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Improving the accuracy and sensitivity of fluorescence analysis is of great importance in clinical diag-
nosis, environmental and food monitoring. Herein, based on fluorescence resonance energy transfer
(FRET), a facile and effective ratiometric fluorescence sensor was constructed for the detection of Bacillus
thuringiensis (Bt) special gene fragment. In this work, green quantum dots (gQDs) decorated Fe3;04 mag-
netic beads (MBs) with streptavidin (SA) were acted as donor, and gold nanoparticles (GN) modified red
quantum dots (rQDs@SiO;) with hairpin DNA as receptor. When the target sequences exist, the hairpin
DNA were unfolded and subsequently captured by MBs@SiO,@gQD-SA via biotin-SA specific interac-
tion. By using the magnetic separation method, the hybridized composites could be easily purified for
florescence tests. By this means, rQDs@SiO, @GN could enhance the fluorescence intensity of rQDs (Ig20)
and simultaneously quench the fluorescence response of gQDs (Is4) via FRET. Under optimal conditions,
the ratio of fluorescence intensity at 620 nm and 540 nm (Ig20/Is40) showed that Bt transgene fragment
detection owning a good linearity from 5.0 pM to 10 nM with a detection limit of 0.10 pM (S/N=3). The
high selectivity of the probes was also demonstrated using the single-base and three-base mismatch

method.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Bacillus thuringiensis (Bt) transgene, a specific DNA sequence,
can produce Bt Cry proteins that can kill insect pets. Thus, it
has been widely used in genetically modified (GM) technology
to replace the conventional chemical pesticides [1,2]. Up to now,
the cultivation of transgenic crops with exogenous Bt gene were
commercially available worldwide since Bt maize has been first
commercialised [3]. However, due to the possible potential risks
in food security and bio-security, the cultivation of GM crops has
raised environmental, food and health concerns [4,5]. Therefore, it
is extremely important to develop convenient analytical methods
for the selective and sensitive detection of Bt transgene in foods
and environment.

Recently, many important analytical methods such as poly-
merase chain reaction (PCR), electrochemistry, electrochemilumi-
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nescence (ECL) and fluorescence methods have been widely used
in the detection of specific DNA sequences [6-9]. Among these
analytic techniques, fluorescent detection method has aroused
great interests in food analysis and bioassays due to its high sen-
sitivity and simplicity [10,11]. Numerous fluorescent probes for
DNA detection have been constructed on the basis of molecu-
lar hybridization [12], enzyme catalysis [13], hydrogen bonding
recognition [14]| and metal ions coordination [15] and so on. Nev-
ertheless, most of them employ a sole responsive signal for DNA
detection, which may suffer from the signal fluctuation caused by
variation in detection system and some external factors [16,17].
Fortunately, ratiometric fluorescence probes have the advantages
of eliminating most ambiguous interference by its self-referencing
of two emission peaks [18,19]. Owing to the enhanced accuracy,
ratiometric fluorescence probes have attracted increasing atten-
tion in DNA detection [20,21]. But for most probes/sensors, it is
a still-challenging issue to detect specific DNA sequence or low
abundance gene with accuracy and sensitivity. To address the chal-
lenges, a number of novel ratiometric fluorescence sensors have
been developed [22-24]. Unfortunately, most of the ratiometric flu-
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orescence probes are confined to the organic dye molecules, which
suffer from disadvantages such as poor water solubility, low photo
stability and quantum yield and difficult to produce [25,26]. Addi-
tionally, the organic dyes are susceptible to photo-bleaching and
some of them undergo significant background fluorescence, which
can cause a decrease in the sensitivity [27-29]. Therefore, it is cru-
cial to develop signal-amplified ratiometric fluorescence probes for
improving the sensitivity and accuracy based on new fluorescence
materials.

