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Early detection of mutation carriers in predisposing genes such as BRCAI plays an important role in disease
prevention. This work developed a quantum dots-based (QDs-based) fluorescence resonance energy transfer
DNA (FRET) technique for the detection of single-base mismatch DNA in BRCA1 gene. The FRET between QDs as the
FRET donor and silver nanocluster (AgNCs) as the acceptor was designed by the strong interaction between CdTe QDs
Sillljz:lrlzni(c’lt;ter with appropriate size and dsDNA through binding to its major groove. The dsDNA was formed by the hy-
Single-base mismatch bridization of ssDNA labeled to AgNCs with target DNA, which introduced CdTe QDs into the major grooves to

place the AgNCs in close proximity to the QDs. The complementary and single-base mismatch DNA led to
obviously different FRET signals. The FRET signal linearly correlated to the concentration of single-base mis-
match DNA in the range of 1.5 X 107 '°~1.0 x 10~ ® mol L.~ . The proposed method showed a detection limit of
80 pmol L.~ ! and the sensitivity comparable to the previously reported assays, indicating promising potential for

single nucleotide polymorphisms diagnosis in clinical application.

1. Introduction

Breast cancer (BC) is the most common cancer in females all over
the world. BRCA1 and BRCAZ2 gene mutations comprise the most im-
portant BC susceptibility [1]. Germline mutations in the BRCA1/2
genes are the most common cause of hereditary breast cancer [2].
BRCAL1 is a tumor suppressor gene and participates in gene regulation
processes following DNA damage. Over 2000 different mutations have
been described in BRCA1/2 genes involving deletions, insertions, and
many single nucleotide polymorphisms (SNP) in coding or noncoding
sequences. The BRCA1 gene mutations damages DNA and elevates the
risk of BC [3]. Thus the accurate detection of single-nucleotide varia-
tion in DNA has attracted much attention due to the diagnostic need of
mutation related diseases, since the detection method toward BRCA1/2
gene mutations was developed [4].

SNP is the single nucleotide variation in a defined genetic location
and occurs in human genome at a frequency of approximately 1 in
every 1000 bases [5-8]. As genetic markers, SNPs can be used to trace
inheritance patterns associated with specific diseases such as cancer
[5]. SNP detection is important to biomedical research, the prediction
of disease resistance, and developing pharmacy products and thus a
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fast, reliable and inexpensive sensor is required for use in genetic var-
iations diagnostics. Current methods for SNP detection such as primer
extension, enzymatic ligation, enzymatic cleavage, molecular beacon,
denaturing gel electrophoresis, TagMan assay during PCR reaction,
typically require enzymatic reactions and labeled probes [9-11]. With
the growth of the “-omics” such as functional genomics and the de-
mands of disease diagnosis, efficient analytical approach to monitor
SNP in a systematic manner is recently becoming the choice for such a
task due to its inherent merits of simple operational procedures, par-
ticularly in real time and in situ identification through conjunction with
optical spectroscopy.

Fluorescent nanomaterials, such as quantum dots (QDs) and Ag
nanoclusters (NCs) (collections of ~2 to 30 silver atoms), have become
useful reporters for DNA detection [5,12]. Few-atom noble-metal NCs
(collections of ~2 to 30 atoms) are a new class of fluorophores and
exhibit strong and size-dependent fluorescence emission [13-15].
AgNCs can be easily synthesized using a number of ligands [14,15],
such as DNA oligomers [16-19], as stabilization agents. They have
gained attention due to their unique optical properties and potential
applications in the fields of optical sensing [20]. These optical methods
are attractive because they are fast, simple, cheap and can be easily
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Scheme 1. (A) Schematic shows mismatch locus and probe design and (B) construction of DNA sensors with DNA templated AgNCs (DNA/AgNCs) fluorescent probe.

monitored without any advanced instruments. Among these methods,
fluorescence resonance energy transfer (FRET), which occurs between
two close molecules (donor and acceptor), is a technique to investigate
short distance-dependent interactions between the donor and acceptor
[21].

