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interest of agricultural scientists. Herein, an uncomplicated ultrasensitive Bare SPC electrose dlectrode
electrochemical biosensor was fabricated to detect miR393a, as its B
detection is of vital importance for plant diseases. A streptavidin-coated

. . . R
screen-printed carbon electrode (SPCE) was fabricated and characterized J
by scanning electrochemical microscopy, scanning electron microscopy, N N ENE NI NS
surface plasmon resonance, and cyclic voltammetry. The two-dimen- ject miR3933 Immobilzed

) DNA probe

sional (2D) structure and chemical functionality of the streptavidin- y R

coated SPCE render it a superior platform for loading a modified probe et Cotnosta L
via a 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide—N-hydroxysucci- NI *—& fliseons
nimide linker. This biorecognition platform is capable of efficiently using -

its excellent conductivity, greater surface area, and effective electrochemical execution due to its synergistic effect between
streptavidin and carbon electrodes. The biosensor showed a good linear response (R* = 0.96) to miR393a concentrations ranging
from 100 nM to 100 fM. This streptavidin-based biosensor is highly sensitive to the minimum concentration of miR393a, lowest
detection limit, and ultrasensitivity under optimized conditions, i.e,, 100 fM, 0.33 fM, and 33.72 yA M~ em™?, respectively. In
addition, remarkable recoveries could be obtained to confirm the feasibility of this assay in plant disease samples. The fabricated
technology could offer a selective, adaptable, and farmer-friendly strategy for the timely detection of miRNA of plant samples.

1. INTRODUCTION between the miRNA and the mRNA. This results in gene
silencing named RNA interference in faunas and post-
transcriptional gene silencing (PTGS) in the flora population.
Mostly, target mRNAs in plants bear one single miRNA

MicroRNAs (miRNAs) are a new class of endogenous, small,
regulatory, noncoding RNA molecules of approximately 20—24
nucleotides in length, which play a crucial role in gene

expression. miRNAs are engaged in post-transcriptional gene corresponding site, and the majority of complementary
regulation, mainly through the cleavage and translation miRNAs are typically appropriately complementary to these
inhibition of the target mRNAs. In both plants and animals, sites and thus split the target mRNAs.'

miRNAs contribute to various biological processes, including The miR393a is unequivocally upregulated by NaCl,
the maintenance of intrinsic growth, development, metabolism, ultraviolet radiation, cold, drought, and by treating with the
and adaptive responses to environmental stresses. miRNAs can stress regulator abscisic acid. Transport inhibitor response 1
serve as biomarkers, and this has been well studied in animal (TIR1), the main target for miR393a, is a positive regulator of
systems. A couple of potent miRNA biological markers have the auxin signaling pathway. The overexpression of miR393a
been, of late, established in plants, and these are emerging as corresponds to a decrease in auxin signaling and seedling
the next-generation targets for genetic engineering for crop development. Hence, a particular stress reaction that activates

improvement. Environmental stimulation or unhealthy con-
ditions may lead to the upregulation and downregulation of
explicit miRNAs. It is believed that the type or amount of
protein transcript required during stress reactions in plants is
generally dependent on whether or not the phenomena of
upregulation and downregulation of miRNAs occur during
stress.

In an RNA-induced silencing complex, miRNAs bind to a
target messenger RNA (mRNA) and hinder the expression of a
gene through perfect or nearly perfect complementarity

miR393a expression will inhibit plant growth during stress.” In
addition to abiotic stress, miR393a has a role in plant
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antibacterial pattern-triggered immunity. In the case of
powdery mildew disease in wheat, differential expression
patterns have been observed for various miRNAs, among
which miR393a and others are upregulated.3 Thus, miR393a is
a potential biomarker under stress responses. Most recent
techniques are confined to the hybridization between a
complementary modified probe and a target miRNA to
generate double-stranded helical biomolecules. This hybrid-
ization can be detected using several analytical methods, such
as electrochemical” and optical measurements."® Optical
methods usually include bioluminescence spectroscopy,”'
fluorescence spectroscopy,”' "> surface plasmon resonance
imaging dimension,"” and Raman scattering spectroscopy,14
among others. Furthermore, conventional methods for miRNA
detection, including quantitative reverse transcription—%)olymer—
ase chain reaction (qQRT-PCR), northern blotting, 516 and
DNA microarray techniques only partially meet the require-
ments for its detection. However, these techniques are labor-
intensive, costly, and time-consuming, which limits their
application as timely biosensors.'”'® Moreover, these
techniques require costly commercial kits and the use of an
equipped research laboratory with well-trained and specialized
biologists.

Apart from miRNAs, the majority of phytohormones and
associated signal processes emerged as a principal player in
miRNA-targeted stress regulation mechanisms in plants. Plant
hormones chiefly associated with plant growth, development,
and nutrient uptake are also involved in plant tolerance to
certain biotic and abiotic stresses. Mostly, all phytohormones,
including auxin, gibberellin, abscisic acid (ABA), cytokinins,
salicylic acid, ethylene, and jasmonic acid, play a significant
role in plant response to the majority of environmental stresses
by altering the plant morphology. Plant hormones like ABA
and jasmonic acid are among those that intervene in particular
types of stress responses, and their activity results additionally
in the negative regulation of plant growth. ABA is involved in
numerous aspects of water-restricting stresses, such as salinity,
drought, and cold stress, while jasmonic acid work is
predominantly ascribed to injury and pathogen reactions.'”*’

