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A  novel  competitive  electrochemical  cytosensor  was  reported  by  using  aptamer  (Apt)-quantum  dots
(Qdots) conjugates  as a  platform  for tumor  cell  recognition  and  detection.  The  complementary  DNA
(cDNA),  aptamer  and  Qdots  could  be  assembled  to the  gold  electrode  surface.  When  the  target  cells
existed,  they  could  compete  with  cDNA  to  bind  with  Apt-Qdots  conjugates  based  on the  specific  recog-
nition  of aptamer  to  MUC1  protein  overexpressed  on the  cell  surface,  which  resulted  in  the  denaturation
of  double-stranded  DNA structure  and  the  release  of  the  Apt-Qdots  conjugates  from  the  electrode.  Elec-

2+

ptamer
ancer cell
lectrochemistry
luorescence imaging
uantum dots

trochemical  stripping  measurement  was  then  employed  to determine  the  Cd concentration  in Qdots
left  at  the electrode.  The  peak  current  was  inversely  proportional  to  the  logarithmic  value of  cell  concen-
tration  ranging  from  1.0  ×  102 to 1.0 × 106 cells  mL−1 with  a detection  limit  of  100  cells  mL−1. Meanwhile,
the recognition  of aptamer  to the  target  cells  could  be clearly  observed  through  the  strong  fluorescence
from  Qdots.  This  is  an  example  of  the  combination  of  aptamer  and  nanoparticles  for  the application  of

entia
cell  analysis,  which  is  ess

. Introduction

Cancer is a main cause of the worldwide death and there is
n estimated 12 million deaths in 2030 which is learnt from
orld Health Organization. Thus, early diagnosis and therapy for

ancers is of the utmost importance. In recent decades, some elec-
rochemical cytosensors with various detection means, such as
lectrochemical impedance spectroscopy (EIS), cyclic voltamme-
ry (CV) and open circuit potential (OCP), have been fabricated for
ancer cell detection [1–5]. However, the challenge for the fabri-
ation of cytosensors was the weak selectivity for the target cells
6].

Aptamers (Apt) are single-stranded nucleic acid molecules
hich derived from random single-stranded nucleic acid sequence
ools and selected via the process called SELEX (Systematic Evolu-
ion of Ligands by Exponential Enrichment) [7–9]. They have shown
educed immunogenecity and toxicity compared to other biolog-
cal therapeutics, increased thermal stability and reproducibility

ompared to antibodies, and the possibility of production via
olid-phase synthesis. Aptamers possess high affinity and speci-
city toward a great variety of targets, ranging from metal ions

∗ Corresponding author. Tel.: +86 25 83597204; fax: +86 25 83597204.
E-mail address: jjzhu@nju.edu.cn (J.-J. Zhu).

039-9140/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.talanta.2011.07.055
l  to  cancer  diagnosis  and  therapy.
© 2011 Elsevier B.V. All rights reserved.

[10,11] and small chemicals [12] to large proteins [13–15] and the
whole cells [16,17]. They could fold into specific 3-D conforma-
tions after combining with the targets via various acting forces such
as hydrogen bonding, electrostatic, and sometimes hydrophobic
interactions, etc. [18]. Based on the high selectivity, aptamers and
their conjugates with nanoparticles (NPs) are well suited for cel-
lular application, including diagnostics and therapeutics. By using
a series of Apt-NPs conjugates as the novel molecular recognition
tools, Tan and co-workers have provided a vast platform for spe-
cific cells detection by the means of flow cytometric analysis [19]
and have already extended the use of Apt-NPs conjugates for the
collection and detection of multiple cancer cells [20]. Jong and co-
workers developed a class of Apt-NPs that could recognize and
therapeutically target cancer cells and demonstrated 3–4 times
enhanced growth inhibition efficacy compared with DNA aptamers
alone [21].

In recent years, many aptamer-based electrochemical sen-
sors have emerged and are still gaining increasing developments
[22–25]. They not only have the advantages of electrochem-
ical sensors, such as rapid response, high sensitivity, ease of
use, low cost and small-sized commercial detectors, but also

inherit the high affinity and specificity of aptamers. The detec-
tion principle is basically based on the aptamer structural changes
[26,27] and sandwich structural formation [28]. The methods
mainly include electrochemical impedance spectroscopy [29] and

dx.doi.org/10.1016/j.talanta.2011.07.055
http://www.sciencedirect.com/science/journal/00399140
http://www.elsevier.com/locate/talanta
mailto:jjzhu@nju.edu.cn
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lectrochemical stripping [30,31].  The latter have been particularly
sed for detecting metal-nanoparticle tags, owning to its ‘built-in’
re-concentration step in electrodeposition, which leads a remark-
ble sensitivity [32].