In view of the superior characteristics of quantum dots (QDs) over
molecular dyes, including feature size-tuneable fluorescence and in-
teraction-dependent fluorescence transduction efficiency. These fea-
tures allow for selective detection of a multitude of compounds, and the
strong interaction between CdTe QDs with appropriate size and dsDNA
through binding to its major groove [21,22]. This work designs a
fluorescence resonance energy transfer (FRET) system to develop a
novel method for specific identification of single mismatched base and
SNP detection. For this purpose, a DNA probe strand was designed
containing a T and C bases-abundant end for preparation of en-
capsulated silver nanoclusters (NCs) (Scheme 1) and a target DNA re-
cognition sequence at another end. The DNA-AgNCs as a nanosensor
can be conveniently prepared by the adsorption of Ag™ on the T and C
bases-abundant scaffold and then reduction with reductant (Scheme
1A). Using CdTe QDs as the donor, a FRET system is constructed
through introducing the QDs into major grooves of dsDNA formed via
the specific hybridization of DNA-AgNCs with target DNA strand, which
introduces the QDs and AgNCs (the acceptor) in close proximity for
detection of SNP quantitatively (Scheme 2). The proposed method
shows excellent performance and promising potential for clinical ap-
plication.

2. Experimental
2.1. Apparatus

Absorption spectra were determined using Perkin-Elmer lambda 25
spectrometer. All fluorescence measurements were monitored using a
Perkin Elmer LS-45 fluorescence spectrometer with a xenon lamp as
source of excitation, while the spectral band widths of monochromators
for excitation and emission were 10 nm (Buckinghamshire, UK). The
size and morphology of CdTe QDs and DNA-AgNCs were measured by
transmission electron microscope (TEM) (Zeiss, EM10C, 80kV,
Germany).

2.2. Materials and reagents

All of the following oligonucleotide strands were synthesized by
Shanghai Generay Biotech Co. (Shanghai, China). All DNA samples
were purified by PAGE and prepared with TE buffer (1M Tris-HCI
containing 0.5M EDTA).

DNA labeled to AgNC: 5’-ACCTGCGAAATCCCCTCTTAACCC-3’

Wild type target: 5-TCTGATGTGCTTTGTTCTGGATTTCGCAGGTC
CTCAAGGGCAGA

AGAGTCACTTATG-3’

Mutant target (SNP ID: R1443X): 5-TCTGATGTGCTTTGTTCTGGA
TTTCACAGGTCC

TCAAGGGCAGAAGAGTCACTTATG-3’

Non-complementary target: 5-TCCGCCCAGGTCA-3’

Cadmium chloride hydrate, tellurium powder, silver nitrate
(AgNO3), sodium borohydride (NaBH,4) were purchased from Merck. All
chemicals used were of analytical grade or of the highest purity avail-
able. Deionized water with a resistivity greater than 18 MQ cm was
acquired from a Millipore Milli-Q system.

2.3. Preparation of DNA-AgNCs fluorescent probe

DNA-AgNCs were synthesized according to a previous report [17]
with minor modification. 6 uL. of 1 mM AgNOj solution was added to
10 uL of 100 uM DNA in phosphate buffer (20 mM, pH 7.5) to provide a
Ag™-to-DNA molar ratio of 6:1. After incubation for 30 min in an ice
bath, this mixture was reduced by adding freshly prepared NaBH,4
(1 mM, 6 pL) to react in an ice bath for 1 h. The molar ratios of Ag-DNA-
NaBH, in the solution were 6:1:6. The reaction mixture was kept in the
dark at room temperature for 12 h before use. The AgNCs exhibited a
fluorescence emission peak at 525nm when excited at 425nm (Fig.
S1A).

2.4. CdTe quantum dots synthesis

The experimental procedure was performed according to Borghei
et al. [17]. In brief, CdCl, (0.4 mmol) and thioglycolic acid (TGA)
(1.4 mmol) were dissolved in 80 mL distilled water with pH adjusted to
10.0 using NaOH solution. Next, sodium borohydrate (0.8 mmol) and
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Scheme 2. Schematic representation of the complex probe (ssDNA/templated-silver nanocluster) detecting target DNA, in the presence of the complementary (A)

and single-base mismatch (B) DNA.
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Fig. 1. UV-vis and fluorescence emission spectrum of CdTe QDs and DNA/
AgNGs.

