.V. Three-mode electrochemical sensing of ultralow
MicroRNA levels. . Am. Chem. Soc. 2013, 135, 3027-3038. [CrossRef] [PubMed]


https://doi.org/10.1007/s42250-019-00058-x
https://doi.org/10.1016/j.bios.2016.09.050
https://www.ncbi.nlm.nih.gov/pubmed/27836600
https://doi.org/10.1016/j.bios.2015.03.051
https://www.ncbi.nlm.nih.gov/pubmed/25841119
https://doi.org/10.1039/C7AY00665A
https://doi.org/10.1021/acs.analchem.9b03492
https://doi.org/10.1016/j.bios.2015.09.020
https://doi.org/10.1016/j.bios.2018.01.025
https://doi.org/10.1002/smll.201601066
https://doi.org/10.1016/j.snb.2022.132877
https://doi.org/10.1021/acs.analchem.0c05221
https://www.ncbi.nlm.nih.gov/pubmed/33821629
https://doi.org/10.1016/j.jelechem.2018.01.015
https://doi.org/10.1016/j.bios.2014.06.014
https://doi.org/10.1016/j.bios.2015.09.068
https://www.ncbi.nlm.nih.gov/pubmed/26453906
https://doi.org/10.1021/acs.analchem.5b00093
https://doi.org/10.1007/s00216-013-7292-4
https://www.ncbi.nlm.nih.gov/pubmed/23963573
https://doi.org/10.1016/j.aca.2020.05.025
https://doi.org/10.1016/j.bios.2017.12.021
https://doi.org/10.1016/j.snb.2021.130280
https://doi.org/10.1021/acsomega.9b01166
https://doi.org/10.1016/j.aca.2020.01.016
https://www.ncbi.nlm.nih.gov/pubmed/32106951
https://doi.org/10.1016/j.snb.2019.127545
https://doi.org/10.1016/j.jelechem.2020.114861
https://doi.org/10.1016/j.bios.2017.08.035
https://www.ncbi.nlm.nih.gov/pubmed/28826000
https://doi.org/10.1021/ja308216z
https://www.ncbi.nlm.nih.gov/pubmed/23362834

Sensors 2023, 23,4128 21 of 22

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

Liu, L.; Chang, Y.; Xia, N.; Peng, P.; Zhang, L.; Jiang, M.; Zhang, J.; Liu, L. Simple, sensitive and label-free electrochemical
detection of microRNAs based on the in situ formation of silver nanoparticles aggregates for signal amplification. Biosens.
Bioelectron. 2017, 94, 235-242. [CrossRef] [PubMed]

Smith, D.A.; Newbury, L.J.; Drago, G.; Bowen, T.; Redman, J.E. Electrochemical detection of urinary microRNAs via sulfonamide-
bound antisense hybridisation. Sens. Actuators B Chem. 2017, 253, 335-341. [CrossRef]

Zayani, R.; Rabti, A.; Ben Aoun, S.; Raouafi, N. Fluorescent and electrochemical bimodal bioplatform for femtomolar detection of
microRNAs in blood sera. Sens. Actuators B Chem. 2021, 327, 128950. [CrossRef]

Zhu, D,; Liu, W,; Zhao, D.; Hao, Q.; Li, J.; Huang, J.; Shi, J.; Chao, ].; Su, S.; Wang, L. Label-free electrochemical sensing platform
for microRNA-21 detection using thionine and gold nanoparticles co-functionalized MoS2 nanosheet. ACS Appl. Mater. Interfaces
2017, 9, 35597-35603. [CrossRef]

Lin, X,; Jiang, J.; Wang, J.; Xia, J.; Wang, R.; Diao, G. Competitive host-guest recognition initiated by DNAzyme-cleavage cycling
for novel ratiometric electrochemical assay of miRNA-21. Sens. Actuators B Chem. 2021, 333, 129556. [CrossRef]