Herein, a competitive electrochemical cytosensor was  devel-
ped based on electrochemical stripping measurements by using
pt-Qdots conjugates as a platform for tumor cell recognization
nd detection. Qdots cannot only serve as vehicles for the detec-
ion of cells, but also act as tags for cell imaging. The latter can be
ealized because Qdots have narrow, size-tunable emission spectra
nd possess a high quantum yield, all of which have rivaled those of
rganic dyes in many applications [33–35].  Apt-Qdots conjugates
ave already been widely used in optical area for cancer imaging,
herapy, and drug delivery [36–39],  but to the best of our knowl-
dge, they have not been applied in electrochemical cytosensor yet.
n the other hand, a competitive reaction was introduced for the
onstruction of our cytosensor, which was reported to have the
otential to alleviate overdose or drug-induced allergic reactions.
u et al. have used a complementary DNA of the aptamer as an anti-
ote to disrupt aptamer-mediated targeted drug delivery [40]. And
u et al. developed an aptasensor based on competitive-binding for
uman neutrophil elastase detection [41].

For the proof of concept, breast tumor cells (MCF-7 breast can-
er cell line), on which MUC1 protein was overexpressed, were
sed as model target. A 25-base oligonucleotide with specific bind-

ng properties (Kd ∼ 0.135 nM)  for MUC1 peptide [42] was chosen
o conjugate with Qdots, thus developing a specific platform for
etecting and imaging MCF-7 cells. The mucin protein (MUC1) is

 large, rod-like glycoprotein consisting of a N-terminus project-
ng away from the cell surface as a long filament made of tandem
epeats, a transmembrane region and a C-terminus cytoplasmatic
ail [43,44]. It is widely expressed on normal epithelial tissues.

hen they become malignant, its expression increased at least
0-fold [45]. So it is a well-known tumor marker in epithelial malig-
ancies and can be used in immunotherapeutic and diagnostic
pproaches [46]. Till now, a number of MUC1-related modalities
ave been used in clinical trials, ranging from radiolabeled anti-
odies to MUC1 peptide vaccines and gene therapies. Since Ferreira
t al. [42] reported the selection of DNA aptamers that bound to the
UC1 peptides with high affinity and specificity, a lot of biodis-

ribution studies have been carried out [47]. Recently, Yu et al.
roposed a method for the detection of MUC1 based on aptamer
ith Qdots as the fluorescence signal and the detection limit was

s low as 250 nM [48].
The principle of our competitive electrochemical cytosensor

sed for detecting and imaging of target cells is shown in Scheme 1.
′-NH2 aptamer, which can specifically recognize MUC1 on the
ell surface, was firstly captured by the thiolated complementary
NA anchored on the gold electrode surface. Then the functional
arboxyl groups on the surface of Qdots were activated by 1-ethy-3-
3-dimethylaminopropyl) carbodiimide hydrochloride (EDC) and
-hydroxy-succinimide (NHS) to form an intermediate, which
ould combine with amine-containing aptamers. Since MUC1 pro-
ein on the cell surface could compete with cDNA to conjugate
ith Apt-Qdots conjugates, the number of Qdots retained at the

lectrode decreased in the presence of target cells. After dis-
olving the remaining Qdots, the concentration of the obtained
etal species was detected by electrochemical stripping, which
as correlated to the concentration of target cells in solu-

ion.
By using this competitive electrochemical cytosensor, we  have

uccessfully detected as low as 100 MCF-7 cells mL−1 with a linear

alibration range from 1.0 × 102 to 1.0 × 106 cells mL−1. Meanwhile,
ll of the reactions occurred on the surface of gold electrode and
here was no need for extra separation procedure. In addition, with
he development of aptamer SELEX technology [49], this method
011) 2113– 2120

can be easily extended to other cancer cell and analyte determina-
tion once related aptamers have been selected.

