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ABSTRACT: Herein, we report a convenient approach to
developing quantum dots (QDs)-based nanosensors for DNA
and micro-RNA (miRNA) detection. The DNA-QDs
conjugate was prepared by a ligand-exchange method. Thiol-
labeled ssDNA is directly attached to the QD surface, leading
to highly water-dispersible nanoconjugates. The DNA-QDs
conjugate has the advantages of the excellent optical properties
of QDs and well-controlled recognition properties of DNA
and can be used as a nanoprobe to construct a nanosensor for
nucleic acid detection. With the addition of a target nucleic
acid sequence, the fluorescence intensity of QDs was
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quenched by an organic quencher (BHQ,) via Forster resonance energy transfer. This nanosensor can detect as low as 1 fM
DNA and 10 fM miRNA. Moreover, the QDs-based nanosensor exhibited excellent selectivity. It not only can effectively
distinguish single-base-mismatched and random nucleic sequences but also can recognize pre-miRNA and mature miRNA.
Therefore, the nanosensor has high application potential for disease diagnosis and biological analysis.
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B INTRODUCTION

Nucleic acid detection (specifically, DNA and RNA analysis) is
of high importance for clinical diagnosis, forensic analysis, and
basic studies in the biological and biomedical fields."* In the
past decades, simple, reliable, sensitive, and selective strategies
for DNA detection have been developed by taking various
sensing technologies such as fluorescence,>* electric/electro-
chemical,”™® surface plasmon resonance,” surface-enhanced
Raman scalttering,m’11 and so on. Nowadays, different strategies
for highly sensitive and accurate micro-RNA (miRNA)
detection have attracted the attention of the scientists. For
example, specific miRNA may serve as biomarkers for the
development of some cancers.'” miRNAs are a group of small
endogenous noncoding RNAs (approximately 18—25 nucleo-
tides) that are well-known to play a critical role in
hematopoietic differentiation, cell cycle, regulation, metabolism,
tumor metastasis, stem-cell differentiation and renewal, and
viral replication."® However, analysis of the intracellular levels
of miRNAs is challenging because of their short lengths, low
abundances, susceptibility to degradation, and sequence
similarity among family members. Nowadays, several methods
have been employed for miRNA analysis, including real-time
quantitative polymerase chain reaction,'* northern blotting,"
electrochemical,'®'” and miRNA array technology.'® For
example, Wen et al. reported a DNA nanostructure-based
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interfacial engineering approach to improve the miRNA
detection sensitivity and selectivity.'® Abell’s group developed
a simple and valid method for direct and label-free miRNA
detection by surface-enhanced Raman spectroscopy techni-
que.'! Up to now, the development of simple, rapid and
sensitive methods for the identification and quantification of
miRNAs is still a challenge. Therefore, the development of
versatile detection strategies for DNA and miRNA in vivo and
in vitro has attracted the attention of more and more scientists.

For the last 2 decades, semiconductor quantum dots (QDs)
were considered to be the ideal fluorescent markers in many
fields, such as biosensing, biological imaging, immunoassay, and
drug delivery because of their unique photophysical properties,
such as size-tunable emission, broad absorption, narrow and
symmetric photoluminescence (PL) spectra, high fluorescence
quantum vyields, and robust photostability. Alivisatos™® and
Nie’s”® groups opened up an exciting QDs-based bionano-
technology field in 1998, which first used QDs in the biological
field. Following their pioneering work, different QDs-based
nanoprobes, which are constructed by conjugating protein,
peptide, and DNA with QDs, have been employed in the

Received: October 30, 2013
Accepted: December 31, 2013
Published: December 31, 2013

dx.doi.org/10.1021/am404811j | ACS Appl. Mater. Interfaces 2014, 6, 1152—1157


www.acsami.org

ACS Applied Materials & Interfaces

Research Article

VA SH-DNA 4/ BHQ,-DNA

NN Target DNA/miRNA

Signal-off

Figure 1. Schematic representation of the designed nanosensors for detection of DNA/miRNA based on the FRET system.
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Figure 2. (A) Spectral overlap between QD emission and a BHQ,-labeled DNA solution absorption. (B) Typical TEM image of MPA-capped QDs.

