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GRAPHICAL ABSTRACT

eBoth NGQDs and AgNPs were
selected as the novel FRET donor-
acceptor pairs.

e The proposed homogeneous FRET
assay was developed for CaMV35S
detection.

e The resulting method could identify
0.5% containing transgenic soybean
sample.

e This assay was inexpensive, simple
and highly sensitive.
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In this work, a novel homogeneous assay for DNA quantitative analysis based on forster resonance energy
transfer (FRET) was developed for cauliflwer mosaic virus 35s (CaMV35S) promoter of transgenic soybean
detection. The homogenous FRET of fluorescence signal was fabricated by DNA hybridization with probe
modified nitrogen-doped graphene quantum dots (NGQDs) and silver nanoparticles (AgNPs), which acted
the donor-acceptor pairs for the first time. The highly efficient FRET and unique properties of the NGQDs
made the proposed FRET system as a functionalized detection platform for labelling of DNA. Upon the
recognition of specific target DNA (tDNA), the FRET between NGQDs and AgNPs was triggered to produce
fluorescence quenching, which could be used for tDNA detection. The fabricated homogeneous FRET assay
displayed a wide linear range of 0.1-500.0 nM and a low limit of detection 0.03 nM for the detection of
CaMV35S (S/N = 3). This proposed biosensor revealed high specificity to detect tDNA, with acceptable intra-
assay precision and excellent stability. This method was successfully applied to identify the real sample of
0.5% containing transgenic soybean, which achieved the most of national law regulations. This assay was
further validated by polymerase chain reaction as the genetically modified organisms, suggesting that the
proposed FRET system is a feasible tool for the further daily genetically modified organism detection.
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1. Introduction

Genetically modified organisms (GMOs) have brought certain
benefits in agriculture field due to their desirable traits including
herbicide tolerance, virus resistance, delayed ripening, insect
resistance, disease tolerance and improvement of nutritional con-
tent [1], and the area cultivated with GMOs increased nearly to
181.5 million hectares in 2014 [2]. Transgenic soybean is the most
important GMOs, which was developed since the 1980, plays a very
crucial role in alleviating of poverty and hunger and bringing great
benefits [3,4]. However, the long term effects of transgenic soybean
on human beings and the global ecology remain uncertain. These
modified foods and feeds have not gained worldwide acceptance
because consumers mistrust resulting from environmental and
public health safety concerns [5,6]. As a result of these international
concerns about possible potential risks, the adequate management
of transgenic soybean and their products is of utmost importance.
The labeling of transgenic soybean has been mandated in many
nations, such as the European Union, Korea, Japan, and Australia.
According to the labeling regulations, the threshold level of unin-
tended transgenic components in food products is 0.9~5% [7].
Therefore, searching for reliable analytical methods for transgenic
soybean detection has become increasingly important subject.
During the past two decades, there have been some analytical
methods developed, including polymerase chain reaction (PCR) [8],
quartz crystal microbalance [9], surface plasmon resonance
biosensor [10], etc. While all these methods have been already
available performance the detection of transgenic soybean, they
have one or more shortcomings, such as complex, time consuming,
laborious and costly [11]. Consequently, it is still of critical urgency
and necessary to fabricate the inexpensive, simple, highly sensitive,
and convenient method for detecting of transgenic soybean.

Homogeneous assays are normally performed in a single reac-
tion system, possessing many advantages such as biochemical
universality, inexpensive experiment condition, operational con-
venience, robustness and naturally exceptional selectivity [12—15],
especially, separation free, less tedious to performance than het-
erogeneous assay [ 16]. Forster resonance energy transfer (FRET) is a
common technique used in homogeneous assays due to its equip-
ment simplicity, high sensitivity, less sample required rapid anal-
ysis, and so on [17]. FRET based homogeneous assays are widely
used for to detect target in the field of hazardous articles [18],
biomolecules [19], living cells [20]. During the process of the ho-
mogeneous FRET assay fabrication, it is the core of the FRET tech-
nique to select the appropriate fluorescence resonance energy
donor-acceptor pairs, which should match two important condi-
tions: (1) the spectral overlap between the emission of the donor
and the adsorption spectrum of the acceptor is greater than 30%;
(2) the distance of the donor and the acceptor must be less than
10 nm [21]. Following this strategy, a series of appropriate donor-
acceptor pairs have been fabricated including CdS/ZnS quantum
dots(QDs)-organic fluorophore Cy5 [21], cyan fluorescent protein-
yellow fluorescent protein [22] and CdS QDs-Au nanoparticles
[23], graphene QDs (GQDs)-Au nanoparticles [24], etc. Recent
studies have found that some assays are not flawless, for instance,
the low chemical stability and photobleaching of typical organic
dyes deteriorated the stability of these sensors [13], and the toxicity
of the semiconductor QDs remains a subject of discussions [25].
Therefore, it is necessary to develop the suitable donor-acceptor
pairs which are nontoxic, good stability and simple operation for
the homogeneous FRET assay.

