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" A electrogenerat ed
chemiluminescence assay for 
thrombin is designed.

" CdSe/ZnS quantum dots are served 
as ECL label.

" Low surface coverage of gold 
nanoparticles is involved to
improved sensitivity .

" The sensing system is based on the 
utilization of aptamer as the probes.
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A novel electrogenerated chemiluminescence (ECL) assay for sensitive determination of thrombin is
designed employing CdSe/ZnS quantum dots served as an ECL label. This ECL sensor is fabricated on
graphene modified glassy carbon electrode which is then covered with a low surface coverage of gold 
nanoparticl es (AuNPs). An aptamer is used to selectively recognize the target. The thiol-terminated apt- 
amer is first immobilized on AuNPs/graphene modified electrode, and then thrombin is imported to form 
the aptamer–thrombin complexes. After blocking the nonspecifically bound oligonucleotides with MCH 
solution, another CdSe/ZnS quantum dots modified aptamer is hybridized with the free thiol-terminated 
aptamer to form a DNA complexe. A decreased ECL signal is observed upon recognition of the target 
thrombin. The integrated ECL intensity versus the concentration of thrombin is linear in the range from 
0.01 to 50 nM. The detection limit is 10 fM. The present aptasensor also exhibits excellent selectivity, sta- 
bility and reusability. This sensing system can provide a promising label-free model for aptamer-based 
comp ounds sensitive detection.

� 2013 Elsevier B.V. All rights reserved.
Introductio n

Aptamers are single stranded DNA molecules or RNA that selec- 
tively bind to various target molecules with high affinity, such as
small molecule s, proteins and drugs [1–5]. Compared to traditional 
molecular recognition system, aptamers have a lot of advantages in
terms of the simplicity of synthesis. Aptamers can be stored stable 
for a long term, ease of labeling, excellent stability, wide applicabil- 
ity, and high sensitivit y. It is regarded as the ideal recognition ele- 
ll rights reserved.
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ments for a broad range of biosensing applications, such as optical,
electrochem ical and electrogene rated chemiluminescen ce (ECL)
biosenso rs [6–10].

In aptamer-based assay, highly luminescen t semiconduc tor 
nanocrys tals, often referred to as quantum dots (QDs), have re- 
ceived tremendous attention for their possible luminescent appli- 
cations in aqueous solution [11,12]. With size tunable narrow 
emission spectra and broad excitatio n spectra, they have been 
widely used as multicolored luminescent probes, biological labels 
and bioimaging [13,14].

Gold nanoparti cles (AuNPs) have been widely used because of
the excellent properties, such as high biocompatibili ty, distinctive 
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size-related electronic and optical behavior, good conductivity and 
high catalytic activity [15–17]. However , large size or high surface 
coverage of AuNPs may exhibit high and potential-depend ent 
background current in aqueous solution because of their high 
capacitive current and complex surface redox reactions. The mod- 
ification of electrodes with a low surface coverage of AuNPs will al- 
low high electrocatal ytic activities along with low background 
current. This is helpful to achieve high signal-to-backgr ound ratios 
(i.e., low detection limits). Moreover, the use of minimal Au may 
reduce the cost of electrochemical sensors.

The objective of this work is to develop a novel ECL assay for 
thrombin detection with quantum dots CdSe/ZnS served as an
ECL label. For improving the detection sensitivity, graphene is used 
in the constructi on of the biosenso r. Graphene has stimulated in- 
tense research interest because of its unique physical and chemical 
properties, such as high surface area, high electrical conductivity ,
good chemical stability and strong mechanical strength [18–20].
In addition, the ease of material processing, low cost of synthesis,
and ability to make composite materials make it an attractive can- 
didate for fabricating various functional devices, such as elec- 
trodes, sensors, photovoltaics and photodetect ors [21–24]. For 
further signal amplification and introduction of aptamer, a low sur- 
face coverage of AuNPs was in situ reduced on glassy carbon elec- 
trode (GCE). The thiol-term inated aptamer is then immobilized on
AuNPs/graphen e modified electrode , and then thrombin was im- 
ported to form the aptamer–thrombin complexes. After blocking 
the nonspecifically bound oligonucleotid es with MCH solution, an- 
other CdSe/ZnS quantum dots modified aptamer was hybridized 
with the free thiol-termin ated aptamer to form a DNA complexe.
A decreased ECL signal was observed upon recognition of the target 
thrombin and therefore could be used to detect thrombin. The 
developed ECL assay was specific and sensitive, and it could be ap- 
plied for sensitive detection of other molecules only needing 
change of the aptamer.
Experimen tal 

