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Abstract

By employing the attractive performance of fluorescent carbon dots and the
assistant of hairpin structure, an innovative dual-channel biosensor on the basis of
gold nanoparticles (AuNPs) for detecting multiple nucleotide sequences has been
successfully proposed. In brief, the fluorescence of carbon dots (CDs) was quenched
in the absence of the targets, and the hairpin structure was hybridized with the
AuNPs-DNA and resulted in recovering the fluorescence. Instead, the presence of
breast cancer (BRCA1) RNA/DNA could specifically bind with its contrary sequence
to release the CDs from AuNPs, hence leading to the fluorescence recovery as a
positive signal. Again, the hairpin structure can be released in the presence of
thymidine kinase (TK1) RNA/DNA, thus induced a fluorescence quenching
accordingly. Subsequently, the prepared sensing model was applied to detect BRCA1
RNA/DNA respectively accompanied with a linear range of 4-120 nM as well as a
detection limit of 1.5 nM and 2.1 nM, and 10 nM-120 nM as well as a detection limit
of 3.6 nM and 4.5 nM for TK1 RNA/DNA respectively. More importantly, this

sensing model could assay any possible gene sequence or aptamer-substrate

1



complexes by appropriately programming.
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By employing the attractive performance of fluorescent carbon dots and the
assistant of hairpin structure, an innovative dual-channel biosensor on the basis of
gold nanoparticles (AuNPs) for detecting multiple nucleotide sequences has been
successfully proposed. More importantly, this sensing model could assay any
possible gene sequence or aptamer-substrate complexes by appropriately

programming.
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Introduction

Nucleic acid detections, especially DNA and RNA analysis, mainly associated
with medical diagnostics and disease pathophysiology are meaningful, since the
human genome sequences and their related functions play a critical role in the
biological and medical fields [1-3]. Several methods for RNA detection mainly

including reverse transcription-polymerase chain reaction (RT-PCR), Northern



blotting, in situ hybridization, solid-phase assays, and microarrays have been
developed, belonging to the elaborate multi-step methods. Furthermore, the similar
defects of requiring highly skilled operators and expensive instrumentation and time
consuming also limited their applications. For both the elucidation of gene expression
patterns in biological systems and early identifying cancer and other diseases,
therefore, more creative methods for the rapidly simultaneous and quantitative
detection of multiple RNA at are still being actively pursued [4].

CDs are fascinating carbon materials owing to their unique properties consisting
of stable photoluminescence, tunable excitation and emission wavelength, lack of
optical blinking, small size, low toxicity and favorable biocompatibility [5-7].
Thereby, this kind of material has drawn considerable attentions in the fields of
nanobiotechnology, biological labeling [8], photocatalysis, sensing, biomedicine and
delivering drugs [9-11]. During the past few years, two major approaches have been
raised for synthesizing CDs. One way was known as the top down, consisting of
electrochemical oxidation, acidic oxidation, arc discharge and laser ablation. For the
other way, hydrothermal, microwave and ultrasonic defined as the bottom up, have
been generally applied to synthesize CDs [12-14]. Compared with conventional
organic dyes and semiconductor quantum dots (QDs) that are seriously pernicious for
human health and the environment, CDs exhibited fascinating properties and
potentiality not only in theoretical but also in practical aspects. Especially, numerous
CDs have been utilized to design fluorescent probes towards various purposes

[15-18].



Since the single-stranded DNA (ssDNA)-derivatized AuNPs was first reported by
the Mirkin group in 1997, numerous efforts have been devoted to intensively explore
this type of new biosensor over the past two decades [19]. Basically, this conjugates
show highly attractive properties including low/noncytotoxicity, biocompatibility,
good stability in high salt biological buffers, improved resistance against nuclease
degradation, and universally high cell uptake via scavenger receptor-mediated
endocytosis pathways [20]. Hence, they were demonstrated as building blocks for
nanotechnology, biosensing, materials science, and medicine [21-23]. In general, most
applications of DNA-AuNPs employ the chemisorption ‘of thiol-modified
oligonucleotides onto the surfaces of these particles [24]. Moreover, AUNPSs can serve
as the ultra-efficient quenchers of molecular excitation energy while the fluorophore
is placed in a close proximity (<5 nm) to the nanostructured metal surface [25],
which is associated with their large ratio of the surface area versus volume and easy
surface functionalization [26]. Thus, it has opened new perspectives to detect
biomolecules by using fluorescence resonance energy transfer (FRET) with high
sensitivity, owing to their broad absorption spectrum within the visible light range
that overlaps with the emission wavelengths of the common energy donors [27].
Importantly, there existed reports for the fluorescence energy transfer from CDs to
AuUNPs once these two were brought into a close proximity, leading to FRET
occurring [26].

