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A novel, label-free fluorescence detection method was proposed for the formation of the G-quadruplex
DNAs based on placing two DNA-Ag NCs together to light-up fluorescence. Herein, we designed two
tailored DNA sequences noted as target DNA (abbreviated as T-DNA) and complementary DNA
(abbreviated as C-DNA), respectively. T-DNA contains two cytosine-rich sequences at the 3'- and 5'-end
responsible for Ag NCs synthesis, together with the guanine-rich (G-rich) DNA sequence in the middle
segment. C-DNA was designed completely complementary to the G-rich segment of the T-DNA.
Provided that the middle G-rich oligonucleotide of T-DNA folds into G-quadruplex in the presence of
monovalent cations, the located at 3’ and 5’ terminuses two darkish DNA-Ag NCs approximate, leading
to the enhanced fluorescence signal readout. Upon addition of the C-DNA, the G-quadruplex structure
is unfolded and the two DNA-Ag NCs are separated, then the fluorescence signal is quenched.

On the contrary, when the G-rich oligonucleotide with mutational bases failed to form the G-
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Accepted 28th April 2017 quadruplex, the fluorescence signal decreased clearly. This design allowed specific and general detection

of the formation of diverse G-quadruplexes with easy operation and low cost. We believed that the
proposed approach laid a foundation for the researchers in bioimaging, pharmacology, diagnostics, and
other fields.
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techniques that allow the study of G-quadruplex, which puts the
focus on the successful detection of the formation of the G-
quadruplex DNAs in the first place. Nowadays, many kinds of
methods have been developed for the detection of the formation
of the G-quadruplex such as circular dichroism,* electro-
chemistry,” surface plasmon resonance,'® and fluorescence
resonance energy transfer.'”” However, they pose several chal-
lenges, such as the need for complex labeled processes, a high
cost of operation, and sophisticated instrumentation.

Herein, based on the phenomenon that placing two darkish
DNA-Ag NCs together can light-up fluorescence,'® we present
a novel, label-free sensing platform to detect the formation
of the G-quadruplex DNAs using DNA-Ag NCs as a fluorescence
probe. As shown in Scheme 1, the DNA template (T-DNA)
designed containing two components, the Ag NC-nucleation
segment at the two terminuses and the G-rich oligonucleotide.

Introduction

During the past decades, DNA-templated silver nanoclusters
(DNA-Ag NCs)," as a new class of promising fluorescence
nanomaterials, have been extensively used in biosensing®® and
bioimaging.®” Compared with traditional luminescent probe,*°
DNA-Ag NCs show advantages of stability, biocompatibility,
ultra-small size, lower toxicity, and a strong fluorescence
emission.'®"* Moreover, it has been demonstrated that the
fluorescence emission and fluorescence quantum yield of Ag
NCs could be regulated by modulating the sequence and length
of DNA templates.

Some G-rich DNA sequences can fold into four-stranded
secondary structures, titled as G-quadruplex DNAs, which are
formed by planar G-tetrads through Hoogsteen hydrogen
bonding and interactions with monovalent cations.”* G-
quadruplexes, widely located in plenty of important regulatory
regions including telomeric DNA and oncogene promoters, play
a significant role in regulation of genetic transcription, recom-
bination, and replication.” Thus, there is a need to develop
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Scheme 1 Schematic illustration of the assay strategy for the detec-
tion of the formation of the G-quadruplex DNAs.

This journal is © The Royal Society of Chemistry 2017
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In the presence of monovalent cations such as K" and Na', the G-
rich oligonucleotide folded into G-quadruplex,*® leading to the
two darkish DNA-Ag NCs approximated, thus the fluorescence
intensity of DNA-Ag NCs rapidly increased. Upon addition of the
complementary DNA (C-DNA) with the G-rich oligonucleotide,
the G-quadruplex structure was opened and the two DNA-Ag NCs
were separated, then the fluorescence of DNA-Ag NCs was
quenched.