Curiously, some miRNAs are generally receptive to all
known stresses. Aggregating proof, in any case, obviously
shows that the differential expression of certain miRNAs is
reliant upon the particular stress condition, even in a similar
plant group. miR169 was thought to be inhibited by drought
stress in Arabidopsis but at the same time induced by salinity
treatment.”’ Similarly, another miR398 stimulated by ultra-
violet-B radiation in Arabidopsis thaliana plants, however, was
suppressed by cold, oxidative, and salinity stress conditions.*”
A comparative wonder was additionally seen in other plant
species, including rice and soybean.”® Different investigations
have shown that miR398 was inhibited by both ABA and
salinity treatment, while it was regulated by drought treatment
in Arabidopsis. Investigation of copper superoxide dismutase
(CSD) 1 and 2, the two focuses of miR398, revealed that both
of these genes were regulated by salinity treatment.”* This
strongly recommends that miRINAs might help plant resistance
to certain abiotic stresses in a stress-dependent fashion.”

Electrochemical methods are especially of interest for the
detection of miRNA because they are simple, inexpensive,
sensitive, and effortless for miniaturization.”*>* Recently,
some attractive electrochemical biosensors based on miRNA
have been described. Recently, Flor de Fatima Rosas-Cardenas
et al. demonstrated a tissue printing hybridization method for
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the simple and effective detection of sSRNAs. This method was
developed by the examination and determination of the
spatiotemporal expression patterns of miRNAs, such as
miR159 and miR164, in the fruits of several crop plants.29
Cao et al. developed a calcium-ion-aided fluorescence optical
biosensor a year ago for the rapid and direct detection of
microRNA-167 in extracted samples of microRNA obtained
from A. thaliana seedlings using the FRET-based (fluorescence
resonance energy transfer) method. This method used
polydopamine (PDA)-coated Fe;O, nanoparticles as an
acceptor molecule along with carbon dots as the donor part
and probe DNA species. The biosensor system developed
exhibits a wider linear range of 0.5—100 nM and a detection
limit of 76 pM with recovery rates in the range of 96.4—98.3%.
Here, the sensitive detection of microRNA-167 was mainly
achieved through the benefit from the two magnetic properties
of Fe;O0, We detected the microRNA-167 molecule by
avoiding the signal amplification steps, which could make
this procedure rapid and very simple.’® Keyvan Asefpour
Vakiliana recently proposed a study incorporating an optical
biosensor purely based on gold nanoparticles to specifically
and selectively determine miRNA-1886, especially in the roots
of tomato plants. The tomato roots were found to be affected
by drought stress as well as by other stresses like temperature
and salinity during their growing phase. The results showed
that irrigation ranges from 100 to 60% of field capacity
increased the concentration of miRINA-1886 in the range from
ca. 100 to 6800 fM, resulting in a linear exchange in the
biosensor reaction (R* = 0.97). The results also showed that in
contrast with plant conventional morphophysiological and
biochemical characteristics, miRNA-1886 concentration was
now not significantly affected (P < 0.01). The developed
biosensor is a promising analytical and reliable method to
examine stress-dependent features of miRNAs in tomato plants
along with their application during specific stress determi-
nation in several tomato varieties.’' Li et al. employed
photoelectrochemical biosensors based on CuO-CuWO4
used as a photoactive material to detect the effect of plant
hormones on miRNA-319a expression in rice leaves. We used
rolling circle amplification and enzymatic signal techniques for
the detection strategy. The detection protocol revealed very
high sensitivity, showing a low detection limit of 0.13 fM.
Among other conventional techniques, the photoelectrochem-
ical method has attracted extensive attention due to the
advantages of low cost and background signal, fast detection
capability, uncomplicated instrumentation with very high
sensitivity, and better performance compared with traditional
methodologies.”> Shaoyan Wu et al. developed a sophisticated
electrochemical biosensor for the determination of miRNAs on
the basis of base stacking hybridization technology and enzyme
amplification. Electrochemical biosensor strategies for miRNA
detection are promising owing to their outstanding advantages,
such as low cost, miniature size, ease of construction and use,
and higher sensitivity with good selectivity. The developed
electrochemical biosensor could detect miRNAs as low as 0.4
pM, showing a linear range from 1 pM to 100 nM with fair
reproducibility. This developed sensing strategy might be
superior to other types of miRNA detection and could be a
reliable device for field research and clinical applications.®
Wang et al. earlier proposed the detection of small endogenous
non-coding RNAs utilizing the label-less and ultrasensitive
properties of the electrochemical biosensor assay by employing
protein cage nanoparticles for enhanced sensitivity. The
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Scheme 1. Schematic Description of the Fabrication of the Probe/EDC-NHS/Streptavidin-Based Electrode Used in the

Potentiostat/Galvanostat Instrument

I
Ox of_o\

Immobilized layerO

_____ o Streptavidin
Working electrode
Bare SPC electrode

Streptavidin coated
electrode

T
o)

O

UrfaCe iy
: tivaioN
Sing EDc_,\f’,f,";”

EDC-
NHS/streptavidin

0.0005

—25 /s

200 mV/S

0.000040

0.000032 J

0.000024 ]

0.000016

WE(1). Qurrent (A)