Te powder were diluted in 10 mL distilled water in a flask, with vig-
orous stirring under argon flow. The mixture was heated to 80 °C to get
a clear red NaHTe solution. Cd-TGA solution was heated at 100 °C
under argon flow in a 250 mL three-neck flask. Then the freshly pre-
pared NaHTe solution (4.0 mL) was added to the flask, and the resulting
solution was refluxed at 100 °C for 2h. The characterization of CdTe
quantum dots was carried out through transmission electron micro-
scopy and spectrofluorometer.

2.5. Agarose gel electrophoresis analysis of DNA-QDs interaction
Agarose gel (3% v/v, high melt, medium fragments, Chemos CZ,

s.r.o., Prague, Czech Republic) was prepared with 1XTAE buffer
(40 mM Tris, 20 mM acetic acid and 1 mM ethylenediaminetetraacetic
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Fig. 2. Emission spectra of QDs@dsDNA-AgNCs formed by mixing DNA-AgNCs
with wild type (red line) and mutant type (orange line) targets at 3 x 10,
1.5 x107°% 1.5 x 10" ®and 1.5 x 10~ ®M (from d and d’ to a and a’) and then
CdTe QDs solution. Inset: Colour change under UV radiation at different con-
centrations of wild type and mutant type DNA. (For interpretation of the re-
ferences to colour in this figure legend, the reader is referred to the web version
of this article.)

acid). 5 pL of samples were prepared with 5% (v/v) bromophenol blue
and 3% (v/v) glycerol and loaded into a gel. The electrophoresis was
run at 60V and 6 °C for 45 min and visualized by UV transilluminator
(312nm). The intercalation of QDs into the DNA structure also led to
the change in the electrophoretic behavior of the DNA-QDs complexes.
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Fig. 3. Gel electrophoresis of dSDNA-AgNCs formed by incubating DNA-AgNCs
with (1) mutant type and (2) wild type target, and QDs@dsDNA-AgNCs formed
after mixing QDs solution with (1-1) mutant type and (2-2) wild type dsDNA-
AgNGCs.
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Fig. 4. (A) Fluorescence emission spectra of CdTe QDs upon addition of dsDNA-
AgNCs at 0, 1.0, 5.0, 10, 15 and 20 nM in the presence of wild type DNA, and
(B) effect of pH (from 6.0-8.0) on fluorescence intensity.

2.6. Hybridization and fluorescence detection

In order to determine the hybridization effects of complementary
and non-complementary (single-base mismatch) targets on fluorescence
intensity, different concentrations of target, single-base mismatch DNA
in BRCA1 gene, were added to obtain DNA-AgNCs solution. The hy-
bridization was carried out by incubation for 1h at 37 °C. Afterward,
12 L of QDs (2.0 x 10~ ¥mol L™') was added to 38 pL reaction solu-
tion to examine the FRET phenomenon. All fluorescence measurements
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Fig. 5. Fluorescence spectra of QDs@dsDNA-AgNCs formed at increasing con-
centration of mutant type DNA with single base mismatch at 1.5 x 107 '°,
3.0x1071°,6.0x 1071 1.5%x107°% 6.0 x 107° 1.5 x 1078, 6.0 x 10”8,
1.5%x1077,3.0%x10°7,9.0x1077,1.5 x 10 °M.

were carried out at room temperature.

3. Results and discussion
3.1. FRET between CdTe and DNA/AgNCs

The selection of QDs with a size appropriate to DNA-AgNCs as an
energy-transfer pair permits minimal spectral cross-talk between donor
and acceptor emissions. The spectral characteristics of the designed
FRET system were firstly studied in Fig. 1. The absorption spectra of the
DNA-AgNCs and CdTe QDs showed obvious overlap of absorption bands
in the wavelength range of 430-530 nm. The fluorescence emission
peak of CdTe QDs with excitation at 370nm occurred at around
450 nm, which was far from the emission peak of DNA-AgNCs at
525 nm upon excitation at 425 nm. The broad absorption band of DNA-
AgNCs contributed to flexibility in choosing a suitable excitation wa-
velength to excite the QDs, and the great separation of two emission
peaks and the minimum absorption of DNA-AgNCs at the excitation
wavelength of the QDs to eliminate the direct acceptor excitation al-
lowed for FRET-based target detection with low background [24-28].