Chemicals and materials 

Labeled DNA oligonucl eotides were synthesized by Shanghai 
Sangon Biotechnology Co., Ltd. (Shanghai, China, www.san-
gon.com), purified by C18 HPLC and PAGE, confirmed by mass spec- 
trometry and used as received. The sequences of two oligomers 
employed were given below: 50-HS-(CH2)6-AGTCCGTG GT
AGGGCAGG TTGGGGTGACT -30 (HS-DNA); 50-biotin-GGT TGGTGTG 
GTTGG-30 (Biotin-DNA). 6-mercapto -1-hexanol (MCH), Adenosine 
triphosphate (ATP), lysozyme, fibrinogen, bovine serum albumin 
(BSA), thrombin, immunoglobul in (IgG), and 3-aminoprop yl trieth- 
ylene silane (APS) were purchased from Sigma–Aldrich (Saint
Louis, MO, USA, http://www.sigm aaldrich.com ). Avidin-QDs (with
a CdSe/ZnS core–shell structure about 10 nm) were obtained from 
Wuhan Jiayuan Quantum Dots Co., Ltd. (Wuhan, China,
www.qds.n et.cn ) with a prime concentration of 1.10 lM. 0.1 M of
phosphate-b uffered saline (PBS) with various pH values was pre- 
pared by mixing the stock solutions of NaH 2PO4 and Na2HPO4

and then adjusting the pH with 0.1 M NaOH and H3PO4. The buffer 
solution (pH 7.4) for oligonucleotid es containe d 100 mmol L�1 Na2-

HPO4 + NaH 2PO4 and 5 mmol L�1 MgCl2. The electrolyte for ECL 
measureme nt was 5 mL PBS solution containing 0.1 mol L�1

K2S2O8 and 0.1 mol L�1 KCl. Solution contained 0.1 mol L�1 KCl
and 2 mmol L�1 [Fe(CN)6]3�/[Fe(CN)6]4� was used for electrochem- 
ical impedance spectroscopy (EIS) characteri zation. Millipore 
ultrapure water (resistivity P 18.2 MX) was used throughout the 
experiment. All other reagents were of analytica l reagent grade 
and used without further purification.
Apparatu s

The ECL emission was detected using a model MPI-A ECL ana- 
lyzer (Xi’an Remex Analysis Instrument Co., Ltd., Xi’An, China,
http://ww w.xaremex.com ). The spectral width of the photomulti- 
plier tube (PMT) was 200–800 nm, and the voltage of the PMT 
was 500–800 V in the detection process. The scanning electron 
microscop y image was obtained using JSM-5800 scanning micro- 
scope (JEOL. Ltd., Tokyo, Japan http://www.je ol.com ).

Preparatio n of modified electrode 

Graphene oxide (GO) was prepared from graphite powder by
the modified Hummers method [18]. In a typical process, 5 g
graphite was slowly added into a stirred mixture of concentr ated 
H2SO4 (87.5 mL) and fuming HNO 3 (45 mL) cooling in an ice-water 
bath. KClO 3 (55 g) was then added slowly in above mixture. The 
mixture was kept stirring for 96 h at room temperature . Then the 
slurry was poured into water and filtered to obtain graphite oxide.
After dried at 80 �C, graphite oxide (0.5 g) was exfoliate d in de-ion- 
ized water (500 mL) with ultrasonic treatment to form a colloidal 
graphene oxide suspensi on (1 mg mL�1). To get graphene, chemi- 
cal reduction of the suspension of GO was carried out with hydra- 
zine monohyd rate for 24 h at 80 �C. The final product was isolated 
by filtration, and rinsed thoroughly with deionized water and eth- 
anol. Then the product was dried in vacuum and graphene was 
obtained.