0.000008 J

06 04 02 00 02 04

Potential applied (V)
Instrument Screen

06 08

—a— Streptavidin electrode
e EDCinHS

2 Probe

~+— Non-corresponding
4 miR393a

1 0.0

Immobilized
DNA probe

Fabricated
electrode

apoferritin-Cu nanoparticle complex used here was further
allowed to immobilize on the surface of the electrode through
a unique response between the amino and carboxyl groups.
The generation of electrochemical oxidation signal between
the probe DNA and the target miRNA-159a was established
after Cu was released into the detection buffer by adjusting the
pH. This developed assay has the potential to even
discriminate a single-base mismatch between the complemen-
tary targets and is at the same time selective and sensitive with
a lower limit of detection of 3.5 fM.>* Zhou et al. proposed an
electrochemical method for the detection of microRNAs upon
utilizing the nonspecific nature of nuclease S1 attempting the
endo- and exocatalytic cleavage of single-stranded fragments of
nucleic acids. They were able to achieve the electrochemical
signal in the absence of hybridization since the DNA probe
immobilized on the electrode surface could be digested by the
enzyme, which in turn resulted in a weak signal following
hybridization with the target microRNA-319a. The limit of
detection obtained here was 1.8 pM with a signal-to-noise ratio
of 3. The present method showed high reproducibility and
excellent detection sensitivity for expressing the target mRNA
in rice seedlings.35 Zhou et al. demonstrated another label-free,
sensitive electrochemical enzyme-based biosensor for the
expression of microRNA-159a in Arabidopsis thaliana seedlings
by studying the effect of phytohormones based on signal
amplification of mimic enzyme catalysis. The limit of detection
was found to be in the range of 0.5 pM to 1.0 nM with a
detection limit of 0.17 pM (signal to noise ratio of 3). The
constructed biosensor showed noticeably reproducible detec-
tion selectivity even for mismatched-base microRNA bases. We
also found that a form of phytohormone, viz., abscisic acid, has
an impact on microRNA-159a expression in Arabidopsis
seedlings. With increasing abscisic acid concentration and
prolonging incubation time, the expression level of microRNA-
159a increased. This strategy offers a novel route to locate
microRNA with high sensitivity and selectivity while avoiding
hard label, disadvantages of bioenzymes, and complicated
operations for microRNA differentiation and enhancement.*®
Gao et al. formulated an ultrasensitive one-step novel labeling
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assay for revealing the extraordinary electrocatalytic activity of
Ru(PD),Cl, with regard to the oxidation of hydrazine,
rendering it feasible for the conduction of miRNA detection
in the total RNA mixture by employing chemical and
biochemical ligation reactions for direct miRNA labeling.
The present assay permits the detection of miRNAs in the
wide range of 0.50—400 pM, showing a detection limit of 0.20
pM.”” However, there is limited research regarding the specific
electrochemical determination of miR393a. Here, there is an
enforcing need to fabricate a simple, sensitive, cost-effective,
and portable method to quantify miR393a levels, which will
likely rely on novel methods for miRNA detection and
quantification. The newly developed miRNA biosensor
strategies will facilitate the early detection of stress induction.

As yet, to the best of our knowledge, the use of streptavidin
for miRNA detection has not been demonstrated. In this
manuscript, we present a facile, substrate-free, label-free, and
sensitive streptavidin-based electrochemical biosensor for the
detection of miRNA, as shown in the schematic diagram in
Scheme 1. The miRNA detection is based on the oxidation of a
ferrocyanide solution, resulting in the hybridization of a
complementary capture probe with the target miRNA. The
oxidation of ferrocyanide prior and after hybridization
produces a change in response recorded by differential pulse
voltammetry (DPV). Streptavidin has superior advantages for
the oxidation of ferrocyanide. The use of streptavidin might
improve the sensitivity of ferrocyanide determination, thereby
enhancing the analytical performance of the miRNA electro-
chemical biosensor. In addition, the fabricated biosensors
include no labels, external substrates, or implicated bio-
chemical reactions and so preparing the sample is cost-
effective. As a new case, the biosensor used miR393a, which
has a vital role in cell proliferation.

Here, we describe how plant miR393a can be used to build
an efficient, modified, and selective capture probe for the
detection of plant target miR393a. This is a useful first step in
the development of a reasonable, sensitive, and high-
throughput assay for creating relatively stress-free and rapid
laboratory detection techniques for miR393a.
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Figure 1. (a) Spectral sensorgram showing the immobilization steps of EDC-NHS, amine-modified probe, and deactivation by ethanolamine. (b)
Sensorgram showing the immobilization step of an amine-modified probe in an enlarged form.
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Figure 2. (a) SPR surface response after the interaction of miRNA393a binding with the probe. (b) Enlarged form

miRNA393a binding with probe.