More recently, nitrogen-doped GQDs (NGQDs) have gotten sig-
nificant attention, as a result of that, compared with the semi-
conductor QDs containing toxicity heavy metal constituents,
doping chemically-bonded N atoms can offer more active sites,

effectively tune their optical property, advantage the properties of
low toxicity, simple synthesis process and good biocompatibility
[25,26]. Therefore, NGQDs have been employed in various fields
such as fuel cells [27,28], biosensor [29], and the detection of heavy
metal ions and small molecules [26,30]. In particular, the studies
concerning the target detection using the fluorescence (FL) prop-
erty of NGQDs have attracted increasing interest due to the high
sensitivity and selectivity of the FL technique [25,31,32]. Mean-
while, silver nanoparticles (AgNPs) could be applied as efficient
acceptors due to their broad absorption band and the high
extinction coefficient [33,34]. It's worth noting that the UV—vis
absorbance peak of AgNPs is about at 405 nm [35], and according to
our previous research, the maximum FL emission spectrum of the
NGQDs is 435 nm [36], what shows good spectral overlap. In
consequence, it is feasible to fabricate the homogeneous FRET assay
based on NGQDs-AgNPs as donors and acceptors, respectively.

In this study, for the first time, a novel homogeneous FRET assay,
with NGQD and AgNP as the fluorescence resonance energy donor-
acceptor pairs (40% spectral overlap), was developed for transgenic
soybeans gene of cauliflwer mosaic virus 35s (CaMV35S) promoter
detection. This assay was fabricated by DNA hybridization with
probe modified NGQDs and AgNPs. The highly efficient FRET and
unique properties of the NGQDs make the proposed FRET system as
a functionalized detection platform for labelling of DNA. Upon the
recognition of specific target DNA (tDNA), the FRET between
NGQDs and AgNPs was triggered to produce fluorescence
quenching, which could be used for target DNA detection. This
proposed homogeneous FRET assay was utilized for the sensitive
and selective detection of CaMV35S promoter. Various parameters
which could influence the homogeneous FRET assay including
reactant ratio of donor to acceptor, pH value of buffer, buffer ionic
strength and stability were systematically optimized. This assay
was successfully applied to identify the real sample of 0.5% con-
taining transgenic soybean, what confirmed with most of national
law regulations. The approach was further validated by PCR as the
GMOs target. It was demonstrated this method was utility and
reliable for quantification of GMOs in food.

2. Experimental
2.1. Apparatus

The absorption spectra were measured on a UV-2450 spectro-
photometer (Shimadzu, Japan). FL spectra were recorded on a
Hitachi F-4500 fluorescence spectrophotometer (Tokyo, Japan). The
transmission electron microscopy (TEM) images were taken by a
JEOL 2100 TEM (JEOL, Japan) at 200 kV. The X-ray photoelectron
spectroscopy (XPS) data were obtained by an Escalab-MKII spec-
trometer with Mo Ko X-rays as the excitation source.

2.2. Materials

Ammoniumcitrate (AC), silver nitrate (AgNOs), sodium boro-
hydride was provided by Sinopharm Chemical Reagent Co., Ltd.
1—Ethyl-3—(3—dimethyl—aminopropyl) carbodiimide (EDC) and
N—hydroxysuccinimide (NHS) was purchased from Sigma Aldrich.
Different kinds of buffers such as 10.0 M Tris-HCl (pH 8.0) and
1 x TAE buffer (40.0 M Tris, 1.0 M EDTA, 40.0 M acetate, pH 8.0)
were used in the experiment. All the reagents were of analytical
reagent grade and doubly distilled water was used throughout the
experiments. CaMV35S promoter was used as the target nucleo-
tides sequences. All synthetic oligonucleotides were obtained from
Sangon Biotech Co., Ltd. (Shanghai, China) and listed in Table 1.

