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One-Pot Synthesized DNA-CdTe Quantum Dots Applied in a Biosensor for
the Detection of Sequence-Specific Oligonucleotides

Cuiling Zhang, Jing Xu, Shiming Zhang, Xinghu Ji, and Zhike He*!!

In the past decade, as a new class of fluorescent probes,
semiconductor quantum dots (QDs) have been widely ap-
plied in the area of biosensing, immunoassays, and biological
imaging because of their unique optical characteristics and
biocompatibility."! In these applications, a number of bio-
molecule-labeled QDs were devoted to biospecific interac-
tions, such as DNA-labeled QDs. These QDs can be usually
used as a donor for molecular recognition mainly in fluores-
cence resonance energy transfer (FRET).””! The coupling re-
action between streptavidin QDs and biotin-DNA is
a common approach for DNA-labeled QDs for the strepta-
vidin-biotin specific reaction.’! The method is convenient,
but it has no advantage in FRET application, due to increas-
ing the distance between the donor (the large size of the
QD) and the acceptor. Furthermore, streptavidin QDs are
expensive. DNA covalent bonding to QDs by reaction be-
tween the carboxy/amino group of QDs and amino/carboxy
group modified DNA could overcome these flaws;*) howev-
er; the acidic coupling conditions may lead to the break-
down of the QDs, which limits its application. Zhou et al. di-
rectly coupled a dye-labeled DNA acceptor to a QD donor
through a thiol linker.”! This method costs less, significantly
reduces the donor—acceptor distance to increase the FRET
efficiency, and at the same time retains the stability of the
QDs . However, the process is multistep and complicated. A
one-step synthesis of DNA-labeled QDs has been estab-
lished in such an environment.”) Phosphorothiolate phos-
phate (ps—po) DNA compounds were used as ligands to
obtain DNA-labeled QDs. Herein, we have synthesized nu-
cleic acid functionalized CdTe nanocrystals with different
emission wavelengths by a one-step synthesis.

Recently, new emerging zero-bandgap carbon nanomate-
rials, graphene, and graphene oxide (GO) have attracted
great interest in the fields of biology, chemistry, physics, and
materials.”! Graphene and GO have zw-systems, which allows
them very easily to accept electrons. Inspired by the proper-
ty, researchers have used graphene and GO as energy ac-
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ceptors to develop many biosensors based on the FRET
system.®! Importantly, graphene and GO possess a super-
quenching ability that is critical for the sensitivity of
assays.”! In addition, graphene displays better conductivity
than GO, because GO has many oxygen-containing groups,
which destroy the conjugate structure."” Thus, graphene was
chosen as the energy acceptor in this paper. A biosensor,
which is based on FRET from the DNA-functionalized
CdTe nanocrystals to graphene, has been developed, that is,
DNA-CdTe QDs prepared by a one-pot method, and its
successful application in the analytical detection of the hep-
atitis B virus (HBV) surface—antigen gene is described for
the first time.

Scheme 1 shows the preparation of DNA-CdTe QDs by
a one-pot method.” Glutathione (GSH) and a specific-se-
quence DNA were used as a co-ligands to stabilize the QDs.
The DNA ligand consisted of two domains: phosphorothio-
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Scheme 1. A schematic illustration of the HBV-oligonucleotide detection
with one-step synthesis DNA-CdTe as the energy donor and graphene as
acceptor.

lates (sulfur-containing variants of the usual phosphodiester
backbone), which preferentially bind to the CdTe surface
over phosphates;'!l and a DNA-targeting area, which recog-
nizes a certain molecule or protein. Then, the DNA-CdTe
QDs were used in the analytical detection of HBV oligonu-
cleotides. This biosensing platform was constructed accord-
ing to the different adsorption properties of graphene to-
wards single-stranded (ss)DNA compared with that of
double-stranded (ds)DNA. The bases of the ssDNA are un-
coiled partially and can be exposed to graphene. Thus, the
strong m—7 stacking of graphene with the bases and aromat-
ic compounds in the ssDNA is presented. However, the for-
mation of dsDNA reduces the exposure of the bases, which
weakens the ;- stacking interaction.'” Similar, behavior in
this respect is also shown for gold nanoparticles. The expo-

