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g r a p h i c a l a b s t r a c t
� Graphene oxide (GO) nanosheets
enhanced the thermostatic fluores-
cent biosensor for rapid RNAi plant
detection.

� The aggregation of the GO-absorbing
ingredients of the RPA reaction
increased amplification efficiency.

� RPA triggered the conversion of the
fluorescence-labeled primer inducing
the recovery of the GO quenched
signal.

� This biosensor achieved the on-site
detection of RNAi soybeans at a con-
centration as low as 1.5 ng genome
DNA in 20 min.

� GO participated in the RPA amplifi-
cation process, forming unique
“blanket"-like structures.
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In this paper preliminarily verified that graphene oxide (GO) nanomaterials enhanced the recombinase
polymerase amplification (RPA). GO nanosheets improved the efficiency of RPA amplification by
absorbing ingredients to induce local aggregation. The recombinase initially aggregated with the primers
to form nucleoprotein filaments, absorbed on the GO nanosheets, changing the structure. Therefore, an
isothermal fluorescence biosensor was developed based on GO nanosheets enhanced the RPA to detect
RNA interference (RNAi) transgenic plants. FAM-labeled primers were absorbed and quenched by the GO
nanosheets. After amplification, the primers were extended into double-stranded DNA, detaching from
the GO surface to recover the fluorescent signal. The biosensor displayed high sensitivity and selectivity
and showed an excellent relationship ranging from 1.5 to 100 ng of genome DNA, with a detection limit
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Rapid detection
Biosensor
Table 1
Sequences of the DNA probes used in

Primer

RPA-F
RPA-R
Labeled -F
(LOD) of 1.5 ng. Consequently, the biosensor provides an enhanced isothermal method for detecting
genetically modified (GM) products and exhibits significant potential for molecular detection.

© 2021 Elsevier B.V. All rights reserved.
Table 2
GORB reaction system.

Reagent name Added amount (mL)

Labeled F (10 mM) 1.5
Primer R (10 mM) 1.5
Primer-Free Rehydration buffer 29.5
Template 2
ddH2O 8
GO 5
Mg2þ 2.5
Total volume 50
1. Introduction

As functional elements, nanomaterials have beenwidely used in
chemistry [1], medicine [2], biology [3,4] and environmental sci-
ence [5,6]. The performance enhancement of DNA amplification in
molecular diagnosis using nanomaterials has attracted increasing
attention. Gold nanoparticles [7e9], single-walled carbon nano-
tubes [10], silicon nanowires [11,12], TiO2 nanoparticles [13], carbon
nano-powder [14], and graphene nanosheets [15] promote the ef-
ficiency of the PCR reaction via superior thermal conductivity and
the potential ability to act as catalysts in reactions. However,
minimal studies are available involving the enhancement of
isothermal amplification using nanoscale particles or nanoflakes. In
addition, the enhancement theory based on the PCR results is
insufficient, requiring more evidence regarding morphology and
the interaction between nanomaterials and reaction reagents.
Moreover, nanomaterials are typically multi-functional, but the
reported detection methods for nucleic acid in vitro lack rapidity,
visualization, and portability.

PCR, as the “gold standard” method in nucleic acid analysis has
been widely used in detecting plants [16], cells [17], bacteria [18],
and viruses [19]. However, PCR is time costing, complicated and
needs temperature cyclers and professionals [20], restricting its
application in POC test. Isothermal amplification strategized were
proposed to address these issues. Specifically, enzymatic
isothermal amplification reactions have been considered to detect
DNA targets. Isothermal nucleic acid amplification is an alternative
for PCR and is ideally suited to point-of-care (POC) testing. The
properties of these isothermal methods increase practical adapt-
ability and applicability. However, verification of these amplifica-
tion techniques mostly using nucleic acid dyes and ssDNA probes.
The dye strategies lack specificity and increase the background
signal. Furthermore, probes withmultiple labels are not suitable for
POC detection due to the high cost. As a new type of nanomaterial
with excellent electronic, mechanical, optical, and thermal prop-
erties, graphene has received extensive attention and is rapidly
applied in various fields. Graphene oxide (GO) is an essential de-
rivative of graphene with a honeycomb lattice structure [21]. This
unique structure and the abundant functional groups on the GO
surface include excellent properties, such as extensive surface area
[22], electron transfer capability [23], biocompatibility [24,25]. GO
displays a strong capability to adsorb small molecules [26,27] to the
surface through p-p stacking [28,29]. Due to the unique structure
of GO, the fluorescence of dye molecules can be quenched via
fluorescence resonance energy transfer (FRET) [30], displaying
excellent quenching efficiency [31,32]. Furthermore, the extraor-
dinary quenching efficiency of GO can increase sensitivity while
decreasing the background signal of the fluorescence [33]. There-
fore, GO nanomaterials provide a new approach for isothermal
this work.

