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Herein, an electrochemical biosensor for detecting tobacco mosaic virus (TMV) RNA is constructed by
activator regenerated by electron transfer atom transfer radical polymerization (ARGET ATRP) combined
with duplex-specific nuclease (DSN)-assisted target recycling. First, the captured DNA (cDNA) is self-
assembled on the electrode surface and hybridizes with the TMV RNA (tRNA) to form cDNA/tRNA hybrids.
And then the initiator of ARGET ATRP (a-bromoisobutyric acid, BMP) is attached to the cDNA via an
amide bond and later triggers ARGET ATRP. Many electroactive monomers (ferrocenylmethyl methacry-
late, FMMA) are polymerized and a remarkable electrical signal response of ferrocene (Fc) is obtained.
However, with the present of DSN, DSN cleaves the cDNA/tRNA hybrid and releases tRNA to hybridize
with another cDNA, thereby causing significant shortening of the length of the cDNA. The number of poly-
mer chains on the electrode surface is drastically reduced, which is followed by a noticeable reduction in
the signal of Fc. The method shows high sensitivity, superior selectivity, excellent stability and good
reproducibility under optimal conditions with the limit of detection (LOD) of 2.9 fM. Furthermore, the
biosensor showed satisfactory applicability in detecting tRNA in real samples, thereby demonstrating
the potential of the method for practical TMV RNA detection.

� 2021 Elsevier B.V. All rights reserved.
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1. Introduction

Nucleic acid analysis techniques are becoming increasingly
important in areas such as environmental science [1], biochemistry
[2,3], food safety [4] and disease diagnosis [5,6]. Therefore, improv-
ing the selectivity and sensitivity of nucleic acid molecular detec-
tion methods has become one of the most popular research
topics. To date, with technological advances, various nucleic acid
detection strategies have been used, such as gene chips, poly-
merase chain reaction (PCR) [7], fluorescence [8,9], surface plas-
mon resonance [10], and electrochemistry [11-13]. Among them,
electrochemical biosensors have received much attention for their
advantages such as fast response time, easy operation, and low
cost. However, conventional electrochemical strategies are mostly
based on equiproportional target-to-signal hybridization ratios,
which affects their sensitivity [14]. Therefore, developing electro-
chemical sensors that are highly sensitive to trace components in
biological samples remains challenging.

To improve the sensitivity of biosensors, a variety of strategies
for signal amplification have been explored, such as the use of
nanomaterials, enzyme catalysis, and chain propagation of poly-
mers [15]. Of these, enzyme-catalyzed reactions have attracted
the attention of researchers due to their high reaction efficiency,
inherent catalytic activity, and specificity. In recent years,
duplex-specific nuclease (DSN)-assisted target has been recycling
broadly used in RNA detection due to its high specificity and satis-
factory selectivity [16-18]. In standard DSN-assisted target recy-
cling, DSN can selectively cleave DNA from double-stranded DNA
or DNA-RNA heterodimers. Nevertheless, DSN has no effect on
single-stranded RNA, double-stranded RNA or single-stranded
DNA and distinguishes well between perfectly matched and
nonexactly matched short double genes [19,20]. Thus, in the pres-
ence of DSN, the target RNA is released and hybridized to another
ssDNA, thereby causing amplification of the target cycle. Zhang
et al. constructed a non-fixed electrochemical impedance biosen-
sor by using DSN-assisted target recycling, which achieved highly
sensitive detection of microRNA [21]. However, although DSN-
assisted target recycling is simple and fast, this method based on
single enzyme amplification is still not sensitive enough for ultra-
microRNA detection. Therefore, improving the sensitivity of the
assay by further amplification of the electrochemical signal is
necessary.

