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A novel electrochemical aptasensor involving quantum dots-coated silica nanospheres (QDs/Si) and the
screen-printed gold electrodes (SPGE) was developed for the detection of thrombin. The screen-printed
electrodes with several advantages, including low cost, versatility, miniaturization, and mechanical
regeneration after each measurement cycle, were employed. On the other hand, the gold nanoparticles
(AuNPs) were electrodeposited on the surface of SPGE to obtain AuNPs/SPGE. And this sandwich format
(Apt/thrombin/Apt-QDs/Si) was fixed on the AuNPs/SPGE to fabricate the electrochemical aptasensor.
The bound CdTe QDs were dissolved in an acid-dissolution step and were detected by electrochemical
stripping analysis. The proposed aptasensor has excellent performance such as high sensitivity, good
selectivity and analytical application in real samples. The combination of nanoparticles with the screen-
printed electrode is favorable for amplifying electrochemical signals, and useful for large-scale
fabrication of the electrochemical aptasensors, which would lay a potential foundation for the

Electrochemical aptasensor

development of the electrochemical aptasensor.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Aptamers are synthetic, single-stranded DNA or RNA mole-
cules, which possess various merits such as remarkable target
diversity, high binding affinity, convenient automated-synthesis,
ease of labeling, and high stability. Since its discovery in the early
1990s, aptamer technology has progressed tremendously [1,2].
Aptamers have been generated against a wide variety of targets
ranging from small molecules [3], peptides [4], amino acids [5],
and proteins, including cell membrane proteins [6]. Recently,
aptasensors for proteins have been developed based on different
techniques including, quartz crystal microbalance [7], surface
plasma resonance (SPR) [8], fluorescence [9-11], electrochemistry
[12,13], and colorimetry [14,15]. Among them, electrochemical
assays have been widely used in this field of electrochemical
aptasensors because electrochemical methods posses inherent
properties of high sensitivity, simplicity, fast response and port-
ability [16-19].

In order to improve the performance of the electrochemical
aptasensor, many research efforts have been made. On one hand,
signal enlargement based on nanoparticles (Au or Pt nanoparti-
cles and quantum dots (QDs)), has attracted considerable atten-
tion to improve the sensitivity of the aptasensor [20,21]. For
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example, Willner and coworkers reported on the application of
nucleic acid (aptamer) functionalized Pt nanoparticles as catalytic
labels for the amplified electrochemical detection of biomolecules
[12]. Zhang et al. reported electrochemical biosensor for detection
of adenosine based on amplification with reporter probe DNA
modified Au nanoparticles [21]. Liu et al. reported an aptamer-
based sandwich type sensor by using CdSe QDs as electrochemical
labels for the detection of thrombin in human serum [22]. Zhu
and coworkers successfully fabricated a sensitive electrochemical
aptasensor for the detection of adenosine triphosphate (ATP) by
combining three-dimensionally ordered macroporous (3DOM)
gold film and quantum dots (QDs) [23].

On the other hand, to broaden the practical application of the
electrochemical aptasensor in routine analysis, the mechanical
and chemical regeneration of the electrode surface after each
measurement cycle is also essential [24,13]. To date, such a
problem has been only partially solved with the use of disposable
printed electrodes [25], which have been widely used for large-
scale fabrication of electrochemical sensors and biosensors (e.g.
glucose test strip) [26]. Therefore, it can be expected that the
screen-printed electrodes enabled the production of modern
aptasensors for direct detection of targets with versatility, low
cost, and portability.

In this work, a novel and sensitive electrochemical aptasensor
was fabricated based on quantum dots-coated silica nanospheres
and the gold nanoparticles modified screen printed electrode.
Herein, the AuNP-modified screen-printed gold electrode was
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fabricated, which may be significant for more thrombin-aptamer
molecules immobilizing onto the surface of the screen-printed
gold electrode, also favorable for large-fabrication of the electro-
chemical aptasensor. Additionally, thrombin-aptamer was cova-
lently bound to CdTe QDs on the surface of silica nanoparticles.
Enhanced sensitivity was also achieved by an increase of CdTe
QDs loading aptamer [27]. Therefore, this proposed strategy based
on nanoparticles and the screen-printed electrode would have
potential for sensitively aptasensing targets with miniaturization,
and mechanical regeneration after each measurement cycle.

