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Since the application of RNA interference (RNAi) is rapidly developing in GMO technology, accurate and

sensitive detection of functional RNA molecules was urgently needed, for the safety and functional

assessment of RNAi crops. In this work, we developed an electrochemical biosensor for transgene-

derived long RNA based on a poly-adenine (polyA) DNA capture probe. The polyA self-assembling mono-

layer (SAM) provided enhanced interface stability and optimized surface density for the subsequent

hybridization of the long RNA molecule. A multiple reporter probe system (MRP) containing 12 reporter

probes (RPs) and 2 spacers was applied to open the complex molecular secondary structure and hybridize

with the long RNA, with the critical assistance of dimethyl sulfoxide (DMSO). By using 3 addressable RPs,

structural recognition was performed among long stem-loop RNA, long dsRNA (no loop), and siRNA.

Excellent selectivity was achieved when the extracted total RNA samples were directly analyzed. When

reverse transcription recombinase polymerase amplification (RT-RPA) technology was combined, the

sensitivity was improved to 10 aM. To the best of our knowledge, this is the first electrochemical biosensor

with the excellent capability of quantification and structural analysis of the long RNA of the RNAi GMO.

Our work shows great potential in a wide range of RNAi GMO samples.

Introduction

The RNA interference (RNAi) process was firstly found in
eukaryotic organisms, regulating gene expression mediated by
double-stranded RNA (dsRNA) with homology to a target
gene.1–3 Recently, RNAi technology has been applied in agri-
cultural biotechnology to control a variety of target organisms,
such as insects,4–6 bacteria,7 fungi,8 viruses,9,10 and even para-
sitic plants.11 RNAi transgenic approaches offer many advan-
tages over the traditional and hazardous chemical methods of
pest control.12 They are more economical, efficient, stable, flex-
ible, and environment/farmer-friendly. However, potential

risks associated with RNAi technology should be considered,
such as unintended gene silencing, potential toxicity to
humans and the environment, etc.13–15 On the other hand, the
functional characterization of RNAi genetically modified
organisms (GMOs) is also important for quality control. Since
RNAi GMOs do not express any novel kinds of protein other
than RNA, RNA detection is the only way for RNAi analysis.
Unfortunately, challenges remain to accurately and sensitively
detect RNA with complex secondary structures in plant
samples.16

The reverse transcription polymerase chain reaction
(RT-PCR) is the main method for RNAi GMO analysis17 with
excellent sensitivity, but its specificity may be limited if
inverted RNA repeats or self-priming of RNA occurs.
Furthermore, the complex operation and cumbersome instru-
ments of the RT-PCR hindered its application for on-site ana-
lysis. More importantly, we usually need to perform sample
purification to eliminate genomic DNA containing cognate
sequences before RT-PCR. Thus, the development of new strat-
egies for the specific detection of RNA molecules in RNAi
GMOs or environmental samples to support the safety and
functional assessment is urgently needed.17,18 Scientists in
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Monsanto Company18 developed a detection strategy based on
the QuantiGene assay platform (Affymetrix, Inc.). They success-
fully detected 10 pg of dsRNA per g of fresh tissue, and the
reproducibility was well demonstrated. However, their hybrid-
ization needs a very long time (overnight), and thus it is very
important to develop faster and portable RNAi analysis
methods, and novel biosensors with advanced sensitivity and
high-speed are needed.

Electrochemical nucleic acid biosensors (E-biosensors) have
shown great advantages such as low cost, time-saving, portabil-
ity, easy-operation, and high sensitivity in DNA target
detection.19–26 However, the application of E-biosensors in
RNAi GMO analysis is still facing several challenges: firstly, the
combination of biosensor probes is usually very difficult
because the targets are inverted, containing RNA transcripts
with very complex secondary structures. Secondly, the length
of the RNA is usually up to 1000 nt, which exceeds the classic
working range of the traditional E-biosensors. Thirdly,
improved selectivity is needed when facing complex plant
matrices.