of the interaction of

2. RESULTS AND DISCUSSION

2.1. Surface Plasmon Resonance Characterization.
2.1.1. Sensor Surface Chemistry and Analysis of Immobi-
lized Probe over the Modified Gold Surface. The absolute
immobilization procedure from surface activation to blocking
steps was probed in real-time using the wavelength inter-
rogation setup, as shown in Figure 1. Here, in the first step, a
ligand is immobilized onto the activated gold surface. The in
situ immobilization measurement with a gold sensor chip is
continuously monitored using an SPR detector, as shown in
Figure 1. The technique allows a better comparison of the
immobilized sample on all prepared gold surfaces. Figure la
shows that initially buffer is allowed to flow continuously in the
sensor cell for a reference baseline at the A point. After that,
the EDC-NHS biolinker is injected using SPR needles over the
activated surface at the B point. The coupling reaction of NHS-
EDC hydrochloride in distilled water formed an active NHS
ester. The activated carboxyl groups of the self-assembled
monolayer support the formation of the amino-modified
probe.”** Further, the unbound linker is removed from the
modified surface by washing at the C point. Now, the probe is
passed over the activated surface via the flow cell using
ultrapure water of low ionic strength. Thereby, the probe is
adsorbed over the activated exposed surface by electrostatic
attraction forces at points D to El. Figure 1b shows an
enlarged image of the association phase of a probe with
reactive esters at points D to E1. Ethanolamine is injected over
the sensor surface for deactivation purpose at points F to G.
The remaining esters are converted into amides upon the
reaction with 1 M ethanolamine shown at the F point. Further,
the sites washed with the buffer solution are shown at the G
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point. In the final step, the probe-immobilized surface is now
ready to use the interaction step with the corresponding
miR393a after conditioning with the regeneration buffer
solution to be used at points H to I. The amount of
immobilized probe is shown at the D point (Figure 1a).
2.1.2. Sensorgram of the Interaction of the Correspond-
ing miRNA393a with the Probe Immobilized over the
Sensor Surface. The sensorgram for the interaction of the
corresponding miRNA393a over the probe-immobilized sensor
surface, as shown in Figure 2, involves the baseline (J),
association (K), dissociation (L), and regeneration (M). The
response was enhanced in proportion to the corresponding
miR393a due to the change in the refractive index near the
sensor surface. The functionalized sensor surface has been
developed by immobilizing an amine-modified probe, as shown
in Figure 1. In the first instance of the mobile, a continuous
flow of buffer solution was passed over the sensor surface at the
J point, resulting in a resonance signal of =924 m°. During the
period from I to K, miR393a was injected by switching one of
the sample loops into the sensor surface cuvette. The
instantaneous enhancement in the signal of resonance as the
miR393a sample enters the sensor cuvette is due to the high
concentration (100 uM). At point K, the sample was added,
and once again, the buffer was passed over the surface.
Therefore, a resonance signal level of —957 m° could be
noticed under the same properties as in the I point. The
response signal is shifted due to the binding of the miR393a to
the probe surface, i.e., —953 m’. During the period from K to
L, the sample, corresponding to the attached probe, is
introduced, as shown in the enlarged form in Figure 2b. The
response signal is successively elongated (—950 m°). At point

https://doi.org/10.1021/acsomega.1c06098
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Figure 3. (a) FESEM images of the working carbon electrode (20 ym scale); inset: image of the bare electrode at 2 mm scale and at 10 ym scale
(b). (c) Morphology of the streptavidin-coated SPC electrode after deposition (20 ym scale).

L, the buffer is again washed to remove the unbound sample;
the dissociation curve of the sample—probe complex is shown
in Figure 2. The sample is removed by introducing a
regenerating agent at point M, and the response signal
decreases to its initial level. Finally, the probe surface is
again ready for other sample analyses at N or R.

2.1.3. FESEM Characterization of the Bare SPCE and
Streptavidin-Modified SPCE. The morphological structures of
bare and streptavidin-coated electrodes before and after
streptavidin incorporation have been validated by FESEM
studies, as shown in Figure 3a—c. Figure 3ab shows the
FESEM images of the working carbon electrode at different
scales, and the inset image of 3a shows the full view of the bare
electrode at a 2 mm scale. Furthermore, Figure 3¢ shows the
FESEM image of streptavidin protein on the working carbon
electrode using the simple drop-casting technique at room
temperature and deposition time. The streptavidin protein
deposition amount is generally increased with increasing
deposition time. Streptavidin protein is more closely packed
with some carbon surface of the electrode on increasing the
deposition time to 13 min at room temperature, as shown in
Figure 3c. However, the streptavidin protein structure remains
the same throughout the deposition procedure, and there is no
change in its size and shape after the deposition process. The
deposition of streptavidin protein was further confirmed by
EDX, as shown in Figure 4. In the EDX study, the bare carbon
working electrode (Figure 4b) exhibits characteristic peaks
along with elemental carbon (C), chloride (Cl), and oxygen
(O) peaks can be evidently noticed, as shown in Figure 4a. The
C peak was gradually increased and Cl and O peaks were of
low values in accordance with the FESEM data in Figure 4b.
Similarly, the streptavidin-coated working electrode (Figure
4d) exhibits characteristic peaks along with elemental carbon
(C), gold (Au), chloride (Cl), oxygen (O), and nitrogen (N)
peaks, as shown in Figure 4c. The C and Cl peaks gradually
decreased on increasing the streptavidin protein over the
exposed electrode, as shown in Figure 4c, in accordance with
the FESEM data in Figure 4d. Then, N and O peaks were
gradually increased due to streptavidin immobilization over the
working electrode.

2.1.4. Electrochemical Characterization of the Bare SPCE
and the Streptavidin-Modified SPCE. The electrochemical
merits of the SPC electrode were determined by carrying out
cyclic voltammetry studies upon modifying the electrode
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surface with streptavidin protein using an electrochemical glass
cuvette structure. CV of the uncoated SPC and streptavidin-
modified SPC probes, as shown in Figure S, immersed in 20
mM K,(CN)g and 100 mM KCI solution was recorded at a
scan rate of 0.05 Vs™'. Herein, a sharp increase in redox peak
currents (ie,, I, and I,.) and peak separation potential (AE,)
were observed in the case of the streptavidin-modified SPCE
when compared to the uncoated SPCE. The increase in
current peak observed for the SPC electrode modified with
streptavidin protein is mainly attributed to the uniformly
dispersed streptavidin inside the carbon matrix, which supports
good electrical conductivity, large surface area, and excellent
electron mobility at an ambient temperature. In addition, the
peak extension in connection with AE, ranging from 0.2270 V
for the unmodified SPC electrode to 0.2294 V for the
streptavidin-modified SPC electrode illustrates that the process
of electron transfer is irreversible (AE, > 0.059 V).>** For a
more detailed analysis of the role of electron transfer in the
streptavidin-coated electrode, CV was performed at varying
scan rates, and a heterogeneous electron transfer rate constant
was recorded for ferrocyanide electroactive species.