In recent decades, a few inorganic fluorescence nanomaterials,
such as quantum dots [30], carbon dots [31] and metal (gold and sil-
ver) nanocluster [32,33], have received increasing interests. Owing
to the superior features such as excellent photo-stability, strong
fluorescence intensity, easy surface modification, good size unifor-
mity and broad wavelength tunability [34,35], quantum dots (QDs)
have been considered as the ideal fluorescent probes [36]. How-
ever, one problem is that when QDs are modified or conjugated,
their stability and fluorescence will decrease, and the other one is
that the coupled probes are difficult to be separated from the detec-
tion system [37,38]. It was reported that silica coating could resist
the influence of the external environment (pH and high salt con-
centrations etc.) and retain the optical properties of the original
core/shell particles [38-40]. Also, due to its facile chemical pro-
cessability and good stability in aqueous media, the silica surface
can be easily modified to link bioconjugators such as avidin and
streptavidine [41,42]. Meanwhile, a large mount of QDs were pre-
served with the coating of silica shell, which further promoted the
signal intensity and stability [37]. Besides, it is well known that
magnetic nanoparticles (MBs) have been widely used in biomed-
ical fields, especially for magnetic immobilization and separation
[43,44]. Thus, it is meaningful to design a ratiometric fluorescent
probe for the sensitive detection of DNA sequence based on silica
coated MBs and QDs.

In this work, we prepared the encapsulation of both Fe304 MBs
and QDs with a silica shell to form hybrid materials denoted as
MBs@Si0, @gQDs and rQDs@Si0,. Based on the two probes, a ratio-
metric fluorescent sensor was designed for special Bt fragment
sequence detection in aqueous solution (Scheme 1). The whole
structure include two steps: (1) silica coated MBs and gQDs loaded
MB@SiO, were prepared as donor and used for convenient sep-
aration [42,45] (Scheme 1A); (2) silica coated rQDs (rQDs@SiO;)
and GN loaded rQDs@SiO, were synthesized as receptor to quench
gQDs fluorescence by FRET (Scheme 1B). After that, the biotin tailed
hairpin DNA was attached onto rQDs@SiO-. Then MBs@SiO, @gQDs
was conjugated with SA to capture rQD@SiO- for convenient sepa-
ration. In the absence of target DNA (tNDA), only the fluorescence
signal of gQDs appeared as the stem-loop structure was closed and
the biotin was masked. If the tNDA exists, the loop of hairpin DNA
would hybridize with the tNDA and opened the hairpin so as to be
captured by MBs@SiO,@gQDs, which led to the increase of rQDs
fluorescence intensity (Igo0) and the decrease of gQDs fluorescence
intensity (Is49) (Scheme 1C). The ratio of the fluorescence inten-
sity (Ig20/I540) behaved a good linearity and high sensitivity for Bt
transgene detection. Hence, the ratiometric fluorescent sensor is
expected to be a useful analytical tool for detection of specific DNA
sequences in environmental and food monitoring.

2. Material and methods
2.1. Chemicals and materials

Water and oil CdSe/ZnS QDs (gQDs: 540 nm; rQDs: 620 nm)
were purchased from Xingzi (Shanghai) New Material Technology

Development Co., Ltd; SA and the oligonucleotides (Table S1) used
in the work were purchased from Shanghai sangon Biotechnology

Co., Ltd. All chemicals and solvents were of analytical grade and
used without further purification. Ultrapure water obtained from
Milli-Q, Millipore (18.2 M2 resistivity) was used throughout the
experiment.

2.2. Instrumentation

Photoluminescence (PL) spectra were acquired on Edinburgh
FLS920 spectrometer under an excitation of 360 nm; Zeta potential
and hydrodynamic size were measured by dynamic light scatting
(DLS) using a Malvern Zeta Sizer (Nano-ZS) system. Transmission
electron microscope (TEM) images were taken on a JEM-2010FEF
transmission electron microscopy at an accelerating voltage of
200kV.

2.3. Synthesis and modification of MBs@SiO,@gQDs-SA

To obtain MBs@SiO,@gQDs composites, MBs@SiO, (MS) was
first synthesized according to previous work [45,46]. Next, SA
and CdSe/ZnS QDs (gQDs: 540nm) were introduced to obtain
MS@gQDs-SA composites. The detailed procedures were provided
in Supplementary information.