The GCE (3 mm in diameter) was polished carefully with 0.3 
and 0.05 lm alumina slurry, and sonicated in acetone, ethanol,
0.5 M NaOH, and ultrapure water, respectively . Graphene (1 mg)
was dispersed in 10 mL water and the mixture was sonicated for 
30 min to obtain a homogeneous suspension. Next, with a microin- 
jector, 10 lL of the mixture was dropped on the surface of GCE. The 
graphene modified electrode was then immersed in APS solution 
(2%, v/v) for 0.5 h to introduce the amine functional groups mono- 
layer. The modified electrode was rinsed several times with water.
Then the electrode was dried under a stream of nitrogen. Prepared 
in this way, the substrate surface was covered with positivel y
charged APS that readily adsorbed HAuCl 4 with negative charge.
The functionalized electrode with amine was immersed into 
1 mM HAuCl 4 solution for 30 min at 37 �C. The AuCl �4 ions were 
electrost atically bound to protonated amine groups. After the elec- 
trode was modified, it was thoroughly rinsed with water, the AuCl �4
ions at the electrode was reduced by using 0.5 mM ascorbic acid 
for 2 h. Then the modified electrode was washed with water and 
dried at 50 �C for 20 min. To increase the size of AuNPs (for com- 
parison), the electrode was treated in an aqueous solution contain- 
ing 0.3 mM HAuCl 4 and 0.3 mM NH4OH (30%, v%).

The HS-DNA was dissolved in 10 mM PBS solution (0.1 M NaCl,
5 mM MgCl 2, 1 mM TCEP, pH 7.4) to a final concentration of 2 lM.
The modified electrode was immersed into this solution for 3 h to
adsorb HS-DNA on the AuNPs. The electrode was then washed with 
PBS (pH 7.4) and subsequent ly immerse d in 1 mM MCH solution 
(10 mM PBS, 1 M NaCl, pH 7.4) for 2 h to displace the nonspeci fi-
cally bound oligonucleoti des. The resulting electrode was again 
washed with PBS and used as ECL biosensor. The construction of
the ECL biosenso r was shown in Scheme 1.

Electroge nerated chemilumines cence detection 

The Avidin-QDs solution was diluted 50 times with 0.1 M PBS 
(pH 7.4). Then the same volume of 10 lM Biotin-DN A was added 
and incubated at 37 �C for 1.5 h to form the QDs and DNA complex 
QDs-DNA . The biosensor was immersed in thrombin solution for 
1 h, and then washed with PBS. After dried with a stream of N2,
the electrode was immediately covered with 20 lL QDs-DNA for 
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Scheme 1. Schematic diagram for the ECL biosensor fabrication.
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another 2 h. All above incubation steps were carried out at 37 �C.
The measure ment of thrombin was performed with cyclic voltam- 
mogram at a potential ranging from 0.0 V to �1.7 V at a scan rate of
100 mV s�1 with a conventional three-electr ode system. The mod- 
ified electrode , a platinum wire, and an Ag/AgCl (saturate KCl) elec- 
trode were used as working electrode, counter electrode and 
reference electrode, respectivel y.
Results and discussion 

In situ reduction of gold nanoparti cles 

AuNPs have been recognized as a versatile and efficient tem- 
plate for the immobilizat ion of biomolecules. They could not only 
act as ‘‘electroni c wires’’ to enhance the electron transfer between 
redox centers and electrode, but also as catalysts to increase elec- 
trochemical reaction of electroacti ve species [25,26]. In this work,
in order to improve the detection sensitivity, low surface coverage 
of AuNPs was reduced in situ on electrode with ascorbic acid after 
the substrate surface was covered with positivel y charged APS.
Fig. 1 shows the SEM images of AuNPs. Some bright spots were ob- 
served in Fig. 1a. This might be associated with AuNPs formation 
on the substrate surface. The AuNPs were very small, and it could 
not be clearly recognized in the SEM images. The AuNPs were then 
used as seeds to induce the further growing of AuNPs. The 
Fig. 1. SEM images of: (a) AuNPs modified electrodes and (b) after (a) was treated in
substrate covered with the small AuNPs were then immersed into 
an aqueous solution containing 0.3 mM HAuCl 4 and 0.3 mM NH4-

OH (30%, v%) for 10 min. As shown in Fig. 1b, the formatio n of large 
AuNPs indicated the presence of small and low-cover age AuNPs on
the electrode. Fig. 2 showed that the ECL intensity was obviously 
increased on the low surface coverage of AuNPs modified GCE 
compare d to the large AuNPs.
Electroch emical impedance spectroscopy 

