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We report an electrochemical biosensor based on gold platinum bimetallic nanoparticles (AuPtBNPs)/3-ami-
nopropyltriethoxy silane (APTS) nanocomposite coated fluorine-doped tin oxide (FTO) as a biosensing platform
for hybridization-based detection of miRNA-21. Field Emission-Scanning Electron Microscopy (FE-SEM), Fourier
Transform Infrared Spectroscopy (FT-IR) and electrochemical measurements were carried out to ensure the
successful construction of the biosensor. The amount of cDNA immobilized on electrode surface and hybridi-
zation time required for the miRNA-21 sensing were optimized. The biosensing platform showed detection limit
of 0.63 fM with wide linear range i.e. 1 fM-100 nM for miRNA-21 detection. The biosensing strategy demon-
strates a good recovery yield from 90.18% to 94.6% in serum samples. It offers good selectivity for its com-
plementary miRNA compared to the non-complementary miRNAs. Other analytical features of the biosensor such

as stability, reusability and reproducibility were also tested, providing appropriate results.

1. Introduction

MicroRNAs (miRNAs) are small non-coding RNA sequences (20-22
nucleotide in length) that post transcriptionally regulate the gene
expression of target mRNAs. They also regulate many biological pro-
cesses like cell proliferation, differentiation, aging, cellular apoptosis
and tumorigenesis [1-3]. It was found that there are more than 2500
miRNA sequences in the human genome, regulating about 30% of the
protein coding genes [4,5]. Abnormally expressed miRNAs leads to the
development of cancer via various mechanisms including amplification,
silencing, deletion and mutations [6]. They are present in the peripheral
circulation and can be used as potential biomarkers for disease diag-
nosis, prognosis and therapy monitoring. MiRNAs are highly involved in
the development of various types of cancers like colon cancer [7],
prostate cancer [8], breast cancer [9], lung cancer [10] and ovarian
cancer [11], and are differentially expressed in the blood circulations of
affected as well as healthy individuals.

Over the past few years, the incidences of breast cancer are
increasing devastatingly and have become a serious threat to the women
health throughout the world [12]. Early stage detection of breast cancer
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could enable appropriate treatment method for frequent recovery and
also avoid unnecessary surgeries. Studies have found that miRNA-21 is
one of the most frequently upregulated microRNA in breast carcinomas
[13-16]. Its overexpression is highly correlated with the specific path-
ological features of breast cancer like metastasis, tumor stage and sur-
vival of the patients etc. [17]. Conventional techniques used for miRNA
detection such as northern blotting [18], microarray [19] and real
time-PCR [20] are associated with some disadvantages like very high
operational cost, time consuming, complex instrumentation and pro-
cedures [21]. To avoid these complications, biosensors are available
with numerous advantages such as cost effectiveness, less invasive, more
sensitive and provide point-of-care (POC) diagnosis. Many biosensing
strategies have been introduced by the researchers for miRNA detection
such as photoluminescence [22], surface plasmon resonance [23],
colorimetric [24], field-effect transistor devices [25] and most
commonly electrochemical approaches [26].

The electrochemical biosensors having nanomaterial as immobili-
zation platforms are drawing much attention in the diagnostic field due
to its high sensitivity and selectivity, miniaturization, low cost, easy
operation, portability and quick response [27-29]. Numerous signal
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amplification approaches based on duplex specific nuclease (DSN) [30],
DNA strand displacement reaction (SDR) [31],
electrochemical-chemical-chemical (ECC) redox cycling [32], rolling
circle amplification [33], microfluidic paper based analytical devices
(PPADs) [34] and hybridization chain reaction [35] etc. are being
explored for miRNA-21 detection. Wang and co-workers established an
enzymatic and molecular beacon mediated strand displacement ampli-
fication methodology for electrochemical sensing of miRNA-21 [36].
The developed strategy showed detection limit of 40 pM for miRNA-21
at optimized conditions. Shuai et al., fabricated a sandwich-type elec-
trochemical assay using MgO nanoflower/AuNPs as sensing platform
and GO-AuNPs hybrids as carriers in combination with ECC redox
cycling detection system [37]. The biosensor exhibited a detection limit
of 50 aM for the detection of miRNA-21. Liu and his research group
proposed a detection method for miRNA-21 using Fe304/CeOy @Au
MNPs nanocatalyst and catalytic hairpin assembly (CHA) for signal
amplification which provided detection limit of 0.33 fM within a linear
range of 1 fM to 1 nM [38]. Recently, a triple signal amplification
strategy was developed by combining DSN assisted target recycling with
gold nanoparticles and horseradish peroxidase (HRP) enzyme signal
amplification [39]. DSN works by cleaving the double stranded DNAs
and DNA/RNA hybrids whereas it is inactive to single or double
stranded RNAs. So, the target miRNA hybridizes with the hairpin DNA to
form a duplex (DNA/RNA) and can be easily cleaved by DSN resulting in
the release of miRNA for further hybridization event to occur.