2.4. Synthesis and functionalization of rQDs@SiO,@GN-H3

rQDs@Si0O, and gold nanoparticles (GN) loaded rQDs@SiO, were
first prepared based on previous work with some changes [47-49].
Then the capture DNA (H3) was attached on the rQDs@SiO, @GN
via Au-S bond to form the rQDs@Si0O, @GN-H3 composites. The final
product was stored in PBS buffer solution (pH=7.4) at 4°C for fur-
ther use. The detailed preparation procedures were described in
Supplementary information.

2.5. Construction of ratiometric fluorescent sensor

After the two different fluorescence probes were well prepared,
the solution of the two probes were mixed together in a PBS buffer
medium (pH=7.4) containing 0.1 mM NacCl and 3.0 mM MgCl,. To
realize the aqueous solution detection, tDNA was introduced to the
solution. Then the obtained mixture solution were incubated at
40°C in a dark room for 90 min. Afterwards, the loop of H3 would
hybridize with tDNA and opened the hairpin to expose the biotin,
which subsequently hybridized with MS@gQDs-SA via biotin-SA
specific interaction. The recognition of the two probes led to the
increment of rQDs fluorescence intensity (Igzg) and the decrease of
gQDs fluorescence intensity (Is4g) (Scheme 1C). Finally, the excess
rQDs@SiO,@GN-H3 was separated and removed by an external
magnetic field and the remaining solution was collected for flu-
orescent measurements.

3. Results and discussion
3.1. Characterization of materials

UV-vis absorption and FT-IR spectroscopic experiments were
first carried out to investigate the MBs-based materials. As
depicted in Fig. S1A, UV-vis analysis of MBs (curve a) and amino-
functionalized MBs@SiO, (MS-NH5,) (curve b) revealed that MBs
possess a wide and strong absorption peak at 400 nm, which was
consistent with previous work [50]. However, after the conjuga-
tion of gQDs on the surface of MS-NH,, the peak at 400 nm was
vanished and a new peak of gQDs at 230 nm appeared (curve c and
d), suggesting that gQDs were successfully attached on MBs@SiO,.
Meanwhile, FT-IR spectra of all Fe304-based materials (Fig. S1B)
showed a characteristic band at 490 cm~!, which was caused by
the Fe—O stretching vibration (curve a, b, d). Besides, MS@gQDs
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Scheme 1. Schematic illustration of the structure of ratiometric fluorescence sensor. The preparation process of (A) MBs@Si0O,@gQD-SA and (B) rQD@SiO, @GN-H3, and (C)

the detection of target DNA.

exhibited the FT-IR peak at 2990, 1640, 1100, and 800 cm™~! (curve
c), revealing the successful modification of silica coating, MS-NH,
and gQDs.

Fig. S2 described the hydrodynamic diameters of rQDs and MBs
in different modification steps. As it can be seen from Fig. S2A, the
average size of rQDs is about 3.32 nm with narrow monodispersity.
After silica coating, the average size of rQDs increased to 16.63 nm
(Fig. S2B). Next, when the rQDs@SiO, was further conjugated with
GN, the size rapidly grew to 30.25 nm (Fig. S2C). The size variations
reflected that rQDs were successfully coated with silica (from 3.32
to 16.63 nm) and GN were attached to the surface of rQDs@SiO,
(from 16.63 to 30.25 nm). Similarly, as depicted in Fig. S2D, MBs
showed good dispersity with an average size of 82.76 nm. After-
wards, the size increased to 104.52 nm after the silica coating of
MBs (Fig. S2E) and then to 109.08 nm after amino-functionalization
(Fig. S2F), which revealed that the silica shell thickness was about
14 nm (from 82.76 nm to 109.08 nm). Following that, after the mod-
ification of gQDs and SA, the average diameters are 181.43 nm
and 208.77 nm (Fig. S2G and H), which indicated that the con-
jugates were successfully obtained. Finally, when MS@gQDs-SA
hybridized with rQDs@Si0,@GN-H3, the composites showed an
average diameter of 280.73 nm (Fig. S2I), which revealed the suc-
cessful construction of the fluorescence sensor. The above facts
confirmed that each modification step was accomplished and the
two fluorescence probes were successfully recognized in the pres-
ence of tDNA.