All oligonucleotides were dissolved in Tris-HCl to prepare stock
solution. The real samples containing the CaMV35S promoter was
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extracted from transgenic soybean using an Ultra Clean TM Mi-
crobial DNA Kit (Sangon Biotech Co., Ltd). The PCR amplification
target gene was performed with primers of forward and reverse.

2.3. Preparation of AgNPs and AgNPs-probe'!

AgNPs with average size of 12 nm were prepared by reduction of
AgNO3 with sodium borohydride in water [34]. Briefly, ice cold
AgNOs3 (2.0 mM) and two times volume of NaBH4 (3.0 mM) was
mixed dropwise with vigorously stirring in an ice bath, and the
mixture was continuously stirred until the temperature naturally
increased to the room temperature. The probe! was modified on
the surface of AgNPs according to the previous report [37]. Briefly,
1 mL of AgNPs solution with probe' (100 pL, 10.0 pM) was incu-
bated for at least 20 h. To adjust the pH value and increase ionic
strength of the resulting solution, 125 pL of 10.0 mM Tris-HCI was
added to the solution and allowed to react for 6 h. Then 20 pL of
2.0 M NaCl was added to the solution and this procedure was
repeated two times at the interval of 3 h in order to make the total
NaCl concentration increasing gradually to 2.0 M. After an addi-
tional standing for 48 h at least, the AgNPs-probe! were isolated by
centrifugation for 10 min, 3 times at 15000 rpm. And then the
resulting AgNPs-probe!' conjugate precipitate was washed and
redispersed in 10.0 mM Tris-HCl.

24. Preparation of NGQDs and NGQDs-probe'

The NGQDs with average size of 5 nm was prepared in our
previous work [36], 0.5 g AC and 15 mL H,O were put into a three-
necked flask and heated to 200 °C using an oilbathpan in the closed
environment. The whole process was carried out under the con-
dition of reflux. Subsequently, the color of the liquid was changed
from colorless to pale yellow, and then orange in 0.5 h, suggesting
the formation of NGQDs. Ultimately, The pH value of obtained
aqueous solution was adjusted to 8.0 by the addition of NaOH so-
lution and the NGQDs solution was stored at 4 °C for later use. The
prepared NGQDs solution was firstly sonicated for 15 min. EDC
(40.0 mM) solution was then added into the NGQDs suspensions.
The mixture was shaken on a vortex mixer for 2 min and bath
sonicated for another 15 min. After that, probeI was added into the
mixture and incubated for 40 min at room temperature. The final
products of the NGQD-probe' conjugate were obtained by centri-
fugation and washing with PBS buffer three times to remove the
free non-conjugated complex.

2.5. Procedure of homogeneous FRET assay

To investigate the effect of tDNA concentrations on FL quenching
efficiency, the procedure of FRET quenching was performance as
followed. The NGQDs-probe' was incubated with different tDNA
concentrations (0—500.0 nM) for 2 h to allow hybridization at room
temperature. Subsequently, 50 pL probe modified AgNPs solution
was mixed with 50 pL of the above mixture solution for incubation

Table 1
Sequences of oligonucleotides used in this work.

Name Sequence (from 5’ to 3')

GGCAGAGGCATCTTCAACGATGGCC
GAT GCC TCT GCC-NH

HS-G GCC ATC GTT GAA
GCTCCTACAAATGCCATCA
GATAGTGGGATTGTGCGTCA
GGCAGTGGCATCTTCAATGATGGCC
GGTAGAGTCATCTGCAACTATGGAC

CaMV35S target DNA
Amine-modified probe (probe')
Thiol-modified probe (probe')
forward primer CaMV35S
reverse primer CaMV35S
2-base mismatched target DNA
5-base mismatched target DNA

of 2 h at room temperature to form the co-hybridized sandwich
complex structure. After incubation, the FL intensity was measured.
All the experiments were measured under the same condition. The
specificity of the system was also evaluated with 2-base mis-
matched tDNA, 5-base mismatched tDNA.