Experimental
Reagents and apparatus

Oligonucleotides used in this work were supplied by Shanghai
Sangon Biotechnology Co. Ltd. (Shanghai, China), and the
sequences of oligonucleotides were listed in Table S1.f Silver
nitrate (AgNO3, 99.8%) and sodium borohydride (NaBH,, 98%)
were purchased from Aladdin Bio-Chem Technology Co. Ltd.
(Shanghai, China) and used without further purification.
Phosphate buffer solution (PBS, pH 6.6) was used in all of the
experiments. All solutions were prepared using Millipore Milli-
Q water (18.2 MQ cm).

Fluorescence spectra were recorded at room temperature on
a Fluoromax-4 Spectrofluorometer (Horiba Jobin Yvon Inc.,
France). The emission spectra were recorded with 5 nm slit
widths for both excitation and emission. UV-vis absorbance
measurements were performed on a Cary 50 UV-vis-NIR Spec-
trophotometer (Varian Inc., USA). All spectra were obtained by
using a 1 cm path length quartz cell. The average size of DNA-Ag
NCs was verified by transmission electron microscopy (TEM)
using a JEOL JEM-2100 high resolution TEM instrument oper-
ated at 200 kV. A drop of clear aqueous solution was carefully
placed on an ultrathin pure carbon film and dried at ambient
condition for TEM characterization. Time-resolved fluorescence
measurements were performed using FL920 Lifetime Fluores-
cence Spectrometer (Edinburgh Instruments, Livingston, UK)
operating in the time-correlated single photon counting
(TCSPC) mode with a semiconductor laser (405 nm) as the
excitation source. For data analysis, commercial software by
Edinburgh Instruments was used. The picosecond transient
fluorescence decays were fitted with multi-exponential (n)
function, Xn: a; exp(—t/7;), where «; is weight percentages of the

i=1

decay components with time constants of t,. The average excited

n
state lifetime was expressed by the equation 7,y = > «;7;, when
i=1

Zn: a; = 1. The 1.5% agarose gel electrophoresis (AGE) analysis
i=1

of the DNAs was carried out in 1x Tris-acetic-EDTA at
a constant voltage of 110 V for about 40 min. The gel was
scanned using the Alpha Imager (Protein Simple, USA). CD
spectra were performed on a Chirascan Circular Dichroism
Spectrometer (Applied Photophysics Ltd., Surrey, UK), and
the spectrum was recorded from 220 to 320 nm at 1 nm
intervals using a quartz cell of 1 mm optical path length and an
instrument scanning speed of 120 nm min ' at room
temperature.
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Preparation of DNA-Ag NCs

Synthesis of T-DNA-Ag NCs and M-DNA-Ag NCs. DNA-Ag NCs
were synthesized according to the previous reported method
with minor modification.® Briefly, 3 uM T-DNA or mutational
DNA (M-DNA) (Table S1f) solutions in phosphate buffer
(20 mM, pH 6.6) was heated at 85 °C for 15 minutes, and
gradually cooled to 4 °C. Then, 18 uM AgNO; was added to the
DNA solution and the reaction mixture was incubated in the
dark at 4 °C for 20 minutes. Then the freshly prepared 18 uM
NaBH, was added (molar ratio of Ag'/NaBH,/DNA = 6:6: 1)
and followed by the vigorous shaking of the solution for 30 s,
the reaction mixture was incubated in the dark at 4 °C for one
hour to form Ag NCs.

Synthesis of T-DNA/C-DNA-Ag NCs. Firstly, 3 uM T-DNA
solutions or 3 pM C-DNA solutions respectively in phosphate
buffer (20 mM, pH 6.6) was heated at 85 °C for 15 minutes. Then
mixed them and followed by a slow annealing treatment to form
DNA duplex. The DNA duplex solutions was incubated with 18
UM AgNO; solution in the dark at 4 °C for 20 minutes. Finally,
the freshly prepared 18 uM NaBH, was added and followed by
the vigorous shaking of the solution for 30 s, the reaction
mixture was incubated in the dark at 4 °C for one hour to form
Ag NCs.