To discuss the surface charge of the above materials, zeta poten-
tial measurements were performed and the results were shown
in Fig. S3A. After amino modification and conjugation with GN, it
is noteworthy that the zeta potential of rQDs@SiO, changed from
—13.6mV to 14.0mV and then to —15.3 mV, which revealed the
successful modification of amino and GN. Besides, MS-NH, showed
zeta potential variation from 13.8 mV to —10.6 mV after combining
with gQDs, which suggested the successful surface amino function-

lization and conjugation with gQDs. After the modification of SA,
the zeta potential further decreased to —12.8 mV. Moreover, gel
electrophoresis was adopted to investigate the molecular weights
(Fig. S3B). The results showed that only the lane with H3 can run
continuously while other samples nearly stayed at the starting line,
indicating that the modified molecular are anchored strongly on the
materials.

To reveal the modification step of MBs and rQDs, typical TEM
images of MBs, MS, rQDs@SiO,, rQDs@Si0O, @GN, MS@gQDs and
MS@gQD/rQD@Si0, are all taken (Fig. 1). Fig. 1A indicated that MBs
are well-distributed and uniform with an average size of approxi-
mately 80 nm, which is consistent with the result of DLS (Fig. S2D).
After silica coating, the surface of MBs became smooth and the size
got bigger and more uniform (Fig. 1B). The features of MBs and
MS could also be distinguished clearly from the SEM images (Fig.
S4). For the silica coated rQDs, the TEM images showed that the
rQDs are incorporated with silica and form numerous individual
rQDs@SiO2 particles (Fig. 1C). After further amino modification and
attachment of GN, their size got bigger and GN are evenly dotted on
rQDs@SiO,, indicating the homogeneous distribution of GN on the
silica surface (Fig. 1D). From Fig. 1E, it can be observed that numer-
ous gQDs are loaded on the surface of MS, which indicated that
gQDs were attached onto the silica surface. Moreover, the com-
bination of MS@gQDs-SA and rQDs@Si0O, could be recognized in
Fig. 1F, which revealed the same results as diameter measurements
(Fig. S2H). The TEM results indicated that the materials in Scheme 1
were successfully prepared as desired.

3.2. Verification of the magnetic and fluorescence performance

To demonstrate the advantage of magnetic separation, the mag-
netic response of MBs in each modification step was explored.
As depicted in Fig. S5, the silica coated MBs (MS) and amino-
functionalized MS (MS-NH;) showed a high magnetic response
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Fig. 2. Photograph of (a) QDs, (b) MS@gQDs, (c) MS@gQDs-SA in a vessel without (A) and with (B) an external magnetic field and (C) under ultraviolet light with magnetic
field. Fluorescence microscope images of (D) MS@gQDs, (E) rQDs@SiO, and (F) MS@gQD/rQD@SiO, under ultraviolet excitation.

under an external magnetic field, which can be easily applied in
the separation and enrichment. The performance of MS@gQDs and
MS@gQDs-SA were also discussed as shown in Fig. 2. In the absence
of an external magnetic field, the solution of gQDs, MS@gQDs and
MS@gQDs-SA are clear and stable (Fig. 2A). Under the external mag-
netic field, gQDs still kept the same but MS@gQDs and MS@gQDs-SA
were easily attracted and enriched by magnet (Fig. 2B). Moreover,
under ultraviolet light, it can be clearly seen that the enriched
MBs showed bright green fluorescence and the remaining solution
are colorless (Fig. 2C). The results revealed that the MBs materials
behaved good performance under an external magnetic field.
Fluorescence microscope images were taken to verify the fluo-
rescence property of MS@gQDs and rQDs@SiO,. From Fig. 2D, it can
be seen clearly that MS@gQDs are fully covered with green fluores-
cence which was originated from the attached gQDs. For the silica
coated rQDs (rQDs@Si0, ), it showed a mass of individual red parti-
cles under fluorescence microscope (Fig. 2E). The uniform particles
revealed the successful silica coating of rQD. Moreover, we also
investigated the fluorescence image of MS@gQDs recognized with
rQDs@Si0,. As shown in Fig. 2F, a composite fluorescence of green
and red appeared, which indicated that rQDs@SiO, are attached

on MS@gQDs. The fluorescence results verified that the two probes
behaved good magnetic and fluorescence performance.