Atomic transfer radical polymerization (ATRP), which was first
proposed by Matyjaszewski and Wang in 1995, is a technique for
live/controlled polymerization [22]. By establishing a dynamic bal-
ance between low concentrations of active species and high con-
centrations of dormant species, the reaction enables the
successful synthesis of polymers with precise structure and func-
tion [14]. Thanks to its wide range of monomers, mild polymeriza-
tion conditions, and ease of control, among other properties, ATRP
has been widely used in the fields of surface functionalization [23],
material synthesis [24], and biosensors [25,26]. Liu and her col-
leagues constructed a highly sensitive electrochemical DNA
biosensor by using ATRP with a detection limit of 0.14 fM [27].
In conventional ATRP, metal catalysts at high concentrations
(1000 to 10,000 ppm) are required to overcome irreversible radical
2

termination and produce the required concentration of deactivator
because of the continuous radical effect. Moreover, the demand for
an oxygen-free environment restricts the broad application of this
method [28,29]. Electron transfer activated regeneration ATRP
(ARGET ATRP) was developed by Matyjaszewsk et al. by introduc-
ing a reducing agent [30]. It permits the reaction to take place at
low concentration of copper catalyst and eliminates the need for
an oxygen-free environment, which has potential benefits in terms
of cost control and greening.

In this work, an electrochemical biosensor for sensitively
detecting tobacco mosaic virus (TMV) RNA sensitively was con-
structed by ARGET ATRP in combination with DSN-assisted target
recycling. TMV is a common plant virus that has caused severe
losses to the world’s agricultural economies since the end of the
19th century [31]. Apart from infecting common cash crops such
as tobacco and peppers, it can also infect medicinal plants, includ-
ing rehmannia and radix pesudostellariae, thereby affecting their
yield and quality [32,33]. Thus, in this work, TMV RNA (tRNA)
was selected as the target for detection. For this biosensor,
hybridization of complementary nucleic acids ensured satisfactory
specificity, and the intrinsic properties of dual signal amplification
with ARGET ATRP and DSN-assisted target recycling guaranteed
high sensitivity. This electrochemical biosensor demonstrated
excellent analytical performance, high sensitivity, excellent speci-
ficity, good stability, and superior reproducibility and provides an
electrochemical sensing platform with great potential for detecting
TMV RNA.

2. Experimental section

2.1. Chemicals and reagents

Detailed information is provided in the supplementary material.

2.2. Apparatus

Detailed information is provided in the supplementary material.

2.3. Preparation of MCH/cDNA-modified electrode

Before being constructed, the gold electrode (GE) was polished
the alumina of two grain sizes (0.3 lm and 0.05 lm) in turn, and
cleaned ultrasonically using ethanol and ultrapure water. After
that, the GE was soaked in a piranha solution that was freshly pre-
pared from 98% H2SO4 and 30% H2O2 in a 3:1 vol ratio for 15 min
and cleaned in the same way. Finally, the GE was electrochemically
pretreated by immersing it in 0.5 M H2SO4 solution until overlap-
ping cyclic voltammetry (CV) curves were acquired with potential
range of 0.3–1.5 V.

First, the capture DNA (cDNA, 2 lM, 5 lL) was added to the GE
and the cDNA/GE was maintained at room temperature overnight.
Then, the cDNA/GE was then washed with a suitable amount of
Tris-EDTA buffer solution (TE buffer, pH 7.4) to remove the non-
specific and loosely adsorbed cDNA. Afterward, the cDNA/GE was
inserted into 300 lL 6-mercaptohexanol (MCH) at 37 �C for
30 min, so as to close the sites on the GE surface that were not



Scheme 1. (A) Schematic illustration of the prepared tRNA biosensor. (B) The mechanism of ARGET ATRP (Pn-Br = alkyl bromide, ka = activation rate constant,
kda = deactivation rate constant, kp = propagation rate constant, and kt = termination rate constant).