Yuan, Y.-H.; Wu, Y.-D,; Chi, B.-Z.; Wen, S.-H.; Liang, R.-P; Qiu, ].-D. Simultaneously electrochemical detection of microRNAs
based on multifunctional magnetic nanoparticles probe coupling with hybridization chain reaction. Biosens. Bioelectron. 2017, 97,
325-331. [CrossRef] [PubMed]

Zhu, W,; Su, X.; Gao, X.; Dai, Z.; Zou, X. A label-free and PCR-free electrochemical assay for multiplexed microRNA profiles by
ligase chain reaction coupling with quantum dots barcodes. Biosens. Bioelectron. 2014, 53, 414-419. [CrossRef] [PubMed]
Kasturi, S.; Eom, Y.; Torati, S.R.; Kim, C.G. Highly sensitive electrochemical biosensor based on naturally reduced rGO/Au
nanocomposite for the detection of miRNA-122 biomarker. |. Ind. Eng. Chem. 2021, 93, 186-195. [CrossRef]

Lusi, E.A.; Passamano, M.; Guarascio, P,; Scarpa, A.; Schiavo, L. Innovative electrochemical approach for an early detection of
microRNAs. Anal. Chem. 2009, 81, 2819-2822. [CrossRef]

Erdem, A.; Eksin, E.; Kadikoylu, G.; Yildiz, E. Voltammetric detection of miRNA hybridization based on electroactive indicator-
cobalt phenanthroline. Int. . Biol. Macromol. 2020, 158, 819-825. [CrossRef]

Yaraly, E.; Kanat, E.; Erac, Y.; Erdem, A. Ionic liquid modified single-use electrode developed for voltammetric detection of
miRNA-34a and its application to real samples. Electroanalysis 2020, 32, 384-393. [CrossRef]

Bartosik, M.; Hrstka, R.; Palecek, E.; Vojtesek, B. Magnetic bead-based hybridization assay for electrochemical detection of
microRNA. Anal. Chim. Acta 2014, 813, 35-40. [CrossRef]

Bartosik, M.; Trefulka, M.; Hrstka, R.; Vojtesek, B.; Palecek, E. Os(VI)bipy-based electrochemical assay for detection of specific
microRNAs as potential cancer biomarkers. Electrochem. Commun. 2013, 33, 55-58. [CrossRef]

Ren, R; Bi, Q,; Yuan, R.; Xiang, Y. An efficient, label-free and sensitive electrochemical microRNA sensor based on target-initiated
catalytic hairpin assembly of trivalent DNAzyme junctions. Sens. Actuators B Chem. 2020, 304, 127068. [CrossRef]

Hu, Q.; Wan, J.; Luo, Y.; Li, S.; Cao, X.; Feng, W.; Liang, Y.; Wang, W.; Niu, L. Electrochemical detection of femtomolar DNA via
boronate affinity-mediated decoration of polysaccharides with electroactive tags. Anal. Chem. 2022, 94, 12860-12865. [CrossRef]
Wang, J.; Wang, D.; Hui, N. A low fouling electrochemical biosensor based on the zwitterionic polypeptide doped conducting
polymer PEDOT for breast cancer marker BRCA1 detection. Bioelectrochemistry 2020, 136, 107595. [CrossRef]

Senel, M.; Dervisevic, M.; Kokkokoglu, F. Electrochemical DNA biosensors for label-free breast cancer gene marker detection.
Anal. Bioanal. Chem. 2019, 411, 2925-2935. [CrossRef] [PubMed]

Yang, S.; You, M.; Yang, L.; Zhang, F.; Wang, Q.; He, P. A recyclable electrochemical sensing platform for breast cancer diagnosis
based on homogeneous DNA hybridization and host-guest interaction between cucurbit[7]uril and ferrocene-nanosphere with
signal amplification. J. Electroanal. Chem. 2016, 783, 161-166. [CrossRef]

Hasanzadeh, M.; Feyziazar, M.; Solhi, E.; Mokhtarzadeh, A.; Soleymani, J.; Shadjou, N.; Jouyban, A.; Mahboob, S. Ultrasensitive
immunoassay of breast cancer type 1 susceptibility protein (BRCA1) using poly (dopamine-beta cyclodextrine-Cetyl trimethylam-
monium bromide) doped with silver nanoparticles: A new platform in early stage diagnosis of breast cancer and effici. Microchem.
J. 2019, 145, 778-783. [CrossRef]

