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Abstract

« Yunlei Zhou" - Jingrui Han" - Tingqun He" - Lin Cui? - Shiyun Ai’

A photoelectrochemical biosensor is described for sensitive detection of microRNA-162a. A multiple amplification strategy is
employed that involves (a) isothermal strand displacement polymerase reaction; (b) terminal deoxynucleotidyl transferase-
mediated extension, (c) amplification of streptavidin-coated gold nanoparticles, and (d) biotin functionalized alkaline phospha-
tase. Graphite-like C3N4 (g-C5Ny4) nanosheets were used as photoactive material. By using these amplification strategies, the
detection limit is as low as 0.18 fM of microRNA, and the photocurrent increases linearly with the concentration of microRNA-
162a in the range from 0.5 fM to 1 pM. The method was successfully applied to quantify the expression level of microRNA-162a
in total RNA extracted from the leaves of maize seedlings after incubation with the chemical mutagen ethyl methanesulfonate.
The results confirmed the applicability of the method to the analysis of practical biological samples.

Keywords Isothermal strand-displacement polymerase reaction - Terminal deoxynucleotidyl transferase-mediated extension -
Streptavidin coated gold nanoparticles - Biotin functionalized alkaline phosphatase - Chemical mutagen

Introduction

MicroRNAs are short, single-stranded, non-coding RNAs
with a length of about 22 nucleotides. They play important
roles in gene expression, cell development, cell differentiation
and cell apoptosis [1, 2]. Due to their short length, high se-
quence homology, low cellular abundance and easy degrad-
ability, it is a challenge to realize the sensitive detection of
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microRNAs [3]. Therefore, an effective method to achieve
sensitive detection of microRNAs is necessary. Various ana-
lytical methods have been developed, such as Northern blot-
ting [4, 5], microarrays [6, 7], electrochemistry [8, 9] and
fluorometry [10-12]. Although most of them are sensitive, it
is still challenging for microRNA detection due to the unique
properties of microRNA, including short lengths, low abun-
dance and susceptibility to degradation. Therefore, it is urgent
to develop a rapid, convenient, reliable and ultrasensitive an-
alytical method for microRNAs detection.
Photoelectrochemical (PEC) sensors have attracted atten-
tion due to their excellent sensitivity and low background
[13]. As an important part of PEC biosensors, photosensitive
materials are critical to sensor performance. So far, the com-
monly applied photoactive materials are metal-containing
semiconductors, such as Bi,S;, CdS, TiO,, ZnO, etc. [14,
15]. These materials exhibited good detection performance
but may lead to environmental pollution due to the metal
components they contain. Therefore, it is of great significance
to find a new environmentally friendly photosensitive materi-
al. With a two-dimensional layered structure like graphene, g-
C;3;N4 nanosheets has been successfully applied in
photocatalysis or PEC biosensing because of the large surface
area and rapid charge transfer. In addition, g-C3N4 has the
advantages of nontoxicity, excellent chemical stability, visible
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light response and unique semiconductor properties [16]. In
our previous work, we have developed a photoelectrochemical
biosensor for microRNA detection based on g-CsNy [17],
which showed excellent detection performance, but still not
sensitive enough. To further enhance the sensitivity of the bio-
sensors, we can combine some signal amplification strategies.

Isothermal chain-displacement polymerase reaction
(ISDPR) is a process that uses an isothermal amplification
process to produce a large number of products to amplify
the detection signal [18]. Terminal deoxynucleotidyl trans-
ferase (TdT) is a unique DNA polymerase that can cata-
lyzes the sequential addition of dNTPs to the 3'-OH group
of oligonucleotide primers to produce specific sequences
such as poly-T ssDNA [19]. Both methods can effectively
amplify the signal, so when ISDPR combined with the
TdT-mediated extension, the sensitivity of the biosensor
may be improved effectively.