2. Experimental

2.1. Chemicals

N-Hydroxy-succinimide (NHS), 6-mercapto-1-hexanol
(MCH), Tween-20, and bovine serum albumin (BSA, 96–99%)
were obtained from Sigma (St. Louis, MO,  USA). 1-Ethy-3-(3-
dimethylaminopropyl) carbodiimide hydrochloride (EDC) was
purchased from Pierce (Rockford, IL). Tellurium powder (Te,
99.8%, 200 mesh) and 3-mercaptopropionic acid (MPA, 99%)
were obtained from Acros Organics (New Jersey, USA). Cadmium
chloride and potassium borohydride were purchased from Tianjin
Chemical Research Institute (Tianjin, China). Disodium hydrogen
phosphate, Potassium dihydrogen phosphate, sodium hydroxide,
magnesium chloride and sodium chloride were obtained from
Nanjing Chemical Reagents Factory (Nanjing, China). All other
chemicals were of analytical grade and were used as received.
The ultrafiltration filter (Millipore Corp.) was  used to separate
and concentrate the sample solution. All aqueous solutions were
prepared using ultra-pure water (≥18 M�,  Milli-Q, Millipore).

2.2. Apparatus and characterization

Electrochemical measurements were performed on a CHI 660a
workstation (Shanghai Chenhua, Shanghai, China) in a solution of
pH 7.4 PBS containing 10 mM Fe(CN)6

3−/4− and 0.1 M KCl with a
conventional three-electrode system composed of the modified
gold electrode as the working electrode, a platinum wire as the
auxiliary and a saturated calomel electrode as the reference. The EIS
analyses were carried out on an Autolab PGSTAT12 (Ecochemie, BV,
Netherlands) in 10 mM pH 7.4 PBS containing 10 mM Fe(CN)6

3−/4−

and 0.1 M KCl with the frequency range of 10−1 ∼ 105 Hz. UV–vis
spectra were recorded on a UV-3600 spectrophotometer (Shi-
madzu, Kyoto, Japan) and the fluorescence measurements were
carried out using a RF-5301PC (Shimadzu, Kyoto, Japan). IR spectra
were recorded on a Nicolet 400 Fourier transform infrared (FT-IR)
spectrometer (Madison, WI). All experiments were performed at
room temperature.

2.3. DNA aptamer synthesis

All probes and DNAs were synthesized by Shanghai Sangon
Biotechnology Co. Ltd. (Shanghai, China).

MUC1 binding aptamer: 5′-GCA GTT GAT CCT TTG GAT ACC CTG
G-3′

5′-NH2-modified MUC1 binding aptamer: 5′-NH2- GCA GTT GAT
CCT TTG GAT ACC CTG G-3′

5′-thiol-modified complementary DNA: 5′-thiol-CCA GGG TAT
CCA AAG G-3′

2.4. Preparation of MPA-modified CdTe Qdots

The synthesis of water-soluble CdTe quantum dots was referred
to the method reported previously [50–52]. Briefly, CdCl2·2.5H2O
(0.0561 g, 0.25 mmol) and MPA  (34 �L, 0.39 mM)  were added into
195 mL  doubly distilled water, and the pH was  adjusted to 8.0–8.5
by the addition of a 5% NaOH solution. The solution was heated to
93 ◦C and then 2.0 mL  of freshly prepared KHTe solution produced
by the reaction of KBH4 (0.0480 g, 0.89 mM)  with tellurium pow-

der (0.0479 g, 0.375 mM)  in a 2.0 mL  aqueous solution was  injected
into the above CdCl2–MPA solution. The resulting mixture solu-
tion was  refluxed under nitrogen flow at 93 ◦C for about 5 h to
obtain CdTe Qdots with an emission maximum at 620 nm (line a



J. Li et al. / Talanta 85 (2011) 2113– 2120 2115

 comp

i
Q
t
w
s

F
a

Scheme 1. Fabrication steps for the

n Fig. 1) and absorption at 550 nm (line b in Fig. 1). The obtained

dots solution was further purified by ultrafiltration according to

he previous report to remove unreacted MPA  [53]. The purified
ater-soluble Qdots possessed a bright fluorescence and a good

tability in a buffer. The concentration of the CdTe Qdots was  cal-

ig. 1. Photoluminescence and UV–vis absorption spectra of the CdTe Qdots in
queous solution. Excitation wavelength: 420 nm.
etitive electrochemical cytosensor.

culated to be 9 �M according to the equation described previously
[54].