2. Experimental
2.1. Chemicals and materials

Human thrombin, 6-mercaptohexanol (MCH), and HAuCl, - 3H,0
were from Sigma (St. Louis, MO). 1-Ethyl-3-(3-dimethylaminopro-
pyl) carbodiimide hydrochloride (EDC), N-hydroxysuccinimide
(NHS), Tris(hydroxymethyl)aminomethane, and (3-aminopropyl)-
triethoxy-silane (APTS) were purchased from Sangon Co., Ltd.
(Shanghai, China). Thiolated thrombin aptamer (TBA) (5’-HS-
(CH,)s-GGTTGGTGTGGTTGG-3’) was obtained from Sangon Co.,
Ltd. (Shanghai, China). TBA was diluted to 1 uM in 34 mM Tris-
HCl buffer (pH 7.4, 233 mM NaCl, 8.5 mM KCl, 1.7 mM MgCl,,
1.7 mM CaCl,) for use. The TBA solution was stored at 4 °C before
use. All other chemicals were of analytical grade. All samples and
buffer solutions were prepared using ultrapure water obtained from
a Milli-Q water purification system.

2.2. Instruments

All electrochemical experiments were performed on a
CHI650D electrochemical workstation (Chenhua Instrument Com-
pany of Shanghai, China) connected to a personal computer. The
screen-printed gold electrode (SPGE) consisting of gold working
electrode, carbon counter electrode, and Ag/AgCl reference elec-
trode was bought from eDAQ Technology Corporation for electro-
chemical measurements. The sensor connector allows connecting
the SPGE to the electrochemical analyzer.

2.3. Preparation of CdTe QDs coated silica nanospheres (QDs/si) and
bioconjugation of CdTe QDs/Si with aptamers

CdTe QDs coated silica nanoparticles (QDs/Si) were prepared
according to the reported literature [28]. In brief, 0.02 g silica
nanoparticles were added with 0.2 mL of ATPS and 2 mL of
ethanol, and then stirred for 6 h. The liquor was suspended and
centrifuged. The amino-functionalized silica nanoparticles were
washed with ethanol repeatedly for five times. Secondly, amino-
functionalized silica nanoparticles disperse in a mixed solution of
2.5mgmL~! CdTe QDs and EDC (20 mg mL~!). The mixed sus-
pension was stirred at 4 °C for 12 h. Unbound QDs were removed
by successive centrifugation and washed with water several
times. Finally, the as-prepared QDs/Si nanospheres were obtained
and dispersed in water. To generate QD coated silica nanosphere
labels, CdTe QDs coated silica nanoparticles were exposed to the
aqueous thiolated thrombin aptamers, and was stirred overnight
at room temperature to prepare Apt-QDs/Si bioconjugations.
Apt-QDs/Si bioconjugations were collected by centrifugation at
14,000 rpm for 45 min to remove the supernatant. Afterwards,
the resulting Apt-QDs/Si bioconjugations were dispersed in Tris—
HCl buffer and stored at 4 °C for later use.

2.4. Fabrication of the sensing interface

Firstly, the screen-printed gold electrode (SPGE) was washed
throughout with distilled water and dried under nitrogen stream.
And then, Au nanoparticles (AuNPs) were electrochemically
deposited onto the surface of SPGE to prepare AuNPs-SPGE
according to reports in literature [21]. In brief, the pretreated
electrodes were immersed into HAuCl, (6.0 mM) solution con-
taining 0.1 M KNOs, where electrochemical deposition was con-
ducted at 400 mV by single-potential mode to obtain the AuNPs
modified SPGE.

For immobilization of the aptamer, 10 pL of 1 uM thiolated
TBA solution was placed on the AuNPs/SPGE for 16 h to produce a
self-assembled monolayer (SAM) of aptamer. After treatment
with 1 mM 6-mercaptohexanol (MCH) for 1h, the unmodified
region of the electrode was blocked and then the resulting MCH/
TBA/AuNPs/SPGE electrode was incubated for 120 min with
various concentrations of thrombin. Subsequently, the Apt-QDs/
Si solution was coated on the thrombin/MCH/TBA/AuNPs/SPGE,
and the interaction was kept at room temperature for 120 min to
obtain a sandwich sensing system, the Apt-QDs/Si/thrombin/
MCH/TBA/AuNPs/SPGE. After each step, the electrode was rinsed
thoroughly with ultrapure water and then dried with a stream of
nitrogen.