Herein, we describe a multiple amplification method for
microRNA detection, which integrated isothermal strand-
displacement polymerase reaction (ISDPR), TdT-mediated
extension and the amplification of streptavidin-coated gold
nanoparticles (SA-AuNPs) and biotin-modified alkaline
phosphatase (ALP). ISDPR and the TdT-mediated exten-
sion strategy were introduced to this work to amplify the
signal by generating or extending DNA strands. In addi-
tion, the amplification of SA-AuNPs and biotin-ALP were
also involved. This greatly improves the photocurrent re-
sponse by catalyzing the hydrolysis of AAP to produce
electron donor of AA. The method was used to investigate
the effect of the chemical mutagen ethyl methanesulfonate
(EMS) on the expression level of microRNA-162a in the
leaves of maize seedlings. These results confirmed the ap-
plicability of the method in practical biological samples.

Experimental section
Materials and reagents

Phi29 DNA polymerase, Nt.BsmAlI nicking endonuclease
and terminal deoxynucleotidyl transferase (TdT) was re-
ceived from New England Biolabs (Ipswich, MA, https://
www.neb.com). Ascorbic acid-2-phosphate (AAP), hydro-
gen tetrachloroaurate trihydrate (HAuCl4*3H,0), dithio-
threitol (DTT), tris(hydroxymethyl)aminomethane (Tris),
ethyl methanesulfonate (EMS) and tris (2-carboxyethyl)
phosphine hydrochloride (TCEP) were purchased from
Aladdin (Shanghai, China, http://www.aladdin-e.com).
TRIzol® Plus RNA Purification Kit was obtained from
Thermo Fisher (USA, https://www.thermofisher.com).
PEG-3350 was received from Solarbio (China, http://
www.solarbio.com). Biotin-ALP, biotin-dUTP, and the
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synthetic DNA were purchased from Sangon (Shanghai,
China, https://www.sangon.com). HPLC-purified
microRNAs were provided by Takara (Dalian, China,
http://www.takara.com.cn). The nucleotide sequences are
listed as follows. Template DNA, 5'-CAC ACT GCA CTT
TTT AGC ACG GCG AGA CTG GAT GCA GAG GTT
TAT CGA; probe DNA, 5-CAC ACT GCA CTT TTT AGC
ACG G-(CH,)¢-SH-3"; microRNA-162a, 5'-UCG AUA AAC
CUC UGC AUC CAG-3'; single-base mismatched microRNA,
5'-UCG AUA AUC CUC UGC AUC CAG-3'; three-base mis-
matched microRNA, 5-UCG AUC AAC CAC UGC CUC
CAG-3'; non-complementary DNA, 5'-ACT CTC GAT CCC
AGA TCT AGC-3"; microRNA-166e, GGA AUG UUG UCU
GGU UCA AGG:; microRNA-172a, 5-AGA AUC UUG AUG
AUG CUG CA-3'; microRNA-156d, 5'-UGA CAG AAG
AGA GUG AGC AC-3'; microRNA-169a, CAG CCA AGG
AUG ACU UGC CGA. Synthetic DNA and microRNA were
dissolved in TE buffer (pH 7.4) and stored at —20 °C according
to the manufacturer’s instructions. All reagents were analytical-
ly pure grade.

The buffers employed in this work are as follows. TE
buffer, 10 mM Tris-HCIl and 1 mM EDTA (pH 7.4).
MicroRNA hybridization buffer: 1 x SSC (15 mM sodium
citrate and 0.15 M sodium chloride). Phi29 DNA polymer-
ase reaction buffer: 10 mM (NH,4),SO,, 50 mM Tris-HCL,
10 mM MgCl,, 4 mM DTT, 200 ug mL ™' BSA (pH 7.5).
Nt.BsmAI reaction buffer: 20 mM Tris-acetate, 50 mM po-
tassium acetate, 10 mM magnesium acetate, 100 pg mL ™
BSA (pH 7.9). TDT reaction buffer: 20 mM Tris-acetate,
50 mM potassium acetate, 10 mM magnesium acetate,
0.25 mM CoCl,, 100 pg mL ! BSA, pH 7.9. Probe immo-
bilization buffer: 10 mM Tris-HCI, 1.0 M NaCl, 1.0 mM
TCEP and 1.0 mM EDTA (pH 7.4). DNA hybridization
buffer, 1.0 mM EDTA, 10 mM Tris-HCI and 1.0 M NaCl
(pH 7.4). Washing buffer, 10 mM Tris—HCI containing
50 mM NaCl (pH 7.4). PEC detection buffer: 10 mM
Tris—HCI containing 50 mM KCI, 10 mM AAP and
0.1 mM Mg(NO3), (pH 9.8). Electrochemical impedance
spectrum (EIS) detection buffer: 10 mM Tris-HCI contain-
ing 5 mM K;[Fe(CN)¢], 5 mM K4[Fe(CN)g] and 0.1 M
KCI (pH 7.4). All of the solution and redistilled deionized
water were prepared with DEPC and autoclaved to protect
from RNase degradation.