Chem. Eur. J. 2012, 18, 8296 —-8300



CHEMISTRY

A EUROPEAN JOURNAL

sure of bases causes the ssDNA to stick to the gold nanopar-
ticles, which is attributed to the attractive van der Waals
forces between the bases and the gold nanoparticle. But the
dsDNA does not permit the uncoiling needed to expose the
bases and always presents the negatively charged phosphate
backbone of the oligonucleotide. Therefore, the repulsion
between the negatively charged phosphate backbone and
the citrate ions dominates the electrostatic interaction be-
tween the dsDNA and gold nanoparticles.'”! The detection
of HBV DNA was realized in two steps: 1) QD-labeled
ssDNA was hybridized with various concentrations of its
target, resulting in the formation of dsDNA; 2) graphene
was added into the above-mentioned mixture. It is anticipat-
ed that the fluorescence of the unhybridized ssDNA probe
is effectively quenched by graphene, while the fluorescence
of the hybridized dsDNA probe is maintained. It should be
noted that the detection platform based on high DNA-bind-
ing specificity needs neither labeled QDs nor labeled gra-
phene.

To realize such a design, we have synthesized DNA-CdTe
QDs by a one-pot method, and the combination of DNA
with CdTe was confirmed by UV/Vis absorption spectra (see
Figure S1 in the Supporting Information). The typical ab-
sorption peak of DNA is observed at =260 nm. Moreover,
the normalized fluorescence spectra of CdTe QDs (GSH as
the ligand alone) and DNA-CdTe QDs suggest that the
spectrum of the latter is blueshifted under the same synthe-
sis conditions (see Figure S2 in the Supporting Information).
The quantum yield of the DNA-CdTe QDs is up to 20%,
higher than that of CdTe QDs (13 %, emission peak A.,=
528 nm). This phenomenon is attributed to the formation of
a co-ligand containing GSH and DNA, which can offset the
surface defect of CdTe QDs. QDs with different emission
wavelengths were also obtained by simply changing the re-
action time. The properties were characterized by UV/Vis
absorption spectra (Figure 1A), in which the absorption
around =260 nm is clearly due to the DNA binding to
QDs. The optical properties of the DNA-CdTe QDs are
summarized as follows (Figure 1B): The emission peaks of
DNA-CdTe QDs shift from 4., =513 to 584 nm, and the full
width at half maximum (FWHM) increases from 1=39 to
55 nm with the increase of reaction time from 40 min to
7.5 h. Furthermore, the typical TEM images for the as-pre-
pared CdTe QDs and DNA-CdTe QDs are depicted in Fig-
ure S3 in the Supporting Information. From the TEM
images, the dispersion ability of DNA-CdTe QDs is better
than that of CdTe QDs. Thus confirming that DNA-CdTe
QDs had been successfully prepared.

Graphene has been prepared by annealing GO synthe-
sized by a modified Hummers’ method.'""! However, gra-
phene is difficult to dissolve in water because it is hydropho-
bic. A relatively stable suspension was prepared by mixing
aqueous sodium dodecyl benzene sulfonate (SDBS;
0.02 wt %) with graphene in water by ultrasonication for 1 h.
GO was characterized by AFM analysis (see Figure S4 A in
the Supporting information). The AFM image showed that
the thickness of the as-synthesized GO sheets was about
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Figure 1. A) UV/Vis absorption. B) Fluorescence spectra of DNA-CdTe
prepared at various reaction times (40 min, 1 h, 2.5h, 3.5h, 5h, 6 h, and

7.5 h) with a series of maximum emission wavelengths. Related QY and
FWHM values are presented (4., =350 nm).

