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ABSTRACT

We report here an impedimetric genosensor for the quantification of microRNA-21
using [Fe(CN)g]3/4 as redox probe to transduce the hybridization event. The biosensing
platform was built at a thiolated-gold electrode by covalent bond of reduced graphene oxide
(RGO) modified with chitosan (CHIT) and further covalent attachment of the aminated DNA
probe. GO was used to provide the carboxylic groups for the covalent attachment of CHIT
and, once reduced, to improve the electroactivity of the resulting platform, while CHIT served
as a bridge between the thiol and the aminated probe DNA. The proposed bioanalytical
platform allows the label-free, non-amplified, simple and fast biosensing of microRNA-21,
with a linear range between 1.0 x 10-'2M and 1.0 x 108 M, a sensitivity of (134 + 4)
QM- (r? = 0.996), a detection limit of 300 fM, and a reproducibility of 5.9 % for 1.0 x
102 M miRNA-21 and 2.2 % for 1.0 x 10° M miRNA-21. The genosensor was

successfully used for the quantification of microRNA-21 in enriched human blood serum,

urine and saliva samples.

Keywords: microRNA-21; Impedimetric biosensor; Biomarker; Graphene

oxide; Chitosan.

1. Introduction

MicroRNAs (miRNAs) are non-coding RNAs of 19-25 nucleotides in length,
that can be present in intergenic or intragenic regions of the genome and are
involved in the post-transcriptional regulation of gene expression [1]. A dysregulation
can be associated with cancer, dementia, and cardiovascular diseases, among other

pathologies. miRNAs can have the role of tumor suppression or oncogenic function



and have been connected to—with processes associated with cancer, such as
apoptosis, invasion, metastasis, and proliferation [1]. Therefore, the development of
highly sensitive and selective methodologies to quantify miRNAs, is highly required.
Their low abundance, short length and high sequence-similarity with other family
members, make the quantification of miRNAs a big challenge. In the last years there
has been an increasing interest for the design of biosensors that allow the sensitive,
selective and friendly quantification of miRNAs [2-4]. In this sense, the
electrochemical ones have demonstrated to be very efficient [5].

mMiRNA-21 was one of the first mammalian miRNAs identified [6] and has
been proposed as diagnostic and prognostic biomarker, and even as therapeutic
target for several types of cancer [7]. The upregulation of miRNA-21 in breast,
pancreatic, prostate, and colorectal cancers, makes a non-invasive diagnostic
biomarker. Therefore, as it is upregulated in several types of cancer, is convenient
to use miRNA-21 as part of a panel of biomarkers instead of a specific biomarker for
one type of cancer [1].

Most of the electrochemical miRNA-21 biosensors reported in the last couple
of years have been mainly based on the use of different amplification strategies.
Zhang H. et al. [8] reported the use of a hairpin DNA modified-Au electrode
associated with the action of a duplex specific nuclease (DSN), and the incorporation
of a biotinylated signaling DNA/streptavidin-modified Au-
nanoparticles(NPs)/biotinylated-horseradish peroxidase (HRP) to generate an
enhanced analytical signal in the presence of hydrogen peroxide and
3,3,5,5 tetramethylbenzidine (TMB). A signal amplification mediated by PdNPs