2.5. Electrochemical measurements

Nitric acid (0.1 M) was used for the dissolution step since it
can efficiently oxidize the CdTe quantum dots after carefully
optimizing reaction time and concentration. Preliminary experi-
ments of dissolving CdTe quantum dots with 500 pL HNO5; and
potentiometer detection of the released Cd?* showed that it was
fully oxidized after 1 h. The detection was performed in 0.1 M
phosphate buffer solution. The analytical procedure contained
60s of electrodeposition at 0.6V, 600s electrodeposition at
—1.00V, and stripping from—0.95 to —0.45 V using a differential
pulse voltammertry (DPV) with 4 mV potential steps, 25 Hz
frequency, and 25 mV amplitude. Raw voltammograms were
treated with the automatic baseline-correction method offered
by computer-controlled instruments [29].

3. Results and discussion
3.1. Design strategy of the aptasensor

The design strategy of the aptasensor is illustrated in
Scheme 1. Firstly, the bare SPGE was washed throughout with
deionized water and blown dry with nitrogen. AuNPs were
electrochemically deposited onto the surface of the treated SPGE
to obtain the AuNPs/SPGE, as shown in Scheme 1A. The thiolated
thrombin-aptamer (TBA) was immobilized on the AuNPs/SPGE
surface via the self-assembly (Scheme 1B) and then blocked by
MCH to fabricate the MCH/TBA/AuNPs/SPGE (Scheme 1C). After-
wards, the MCH/TBA/AuNPs/SPGE was used to capture the ana-
lyte thrombin in sample solution, obtaining the thrombin/MCH/
TBA/AuNPs/SPGE (Scheme 1D). The Apt/QDs-Si was subsequently
bound to the resulting thrombin/MCH/TBA/AuNPs/SPGE, forming
a sandwich system, the Apt/QDs-Si/thrombin/MCH/TBA/AuNPs/
SPGE (Scheme 1E). By adding HNOs, the QDs from the complex
were dissolved and cadmium ions were released (Scheme 1F).
These cadmium ions were measured with DPV using a glassy
carbon (GC) electrode (Scheme 1G). The concentration of cad-
mium ions was directly proportional to the amount of thrombin.
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Scheme 1. Schematic representation of the electrochemical aptasensor for the detection of thrombin based on the screen-printed gold electrode and quantum dot-coated

silica nanosphere.

3.2. Characterization of SPGE and AuNPs/SPGE

The bare screen-printed gold electrode (SPGE) and the AuNPs-
SPGE were characterized by cyclic voltammetry in the presence of
equimolar [Fe(CN)s]*~/4~, and the corresponding results are
shown in Fig. 1A. The peak currents of [Fe(CN)g]> /4~ at the
SPGE (curve a in Fig. 1A) almost cannot be observed. This
demonstrates that the conductivity of the SPGE is low, which
results from polymeric ink and the low gold proportion of the
screen-printed gold electrode. However, in case of the AuNPs/
SPGE, the redox peaks of [Fe(CN)g]>~/4~ appeared obviously and
peak currents increased greatly (curve b in Fig. 1A). It can be due
to more electroactive sites introduced by electrodeposition of
AuNPs, which may be useful for the immobilization of thiolated
thrombin aptamer. Additionally, the electrochemical voltammo-
grams of the bare SPGE (a) and the AuNPs/SPGE (b) in 0.5 M
H,SO, were investigated, and the corresponding results are
shown in Fig. 1B. It is observed that the electrochemical behavior
of the AuNPs/SPGE is similar to that of the bare gold electrode,
which further proves that AuNPs have been electrochemically
deposited onto the surface of the SPGE.

3.3. Electrochemical impedance measurements.

It was reported that impedance spectroscopy as one of the
most popular strategies may be useful to track the surface
features [30]. On the basis of the charge transfer kinetics of the
[Fe(CN)s]® 4~ redox probe, faradaic impedance spectra with an
[Fe(CN)s]> /4~ redox probe were modeled using the equivalent
circuit approach of Radi et al. [13], as shown in the inset of Fig. 2.
The circuit includes the commonly existing electrolyte resistance
(Rs) and Warburg impedance (Z,,) resulting from the diffusion of
ions from the bulk of the electrolyte to the interface, double-layer
capacitance (Cy), and the electron-transfer resistance (Ret). Among
them, R can directly and sensitively respond to changes of the
electrode interface [18,31]. Whereas a linear section characteristic
at the lower frequency is attributable to a diffusion-limited
process, a squeezed semicircle portion observed at higher fre-
quencies corresponds to the electron-transfer limited process.