2.6. Detection of CaMV35S in transgenic soybean samples

The samples were extracted from transgenic soybean powder
according to the manufacturer's instructions of the Plant Genomic
DNA Kit, which were diluted with double-distilled water to the
various concentrations of containing 0.5%, 1.0% and 10.0% GMOs.
Subsequently, the serial dilutions of GMOs were amplified by the
PCR method. Then 6 pL of the PCR products were analyzed by
electrophoresis separation at 5 V/cm for 40 min on a 2% agarose gel,
which contained 0.5 pg/mL of ethidium bromide in 1 x TAE buffer
(pH 8.0). Finally, the PCR products were diluted with 10.0 mM Tris-
HCL, denatured by heating in a boiling water bath for 5 min and
then frozen in an ice bath for 1 min to obtain the single-stranded
DNA solution [38]. The homogeneous FRET assay of the detection
for CaMV35S was then applied to the real samples amplified by the
PCR.

3. Results and discussion
3.1. Mechanism of homogeneous FRET assay

The fabricated procedure of the probes was shown in Fig. 1A,
initially, amine modified capture probe (probe') were immobilized
on the NGQDs surface through the reaction of activated carboxylic
acid group and amino group, meanwhile AgNPs were conjugated
with thiol-modified probe (probe!) by the strong affinity of Ag—S
bonding [39,40]. The detailed sensing mechanism of the FRET
strategy of the proposed NGQDs-AgNPs for tDNA of CaMV35S
detection is illustrated in Fig. 1B. As a result of that both NGQDs-
probe! and AgNPs-probe!! carried the negative charge (Supporting
Information), they were not connected with each other when
tDNA was absent. Meanwhile, the NGQDs-probe' had strong fluo-
rescent emission. After tDNA of the CaMV35S co-hybridized with
probe’ on NGQDs and probe on AgNPs, the emission of NGQDs was
absorbed by AgNPs under the 355 nm light excitation. NGQDs and
AgNPs acted as the donor and the acceptor of FRET pairs. The co-
hybridized brought NGQDs and AgNPs into close proximity to
occur the highly efficient FRET, which leaded to the decrease the
intensity of fluorescent signal. Through comparing the fluorescent
signal change, it was realized the monitoring of tDNA.

3.2. Characterization of NGQDs and AgNPs

The AgNPs were synthesized by the sodium borohydride
reduction method. TEM experiment was performed to characterize
the morphology and size of AgNPs. Fig. 2A is showing that the
synthesized AgNPs had good round shape and uniform size with
the average diameter of 12 nm. As shown in Fig. 2B the well-
dispersed NGQDs with the average size of 5 nm can be observed.
The HR-TEM result (the inset of Fig. 2B) indicated high crystallinity
of the NGQDs with lattice spacing of 0.21 nm, which was accordant
with the previous reports [41,42]. Fig. 2C presented the NGQDs
dispersion had optimal maximum excitation and emission wave-
lengths at 355 nm and 435 nm, respectively. The photograph of the
solution showed that the color of NGQDs was a yellow color under
visible light, while no FL was observed and gives blue FL emission
under the excitation by 365 nm UV light, further indicating the
resulting NGQDs were fluorescent. Additionally, the uniform blue
color distribution demonstrated that NGQD dispersed well in water
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Fig. 1. (A) The schematic illustration of the probes fabrication; (B) the sensing
mechanism of homogeneous FRET assay based on NGQDs and AgNPs for CaMV35S
detection.

solution due to the abundant oxygen-containing functional groups
on the surface. The emission wavelength of NGQDs was nearly
excitation-independent, with the maximum excitation wavelength
and the maximum emission wavelength at 355 and 435 nm,
respectively (Fig. 2D). In addition, compared with GQDs, the FL
emission of NGQDs was blue-shift, which was believed to be from
the strong electron affinity of N atoms doped in the NGQDs [31,43].
All the results above demonstrated the successful preparation of
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NGQDs.