1.3 nm. Taking the oxygen-containing group into account,
the thickness is appropriate for single-layer GO. Figure S4B
in the Supporting Information shows the TEM image of gra-
phene obtained from the GO. The optical image in the inset
shows that the SDBS-graphene is well dispersed in aqueous
solution at a concentration of 0.25mgmL™"' and is highly
stable. Comparisons with the XRD and Raman spectra of
graphite, GO, and graphene provided further evidence of
the successful synthesis of graphene. As shown in Fig-
ure S5A in the Supporting Information, XRD data showed
the characteristic diffraction peak of GO at 26=10.4°, and
the peak position increases after annealing, suggesting the
decrease of interplanar spacing after thermal reduction.™
The Raman spectrum displays the significant structural
changes that occur during the chemical processing from
graphite to GO and then to the graphene (Figure S5B in
the Supporting Information). As expected, the spectrum of
graphite is characterized by a strong band at 721581 cm™!
(G) and a weak band at 9~1359 cm™ (D; Ip/I;=0.26).
However, the D band of GO at 9~1363 cm™' becomes
prominent, and the G band is broadened and shifted to o
~1594 cm™!, showing the reduction of the in-plane sp® do-
mains, which is possibly attributed to the extensive oxida-
tion. Clearly, the integrated intensity ratio of the D and G
bands (I/Ig=1.52) increases. After thermal annealing, the
ratio of the intensities (Ip/I;) increases to 1.66, although the
reduced GO also contains both a G (§~1581 cm™) and a D
band (9~1352cm™). This phenomenon proves that the
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Figure 2. Fluorescence emission spectra of: A) DNA-QDs (25nm);
B) DNA-QDs incubated with target (800 nm) in Tris-HCI buffer (0.2m,

150 mm NaCl, pH 7.4) a) before and b) after adding graphene (4 pgmL™")
for 5 min.

carbon lattice of graphene returns to an essentially graphitic,
but highly defected state.!"!

Furthermore, we investigated the different affinities of
graphene on ssDNA and dsDNA (Figure 2). Upon addition
of 4 ygmL~"' graphene, ssDNA QDs showed a fluorescence
quenching by more than 96 % in 2-amino-2-hydroxymethyl-
propane-1,3-diol buffer (Tris; Figure 2A), indicating the
high-quenching efficiency of graphene. However, when
ssDNA QDs were hybridized with the target to form
dsDNA, the quenching efficiency became 54 % (Figure 2B).
The difference between the quenching efficiencies of gra-
phene to ssDNA QDs and dsDNA QDs produced a method
for sensing HBV DNA.

The energy transfer from DNA-CdTe QDs to graphene
was studied as illustrated in the following experiment. The
concentration of QDs was estimated by Peng’s method.['”]
As the concentration of grapheme increased, the fluores-
cence intensity of the DNA QDs (25 nm, in 0.2m Tris-HCl
buffer, pH 7.4, 150 mm NaCl) decreased (Figure 3) and
trended to a minimum value at 4.375ugmL™" (inset in
Figure 3). However, as the concentration of complementary
HBV DNA!"! applied to hybridization increased, the fluo-
rescence intensity of QDs gradually increased (Figure 4 A).
According to the literature, that should be attributed to the
formation of dsDNA between the capture DNA and the
target DNA, which would reduce the exposure of the base,
then impair the noncovalent m—m stacking interaction and
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Figure 3. Fluorescence spectra of DNA-CdTe QDs in the presence of
various concentrations of graphene in Tris-HCI buffer. Inset: fluorescent-
intensity ratio versus concentration of graphene. DNA-CdTe QDs con-
centration =25 nM; A, =350 nm.
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Figure 4. FRET-based hybridization assay for target HBV DNA.
A) Fluorescence-emission spectra of the ssDNA-QDs after incubation
with different concentrations of target HBV DNA (c=50-2000 nm) for
10 min in Tris-HCI buffer (0.2M, 150 mm NaCl, pH 7.4). B) The linear re-
lationship between the increase of donor fluorescence and the logarithm
value of target concentration within the range of 50 to 1600 nm (R=
0.9985).