2.5. Synthesis of Apt-Qdots conjugates

Apt-Qdots conjugates were synthesized according to a modi-
fied procedure of a literature [36,55]. Carboxyl CdTe Qdots (10 �L,
9 �M)  was  activated in the presence of 10 �L (4.2 mg mL−1) of
EDC and 5 �L (2.1 mg  mL−1) of NHS for 15 min. The resulting N-
hydroxy-succinimide-activated Qdots were covalently linked to
5′-NH2 modified MUC1 aptamer (45 �L, 5 �M).  The reaction was
carried out under gentle mixing for 1 hour. Then the Apt-Qdots
conjugates were purified by ultrafiltration on 30,000 MW size fil-
ter and centrifugation at 3000 rmp  for 15 min  and washed twice
with water to remove nonspecifically bound aptamer. The final Apt-
Qdots conjugates were resuspended in buffer solution and stored
at 4 ◦C before use. All the buffer solution used in the experiments
was a pH 7.4 PBS (50 mM)  containing 100 mM NaCl, 5 mM MgCl2.

2.6. Preparation of electrochemical cytosenor and
electrochemical measurements

The gold electrode was cleaned first in Piranha solution (30%
H2O2: 98% H2SO4 = 3:7, V/V) for 5 min  twice and rinsed with water
prior to use. (Safety note: the Piranha solution should be handled
with carefully caution). All the oligonucleotides solutions were
heat-treated in 90 ◦C for 3 min  and then cooled in ice for 10 min
before use.

For the preparation of electrochemical cytosensor, 20 �L of
a thiolated-cDNA solution (5 �M)  in phosphate buffer was first
spread at the pre-cleaned gold electrode for 12 h at 37 ◦C in the

100% humidity. Then the electrode was  blocked with 6-mercapto-
1-hexanol (MCH) (1 mM,  100 �L) for 1 h. Next, it was  covered with
20 �L aptamer solution (5 �M)  and incubated for 1 h at 37 ◦C in
100% humidity to hybridize with cDNA on the electrode. At last,
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0 �L of carboxylic group functionalized CdTe Qdots activated with
DC and NHS were dropped onto the electrode surface to conju-
ate with 5′-NH2-modified aptamer. Then tween-20 was used to
emove the unbonded Qdots. After each self-assemble step, the
lectrode was thoroughly washed with water and dried with N2
tream. The obtained Qdots/Apt/cDNA/Au electrode was used for
he subsequent assay.

For competitive binding, 10 �L of desired amount of cells was
dded to the fabricated electrode and incubated for 30 min  at 37 ◦C,
% CO2. Then the electrode was thoroughly rinsed with deionized
ater and dried with N2 stream. After the competitive binding,

he gold electrode was immersed in 100 �L of 0.1 M HNO3 for 2 h
o dissolve the residual Qdots. Subsequently, the above dissolu-
ion solution (100 �L) was added into a glass cell containing 1.9 mL
cetate buffer (0.2 M,  pH 5.2) spiked with 10 ppm mercury (II). The
WASV detection involved pretreatment at +0.6 V for 1 min, and
lectrodeposition at −1.1 V for 4 min, and stripping from −1.1 V to
0.2 V under N2 atmosphere using a square-wave voltammetric
aveform, with 4 mV  potential steps, 25 Hz frequency and 25 mV

mplitude [30].

.7. Cell lines and cell culture

MCF-7 cells (human Breast adenocarcinoma), HeLa cells (human
ervix adenocarcinoma) and HL-60 cells (human Acute promye-

ocytic leukemia) were obtained from Nanjing KeyGen Biotech
o. Ltd. MCF-7 and HeLa cells were cultured in a flask in DMEM
edium (Gibco, Grand Island, NY) supplemented with 10% fetal

alf serum (FCS, Sigma), penicillin (100 �g mL−1), and streptomycin
100 �g mL−1) in an incubator (5% CO2, 37 ◦C). The cells were col-
ected from 90% confluent cell culture plates by aspirating off the

edia and incubating with trypsin for 3–5 min. Five milliliters of
edia was added to dilute and neutralize the trypsin solution. Then

his solution was separated from the medium by centrifugation
t 1000 rpm for 10 min  and washed twice with a sterile PBS. The
ediment was suspended in the PBS to obtain a homogeneous cell
uspension with the final concentration of ∼107 cells mL−1. The cell
ensity was determined by using a Petroff-Hausser cell counter
USA) and this was performed prior to the experiments. The cell
uspensions with various contents were prepared from this stock.
L-60 cells were cultured in a flask in RPMI 1640 medium (Gibco,
rand Island, NY) supplemented with the same as other cells.