Electrochem ical impedance spectroscopy (EIS) provides de- 
tailed informat ion on the change of the surface property of modi- 
fied electrode s for each modification process. The typical 
impedance spectrum that presents in the form of the Nyquist plot 
includes a semicircle portion at higher frequencies correspond ing 
to the electron- transfer limited process and a linear part at lower 
frequenc y range representing the diffusion limited process. The 
semicircle diameter in the impedance spectrum is equal to the 
electron- transfer resistance (Ret) which reflects the electron trans- 
fer kinetics of the redox probe at the electrode . Fig. 3 shows the 
impedance spectra correspond ing to the stepwise modification
processes . It was observed that the EIS of the bare GCE displayed 
an electron-transf er resistance of about 78 X (Fig. 3a). After graph- 
ene and APS were coated on the GCE, the Ret of the resultant APS/ 
graphene/G CE obviously decreased to 58 X (Fig. 3b), indicating 
an aqueous solution containing 0.3 mM HAuCl 4 and 0.3 mM NH4OH (30%, v%).
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good conductivity of graphene. After AuNPs was immobilized on
the electrode, the Ret of the modified electrode obviously de- 
creased to 47 X (Fig. 3c), indicating that AuNPs acted as high elec- 
tron relay for shuttling electron between the electrochemical 
probe and the electrode. After the immobilization of HS-DNA, an
obvious increase of semicircle part of the impedance spectrum ap- 
peared, and the Ret increased to 76 X (Fig. 3d). Because the nega- 
tive charge of DNA hindered [Fe(CN)6]4�/3� from reaching to the 
electrode surface, the increase in electron transfer resistance indi- 
cated that the HS-DNA was successfully immobilized on the elec- 
trode. When thrombin was bound on the modified electrode, the 
electron-tra nsfer resistance greatly increased to 273 X (Fig. 3e).
This resistance enlargement could be attributed to the fact that 
the resistive hydrophobi c layer of thrombin molecules insulated 
the conductive support and perturbed the interfacia l electron 
transfer between the electrode and the electroactive species in
solution.

Electrogener ated chemiluminesce nce behavior 

As shown in Fig. 4, the ECL signals of the electrode s (including
Thrombin/HS- DNA/AuNPs/AP S/graphene/GCE, HS-DNA/AuNPs /
APS/graphene/GCE, AuNPs/APS/graphene/GCE, APS/graphene/GCE),
which was in the absence of QDs, were very low. After QDs-Avi- 
din-DNA were added to form DNA complex on the modified elec- 
trode, the ECL intensity increased greatly (curve a). This indicated 
the ECL signal was caused by QDs. When the negative potential 
scan was performed , the QDs immobilized on the electrode surface 
and S2O2�

8 in the aqueous solution could be reduced to nanocrystal 
species (QD��) and SO��4 , respectively. Then QD�� reacted with SO��4
to produce excited state QD⁄ to emit light. In this work, the throm- 
bin aptamer was attached to AuNPs via alkane thiol self-asse mbled 
monolay er. Target induced association of the two DNAs (HS-DNA
and QDs-DNA ) thus increases the concentration of QDs at the 
electrode surface, which therefore increased the intensity of ECL.

Optimiza tion 

The effect of the reaction time between QDs-DNA and HS-DNA 
was investigated. With time increased from 0 to 2 h, the ECL signal 
rapidly increased. The ECL response reached a steady state after 
2 h, indicating the contracting species were almost transferred to
the complexes. Therefore, 2 h of incubation time was used in the 
subsequent work.

The influence of the K2S2O8 concentr ation on the ECL intensity 
was also discussed. Different K2S2O8 concentr ations (0.05–0.5 M)
were employed and the ECL intensity kept almost unchanged. This 
indicated that the coreactan t was adequate for the ECL consump -
tion during the measureme nt. Therefore, 0.1 M coreactant K2S2O8

was selected.

Determina tion of thrombin 

The presence of thrombin at different concentr ations led to dif- 
ferent ECL intensity, depending on the amount of the free HS-DNA 
on the modified electrode, which subsequent ly reacted with QDs- 
DNA. In order to evaluate the performanc e of the present ECL bio- 
sensor, a series of thrombin solutions were tested. The differenc e in
ECL intensity was used to evaluate the response to thrombin . The 
ECL intensity decreased with the increase of thrombin concentr a-
tion until reached a maximal value at 50 nM thrombin. As shown 
in Fig. 5, the biosensor showed linear relationship between the 
ECL intensity and the logarithm of the thrombin concentration in
the range from 0.01 nM to 50 nM. The linear regression equations 
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Table 2
Recovery of thrombin assay in human serum samp le (n = 3).