The hybridization based detection method is considered as a simple
and effective strategy for biosensor development. We have recently
fabricated a hybridization based electrochemical biosensor for miRNA-
21 detection using gold-platinum bimetallic nanoparticles (AuPtBNPs)
decorated carboxylated graphene oxide sheets as signal amplification
strategy and biotin labelled capture probe sequence as recognition
element [40]. The developed biosensor has shown good results with
detection limit 1 fM for miRNA-21. Hence, the current work has been
extended for improved and better diagnosis of breast cancer biomarker.
Focus has been drawn towards the detection of miRNA-21, combining
the properties of 3-aminopropyltriethoxy silane (APTS) and AuPtBNPs.
In the previous method, we have used biotinylated cDNA probe whereas
aminylated cDNA (Am-cDNA) probe is used in this work for hybridiza-
tion based detection of miRNA-21. For the immobilization of cDNA
probe to the electrode surface, glutaraldehyde (GA) is used as a linker in
spite of streptavidin. Thus, the presented biosensing platform exhibit
greater physical strength than the previous one due to the adhesive
nature of glutaraldehyde which protects the fabricated material from
getting off the electrode surface. Also, the use of high cost molecules like
streptavidin and biotin in the previous work makes the method costly
compared to the present strategy. Bimetallic nanoparticles are in
frequent use now days because of their excellent electronic properties,
better catalytic activity and resistance to deactivation [41-43]. The
conductive nature of gold nanoparticles could greatly enhance the
sensitivity of biosensing method in combination with platinum nano-
particles. Both the metal nanoparticles show synergistic effect in com-
bination with each other to improve their properties instead of applying
individually for biosensor development [44]. Electrochemical method of
synthesis is preferred choice for uniform deposition of bimetallic
nanoparticles on electrode surface [45]. Furthermore, APTS is a silica
derivative and useful for the functionalization of various biosensing
platforms with free amino groups forming an active monolayered sur-
face [46,47]. The silane groups present on APTS gets firmly attached to
the silicon or glass substrates through hydroxyl groups exposed on its
surface. FTO has been used in this study which is a conducting
fluorine-doped tin oxide transparent glass and can be used as a base
electrode in various electrochemical biosensing applications. FTO offers
many advantages including fast electron transfer, large surface area,
mechanical strength and chemical as well as temperature stability.
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2. Experimental
2.1. Materials and reagents

Fluorine-doped tin oxide (FTO) sheets, (3-Aminopropyl) triethox-
ysilane, ammonium hydroxide (NH4OH), hydrogen peroxide (H302),
chloroplatinic acid (HoPtClg) and chloroauric acid (HAuCly) were pur-
chased from Sigma-Aldrich, USA. Sodium sulfate (Na;SO4) was received
from SDFCL, Mumbai, India. Glutaraldehyde (CsHgO2), potassium
ferrocyanide trihydrate (K4Fe(CN)g-3H20), potassium ferricyanide
(K3Fe(CN)g), tris hydroxymethyl aminomethane (Tris), ethylene
diamine tetra acetic acid (EDTA) and sodium chloride (NaCl) were
supplied by HiMedia Laboratory Pvt. Ltd., Mumbai, India. All the re-
agents were of analytical grade. The base sequences used in this study
were synthesized by Sigma-Aldrich, USA. These sequences were taken
from our previous work [40] given in supplementary section Table S1.