accumulated at a guanine-rich ssDNA generated through rolling circle amplification
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(RCA) was also proposed [9]. Guo et al. [10] described the sub-fM biosensing by
combination of a dual signal amplification strategy using hybridization chain reaction
(HCR) and enzyme induced metallization (EIS). Tian et al. [11] described the use of
a hairpin capture probe immobilized at Fe;O4, which is opened after interacting with
miRNA-21, to allow the amplification by HCR and the synergized catalytic reduction
of hydrogen peroxide/TMB system in the presence of a Cu(ll) planar complex. Liang
et al. [12] presented the pM detection of miRNA-21 using an amplification scheme
based on HCR in connection with different strategies to transduce the hybridization
event. An impedimetric quantification of miRNA-21, reported by Zhang et al. [13],
was based on the use of glassy carbon electrode (GCE) modified with ZrO,,
graphene oxide (GO) and polyacrylic acid (PAA) containing the cyclically generated
dsDNA from the hairpin unfolded after hybridization. The electrostatically
accumulated [Ru(NH)e]3* (RuHex) at different platforms following diverse schemes
was used to generate the analytical signal either with or without the catalytic effect
of [Fe(CN)g]*~ [14-16]. Feng et al. [17] proposed the voltammetric (SWV)
quantification of miRNA-21 from the molybdophosphate generated through the
facilitated accumulation of molybdate at the phosphate residues of the resulting DNA
using HCR. Chen et al. [18] described a biosensor based on the SWV signal of the
methylene blue (MB) released from mesoporous silica nanospheres-hairpin H1 and
intercalated within the dsDNA generated at the gold electrode/capture DNA as a
consequence of CHR after H1-miRNA-21 hybridization and CHA in the presence of
the hairpin H2. A ratiometric scheme based on the different currents ratio of two
redox markers before and after hybridization through mismatched catalytic hairpin

assembly (CHA) amplification and generation of stable “Y”-shaped DNA complexes,
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was reported by Li et al. [19]. Pingarrén’s group [20] reported an innovative
alternative for the sub-pM detection of miRNA-21 using streptavidin-modified
magnetic beads in connection with geno- and immunoassays and the detection at a
magneto SPE through the use of anti DNA-RNA antibody modified with HRP. A
highly sensitive DPV-detection of miRNA-21 through the sandwich hybridization with
a thiolated capture probe-AuNPs-modified GCE and a MWCNTs-thionin-signaling
probe, was also reported [21].

Although the non-amplified miRNA-21 electrochemical biosensors are not
very frequent, some interesting alternatives have been also reported. Luo et al. [22]
proposed the fM ratiometric detection of exosomal miRNA-21 using two redox
markers located in a Y shape-like structure before and after hybridization.
Ghazizadeh et al. [23] presented an original strategy by modifying SPE with MCF-
exosomes and the protein p19. Kaugkamano et al. [24] described the fM detection
of miRNA-21 through the decrease of Ag oxidation signal at Au modified with
polypyrrol/Ag and pyrrolidinyl PNA. Bharti et al. [25] proposed the use of fluorine tin
oxide (FTO) properly modified to support the biotinylated probe and the ;—with
transduction of the hybridization event through the decrease of the DPV signal of
[Fe(CN)g]*"*. The sub-pM detection of miRNA-21 based on the decrease of the
SWV-thionin-redox signal at GCE/MoS,-thionine-AuNPs was described by Zhu et al.
[26]. Azzouzi et al. [27] proposed the impedimetric detection of miRNA-21 through
the increment of the charge transfer resistance of a redox mediator produced by the
anchoring of the complex biotin-molecular beacon-AuNPs-hybrid at the

GCE/neutravidin.



The present work is focused on the development of a non-amplified
impedimetric biosensor for miRNA-21 quantification taking advantage of the unique
properties of graphenaceous materials in a double role of anchoring support to
covalently immobilize the amine-rich polymer chitosan (CHIT) as graphene oxide
(GO) and, as reduced graphene oxide (RGO), to improve to electroactivity of the
resulting platform. The biosensing supramolecular architecture was built at 3-
mercapto-1-propanesulfonate-modified gold electrode by self-assembling of RGO-
CHIT and covalent attachment of NH,-DNA probe. The transduction of the
hybridization event was obtained from the change of the charge transfer resistance
(Ret) using [Fe(CN)g]*##- as redox marker. In the following sections we discuss the
characterization of the biosensing platform and the analytical performance of the

resulting genosensor.