Hereby, AuNPs about 13 nm in diameter were chosen because they can be readily

prepared with little deviation in size and exhibit a sharp plasmon absorption band



(maximum absorbance at wavelength 520 nm) [19]. Inspiring by the valuable
functions of AuNP-loaded ssDNAs and the attractive fluorescent performance of CDs,
a novel dual-channel biosensor on the basis of CDs and AuNPs as the energy
donor-receptor pairs together with hairpin structure (a fluorescent dye of cy3 at 5’ end
and a fluorescence quencher BHQ2 at 3 end) built up. Subsequently, this sensor was
employed for sensitively and accurately detecting nucleic acid multiplexed. To be
specific, the capture probe was initially designed by AuNPs-loaded thiol-modified
ssSDNA (AuNPs-DNA) composed by the corresponding sequences, recognizing and
complementing the target genes associated with the breast cancer (BRCAL
RNA/DNA) and the thymidine kinase (TK1 RNA/DNA) genes. Meanwhile, both CDs
conjugating with amine-modified DNA (CDs-DNA) and hairpin structure (HS) play
the roles as the fluorescent signals. At the beginning, CDs-DNA and AuNPs-DNA
complemented with each other in the absence of the targets, forming a close proximity
between CDs and AuNPs, and the fluorescence of CDs was accordingly quenched.
Similarly, the HS hybridized with the AuNPs-DNA and resulted in recovering the
fluorescence of cy3. On the contrary, while BRCAL1L RNA/DNA exists, it can
specifically bind with AuNPs-DNA and replace the CDs from AuNPs, inducing the
fluorescence recovery as a positive signal. In the same way, HS can be released and
guenching the fluorescence of cy3 in the presence of TK1 DNA/RNA (Scheme 1).
More meaningfully, this designed approach allows the multiple analyses of
nucleic acid, and also for any gene or aptamer-substrate complexes by appropriately

programming the current sensing model. Compared with the traditional methods, this



solution has proposed the dual-channel assaying strategy for nucleic acid. Also, it has
largely shortened the detection time to less than 1 h and allowed the whole process
with the scarce interference from the complex samples. Meaningfully, the proposed
strategy by employing DNA modified CDs, AuNPs-DNA and hairpin structure for
multiplexed analyzing of nucleic acid was raised for the first time.

2. Materials and Methods

2.1 Preparation of DNA loaded on AuNPs and CDs modified with DNA

For preparing AuNPs-DNA [28], 310 uL (10 puM) of thiol-modified
oligonucleotides were added to 1 mL as prepared AuNPs and shaken overnight. After
16 hours, the phosphate buffer (0.1 M; pH 7.4) was introduced into to the mixture to
achieve a 0.01 M phosphate concentration. Over another eight-hour period, aliquots of
sodium chloride solution (2.0 M) were added to the above mixture for reaching a final
sodium chloride concentration of 0.3 M. Keeping reacting for more 12 hours, the
solution containing the functionalized particles was centrifuged (15000 rpm, 25 min)
and re-suspended in 1 mL PBS buffer (20 mM phosphate with 0.3 M NaCl, pH 7.4)
three times to produce the purified AuNPs-DNA, which were used in all subsequent
experiments.

For preparing CDs-DNA, the CDs solution were first diluted to 0.24 mg/mL by
MES buffer (20 mM, pH 5.0), then 4 mg of fresh EDC and NHS were successively
introduced into 1 mL of the prepared CDs for activating the carboxyl groups on their
surfaces, and followed by reacting with rotation for 4 h at room temperature. After

that, the mixture was centrifuged (50000 rpm, 30 min) to remove the excess regents.