Figure 6a presents CV curves of streptavidin-coated
electrodes at different scan rates (25—200 mV-s~'). A
significant increase in the value of AE, and peak current (I,
and Ipc) is noticed at the highest scan rates and the peak
current ratio is also observed, i.e., I,/ I, = 1.67, which does not
fall in the range of 1.0—1.27 but is quite close to the range.
These data clearly demonstrate the nature of the process, i.e.,
from the reversible-to-irreversible shift,® suggesting that the
process is quasireversible. Figure 6b,c shows the graph of
anodic (Ipa) and cathodic (IPC) peak currents as the function of
the square root of different scan rates (v'/2 egs 1 and 2). All
linear patterns along with the correlation coefficients (R* =
0.98834 for I, and 0.96532 for Ipc) are presented in these
graphs, demonstrating the diffusion curbed nature of the
electrochemical process*’

I, = 65155 X 107* x v'/* + 1.20658 x 107 (1)
I = —3.42399 x 10°* x v'/* — 126034 x 10~* @)
I, = (2.69x10%) n*AD'*Cy'/? 3)

where the anodic peak current value (I,) is 0.26 mA, the
surface area of the electrode (A) is 0.13 cm? the number of
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Figure 4. EDX spectra of the electrode and high-magnification FESEM images. (a) EDX spectrum of the bare electrode with the scanning area of
the FESEM shown in the inset (b). (c) EDX spectrum of the streptavidin-coated electrode with the scanning area of FESEM shown in inset (d).

electrons (n) transferred in the redox phenomenon is 1, the
diffusion coeflicient of the transferred species is D, the
concentration (C) is 20 mM, and the scan rate (v) is 50
mV/s. The coefficient of dispersion [D] was calculated and
found to be 2.76 X 107'% cm® s™! using Randles-Sevcik eq 3.*!

Figure 7a shows the potential difference (AE,) as an
element of the square root of sweep rate that shows that AE,
increases at extreme scan rates, semireversible dynamic
expression in the biosensor. The obtained values of AE,; are
converted into an active parameter “y” (a dimensionless
quantity) using Nicholson’s working curve,”® which straight-
forwardly corresponds to the reciprocal of the square root of

scan rate (v_l/z), eq 4
Y= ko [—RT ]v_l/z
nFD (4)

Figure 7b illustrates the k° value, ie. the standard
heterogeneous rate constant of [Fe(Cn)]*~ deduced from a
plot of straight fit versus w-v""/? relation. The value of k°
(standard heterogeneous rate constant) was found to be —1.7
cm.s™" from the slope value, falling in the scope of 0.3 > k° >
(2 x 10°) v'/? cms™!, which is ideally exhibited for a reversible
and irreversible process.

2.1.5. Detection of miR393a. Figure 8a presents the CVs of
bare SPC, streptavidin-modified SPC, EDC-NHS-linked
streptavidin, probe/EDC-NHS/streptavidin/SPC, and
miR393a/probe/EDC-NHS/streptavidin/SPC electrodes at a
scan rate of 50 mV/s. As mentioned above, the streptavidin-
coated SCP electrode exhibits an increased peak current
compared with the bare SCP electrode. The peak current
slightly changes on functionalization with an EDC-NHS cross-
linker (zero-length). This is attributed to the hidden
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diverting the electron communication. Following immobiliza- s Linear Fit of I (A)
tion of the miRNA probe onto the EDC-NHS-functionalized -
streptavidin electrode surface, an increase in peak current is 0.00030+
observed, which can be attributed to the charge transfer due to
ionic conductivity and 7—7 interactions of the probe.*” 0.000254
Moreover, the phosphosugar skeleton is by and large (b)
negatively charged due to being encompassed by positive 0.000204— . . . . . .
ions “as a counterion”. This may result in a probe/water/ 0.15 0.20 0.25 0.30 0.35 0.40 0.45
positive particle complex that will emphasize result in an V1/2/V1/28-1/2
increase in oxidoreduction current.
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din/bare, and miR393a/probe/EDC-NHS/streptavidin/bare ; e AT ierest N | o
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ferricyanide solution and reduces to ferrocyanide solution at —0.00024] 4 (A
—0.50 V) is used as a marker for the identification of miR393a Linear Fit of I,_(A)
and probe. Moreover, it is shown that the streptavidin-coated -0.00026.
electrode does not show any oxidation peak current at —0.43 ' 1
V, demonstrating the absence of any hybridization event. The 0.00028 S

peak current detected at —0.43 V for EDC-NHS/streptavidin/
bare and probe/EDC-NHS/streptavidin/bare electrodes in-
creases due to ferrocyanide oxidation and results in a decline in
the peak current immediately following exposure to miR393a,
confirming the occurrence of hybridization. Furthermore,
Figure 8c depicts the repeatability cyclic voltammetry curve
of four miRNA393a-probe-EDC-NHS-streptavidin biorecog-
nition surfaces employed for 100 kM miRNA.