Y. Zhang, P. Li, M. Hou et al. Bioelectrochemistry 144 (2022) 108037
occupied by cDNA and to prevent nonspecific adsorption of other
materials. Following a moderate rinse with 70% ethanol and water,
MCH/cDNA/GE was obtained.
2.4. Detection of TMV RNA

For the detection of tRNA, 10 lL of a mixed solution that con-
tained a variable concentrations of tRNA and 2 U/mL DSN in
1 � DSN master buffer (50 mM Tris-HCl, 5 mM MgCl2, 1 mM DL-
dithiothreitol (DTT), pH 8.0) was added into the prepared MCH/
cDNA/GE and incubated at 37 �C for 80 min. Following a moderate
rinse with wash buffer, the electrode was dunked in 300 lL acti-
vated a-bromoisobutyric acid (aBMP) and reacted at 37 �C for
1 h. Afterward, the electrode surface was cleaned using DMSO
and water in turn. Subsequently, the obtained GE was inserted into
200 lL of freshly prepared ARGET ATRP reaction solution and
reacted at 37 �C for 1 h. Eventually, the prepared GE was immersed
in Tris-HCl buffer (10 mM, pH 7.4) and measured using differential
pulse voltammetry (DPV) by a traditional three-electrode system
which was composed of a modified SE (2 mm in diameter), a satu-
rated calomel electrode (SCE) and a platinum wire control elec-
trode (initial potential: 0.00 V, final potential: 0.60 V, potential
amplitude: 0.025 V, potential increase: 4 mV, and quiet time: 4 s).
2.5. Preparation of total RNA in healthy leaves of rehmannia

The extraction of total RNA from healthy rehmannia leaves was
performed according to the technique that is described in Jin et al.
with minor changes [34]. The steps are described in detail in the
supplementary material.
3

3. Results and discussion

3.1. Principle of the TMV RNA electrochemical detection

The steps for the construction of an electrochemical sensor for
the detection of tRNA based on ARGET ATRP and DSN-assisted tar-
get recycling are illustrated in Scheme 1A. Initially, cDNA and MCH
were sequentially immobilized on the surface of the GE by self-
assembly. This was done to build MCH/cDNA/GE via the self-
assembly of Au-S bonds with the formation of RS-Au-SR complexes
[19]. Next, for route 1, ARGET ATRP initiator BMP was tightly con-
nected to the cDNA by forming an amide bond with the amino
group at the 30 end of the cDNA. Subsequently, using ferrocenyl-
methyl methacrylate (FMMA) as the monomer, a large number of
electroactive probes were linked with BMP by the ARGET ATRP
reaction, which were eventually able to produce a remarkable elec-
trochemical signal. In route 2, when tRNA and DSN were titrated
on MCH/cDNA/GE, tRNA was able to specifically recognize the
oligonucleotide sequence of cDNA, thereby resulting in the forma-
tion of cDNA/tRNA. At the same time, the cDNA/tRNA hybrid was
recognized and cleaved by the DSN, thus releasing tRNA. The
released tRNA was able to bind to a large number of capture
probes, which ultimately led to the cleavage of cDNA with the
amino group at the 30 end and significant DSN-assisted target recy-
cling. As a result, BMP could not ligate to cDNA, and ARGET ATRP
had difficulty occurring, which caused a dramatic reduction of
the signal of ferrocene (Fc).

The mechanism of ARGET ATRP reaction is illustrated in
Scheme 1B. The stable Br-CuII/Me6TREN was reduced by reducing
agent (acetic acid, AA) to catalytically active CuI/Me6TREN, which
could be homolytically cleaved with the initiator (Pn-Br) to pro-
duce deactivators (Br-CuII/Me6TREN) and radicals (Pn

&). The double



Fig. 1. (A) DPV curves of FMMA/BMP/MCH/GE (black line), FMMA/MCH/cDNA/GE (dark yellow line), BMP/MCH/cDNA/GE (gray line), FMMA/BMP/MCH/cDNA/GE (red line)
and FMMA/BMP/MCH/cDNA/GE with tRNA and DSN (dark cyan line). (B) CV curves of FMMA/BMP/MCH/cDNA/GE at scan rates of 0.01–1 V s�1. (C) The plots of the oxidation
(marked black) and reduction (marked red) peak currents versus the scan rates in Fig. B.