hydrogen-bonding interactions. Thus, the distance between
the CdTe and graphene increased, leading to a considerable
reduction in the efficiency of FRET.'” The fluorescence re-
covery value AF (AF=F-F,, in which F, represents the
fluorescence intensity in the absence of the target DNA,
and F is the fluorescence intensity in the presence of the
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target), was calculated at each target DNA concentration.
The plot of the AF value versus the logarithm value of
target DNA concentration showed a linear calibration in the
range from ¢=50 to 1600 nm (Figure 4B). The limit of de-
tection (LOD) for target DNA was 10.4 nM, calculated ac-
cording to the 3 sd/m criterion, in which m is the slope for
the range of linearity used and sd is the standard deviation
of a blank (n=11, R=0.9985). These results showed that
the one-pot synthesized DNA-CdTe QDs can be applied in
a biosensing platform based on the ss/dsDNA discrimination
of graphene.

In conclusion, DNA-CdTe QDs with excellent properties
were prepared by a one-pot method. For the first time, we
showed that these QDs can be used in a biosensor for the
detection of target HBV DNA, because graphene has differ-
ent affinities toward ssDNA and dsDNA. Our observations
are significant for the following reasons: 1) this work might
enrich the FRET technique; 2)it is anticipated that the
DNA-functionalized QDs may be applied for the detection
of other target molecules, such as proteins based on aptamer
recognition and multiplexed DNA; and 3) the QDs can be
readily synthesized in a simple and convenient approach,
which reduces the cost for analytical detection.

Experimental Section

Preparation of DNA-CdTe QDs: The preparation of DNA-CdTe nano-
crystals by a one-step route has been already described in the following
experiment.”’ NaBH, was allowed to react with tellurium powder at
a molar ratio of 2:1 in deionized water to produce NaHTe. This process
was continued for about 5h. CdCl, (1.25 mm) and GSH (1.4 mm) were
dissolved in deionized water (10 mL) in an ice-water bath. The solution
was adjusted to pH 9.0 by dropwise addition of NaOH solution (1.0Mm).
Then, an oxygen-free solution containing fresh NaHTe (0.8 uL) was
added to the above-mentioned solution (400 pL) in an Eppendorf tube
(2mL), and then a DNA solution containing nucleotides (300 nm) was
added. The reaction was conducted at 100°C for 1 h and then gradually
cooled to RT. The mixture was purified by ultrafiltration by using an
Amicon Ultra-4 centrifugal-filter device with a MW cutoff of 30 kDa
(Millipore Corp.) at 4°C. Finally, the purified products were collected
and stored at 4°C for further use. Quantum yields (QYs) were measured
by using rhodamine 6G (Sigma) in ethanol as the reference standard
(QY =95%).1")

Synthesis of graphene nanosheets: GO was prepared by a modified
Hummers’ method. Briefly, H,SO, (conc., 50 mL) was added into
a three-neck flask (500 mL) filled with graphite (1 g) and KNO; (0.5 g),
while being cooled in an ice-water bath. Then, KMnO, (4 g) was gradual-
ly added to the mixture under vigorous stirring followed by heating the
reaction flask to 38°C. The mixture was allowed to stand for 24 h and di-
luted with deionized water (300 mL) followed by addition of H,O,
(5 mL, 30 wt%) to reduce the insoluble manganese species. Thereafter,
the suspension was centrifuged and washed with deionized water a few
times, and the resulting solution was dialyzed to purify the product. Fi-
nally, the dialysate was treated with ultrasonic exfoliation and then
lyophilized to obtain a fluffy GO powder. Graphene sheets were pre-
pared by annealing GO in a home-made tube furnace under high-purity
argon. GO was placed in the center of a tube furnace under a flow of
argon and then heated at 600°C for 2 h. After that the product was
cooled to RT under continuous flow of argon, which led to the final black
sample.

Sensing procedure for HBV DNA: In a typical hybridization procedure,
different concentrations of target HBV ssDNA were added to DNA-
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CdTe (25nm), and the mixtures were incubated for 20 min, then gra-
phene (3.75 pgmL™") was added to the above-mentioned mixtures and in-
cubated for 5 min before measurement. Fluorescence emission spectra of
the QDs were recorded under excitation at A =350 nm.
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