To overcome these challenges, we developed a poly-adenine
(PolyA) probe-based E-biosensor for RNA detection in RNAi-
based transgenic maize, employing the high affinity between
polyA-tail and the gold surface.24,25 We designed a multiple
reporter probe (MRP) system containing 12 RPs and 2 spacers,
which combined with the RNA in a staggered distribution
along the RNA molecule. MRPs in our work not only brought
increased reporter labels but also provided critical assistance
during the unfolding of the RNA. The base-stacking force of
the multi-probe on the target RNA plays a more important role
than the hydrogen bonds. On the other hand, we applied
dimethyl sulfoxide (DMSO) to weaken the intramolecular
hybridization and facilitate the combination of the MRP.
Critical experimental conditions were systematically opti-
mized, including the length of the polyA tail and the hybridiz-
ation of the MRP. By using addressable RPs, we performed the
structural analysis on the electrochemical interface.

Experimental section
Materials

RNAi-mediated transgenic maize events (DBN11061,
DBN11048, and DBN11019) in this study were provided by
Beijing Dabeinong Biotechnology Co., Ltd (Beijing, China).
The leaf tissues of transgenic maize were collected at the V3–
V4 stage. Samples were frozen on dry ice before being stored at
−80 °C. An 852 bp DNA fragment of RNA was synthesized and
cloned by Bioligo (Shanghai, China). All oligonucleotides were
synthesized by Bioligo (Shanghai, China). The DNA sequences
used in this study are listed in Table 1. MCH, DMSO, and
diethyl pyrocarbonate (DEPC) were purchased from Sigma-
Aldrich (St Louis, MO). The HRP substrate TMB (TMB =
3,3′,5,5′ tetramethylbenzidine) was purchased from Neogen
(USA) in the form of a ready-to-use reagent (Enhanced K-Blue
TMB Substrate, H2O2 included). Avidin horseradish peroxidase

(avidin-HRP) was purchased from eBioscience (San Diego, CA).
The diluent buffer was purchased from Fitzgerald Industries
International (Acton, MA). The plant total RNA extraction kit,
RNA purification kit, and in vitro transcription kit were pur-
chased from Thermo Fisher (USA). The Ex Taq enzyme, DNA
fragment purification kit, and 1st strand cDNA synthesis kit
were purchased from Takara (Dalian, China). The plasmid
extraction kit was purchased from Macherey-Nagel (USA). The
bioanalyzer RNA analysis kit was purchased from Agilent
(USA). The RPA kit (TwistAmp™ Liquid Basic) containing
reagents for RNA amplification was obtained from TwishtDx
Ltd (Cambridge, UK). All other chemicals were at least of
analytical grade. All solutions were prepared using DEPC-
treated Milli-Q water (18 MΩ cm resistivity) from a Millipore
system.2.2 Design of oligonucleotide probes.

The reporter probe (RP) was complementary to the target
sequence and had a biotin label at the 5′ end. The capture
probes (CPs) consisted of 2 parts: a capturing fragment that
was complementary to the target RNA and an assembling part
containing 30 consecutive adenines (PolyA). All the gene
sequences are listed in Table 1.

In vitro transcription of the long stem-loop RNA

An 852 bp DNA fragment containing 261 bp inverted repeats
and 98 bp neutral spacer of RNA was synthesized and cloned
into pET-28a (+) vector with a T7 promoter. Then a 1034 bp
fragment containing the target RNA and a T7 promoter was
amplified by PCR from the recombinant plasmid. The PCR
product was purified using a gel purification kit and used as
the template DNA for in vitro transcription. For in vitro RNA
synthesis, the purified PCR product was incubated with RNA
polymerase in transcription buffer for 1 h at 37 °C. The tran-
scription reaction mixture was then treated with DNase I at
37 °C for 30 minutes to remove the template DNA and then
cleaned using an RNA purification kit. The produced RNA was
used as the reference standard for the development of an

Table 1 DNA sequences’ information

Name Sequence (5′–3′)