Fig. 2. Nyquist plots of GE (black sphere), cDNA/GE (gray sphere), MCH/cDNA/GE
(blue sphere), MCH/cDNA/GE with tRNA (magenta sphere), MCH/cDNA/GE with
tRNA and DSN (olive sphere), BMP/MCH/cDNA/GE (pink sphere) and FMMA/BMP/
MCH/cDNA/GE (violet sphere). The inset was the equivalent circuit diagram of EIS.
Rs was the solution resistance, CPE was the constant phase element, Zw was the
Warburg impedance, and Rct was the charge transfer resistance, respectively.
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bond addition of radicals (Pn
&) to the monomer (FMMA) initiated

polymerization, chain growth, and finally the formation of a poly-
mer (PnPm). The coupling radical (PnPm) reacted with Br-CuII/Me6-
TREN to form a long polymeric chain (PnPm-X). Meanwhile, the
simultaneous reduction of Br-CuII/Me6TREN by excess AA to
CuI/Me6TREN could trigger a new round of polymerization. The
ARGET ATRP reaction allowed for some reduction in the amount
of metal catalyst, where the excess reducing agent permitted a
small amount of oxygen to be present and did not affect the con-
trolled polymerization of the reaction [30]. Significantly, the use
of ARGET ATRP signal amplification and DSN-assisted target recy-
cling significantly could be combined to improve the selectivity
and sensitivity of the biosensor for TMV RNA detection.
3.2. Feasibility study

The current signals of electrodes fabricated by various
approaches were measured using DPV to assess the feasibility of
the proposed biosensor. It could be seen in Fig. 1A that no signifi-
cant current signal was detected when any one of the cDNA (black
line), BMP (dark yellow line) or FMMA (gray line) was missing. In
contrast, for FMMA/BMP/MCH/cDNA (red line), a clear oxidation
peak was observed at a potential of � 0.32 V, thereby indicating
that BMP successfully triggered the polymerization chain reaction
after linking to cDNA via amide bonds, and the final electrochem-
4

ical signal was amplified. When tRNA and DSN were dropped
simultaneously on the modified electrode, as shown by the dark
cyan line of Fig. 1A, the DPV signal of Fc dropped significantly.
Thus, the application of an electrochemical biosensor based on
ARGET ATRP with DSN-assisted target recycling for sensitive detec-
tion of tRNA was feasible.
3.3. Characterization of the fabricated biosensor

3.3.1. Electrochemical characterization
The electrochemical properties of the FMMA/BMP/MCH/cDNA/

GE surface were studied using CV. As shown in Fig. 1B, the redox
peak of Fc was regularly strengthened as the scan rate was
increased from 0.01 to 1 V s�1. There was a clear linear relationship
that existed between the redox current and the scan rate (Fig. 1C).
Because the result was typical of surface-controlled redox pro-
cesses, it was concluded that FMMA was successfully polymerized
on the surface of electrode [27].

The surface properties of electrochemical biosensors based on
ARGET-ATRP with DSN-assisted target recycling were character-
ized using electrochemical impedance spectroscopy (EIS), which
is a key approach for characterizing the interfacial properties of
modified electrodes. The nyquist diagram is fitted to an equivalent
circuit model consisting of ohmic resistance (Rs), charge transfer
resistance (Rct), Warburg impedance (Zw), and constant phase ele-
ment (CPE) (Inset). The values of the equivalent circuit parameters
of the fitting curves for the progressive production of the sensor
were shown in Table S2. In the Nyquist plot, the semicircle of the
impedance curve corresponds to the Rct (the diameter of the semi-
circle) in the high frequency region [35]. Typical Nyquist plots of
the impedance spectrum of the same electrode that were obtained
step by step during successive preparations were shown in Fig. 2.
Clearly, the bare GE showed a very small Rct (�57.9 X, black
sphere) prior to the self-immobilization of the cDNA, which was
attributed to the rapid charge transfer kinetics. After successful
modification of cDNA on the surface of the bare electrode, the Rct