Autoclaved glasswares and deionized water (dH20) was used to
prepare all the solutions throughout the study. The base sequences were
dissolved in TE buffer (tris 10 mM, pH 7.5 + EDTA 1 mM, pH 8.0) and
stored at —20 °C. The electrochemical measurements were carried out in
[Fe(CN)el 3-/4- electrolyte solution and prepared by dissolving 5 mM of
potassium ferricyanide and 5 mM of potassium ferrocyanide trihydrate
in phosphate buffer containing 0.9% NaCl.

2.2. Instruments

The morphological characterization of fabricated electrodes was
done by FE-SEM [Hitachi SU8000]. Nicolet 1S50 was used for FT-IR
analysis to check the functional groups present on FTO electrode after
each modification step. Electrochemical studies were carried out on an
AutoLab 302NFRA32 M [Metrohm-Autolab Instruments, Netherlands]
workstation with a conventional three electrode system, an Ag/AgCl as
reference electrode, a platinum wire as counter electrode and FTO as
working electrode. Real time-PCR studies were done on CFX Real-Time
PCR System [Bio-Rad].

2.3. Step wise modification of prepared biosensor

The prewashed FTO electrodes were dipped in a solution containing
H202:NH4OH:H0 (1:1:5) for 30 min at 60 °C for hydroxylation process.
The hydroxylated FTO electrodes were incubated in 2% APTS solution
prepared in acetone for 24 h at room temperature. For deposition of
AuPtBNPs, the dried APTS/FTO electrodes were immersed in a 0.2 M
NaySO4 solution containing 1.0 mM HAuCly and 1.0 mM HyPtClg and
subjected to a constant potential of —0.2 V for 350 s. The AuPtBNPs/
APTS/FTO electrodes were rinsed with dH,O and dried at room tem-
perature for further use.

For the attachment of Am-cDNA on electrode surface, glutaraldehyde
was introduced as a linker between exposed amine groups of silane
moieties and Am-cDNA through its -CHO groups. The AuPtBNPs/APTS/
FTO electrode was incubated with 1% glutaraldehyde solution for 2 h.
Subsequently, 10 pL (20 pM) of Am-cDNA probe solution prepared in TE
buffer was applied on the surface of GA/AuPtBNPs/APTS/FTO elec-
trode. The modified electrode was rinsed with dH,O to remove non-
bound cDNA probe and stored at 4 °C for further use.

2.4. Electrochemical detection of miRNA-21

After the successful fabrication ofAm-cDNA/GA/AuPtBNPs/APTS/
FTO bioelectrode, different concentrations of miRNA-21 ranging from
1 fM to 100 nM were tested by incubating for 20 min. The cDNA hy-
bridized to its target miRNA-21 with strong affinity and produced con-
centration dependent signals which were measured electrochemically
by DPV assay.
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Fig. 1. Schematic illustration for the design and development of miRNA-21 biosensor.

2.5. Real sample analysis

The vulnerability of developed method in real samples was tested
using serum samples of patients as well as healthy donors. Blood samples
of breast cancer patients were collected from PGIMER, Chandigarh with
ethical clearance (PGI/IEC/2016,/3405). Five healthy and five diseased
serum samples were diluted to 10 folds and subjected to the electro-
chemical detection of miRNA-21. Furthermore, recovery studies were
also performed by spike-in different concentrations of standard miRNA-
21 solution in diluted serum sample i.e. 1 pM, 1 x 10% pM, 1 x 10% pM
and 1 x 10* pM. All these samples were applied on prepared electrode
surface for 20 min and subjected for electrochemical measurements after
washing.

2.6. Real time-PCR analysis of serum samples

The miRNA from serum samples was extracted using miRNeasy Mini
kit (Catalogue # 217004, Qiagen, USA). The cDNA of extracted miRNA
samples was generated by miRNA 1st strand cDNA synthesis kit (Cat
#600036, Agilent Technologies, USA) following manufacturer’s in-
structions and stored at —20 °C for further use. For real time-PCR
analysis, 10 pL reaction mixture was prepared using following con-
tents: 5 pL of SYBR Green master mix, 1.92 pL of forward/reverse primer
mix, 1 pL of cDNA template and make up volume 10 pL with RNase free
water. Finally, real time-PCR was conducted at 95 °C for 2 min, followed
by 40 cycles of 95 °C for 5 5/60 °C for 15 s/72 °C for 20 s.