Then, the precipitate was dissolved in 1 mL PB buffer (20 mM, pH 7.4). Next,
amino-modified oligonucleotides were dissolved in PBS (20 mM phosphate with 0.3
M NaCl, pH 7.4) to form a transparent solution (2 uM). And then, 1 mL of this DNA
solution was introduced into the activated CD solution, and further gently stirred for 6
h at room temperature. At last, 5000 MWCO of dialysis membrane was applied to
remove the unreacted CDs and DNA.
2.2 Quantitation of thiol-oligonucleotides loaded on AuNPs

The quantitation of thiol-oligonucleotides loaded on AuNPs was performed by
following a previous report [29, 30]. Initially, dithiothreitol (DTT) was dissolved in
PBS buffer to form a final concentration of 1 M. Then, 1 mL DTT solution was added
to 1 mL AuNPs-DNA as prepared. After 16 h of intermittent shaking at room
temperature, the surface-bound oligonucleotides were chemically dissociated form the
AuNPs surface. Meanwhile, the color of AuNPs solution became black and AuNPs
aggregated afterward. The solutions containing dissociated oligonucleotides were
separated from AuNPs by centrifugation at 10000 rpm for 10 min. Then, equal
volumes of the dissociated oligonucleotides and a series concentration of HS were
mixed and incubated for 30 min. A standard calibration curve of HS was obtained at
the same time using the thiol-oligonucleotides samples prepared with the same DTT
buffer solution. Finally, the average number of oligonucleotides per AuNPs was
calculated through dividing the measured oligonucleotide molar concentration by the
original AuNPs concentration. Importantly, the environment conditions of the sample

and calibration standard solutions were paid a close attention to keep the same for all



the measurements.
2.3 Optimization

Optimizing the amount of HS: To explore the activity of modified
thiol-oligonucleotide for hybridization and optimize the concentration of HS added,
equal volumes of the prepared AuNPs-DNA (100 uL) and varied concentrations of
HS (100 puL) were mixed and incubated for 18 min to allow hybridization. Then, the
unreacted HS were removed by centrifugation (15000 rpm, 25 min) and resuspened in
200 pL PBS. Finally, the fluorescence variation of cy3 was recorded by FL
spectrometer.

Optimizing the amount of CDs-DNA: Similarly, 500 uL. AuNPs-DNA as prepared
was mixed with 500 uL CDs-DNA (0.12 mg/mL). After 18 min incubation, the
mixture was centrifuged to separate the nonhybridized CDs-DNA. Meanwhile, the
standard curve of CDs-DNA was prepared with certain concentrations of CDs-DNA
in the same detection conditions. The amount of hybridized CDs-DNA was
determined by the fluorescence intensity of CDs-DNA.

Taken the optimized conditions together, 1 mL HS (176 nM) and 1 mL CDs-DNA
(70. 8 ug/mL) were suspended to 1 mL AuNPs-DNA to build up the sensing system
and stored in the dark for 18 min to allow hybridization. Then, the solution was
centrifuged (15000 rpm, 25 min) and resuspended in 3 mL PBS (20 mM phosphate
with 0.3 M NaCl, pH 7.4). Finally, the analyses were performed in a reaction volume
of 400 pL that included 200 pL of the sensing model, 100 pL. PBS buffer, 50 uL TK1

DNA/RNA and 50 pL BRCA1 DNA/RNA. After incubated for 20 min, the



fluorescence variations of cy3 and CDs were subsequently recorded by FL
spectrometer.
3. Results and discussion
3.1 Characterization of CDs and AuNPs

Basically, the CDs described here served as a foundation of the detection strategy,
thus all the work started with characterizing this CDs. Firstly, the maximum excitation
and emission spectra of CDs were recorded as 345 nm and 430 nm respectively (Fig.
S1A), and their fluorescent properties were subsequently explored. To be specific, the
CDs solution obviously emitted the blue fluorescence (photograph b) irradiated by a
UV lamp (365 nm) while appeared slightly transparent under daylight (photograph a).
Again, the UV-vis absorption spectrum showed a peak at 333 nm owing to n-zn*
transition of C=0 (Fig. S2). The surface functional groups of the CDs were validated
by Fourier Transform Infrared spectrometer (FTIR). As shown in Fig. S1B the
absorption band appearing at 3412 cm™ and 3213 cm™ were assigned to stretching
vibrations of O-H and N-H. Meanwhile, the absorption band appearing at 2358 cm™
referring to the stretching vibrations of C=C. Moreover, the band at 1662 cm™ was
related with the stretching vibrations of C=0 or C=C, however, the UV-vis absorption
spectrum (Fig. S2) displayed a peak at 333 nm originated from n—z* transition of
C=0, indicating there was C=0O only. The peaks in the range 1000-1400 cm™
indicated the existence of O-H and C-O groups. Taken together, these data revealed
there were O-H, N-H, C=C, C=0 and C-O groups on the surface of the current CDs.