bionanotechnology field. As an example, three methods have
been used to construct conjugated DNA-QDs, such as
strepavidin—biotin,21 EDC/NHS,** and ligand exchange.23’24
Because of the drawbacks of functionalized techniques, the
preparation of DNA-functionalized QDs for biological
applications with high PL quantum yield and stability is still a
challenge. In order to meet the requirements of biological
applications, our group had also explored the method of
biological molecule attachment to QDs. Compared with
organic-phase QDs, aqueous-phase QDs possess excellent
aqueous dispersibility and easily conjugate with DNA. There-
fore, we have employed DNA-QDs (aqueous phase) conjugates
as a bridge for carcinoembryonic antigen detection via ligand
exchange.”® Furthermore, we also developed a series of
biomolecule-functionalized QDs for biomarker detection.>**’
In this work, we propose a versatile “signal-off” strategy for
ultrahigh-sensitive and -selective DNA and miRNA detection.
The CdTe/CdS core—shell QDs capped with 3-mercaptopro-
pionic acid (MPA) were directly synthesized in the aqueous
phase based on our previously reported microwave-assisted
protocol.”®*® Surface-bound short-chain MPA can be sub-
stituted by thiolated DNA via ligand exchange, leading to
programmable DNA modification at the surface of QDs.”* As
shown in Figure 1, DNA-conjugated QDs were used as
fluorescence nanoprobes for DNA and miRNA detection with
strong PL and robust stability, in combination with the classic
“sandwich” structure. In the absence of a target DNA/miRNA
sequence, the organic quencher-labeled DNA has almost no
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influence on the DNA-QDs conjugate. With the addition of
target DNA/miRNA and BHQ,-labeled DNA sequences,
sandwiched hybrids were formed. The fluorescence intensity
of DNA-QDs has obviously decreased with the addition of a
target DNA/miRNA sequence because of energy transfer from
QDs to BHQ,.

B EXPERIMENTAL SECTION

Materials. DNA and miRNA oligonucleotides were synthesized
and purified by Takara Biotechnology (Dalian, China). The sequences
of these oligonucleotides are shown in the Supporting Information
(Table S1). Tellurium powder (99.9%) and CdCl, (99.9%) were
purchased from Aldrich. 3-Mercaptopropionic acid (MPA; 98%) was
purchased from Fluka. NaBH, (99%) and Na,S (99%) were obtained
from Shanghai Chemical Reagents Company. All chemicals were used
without additional purification. All solutions were prepared using Milli-
Q water (Millipore) as the solvent.

Preparation of CdTe/CdS Core—Shell QDs. The monodispersed
CdTe/CdS core—shell QDs capped with MPA were obtained via
microwave irradiation, as described in our previous work.*®?° Briefly,
the CdTe precursor solution was prepared by adding a freshly
prepared NaHTe solution to a N,-saturated CdCl, solution in the
presence of MPA as the stabilizer. CdTe QDs was prepared by heating
the CdTe precursor solution at 100 °C for 1 min under microwave
irradiation. The as-prepared CdTe solution was concentrated by
rotatory evaporation and was then precipitated with 2-propanol
followed by centrifugation at 12000 rpm. The CdTe/CdS precursor
solution was prepared by adding the purified CdTe QDs water
dispersion into an N,-saturated CdS solution containing 2.1 uM CdTe
QDs, 1.25 mM CdCl,, 1.0 mM Na,S, and 6.0 mM MPA at pH 8.4.
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Figure 3. Agarose gel electrophoresis results of QDs at different conditions: (A) different molar ratios of QDs to SH-DNA (1 — 6: 1:0, 1:10, 1:20,
1:30, 1:40, and 1:50); (B) Different reaction times (1 — 6: 0, 12, 24, 36, 48, and 60 h); (C) Different reaction temperatures (1 — 6: only QDs, 20,
25, 30, 35, and 40 °C); (D) Fluorescence spectra of (a) MPA-QDs and (b) DNA-QDs; (E) UV—vis spectra of (a) MPA-QDs and (b) DNA-QDs.

The CdS shell was grown on the surface of the CdTe core in a quartz
reaction tube with microwave irradiation at 120 °C for several minutes.

Modification of QDs with DNA. Thiolated DNA was directly
attached to QDs via a ligand-exchange method. In order to obtain the
DNA-conjugated QDs, the optimal experimental conditions have been
investigated (such as the molar ratio of DNA to QDs, reaction time,
and temperature). Briefly, some QDs were mixed with thiolated DNA
at different temperatures for several hours in order to allow complete
exchange of the MPA-capped QDs with the thiolated oligonucleotides.
Then, the DNA-QDs conjugate was separated from the free
oligonucleotides by ultrafiltration. After being centrifuged at 5500
rpm for 10 min, the supernatant was discarded and the pellet
redispersed by 200 uL of Tris buffer. After three times, the obtained
product was dissolved in a Tris-HCI buffer (10 mM, pH 7.6) to a
desired concentration for measurement.

DNA/miRNA Hybridization. Hybridization experiments were
performed in a 30 mM Tris-HCI buffer containing 0.1 M NaCl and
10 mM MgCl, at pH 7.6. The hybridization reaction was carried out
by mixing 10 uL of the DNA-QDs conjugate (0.6 M), 10 uL of the
target DNA/miRNA sequence (2 M), and 10 uL of BHQ,-DNA (0.6
uM) at 37 °C for 30 min in a total volume of 200 uL. Control
experiments without the addition of a target DNA/miRNA sequence
were carried out simultaneously.