3.2. Characterization of DNA-AgNCs and CdTe quantum dots

During the incubation of the silver salt with the oligonucleotide, the
Ag™ ions bound to the cytosine bases at N3 site. The close proximity of
several Ag™ ions in this precursor complex favored the generation of
AgNCs after reduction with NaBH, (Scheme 1B). Transmission electron
microscopy was used to observe the size and morphology of synthesized
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Table 1
Detection performance comparison of our strategy in one-base mismatch (or SNP) detection with other methods by using nanotechnology.
Nano-based Method Detection limit ~ References
Silver nanocluster Fluorescence intensity 1.3nM [29]
Gold magnetic nanoparticles Combining ARMS-PCR with lateral flow assay (LFA) 5ng [30]
Nanochannel-array Electrochemically monitoring the diffusion flux of - [31]
ferricyanide probe
Gold nanorod arrays localized surface plasmon resonances (LSPR) Down to 10nM  [32]
Magnetic beads (MBs)-based rolling circle amplification combined with gold nano-  Inductively coupled plasma mass spectrometry (ICP-MS) 0.1fM
particles (AuNPs) [33]
Gold nanoparticles (GNPs) uniformly deposited in a nanohemisphere array Cyclic voltammetry detection - [34]
Graphene oxide-chitosan nanocomposite Electrochemical DNA biosensor 10 fM [35]
AgNCs-QDs Fluorescence resonance energy transfer (FRET) 80 pM In this work
100 type or wild type target with DNA-AgNCs and incubating for 1h at
37 °C, they were mixed with CdTe QDs solution, which led to the im-
plantation of QDs to the major grooves of the formed dsDNA to gen-
75 | erate FRET signal. The FRET signal intensity increased with the in-
creasing concentration of target, both mutant type and wild type DNA
2z (Fig. 2), which produced a simple strategy for quantitative detection of
Z target concentration. The wild type DNA target could generate strong
g 50 1 FRET signal, while the QDs dispersed randomly in the system in the
= case of single-base mismatch, and a Forster distance R, was not sa-
tisfied, leading to moderate FRET. Interestingly, the emission wave-
25 | length depended on the target sequence. In other words, the FRET
signal was dependent on the DNA-QDs interaction. After excitation by
the excited CdTe QDs produced at 370 nm, the maximum emission
wavelength of normal target was at 590 nm, and that of mutant target
0

470 520 570 620 670

Wavelength (nm)

Fig. 6. Selectivity of the proposed method for single-base mismatched DNA in
phosphate buffer (pH = 7.5), (a) blank, (b) non-complementary DNA, (c)
single-base mismatched sequence, and (d) complete complementary sequence.

AgNCs with DNA template. The TEM image indicated that AgNCs with
an average diameter of about 2-3 nm were formed on DNA scaffolds,
and the optical properties of the DNA-AgNCs were dependent on the
sequence of the DNA target (complementary or single-base mismatch
sequence) (Fig. S1). Upon excitation at 425 nm, DNA-AgNCs showed a
maximum emission signal at 525 nm (Fig. S1A). Although the fluores-
cence emission peaks from AgNCs in the formed double helix structure
of complementary or single-base mismatch sequence/DNA-AgNCs oc-
curred at the same wavelength, their peak intensities were much dif-
ferent due to the effect of DNA structure on fluorescence transduction
efficiency.

3.3. Characterization of CdTe quantum dots

QDs are known as size-dependent nanomaterials. The size is con-
trollable during the synthesis process, which can provide a desired
absorbance and emission spectra for the specific application. CdTe QDs
with desired size (2nm) were synthesized according to the method
described elsewhere [17]. Their size-distribution was shown in TEM
image (Fig. S2). The majority of the nanoparticles were 2nm in dia-
meter, which showed the blue-green fluorescence emission under UV
light. The relative quantum yield (QY) of CdTe/MPA QD emitting at
450 nm and DNA-AgNCs at 525 nm were examined to be 52% and 4.4%
respectively by comparing with fluorescence emission of fluorescein in
water.