2.1.6. Analysis of Response Studies. Figure 9a,b presents
the DPV response studies of the probe-EDC-NHS-streptavi-
din-SPCE without any hybridization indicator. Figure 9a shows
the DPV response curves of probe-EDC-NHS-streptavidin-
SPCE for miRNA hybridization with corresponding
(miR393a) and noncorresponding sequences without any
hybridization indicator. As seen in Figure 9a, the miR393a
corresponding response curve is observed, and the peak
current decreases from 42 to 32 uA when the probe
immobilized on the electrode hybridizes with the correspond-
ing miR393a. This decrease in the peak current may be
ascribed to the fact that free electrons are not easily
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Figure 6. (a) Cyclic voltammograms of the streptavidin-coated SPC
electrode immersed in Zobell’s solution obtained at different scan
rates (range: 25 to 200 mV-s™"). (b) Plot of the anodic peak current
(I,,) vs the square root of the scan rate (v'/?) and applied linear fit.
(cp) Plot of the cathodic peak current (IPC) vs the square root of the
scan rate (v'/2) and applied linear fit.

11,43
accessible™** as compared to the probe electrode. However,

a slight change in the peak current was observed after
hybridization with a noncorresponding sequence. Thus, the
results clearly show that the probe-EDC-NHS-streptavidin-
SPCE exhibits great selectivity toward the corresponding and
noncorresponding target sequences.

This biosensor platform demonstrated clear and static
oxidation peaks that may be ascribed to rapid electron transfer
over all concentration ranges. This phenomenon can be
attributed to the fact that the negatively charged backbone of
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target miRNA causes increased negative charges on the surface,
resulting in increased repulsive forces to the [Fe(CN)-
61/ *jons.”™* A successive increase in the peak current
value was noticed with increasing miR393a concentrations at
the fabricated probe electrode in the presence of the mediator
[Fe(CN)s]>/* that promoted the catalytic oxidation of
miR393a. Figure 9c shows the linear curve exhibiting the
linear regression equation Al = 4.384.6 [miR393a] + 9.52734,
between peak currents vs concentration in the log format with
a correlation coeflicient of 0.96963. The sensitivity of the
platform was found to be 33.72 uA fM™' cm™2 The limit of
deteigiggl value was determined using the following equa-
tion."”

limit of detection = 3 S;/S

where Sy is the standard deviation of seven response curves
taken from the response obtained from the blank (a solution
identical to that analyzed but without the analyte) and S is the
slope of the calibration curve (sensitivity of the analytical
method).

The limit of detection of 0.33 fM indicated by the platform
is significantly lower than the other ranges of miR393a
concentration.

Figure 10a shows the stability curve of the biorecognition
platform up to 12 weeks with an equal interval. The
biorecognition platform is stable up to 6 weeks, it decreases
by only 15% of its activity after miRNA immobilization, and
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Figure 8. (a) Cyclic voltammograms of the bare SPC, streptavidin-
coated SPC, EDC-NHS-linked streptavidin, probe/EDC-NHS/
streptavidin/bare, and miRNA393a/probe/EDC-NHS/streptavidin/
bare electrodes immersed in Zobell’s solution recorded at SO mV/s.
(b) DPV analysis of streptavidin, EDC-NHS-linked streptavidin,
probe/EDC-NHS/streptavidin, and miR393a/probe/EDC-NHS/
streptavidin SPC electrodes at a modulation amplitude of 25 mV
and modulation time of 50 ms at room temperature. (c) Repeatability
cyclic voltammetry graph of four miRNA393a-probe-EDC/NHS-
streptavidin biorecognition surfaces employed for 100 uM miRNA.

furthermore, it decreases to approximately 14% of the initial
current response after 12 weeks. This platform presents
excellent reproducibility for an apparent miR393a concen-
tration of 100 pM by minimum relative standard deviations
(RSDs), showing its good quality precision of the biorecog-
nition platform, as shown in Figure 10b.
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Figure 9. DPV studies of the streptavidin/SPCE in Zobell’s solution
at a modulation amplitude of 25 mV and a modulation time of 50 ms
at room temperature after exposing with (a) streptavidin, EDC-NHS,
probe, noncorresponding, and miR393a, and (b) hybridization with
the complementary miR393a target (100 nM, 10 nM, 1 nM, 100 pM,
10 pM, 1 pM, and 100 fM). (c) DPV response curves of the probe-
EDC-NHS-streptavidin-SPCE toward the miR393a concentration
range of 10 uM—100 fM.

2.1.7. SECM Studies. SECM was carried out to determine
the electrical conductivity of streptavidin-coated carbon and
bare carbon (without coating) electrodes, as shown in Figures
11,12, respectively. Before SECM measurement, a 20 mM
potassium ferrocyanide electrolyte solution (with 0.1 M KCI)

5184

Figure 10. (a) Stability curve of the miRNA393a-probe-EDC-NHS-
streptavidin biorecognition platform as a function of weeks and
current response. (b) Reproducibility curve of five miRNA393a-
probe-EDC-NHS-streptavidin biorecognition platforms for 100 pM
miRNA concentration.

was filled in the solution holder so that the peak current takes
place near the Pt microelectrode (diameter = 25 ym) because
of the response of electrode in a proper voltage reach. A power
of 500 mV was recorded and enforced toward the carbon and
streptavidin-coated electrode tip to effectuate the SECM. The
tip current is affected due to the electrochemical reaction
between the tip and the nature of the electrode (ie., carbon
ang gsreptavidin-coated carbon electrode) present close to
it