CP-A30-1 A30TTGTCTTGTGCTGCTGGCGCGCCC-
TAGTGGCCGCT

CP-A30-2 A30TTGTCTTGTGCTGCTGGCGCGCCCTAG-
TGGCCGCTTGGTA

CP-A20 A20TTGTCTTGTGCTGCTGGCGCGCCCTAGT-
GGCCGCTTGGTA

CP-A40 A40TTGTCTTGTGCTGCTGGCGCGCCCTAGTG-
GCCGCTTGGTA

RP-5 GCTCTTCCTAAAGCCAACAA-biotin
RP-5-RC TTGTTGGCTTTAGGAAGAGC
RP-6 AACAACTTGTTTATGAATA-biotin
Spacer-1 CAGTAGCGGAAGCATTTCT
Spacer-2 GATCGCAGTACTTCTTTTTA
RP-7 AGTTCTAGGTCCTTGTTCAA-biotin
RP-8 TGAATTTGTTTCAGTCTTGC-biotin
RP-9 CGTCAACCTGTAATTGTTTC-biotin
RP-10 CAAGTGCACTGGAACTCCAT-biotin
RP-11 TTATCTTTAACTCCACCTTT-biotin
RP-16 TCACATCACAGCGTTAACGC
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E-biosensor. The size and purity was confirmed using a bioa-
nalyzer (Agilent 2100), and its concentration was measured
using a UV and visible spectrometer (Nanodrop-2000, Thermo
Fisher, USA). Aliquots of the RNA sample were kept at −80 °C.

Plant RNA extraction

For the extraction of plant total RNA, frozen maize leaf tissues
were ground to a fine powder in a mortar chilled with liquid
nitrogen. Then the powder was transferred to the lysis buffer
and purified using a plant total RNA extraction kit. The purity
and integrity were evaluated using a bioanalyzer and the con-
centration was determined to be 3635.5 ng µL−1, using a UV-
visible spectrum (Nanodrop-2000). The purified total RNA was
stored at −80 °C for long-term storage.

Construction of the polyA-based biosensing surface

The gold working electrode was from CH Instruments Inc
(2 mm-diameter). Gold electrodes were cleaned following a
reported protocol.27 Detailed information about electrode
treatment is provided in the ESI (section 4).† The cleaned elec-
trodes were then incubated in assembling buffer (pH 7.4,
10 mM Tris·HCl, 1 M NaCl, 1 mM EDTA) containing a 1 µM
polyA-based capture probe overnight at 45 °C. Then, the modi-
fied electrodes were treated with 100 µL of MCH solution
(0.1 mM) for 1 h at room temperature (RT). After the MCH pas-
sivation, the gold electrode was rinsed thoroughly with the
washing buffer (0.01 M PBS containing 10 mM PB buffer and
0.01 M NaCl), and then blow-dried with nitrogen.

Pre-hybridization

Firstly, the target RNA was mixed with the biotinylated RPs
and spacers (100 nM) in 10 mM TE buffer (pH 7.4, 10 mM
Tris·HCl, 1 mM EDTA) containing 1 M NaCl for 10 min under
95 °C and then cooled down immediately on ice for 20 min.

Electrochemical measurement

The reaction temperature of our E-biosensor was investigated,
and finally, 50 °C was found to be the optimum temperature
(Fig. S1†). The Pre-hybridization solution (see section “Pre-
hybridization”) was added onto the capture probe covered elec-
trode and then incubated at 50 °C for 1 h. Then, the gold elec-
trode was rinsed with washing buffer and dried lightly with
nitrogen, and then incubated with 3 µL of avidin HRP (500 ng
µL−1) for 20 min at RT. Finally, the sensors were rinsed with a
washing buffer and subjected to electrochemical measurements
in the HRP substrate TMB (Enhanced K-Blue TMB Substrate,
H2O2 included). Cyclic voltammetry (CV) and amperometric
detection were performed using a CHI 630 electrochemical
workstation (CH Instruments Inc., Austin), employing a classi-
cal three-electrode system following a reported protocol.28

In vitro transcription of the target dsRNA without loop

Firstly, two complementary RNA transcripts from DNA tem-
plates were synthesized using an Ambion MEGAscript RNAi
kit. The RNA strands were hybridized after the transcription
reaction to form dsRNA without a loop. Next, DNA templates

and any ssRNA were removed with Dnase I and Rnase diges-
tion. Finally, the dsRNA without a loop was purified with a
solid-phase adsorption system to remove proteins as well as
mono and oligonucleotides.