Primer sequence (50 to 30)

ACTCCCAATGACAACATTTTTTCGT
TTGAACGATAGCCTTTCCTTTATCG
FAM-ACTCCCAATGACAACATTTT

2

detection during POC testing.
The regulation of new biotechnology based transgenic plants is

important for the development of genetically modified technology
and the safety of consumers. Different from traditional genetically
modified (GM) technique, RNA interference (RNAi) provides a gene
silence at the transcriptional level, which also poses a new chal-
lenge for conventional detection methods. In this paper, GO
nanosheets are examined to enhance the stability and amplification
efficiency of the RPA reaction. Consequently, a GO nanosheet-
mediated fluorescent RPA biosensor (GORB) for rapidly detecting
DNA targets is described. In addition, the fluorescent GORB is used
for RNAi transgenic plant detection. An excellent relationship is
evident in a range of 1.5e100 ng, with a limit of detection (LOD) of
1.5 ng. The biosensor shows significant potential for molecular
detection.
2. Material and methods

2.1. Reagents and materials

The RNAi transgenic plant events (E2D8037-3 soybean) were
stored in the laboratory. GM maize (MON810 and Bt11) and soy-
beans (MON89788 and MON87705) were purchased from the
American Oil Chemists Society (AOCS) and the Institute of Refer-
ence Materials (IRMM). GM rice (TT51 and Kefeng 6) and non-GM
seed samples were previously stored in the laboratory. The chlo-
roform, DNA phenol extraction reagent, Plant Genomic DNA Kit,
Trans 2 K Marker, and 6xDNA loading buffer were purchased from
TransGen Biotech Company (Beijing, China). Agarose, 1x TAE buffer,
EDTA, acetic acid and absolute ethyl alcohol were purchased from
Merck Chemical Company (Darmstadt, Germany). Double distilled
water (ddwater) was used throughout the experiments. GO was
purchased from XFNANO Biotech Company (Nanjing, China). The
RPA amplification kit was purchased from TwistDx.
Product sizes (bp)

AATAACATTT 428
CAATGATGGC
TTCGTAATAACATTT



Scheme 1. Schematic illustration of GM detection based on the RPA and fluorescence quenching of GO.

Fig. 1. Agarose gel electrophoresis image of the RPA products. Lane 1: The DNA marker
(100e2000 bp). Lane 2e3: The negative soybean sample DNA. Lane 3e4: The RPA
product without GO. Lane 6e7: The RPA product with GO (FAM-labeled forward
primer, 10 mM; GO, 140 mg/mL).
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2.2. Extraction and purification of DNA

The RNAi transgenic samples were extracted using a TIANcombi
DNA lyse&Det PCR Kit (TransGen Biotech, Beijing, China) with some
modifications. The seed samples were pulverized using a pulver-
izer. This process was performed with care to avoid cross-
contamination between the samples. A 20 mg sample was placed
in a 2.0 mL centrifugal tube containing 400 mL Buffer B1. After
mixing thoroughly, 400 mL Buffer B2 was added and incubated in
room temperature for several minutes. Then, DNA sample was
centrifuge at 12000 rpm (~13400�g) for 2min. After centrifugation,
3

carefully move the 400 mL of the supernatant into another new
tube. The DNA quality was analyzed using the NanoDrop one ultra-
micro-UV Spectrophotometer (NanoDrop Technologies Inc., Wil-
mington, DE, USA) and electrophoresis on 2% agarose gel. The DNA
solution was stored at 4 �C and used as DNA templates during
subsequent analyses.