Synthesis of g-C;N, and streptavidin-coated gold
nanoparticles

The synthesis of g-C5N4 was based on a typical experiment
as described in [20], and SA-AuNPs was prepared accord-
ing to our previous report [21] (detailed description is
shown in Electronic Supporting Material).
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Isothermal strand-displacement polymerase reaction

20 uL of microRNA-162a, 20 uL of 1 uM template DNA,
and 10 pL of microRNA hybridization buffer were first
mixed. The mixed solution was heated to 95 °C for 5 min,
and then it was cooled naturally to room temperature. After
that, the solution was incubated for 2 h to insure the complete
hybridization of DNA and microRNA.

After the addition of 10 uL of 250 U-mL ™' phi29 DNA
polymerase, 10 pL of 250 U'mL ™' Nt.BsmAl, 10 uL of
500 uM dNTPs and 20 uL 5 x reaction buffer (0.25 M Tris-
HCL, 50 mM MgCl,, 50 mM (NH,4),SOy4, 20 mM DTT, 1 mg-
mL ' BSA, 0.25 M KCl), the mixture was incubated for 2.5 h
at 37 °C. Finally, the reaction system was terminated with
incubation at 65 °C for 10 min. The products were noted as
amplified DNA (a-DNA) and stored at 4 °C.

PEC biosensor fabrication

The ITO conductive glass was cut into 1 cm x5 cm size
slices, and then cleaned according to our previous report
[22]. 2 mg of g-C3N,4 powder was dispersed in 1 mL dou-
ble distilled deionized water and ultrasonicated for 20 min.
Then, 40 uL of the g-C3N,4 suspension was dropped on the
bare ITO electrode surface. After being dried under infra-
red lamp irradiation, the prepared g-CsN4/ITO was rinsed
with double distilled deionized water for three times. Then,
20 pL of AuNPs were further dropped on g-C3;N4/ITO
electrode surface and dried under infrared lamp irradiation,
followed by rinsed with double distilled deionized water
for three times (The electrode was noted as AuNPs/g-
C3N4/ITO).

Subsequently, 20 L probe immobilization buffer contain-
ing 1 uM probe DNA was dropped on AuNPs/g-C;N,/ITO
electrode surface and incubated overnight at room temperature
under humid condition. The obtained electrode was noted as
ssDNA/AuNPs/g-CsN4/ITO. After rinsed with washing buff-
er for three times, 20 pL DNA hybridization buffer which
containing the products of ISDPR (a-DNA) was dropped on
the surface of ssDNA/AuNPs/g-C3N4/ITO and incubated for
2 hat 37 °C. The electrode (It was named as dsDNA/AuNPs/
g-C3N4/ITO) was rinsed with washing buffer for three times.
Afterward, the electrode was incubated with 20 uL of enzy-
matic amplification solution including 100 U mL ™" TdT,
20 uM biotin-dUTP and 1 x TdT reaction buffer for 2 h at
37 °C, and the obtained electrode was named as biotin/
dsDNA/AuNPs/g-C3N4/ITO. After rinsed with washing buff-
er, the electrode was incubated with 20 uL. SA-AuNPs for 1 h
at moist conditions, and the electrode was noted as SA/biotin/
dsDNA/AuNPs/g-CsN4/ITO. Subsequently, 20 uL of 0.1%
PEG-3350 was dropped on the electrode surface and incubate
for 30 min. After that, the electrode was further incubated with

20 puL biotin-ALP solution for 2 h. Finally, the electrode was
rinsed with washing buffer and noted as ALP/SA/biotin/
dsDNA/AuNPs/g-C3N4/ITO.