2. Experimental
2.1. Reagents

Sodium 3-mercapto-1-propanesulfonate (MPS), glutaraldehyde (glu),
chitosan (CHIT), N-(3-dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride
(EDC), N-hydroxy-succinimide (NHS), and bovin serum albumin (Alb) were
purchased from Sigma. Potassium ferrocyanide was obtained from Merck and
potassium ferricyanide from Biopack. Ethanol, sulfuric acid (98%) and sodium
hydroxide were provided by J. T. Baker. Graphene oxide (GO, aqueous dispersion
4.0 mg mL-") was obtained from Graphenea. Other chemicals were reagent grade
and used without further purification. DNA and RNA sequences, obtained from

Invitrogen Life Technologies, are the following:
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DNA probe: 5’-NH,-TCA-ACA-TCA-GTC-TGA-TAA-GCT-A-3’

miRNA-21: 5-UAG-CUU-AUC-AGA-CUG-AUG-UUG-A-3’

Single-base mismatch: 5-UAG-CUU-AUC-ACA-CUG-AUG-UUG-A-3’

Non-complementary sequence: 5-GGG-GGG-GGG-GGG-GGG-GGG-GGG-3’
Ultrapure water (p = 18.2 MQ cm) from a Millipore-MilliQ system was used for

preparing all the solutions.

2.2. Apparatus
A platinum wire and Ag/AgCl, 3 M NaCl (BAS) were used as counter and reference
electrodes, respectively. All potentials are referred to the latter. The gold working
electrodes were cleaned before each experiment by successive mechanical,
chemical and electrochemical treatment. The mechanical treatment consisted in
polishing with 0.05 ym alumina for 6 min, followed by sonication in deionized water
for 5 min. Chemical treatment was performed by immersion in “Piranha” solution (1:3
viv H,0./H,SO4) for 5 min, followed by sonication for 10 seconds in ultrasonic bath
and rinsing with ultrapure water. During the electrochemical treatment, the surfaces
were stabilized in 0.500 M H,SO, solution by applying two consecutives step
potentials of 2.0 V and -1.0 V for 2 and 4 seconds, respectively. The state of the
surface after the pretreatment was evaluated by cyclic voltammetry at 0.100 Vs in
a 0.500 M H,SO, solution.

Electrochemical Impedance Spectroscopy (EIS) measurements were
performed with a PGSTAT30 potentiostat (Methrom). The redox probes were 1.0 x

103 M [Fe(CN)g]*~/[Fe(CN)s]*~ and the experiments were carried out in a 0.050 M



phosphate buffer solution pH 7.40. EIS parameters were the following, amplitude:
0.010 V, frequency range: between 1.0 x 102 and 1.0 x 10 Hz, and working
potential: 0.200 V. The impedance spectra were analyzed and fitted by using the Z-
view program.

UV-Vis experiments were carried out with a Shimadzu UV1601

spectrophotometer and a quartz cuvette of 0.1 cm path length.

2.3. Synthesis of RGO-CHIT

A volume of 3.125 mL of 4.0 mgmL-" GO solution was mixed with 6.875 mL
of a 2.00 mgmL' CHIT solution previously prepared in a 0.100 M 2-(N-
morpholino)ethanesulfonic acid (MES) pH 5.00 by sonicating for 2 h in ultrasonic
bath. The resulting GO-CHIT mixture was sonicated in ultrasonic bath for 2 h to
obtain a homogeneous dispersion. After that, the carboxylate groups of GO were
activated with 0.100 M EDC and 0.100 M NHS by sonication for 2 hours and
overnight reaction until completeness under stirring conditions. The purification of
GO-CHIT was carried out by centrifugation for 60 min at 3500 rpm and further
resuspension of the pellet in a 0.15 M MES buffer pH 5.00. This process was
repeated 4 times to eliminate the excess of CHIT. Subsequently, RGO-CHIT was
chemically reduced by adding excess of NaBH, and stirring for 24 h. The resulting
RGO-CHIT was washed following the same procedure as indicated before for
washing GO-CHIT. The characterization of the synthesis was carried out by UV-vis
spectroscopy, following the displacement of the GO extinction band at 234 nm

(Figure 1-SlI).