Considering these groups on CDs, amino-modified oligonucleotides can be modified



on the surfaces of CDs by -COOH and -NH,, while EDC and NHS function as the
crosslinking agents. For further investigation of the nanostructures of CDs and AuNPs,
HR-TEM was employed to directly observe the morphology and particle size
distributions (Fig. S1C and S1D), and the CDs and AuNPs were spherical and
well-dispersed. For the size distribution analysis, the diameter of CDs and AuNPs
were in the range of 4.3+1.5 nm and 13.3+2 nm respectively (Fig. S1C and S1D). All
the above data claimed a successful synthesis of the functional CDs and AuNPs,
providing their possibility for the further applications.
3.2 Characterization of AuUNPs-DNA and CDs-DNA

Since the citrate-stabilized AuNPs commonly used are only dispersed stably in an
aqueous solution with a low ionic strength, the presence of more than 50 mM NaCl
may induce irreversible aggregations of the AuNPs (Fig. 1A photograph b) [29]. In
striking contrast, the DNA-capped AuNPs were stable in aqueous solutions even in
the presence of 0.3M NaCl (Fig. 1A photograph c). Meanwhile, the UV-vis
absorption spectra described that the maximum absorption of the AuNPs was at 521
nm, but it shifted to 525 nm after conjugating with DNA as well as the color of
AuNPs became heavier from wine red (Fig. 1A), confirming that the AuNPs were
successfully functionalized with DNA strands. Assuming uncoated spherical particles,
the concentration of AuNPs was 13.78 nM after calculation [31].

Furthermore, the amount of thiol-oligonucleotides modified on the AuNPs was
also investigated following previous reports (Fig. 2A) [29, 30]. Specifically, all the
oligonucleotides were dissociated from the AuNPs surface by using DTT to rapidly
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displace the bonds between oligonucleotides and AuNPs via an exchange reaction,
and the aggregated AuNPs were subsequently removed. HS as the fluorescence signal
was added into the above solution, and the concentration of HS was accordingly
associated with the released oligonucleotides, so that the fluorescence intensity of cy3
can be used to determine the amount of oligonucleotide released from AUNPs.
Thereby, the standard calibration curve for the fluorescence intensity of cy3 as the
amount of HS varying was obtained by using the thiol-oligonucleotides samples
prepared with the same DTT buffer solution (Fig. S3A and S3B). As shown in Fig. 2B
and 2C, the fluorescence intensity of cy3 varied along with different concentrations of
HS, and it reached the maximum at 6560 arbitrary units (a.u.). This suggested that all
of the released oligonucleotides hybridized with HS, resulting in the increase of the
fluorescence intensity for cy3. And it can be converted to the molar concentration
using the as-built standard curve. By the corresponding calculation, each AuNPs was
modified with approximately 32.3 DNA strands, and its related concentration of the
modified oligonucleotides on AuNPs-DNA was 444.5 nM, showing the agreement
with that of a previous report [32].

Again, amino-modified oligonucleotide was then equipped on the surfaces of CDs
through the condensation reaction of amine and carboxyl, while EDC and NHS
played the roles as the crosslinking reagents. In brief, the fluorescence intensity of
CDs-DNA showed a little increase and the maximum emission was slightly shifted to
435 nm compared with that of CDs themselves (Fig. 1B). Meanwhile, the FTIR
spectrum of CDs-DNA (Fig. 1C) was employed for investigating their functional
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groups. Compared with that of CDs (Fig. S1B), the characteristic absorption peaks of
CDs appeared still, indicating that this modification brought scarce influence on CDs.
Furthermore, the conjugated amount of amino-modified oligonucleotide with CDs
was further optimized by agarose gel electrophoresis (Fig. 1D). The gradual reduction
of the band width of the amino-modified oligonucleotide in pace with increasing
concentration of introduced CDs demonstrated the optimized amount of CDs to obtain
CDs-DNA was 0.12 mg/mL. Based on the region of interest (ROI) analysis by the
electrophoresis, the conjugation efficiency between 0.24 mg/mL of the CDs and 2 uM
of the amino-modified oligonucleotide was 48%.
3.3 Building up the dual-channel sensing model