3.3. Fluorescence properties of the sensor

PL spectra were adopted to characterize fluorescence properties
of the fluorescence probes. As depicted in Fig. 3A, the PL emission
peak of gQDs was at 540 nm with a green emitting light (curve a).
After the conjugation of gQDs on the MBs@SiO,, the emission peak
behaved a red-shift and the PL intensity slightly decreased (curve
b). The red-shift could be attributed to the formation of MS@gQDs
and the PL intensity decrease may be ascribed to the inadequacy
conjugation of gQDs. Next, for the SA modification (curve c), it
showed an inconspicuous effect on the fluorescence intensity, but
a red-shift in emission was observed, which revealed the success-
ful conjugation of SA on MS@gQDs. Fig. 3B showed the PL emission
peak of the oil rQDs at 620 nm with an orange-red emitting light
(curve a). After silica coating and amino modification, the fluo-
rescence of rQDs decreased to a large extent but still remained
high fluorescence intensity (curve b), which was consistent with
previous report [47]. The attachment of GN on rQDs@SiO, further
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H3+MS@gQD-SA.

reduced the fluorescence intensity and triggered a red-shift (curve
c).

UV-vis absorption and fluorescence spectra were collected to
reveal the energy transfer between rQDs@SiO, and MS@gQDs. As
shown in Fig. 3C, the UV-vis absorption spectrum of GN behaved a
wide and strong absorption peak at 507 nm (curve a), which was in
accordance with our previous report [42]. As the GN were attached
on rQDs@Si0,, the absorption peak showed a large red-shift to
532 nm (curve b). The broad absorption band of rQDs@SiO, @GN
makes it possible to be a good energy receptor for the donors.
Meanwhile, the PL spectrum of MS@gQDs-SA exhibited an emis-
sion peak at 548 nm (curve c), which was partly overlapped with
the absorption band of rQDs@SiO,@GN. Thus, this fact revealed
that rQDs@SiO, @GN could act as the receptor to quench MS@gQDs-
SA fluorescence. Furthermore, the fluorescence spectra of the two
probes were also explored. As exhibited in Fig. 3D, the PL inten-
sity of MS@gQDs probe was largely quenched when conjugated
with rQDs@SiO, @GN (curve a and c), and the PL intensity of the
two probes nearly remained the same when they were just mixed
together (curve b, ¢, d), which further demonstrated the FRET prin-
ciple as illustrated in Scheme 1.

3.4. Optimization of the detection conditions

According to previous findings [45,51], different effect factors,
such as the dosage of magnetic beads, Mg2* ion strength, incubation
temperature and time, were explored to get the optimal experi-
mental conditions. Since the above conditions can greatly affect
fluorescence intensity, the relative variation between Igyg and Is49
was used to discuss the optimal conditions.

In this work, MS@gQDs-SA both act as catcher and donor,
which first capture rQDs@SiO,@GN and then donate the energy
to them. Thus, the dosage of magnetic beads could seriously influ-
ence the fluorescence intensity. As depicted in Fig. 4A, the volumes

of MS@gQDs-SA from 100 to 500 wL were explored. The highest
intensity of Iy occurred at 300 L and tended to be balanced as the
volume further increased. Hence, 300 L was chosen as the opti-
mal volume for the following experiments. For the hybridization
process of H3 and tDNA, we chose 37 °C and 20 min as the optimal
temperature and time according to previous report [45]. Besides,
it was reported that Mg2* could affect the hybridization between
intermolecular and intramolecular [51]. Fig. 4B exhibited the low-
est intensity of I549 and the highest of Igy¢ as Mg2* concentration is
5mM. However, when Mg2* concentration is 3 mM, the intensity
of Igyo reached plateau but that of I54q still decreased. Therefore,
to balance the hybridization intensity, 4 mM was adopted as the
optimal concentration in the following study.