2.4. Construction of the biosensing platform

Figure 1 presents a schematic illustration of the different steps followed during
the construction of the biosensing platform. The gold electrode was modified with a
2.00 x102 M MPS solution (prepared in 1.60 x 103 M H,SO,4) for 60 min. After
washing the surface with the sulphuric acid solution and water, RGO-CHIT was
electrostatically adsorbed for 60 min. Once the RGO-CHIT was immobilized at the
electrode surface and after washing with MES, the amine residues were activated
with 1.0 % v/v glutaraldehyde (prepared in 1% v/v CH3COOH). Previous washing of
the surface with 0.050 M phosphate buffer solution pH 7.40, the probe was
covalently attached by depositing 20 yL of 50 ppm NH,-DNA probe solution
(prepared in 0.050 M phosphate buffer pH 7.40 + 0.500 M NaCl) at the electrode
surface for 30 min. After this step, the surface was washed with 0.050 M phosphate
buffer pH 7.40 + 0.500 M NaCl and before performing the hybridization, the surface
was blocked with 2.0 % w/v albumin for 30 min to avoid non-specific adsorptions.
The hybridization was performed at the resulting Au/MPS/RGO-CHIT/DNApe
biosensing platform by dropping the 20 pL of miRNA-21 solution (prepared in 0.050

M phosphate buffer solution pH 7.40 + 0.500 M NaCl) for 75 min.

3. Results and discussion

Figure 2A shows the Nyquist plots obtained after each step during the
construction of the biosensing supramolecular arquitecture (Au, Au/MPS,
Au/MPS/RGO-CHIT, Au/MPS/RGO-CHIT/DNAope, Au/MPS/RGO-
CHIT/DNApone/Alb)  and  after the hybridization event (Au/MPS/RGO-

CHIT/DNArope/miRNA-21) using 1.0 x 103 M [Fe(CN)sJ*-J/[Fe(CN)e]* as redox
9



probe. The circles correspond to the experimental points while the solid lines
represent the fitting with the model, in this case a Randles circuit, where R; is the
solution resistance, R is the charge transfer resistance, Cqy the capacitance of the
double-layer and W, the Warburg impedance (Inset of Figure 2A). Figure 2B depicts
the variation of R obtained from the Nyquist plots shown in Figure 2A. The
attachment of MPS at Au produced the expected increment of R due to the blocking
effect of the thiol and the electrostatic repulsion with the redox marker. The
adsorption of RGO-CHIT does not produce a significant change in R, due to the
compensation of different effects: the facilitated electrostatic interaction between
CHIT and [Fe(CN)s]>J/[Fe(CN)e]*~ and the conductive nature of RGO that would
facilitate the charge transfer, and the blocking effect of CHIT that would make more
difficult the charge transfer of the redox probe. Once the DNA probe is immobilized
at Au/MPS/RGO-CHIT, R increases due to the blocking effect of the non-
conductive nucleic acid layer and the electrostatic repulsion of the redox marker with
the negatively charge ribose-phosphate backbone of DNA. The incorporation of Alb,
to avoid the non-specific adsorption, produces a small decrease of R mainly due to
the shielding of the negative charges of DNA probe that compensates the blocking
effect of the non-conductive protein. Once the hybridization with 1.0 x 10-8 M miRNA-
21 takes place, there is an important increment of R due to the increase of the
electrostatic repulsion between the redox probe and the higher negative charge
density as a consequence of the surface heteroduplex formation.

The effect of the hybridization time was evaluated from similar experiments
performed with 1.0 x 10-° M miRNA-21. There was an increment in the R with the

hybridization time from 30 to 75 min mainly due to the increase of the electrostatic
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repulsion between the redox marker and the enhanced negative charge density
resulting from the formation of a higher amount of DNA-miRNA-21 with the
hybridization time, to slightly decrease thereafter (Figure 2-Sl). We selected 75 min
as the best compromise between sensitivity, reproducibility and assay time.