Yang, B.; Zhang, S.; Fang, X.; Kong, ]. Double signal amplification strategy for ultrasensitive electrochemical biosensor based on
nuclease and quantum dot-DNA nanocomposites in the detection of breast cancer 1 gene mutation. Biosens. Bioelectron. 2019,
142, 111544. [CrossRef] [PubMed]

Feng, D.; Su, J.; He, G.; Xu, Y,; Wang, C.; Zheng, M.; Qian, Q.; Mi, X. Electrochemical DNA sensor for sensitive BRCA1 detection
based on DNA tetrahedral-structured probe and poly-adenine mediated gold nanoparticles. Biosensors 2020, 10, 78. [CrossRef]
[PubMed]

Benvidi, A.; Tezerjani, M.D.; Jahanbani, S.; Mazloum Ardakani, M.; Moshtaghioun, S.M. Comparison of impedimetric detection
of DNA hybridization on the various biosensors based on modified glassy carbon electrodes with PANHS and nanomaterials of
RGO and MWCNTs. Talanta 2016, 147, 621-627. [CrossRef]

Wang, W.; Fan, X.; Xu, S.; Davis, ].J.; Luo, X. Low fouling label-free DNA sensor based on polyethylene glycols decorated with
gold nanoparticles for the detection of breast cancer biomarkers. Biosens. Bioelectron. 2015, 71, 51-56. [CrossRef]

Tiwari, A.; Gong, S. Electrochemical detection of a breast cancer susceptible gene using cDNA immobilized chitosan-co-polyaniline
electrode. Talanta 2009, 77, 1217-1222. [CrossRef]

Benvidi, A.; Dehghani Firouzabadi, A.; Dehghan Tezerjani, M.; Moshtaghiun, S.M.; Mazloum-Ardakani, M.; Ansarin, A. A highly
sensitive and selective electrochemical DNA biosensor to diagnose breast cancer. J. Electroanal. Chem. 2015, 750, 57-64. [CrossRef]


https://doi.org/10.1016/j.bios.2017.02.041
https://www.ncbi.nlm.nih.gov/pubmed/28285201
https://doi.org/10.1016/j.snb.2017.06.069
https://doi.org/10.1016/j.snb.2020.128950
https://doi.org/10.1021/acsami.7b11385
https://doi.org/10.1016/j.snb.2021.129556
https://doi.org/10.1016/j.bios.2017.06.022
https://www.ncbi.nlm.nih.gov/pubmed/28622643
https://doi.org/10.1016/j.bios.2013.10.023
https://www.ncbi.nlm.nih.gov/pubmed/24201005
https://doi.org/10.1016/j.jiec.2020.09.022
https://doi.org/10.1021/ac8026788
https://doi.org/10.1016/j.ijbiomac.2020.04.168
https://doi.org/10.1002/elan.201900353
https://doi.org/10.1016/j.aca.2014.01.023
https://doi.org/10.1016/j.elecom.2013.04.009
https://doi.org/10.1016/j.snb.2019.127068
https://doi.org/10.1021/acs.analchem.2c02894
https://doi.org/10.1016/j.bioelechem.2020.107595
https://doi.org/10.1007/s00216-019-01739-9
https://www.ncbi.nlm.nih.gov/pubmed/30957202
https://doi.org/10.1016/j.jelechem.2016.11.027
https://doi.org/10.1016/j.microc.2018.11.029
https://doi.org/10.1016/j.bios.2019.111544
https://www.ncbi.nlm.nih.gov/pubmed/31376717
https://doi.org/10.3390/bios10070078
https://www.ncbi.nlm.nih.gov/pubmed/32698331
https://doi.org/10.1016/j.talanta.2015.10.043
https://doi.org/10.1016/j.bios.2015.04.018
https://doi.org/10.1016/j.talanta.2008.08.029
https://doi.org/10.1016/j.jelechem.2015.05.002

Sensors 2023, 23,4128 22 of 22

95.