3. Results and discussion
3.1. Design principle of the developed biosensor

The stepwise modifications done on FTO electrode surface is
demonstrated in Fig. 1. Firstly, the FTO electrodes were hydroxylated to
introduce —OH moieties on electrode surface which aids in successful
deposition of APTS monolayer through its silane moieties. After the
formation of APTS/FTO electrode, AuPtBNPs were uniformly electro-
deposited by applying —0.2 V potential for 350 s using chrono-
amperometry technique. The -NH.; groups of APTS exposed on the
other side provides the binding sites for biomolecule deposition and
bimetallic nanoparticles greatly enhanced the electrochemical response
of developed biosensor. Further, glutaraldehyde was introduced on the
surface of AuPtBNPs/APTS/FTO as a linker between APTS and amine
modified cDNA probe. Now, the cDNA probe coated electrode (Am-
cDNA/GA/AuPtBNPs/APTS/FTO) is ready for target recognition on the
basis of principle of hybridization.

3.2. Characterization of stepwise fabrication

3.2.1. FE-SEM

The morphological appearance of APTS, AuPtBNPs/APTS, GA/
AuPtBNPs/APTS and Am-cDNA/GA/AuPtBNPs/APTS coated FTO were
observed by FE-SEM imaging as shown in Fig. 2A. It can be seen in
Fig. 2A(i) that APTS can form a thin layer over the surface of FTO
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Fig. 2. (A) FE-SEM images & (B) FT-IR spectra of (i) APTS, (ii) AuPtBNPs/APTS, (iii) GA/AuPtBNPs/APTS and (iv) Am-cDNA/GA/AuPtBNPs/APTS coated FTO.

electrode. The electrodeposited AuPtBNPs on the surface of APTS/FTO
shows uniform distribution of small round shaped flower like structures
improving the electron transfer rate (Fig. 2A(ii)). After glutaraldehyde
immobilization (Fig. 2A(iii)), a crystalline surface was observed which
assisted the immobilization of cDNA probe on the electrode surface.
Further modification with ¢cDNA probe, structures having aggregated
appearance were found aiding in the target hybridization (Fig. 2A(iv)).
Hence, the change in morphological appearance after each step clearly
indicated the successful deposition of all the materials and biomolecules.

3.2.2. FT-IR

Fig. 2B shows the FT-IR spectra of as prepared electrodes (i) APTS/
FTO, (ii) AuPtBNPs/APTS/FTO, (iii) GA/AuPtBNPs/APTS/FTO and (iv)
Am-cDNA/GA/AuPtBNPs/APTS/FTO. As shown in curve i, APTS

displays peaks at 3327 em ™}, 2934 cm ™!, 1632 cm ™, 1562 em ™, 1480
em !, 1326 cm ™Y, 1110 cm ! and 1038 cm ™! [48,49]. The peak at 3327
em ™! is attributed to the presence of N-H stretch whereas peak related to
N-H bending was found at 1632 cm™'. The peaks at 2934 cm™! and
1480 cm™! correspond to N-CH, stretching. Other peak related to N-H
bending was found at 1632 cm™! and the peaks at 1562 cm ™' and 1326
cm™! contributed to the presence of C-N stretch. The sharp peaks at
1110 em ™! and 1038 em ™! attributed to the stretching vibrations of
Si—O-Si bond. All the observations affirmed the deposition of APTS on
FTO electrode surface. In the spectrum of AuPtBNPs/APTS/FTO, there
were no significant peaks for electrodeposited AuPtBNPs. After applying
glutaraldehyde (curve iii), the appearance of absorption peak at 3407
em™! can be attributed to the O-H stretching vibrations. The peaks
located at 2926 cm ™! and 2855 cm ! can be assigned to G-H stretching
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Fig. 3. (A) Cyclic voltammetry, (B) Differential pulse voltammetry and (C) Electrochemical impedance spectroscopy responses of (i) APTS, (ii) AuPtBNPs/APTS, (iii)
GA/AuPtBNPs/APTS, (iv) Am-cDNA/GA/AuPtBNPs/APTS and (v) miRNA-21/Am-cDNA/GA/AuPtBNPs/APTS coated FTO (Inset: Stretched EIS results), in 50 mM

PBS (pH-7.0, 0.9% NaCl) containing 5 mM [Fe(CN)e]>”*".

of aldehydes whereas the peaks at 1712 cm ™! and 1581 cm ™ are due to
the presence of carbonyl group (C=O) [50,51]. In curve iv, the
Am-cDNA/GA/AuPtBNPs/APTS/FTO electrode exhibited peaks at 1650
em™}, 1340 em™Y, 1202 em ™! and 1030 ecm™! [52]. The peaks at 1650
em ! and 1202 em ™! can be assigned to the in-plane ring vibrations of
thymine and sugar phosphate backbone present in ssDNA, respectively.
The presence of C—=C and C=N stretch of the pyrimidine and purine
bases can be confirmed by peaks at 1340 cm ™~ and 1030 cm L.