.8. Specific recognition of Apt-Qdots conjugates to MCF-7 cells

To demonstrate the targeting capabilities of Apt-Qdots conju-
ates toward MCF-7 cells, fluorescence imaging was observed by a
onfocal microscope. The binding was performed by the following
rocedure. Approximately, 5 × 106 cells mL−1 was obtained in test
ubes. Then, 50 �L of Apt-Qdots conjugates were added into the
ell sample and incubated at 37 ◦C, 5% CO2 for 30 min. After incu-
ation, the cells were washed twice by centrifugation with a sterile
BS and resuspended in 20 �L of buffer. In order to demonstrate
he detected fluorescence signal came from the specific binding
f Apt-Qdots with MUC1 on the surface of MCF-7 cells, two control
xperiments were conducted. The cell samples were first incubated
ith aptamer alone for 30 min  and then with Apt-Qdots conjugates

or another 30 min. The other experiment was carried out using
dots to incubate with cells directly. All other procedures were the

ame with the former.

.9. Cell imaging
10 �L of cell suspension bound with Apt-Qdots conjugates was
ropped on a thin glass slide and covered with a coverslip. Then the
lass slide was inverted and placed above a 40× objective on the
011) 2113– 2120

confocal microscope. Fluorescence imaging was conducted with a
confocal microscope (TCS SP5, Leica, Germany). The CdTe Qdots
were excited with 488 nm laser line and detected with 550–650 nm
band-pass filter.

3. Results and discussion

3.1. Characterization of the CdTe Qdots and Apt-Qdots conjugates

The photoluminescence (PL) and absorption spectra of the CdTe
Qdots colloid solution were shown in Fig. 1. The PL emission peak
and the absorption peak appeared at 630 nm and 550 nm, respec-
tively. It could be seen that the line width of PL spectrum was  very
narrow and symmetric, indicating the Qdots were nearly monodis-
perse and homogeneous. The particle size was estimated to be
4.1 nm from the first absorption peak wavelength [54].

After CdTe was  conjugated with aptamer, its properties changed
obviously, indicating the formation of the Apt-Qdots conjugates.
The PL, UV–vis and FT-IR absorption spectra were used to charac-
terize these changes. As shown in Fig. 2A, about 5 nm blue-shift in
the PL emission peak was observed after the Qdots conjugated with
aptamer. This might be ascribed to the energy-transfer by selec-
tive Qdots luminescence quenching and light scattering [56]. And
the UV absorption peak of aptamer at 260 nm could be obtained in
Apt-Qdots conjugates (inset in Fig. 2A). FT-IR spectrum could also
testify the successful fabrication of the conjugation. As shown in
Fig. 2B, the characteristic absorption peak of DNA at 1650, 1080
and 980 cm−1 were preserved after the formation of Apt-Qdots
conjugates [57].

3.2. Construction of cytosensor by electrochemical methods

Electrochemical Impedance spectroscopy (EIS) is a powerful tool
for monitoring the changes of interfacial properties on electrode
surface [58]. Nyquist plot of EIS measurement shows a semicir-
cle in the high-frequency region associated with resistance and
capacitance and a straight line in the low-frequency region asso-
ciated with mass transfer. The semicircle diameters correspond
to the electro-transfer resistance (Ret). Herein, EIS was  used to
characterize the fabrication procedure and significant differences
in the EIS were observed during the modification. The bare gold
electrode displayed an almost straight line (curve a in Fig. 3A)
indicating a fast electron-transfer process of Fe(CN)6

3−/4−. The
immobilization of 5′-thiol-modified cDNA on the gold electrode
surface through Au–SH bond led to an enhanced electron-transfer
resistance (Ret = 4.5 K�,  curve b in Fig. 3A), mainly due to the elec-
trostatic repulsion between negative charges of the cDNA backbone
and the Fe(CN)6

3−/4− probe. This demonstrated that cDNA was
assembled onto the electrode. After aptamer hybridized with cDNA,
a further increase in Ret (from 4.5 K� to 6 K�,  curve c in Fig. 3A)
could be observed, because negatively charged aptamer could repel
the negative charged redox probe Fe(CN)6