3.3. Spectral properties of NGQDs-probe' and AgNPs-probe!!

The spectral characteristics of donor and acceptor were studied,
as they were important elements to the FRET process [44]. Fig. 3
showed the emission and absorption spectra of NGQDs and
AgNPs synthesized in this work. It was shown that the maximum
emission wavelength of NGQDs was 435 nm with a full width at
half-maximum (FWHM) of about 55 nm. After conjugation with
probe!, there was a slight red-shift in the peak of emission spectrum
of NGQDs (Fig. 3A). Meanwhile, to verify the assembly of NGQDs
with probe!, the UV—vis absorption spectra of probe!, NGQDs and
NGQDs-probe! were acquired for comparison in Fig. 3B. It was
obvious that the probe! solution exhibited an absorbance peak
located at 257 nm, which corresponded to the characteristic peak of
DNA, generated from the absorption of purine and thymine bases. It
could be seen that the pure NGQDs aqueous suspension showed the
transverse peak at 335 nm. While probe' was connected to the
NGQDs, the characteristic peak of probe! at 257 nm was appeared in
the absorption spectrum of NGQDs-probe!, and the longitudinal
peak of NGQDs at 335 nm red-shifted to 340 nm, suggesting the
successful loading of probe! on NGQDs surface. As shown in Fig. 3C,
the UV—vis adsorption spectra of probe'’, AgNPs and AgNPs-probe'!
were obtained. It could be noted that AgNPs-probe' had two
obvious absorbance peaks at around 257 nm and 402 nm. To
investigate the possibility of the homogeneous FRET assay, we
recorded the UV—vis absorption and FL emission spectra of the
AgNPs-probe!' and NGQDs-probe'. As shown in Fig. 3D the well-
overlapping spectra (40% spectral overlap) between FL emission
spectra of NGQDs and absorption spectra of AgNPs provided the
feasibility of producing an efficient FRET process as long as they are

Excitation
800+ wavelength
(nm)
315
600 - — 1335
— 355
400 — 375
— 395
— 405
200 — 415
0 a T T T T
300 400 500 600
Wavelength / nm

Fig. 2. TEM images of (A) synthesized AgNPs and (B) NGQDs, inset: HRTEM image of NGQDs; (C) normalized fluorescence spectrum of the NGQDs, inset: photographs taken under
daylight (left) and 365 nm UV light (right); (D) fluorescence emission spectra of the NGQDs at different excitation wavelengths.
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Fig. 3. (A) Normalized emission spectra of NGQDs before and after conjugation with probe'; (B) normalized absorption spectra of probe', NGQDs and NGQDs-probe'; (C) normalized
absorption spectra of AgNPs before and after conjugation with probes; (D) spectra overlapping between normalized emission spectra of NGQDs-probe' and normalized absorption

spectra of AgNPs-probe'.

in a close proximity.
3.4. Stability of the NGQDs

The emission spectra of the as-prepared NGQD solution were
measured under excitation at 355 nm with different placing time of
0, 60 and 120 min. As shown in Fig. S1 (Supporting Information),
the FL intensity of NGQDs showed slight change. To confirm the
stability of NGQDs under high-ionic-strength environments, the FL
intensities were also recorded in the presence of different con-
centrations of NaCl (from 0.5 to 2.0 M). It is shown in Fig. S2
(Supporting Information), only a little change was observed, indi-
cating that the high stability of NGQDs was obtained even under a
high-ionic-strength environment. The result showed that NGQDs
had great potential for sensing applications.

3.5. Optimization of conditions for CaMV35S promoter detection

To determine the optimum experimental conditions for tDNA
detection, the pH value of the buffer solution is known being an
important element for the FRET system, because unsuitable pH not
only damage the probe, decrease the efficiency of hybridization, but
also affect the affinity between probes and the NGQDs surface. The
pH of the detection solution could also affect the FL property of
NGQDs [24]. Therefore, the effect of pH value on the FL intensity of
the FRET system was investigated in a series of pH values from 5.0
to 10.0 before the detection. The experimental results showed in
Fig. S3 (Supporting Information), an increase in the pH value from
5.0 to 8.0 caused a remarkable increase in the FL quenching

efficiency of NGQDs, but a further increase to 10.0 results in a
gradual decrease of the FL quenching efficiency. Accordingly, the
Tris-HCl buffer (10.0 mM) of pH 8.0 was used as the buffer with the
optimum pH for tDNA detection. Furthermore, the effect of molar
ratio of AgNPs-probe!'/NGQDs-probe! of the homogeneous FRET
assay was also investigated by tuning the molar ratio of AgNPs-
probe'’ to NGQDs-probel. Each data point was an average of six
replicate measurements and the error bars correspond to the
standard deviation of each measurement. As shown in Fig. 4A, FRET
efficiencies were increasing when the ratio of AgNPs-probe’ to
NGQDs-probe! was at 1.5:1 and 1.9:1, respectively, then reached to
the maximum quenching efficiency ca. 86% at the ratio of 2.3:1.
After that, FRET efficiencies were obviously decreasing. As a result
of that 2.3:1 was selected to be the optimal molar ratio, under these
conditions, the hybrid complex of NGQDs-dsDNA-AgNPs possesses
weak FL, which is favorable for the tDNA detection in bioanalysis.