3.3. Electrochemical characterization of the biosensor

3.3.1. Cyclic voltammetry and differential pulse voltammetry

To analyze the electrochemical nature of fabricated materials, CV
and DPV measurements were performed in 50 mM PBS (pH-7.0, 0.9%
NacCl) containing 5 mM [Fe(CN)g] 3/4 The cyclic voltammetry curves of
APTS/FTO, AuPtBNPs/APTS/FTO, GA/AuPtBNPs/APTS/FTO, Am-
cDNA/GA/AuPtBNPs/APTS/FTO and miRNA-21 coated Am-cDNA/
GA/AuPtBNPs/APTS/FTO are shown in Fig. 3A. APTS coated FTO
electrode showed very less peak current (9.39 X 107° A) (peak i),
reflecting hindrance in the electron transfer between electrolyte solution
and electrode surface. A significant increase in the peak current (5.37 x
10~* A) (ii) was observed after coating AuPtBNPs on APTS/FTO due to

highly conductive nature of bimetallic nanoparticles. When glutaralde-
hyde was applied, peak current decreased to 3.90 x 10~* A (iii) because
the negative charge present on its surface does not allow electron
transfer from negatively charged electrolyte solution. Immobilization of
Am-cDNA probe further decreased the peak current (2.01 x 1074 A) (iv)
attributing to the negatively charged phosphate backbone. After hy-
bridization with miRNA-21, some more decrease in the peak current
(1.31 x 10~* A) (v) was seen due to the added hindrance effect of
negatively charged phosphate backbones of both the single stranded
probes. The DPV responses of corresponding fabricated electrodes are
depicted in Fig. 3B. As observed in DPV results, the peak current showed
very much similar trend to that of CV results. The results suggested
successful fabrication of all the steps involved in the development of
biosensor, as both the results are in good agreement with each other.
Furthermore, all the fabrication steps were also characterized elec-
trochemically by EIS (Electrochemical Impedance Spectroscopy)
method which measures the resistivity in the electron flow between
electrolyte solution and electrode surface. Fig. 3C shows the EIS mea-
surements of APTS/FTO, AuPtBNPs/APTS/FTO, GA/AuPtBNPs/APTS/
FTO, Am-cDNA/GA/AuPtBNPs/APTS/FTO and miRNA-21 coated Am-
c¢DNA/GA/AuPtBNPs/APTS/FTO taken in 50 mM PBS (pH-7.0, 0.9%
NaCl) containing 5 mM [Fe(CN)g] 3/ 4', at the frequency range from 0.1-
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miRNA-21 concentration).

10° Hz. In the EIS spectrum, the diameter of a semicircle represents
electron transfer resistance (R at the electrode surface whereas the
linear part corresponds to the diffusion of the electrolyte solution. Thus,
the results obtained from the EIS measurements must be negatively
related to the CV and DPV results. The EIS results have been summarized
depending on the R values obtained. The Rct value for APTS/FTO was
found to be 709 Q which is higher than the R.; value of AuPtBNPs/
APTS/FTO (36.3 Q) showing almost straight line due to the excellent
electron transfer properties of AuPtBNPs. Further, the R values in-
creases to 77 Q, 102 Q and 361 Q with stepwise fabrication of GA/
AuPtBNPs/APTS/FTO, Am-cDNA/GA/AuPtBNPs/APTS/FTO and
miRNA-21 coated Am-cDNA/GA/AuPtBNPs/APTS/FTO, respectively
attributing to the blocking of electron transfer from electrolyte solution
to the electrode surface.