3.4. Effect of QDs-dsDNA interaction on fluorescence wavelength

The conjugation of QDs and DNA-AgNCs relies on QDs-DNA inter-
action [23-26]. After the dsSDNA-AgNCs were formed by mixing mutant

410

DNAs was at 575nm, which allowed qualitatively distinguishing be-
tween normal and wild type DNA sample.

Gel electrophoresis was employed to verify the DNA-QDs interac-
tion (Fig. 3). Lanes 1 and 2 were injected with the dsDNA-AgNCs
formed by mutant and wild type target DNA, respectively. After these
dsDNA-AgNCs were mixed with QDs at a molar ratio of 1:1, the lanes 1-
1 and 2-2 showed the pale colour probably due to the fact that DNA-
QDs interaction was preventing the DNA staining, and QDs@dsDNA-
AgNCs complexes could be detected from the delayed electrophoretic
migration.

3.5. Optimization of experiment conditions

The efficiency of FRET was greatly dependent on the amount of
dsDNA-AgNCs added in CdTe QDs, and the pH of detection solution.
Fig. 4A shows the fluorescent emission spectra of the mixture of QDs@
dsDNA-AgNCs, CdTe QDs, and dsDNA-AgNCs formed at different
dsDNA-AgNCs concentrations in the presence of complementary DNA
target in phosphate buffer (10 mM, pH 7.5). With the increasing amount
of dsDNA-AgNCs in the mixture, the FRET signal at about 590 nm in-
creased, while the fluorescence emission peak of CdTe QDs at around
450 nm decreased, indicating that more QDs@dsDNA-AgNCs were
produced to quench the fluorescence of CdTe QDs. These fluorescence
changes further confirmed the FRET between the donor and acceptor
pairs.

The effect of pH on the fluorescence intensity was also studied over
a range of 6.0-8.0. The maximum intensity was obtained at pH?7.5
(Fig. 4B). Significantly, modest responses could still be achieved at pH
values of 6.0-8.0, showing that this assay could be utilized under a
range of pH values around physiological conditions. It has been sug-
gested that in this pH (pH 7.5) DNA can be rapidly adsorbed onto ne-
gatively charged thioglycolic acid capped CdTe QDs surface to act as a
coating and stabilizer. While very alkaline or very acidic conditions
cause QDs damage.
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3.6. Analytical performance

In order to examine the analytical performance of the designed
method for detecting the complementary and non-complementary
target, the fluorescence spectra with excitation at 370 nm were re-
corded after 20nM CdTe QDs was added in the detection solution
containing DNA-AgNCs and target sample. Upon the increase in mutant
target concentration from 1.5 x 1071°M to 1.5 x 10 °M, the fluor-
escence intensity of QDs-AgNCs with excitation at 370 nm showed
linear increase (Fig. 5). The regression coefficient (R) of the linear curve
for mutant type sequence was 0.995 with the detection limit of 80 pM.
The relative standard deviation for 5 measurements of 1.5 x 10" %M
non-complementary target (single base mismatch) was 2.1%. The sen-
sitivity of this assay was comparable to the previously reported assays
(Table 1) [29-35].

The selectivity of this method was further investigated by examining
the fluorescence responses of the nanosensor toward perfectly matched
target DNA, one-base mismatched target DNA, non-complementary
target DNA and blank at the same concentration (1.5 X 1077 M). As
shown in Fig. 6, all of these results indicated the high selectivity for
detection of single base mismatch in this system. Therefore, the label-
free and sensitive detection method for one-base mismatched sequence
could be of great potential for SNP diagnosis in clinical application.

4. Conclusion

This work reports a FRET-based technique for the detection of
single-base mismatch DNA. The FRET fluorescence between QDs and
AgNCs in the presence of complementary and single-base mismatch
DNA shows different efficiencies due to different interactions of QDs
with the formed DNA structures, which leads to the strategy for both
quantitative detection of target concentration and qualitatively distin-
guishing between normal and wild type DNA sample. The quantitative
detection method shows excellent performance without help of any
signal amplification, indicating great potential for SNP diagnosis in
clinical application.
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