PEC detection

PEC measurements were performed with a homemade PEC
system. A 500 W Xe lamp photo source was used as the
irradiation source (Beijing Ceaulight Technology Co.,
LTD., China). Photocurrent was recorded on a CHI832A
electrochemical workstation (Austin, USA) with a three-
electrode system. A modified ITO electrode with an area
0f 0.195 cm” was used as the working electrode, a platinum
wire as the counter electrode and a saturated calomel elec-
trode (SCE) as the reference clectrode. After the detection
buffer was incubated with ALP/SA/biotin/dsDNA/AuNPs/g-
C3N/ITO at 37 °C for 30 min, the PEC response was recorded
at visible light with an applied potential of —0.3 V.

Electrochemical impedance spectroscopy (EIS) was mea-
sured with a CHI660C electrochemical workstation (Austin,
USA) in 10 mM Tris-HCI containing 5 mM K;[Fe(CN)g],
5 mM Ky[Fe(CN)¢] and 0.1 M KCI (pH 7.4) with the frequen-
cy range of 10'-10° Hz.

Sample preparation

Mature seeds of maize were used in this work. These maize
seeds were separated into two groups with one group as
detection sample and the other as control sample. The de-
tection sample was immersed in ethyl methanesulfonate
(EMS) solution at a concentration of 0.7% for 6 h. The
control sample was immersed in distilled deionized water
for the same time. Then, these seeds were washed in run-
ning water for 4 h. Afterwards, the seeds were embedded in
gauze within petri dishes and cultured with double-distilled
ionized water for a few days for germination. Finally, the
leaves of the seedlings were harvested for RNA extraction
by using TRIzol® Plus RNA Purification Kit according to
the manufacturer’ instructions. The concentration of the
extracted RNA was analyzed by UV—vis spectrophotome-
try. For microRNA detection, the extracted RNA was di-
luted to the same concentration.

Results and discussion

Detection strategy

In this work, a photoelectrochemical biosensor was developed
for microRNA-162a detection based on multiple amplifica-

tion strategies. The fabrication process is illustrated in
Scheme 1. Firstly, target microRNA-162a hybridizes with
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Scheme 1 Schematic illustration
of the PEC biosensor fabrication
process
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template DNA and initiates isothermal strand-displacement po-
lymerase reaction (ISDPR) from the 3'-end to form a double-
stranded DNA in the presence of phi29 and dNTPs.
Simultaneously, the recognition site for the Nt.BsmAl nicking
endonuclease is generated, which induces Nt.BsmAl to incise a
gap at the double-stranded DNA. Subsequently, the 3’ terminal of
microRNA-162a is extended and the downstream DNA strand
(named as a-DNA) would be replaced and released. As a result, a
great number of a-DNA can be produced and may participate in
the following reaction. Afterwards, g-C3N4 and AuNPs are
immobilized on the bare ITO electrode surface through physical
adsorption. Then, the thiol modified DNA (probe DNA) is self-
assembled on AuNPs/g-C3N4/ITO surface by Au-S bond.
Afterwards, a-DNA hybridizes with probe DNA on the electrode
surface and trigger the TdT-mediated extension to fabricate long
ssDNA of poly-U sequences containing lots of biotin.
Depending on the high accuracy of TdT, dUTP-biotin is only
added to the 3'-OH terminal of dsDNA, i.e. the terminal of a-
DNA. Subsequently, the SA-AuNPs are attached to the electrode
by the specific reaction between streptavidin and biotin. Finally,
biotin-ALP is connected to the electrode surface and catalyzes
the hydrolysis of AAP to produce AA, which lead to a strong
photocurrent response.