2.3. Design of event-specific RPA primers

The RPA primer design was performed on the left boundary
flanking sequence of the exogenous insertion fragment. A total of
upstream and downstream primer was designed during this
screening. The corresponding screening was performed, followed
by cross-number screening, to determine the optimal primer. The
transgenic soybean primer sequence was about 30e38 bases in
length. The oligonucleotide primers and fluorescent dye-labeled
probes were designed using Primer 5 software and synthesized
by Shanghai Sangon Co. Ltd. (Shanghai, China).

2.4. Electron microscopy analysis

The dispersed sample was dripped onto a copper sheet. After
drying, the copper sheet containing the sample was attached to the
conductive tape on the sample stand. Scanning electron micro-
scopy (SEM) imaging and spectrum analysis were performed using
an SEM system (JEOL, USA).

2.5. Optimization of the experimental conditions

To test the quenching effect of GO, various GO concentrations
(0e160 mg/mL) were incubated with FAM labeled probes in
ddwater at room temperature while subjected to gentle shaking for
10 min. The GO and probe mixtures were examined using a fluo-
rescence spectrometer to determine whether the fluorescence was
reduced. The optimal GO concentration was selected according to
the fluorescence intensity. Then, the GO and the probes were



Fig. 2. The characterization of the GO nanosheet. A, SEM images of the GO nanosheets. B, The UV spectrum of the GO nanosheets.
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incubated with transgenic soybeans using the RPA reaction for
5e30 min to identify the optimal interaction time between GO and
the target.
2.6. Gel electrophoresis analysis

Gel electrophoresis analysis was performed on 2% (w/w)
agarose gel stained with gel stain, after which gel imaging was
performed using an SHST Capture Gel SH-510 (Hangzhou Shenhua
Technology Co., Ltd., China).
2.7. Fluorescence measurement

Fluorescence measurements were carried out using an RF-6000
fluorescence spectrometer (Shimadzu, Japanese). The parameters
were listed below. The excitation wavelength was set at 492 nm,
while the emission starting wavelength was 510 nme600 nm. The
excitation and emission slit widths were set at 1.0 nm with a
6000 nm/min scan speed. The excitation and emission bandwidth
were set to 5 nm. First, the cuvette was cleaned with ddwater, and
50 mL of ddwater was drawn for blank determination. Then, the
samples were subjected to spectral measurements, which were
repeated three times to determine the stability of the peak shape
(see Table 1).
2.8. GORB for practical sample detection

The DNA extraction and purification of the RNAi transgenic
soybean were performed according to step 2.2. Then, the genome
DNA of target sample was added in GORB system which was listed
in Table 2. The reaction mixture was 47.5 mL with rehydration buffer
(29.5 mL), GOs (120 mg/mL, 5 mL), FAM-labeled forward primer
(10 mM, 1.5 mL), reverse primer (10 mM, 1.5 mL) and genome DNA
(2 mL). GO nanosheet was mixed with primer and incubated for
10 min before adding into the tube. The reaction mix was then
added to the freeze-dried tube, which was flicked until the freeze-
dried powder fully dissolved. To initiate the reaction, 2.5 mL of
280 mM magnesium acetate (MgAc) was added. Then tubes were
immediately incubated for 20 min at 39 �C in a thermal cycler.
Finally, the fluorescence of the RPA products was measured using a
fluorescence spectrometer.
4

3. Results and discussion

3.1. Principle

This study designed a novel approach for GM detection by
combining RPAwith the fluorescence quenching of GO nanosheets,
as shown in Scheme 1. Probes with fluorochrome for GM amplifi-
cation were designed and synthesized. Due to the nature of GO
single-chain adsorption, incubating the probes with GO allowed
them to be absorbed on the surface of the GO nanosheets, revealing
the quenched fluorescence signal. After GM incubation, the strand
displacement exchange reaction occurred under the action of the
single-stranded DNA binding protein, melting the template DNA.
The probes and guide strand were combined to form new double-
stranded DNA, while the passenger strand was combined with the
single-stranded DNA binding protein to prevent further replace-
ment, which was adsorbed by GO. Furthermore, under the action of
strand displacement polymerase, the newly formed double-
stranded DNA was used as an amplification template, causing an
exponential increase in the amplified products. Due to the weak
binding ability of GO to double-stranded DNA, the amplified
products abandoned the GO surface to generate a fluorescent
signal.