3−/4− and thus the inter-
facial electron transfer resistance was  increased [59–61].  Then
the carboxylated CdTe Qdots activated with EDC and NHS were
dropped on the electrode surface and covalently linked to 5′-NH2
modified aptamer, which resulted in an increased electron transfer
resistance (Ret = 9.5 K�, curve d in Fig. 3A). Such resistance increase
could be attributed to the fact that CdTe Qdots carried negative
charges in pH 7.4 PBS, as their zeta potential peak was  at -48.2 mV.
Afterward, the Qdots/Apt/cDNA/Au modified electrode was incu-
bated with MCF-7 cells and a competition took place between

MCF-7 cells and cDNA to bind with Apt-Qdots conjugates, leading to
a significant decrease of Ret (from 9.5 K� to 8 K�,  curve e in Fig. 3A).
When the Qdots left on the electrode surface were dissolved by
HNO3, the electrical impedance further decreased (Ret = 7 K�,  curve
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ig. 2. (A) PL spectra of Qdots (a) and Apt-Qdots conjugates (b). Inset: UV–vis abso
onjugates (b) and pure aptamer (c).

 in Fig. 3A). The EIS results indicated that the immobilization, com-
etitive binding and resolving were accomplished as expected.

Cyclic voltammetry was also used to characterize the modi-
ed electrode after each assembly step with the redox probe of
e(CN)6

3−/4−. As shown in Fig. 3B, a pair of well-defined redox peak
as observed at bare gold electrode (curve a), showing the excel-

ent electron-transfer kinetics of Fe(CN)6
3−/4−. After the electrode

as assembled with cDNA and MCH, the peak to peak poten-
ial separation increased greatly and the amperometric response
ecreased (curve b), indicating increased irreversibility of the inter-
acial electron transfer. When aptamer and Qdots were combined
o the gold electrode surface, similar phenomena were obtained
curve c and d). However, upon incubated with MCF-7 cells, the
ompetitive reaction took place and only a few Apt-Qdots were
eft on the electrode surface, which resulted in the peak current
ncrease (curve e). After dissolving the remaining Qdots by HNO3,
he peak current further increased (curve f). The CV behaviors
ccorded with the EIS changes, which further confirmed the suc-
essful modification and expected competition.
.3. Optimization of cDNA and aptamer amount

With the increasing of cDNA and aptamer at the modified elec-
rode, the stripping peak current increased and then approached a

ig. 3. (A) Nyquist diagrams of electrochemical impedance spectra recorded from 0.1 to 1
rams at a bare Au electrode (a), cDNA/Au electrode (b), Apt/cDNA/Au electrode (c), Qdots
lectrode after HNO3 dissolving (f).
n spectrum of Apt-Qdots conjugates. (B) FTIR spectra of pure Qdots, (a) Apt-Qdots

constant value. In order to obtain the optimum conditions, cDNA
concentration was  firstly considered. With the increasing amount
of cDNA, the Ret of gold electrode increased gradually and reached
a steady state eventually as shown in Fig. 4A. This illustrated that
more cDNA could be immobilized on the gold electrode surface and
reached saturated binding at the amount of 15 �L (5 �M).  We  chose
20 �L (5 �M)  of the solution to ensure a complete saturated bind-
ing in the following experiments. On the other hand, the influence
of aptamer concentration on the stripping peak current was  also
investigated and the optimum concentration of aptamer was  20 �L
(5 �M)  (Fig. 4B).

3.4. Competition assay for cell detection

In our assay, the electrochemical signal was  directly related to
the amount of cells which were used to compete with cDNA at the
electrode. With the increasing of cells, the number of Qdots left at
the electrode decreased. The peak current was inversely propor-
tional to the logarithmic value of cell concentration ranging from
1.0 × 102 to 1.0 × 106 cells mL−1 with a correlation coefficient R of

0.9931 (n = 6) (Fig. 5) and the detection limit was 100 cells mL−1

which was  comparable to those reported by most of aptamer-based
assays [62] and other electrochemical and fluorescence cytosensing
strategy for cancer cell detection [20,63–65].  We  should mention

05 Hz for [Fe(CN)6]3−/[Fe(CN)6]4− (10 mM,  1:1) in 0.1 M KCl. (B) Cyclic Voltammo-
/Apt/cDNA/Au electrode (d), MCF-7/Qdots/Apt/cDNA/Au electrode (e) and the final
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Fig. 4. (A) Nyquist diagrams of electrochemical impedance spectra recorded from 0.1 to 105 Hz for [Fe(CN)6]3-/[Fe(CN)6]4− (10 mM,  1:1) in 0.1 M KCl at a bare Au electrode (a),
cDNA/Au electrode with the cDNA amount of 5, 10, 15, 20, 30 �L (from curve b–f). (B) Effect of aptamer amount in electrode modification on peak current of Qdots/Apt/cDNA/Au
electrode.