Towards the first channel of the sensing model (HS channel), it is meaningful to
optimize the capacity of HS hybridized with AUNPs-DNA. Considering the amount of
hybridized HS is equal to that of the participant DNA modified on AuNPs, it can be
calculated with the as-built standard curve by measuring the fixed fluorescence
intensity (Fig. S4A). As shown in Fig. S4B and S4C, the fluorescence intensity of cy3
varied along with the amount of HS and it reached a platform at 5187 arbitrary units
(a.u.), suggesting that the hybridization effect of HS with the oligonucleotides on
AuNPs was the maximum. Accordingly, the optimized concentration of HS to
hybridize with AUNPs-DNA was 176 nM by calculation.

To achieve another channel (CDs-DNA channel) for sensing, the amount of
CDs-DNA hybridized with AuNPs-DNA was optimized (Fig. 3A). As shown in Fig.
3B, the fluorescence intensity of excess CDs-DNA was recorded at 3470 arbitrary
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units (a.u.). Hence, the concentration of excess CDs-DNA was 24.6 pug/mL by
calculation with the as-built standard curve (Fig. S3C and S3D), and 70.8 pg/mL of
CDs-DNA was proved as the optimized amount to hybridize with AuNPs-DNA. In
view of the possible influence of incubation time on the hybridization procedures,
various time (0 min, 2 min, 4 min, 6min, 8 min, 10 min, 12 min, 14 min, 16 min, 18
min, 20 min and 22 min) for the hybridization of CDs-DNA or HS with AUNPs-DNA
have been also investigated. In Fig. S5A, the fluorescence of CDs-DNA constantly
decreased until the reaction time reached 18 min, due to no more CDs-DNA left.
Basically, the quenching mechanism between AuNPs and CDs was related with the
fluorescence FRET. To be specific, the distance between the gold nanoparticles and
carbon was less than 5 nm based on the current design of nucleotide sequence.
Meanwhile, there emerged a spectral overlap between the absorption band of the
AuUNPs and the emission band of the CDs (Fig. S6A). Moreover, the lifetime of the
CDs-DNA was 9.60 ns in the absence of AuNPs-DNA and varied to 8.13 ns in the
prescence of AuNPs-DNA (Fig. S6B). Taken together, the fluorescence quenching
mechanism here was reasonably considered as the FRET process. Thus, 18 min
served as the optimal hybridization time between AuNPs-DNA and CDs-DNA.
Analogously, the fluorescence increase of cy3 reached the maximum while the
reaction time was more than 16 min, suggesting the hybridization between
AUNPs-DNA and HS completely finished during 16 min (Fig. S5B). Taken the above
data together, 18 min of incubation time was eventually identified for the following
explorations.
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On the whole, the dual-channel sensing model consisted of AuUNPs-DNA,
CDs-DNA and HS, and the sequences of CDs-DNA and HS completely match with
that of AuNPs-DNA base to base. For constructing the dual-channel assay, we
addressed whether this sensing model can be applied for detecting target RNA/DNA
or not. Consequently, BRCA1 RNA and TK1 RNA were directly introduced into this
model. Briefly, the addition of TK1 RNA brought a fantastic rising of the
fluorescence intensity of cy3 (Fig. S7A). Simultaneously, a dramatic fluorescence
decrease was observed while BRCA1l RNA added (Fig. S7B), indicating its
satisfactory availability for detecting target nucleic acid. Furthermore, successfully
analyzing the two different RNA illustrated this sensing model showed potential for
assaying two nucleic acids during one single procedure.