3.2. RPA amplification of RNAi transgenic plants

Standard RPA primers were designed to amplify the left border
flanking sequence of the exogenous insert gene. A primer pair was
enhanced after screening (Figure S2), while its specificity and
sensitivity were examined (Figure S3 and S4). The length of the
amplification product was 428 bp. A FAM-labeled forward primer
was used to examine the RPA amplification ability with and
without GO. Fig. 1 shows that labeled FAM and GO did not influence
the RPA reaction.

3.3. Characterization of GO

All the characterization results of GOs used in this study were
shown in Figure S1, including FTIR, XRD, XPS and TEM. The XRF
results and properties of GOs were shown in Table S2 and Tables S3
respectively. The diameter of GOs was 500 nm to 5 mm and the
thickness was 0.8e1.2 nm. The ratio of C:O was 2. The SEM image of
the GO nanosheet is illustrated in Fig. 2A. The specific surface area
of the GO nanosheets is extensive, allowing for the adsorption of
more single-stranded DNA. The UV spectrum of the GO nanosheet,



Fig. 3. The GO-enhanced RPA reaction. A, Fluorescent spectra of the GORB and N-RPA reaction over time. The fluorescence measurement was performed using a Twista tube
scanning device (TwistDX, Cambridge, UK). The reaction was conducted at 39 �C for 30 min and measured every 20 s. The fluorescence spectra of GORB (pink and brown), N-RPA
(blue and green), and Blank (red and black) were measured. B, The Ct value of GORB, N-RPA, and Blank. C and D, The SEM images of the standard RPA results. E and F, The SEM
images of the GO-enhanced RPA results. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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FAM-labeled primer, and a combination of the two is shown in
Fig. 2B. The absorption peak of the GO nanosheet and primer was
centered at 235 nm and 260 nm, respectively.

3.4. GO improved the performance of RPA

To examine the promotional effect of the GO nanosheets, the
fluorescent method and SEM were selected to verify the amplifi-
cation efficiency and morphological changes of the surface,
respectively. The fluorescence-labeled forward primer combined
with GO was used for the RPA reaction. For comparison, a
5

fluorescence probe based on standard RPA and a blank control was
applied using a Twista tube scanning device (TwistDX, Cambridge,
UK). The real-time fluorescence results are shown in Fig. 3A. The
threshold time value of these six samples is shown in Fig. 3B. The
threshold of GORB occurred about 5 min after the reaction, which
was five times faster than the standard RPA reaction (10 min). The
blank samples showed no amplification curve. The time threshold
comparison between GORB and N-RPA indicated that the GO
nanosheet promoted the efficiency of RPA. In addition, the fluo-
rescent RPA results obtained via a TwistAmp Exo kit (TwistDX,
Cambridge, UK) showed a high signal at the beginning, which



Fig. 4. The energy spectrum analysis of GORB. A, The SEM image of the GORB reaction. B, The element distribution in the microscopic areas of the GORB products. The position of
the color represents the distribution of the element. The color intensity represents the content of different elements. C, Element analysis results, including C, O, Na, Pt, P, K, Cl, and
Mg. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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exceeded the reading range of the machine in some cases
(Figure S5). The amplification curve exhibited a high background
signal or one that was out of range. However, GORB displayed a low
signal level initially while exhibiting a better amplification curve
after the reaction (Figure S6). The ability to absorb and quench
FAM-labeled ssDNA allowed the GO nanosheets to reduce the
background signal before initiating the RPA reaction.