Figure 3A depicts the Nyquist plots obtained for Au/MPS/RGO-CHIT/DNA/AIb
in the presence of different concentrations of miRNA-21 from 1.0 x 10-'2 M to 1.0 x
108 M, and Figure 3B shows the plot of the corresponding R as a function of
miRNA-21 concentration. There is a linear dependence in the whole range between
1.0 x 102 M and 1.0 x 108 M miRNA-21, with a sensitivity of (134 + 4) QM- (r? =
0.996) and a detection limit of 300 fM (calculated as 3 x SD/s where SD is the
standard deviation of the blank signal and s, the sensitivity). The reproducibility,
obtained from the determination of 1.0 x 10-'2 M miRNA-21 was 5.9 % while for 1.0
x 10 M miRNA-21, it was 2.2 %.

Figure 4 shows the bars plot for the R of the redox marker obtained at
Au/MPS/RGO-CHIT/DNA,obe/Alb in the presence of 1.0 x 10-°° M miRNA-21, one-
base mismatch sequence and a fully non-complementary sequence, to evaluate the
selectivity of the genosensor. No response was observed in the case of the fully non-
complementary sequence compared to the blank while for the one-base mismatch
sequence, the Ry is only 24.2 % of the complementary one, clearly indicating that
the genosensor is able to discriminate non-complementary and even one-base
mismatch sequences.

Considering that miRNA-21 can be found in different biological fluids and that,
depending on the nature of the cancer, it is relevant to use one or other fluid, we

evaluate the usefulness of our biosensor to quantify miRNA-21 in: saliva, urine and
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reconstituted human serum samples diluted (1:10 (saliva and urine) and 1:1000
(serum samples)), with 0.050 M phosphate buffer solution pH 7.40 + 0.500 M NacCl)
and enriched with 1.0 x 10-° M miRNA-21. The recovery values were (96 £ 3) %, (90
t 2) %, and (98 £ 3) % for urine, saliva and serum, respectively. It is important that
analogue experiments performed with the diluted samples without miRNA-21, did
not show any matrix effect, with interferences in R of 1.9%, 2.3 % and 1,0 % for
reconstituted serum, urine and saliva, respectively. These results indicate that the
proposed genosensor can be successfully used for practical applications in different
biological fluids.

Table 1 compares the analytical performance of our biosensor with the most
relevant miRNA-21 electrochemical biosensors reported in the last couple of years.
Among them, most of the electrochemical biosensors based on the use of
amplification schemes detection limits (femtomolar to attomolar) than our biosensor
(300 fM) [8-11, 13-19, 25] while few of the amplified biosensors present higher
detection limits than the proposed biosensing platform [12, 20]. Regarding the non-
amplified detection, our biosensor presents better detection limits than the strategies
reported in references [26, 27] and higher than those described in references [23,
24]. In summary, even when our biosensor does not present better detection limits
than most of the biosensors reported in the Table 1, it is still competitive since it is
possible to quantify miRNA-21 even at fM levels in a simple and fast way, without
using amplification strategies involving labelling enzymes/redox markers,
endonucleases, special isothermal amplification schemes, different nanomaterials,

oligonucleotides with particular structures, and DNA analogues [8-11, 13-19, 25] or
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non-amplified strategies based on the use of expensive noble metal nanoparticles

[21, 24, 25].

4. CONCLUSIONS

This work reported an original, label-free and non-amplified impedimetric
genosensor for miRNA-21 using a bioanalytical platform rationally built by taking
advantage of the carboxylic groups of GO to support CHIT, the conductive properties
of RGO to improve the electroactivity of the platform, and the high density of the
amine groups of chitosan to work as bridge between MPS and the aminated capture
probe. The resulting genosensor allowed the sensitive (femtomolar), selective,
simple and fast quantification of miRNA-21 without any additional amplification step
and successful application in different biological fluids.