Herein, impedance spectroscopy was employed to monitor the
fabrication of the modified electrodes. Fig. 2 shows the Nyquist
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Fig. 1. (A) Cyclic voltammograms of (a) the bare screen-printed gold electrode
(SPGE) and (b) the Au nanoparticles modified SPGE (AuNPs/SPGE) in aqueous
solution containing 5.0 mM [Fe(CN)g]*~/4~ (1:1). (B) Cyclic voltammograms of
(a) the bare screen-printed gold electrode (SPGE) and (b) the Au nanoparticles
modified SPGE (AuNPs/SPGE) in aqueous solution containing 0.5 M H,SO4.

plots of EIS for the AuNPs/SPGE (a), TBA/AuNPs/SPGE (b), MCH/
TBA/AuNPs/SPGE (c), thrombin/MCH/TBA/AuNPs/SPGE (d), and
Apt—QDs/thrombin/MCH/TBA/AuNPs/SPGE (e). All modified
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electrodes show obvious increase in diameter compared to that of
the AuNPs/SPGE, indicating much higher R.; values. This may be
because the aptamer is not only nonconductive, but also a
negatively charged TBA on the Au electrode surface effectively
repels the [Fe(CN)g]> /4~ anions [16]. This demonstrates that TBA
has been self-assembled successfully on the AuNPs/SPGE. In
comparison with the TBA/AuNPs/SPGE, it was found that the
assembly of MCH onto the TBA/AuNPs/SPGE led to a significant
increase in Re; (curve c in Fig. 2), which is consistent with that
reported in the literature [32]. Then, the MCH/TBA/AuNPs/SPGE
was incubated in 50 ng mL~! thrombin for 2 h, and there was a
large increase in R, which may originate from the bulky
thrombin molecules blocking the electrode surface. This implies
that thrombin has been bound to the surface of the modified
electrode by the aptamer-protein interaction. Afterward, the
SPGE/AuNPs/TBA/MCH/thrombin was treated with Apt-QDs to
form a sandwich of Apt-QDs/thrombin/MCH/TBA/AuNPs/SPGE,
and a large extent increase in diameter was observed. This may
be because the Apt-QDs layer formed another barrier which
prevents [Fe(CN)g]> /4~ from transferring to the electrode sur-
face, which would be useful to improve the sensitivity of the
electrochemical aptasensor.

On the other hand, in order to further improve the sensitivity
of the electrochemical aptasensor, CdTe quantum dots coated
silica nanosphere (CdTe QDs/Si) were used to form Apt-QDs/Si
conjugations. Herein, the Apt-QDs/thrombin/MCH/TBA/AuNPs/
SPGE and Apt-QDs/Si/thrombin/MCH/TBA/AuNPs/SPGE were
investigated by electrochemical impedance spectroscopy (EIS),
as shown in Fig. 3. Just as expected, the Apt—-QDs/Si bioconjunc-
tions caused dramatic increase in the electron-transfer resistance.
This is reflected by the enhancement of R.; of the Apt-QDs/Si/
thrombin/MCH/TBA/AuNPs/SPGE (curve b in Fig. 3), ca. 3 times
higher than that of the Apt-QDs/thrombin/MCH/TBA/AuNPs/SPGE
(curve a in Fig. 3). This experimental result may result from the
increase of CdTe QDs loading on the surface of silica nanospheres,
leading to more aptamer molecules immobilizing onto the mod-
ified SPGE [27]. Meanwhile, this demonstrates that signal ampli-
fication by the QDs/Si label has been realized. Thus, it can be
believed that the Apt-QDs/Si/thrombin/MCH/TBA/AuNPs/SPGE
would be favorable for electrochemical aptasensing thrombin
with high sensitivity.
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Fig. 2. Electrochemical impedance spectra of (a) the bare SPGE, (b) the AuNPs/
SPGE, (c¢) the MCH/AuNPs/SPGE, (d) the TBA/MCH/AuNPs/SPGE, and (e) thrombin/
TBA/MCH/AuNPs/SPGE in aqueous solution containing 5.0 mM [Fe(CN)g]* /4~
(1:1) as the redox probe. The concentration of thrombin was 50 ng mL~". The
impedance spectra were recorded within the range 100 kHz-10 mHz at the formal
potential of [Fe(CN)g]>~/4~. The amplitude of the alternate voltage was 5 mV.
Inset: equivalent circuit model for electrochemical impedance measurement
system. R, solution resistance; Cy, double-layer capacitance; Ret, electron-transfer
resistance; Z,, Warburg impedance.