Also, the incubation temperature and time for MS@gQDs-SA and
rQDs were explored. As shown in Fig. 4C, the lowest intensity of 549
and the highest of g, was obtained at 35 °C. Thus, 35 °C was chosen
as the optimal incubation temperature. Next, the incubation time
was discussed as shown in Fig. 4D. The intensity of Igyg increased
and that of I549 decreased as the incubation time prolonged from
10 to 120 min. Obviously, both of Igpg and Is4g showed insignificant
changes at 90 min, which indicated that the reaction between biotin
and SA reached a balance state. Therefore, 90 min was selected as
the optimal incubation time.

3.5. Selectivity and stability of the sensor for Bt sequence

To demonstrate the selectivity of the sensor, as here pro-
posed, target detection in a homogeneous solution was used and
the base mismatched DNA were carried out as control. In the
conventional specificity analysis, three different DNA sequences
were usually discussed, including complementary tDNA, single-
base mismatched DNA and three-base mismatched DNA [52]. As
shown in Fig. 5A, compared with the base mismatched DNA and the
random DNA sequence, complementary sequence showed much
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higher Igy0/I549 value due to the specific binding of H3 and tDNA.
The results revealed that the interfering mutation sequences had
insignificant influence on special Bt fragment detection, which fur-
ther indicated that the proposed sensor has good hybridization
efficiency and selectivity towards tDNA. Furthermore, the sensor
was found to remain 90% of the original fluorescence after 7 days
storage at 4°C, suggesting the good stability of the fluorescence

detection of Bt sequence fragment.

3.6. The analysis of Bt sequence

sensor. Therefore, it is specific and stable to use the sensor in the

As shown in Fig. 5B, with the increase of tDNA, the fluorescence

intensity of Igyo increased and that of Is4y decreased at the same
time. Besides, the solution showed a color variation from green



212 L. Wu et al. / Sensors and Actuators B 254 (2018) 206-213

to orange red as the concentration of tDNA sequence ranged from
0.1 pMto 1 nM.Itcanbe seen that the more target sequence existed,
the more fluorescence intensity of Is49 decreased, and both of the
fluorescence intensity tended to converged to one point (Fig. 5C),
which meant that the Igy0/Is4¢ value tended to be balanced. Fig. 5D
showed that the fluorescence detection results were dependent on
the logarithm of Bt concentration with the respective calibration
curves of Igyo and Is4g. The sensitivity of Igy9 and Is4o were esti-
mated to be 1.2 and 4.6 pM (S/N=3), respectively. To prove the
superior precision of the proposed sensor, plots of dual-signal flu-
orescence intensity ratio were described in Fig. 5E. Furthermore, it
was found that the value of I, /I549 Was also linearly corresponding
to the logarithm of target Bt concentration from 5.0 pM to 10 nM
(Fig. 5F). The regression equation was put as Y=0.0175X+0.1898
withR=0.9936, and the detection limit was estimated to be 0.10 pM
(S/N=3), where Y was the ratio of Igz0/I549 and X was the logarithm
of target Bt concentration. The lower error and signal fluctua-
tion, higher sensitivity and R value of the dual-signal mode verify
the superiority of the proposed ratiometric fluorescence detection
method.

4. Conclusions

In summary, a ratiometric fluorescence sensor was successfully
constructed via biotin-SA specific interaction for the detection of
special Bt fragment based on FRET. In the method, MS@gQDs-SA
both act as catcher and donor and rQDs@Si0O,@GN-H3 as receptor.
Owing to the magnetic separation and high accuracy and sensitivity
of the ratiometric fluorescence, the proposed sensor could behave
simple, rapid, accurate and sensitive detection of tDNA sequence.
The excess rQDs@SiO, @GN-H3 could easily be separated from solu-
tion for recycling use via magnetic separation. All the materials can
be readily prepared and modified with high stability and water-
solubility. Thus, this method could provide an alternative approach
for constructing FRET-based detection systems in the sensitive and
selective detection of special gene sequence, revealing its potential
in the risk assessment of food safety such as genetically modified
food.
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