The nanomaterials absorbed the small molecules surrounding
them, increasing the local concentration. This process caused the
6

nanomaterials to aggregate, causing morphological changes.
Furthermore, to examine how the GO nanosheets enhanced RPA,
SEM was used to observe the morphological changes of GO in the
presence and absence of the RPA reaction. The results are shown in
Fig. 4. The surface and edges of the GO nanosheet appear flat and
smooth (Fig. 4C and D). However, at the start of the RPA reaction,
the RecA recombinase initially aggregated with the primers,
forming nucleoprotein filaments, which were absorbed by the GO
nanosheet and other RPA reagents, including metal ions,



Fig. 5. The performance of GORB in the optimized conditions. A, The fluorescence emission spectra of three types of sensing systems, namely the RPA-amplified sensing system
(Primer þ RPA þ T þ GO), the traditional GO-aided system without RPA amplification (Primer þ GO), and a system revealing the background signal without target DNA
(Primer þ RPA þ GO). B, Optimization of GM incubation time. GO, and the probes were incubated with transgenic soybeans via the RPA reaction for 5e30 min C. The fluorescence
intensity at various GO concentrations ranging from 0 mg/mL to 160 mg/mL. D, The quenching efficiency of the GO nanosheets. All the reactions were measured 10 min after the
addition of GO.
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polymerases, and primers. Then, the GO nanosheet surface changed
to appear rough and fluffy (Fig. 4E and F). The tentacle-shaped
nucleoprotein filaments covered the surface of the GO nanosheet,
scanning the template DNA for homologous sequences and cata-
lyzing strand exchange at the cognate sites. Moreover, to further
analyze the GO absorption, energy dispersive spectroscopy was
used tomeasure the element distribution over the surface of the GO
nanosheet after the RPA reaction. The analysis of the tentacle-
covered GO nanosheets is shown in Fig. 4A. The main element C
(red), O (green) came from GO, proteins and nucleotide acids. The
Na, Pt, P, K, Cl, and Mg elements were derived from the reaction
buffer and were present on the surface of the GO nanosheet.

3.5. Feasibility of GROB

The reaction was investigated by comparing the fluorescence of
various systems to verify the feasibility of the method. Fig. 5A
shows the fluorescence emission spectra of the RPA-amplified
sensing system (Primer þ RPA þ T þ GO), the traditional GO-
aided system without RPA amplification (Primer þ GO), and a
system revealing the background signal without target DNA
(Primer þ RPA þ GO). The fluorescence of the labeled FAM at the 50

ends of the forward primer was low due to fluorescence quenching
by the GO nanosheets without RPA amplification. Moreover, the
fluorescence signal was enhanced by the RPA reaction without a
target, but the signal was lower. After introducing the target DNA
7

and RPA reaction, the fluorescence signal increased significantly,
almost six-fold. A substantial change was observed in the response
signal, demonstrating the feasibility of the biosensor system.

3.6. Optimization of GORB

The GO nanosheet concentration and GM incubation time were
optimized to achieve the best performance of the designed
biosensor. The GO nanosheets were used as a fluorescence
quencher, the quenching ability of which was tested by measuring
the fluorescence signal at various GO concentrations ranging from
0 mg/mL to 160 mg/mL, as illustrated in Fig. 5. The FAM-labeled
forward primer under contained a concentration of 1.5 mL
(10 mM). The fluorescence signal decreased significantly in
conjunctionwith an increase in the GO concentration (Fig. 5A). The
quenching efficiency of GO was defined as QE ¼ (F0-F)/F0, where F0
and F represent the fluorescence intensities before and after the
addition of GO. The quenching efficiency reached 90% when the GO
concentration exceeded 120 mg/mL, which was selected as the
optimal concentration for all the experiments.

In addition, the GM reaction incubation time was essential in
influencing the RPA signal amplification process. Therefore, this
study investigated the effect of different incubation times ranging
from 5 min to 30 min on the fluorescence intensity of RPA products
(Fig. 5B). The results showed that the fluorescence intensities
became higher as the time increased from 5 min to 30 min, after



Fig. 6. Sensitivity and selectivity analysis of GORB. A, the fluorescence spectra of the fluorescence intensity of the RPA products in the presence of different nucleic acid con-
centrations ranging from 0 to 100 ng: a, 100 ng; b, 50 ng; c, 25 ng; d, 12.5 ng; e, 6.25 ng; f, 3.125 ng; g, 1.5625 ng. B, The linear relationship between the fluorescence intensity and
nucleic acid concentration. The error bars represent the standard deviations of three repeated experiments. C, the fluorescence spectra of the fluorescence intensity of RPA products
in the presence of various materials: GM maize Bt11, MON810 and MON89034, GM rice TT51-1 and Kefeng6, GM soybean MON89788, MON87705, and E2D8037-3. D, the bars
represent the fluorescence intensity of the assay in the presence of various materials. The error bars represent the standard deviations of three repeated experiments.