Figures 11a and 12a show the approach curve using the Pt
microelectrode (diameter = 25 um), and the current value is
increased for the streptavidin-coated SPCE compared to the
bare SPCE at the microelectrode in the approach curve. The
streptavidin-coated electrode confirmed the enhancement in
electric conductance by introducing black carbon as stuffing in
the streptavidin biomolecule. Figures 11b and 12b show the
SECM three-dimensional (3D) plot of ionic current variation
over the microelectrode tip accompanied by the surface plane
of an electrode in the two-dimensional (2D) direction (i.e.,
XY). This platform showed a larger current produced for the
streptavidin-coated SPC electrode as compared to the
uncoated and streptavidin-coated electrodes, thus confirming
its electroconductive nature keeping the height (Z) constant.
The “Z” value, which lies near the electrode surface, is a highly
electrochemical active area being chosen by the approach
curve.
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Figure 11. (a) Current—distance graph showing the screen-printed carbon electrode through the 25 ym microelectrode (Pt). (b) Plot of current
variation with electrode surface area in the XY directions retaining the Z direction with height being constant.
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Figure 12. (a) Current—distance curve showing the streptavidin-coated screen-printed carbon electrode through the Pt microelectrode (25 pm).
(b) Plot showing the variation current with an area of electrode surface in the XY directions retaining the Z direction with height being constant.
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Table 1. Comparison of the Analytical Performance of the Developed Biosensor Employed for microRNA Detection with

Other Biosensors

S. amplification analyte/target
No  strategy/sensing method molecule material used
1. fluorescence resonance miRNA-167 CDs-pDNA and
energy transfer-based Fe;O,@PDA NPs
biosensor
2. optical biosensor miRNA-1886  P-AuNPs
3. photoelectrochemical miRNA-319a  indium tin oxide (ITO)
biosensor electrode deposited with
CuO-CuWO,
4. electrochemical miRNA-122 gold electrode
biosensor
S.  electrochemical miRNA-159a  AuNDPs/Au electrode
biosensor
6. electrochemical miRNA-319a  AuNPs/glassy-carbon
biosensor Electrode (GCE)
7. electrochemical microRNA- AuNPs/GCE
biosensor 159a
8.  electrochemistry miRNA ITO-coated
glass slides/Ag/AgCl
electrodes
9.  streptavidin-coated miR393a streptavidin-coated SPCE

SPCE

detection
probe used linear range limit refs

DNA 0.5—100 nM 76 pM 30
C—AuNP (probe) 100—6800 fM 2 M 31
miRNA-319a-specific linear 1 fM to 0.1 nM 047 M 32

padlock DNA probe
capture probe: 5-TTG TCA 1 pM to 100 nM 0.4 pM 33

CAC TCC ATT TTT TTT

TTT T-SH-3'
DNA probe 0.01 to 10 pM 3.5 M 34
ssDNA probe 1000—S5 pM 1.8 pM 35
ssDNA probe 0.5 pM—1.0 nM 0.17 pM 36
oligonucleotide capture probes 0.50—400 pM 0.20 pM 37
DNA probe 100 nM to 100 fM  0.33 fM  this

work

3. CONCLUSIONS

In summary, we successfully constructed a highly simple, rapid,
sensitive, and selective electrochemical biosensor for the
determination of plant miR393a, capable of detecting mild,
moderate, and severe drought stress in plants. In the current
study, the electrochemical response is employed in the
fabricated microelectrode biosensors for the one-step detection
of miRNAs within 5—10 min. The design mechanism of the
fabricated biosensor was based on the main reductant,
streptavidin, and a target sequence, miR393a, as the model
structure to indicate the biosensor efficacy calculated by
potential sweeping CV and pulsed DPV techniques. The use of
streptavidin to modify SPCEs must generate a stable high-
affinity surface for a large number of biomolecules. The
advantage of the streptavidin system used in the electro-
chemical biosensor leads to well-oriented capture antibody
immobilization, which, in turn, enhances the sensitivity of the
assay. Improving from the multistep surface alteration
methods, the background current response was reduced to
the baseline level. A signal-on DPV biosensor for miR393a
detection was fabricated based on a single-signaling amplifica-
tion strategy. A detection limit of 0.33 fM was displayed by this
method, with high specificity and superior sensitivity as
compared to the other studies in Table 1. It had an
enormously great dynamic range of 7 orders of magnitude in
the range of 100 nM to 100 fM. In addition, the proposed
method may be adopted to effectively analyze miR393a in real
samples extracted from affected plants.

4. MATERIALS AND METHODS

4.1. Materials/Reagents/Chemicals. Potassium persul-
fate GR (assay 98.0%), potassium permanganate (assay 99%),
phosphorus pentoxide GR (assay 98%), sulfuric acid (assay
NLT 97.0%), streptavidin, and hydrogen peroxide (30%) were
purchased from Sigma-Aldrich. In addition, hydrochloric acid,
sodium chloride, sodium hydrogen phosphate, and potassium
dihydro phosphate were also obtained from Sigma-Aldrich.
The latter chemicals were used for preparing 0.01 M phosphate
buffer saline (PBS) solution. Furthermore, 1-ethyl-3-(3-
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dimethylaminopropyl)carbodiimide (EDC), N-hydroxysucci-
nimide (NHS), 1l-mercaptoundecanoic acid (11-MUA),
ethanolamine, and nuclease-free water (MW = 18.02 g/mol),
and Tris Buffer (100 mM, pH 7.4) were purchased from
Sigma-Aldrich. miR393a oligomer (Apt), UCCAAAGG-
GAUCGCAUUGAUC (CC = 392 uL for 100 uM), its
complementary strand, S’'-[AmC6]-
AGGTTTCCCTAGCGTAACTAG-3' (CC = 550 uL for
100 uM), noncomplementary strand, AGGTTGAGAG-
GAATGTTGTCT (missr2F and CC = 268.00 Vol for 100
pmol/uL), and CTGGTCCGAGAATCAATTT (missr2R and
CC = 373.20 Vol for 100 pmol/uL) were synthesized by
Sigma-Aldrich (India).