3.6. Construction of homogeneous FRET assay for tDNA detection

Detection of complementary tDNA using such NGQDs-probe!
conjugate was carried out through hybridization reaction in the
presence of tDNA and AgNPs-probe" to form FRET assembly. To
explore the quenching efficiency of this homogeneous FRET assay, a
series of concentrations of tDNA were tested. As a result of sand-
wich assay structure formation of NGQDs-dsDNA-AgNPs, NGQDs
were brought close to AgNPs surface and FL quenching was real-
ized. Fig. 4B shows that the FL intensity centered at 435 nm
decreased along with the increasing tDNA concentration, indicating
that the addition of tDNA can effectively quench the FL of NGQDs.

dx.doi.org/10.1016/j.aca.2016.10.031

Please cite this article in press as: Y. Li, et al., A homogeneous assay for highly sensitive detection of CaMV35S promoter in transgenic soybean by
forster resonance energy transfer between nitrogen-doped graphene quantum dots and Ag nanoparticles, Analytica Chimica Acta (2016), http://




6 Y. Li et al. / Analytica Chimica Acta xxx (2016) 1-8

A B
. 58004 a
_ 804 3
e ~
S 2600+
° '] ';
£ 0 g
m:a- E 400
D : k
=
S0l " B 200
0- T T T T
151 191 231 271 301 350 400 450 500 550 600
Molar Ratio(AgNPs-probe” / NGQDs-probe) Wavelength / nm
C D
i

80 . 80
~ 100 =
NS e
=
v°60- N 804 é 60
= g °
~ " 60 =~

= - 0

S 40 % 40 e 40
<2 = [
~ 204 ~

N i .

T 0 1 2
0 Log Cipna /1M 0- - __
0 100 200 300 400 500 tDNA  2-mismatch 5-mismatch

tDNA concentration / nM
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the presence of target CaMV35S with different concentrations (0, 0.1, 0.5, 1.0, 5.0, 10.0, 50.0, 100.0, 200.0, 400.0, 500.0 nM); (C) The quenching efficiency Q = 1-Fg/F, versus with a
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Quenching efficiency comparison among 2-base mismatched tDNA, 5-base mismatched tDNA, and Complementary target DNA with concentration of 200.0 nM.

The quenching efficiency was expressed by Q = 1 — Fy/F,, where Fq
was the FL intensity of NGQDs after quenching, and F, was the
original FL intensity of NGQDs. Fig. 4C presented the FL intensity
versus the concentration of tDNA. The quenching efficiency grad-
ually increased with the growing concentrations of tDNA and
reached a value of 87% with 500 nM tDNA. A linear calibration plot
in the concentration range of 0.1-500 nM with a correlation coef-
ficient of 0.994 was displayed and the limit of detection (LOD) was
down to 0.03 nM (S/N = 3). As shown in Table 2, compared with
other reported detection methods, this method possessed a com-
parable linear range and a lower detection limit.

3.7. Specificity, reproducibility and stability of the NGQDs-dsDNA-
AgNPs homogeneous FRET assay

To explore the specificity of the NGQDs-dsDNA-AgNPs FRET
system, both 2-mismatching and 5-mismatching base pairs were
used to compare with complementary tDNA sequences. All the
experiments used the same concentration of 200 nM for compar-
ison. As can be seen from Fig. 4D, the quenching efficiency
decreased significantly with the increasing number of mismatches.
The quenching efficiency for complementary tDNA was around
82%, while that of 2-mismatching and 5-mismatching base pairs
dropped to 22% and 9% respectively. Generally, an increasing
number of mismatches of tDNA would lead to decreasing duplex
stability, which decreased the chances to form NGQDs-dsDNA-
AgNPs sandwich complex and NGQDs emission would not decrease
obviously [45]. The results indicated that this homogeneous FRET
assay exhibited high selectivity. The reproducibility of this assay

Table 2

Different methods for determination of target DNA.
FRET system Linear range (nM) LOD (nM) Reference
CPEs*-GO 0.5—20.0 0.05 [48]
AgNCs*-MWCNTs! 31.0—2000.0 24.0 [49]
GQDs8-CNs" 1.5-133.0 0.4 [50]
CdTe QDs°-EB' ) 7.7-61.6 7.7 [51]
CdSe/ZnS QDs-ROX' 2.5-30.0 1.5 [52]
NGQDs-AgNPs 0.1-500.0 0.03 This work

4 m-conjugated polyelectrolytes.
b Graphene oxide.