Samples Added (nM) Found (nM) Recovery (%) R.S.D. (%)

1 0.05 0.048 96.0 3.2 
2 0.1 0.093 93.0 2.4 
3 1 1.045 104.5 2.1 
4 5 5.19 103.8 2.5 
5 10 9.71 97.1 3.8 
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were Y = �3.133 log X � 19.327, with correlation coefficients of
R = 0.996. Three repetitions of each standard thrombin solution 
were carried out to evaluate the reproduci bility and precision of
the method. The results were reflected by the error bars in Fig. 5.
The detection limit was 10 fM based on a signal-to- noise ratio of
3. This indicated that the ECL sensor was highly sensitive and 
reproductive.
Precision, selectivity, and stability 

The precision of the ECL sensors was investigated by using the 
variation coefficients of intra- and inter-ass ays. The intra-assay 
precision of the analytical method was evaluated by analyzing five
concentratio n levels of thrombin for three times per run. The var- 
iation coefficients of intra-assay were 3.2%, 3.6%, 2.9%, 3.1% and 
4.3% at 0.05, 0.1, 0.5, 1 and 30 nM of thrombin, respectively . Simi- 
larly, the variation coefficients of the inter-assay were 4.2%, 5.1%,
5.8%, 5.4%, and 5.9% at 0.05, 0.1, 0.5, 1 and 30 nM of thrombin,
respectively . Therefore, the precision and reproducibi lity of the 
ECL sensors was acceptable.

Selectivity is one of the potential advantag es of using aptamer 
as recogniti on elements. To monitor the differences in response 
of the sensor to interference degree or crossing recogniti on level,
some compounds including ATP, IgG, lysozyme, fibrinogen and 
BSA were used to evaluate the selectivity of the sensor. The sensor 
was separately exposed to two types of 1 nM thrombin: one with 
interference and the other without. The results were shown in
Table 1, which indicated that the selectivity of the sensor was 
acceptable within experimental error.
Table 1
Interference studies with the ECL biosensor.

Interferent ATP Lysozyme Fibrinogen IgG BSA 

ECL intensity (a.u.)a 8875 
ECL intensity (a.u.)b 8810 8821 8912 8823 8790 
Difference of ECL 

intensity c (%)
�0.73 �0.61 0.42 �0.59 �0.96

a ECL intensity after biosensor incubated with 1 nM thrombin without the 
interference.

b ECL intensity after biosensor incubated with 1 nM thrombin with the 
interference.

c Difference of ECL intensity ratio = (ECL intensity (a.u.)b – ECL intensity (a.u.)a)/
ECL intensity (a.u.)a.
The stability of the sensor was examine d. When the sensor was 
stored at 4 �C and measured every day, the ECL signal of the con- 
served ECL sensor decreased only 2.5% and 3.2% of its initial re- 
sponse after storing for 15 and 30 days, respectively. Obviously,
the resulting aptamer based ECL sensor achieved sufficient
stability.

Analytica l application 

The practical applicability of the biosensor was investigated by
detecting thrombin in human serum sample. The standard addition 
method was employed. Herein, a series of samples were prepared 
by adding thrombin of different concentrations to human serum.
The analytical results for thrombin were shown in Table 2. From 
Table 2 we could see that the recovery (between 93.0% and 
104.5%) and relative standard deviation values (between 2.1%
and 3.8%) were acceptable, which clearly indicated the potentiality 
of this biosensor for thrombin detection in real biological samples.

Conclusi on

In this work, a novel, label free assay based on aptamer was 
develope d with high sensitivity and specificity for a big molecule 
as an example of thrombin. Quantum dots CdSe/ZnS was employed 
as sensing probe. A low surface coverage of gold nanoparticl es
in situ produced on the graphene modified GCE significantly im- 
proved ECL signal. The ECL biosensor, combined both highly selec- 
tive thrombin–binding aptamer and highly sensitive signal 
amplification assay, has demonstrat ed the success and robustnes s
in the detection of trace amount of thrombin. The present ECL bio- 
sensor design may offer several unique features such as high sen- 
sitivity and high selectivity. In addition, this aptamer sensing 
strategy based on aptamer recogniti on and low surface coverage 
of gold nanoparticl es and graphene amplification was versatile 
and had great potential in the construction of aptamer based bio- 
sensors for the detection of various molecule s.
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