rose to � 968.7 X (gray sphere), which was due to spatial barrier
from cDNA monolayer. Similarly, the Rct increased further
(�3008 X, blue sphere) after MCH blocked the nonspecific binding
site on the surface of GE in response to the formation of an MCH
monomolecular layer that further impeded charge transfer. When
tRNA was added, DNA/tRNA hybrid was formed and the Rct value
increased significantly (�3850 X, magenta sphere) due to electro-
static repulsion from the phosphorylation site of the RNA to [Fe
(CN)6]3-/4-. Yet, when the DSN-assisted target recycling process
occurred, the Rct reduced to � 1973 X (olive sphere). This was
because the cleaved of DNA/tRNA hybrid was broken up, the cDNA
became shorter, and the released tRNA later bound to another
cDNA to activate the next target recycling process. Eventually,



Y. Zhang, P. Li, M. Hou et al. Bioelectrochemistry 144 (2022) 108037
the potential resistance of the residual cDNA on the electrode was
reduced markedly. In contrast, the introduction of BMP onto MCH/
cDNA/GE reduced the hydrophilicity of the electrode surface and
inhibited the access of redox probes to the electrode surface; thus,
the modification of BMP further increased the Rct (�4736 kX, pink
sphere). Ultimately, after ARGET-ATRP, Rct increased significantly
(�9256 kX, violet sphere), which indicating the presence of a sig-
nificant amount of electroactive polymer. As a result, the construc-
tion of the electrochemical biosensor for TMV RNA was realized
successfully.
3.3.2. AFM characterization
The morphologies of different modified electrodes were charac-

terized using AFM. The AFM results were shown in Fig. S1A–D.
Fig. S1A showed that the height of the MCH/cDNA/GE was
10.0 nm. The height was 8.8 nm (Fig. S1B) when both tRNA and
DSN were added to the MCH/cDNA/GE, which was lower than
the height of MCH/cDNA/GE. The result confirmed the successful
completion of the DSN-assisted target recycling process. After
ARGET ATRP was triggered on the MCH/cDNA/GE, the height
increased from 10.0 nm to 21.7 nm (Fig. S1C). However, the height
increased to 15.7 nm after ARGET ATRP was triggered on the cor-
rected electrode surface (Fig. S1D), which was lower than
21.7 nm. The above results provided further evidence that the
detection of TMV RNA using an electrochemical biosensor based
on AGRET ATRP and DSN-assisted target recovery was feasible.
3.3.3. Static water contact angles characterization
Finally, the hydrophilicity of progressively modified electrodes

was explored with the use of static water contact angles (WCA).
Fig. S2A showed a contact angle of 87.5� between the water and
the bare electrode surface. After cDNA modification, the contact
angle dropped to 74.3� (Fig. S2B) due to hydrophilicity in the cDNA.
The contact angle further dropped to 68.8� (Fig. S2C) as the MCH
was attached to the electrode, which could be attributed to the
hydrophilic hydroxyl groups in the MCH. Furthermore, when tRNA
was added to MCH/cDNA/GE, the contact angle continued to
decrease (Fig. S2D). However, when DSN was present on the elec-
trode, the contact angle instead increased to 71.5� (Fig. S2E). It
demonstrated the success of DSN-assisted target recycling process,
which meaning that the cDNA/tRNA hybrids were recognized by
the DSN and the final cDNA was cleaved, thus releasing the tRNA.
After immobilization of BMP to MCH/cDNA/GE via amide bonding,
the hydrophilic contact angle decreased 59.8� (Fig. S2-F) because of
amide bonding and halogen. Afterward, when FMMA was modified
to BMP/MCH/cDNA/GE via ARGET ATRP, the contact angle of the
electrode decreased from 59.8� to 53.2� (Fig. S2G). This was due
to the hydrophilicity of the methacrylate. The above results were
Fig. 3. Optimization of reaction parameters. The effects of (A) the reaction time and (B)
detection method for TMV RNA. The concentrations of tRNA used in the condition optim
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consistent with the results of AFM, indicating that the electro-
chemical biosensor was successfully constructed.
3.4. Optimization

The optimization of conditions is an important for obtaining the
best possible analytical results. The electrochemical sensor relies
on the dual amplification mechanism of DSN-assisted target recy-
cling and the polymerization efficiency of the ATRP reaction.
Therefore, the reaction time and amount of DSN are critical for
DSN-assisted target recycling. Another important factor that
affected the analytical performance of this biosensor is the reaction
time of the ATRP.