Also the electrochemical analysis (CV and EIS) of mono as well as
bimetallic nanoparticles coated APTS/FTO electrode has been shown in
Fig. S1. The peak current of AuPtBNPs coated APTS/FTO electrode
showed highest current (6.1 x 10~* A) response in comparison to both
the mono-metallic nanoparticles coated electrode i.e. 4.43 x 10~ A and
4.82 x 10~* A for Au/APTS/FTO and Pt/APTS/FTO, respectively. The
EIS results are also supporting CV results, having R.; values 88 Q, 66 Q
and 56 Q for the electrodes Au/APTS/FTO, Pt/APTS/FTO and
AuPtBNPs/APTS/FTO, respectively. Hence, the results suggest effective
use of AuPtBNPs/APTS/FTO electrode as a biosensing platform for
miRNA-21 detection.

3.3.2. Electroactive surface area

The electroactive surface area of various modification done on FTO
electrodaurfacwasalculatedsingEdpa.6208n>/
2¢,D/? v12. The CV measurements of all the electrodes were taken at
varying scan rates from 10 mVs~! to 100 mVs ™! in electrolyte solution
(Fig. S2) and the slope obtained from the graph (Ipa/v'/?) were used for
carrying out further calculations. The equation can be re-written as

A = Ipal2.69 x 10° An*’C,D}"* v'"* 1

Where, A = surface area of the electrode (crnz), I = anodic peak cur-
rent, n = number of electrons involved in the redox reaction (1), Co =
concentration of [Fe(CN)g] 3/4 (5 mol cm’g), D, = diffusion coefficient
(7.6 x 107° cm? s~ 1) and v = scan rate (Vs 1). The effective surface area
of APTS/FTO, AuPtBNPs/APTS/FTO, GA/AuPtBNPs/APTS/FTO and
Am-cDNA/GA/AuPtBNPs/APTS/FTO was found to be 0.163 cm?,
0.3244 cm?, 0.2973 cm? and 0.2432 cm?, respectively. Because of the
highly conductive nature of AuPtBNPs, the matrix used for the devel-
opment of biosensor (i.e. AuPtBNPs/APTS/FTO) has shown consider-
able increase in the electroactive surface area.

3.4. Optimization of study parameters

The amount of Am-cDNA probe and hybridization time required for
the significant detection of miRNA-21 was optimized by using DPV re-
sponses. The glutaraldehyde coated AuPtBNPs/APTS/FTO electrode
surface was treated with a range of cDNA probe concentrationsi.e. 0 pM,
1pM, 5pM, 10 pM, 15 pM, 20 pM and 25 pM. The electrodes were stored
at 4 °C until drying and current responses were measured after washing
the unbound particles. As shown in Fig. S3 (A), the bioelectrodes dis-
played decreased current response with increasing concentration up to
20 puM of cDNA probe concentration. This might be due to the fact that
binding sites present on the surface of GA/AuPtBNPs/APTS/FTO elec-
trode for cDNA probe gets saturated and no further decrease in the
current response was observed after 20 pM. Hence, 20 pM was selected
as optimized concentration.

The hybridization time required for the formation of duplex structure
between cDNA probe and miRNA-21 was also examined. Fig. S3 (B)
shows the effect of different time intervals (i.e. 0,5,10,15,20,25 and 30
min) on the current response of bioelectrode. As the hybridization time
increased, the current response decreased and reached to a plateau after
20 min. Due to the complete binding of active sites present on electrode
surface, 20 min was chosen as suitable hybridization time for carrying
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Table 1
Comparison of present biosensor with other miRNA-21 based biosensors.
Signal amplification approach Analytical method of Linear range Detection Response References
detection limit time
Duplex-specific nuclease assisted target recycling EIS 0.5-40 fM 60 aM 30 min [30]
Strand displacement reaction amplification strategy Amperometry/I-T 1 fM-1nM 0.34 fM 90 min [31]
measurements

Single enzyme amplification and electrochemical-chemical-chemical redox Amperometry 0.5 fM-1 pM 0.2 fM 60 min [32]
cycling

Catalytic hairpin assembly and rolling circle amplification as a dual signal DPV 0.5-12500 290 fM 90 min [33]
amplification strategy pM

Au nanorods modified microfluidic paper-based analytical devices DPV 1-1000 fM 0.434 fM 2h [34]

DNA hybridization chain reaction Fluorescence assay 1-10° fM 0.2554 fM 2h [35]

Molecular beacon mediated strand displacement amplification and enzymatic DPV 10-50 pM 40 pM 90 min [36]
amplification

Electrochemical-chemical-chemical redox cycling DPV 0.1fM-0.1pM  0.086 fM 60 min [37]

Catalytic hairpin assembly DPV 1 fM-1 nM 0.33 fM 100 min [38]

Duplex-specific nuclease-assisted target recycling Amperometry 0.1 fM-100 43.3 aM 50 min [39]

pM
Voltammetric hybridization assay DPV 1 fM-1 pM 1fM 20 min [40]
Voltammetric hybridization assay DPV 1 fM-100 nM 0.63 fM 20 min This work

out further experiments.