F  Anodic stripping voltammograms of Qdots left at the modified gold electrode competing
w ear calibration plot.
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Fig. 6. Bar graph showed the change in peak current between the target cells and
ig. 5. Competition between cells and cDNA for binding to Apt-Qdots conjugates. A)
ith  0, 102, 103, 104, 105 and 106 cells mL−1 (right to left). B) The corresponding lin

hat, above the number of cells indicated in the plot, the electro-
hemical response of this cytosensor began to plateau. At the cell
oncentration of 1.0 × 103 cells mL−1, the cytosensor had the rela-
ive standard deviation of 2.3% examined for five determinations,
howing good reproducibility.

The specificity of the cytosensor for MCF-7 cells was  further
tudied. HeLa and HL-60 cells in place of MCF-7 cells were tested,
sing the same experimental procedures as those for MCF-7 cells.
s shown in Fig. 6, compared with signal response of the cytosensor

o MCF-7 cells, some changes were observed in the case of HeLa and
L-60 cells, which resulted from the MUC1 protein overexpressed

66]. However, such response could not affect the specificity of
he cytosensor for the determination of MCF-7 cells and might be
olved by multiplex biomarker detection [67]. Thus, the established
ompetitive electrochemical cytosensor displayed a good perfor-
ance for the detection of MCF-7 cancer cells with broad detection

ange, low detection limit, good reproducibility and specificity.

.5. Confocal imaging of Apt-Qdots conjugate specific bound with

CF-7 cells

In our proposed assay, Qdots were not only used to read out
etection signal, but also served as the fluorescence probe to

control cells, showing the specificity of the assay for the target cells. The concentra-
tion of cells were all 1.0 × 106 cells mL−1.
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ig. 7. Confocal studies of specific recognition of Apt-Qdots conjugates to MCF-7 ce
fter  reacted with aptamer for 30 min  and then with Apt-Qdots conjugates for anot

isualize the specific binding between Apt-Qdots conjugates and
he target cells. Fluorescence confocal imaging was  used here for
his purpose. In order to demonstrate that the Apt-Qdots conjugates
ould bind with the target cells, Apt-Qdots conjugates were incu-
ated with MCF-7 for 30 min  at 37 ◦C. Fig. 7A showed the Qdots
uorescence on MCF-7 cells obviously, suggesting that the Apt-
dots conjugates could effectively bind with these cells.

To further prove that the detected fluorescence signal was  orig-
nated from the specific binding of Apt-Qdots conjugates with the
arget cells, two control experiments were carried out. The cell sam-
les were first incubated with aptamer alone for 30 min  and then
ith Apt-Qdots conjugates for another 30 min. The fluorescence

ignal could hardly be detected as shown in Fig. 7B. It is because that
he cells were first conjugated with free aptamer before the addi-
ion of Apt-Qdots conjugate which led to occupation of the MUC1
ites and prevented subsequent binding of the Apt-Qdots conju-
ates [6].  It indicated that the combination between Apt-Qdots and
CF-7 cells came from the recognition ability of aptamer to MUC1

rotein. The other control experiments used Qdots to incubate with
CF-7 cells directly and no obvious fluorescence was  detected

n the cells as shown in Fig. 7C. Thus, the obtained fluorescence
mission in Fig. 7A resulted from the specific binding between Apt-
dots conjugates and MCF-7 cells without non-specific absorption
f Qdots on the cell surface.

. Conclusions

A novel electrochemical cytosenor for the detection of tumor
ells was developed based on the competitive reaction between
he target protein and the cDNA. Aptamer-Qdot conjugates were
sed to establish an efficient and intuitionistic dual-stage platform
or the cancer cell detection and recognition. This was  realized by
he characteristics as follows: (i) the high selectivity of aptamer;
ii) the metal species of QDots; and (iii) well fluorescence emission
roperties of Qdots. To the best of knowledge, it is the first time
hat Apt-Qdots conjugates have been used for the fabrication of
lectrochemical cytosensor to detect cancer cells. The high sensi-
ity will be useful for early diagnosis of cancer. All of the reactions
ccurred on the surface of gold electrode and there was no need for
xtra separation. Furthermore, this strategy can be easily extended
o other cancer cells and analytes.
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