Results and discussion
The choice of the template DNA

Here we chose three different DNA sequences (TBA1, TBA2, and
TBA3) as the templates (Table S17) to form the T-DNA-Ag NCs,
and their optical characterizations were shown in Fig. S1.}
There was an apparent difference in the fluorescence intensity
of three T-DNA-Ag NCs, and TBA2-based Ag NCs presented the
strongest fluorescence, that is, there was the same Ag NC-
nucleation segment in 5'- and 3’- terminus. As such, TBA2 was
selected as the template to detect the formation of the G-
quadruplex DNAs in the following experiments.

The viability of the design

The veracity of the strategy was assessed first. The introduction
of C-TBA2 (Table S1t) that can hybridize with G-rich segment
(TBA) of sequence TBA2 resulted in the two DNA-Ag NCs to be
separated, thus the fluorescence of DNA-Ag NCs would be
quenched. TBA adopts an intramolecular chair type G-
quadruplex structure in buffer containing K or Na®*
although the structure is more stable for the former because
Na" has a low binding affinity for TBA.2%* Here it was observed
that the TBA2-Ag NCs showed the stronger fluorescence inten-
sity in PBS buffer containing K* than containing Na* (Fig. S27),
suggesting the stable G-quadruplex structure brings the 5’-end
and the 3’-end closer and gives the stronger emission. In order
to improve the sensitivity of assay, we selected the buffer con-
taining K" to perform the following experiments.

As we know that the concentration of K" affects the stability
of G-quadruplex,****> which might bring about the change of the
fluorescence intensity of DNA-Ag NCs, meanwhile, the ionic
strength also plays a key role in the formation of DNA-Ag NCs.>

RSC Adv., 2017, 7, 24628-24632 | 24629
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In order to optimize the experimental conditions, different
concentrations of K" was added to the PBS buffer, and the F/F,
values were employed to evaluate the sensitivity of the assay. Fis
the fluorescence intensity of the TBA2-Ag NCs, and F, is the
fluorescence intensity of TBA2-Ag NCs after hybridization with
the C-TBA2. Agarose gel electrophoresis (AGE) was used to
examine whether DNA duplexes were formed after addition of
C-DNA (Fig. S31). Relative to that of TBA2-DNA (lanes 1), the
slower migration band appeared in the TBA2-DNA/C-TBA2-
DNAs (lanes 2), which indicated that the C-DNA could effec-
tively hybridize to the corresponding T-DNA to form a duplex
structure.

According to the results from Fig. 1 and S4,} the buffer con-
taining 40 mM K' gives the largest F/F, value, thus it was chosen
and used throughout experiments. It was found that the F/F, value
even reached about 16-fold in the condition of optimum buffer
(Fig. 1A). There were two peaks at about 430 and 560 nm in the
absorption spectra of TBA2-Ag NCs (Fig. 1B). Upon excitation at
~560 nm, the obtained TBA2-Ag NCs showed a maximum emis-
sion at ~620 nm (inset of Fig. 1B), while no fluorescence emission
occurred upon excitation at ~430 nm. The peak at ~430 nm was
corresponded to the absorption of Ag nanoparticles, only the peak
at ~560 nm was the characteristic absorption of the DNA-Ag NCs.?
So we chose 560 nm as the wavelength of excitation to measure the
emission spectra of the TBA2-Ag NCs (Fig. 1C).

Considering that Ag" or Ag NCs may destabilize the duplex or
the G-quadruplex to produce the G-rich and C-rich single strand
in solution, and these sequences would be form the other DNA-
Ag NCs that might affect our results, herein we separately
measured the absorption and fluorescence spectra of the Ag
NCs based on G-rich sequence be capable of folding the G-
quadruplex (TBA) and their complementary C-rich sequence
(C-TBA2). As shown in Fig. 1B and C, both C-TBA2- and TBA-Ag
NCs fail to give other absorbance peaks except a plasma
absorption band about 430 nm, expectedly, the fluorescence
emission were not also observed upon excited at 560 nm. Thus
we can conclude that the fluorescence DNA-Ag NCs was still
formed at the CCCTTAATCCCC segment of TBA2, even if Ag" or
Ag NCs could destabilize the duplex DNA or G-quadruplex.