Preparation of siRNA by endonuclease digestion

The long dsRNA was treated with a dsRNA-specific recombi-
nant bacterial RNase III. The RNaseIII cleaves dsRNA into
(12–15) bp dsRNA fragments (siRNA) with 2 to 3 nucleotide 3′
overhangs, and 5′ phosphate and 3′ hydroxyl termini. The
termini and overhangs of RNase III cleavage products are thus
the same as those produced by Dicer in the eukaryotic RNAi
pathway. Then the siRNA products were purified and con-
firmed using a bioanalyzer (Agilent 2100).

RNA pre-amplification with RT-RPA

A pair of RT-RPA primers was designed for RNA amplification.
50 µL of RT-RPA reaction mix was prepared which contains
1 µL of reverse transcriptase, 1 µL of RNase inhibitor, 0.48 µM
primer pairs, 1 µL of RNA sample, and all other solutions pro-
vided in the RPA kit following the protocol. The reaction mix
was placed on ice for 2 minutes to perform reverse transcrip-
tion and then incubated at 40 °C for 20 minutes. After that,
the amplicons were cleaned and characterized by 3% agarose
gel. In this study, a 379 bp DNA fragment from RNA was ampli-
fied with RT-RPA and used for further electrochemical
detection.

Results and discussion
The strategy of the biosensor

Our RNA analysis was performed on a gold electrode covered
by polyA DNA probes, using the strong affinity between polyA
and gold surface. The strategy of our E-biosensor is schemati-
cally illustrated in Fig. 1A. For the construction and optimiz-
ation of our biosensor, we take an in vitro transcribed RNA
(1034 nt) as the target, which folds into a long “stem-loop”
RNA structure. To break the secondary structure and perform
the hybridization of RPs and CPs, we designed a pre-hybridiz-
ation process: firstly, the target RNA was mixed with DMSO at
high temperature (95 °C), to weaken the intramolecular hydro-
gen-bonding interaction and improve the accessibility of the
RNA target. The pretreated target solution was then cooled
down on ice, mixed with 12 biotinylated RPs and 2 spacers
immediately. As a result, The RPs and spacers hybridized with
the target, forming a zipper-like conformation along the RNA
strand.

In the second step of detection, the pre-hybridization solu-
tion was added onto the electrode surface covered by the polyA
capture probe to form multiple “sandwich-like” structures on
the gold electrode surface. It is worth pointing out that the
polyA SAM provided high stability and controllable probe
density, which is very important for the combination of a large
pre-hybridized complex. Finally, avidin-HRP was added to
produce an electrochemical catalysis signal that is quantitatively
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related to the amount of target RNA, in the electrochemical cat-
alysis substrate solution (containing TMB and H2O2).

Optimization of the polyA-based biosensor for the analysis of
long RNA

As a novel biosensor interface, the polyA-based SAM was sys-
temically researched before being efficiently applied for the
analysis of long GMO RNA. Firstly, the assembling temperature
was optimized to be 45 °C (Fig. 1B), and then, different
capture probes with different lengths of polyA and different
capture sequences were applied for the detection of 10 pM
target long RNA.

Firstly, it is easy to understand that when using the same
length of the polyA section, a longer capture sequence will
produce a higher hybridization signal, just as shown in
Fig. 1C, CP-A30-2 which had a 4-base longer capture section
performed better than CP-A30-1. Then we compared different
lengths of the polyA section, with the same capture sequence.
Finally, capture probes (CP-A30-2) with 30 adenines achieved
the highest signal/noise (S/N) ratio.

It is reported that DMSO can improve the efficiency of DNA
hybridization. For example, DMSO was added in PCR
amplification,29–32 to open the secondary structures and hydro-
gen bonds between base pairs.33 In this work, we applied
DMSO to improve the pre-hybridization of the long RNA, and

the concentration of DMSO was optimized according to the
concentration level of RNA. 2%–40% (v/v%) DMSO was added
into the detection system for the analysis of different levels of
target RNA, and the S/N values were compared.

The results showed that (Fig. 2) compared with hybridiz-
ation reactions without DMSO, the positive signal was signifi-
cantly increased and the blank signal was reduced when
DMSO was added into the reaction mixture. Interestingly, the
optimized concentration of DMSO was different according to
the concentration of the target RNA. For 200 nM and 10 nM
RNA (Fig. 2C and B), 30% DMSO produced the highest S/N
ratio. However, for a lower concentration of RNA (1 nM
Fig. 2A), the highest S/N ratio occurred at 6% DMSO. A further
increase of DMSO suppressed the biosensor signal, probably
because excessive DMSO inhibited the hybridization of DNA
probes. Accordingly, we used 6% DMSO as the optimized
hybridization boosting regent for subsequent experiments.