4.2. Instrumentation and Apparatus. The modified
DNA probe with miR393a interactions was examined using a
surface plasmon resonance (SPR) instrument (ESPRIT,
Netherlands). The planar gold disks of SPR were provided
with the system. The buffer solutions were injected with a
needle in the optical chamber using a peristaltic pump at a
constant flow rate (i.e, 1 uL/s). The electrochemical
detections were accomplished on screen-printed carbon
(DropSens-110D, India) electrodes using a ustat 400 portable
Biopotentiostat/Galvanostat (Metrohm Autolab, Nether-
lands). Nove 2.1.1 software was used to calculate the values
of oxidation and reduction signals. Cyclic voltammetry (CV)
and DPV measurements were recorded by a 20 mM Zobell’s
solution containing 1 M KCI solution with ferrocyanide using
an Autolab potentiostat fitted with a three-electrode in glass
cell setup where carbon mesh, Ag/AgCl, and the streptavidin
nanolayer deposited over the bare electrode were employed as
the counter, reference, and working electrodes, respectively.
Scanning electrochemical microscopy (SECM) and SPR
spectra were collected on an Autolab Metrohm (Netherlands).
Field emission scanning electron microscopy (FESEM) images
and energy-dispersive X-ray spectroscopy (EDX) spectrum of
the bare electrode were recorded on a Tescan Mirab3
microscope.

4.3. Fabrication of the Streptavidin-Coated SPCE.
Streptavidin was coated over the exposed working carbon
electrode according to the method described by Hernandez-
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Santos et al.”” In this method, the electrodes were pretreated
before each voltammetry experiment to improve the sensitivity
and repeatability of the results. Fifty microliters of 0.1 M
H,SO, was dropped on the electrode, and an anodic current of
+3.0 pA was applied for the pretreatment of the electrode.
After this, the electrodes were washed using a 0.1 M Tris buffer
of pH 7.2. An aliquot of 10 uL of 10-5 M streptavidin solution
was drop cast on the treated electrode, and it was left overnight
at 4 °C. To remove the excess protein, the electrode was
washed with 0.1 M Tris buffer (pH 7.2). Then, the free surface
sites were blocked using 40 uL of 2% (w/v) bovine serum
albumin (BSA), followed by a washing step with the same Tris
buffer containing 1% BSA. Finally, the fabricated electrode was
stored at 4 °C before use.

4.4. Functionalized and Activated Gold Disk. First of
all, the disk surface of a thin gold layer-coated glass disk was
washed by argon plasma treatment. After that, the gold surface
of the disk was functionalized with a self-assembled monolayer
of 11-MUA by immersing the gold disk in a 2 mM ethanol
solution of mercaptoundecanoic acid for 12 h, followed by
rinsing with distilled water and ethanol and drying in the fume
hood. Then, an 11-MUA-functionalized gold disk was fitted
with a flow channel. The PBS solution (pH = 7.4) was injected
onto the functionalized gold surface at a flow rate of 100 uL/
min for further cleaning, and the correct baseline was fixed.
The surface of the 11-MUA self-assembled layer was activated
by injecting 400 mM EDC and 100 mM NHS mixture (1:1) at
a flow rate of 100 yL/min for 5—6 min. Both biolinkers were
formulated in distilled water, and the mixture was prepared just
before use. Diluted amine-modified sequence/probe (50 ug/
mL) in 0.1 mM nuclease-free water was injected through a
needle onto the exposed activated gold surface at a flow rate of
50 uL/min for 4 min. Amine-modified sequence/probe was
immobilized over the activated gold surface by amine coupling
chemistry at room temperature, as shown in Figure 1.
Following probe immobilization, free EDC-NHS ester sites
were blocked by the exposure of the 1 M ethanolamine
solution at a flow rate of 100 xL/min for 6 min to inhibit
nonspecific analytes’ linkage. The gold sensor surface was
automatically rinsed by PBS wash for 6 min after each step.

4.5. Scanning Electrochemical Microscopy (SECM).
The electroconductivity of the SPC electrode and streptavidin-
coated SPC electrodes was examined by employing the
Sensolytics SECM arrangement linked with Autolab (PGSTAT
128N) in a responsive manner. Streptavidin was coated on a
screen-printed carbon electrode for conducting SECM. It was
directly coated over the working electrode of the SPC
electrode by the spin-coating method. The thickness of the
coated streptavidin layer was kept on the nanometer scale.
Consequently, roughness in the streptavidin layer was less and
in the nanometer range when compared with carbon by Pt
microelectrode size (25 um). Hence, a superb SECM
assessment was guaranteed. SECM data were obtained for
bare and streptavidin-coated SPC electrodes for correlation.
Three different electrodes were utilized for recording the data
using SECM. Here, Ag/AgCl was used as the reference
electrode, carbon (4 mm) was used as the working electrode,
and a carbon coil as the counter electrode. Two different
sweeps at various tip areas were examined for simple uncoated
and streptavidin-coated SPC electrodes, as shown in Figures 7b
and 8b, respectively. Bare and coated electrodes were
immersed in a 20 mM K,Fe(CN) aqueous solution and in a
0.1 M KCI solution for recording further measurements.
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SECM data for simple and streptavidin-coated SPC electrodes
with a large conductive substrate surface were recorded at
0.550 V with a 25 pm radius Pt tip.
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