To confirm whether the formation of Ag NCs had an effect on
the conformation of TBA G-quadruplex or not, CD spectrum of
TBA2-AgNCs were measured. As shown in Fig. S5, the CD
spectrum presented a broad positive band centered at 275 nm
and a negative band at 245 nm, and the positions of both peaks
obviously deviated from those in TBA G-quadruplex itself, where
a strong positive band at 295 nm and a weak negative band at
270 nm.*® We speculated that the CD spectrum of TBA2-AgNCs
might be largely attributed to the conformation of the closed
ssDNA-Ag NCs containing 12 bases and another 3 comple-
mentary base pairs (AAA/TTT) located at 3’- and 5'-terminus,
that is, the characteristic peak at 295 nm of G-quadruplex were
buried in this broad positive band, and the other negative peak
at 270 nm was surpassed by the positive peak located at same
position. It was reasonable that the 15 bases long sequences
located at 3'- and 5-end were responsible for the whole
conformation of TBA2-AgNCs, because the TBA G-quadruplex
itself contains only two tetrads.
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Fig. 1 The Ag NCs synthesized with the sequences TBA2, C-TBA2,
TBA and TBA2/C-TBA2 in Table S1f as the templates in phosphate
buffer containing 40 mM K*. (A) The effect of ionic strength on the
fluorescence intensity of Ag NCs. (B) UV-vis absorption spectra and (C)
fluorescence emission spectra of TBA2-, TBA2/C-TBA2-, C-TBA2-
and TBA-Ag NCs (Aex = 560 nm). The inset showed the excitation (Amax
= 560 nm) and emission spectra (Amax = 620 Nnm).

Sensitivity of the detection system

To investigate the selectivity of the sensing platform and the
possibility of detecting mutations, two-base mutational G-rich
oligonucleotide segment of TBA2 (M-TBA2) was selected to
study the specificity of the method under the optimal condition.
It was found that both absorption peak and fluorescence
intensity of M-TBA2-Ag NCs were lower than those of TBA2-Ag

This journal is © The Royal Society of Chemistry 2017
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NCs (Fig. 2), which should result from the fact that mutational
G-rich oligonucleotide cannot form G-quadruplex, leading to
the two DNA-Ag NCs cannot approach. The results indicated
that the proposed strategy had good selectivity for the detection
of G-quadruplex DNAs formation.

TEM and lifetime analysis

Fig. S61 showed the typical TEM images of the Ag NCs, and the
histogram of cluster size distribution was given in insets. The
results revealed that the as-prepared DNA-Ag NCs had an
average size of 2.0 £ 0.3 nm and good dispersibility. There were
no distinct changes in the average size of TBA2-, TBA2/C-TBA2-,
and M-TBA2-Ag NCs, suggesting the Ag NCs were not aggregated
into the large nanoparticles.

To further elucidate the quenching mechanism, the time-
correlated single photon counting (TCSPC) technique was
used to measure the lifetimes of Ag NCs (Fig. S7t). The fluo-
rescence transients of Ag NCs presented three exponential time
constants as tabulated in Table S2.1 According to the results in
Table S2,f there were no obvious changes in the average fluo-
rescence lifetimes of TBA2-, TBA2/C-TB2-, and M-TBA2-Ag NCs.