To test the possible interference by BRCAL RNA or TK1 RNA on each other
during the assaying process, further experiments were designed in detail. As shown in
Fig. S8A, the fluorescence at 435 nm obviously increased (Aex=345 nm) with no
fluorescence change at 565 nm while only BRCA1 RNA was introduced. At the same
time, exciting the model at A=535 nm dis not yield any fluorescence change at 565 nm,
indicating that BRCA1 RNA vyielded a fluorescence change for only CDs-DNA
channel. Similarly, the subjection of only TK1 RNA to the sensing model resulted in
the fluorescence decrease at 565 nm (Aex=535 nm) rather than at 435 nm (Aex=345
nm), implying that only the HS channel responded to the TK1 RNA (Fig. S8B).
Finally, the two kinds of RNA were simultaneously added into the sensing model, and
the fluorescence increasing at 435 nm (Aex=345 nm) and decreasing at 565 nm
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(Aex=535 nm) occurred (Fig. S8C). This data confirmed that the excitation spectra of
CDs and cy3 did not overlap, allowing to generate the selective fluorescence bands
with no cross-impact. Taken together, this sensing model can be employed for
separately assaying BRCA1 RNA or TK1 RNA without any interference by each
other. For obtaining the optimized incubation time, various time (0 min, 2 min, 4 min,
6 min, 8 min, 10 min, 12 min, 14 min, 16 min, 18 min, 20 min, 22 min and 24 min)
for reactions between BRCA1 RNA, TK1 RNA and the sensing model has been
investigated. In Fig. S8A, the fluorescence increase of CDs-DNA reached the
maximum once the reaction time was more than 20 min, suggesting the reactions of
BRCA1 RNA with the model completed. Similarly, the fluorescence of cy3
constantly decreased while the reaction time was less than 20 min (Fig. S9B),
suggesting the reactions between TK1 RNA and the model finished after 20 min.
Therefore, 20 min of the incubation time was chosen for detecting the targets.
3.4 Detection of targets

Based on the designed sensing model, the standard cure of this method was
established by various concentrations of BRCA1 RNA (4 nM, 10 nM, 20 nM, 30 nM,
50 nM, 70 nM, 80 nM, 100 nM and 120 nM) and TK1 RNA (8 nM, 10 nM, 20 nM,
30 nM, 40 nM, 50 nM, 70 nM, 100 nM and 120 nM). The results indicated that the
fluorescence intensity of CDs-DNA increased proportionally with varied amounts of
BRCAL1 RNA added (Fig. 4A and 4B). Particularly, F/F, (where Fy and F are the
fluorescence intensities of CDs-DNA in the absence and in the presence of BRCA1
RNA respectively) increase versus the concentrations of BRCA1 RNA displayed a
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linear range of 4-120 nM with its correlation coefficient of 0.991, and the detection
limit was 1.5 nM at a signal-to-noise ratio of 3, suggesting its sensitivity and
promising. Similarly, Fo/F (where Fo and F are the fluorescence intensities of cy3 in
the absence and in the presence of TK1 RNA respectively) decreased proportionally
to the concentration of TK1 RNA in the range from 8 nM-120 nM, resulting in a
typical dose-response curve together with its correlation coefficient of 0.992 (Fig. 4C
and 4D), and the detection limit was 3.6 nM at a signal-to-noise ratio of 3.

Likewise, this dual-channel model exhibited excellent performance for DNA
detections. Obviously, the fluorescence intensity of CDs-DNA increased with the
addition of BRCAL DNA. In particular, the fluorescence intensity increase versus the
concentrations of BRCAL DNA displayed a linear range of 4-120 nM together with
its correlation coefficient of 0.985 (Fig. S10A and S10B), and the detection limit was
2.1 nM at a signal-to-noise ratio of 3. Meanwhile, the fluorescence intensity of cy3
decreased proportionally to the concentration of TK1 DNA in the range from 8
nM-120 nM, resulting in a typical dose-response curve with its correlation coefficient
of 0.990 (Fig. S10C and S10D), and the detection limit was 45 nM at a
signal-to-noise ratio of 3, which is similar to the RNA detection sensitivity achieved
by the current sensing model. Hence, the data obtained here showed the promising
practical applications of this strategy on directly detecting the target RNA and DNA.