B RESULTS AND DISCUSSION

UV—vis spectra of BHQ,-labeled DNA (BHQ,-DNA) and PL
emission spectra of CdTe/CdS QDs are shown in Figure 2A.
As can be seen, the maximum absorption peak of BHQ,-DNA
and the emission peak of QDs are 573 and 580 nm,
respectively. The excellent spectral overlap between the
absorption spectra of BHQ,-DNA and the emission spectra
of QDs can ensure efficient excited energy transfer from QDs
to BHQ, based on the Forster resonance energy-transfer
(FRET) mechanism.

1154

As shown in Figure 2B, the transmission electron microscopy
(TEM) image showed that the as-prepared CdTe/CdS QD was
about 3 nm, which has nearly spherical morphology with good
monodispersity. The fluorescent intensity was only decreased
about 5% compared to the original QDs after 3 months,
indicating that the obtained QDs showed high optical stability
(see Figure S1 in the Supporting Information).

As is well-known, DNA attached on the surface of
nanoparticles can change the gel electrophoresis velocity of
the nanoparticles.®® In order to verify the successful ligand
exchange between MPA-QDs and SH-DNA, agarose gel
electrophoresis has been employed to studied the samples of
MPA-QDs and DNA-QDs .*' A total of 10 uL of an as-
prepared DNA-QDs conjugate solution under different
conditions was loaded in 1% agarose gel in a dipotassium
hydrogen phosphate solution (10 mM) and run at SO V cm™"
to analyze their mobility (Figure 3A—C). As a control, 10 L of
a MPA-QDs solution was loaded in another lane. After
electrophoresis for 90 min, the gel was illuminated by a UV
lamp and the digital images were captured by a CCD. As shown
in Figure 3, DNA-QDs run slower than MPA-QDs under the
same conditions, which is ascribed to the larger size of the
nanoprobe after the attachment of oligonucleotides to the
surface of QDs. As can be seen from Figure 3A, increasing the
molar ratio of DNA-QDs will decrease the mobility of DNA-
QDs, while at relative higher DNA-QDs ratios (1:40 and 1:50),
the mobility of the DNA-QDs conjugate reached a plateau,
which indicates that the attachment of DNA to the surface of
QDs nearly saturates. Therefore, we choose 30:1 as the optimal
DNA-QDs molar ratio in this work. Moreover, the reaction
temperature and reaction time were also carefully studied. In
this work, the optimum reaction temperature and reaction time
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Figure 4. (A) Emission spectra of nanosensor containing different concentrations of target DNA (a—1:0,1M, 10 fM, 100 M, 1 pM, 10 pM, 100
pM, 1 nM, and 10 nM). (B) Dose-response calibration curve for target DNA based on the nanosensor. (C) Quenching efficiency of complementary
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Figure S. (A) Emission spectra of nanosensors containing different concentrations of miRNA-21 (a — i: 0, 1 fM, 10 fM, 100 M, 1 pM, 10 pM, 100
pM, 1 nM, and 10 nM). (B) Dependence of the quenching rate and concentration of miRNA-21 based on the nanosensor. (C) Quenching efficiency
of complementary, single-base-mismatched, and random miRNA. (D) Quenching efficiency of pre-miRNA-21 and miRNA-21.

were chosen as 25 °C (Figure 3B) and 36 h (Figure 3C),
respectively.

Under the optimum conditions, the fluorescence intensity of
DNA-QDs conjugates is little lower than that of the pure QDs
and the shape of the emission peak is almost the same before
and after the modification of QDs with SH-DNA, suggesting
DNA-QDs exhibited excellent stability of covalent conjugation
between QDs and SH-DNA. Moreover, the maximum emission
wavelength showed a slight red shift from 585 to 595 nm,
which was ascribed to the increase of QDs’ size (Figure 3D). As
is well-known, the number of the DNA attached on the surface
of QDs directly affects the efficiency of DNA hybridization and
the detection limit of the target DNA. Therefore, UV—vis
spectroscopy was used to evaluate the efficiency of the ligand
exchange between MPA capped on QDs and SH-DNA. As
shown in Figure 3E, the absorption spectra of DNA and QDs
were 260 and 555 nm, respectively. On the basis of the
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equations,” DNA and QDs were calculated to be 1.58 and 0.34
nM, indicating that the molar ratio of DNA-QDs was about 5:1.
In other words, five SH-DNAs were attached to one QD
surface via ligand exchange.