The main advantage of this method is its high detection
sensitivity due to the use of four kinds of signal amplifica-
tion strategies, isothermal strand-displacement polymerase
reaction, TdT-mediated extension, the amplification of SA-
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AuNPs and Biotin-ALP. ISDPR has the advantages of high
efficiency and adaptability. TdT-mediated extension pre-
sents a facile, direct, and cost-effective way for miRNA
detection. Furthermore, the amplification of SA-AuNPs
and Biotin-ALP greatly improves photocurrent response.
Based on these four kinds of signal amplification strate-
gies, this PEC biosensor can achieve an ultrasensitive de-
tection for target microRNA.

Characterization of materials

The morphologies of g-C3N4 and AuNPs were character-
ized by TEM. Figure 1a shows that the g-C5Ny contains a
wrinkled-layer structure with several stacking layers,
which was consistent with the literature report [23].
Figure 1b shows the morphology of the prepared AuNPs.
Figure 1b shows the AuNPs to have an average diameter of
approximately 20 nm.

Characterization of the biosensor

Electrochemical impedance spectroscopy (EIS) was used to
monitor the fabrication process of the biosensor. Figure 2a
shows that the bare ITO electrode has an interface electron
transfer resistance (R.;) of about 80 2 (curve a). The Ry value
decreases obviously when g-C;N, is modified on the ITO elec-
trode surface (curve b), which may be ascribed to the
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Fig. 1 TEM images of g-C5N4
(a) and AuNPs (b)

immobilization of g-C3Ny4, which increases the effective surface
area of the electrode, and improves the diffusion efficiency of
the redox probe to electrode. In addition, the amino group of g-
C3Ny can also promote the diffusion of negative charged redox
probe of [Fe(CN)¢]* " to the electrode surface. After AuNPs is
modified on the electrode surface, only a small semi-circle with
a R of about 50 €2 is observed (curve c), indicating that AuNPs
can increase the electrode conductivity and facilitate the elec-
tron transfer. Moreover, AuNPs can also improve the capture
efficiency of probe DNA by increasing the surface area of the
effective electrode. When probe DNA (curve d) and a-DNA
(curve e) are sequentially attached to the electrode surface, a
significant increase of R.; can be observed. These increases are
due to the electrostatic repulsion between the negatively
charged phosphoric acid backbone of oligonucleotides and
the negatively charged [Fe(CN)sJ? 4 Afterwards, the Ry val-
ue increases further when the electrode is incubated with TdT in
the presence of dUTP-biotin (curve f), which may be attributed

a
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Fig. 2 a EIS of ITO (a), g-C5N4/ITO (b), AuNPs/g-C3N4/ITO (c),
ssDNA/AuNPs/g-C3N4/ITO (d), dsSDNA/AuNPs/g-C3N4/ITO (e),
biotin/ssDNA/AuNPs/g-CsN4/ITO (f), SA/biotin/dsDNA/AuNPs/g-C;
N/ITO (g), ALP/SA/biotin/dsDNA/AuNPs/g-C3N,/ITO (h) in 5 mM
[Fe(CN)G]}/ 4~ (1:1) solution containing 0.1 M KCI. b The photocurrent

to the formation of long ssDNA, enhanceding the electrostatic
repulsion between the oligonucleotides and the [Fe(CN)]> /.
When SA-AuNPs is connected to the electrode, R increases
distinctly (curve g). It is attributed to the fact that SA-AuNPs
with a large size can hinder the diffusion of [Fe(CN)s]* 7+~
towards electrode surface. Similarly, when biotin-ALP is con-
jugated with SA-AuNPs on the electrode surface (curve h), R
increases largely. It is ascribed to the steric hindrance of ALP,
which limits the diffusion of [Fe(CN)s]> "* to the electrode
surface. These results indicate the successful fabrication of the
biosensor.