¢ Silver nanoclusters.

4 Multi-walled carbon nanotubes.
€ Quantum dots.

Ethidium bromide.

& Graphene quantum dots.

" Carbon nanotubes.

! 6—carboxy—X—rhodamine.

f

was estimated at the tDNA concentration of 200 nM, the relative
standard deviation (RSD) corresponded to six independent exper-
iments was calculated to be 3.6%, illustrating the proposed assay
possessing excellent reproducibility. Meanwhile, the stability of the
probe was also measured during storage in state at 4 °C. It was
shown that the fluorescence intensity for 200 nM tDNA remained
nearly 95.7% of its initial value after one month. The long-term
stability could be attributed to good biocompatibility of probe
and strong interaction of DNA specific hybridization. This illus-
trated the presented assay was feasible to monitor the tDNA with
the advantages of high selectivity, excellent reproducibility and

dx.doi.org/10.1016/j.aca.2016.10.031
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Fig. 5. (A) Emission spectra of the FRET system detection of (a) blank control, (b) non—genetically modified organisms (GMOs), (c) 0.5% containing GMOs, (d) 1.0% containing GMOs
and (e) 10.0% containing GMOs; (B) Detection of the GMOs tDNA (CaMV35S) by 2% agarose gel electrophoresis. (M) DNA markers, (1) 0.5% GMOs, (2) 1.0% GMOs, (3) 10.0% GMOs, (4)

non-GMOs, (5) blank control.

good stability.

3.8. Detection of PCR products of soybean

It was reported that PCR amplified real sample of soybean
samples was further conducted by fabricated biosensors [46,47]. In
this work, the various concentrations samples of containing 0%,
0.5%, 1% and 10% transgenic soybean were amplified by the PCR
method, which were further detected by this FRET system with an
excitation wavelength of 355 nm under the selected conditions.
Fig. 5A showed the emission spectra of FRET detection blank con-
trol, the PCR product of non-transgenic and containing 0.5%, 1% and
10% of transgenic soybean samples. The homogeneous FRET assay
performed excellent strong fluorescent intensity. While the con-
centration containing of transgenic soybean increased, the fluo-
rescent intensity decreased. As demonstrated by gel
electrophoresis analysis in Fig. 5B, the bands of CaMV35S (469bp)
appeared in the lanes of containing 0.5%, 1% and 10% transgenic
soybean clearly, while no bands were found in non-transgenic
soybean or blank control. This result was consistent with the
result detected by the FRET system, demonstrating a remarkable
accuracy of the homogeneous FRET assay.

4. Conclusion

In summary, a homogeneous FRET assay based on NGQDs and
AgNPs pairs (40% spectral overlap) was fabricated for CaMV35S
specific gene detection. In this homogeneous FRET assay, NGQDs
and AgNPs were the fluorescence resonance energy donor-acceptor
pairs, respectively. This FRET platform was realized by immobili-
zation of the amino-functionalized probe on NGQDs and conjuga-
tion of the thiol-functionalized probe on AgNPs. The sandwich
structure formation was created by co-hybridization of tDNA with
probe' and probe! brought NGQDs and AgNPs into close proximity
to trigger FRET phenomena. In this study, a short gene sequence of
CaMV35S was used as tDNA. The quenching efficiency was
measured with a series of tDNA concentrations and the results
demonstrated the feasibility of this homogeneous FRET assay for
CaMV35S promoter detection with LOD of 0.03 nM. The experi-
ments with 2-base mismatched DNA and 5-base mismatched DNA
demonstrated the good selectivity. And the homogeneous FRET
assay was used to detect the containing 0.5%, 1% and 10% transgenic
soybean samples, the result demonstrated that the FRET system
detection of 0.5% transgenic soybean with PCR-amplified can be
achieved, which had the potential to be used as a sensitive, simple
and portable platform for in-field of food safety and environmental
screening.
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