3.5. Detection of miRNA-21

The performance of developed biosensor was tested for different
concentrations of miRNA-21 using DPV technique under optimum
experimental conditions. It can be seen from Fig. 4A, that the current
response of Am-cDNA/GA/AuPtBNPs/APTS bioelectrode tends to
decrease linearly with increasing miRNA-21 concentration from 1 fM-
100 nM. This decrease might be attributed to the amount of duplex
formed after hybridization with miRNA-21. As the concentration of
miRNA-21 increased, the negatively charged phosphate moieties also
increased with duplex formation and the transfer of electrons becomes
difficult from the ferri-ferro electrolyte solution. The bioelectrode
incubated with 1 fM of miRNA-21 concentration exhibited very close

(A)

current response to the bare electrode whereas 100 nM of miRNA-21
concentration shows lowest current response. Further, the limit of
detection 0.63 fM was calculated from the formula

LOD = 3SD/m [2]

(where, SD = standard deviation of electrode without any target and m
= slope of the calibration plot).

The change in the current response with increasing miRNA-21 con-
centration from 1 fM to 1 x 10° fM was plotted in Fig. 4B. However, a
calibration plot is also given in the inset Fig, between the log of miRNA-
21 concentrations v/s current responses. The slope obtained from inset
graph was used to calculate LOD of presented biosensor, showing a
regression equation

y = —2.35x 107k + 6.107 x 10~* [3]
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Fig. 5. (A) Current response of selected miRNA-21 concentrations (i.e. 1 fM, 1 x 102 fM, 1 x 10* fM, 1 x 10° fM and 1 x 108 fM) prepared in buffer (black) and
diluted serum (red), (B) Real time-PCR expression levels and current responses of healthy (1-5) and patient (6-10) serum samples for miRNA-21 detection. (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Table 2

Recovery percentage of spiked serum samples (n = 3).
S.No. Added (nM) Found (nM) Recovery % RSD
1 0.001 0.000901 90.18 4.82%
2 0.1 0.0921 92.1 1.80%
3 1 0.946 94.6 2.59%
4 10 9.38 93.6 6.33%

(where, y = current response and x = log of miRNA-21 concentration in
fM).

Correlation coefficient = —0.99104.

Table 1 summarizes the signal amplification approach, analytical
method of detection, linear ranges and detection limits of other previ-
ously described strategies and compares them with present biosensing
strategy. The biosensor exhibits very high sensitivity and good linear
range of detection approaching other biosensing strategies, with better
response time among all. But many lengthy and complicated steps of
immobilization and modifications have been excluded in the present
work, proving it a very quick, easy and cost effective method for miRNA-
21 detection. The satisfying results can be attributed to the number of
advantages associated with the biosensing platform such as high con-
ductivity, physical stability and binding affinity.
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3.6. Real sample studies

To check the feasibility of development biosensor, different con-
centrations of miRNA-21 within a range from 1 fM to 100 nM were
prepared using 10 fold diluted serum and applied for electrochemical
detection. The miRNA-21 concentrations prepared in diluted serum
shows very similar trend in their current response as obtained from the
miRNA-21 concentrations prepared in buffer (Fig. 5A). Hence, it can be
concluded that the developed biosensor is sensitive enough and could be
used for real sample analysis. The recovery percentage of spiked samples
was also calculated using the formula

Found concentration = (Test current/standard current) x standard concentra-
tion [4]

[5]

Recovery percentage ranging from 90.18% to 94.6% was obtained in
spiked serum samples with RSD ranging from 1.80% to 6.33% as shown
in Table 2. Hence, the bioelectrode could be efficiently applied in the
clinical analysis of miRNA-21 detection.