First, using the current difference (DI) of the DPV peak of Fc as a
signal, we optimized the reaction time and concentration of DSN.
Here, the calculation of DI was based on the equation: DI = I - I0
(I0 and I denote the DPV peak currents of FMMA/BMP/MCH/
cDNA/GE without and with, respectively, the addition of tRNA
and DSN. Fig. 3A showed that DI increased gradually as the DSN
reaction time increased from 20 min to 80 min and reached a min-
imum at 80 min, after which there was no significant change. This
might be the result of inactivation of the DSN and the cutting of the
Fc-labeled substrate by the DSN over time [36]. Therefore, the reac-
tion time of DSN was chosen to be 80 min. Next, from Fig. 3B it
could be observed that DI continuously increased with increasing
DSN concentration and then tended to stabilize after the concen-
tration reached 2 U/mL. Therefore, 2 U/mL was identified as the
optimal amount of DSN used in this method. Finally, the DPV peak
current of Fc was studied in relation to the response time of ARGET
ATRP. As shown in Fig. 2C, there was a gradual increase in signal as
the reaction time increased, and the signal reached a peak at
60 min, after which it tended to stabilize. Consequently, 60 min
was identified as the most suitable time for ARGET ATRP.
3.5. Analytical performance

The current response of the sensor was studied for a range of
tRNA concentrations under optimized experimental conditions to
explore the analytical performance of the electrochemical sensor.
As shown in Fig. 4A, the peak current gradually decreased as the
concentration of tRNA increased from 0.01 pM to 10 nM. namely,
the values of DI rose as the concentration of tRNA increased. More-
over, a clear linear relationship was observed between DI and the
logarithm of the tRNA concentrations (Fig. 4B). The following linear
regression equation was obtained: DI (lA) = 1.4466 lg[CtRNA/
pM] + 4.0384 (R2 = 0.998). Additionally, a limit of detection
(LOD) of 2.9 fM (LOD = 3r/slope) was obtained. As presented in
Table 1, in comparison to several reported plant virus nucleic acid
biosensors, our electrochemical biosensor had a relatively low
the concentration of DSN, and (C) the ARGET ATRP reaction time on the proposed
ization were all 10 pM and error bars represented the standard deviation (n = 3).



Fig. 4. (A) DPV responses to different concentrations of tRNA. The concentrations of tRNA were 10 fM (purple line), 0.1 pM (pink line), 1 pM (olive line), 10 pM (gray line),
0.1 nM (blue line), 1 nM (red line) and 10 nM (black line), respectively. (B) The linear relationship between DI and logarithm of the tRNA concentrations.

Table 1
Comparison of the constructed electrochemical biosensor with other developed biosensors.

Target Texting method Signal Amplification Strategy L. R./M LOD/M Reference

Cucumber green mottle mosaic virus
(CGMMV)

Ultraviolet Terminal deoxynucleotidyl
transferase coupled with DNAzymes amplification

1.0 � 10�13

-
2.0 � 10�9

1.0 � 10�13 [37]

Cauliflower mosaic virus 35 s (CaMV 35 s) Fluorescence backsplice junction combined with DSN-assisted target
recycling 5.0 � 10�9 -

9.0 � 10�7

2.0 � 10�9 [38]

CaMV 35 s Electrochemistry SiO2@CdTe quantum dots core–shell nanoparticles 1.0 � 10�13

-
5.0 � 10�10

5.0 � 10�14 [39]

CaMV 35 s Electrochemstry / 1.0 � 10�14

-
5.0 � 10�10

6.0 � 10�14 [40]

TMV RNA Electrochemistry ARGET ATRP combined with DSN-assisted target recycling 1.0 � 10�14

-
1.0 � 10�8

2.9 � 10�15 This
work

Fig. 5. Histogram of DI toward tRNA, SBM, TBM and NC. The concentrations of all
RNAs were 10 pM.