Table 3
Analytical performances of different biosensors.

Technique Combination Linear range Sensitivity Time Target Ref

Electrochemistry EBFC 0.02e5 ng/mL 7.90 pg/mL ~2 h thrombin [34]
EBFC Cruciform DNA 0.5 fM-10 pM 0.15 fM <1.5 h miRNA [35]
Electrochemistry CHA 100 aM-100 pM 10 aM <2 h miRNA [36]
Electrochemistry HCR 100 fM-10 nM 11.6 fM <1.5 h thrombin [37]
Fluorescence Signal amplification 10 pM-2 nM 4.2 pM ~1day miRNA [38]
Fluorescence HCR 10 pM-10 nM 10 pM 2 h miRNA [39]
Electrochemistry ATRP 1 aM-100 fM 0.213 aM ~2.5 h DNA [40]
Electrochemistry Nanoflower 1100-1.21 � 105 copies/mL 1100 copies/mL ~1.5 h DNA [41]
Fluorescence RPA 1.5e100 ng 1.5 ng 30 min DNA This work

EBFC: enzymatic biofuel cell; CHA: catalytic hairpin assembly; HCR: hybridization chain reaction; ATRP: atom transfer radical polymerization; RPA: recombinase polymerase
amplification.
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which the fluorescence signal reached a plateau. Consequently,
30 min was selected as the optimal GM incubation time. These
findings further illustrated that the designed probes exhibited high
sensitivity, selectivity, and reaction efficiency for GM detection.

3.7. Sensitivity and selectivity analysis

The sensitivity analysis of the biosensor was performed in
optimal experimental conditions, while the sensitivity was deter-
mined by changing the concentration of the target DNA. As shown
in Fig. 6A, GORB was incubated with RNAi transgenic soybeans. The
fluorescence intensity became higher in conjunction with an
8

increase in the target DNA concentration, while a positive corre-
lation was evident between the target DNA and the fluorescence
intensity. The detection range was 1.5e100 ng, and the lowest LOD
was 1.5 ng, exhibiting an excellent relationship. Comparing with
reported methods listed in Table 3, these results indicated that the
proposed GORB was highly sensitive for GM detection, achieving
on-site detection.

GM maize Bt11, MON810 and MON89034, GM rice TT51-1 and
Kefeng6, GM soybean MON89788, MON87705, and E2D8037-3
were selected to investigate the selectivity of the biosensor. The
interfering materials were incubated with GO via the RPA reaction,
and their fluorescence intensities were measured. Fig. 6C shows
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that the highest fluorescence intensity peak was produced by
E2D8037-3 compared with other biological interfering materials,
exhibiting the highest fluorescence response. Therefore, GORB
displayed high selectivity for E2D8037-3 in the presence of inter-
fering materials.

4. Conclusions

This study verifies the fact that GO nanosheets can improve the
amplification efficiency of the RPA reaction. Though fluorescence
and SEM analysis, GO nanosheets could absorb the reagents of re-
action and trigger the aggregation effect in local, which promote
the amplification efficiency of RPA. Therefore, this study in-
vestigates a “turn-on” biosensor based on GO and RPA for the se-
lective and sensitive detection of RNAi transgenic plants. This
method has a LOD of 1.5 ng genomeDNA. The joint action of GO and
RPA further amplifies the detection signal and improve the sensi-
tivity of the biosensor. GORB is inexpensive and highly sensitive
with a lower fluorescence background compared to other tradi-
tional detection methods. Moreover, this proposed biosensor can
be applied for GM-specific assays and exhibit significant potential
for related biochemical research and clinical analysis.
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