In addition, the specificity of the sensing model designed here was investigated.
As shown in Fig. S11A, the fluorescence intensity of CDs-DNA increased 107.4%,
67.0%, 22.6%, 3.8% and 2.4% in the presence of the targets including BRCA1 RNA,
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single-base mismatched, three-base mismatched, five-base mismatched and random
RNA with the same concentration (100 nM) respectively, indicating its satisfactory
selectivity of the first sensing channel. In the same way, the fluorescence intensity of
cy3 decreased 69.4%, 32.7%, 13.4%, 5.1% and 1.6% for analyzing the targets of TK1
RNA, single-base mismatched, three-base mismatched, five-base mismatched and
random RNA respectively (Fig. S11B), showing its favorable selectivity of the second
sensing channel. As the number of mismatched rose, the change of the fluorescence
intensities respond less and less, demonstrating that the whole sensing model can
obviously distinguish the full-matched and mismatched.
4. Conclusions

In summary, we hereby successfully established a fluorescent dual-channel model
based on CDs-DNA, HS and AuNPs-DNA for assaying nucleic acids. For
constructing the model, the fluorescence of CDs-DNA was quenched in the absence
of targets. In a similar way, HS hybridized with AuNPs-DNA and resulted in
recovering the fluorescence of cy3. Towards the purpose of detections, the targets
could specifically bind with AuNPs-DNA and released the CDs-DNA in the presence
of BRCA1 RNA/DNA. Meanwhile, HS could be released and induced to quench the
fluorescence of cy3 in the presence of TK1 RNA/DNA. Significantly, this proposed
strategy has established a dual-channel method, and achieved to assay two targets
simultaneously. Besides, the selectivity and sensitivity for the targets of BRCA1 and
TK1 respectively were basically acceptable, suggesting that this approach has
provided a promising way for determining multiple nucleic acids. Moreover, the
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current sensing strategy not only allows the analysis of BRCA1 RNA/DNA and TK1
RNA/DNA, but also builds up a model for assaying any possible nucleotides or
aptamer-substrate complexes by appropriate programming.
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Figure captions

Scheme 1. Schematic illustration of the dual-channel sensing model for assaying multiple

nucleotide sequences

Fig. 1. Characterization of AUNPs-DNA and CDs-DNA. (A) UV-vis absorption spectra of AuUNPs
and AuNPs-DNA, Inset: pho-tographs of AuNPs dissolved in water (a) and 0.3 M NaCl solution
(b), AuNPs-DNA dissolved in 0.3 M NaCl solution (c) under day-light; (B) Fluorescence spectra
of CDs (black) and CDs-DNA (red); (C) FTIR spectrum of CDs-DNA; (D) gel electrophoresis of
DNA marker-A (lane 1), CDs alone (lane 2), DNA alone (lane 3), DNA (1 pM) with 0.02 mg/mL
(lane 4), 0.04 mg/mL (lane 5), 0.08 mg/mL (lane 6), 0.12 mg/mL (lane 7) and 0.16 mg/mL (lane 8)

CDs.

Fig. 2. Quantitation of thiol-oligonucleotides loaded on AuNPs. (A) Schematic illustration of
identifying the amount of thiol-oligonucleotides modified on AuNPs; (B) Fluorescence spectra for
different concentrations of HS hybridizing with displaced oligonu-cleotides; (C) Plot of the

fluorescence intensity versus different concentrations of HS.

Fig. 3. Optimizing the amount of CDs-DNA hybridized with AuNPs-DNA. (A) Schematic
illustration for identifying the amount of HS hybridized with AuNPs-DNA,; (B) Fluorescence

spectrum of excess CDs-DNA.

Fig. 4. (A) Fluorescence spectra of the sensing model in the presence of varied concentrations of
BRCA1 RNA excited at A=345 nm; (B) The linear relationship between F/F, and the
concentrations of BRCA1 RNA; (C) Fluorescence spectra of this sensing model in the presence of
varied concentrations of TK1 RNA excited at A = 535 nm; (D) The linear relationship between

FO/F and the concentrations of TK1 RNA.
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Highlights

e Carbon dots (CDs) with blue fluorescence were synthesized and creatively modified.

e An innovative dual-channel biosensor on the basis of gold nanoparticles (AuNPs) was
well-established

e This strategy has broadened avenues for assaying nucleic acid.

e This sensing model could assay any possible gene sequence or aptamer-substrate
complexes by appropriately programming.
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