In addition to these advantages for the quantification of miRNA-21, that make
Au/MPS/RGO-CHIT/DNA competitive, it is a versatile bioanalytical platform that
opens new horizons for multiple biosensing applications just selecting the most

appropriate biorecognition element.
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LEGENDS OF THE FIGURES

Figure 1. Schematic representation of the different steps during the building of the

miRNA-21 genosensor.

Figure 2. (A) Nyquist plots obtained during the construction of biosensor. Inset:
Equivalent circuit used to fit the experimental results (B) Charge transfer resistance
after each step during the construction of the biosensing layer and after the
hybridization with 1.0 x 10® M miRNA-21. Redox marker: 1.0 x 103 M
[Fe(CN)g]*/[Fe(CN)s]*~; Frequency range: 10 KHz to 10 mHz; Potential amplitude:
10 mV; Working potential: 0.200 V. Supporting electrolyte: 0.050 M phosphate buffer

solution pH 7.40 with 0.500 M NacCl.

Figure 3. (A) Nyquist plots for 1.0 x 103 M [Fe(CN)g]*/[Fe(CN)g]*~ obtained at
Au/MPS/RGO-CHIT/DNAope for different concentrations of miRNA-21. Redox

marker: 1.0 x 103 M [Fe(CN)s]*~/[Fe(CN)e]*~ . Other conditions as in Figure 2.

Figure 4. Charge transfer resistances obtained at GCE/MPS/RGO-CHIT/DNA in the
presence of 1.0 x 10° M miRNA-21, 1-base-missmatch, and fully non-
complementary sequences. Hybridization time: 75 min. Other conditions as in Figure

2.

Table 1. Comparison of the analytical parameters for the most relevant miRNA-21

electrochemical biosensors reported in the last two years.
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Figure 1-Sl. UV-vis spectra corresponding to GO-CHIT (-) and RGO-CHIT (-)

Figure 2-Sl. Effect of the hybridization time at Au/MPS/RGO-CHIT/DNA/AIb on the
Rctin the presence of 50 ppm NH,-DNA. Concentration miRNA-21: 1 x 10-° M. Redox
marker: 1.0 x 103 M [Fe(CN)s]*>~/[Fe(CN)e]*~ ; Frequency range: 10 KHz to 10 mHz;
Potential amplitude: 10 mV; Working potential: 0.200 V. Supporting electrolyte:

0.050 M phosphate buffer solution pH = 7.40 with 0.500 M NaCl.
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oulometry

metry

Au

Au

MGCE

Au

GCE

Au

SPE

SPCE

Au

Au

SPCE

GCE

GCE

Hairpin DNA modified-gold electrode, DSN-
assisted target recycling, biotinylated signaling
DNA/streptavidin-AuNPs to anchor the biotinylated
HRP.

G-rich long ssDNAs generated by RCA to facilitate
the in situ synthesis of PANPs .

Integration of a dual signal amplification strategy of
HCR and EIM, using capture probe (CP HI1)
modified magnetic nanobeads.

Capture hairpin immobilized at Fe;O,4, amplification
using HCR and detection from the synergistic
reduction of hydrogen peroxide/ TMB system in the
presence of a Cu(Il) planar complex.

Amplification scheme based on HCR, which leads to
extended growth of DNA chains and higher
amplification efficiency through MB intercalation.

ZrO,/rGO/modified electrode coupled with CHA
signal amplification strategy and detection through
the change of charge transfer resistance of
[Fe(CN)s]> .

Triple signal amplification based on target-triggered
cyclic duplex specific nuclease digestion and bridge
DNA/AuNPs; detection from the preconcentrated
[Ru(NH3)(,]3+.

MoS,@AuNPs/capture DNA and detection through
the [Ru(NH3)6]*" electrostatically bond to the surface
hybrid.

GO-loaded iron oxide and detection from
[Ru(NH;)6]** catalyzed by [Fe(CN)g]*.