Detection feasibility

The detection feasibility was monitored by the photocurrent re-
sponse of different modified electrodes in 10 mM Tris-HCI con-
taining 50 mM KCI, 10 mM AAP and 0.1 mM Mg(NOs),
(pH 9.8). As illustrated in Fig. 2b, after g-C3N4 and AuNPs are

b
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Time (s)
response of AuNPs/g-C3N,/ITO (a), ssDNA/AuNPs/g-CsN4/ITO (b),
SA/biotin/dsDNA/AuNPs/g-C3N4/ITO (c),

ALP/SA/biotin/dsDNA/AuNPs/g-C3N,/ITO (d) in 10 mM Tris-HCl con-
taining 50 mM KCI, 10 mM AAP and 0.1 mM Mg(NOs), (pH 9.8)
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modified on the electrode (curve a), a weak photocurrent can be
observed, which may be attributed to the absence of a valid
electron donor. When probe DNA (curve b) is assembled to
the electrode surface, the photocurrent decreased. It is due to
the steric hindrance of oligonucleotides, which decreases the
electron-transfer efficiency. Similarly, after SA-AuNPs connects
to the electrode, the photocurrent further decreases (curve c). It is
also due to the fact that the steric hindrance decreases the
electron-transfer efficiency. Subsequently, the photocurrent re-
sponse increases significantly after the immobilization of
biotin-ALP (curve d). The increase can be ascribed to the fact
that AAP produced AA through the catalysis of ALP, which can
capture the photogenerated holes and improve the photocurrent
response. Based on the results, we can concluded that this fabri-
cated biosensor can be used for microRNA detection.

To discuss the effect of the non-specific adsorption of the
proteins to the signal, the PEC response in the absence of
biotin-labelled DNA strand has been discussed (i.e., ALP/SA/
ssDNA/g-C3N4/ITO). The results showed that the photocurrent
in the absence of biotin-labelled DNA strand was significantly

a
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Fig. 3 a Photocurrent response for different concentrations of
microRNA-162a. a-f, 0.5, 1, 10, 50, 100, 1000 fM. b Calibration curve.
¢ Specificity of the biosensor. (a) microRNA-162a, (b) microRNA-166e,
(c) microRNA-172a, (d) microRNA-156d, (¢) microRNA-169a, (f)
blank, (g) single-base mismatched microRNA, (h) three-base mismatched
microRNA, (i) non-complementary DNA (The concentration of
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weaker, indicating that non-specific adsorption of the proteins
does not contribute significantly to the signal.

Optimization of experimental conditions

The following parameters were optimized: (a) template DNA
concentration; (b) polymerase reaction time; (c) probe concen-
tration; (d) ALP incubation time. Respective data and
Figures are given in the Electronic Supporting Material. The
following experimental conditions were found to give best
results: (a) template DNA concentration of 100 nM; (b) poly-
merase reaction time of 2.5 h; (c) probe concentration of
1 uM; (d) ALP incubation time of 70 min.

Detection performances

Under the optimal experiment conditions, the PEC re-
sponse of the biosensor was analyzed with increasing
microRNA-162a concentration from 0.5 to 1000 fM. As
depicted in Fig. 3a, the photocurrent response increases

450 -
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2504
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o
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microRNA is 1 pM). d Time-based photocurrent responses of the bio-
sensor in 10 mM Tris-HCl (pH 9.8) containing 50 mM KCl, 10 mM AAP
and 0.1 mM Mg(NOs), (The concentration of microRNA is 10 fM). The
photocurrent was recorded in PEC detection buffer with applied potential
of —0.3 V at visible light
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with the increasing microRNA-162a concentration. A lin-
ear relationship can be obtained between photocurrent and
the logarithm value of microRNA-162a concentration, and
the calibration curve is illustrated in Fig. 3b. The linear
regression equation is / (nA-cm %) =61.30 lge (M) +
259.19 with the correlation coefficient of 0.9984, the
photoelectrochemical sensitivity was 61.3 nA-fM '-cm 2
and the detection limit is 0.18 fM (S/N=3). Compared
with the linear range and the detection limit of other
methods (Table 1), the fabricated biosensor shows excel-
lent microRNA detection performance.