Versatility of the detection system

Thus far, we have demonstrated the feasibility of this novel
method. In order to validate its general applicability in detect-
ing the formation of the G-quadruplex DNAs, we further chose
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Fig.2 The Ag NCs synthesized with the sequences TBA2 and M-TBA2
in Table S1f as the templates. UV-vis absorption spectra (A) and
fluorescence emission spectra (B).
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other G-rich oligonucleotides that can fold into G-quadruplexes,
such as AGRO100,>* T30695,> kit,>® bcl-2,>” and HTG.?® The
G-rich segment of TBA2 was replaced by these G-rich sequences,
respectively, and their sequences were given in Table S1.f As
shown in Fig. S8,7 after hybridization with the corresponding
C-DNA (Fig. S37), the absorption peak and the fluorescence
intensity of the T-DNA-Ag NCs were obviously decreased.
Besides, both the G-rich (O-DNA) and their complementary
C-rich sequence (C-DNA) sequences did not affect the fluores-
cence of duplex-Ag NCs. Although C-kit- and C-bcl-2-Ag NCs
presented a strong fluorescence because both C-rich sequences
might be good templates to form DNA-Ag NCs, their maximum
emission wavelengths were obviously different from those the
kit- and bcl-2-AgNCs. Importantly, based on these results, we
could conclude that Ag" or Ag NCs failed to destabilize the
duplex DNA because the same peak positions of duplex- and T-
DNA-Ag NCs were observed for kit and bcl-2, meanwhile, the
fluorescence intensity of duplex-Ag NCs was lower than that of
either T-DNA or C-DNA. If Ag" or Ag NCs destroyed the structure
of duplex DNA, the produced C-rich and T-DNA single-stranded
templates should synthesized the respective fluorescence Ag
NCs. Due to the common contribution of the two kinds of Ag
NCs, it would not only result in the blue shift of the peak
position of duplex-Ag NCs, but also the fluorescence intensity of
duplex-Ag NCs should be stronger than that of either T-DNA- or
C-DNA-Ag NCs. In conclusion, this novel method had the
specific ability for detection of the formation of G-quadruplex
DNAs.

According to the results from Fig. 3, the F/F, value of TBA2
was larger than the others, which should be attributed to the
structural difference of the G-quadruplex DNAs. It was reported
that G-rich oligonucleotides of TBA2 can form chair-type
intramolecular G-quadruplex in the presence of K',?° resulting
in the located at 5’ and 3’ termina two darkish DNA-Ag NCs
more approximated than the other G-quadruplex structures
including parallel-stranded (AGRO100,** T30695,> and Kkit,*),
mixed parallel/antiparallel-stranded (bcl-2, HTG in buffer con-
taining K'),%”?® and basket-type (HTG in buffer containing Na")
conformations.?® In addition, the F/F, values of the kit- and
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Fig. 3 The F/Fq values of the different G-rich DNA sequences tem-
plated Ag NCs in PBS buffer containing 40 mM K* (for all DNAs) or Na*
(only for HTG). F is the fluorescence intensity of the T-DNA-Ag NCs,
and Fy is the fluorescence intensity of T-DNA/C-DNA-Ag NCs.
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AGRO100-Ag NCs were lower than that of the T30695-Ag NCs
while these DNAs have parallel conformation, which might be
due to the difference of DNA sequences and microenvironment
that affects the fluorescence of Ag NCs. In the case of HTG G-
quadruplex, the located 5 and 3’ termina two darkish DNA-Ag
NCs were closer in buffer containing Na* (basket-type struc-
ture) than containing K' (mixed parallel/antiparallel-stranded
structure), expectedly, it was observed that the fluorescence
intensity of the former was stronger than that of the latter. In
short, the F/F, value was closely related to the structure of G-
quadruplex DNA, and the more closer the 5 and 3’ termina
was, the larger the F/F, was.

Conclusions

In summary, a novel and label-free fluorescence detection
method for the formation of the G-quadruplex DNAs was
developed based on placing two darkish DNA-Ag NCs together
light-up system. This novel approach presented a universal
feasibility for variety of G-quadruplex structures whereas the
chair-type structure of TBA gave the largest sensitivity among
them, that is, the assay partially depended on the structure of G-
quadruplex DNAs, the more closer the 5’ and 3’ termina was, the
higher the sensitivity was. In addition, the ionic strength, DNA
sequences and the stability of G-quadruplex structures also
affect the sensitivity of assay. This simple and cost-effective
design may provide a flexible strategy for the G-quadruplex
DNAs based researches.
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