3.4. Electrochemical detection of thrombin

In this work, the target protein thrombin on the modified
electrodes was detected with electrochemical measurement
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Fig. 3. Electrochemical impedance spectra of (a) Apt-QDs/thrombin/MCH/TBA/
AuNPs/SPGE and (b) the Apt-QDs/Si/thrombin/MCH/TBA/AuNPs/SPGE. Other con-
ditions were the same as those in Fig. 2.
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Fig. 4. (A) Differential pulse voltammograms acquired in 1ngmL~'(a),
5ng mL~'(b), 15 ng mL~'(c), 30 ng mL~'(d), 50 ng mL~'(e), and 100 ng mL~'(f)
of thrombin using the assay method under the optimal conditions, and (B) the
linear current-concentration curve of the aptasensor for thrombin detection.



Y. Li et al. / Talanta 99 (2012) 637-642 641

Table 1
Comparsion of the present detected thrombin sensor.

Electrode Mechanism Reporter Detection limit
MB-aptamer/thrombin [34] Target binding-inhibited electron transfer MB 6.4 nM
Aptamer/thrombin/aptamer-PtNP [35] Sandwich formation and PtNP electrocatalyzed reduction of H,0, PtNPs 1nM
Aptamer/thrombin aptamer-AuNP [36] Target binding-induced network-like of TCA/AuNPs formation AuNP 7.82 aM

Aptamer/thrombin [37]

aptamer/thrombin [38]

Target/aptamer quadruplex-induced AuNPs aggregation
Aptamer/thrombin/aptamer-AuNP [39] Sandwich formation and catalytic enlargement of Au

Target/aptamer quadruplex-induced polymer conformational change Fluorescence cationic polythiophene 10 uM/

0.01 nM
AuNPs 83 nM/0.83 nM
AuNPs 2nM

based on the CdTe QDs/Si labels. The CdTe quantum dots were
oxidized with HNO3 [33], and the dissolved cadmium ions were
determined by DPV. Fig. 4A shows the typical differential pulse
voltammertry of cadmium ions with increasing thrombin con-
centration. As illustrated in Fig. 4A, the DPV response increased
with the increase of the thrombin concentration. And the corre-
sponding calibration plot of response versus [thrombin] is linear
from 1 to 50ngmL~', as shown in Fig. 4B. The correlation
coefficient is 0.9942 and the lowest detectable concentration of
thrombin is 0.1 ngmL~'. And comparing the aptasensor with
these presented thrombin sensors in literature, as shown in
(Table 1). It was obtained that the sensitivity of the aptasensor
is high or comparable. It can be attributed to the following
reasons: (a) the AuNPs deposited SPGE may offer a congenial
microenvironment and stereo-attaching sites suitable for more
aptamer molecules immobilizing on the modified electrode;
(b) silica nanoparticles with good monodispersion and similar
surface can load more QDs and aptamer molecules on each
nanosphere [28]; and (c) stripping analysis is a powerful techni-
que for trace metal measurements.

3.5. Selectivity

In order to illustrate the selectivity of the aptasensor, control
experiments were performed using three different proteins (BSA,
fibrinogen, and IgG antibody) to replace thrombin. The MCH/TBA/
AuNPs/SPGE was exposed to a large excess of different proteins
for ca. 120 min without the presence of thrombin. It was found
that the nonspecific adsorption of the foreign proteins (BSA,
fibrinogen, and IgG) to the base aptamer does not happen
obviously, and the effects of these foreign proteins on thrombin
detection are almost negligible. These control experiments indi-
cate that the aptasensor is specific to thrombin and possesses
high selectivity.

3.6. Analytical application of the aptasensor

The analytical applicability of the electrochemical aptasensor has
been evaluated by the standard addition method. A series of samples
were prepared by adding thrombin of different concentrations to
human blood serum (obtained from Cancer Hospital of Hunan
Province, China). From the analytical results, it can be concluded
that the recovery and relative standard deviation values are accep-
table. This implies that the aptasensor has a promising feature for
the analytical application in complex biological samples. And also,
the use of the screen-printed electrode would be more favorable for
the practical application of the electrochemical aptasensor with
portability in routine analysis.

4. Conclusion

Based on quantum dot-coated silica nanospheres (QDs/Si) and
the Au nanopartilces (AuNPs) modified screen-printed gold

electrodes (SPGE), a simple and sensitive method for aptasensing
protein has been developed. The screen-printed gold electrode
was useful for large-scale fabrication of the electrochemical
aptasensors and can be incorporated in portable systems. The
combination of AuNPs with QDs/Si as labels may be favorable for
amplifying electrochemical signals. On the basis of these, the
aptasensor showed a good precision and high sensitivity for
thrombin concentrations. Therefore, it can be concluded that this
proposed protocol provides a potential method for the develop-
ment of the electrochemical aptasensor or other biological assays
for routine analysis.
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