Table 2
Recovery tests in real samples.

Sample Added concentration/pM Found

1 0 –
2 10 10.43
3 100 95.20
4 1000 964.20

Y. Zhang, P. Li, M. Hou et al. Bioelectrochemistry 144 (2022) 108037
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detection limit due to the combination of ATRP signal amplification
means with DSN-assisted target recycling.
3.6. Selectivity, reproducibility and stability ability

Initially, the current responses of 10 pM tRNA, single base mis-
match RNA (SBM), triple base mismatch RNA (TBM) and non-
complementary RNA (NC) were detected and compared under
the same conditions to further investigate the selectivity of the
biosensor. As could be seen from Fig. 5, the current responses of
this sensor to SBM, TBM and NC changed slightly compared to that
without the addition of tRNA. However, DI significantly increased
with the addition of tRNA. In particular, the value of DI of tRNA
was nearly 10 times higher than that of NC. This phenomenon
might be due to the formation of DNA/RNA hybrids through base
complementary pairing, which were then recognized by DSN,
thereby resulting in DSN-assisted target recycling proceeding
smoothly. Nevertheless, RNA that contained mismatched bases
was unfavorable for forming DNA/RNA hybrids, which resulted in
concentration/pM Recovery RSD

– 3.253%
8 104.38% 2.938%
1 95.20% 2.030%
6 96.42% 2.132%
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difficult cleavage of cDNA by DSN. Afterward, the ARGET ATRP
reaction proceeded well, resulting in small change in the electro-
chemical signal compared to tRNA.

Moreover, the reproducibility and stability of the strategy were
evaluated. First, under the same experimental parameters, the
reproducibility was assessed via intra- and inter-batch experi-
ments (n = 5). For intra-batch analysis, the RSD of the DI value
was 2.78%, and for inter-batch analysis it was 3.47%. Afterwards,
a comparison of the response signal of the stored sensor with that
of the newly prepared sensor was performed to evaluate the stabil-
ity of the sensor. Even after two weeks of storage at �4 �C refriger-
ator, the DI of the stored electrode was approximately 91.88%
(n = 3) of the signal of the freshly prepared electrode. The above
results showed that the biosensor had desirable reproducibility
and storage stability for the detection of tRNA.

3.7. Determination of tRNA in real samples

Recovery assays were performed on total RNA extracted from
healthy rehmannia leaves in order to assess the performance of
the biosensor in real samples. Apart from the 100-fold dilution,
no other treatment was performed on the total RNA extract. The
analytical results were displayed in Table 2. First, we examined
the response signal of the sensor to the total RNA samples without
tRNA addition. The experimental results showed that the response
signal was basically no different from that of the experimental
group without tRNA addition, with an RSD of 3.253%, which indi-
cated that the biosensor had excellent interference immunity. Sub-
sequently, 1000, 100 and 10 pM of tRNA was added to the total
RNA extract, and the samples were assayed. The recoveries were
ranged from 95.20% to 104.38%. Each sample was tested 3 times
in parallel, and the RSDs were ranging from 2.030 to 2.938%. The
experimental results strongly support the potential use of the pro-
posed assay for the detection of TMV RNA in real samples.
4. Conclusion

A novel RNA biosensor was conveniently constructed using of
ARGET ATRP and DNS-assisted target recycling. The sensitivity of
the electrochemical biosensors could be ensured by using ARGET
ATRP as a signal amplification strategy. In addition, the analytical
performance and selectivity of the method were guaranteed by
the DSN-assisted target recovery. The oxidation peak current of
the biosensor exhibited good linearity with the concentration of
the target RNA between 0.01 pM and 10 nM. In addition, it dis-
played ideal analytical properties such as low detection limits,
and satisfactory selectivity, reproducibility and stability. Again,
the biosensor performed satisfactorily in the analysis of target
RNA in real samples, which demonstrated its potential for practical
applications.
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