Thiol-modified hairpin capture probe immobilized at
Au, detection carried out through the
molybdophosphate accumulated at the ribose-
phosphate backbone of the resulting duplex.

Mesoporous silica nanospheres-hairpin H1, CHA
and HCR enzyme-free amplification, and detection
from the nanospheres-released MB.

Ratiometric scheme based on target driven CHA
mismatched using three hairpins. Detection from the
currents ratio of two redox markers before and after
hybridization.

Geno- and immunoassay using anti DNA-RNA
antibody and detection from the bacterial protein A

conjugated with poly-HRP40/hydrogen peroxide.

DNA-AuNPs, miRNA-21 and MWCNTs modified
with a signaling DNA and labeled with thionine.

LNA-modified “Y” shape-like structure and
detection of exosomal miRNA-21 based on the
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30 pM to 7.0 nM
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1.0x 107 Mto 1.0x 101" M

10 fM to 10 pM

1.0 M to 1.0 nM

1.0 M to 1.0 nM

0.1 fM to 5.0 pM

5.0 fMto 0.1 nM

1.0 pM to 100 pM

0.1 pM to 12000 pM

10 fM-70 M

Tumor cells

Human serum

Human serum

Human serum

Human serum

MCEF7 cells and
human embryonic
kidney cells

Human serum

Ovarian cancer
and normal non-
cancerous cells
Human serum

Liver
hepatocellular
cells

Cell extraction
samples from the
MCEFE7

Cancer cells and
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SPE

Au

FTO

GCE

GCE

distance-sensitive currents ratio of two redox
markers.

Immobilized pl9 protein with MCF-exosome 1.0 aM 1.0 pM to 100 nm
biomarkers and subsequent detection due activation
of the system by target addition.

Electrode modified with polypyrrol/Ag and 10 fM 1.0x 103 Mto 1.0x 108 M
pyrrolidinyl PNA and detection through the decrease
of Ag oxidation signal.

CGO/Au-PtBNPs/SA/CP using [Fe(CN)g]*”* as 1.0 M 1.0 fM to 1.0 pM
redox probe.

MoS,-Thi-AuNPs nanohybrid as a signaling 0.26 pM 1.0 pM to 10 nM
molecule to monitor DNA-RNA hybridization.

Detection from the decrease in the electrochemical

signal of Thi.

Neutravidin and a highly specific biotinylated 0.3 pM 1.0 pM to 1000 pM
DNA/LNA molecular beacon probe conjugated with

AuNPs and detection by increment of the charge

transfer resistance of a redox probe

Human plasma

Human serum

Human serum

Human serum

DL: detection limit; LR: linear range; DSN: duplex-specific nuclease; AuNPs: gold nanoparticles; HRP: horseradish
peroxidase; DPV: differential pulse voltammetry; ssDNA: single-stranded DNA; RCA: rolling circle amplification; PANPs:
palladium nanoparticles; HCR: hybridization chain reaction; EIM: enzyme-induced metallization; MGCE: magnetic glassy
carbon electrode; TMB: 3.,3°,5,5’-tetramethylbenzidine; MB: methylene blue; EIS: electrochemical impedance
spectroscopy; GCE: glassy carbon electrodes; rGO: reduced graphene oxide; CHA: catalytic hairpin assembly; MCF7:
human breast cancer cell lines; SPE: screen-printed electrode; SPCE: screen-printed carbon electrode; GO: graphene oxide;
SWV: square wave voltammetry; MWCNTs: multi-walled carbon nanotubes; LNA: locked nucleic acid; p19: RNA
silencing suppressor; CV: cyclic voltammetry; PNA: peptide nucleic acid; FTO: fluorine tin oxide; CGO: carboxylated
graphene oxide; Au-PtBNPs: Au-Pt bimetallic nanoparticles; SA: streptavidin; CP: capture probe; Thi: thionine.

Table 1. Comparison of the analytical parameters for the most relevant miRNA-21
electrochemical biosensors reported in the last two years.
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