96.

97.

98.

99.

100.

101.

102.

103.

Chen, L.; Liu, X.; Chen, C. Impedimetric biosensor modified with hydrophilic material of tannic acid/polyethylene glycol
and dopamine-assisted deposition for detection of breast cancer-related BRCA1 gene. J. Electroanal. Chem. 2017, 791, 204-210.
[CrossRef]

Azimzadeh, M.; Rahaie, M.; Nasirizadeh, N.; Naderi-Manesh, H. Application of Oracet Blue in a novel and sensitive electrochem-
ical biosensor for the detection of microRNA. Anal. Methods 2015, 7, 9495-9503. [CrossRef]

Peng, Y.; Gao, Z. Amplified detection of microRNA based on ruthenium oxide nanoparticle-initiated deposition of an insulating
film. Anal. Chem. 2011, 83, 820-827. [CrossRef]

Pohlmann, C.; Sprinzl, M. Electrochemical detection of micrornas via gap hybridization assay. Anal. Chem. 2010, 82, 4434-4440.
[CrossRef]

Wang, W.; Zhang, W.; Wu, ].; Zhou, Z.; Ma, ]. miR-522 regulates cell proliferation, migration, invasion capacities and acts as a
potential biomarker to predict prognosis in triple-negative breast cancer. Clin. Exp. Med. 2022, 22, 385-392. [CrossRef] [PubMed]
Fong, M.Y.; Zhou, W.; Liu, L.; Alontaga, A.Y.; Chandra, M.; Ashby, J.; Chow, A.; O’'Connor, S.T.F; Li, S.; Chin, A.R.; et al.
Breast-cancer-secreted miR-122 reprograms glucose metabolism in premetastatic niche to promote metastasis. Nat. Cell Biol. 2015,
17,183-194. [CrossRef] [PubMed]

Lin, M.; Wen, Y; Li, L.; Pei, H.; Liu, G.; Song, H.; Zuo, X,; Fan, C.; Huang, Q. Target-responsive, DNA nanostructure-based E-DNA
sensor for microRNA analysis. Anal. Chem. 2014, 86, 2285-2288. [CrossRef] [PubMed]

Oliveira-Brett, A.M.; Piedade, J.A.P,; Silva, L.A.; Diculescu, V.C. Voltammetric determination of all DNA nucleotides. Anal.
Biochem. 2004, 332, 321-329. [CrossRef]

Chiorcea-Paquim, A.M.; Eritja, R.; Oliveira-Brett, A.M. Electrochemical and AFM characterization of G-quadruplex electrochemi-
cal biosensors and applications. ]. Nucleic Acids 2018, 2018, 5307106. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.jelechem.2017.03.001
https://doi.org/10.1039/C5AY01848J
https://doi.org/10.1021/ac102370s
https://doi.org/10.1021/ac100186p
https://doi.org/10.1007/s10238-021-00757-1
https://www.ncbi.nlm.nih.gov/pubmed/34518949
https://doi.org/10.1038/ncb3094
https://www.ncbi.nlm.nih.gov/pubmed/25621950
https://doi.org/10.1021/ac500251t
https://www.ncbi.nlm.nih.gov/pubmed/24528092
https://doi.org/10.1016/j.ab.2004.06.021
https://doi.org/10.1155/2018/5307106

	Introduction 
	Electrochemical Biosensors for miRNA Analysis 
	Electrochemical Biosensors Based on Redox Mediators 
	Biosensor Based on Redox Molecules 
	Biosensors Based on Enzymes 
	Biosensors Based on Electrochemical Indicator–Functionalized Nanomaterials 
	Biosensors Based on Conducting Polymers 

	Label-Free Electrochemical Biosensors 
	Biosensors Based on the Detection of Guanine Residues 
	Biosensors Based on Hemin/GQ DNAzymes 


	Electrochemical Biosensors for BRCA1 Analysis 
	Conclusions 
	References