Recovery % = (found concentration/spiked concentration) x 100

3.7. Electrochemical vs. real time-PCR analysis

The current response and real time-PCR expression for both the
healthy and patient serum samples are shown in Fig. 5B. It was found

4.0x10" -
3.5x10*
3.0x10™
2.5x10*

2.0x10™ -

Current (A)

1.5x10™
1.0x10™

5.0x10° -

0.0 -

No. of Days

Fig. 6. (A) Histogram obtained after incubating the bioelectrode with various interferent molecules, (B) Storage stability of the bioelectrode up to 24 days at an
interval of four days, and (C) Regeneration of the bioelectrode after treatment with miRNA-21 up to 6 times.
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that the higher peak current in normal samples shows lower level of
miRNA-21 whereas the peak current decreased in case of patient sam-
ples indicated the presence of significant amount of miRNA-21. Simi-
larly, the C4 values of healthy samples were higher than the Cq values of
patient samples due to the presence of greater amount of miRNA-21 in
breast cancer patients. The value of correlation coefficient was found to
be 0.708, suggesting that the results obtained from presented electro-
chemical method are strongly related with the real time-PCR results.

3.8. Selectivity and stability of developed biosensor

The ability to distinguish between the target probe and mutated
targets like one base mismatch, two base mismatch & non-target probe is
a significant approach to test the performance of developed biosensor. In
Fig. 6A, a comparative study was evaluated by measuring the current
response of Am-cDNA/GA/AuPtBNPs/APTS/FTO electrode coated with,
miRNA-21, one base mismatch target, two base mismatch target,
miRNA-155 and mixture of all the samples at a concentration of 1 pM
each. The current response significantly decreased in case of miRNA-21
and mixture solution; whereas non-target probe bound electrodes
showed nearly same response to the blank electrode. This might be due
to the unbinding of these non-target sequences after washing which does
not hybridized effectively with the developed bioelectrode. Moreover, to
further improve the applicability of designed biosensor, the storage
stability was also determined. As prepared Am-cDNA/GA/AuPtBNPs/
APTS/FTO electrode was stored at 4 °C and used for the detection of
miRNA-21 (100 nM) every fourth day up to 24 days. Fig. 6B shows the
change in DPV response after every 4 day and bioelectrode shows 88% of
its original current value after 12 days. Hence, the bioelectrode is found
to be selective enough for its target miRNA and is stable for 12 days.

3.9. Reproducibility and reusability of developed biosensor

Reproducibility is an important parameter to test the reliability of
synthesized biosensor. For this study, three independent bioelectrodes
were subjected for the detection of 1 pM miRNA-21 on same day and
other three on next subsequent days. Similarly, the bioelectrode was also
applied for other two miRNA-21 concentrations i.e. 10 pM and 1 nM. It
can be seen from Fig. S4 that all the bioelectrodes incubated with same
amount of miRNA-21 showed constant current response. The relative
standard deviation is 1.76% and 2.23% for 1 pM, 3.75% and 3.56% for
10 pM and 3.48% and 4.45% for 1 nM on same day and different days,
respectively.

The bioelectrode was also reused after regeneration with 50 mM of
NaOH solution for 10 min. After washing with dH,0, the electrode was
further used for miRNA-21 detection. As shown in Fig. 6C, the electrode
exhibited current response 100%, 98.8%, 96.80%, 95.93%, 94.49% and
90.16% after regenerating it for 6 times. So, the results suggested that
the bioelectrode is highly reproducible andreusable upto 6 time with
retaining 90.16 % of initial current value.

4. Conclusions

An electrochemical biosensor was successfully employed for hy-
bridization based detection of miRNA-21 using aminylated cDNA as
biorecognition element. The biosensing platform utilized APTS as well
as AuPtBNPs as matrix material to immobilize cDNA probe on the
electrode surface through glutaraldehyde linker. Under optimized
experimental conditions the biosensor showed limit of detection up to
0.63 fM and linear range of detection 1 fM-100 nM for miRNA-21. The
biosensor also exhibit high specificity for its target, stability of 12 days,
reusability of about 6 times withappreciable reproducibility. The spike-
in studies done using diluted serum samples have also shown good re-
covery range, suggesting its potential applicability in clinically relevant
assays.

Analytical Biochemistry 609 (2020) 113908
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