The DNA-QDs conjugate was used as a nanoprobe for target
DNA detection through hybridization reaction to form a classic
“sandwich” structure in the presence of target DNA and BHQ,-
labeled DNA (Figure 1). The fluorescence intensity of QDs
was only decreased 3.2% compared to the original DNA-QDs
conjugate in the absence of complementary target DNA,
indicating that the noncomplementary BHQ,-DNA had almost
no influence on DNA-QDs (see Fig. S2 in the Supporting
Information). While the target DNA was added, the
fluorescence intensity of 30 nM DNA-QDs obviously decreased
because the excited energy was transferred from QDs to the
quencher (BHQ,). As shown in Figure 4A, the fluorescence
intensity of QDs decreased proportionally to the target DNA
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Figure 6. (A) Emission spectra of nanosensor containing different concentrations of target DNA in the serum (a — h: 0, 10 fM, 100 fM, 1 pM, 10
pM, 100 pM, 1 nM, and 10 nM). (B) Emission spectra of nanosensor containing different concentrations of target miRNA-21 in the serum (a — h:

0, 10, and 100 fM, 1, 10, and 100 pM, and 1 and 10 nM).

concentration in the range from 1 fM to 10 nM. The
fluorescence intensity of QDs decreased monotonically with
the logarithm concentration of target DNA, resulting in a
typical dose—response curve (Figure 4B). Because the
fluorescence intensity of QDs decreased 8%, which is larger
than that when no target DNA was added, the nanosensor can
detect as low as 1 fM DNA. Furthermore, the selectivity of the
QDs-based nanosensor was studied. As shown in Figure 4C, the
fluorescence intensity of QDs decreased 54.3%, 29.6%, and
14.2% in the presence of target, single-base-mismatched, and
random DNA with the same concentration (1 nM),
respectively, suggesting that the nanosensor can obviously
distinguish the single-base-mismatched and random DNA.

On the basis of the above results, the QDs-based nanosensor
was also used to detect miRNA-21. As expected, the QDs-based
nanosensor displayed excellent performance for miRNA-21
detection. Obviously, the fluorescence intensity of QDs
decreased with miRNA-21 addition (Figure SA). When the
concentration of miRNA-21 was 10 nM, the decreased
fluorescence intensity of QDs reached a plateau. We challenged
the QDs-based nanosensor with a series of concentrations of
the synthetic miRNA-21 in the range from 1 fM to 10 nM. As
shown in Figure 5B, the fluorescence intensity of QDs was
decreased monotonically with the logarithm concentration of
miRNA-21, which is similar to the DNA detection sensitivity
achieved with the nanosensor. The detection limit of the
nanosensor was determined to be 10 fM, which is higher than
the detection limit of DNA detection by the same nanosensor.

The specificity of the QDs-based nanosensor was also
investigated. Significantly, the nanosensor can effectively
differentiate miRNA-21 and single-base-mismatched and
random RNA (Figure SC). Moreover, the QDs-based nano-
sensor can also effectively differentiate precursor miRNAs (pre-
miRNAs) from mature ones. Pre-miRNAs are spliced in vivo to
form mature miRNAs, which are then assembled into active
RNA-induced silencing complexes. Their coexistence often
results in false positives in medical assays. We then challenged
the nanosensor with a hairpin-structured precursor human
miRNA (pre-miRNA-21) and synthetic miRNA-21 sequences.
As shown in Figure 5D, the fluorescence quenching rate of the
synthetic miRNA-21 was nearly 10 times than that for pre-
miRNA-21, suggesting that the QDs-based nanosensor can
suppress the signal for pre-miRNAs and realize error-free
detection of miRNAs.

To test the feasibility of the practical application of the QDs-
based sensor, we conducted analyses of DNA and miRNA-21 in
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bovine serum. Different concentrations of DNA (Figure 6A) or
miRNA-21 (Figure 6B) were added to the diluted (S0-fold)
serum samples. With the target DNA or miRNA-21 addition,
the fluorescent intensity was decreased. The calibration curve in
the presence of 2% serum was similar to that in the Tris-HCI
buffer. The fluorescence intensity of QDs decreased propor-
tionally to the target DNA and miRNA concentrations in the
ranges from 10 fM to 10 nM and from 100 fM to 10 nM,
respectively. The QDs-based nanosensor can detect target
DNA and miRNA-21 as low as 10 and 100 fM in 2% serum,
respectively.

B CONCLUSIONS

In summary, we used the DNA-QDs conjugate as a
fluorescence nanoprobe to detect DNA/miRNA based on the
FRET process. The DNA-QDs conjugate was prepared by a
ligand-exchange method, which possesses the high fluorescence
property of QDs and recognition of DNA. This nanosensor
exhibited excellent sensitivity, selectivity, and repeatability,
which have application potential in biological analysis and
clinical diagnosis.
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Sequences of these oligonucleotides (Table S1), storage
stability of QDs (Figure S1), and PL spectra of DNA-QDs
and DNA-QDs mixed with BHQ,-DNA (Figure S2). This
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pubs.acs.org.
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