Design and optimization of the multiple reporter probe (MRP)
system

Our electrochemical biosensor used a MRP system to assist the
unfolding of the long RNA and amplify the current signal. The
experimental results showed that the number and position of
the reporter probes on the RNA molecule was very important
for the final analytical performance. In general, three MRP

Fig. 1 (A) Schematic illustration of the polyA-based E-biosensor, (B) optimization of the temperature for the self-assembly of the polyA probes (the
target was 1 nM long RNA), (C) research about the length of the polyA tail on the capture probes (the target was 10 pM long RNA). (The error bars
were based on three repetitive experiments.)
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systems were compared. Firstly, we applied only one reporter
probe adjacent to the capture probe (Fig. 3Aa), and just as
anticipated, the current signal was quite low due to the incom-
plete unfolding of the long RNA and the smaller amount of
the combined biotin-labeled probes (Fig. 3B). In the second
strategy (Fig. 3Ab), all the reporter probes (12 RPs and 2
spacers) were combined onto one side of the stem-loop RNA,
while the third strategy distributed the reporter probes on two
sides of the RNA (Fig. 3Ac). Finally, the third strategy achieved
the highest S/N ratio, which we believe is mainly attributed to
the decreased steric hindrance for the hybridization (Fig. 3B),
on the other side, the free reporter probes in a and b produced

much higher unspecific absorption and increased the current
background.

Structural analysis on the electrochemical interface

For the development of RNAi GMO technology, it is very
important not only to sense the transcription of the long RNA,
but also to understand the conformational change of the RNA
from a stem-loop strand to a long dsRNA and finally to many
functional siRNAs in the body of insects. One irreplaceable
advantage of our MRP system was the potential addressable
structural analysis. By using multi-channel electrochemical
chips, we can perform parallel testing with different reporter
probes at designed hybridization positions.

Three electrodes were prepared with the same polyA
capture probe, but 3 different reporter probes, RP-5, RP-16 and
RP-5-RC, were later added for the analysis of the target RNA
(Fig. 4A). Three reporter probes were designed to hybridize at
the 5′ end, the loop section and the 3′ end of the long stem-
loop RNA, respectively. By using the 3-electrode parallel
testing, we successfully performed the recognition of different
structures of the RNA: (1) the intact long stem-loop RNA was
capable of combing all 3 reporter probes, thus 3 electro-
chemical biosensors produced 3 positive current signals (top
Fig. 4B). (2) The dsRNA without a loop section was analyzed
(middle Fig. 4B). Since the dsRNA melting step of the bio-
sensor, the complementary RNA was washed away and thus
only RP-5 remains on the electrode surface. As shown in the
middle of Fig. 4, only RP-5 showed a positive signal. (3) Short
siRNAs were produced from the treatment of long RNA by
RNaseIII (Fig. S2†), and negative signals were achieved by
using all 3 different reporter probes (bottom Fig. 4B) since
they were too short for either capture or reporter probes.

The sensitivity of the polyA-based E-biosensor

The optimized E-biosensor was used to detect a series of RNA
solutions (Long stem-loop RNA, 1 pM–300 nM). The I–t
method was performed for 60 s to achieve a steady current
signal. As shown in Fig. 5, the current signal increased with
the concentration of the long RNA, until it reached a plateau at
about 200 nM. A nonlinear fitting relationship was demon-
strated between the current and the RNA concentration: y =
−4770 exp(−x/48 214) + 4813, where y is the current and x is
the concentration of RNA. The limit of detection (LOD) was
proved to be 1 pM.