The selectivity of the PEC biosensor was assessed using
one non-complementary DNA (1 pM), seven kinds of dif-
ferent microRNAs (1 pM) and blank (without any
microRNA) as detection target. Seven kinds of different
microRNAs include complementary microRNA
(microRNA-162a), single-base mismatched microRNA,
three-base mismatched microRNA, microRNA-166¢,
microRNA-172a, microRNA-156d and microRNA-169a.
As presented in Fig. 3c, the photocurrent response for
microRNA-162a is significantly higher than that of other
interferents, indicating the good detection specificity of the
method.

The stability is another key parameter for the biosensor,
and it was also investigated (Fig. 3d). No obvious change of
photocurrent response was observed with light on and off
which was repeated 10 times over 400 s, and the relative
standard deviation (RSD) is 2.78%, indicating a excellent
stability.

Sample analysis

Chemical mutation breeding is a technique that uses chem-
ical mutagens to induce genetic variation in plants, which

Table 1  Comparison of the detection performances of the method with
other methods

Methods Linear range LOD (tM) Refs.
Electrochemistry 10 fM—1 nM 1.66 [24]
Electrochemistry 10 fM-10 nM 9 [25]
Electrochemistry 1 fM-100 pM 0.36 [26]
Fluorescence 1 fM-50 pM 0.27 [27]
Fluorescence 5.0 pM-50 nM 1200 [28]
Fluorescence 10 fM—0.1 nM 1.0 [29]

ECL 0.1 ftM-10 pM 0.03 [30]

ECL 10 fM-100 pM 33 [31]

ECL 1 fM-10 pM 1 [32]
Photoelectrochemistry 350 fM-5 nM 153 [33]
Photoelectrochemistry 1 fM-500 fM 0.56 [34]
Photoelectrochemistry 10 fM-10 pM 35 [35]
Photoelectrochemistry 0.5 fM—1 pM 0.18 This work

can have a significant effect on the plant’s character.
Alkylating agent is the most important type of chemical
mutagens, its mechanism is the alkylation, which is fo-
cused on nucleic acid, leading to DNA fragmentation, de-
letion or repair. In order to evaluate the applicability of the
fabricated biosensor in real samples, the effect of EMS on
the expression of microRNA-162a in the leaves of maize
seedlings was investigated. To carry out this operation,
maize seeds were immersed in an aqueous solution of
EMS for 6 h. Total RNA was then extracted from the the
leaves of maize seedlings and the photocurrent of
microRNA-162a in total RNA was tested. As depicted in
Fig. 4, the expression level of microRNA-162a increased
after the maize seeds were incubated with 0.7% EMS. For
testing the detection accuracy, the expression level of
microRNA-162a was also detected by qRT-PCR. As
shown in Fig. 4, the results observed by qRT-PCR are
similar to the assay that we developed, indicating the reli-
ability of our work (The corresponding data was listed in
Table 2). Through this study, information about the mech-
anism of chemical mutation breeding is provided, in addi-
tion, information about the changes in plant traits after
mutagenesis can also be provided.

Conclusions

In summary, a sensitive photoelectrochemical biosensor
was developed for microRNA-162a detection based on a
multiple amplification method. Based on the multiple sig-
nal amplification, the detection limit of 0.18 fM was
achieved, and the photocurrent increases linearly with the
concentration of microRNA-162a in the range from 0.5 fM
to 1 pM. Furthermore, the application in maize seedling
shown that the biosensor can exhibit good performance in
actual samples. The limitation of this method was a little
time-consuming for electrode fabrication. If we can de-
crease the fabrication time, our strategy will be a fine and

|:|our method

1.04 qRT-PCR

0.8

0.6

0.4

Relative expression

0.2

0.0
a b

Fig. 4 The relative expression level of microRNA-162a in the leaves of
maize seedlings with (a) and without (b) EMS incubation
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Table 2 The expression level of
microRNA-162a in the leaves of
maize seedlings

Samples Detected by this method Detected by qRT-PCR
With EMS incubation 1 1
Without EMS incubation 0.54 0.57

rapid method for miRNA detection. Therefore, this fabri-
cated biosensor can be applied as a prospective detection
tool for microRNA-162a detection in biology research.
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