Analysis of total RNA from RNAi-based transgenic maize leaf
tissue

The practicability of our biosensor was challenged by detecting
total RNA from RNAi-based transgenic maize leaves. 4
different RNA samples were extracted and analyzed: 11061-P
was the specific target, 11048-P and 11019-P were two similar
stem-loop long RNA molecules with different “stem”

sequences (Fig. 5B), and 11061-N was from a non-transgenic
maize leaf tissue. As shown in Fig. 5, the current signals for
non-complementary and non-transgenic RNAi were as low as
blank, and the current signal for the target RNA was about 192

Fig. 2 The analysis results of E-biosensors with different concen-
trations of DMSO using different concentrations of the target: (A) 1 nM,
(B) 10 nM, and (C) 200 nM. (The error bars were based on three repeti-
tive experiments.)

Fig. 3 The electrochemical measurement results of different reporter
probes: (A) 3 different groups of reporter probes hybridized at different
positions on the target long RNA molecule, (B) analysis results of 5 nM
long RNA using different groups of reporter probes. (The error bars were
based on three repetitive experiments.)
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nA. By using the working curve in Fig. 5A, the concentration of
the long RNA was calculated to be 0.5 ng µL−1, which was 1/
7275 of the total RNA (3637.5 ng µL−1). The signal of the
specific target was proved to be about 3 times higher than the
non-specific target and the blank, demonstrating the selecti-
vity of our biosensor even facing real plant samples. The con-
centration of 4 total RNA samples extracted from RNAi-based
transgenic maize leaves was validated using a digital PCR
(dPCR), which is widely recognized as an absolute quantifi-
cation method for nucleic acid (Table S1†).

Signal amplification using RT-RPA

To further improve the sensitivity and detection limit, RT-RPA
was performed to produce a 379 bp double-strand DNA

Fig. 4 (A) The strategy of structural analysis by simultaneously using 3 different reporter probes, (B) the corresponding analysis results of each
structure of the RNA molecule: long stem-loop RNA, long dsRNA (no loop) and short siRNA. (The error bars were based on three repetitive
experiments.)

Fig. 5 A) The working curve of our E-biosensor. The inserted histogram showed the results of low concentration of RNA and a buffer solution as
the blank. The target was an in vitro transcribed RNA (1034 nt, Section 2.2). B) Analysis of total RNA from 4 RNAi-based transgenic maize leaves: the
target 11061-P, three negative control (11019-P, 11048-P and 11061-N) and a buffer solution as the blank. Error bars are the SD of three repetitive
experiments.

Fig. 6 (A) The reaction of RT-RPA followed by E-biosensors, (B)
Analysis result of the RT-RPA amplification product of the long RNA.
(The insert column plots showed the results of low concentration and
the blank, and the error bars were based on three repetitive
experiments.)
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(dsDNA) from the target RNA. As indicated in Fig. 6, after
RT-RPA amplification, the detection sensitivity was enhanced.
For high concentration (10 fM–10 pM), the current signal
increased with the concentration with a nonlinear fitting
relationship. For low concentration (10 aM–10 fM), an excel-
lent positive linear relationship was constructed between the
current and the RNA concentration. Finally, 10 aM RNA was
successfully detected.

Conclusions

For RNAi GMO in agricultural biotechnology, the efficient tran-
scription of the RNA molecule is a critical premise. Thus, the
amount of designed RNA was recognized as a specific indi-
cator, for both safety and functional assessment of RNAi GMO.
Facing the challenge of the length and the complex secondary
structure for the analysis of long RNA, we developed a novel
electrochemical biosensor, based on a polyA DNA probe.
3 main signs of progress were achieved: (1) the optimized
polyA self-assembling monolayer (SAM) showed advanced
surface density and stability on the interface, which is critical
for the subsequent hybridization of very large RNA molecules.
(2) For the detection of the long RNA, we developed a multi-
reporter probe system. 12 RPs combined onto the RNA at
different positions. Interestingly, DMSO was found to be
capable of improving the unfolding efficiency of the RNA sec-
ondary structure and promoting the competitive hybridization
of the probes. (3) The detection practicability was demon-
strated during the analysis of 1 pM–300 nM long target RNA,
and good selectivity was achieved when directly analyzing
extracted total RNA from transgenic maize lines. More
impressively, when RT-RPA technology was combined with our
biosensor, the sensitivity was further improved to as low as 10
aM. In summary, the E-biosensor showed advanced analysis
capability for RNAi GMO products and provided great potential
for the field test of long RNA in a wide range of biological
samples.
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