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ABSTRACT: A novel electrochemiluminescent (ECL) aptasensor
was proposed for the determination of thrombin (TB) using
exonuclease-catalyzed target recycling and hybridization chain
reaction (HCR) to amplify the signal. The capture probe was
immobilized on an Au-GS-modified electrode through a Au—S bond.
Subsequently, the hybrid between the capture probe and the
complementary thrombin binding aptamer (TBA) was aimed at
obtaining double-stranded DNA (dsDNA). The interaction between
TB and its aptamer led to the dissociation of dSDNA because TB has
a higher affinity to TBA than the complementary strands. In the
presence of exonuclease, aptamer was selectively digested and TB
could be released for target recycling. Extended dsDNA was formed
through HCR of the capture probe and two hairpin DNA strands
(NH,-DNA1 and NH,-DNA1). Then, numerous europium multi-
walled carbon nanotubes (Eu-MWCNTs) could be introduced through amidation reaction between NH,-terminated DNA
strands and carboxyl groups on the Eu-MWCNTs, resulting in an increased ECL signal. The multiple amplification strategies,
including the amplification of analyte recycling and HCR, and high ECL efficiency of Eu-MWCNTs lead to a wide linear range
(1.0 X 1072=5.0 X 107 mol/L) and a low detection limit (0.23 pmol/L). The method was applied to serum sample analysis
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with satisfactory results.
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B INTRODUCTION

Aptamers are single-stranded DNA or RNA selectively attached
to different target molecules with high affinity, including small
molecules, drugs, and proteins. In comparison with the
traditional molecular recognition system, aptamers are regarded
as more competitive because of the simplicity of synthesis, ease
of labeling, excellent stability, wide applicability, and high
sensitivity. Various aptasensors based on electrochemistry,l_3
fluorescence,*® electrochemiluminescence (ECL)”® and other
assays® have been widely used in the determination of various
biomolecules. Among them, as a kind of chemiluminescence
(CL) produced by the electrochemical reaction, ECL has been
proven to be a detection method with high sensitivity and
selectivity in place of the traditional electrochemical and CL
techniques.'®"! Therefore, ECL-based aptasensors have
attracted a great deal of attention recently because of the
integrated advantages of ECL and aptamer with high specificity
and affinity. At present, in order to further improve the
sensitivity of sensors, various strategies have been developed
including enzyme-free and -dependent amplification techni-
ques.”*™"* For example, hybridization chain reaction (HCR) is
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an enzyme-free amplification technique by which the initiator
can trigger hybridization and results in the polymerization of
oligonucleotides into long nicked dsDNA polymers at mild
conditions, which avoids the need of strict conditions to keep
the activity of protein—enzyme. Therefore, HCR shows great
potential in signal amplification.'® Target recycling performed
by enzymes such as DNAzymes, nicking enzymes, and
exonucleases has also been proven as effective signal
amplification.'®™"* With use of the catalytic nuclease in the
sensor, further recycling and reuse of the target will be achieved
that amplifies the detection signal. As mentioned above, two
favorable methods, including exonuclease-catalyzed target
recycling and HCR, were applied for signal amplification to
fabricate an ECL-based aptasensor in this paper.

Multiwalled carbon nanotubes (MWCNTs), having a hollow
structure, have received great attention for biological
applications in drug delivery, biosensors, and so on. 072
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Figure 1. Schematic diagram of the proposed ECL-based aptasensor for TB detection.

However, carbon nanotubes (CNTs) are observed to exhibit
weak IR emissions. As a result, luminescent CNTs function-
alized with fluorescent materials must be synthesized in order
to track and diagnose the effectiveness of the treatment.
Compared with semiconductor quantum dots and organic
fluorophores, the lanthanide-based luminescent probes are paid
more and more attention because these kinds of probes have
several merits. For example, lanthanide-doped nanocrystals
show high quantum yields, superior photostability, and low
toxicity, with their inherently long luminescence lifetimes
preventing interference from any spontaneous background
emission sources.”>** In our previous work, we successfully
synthesized europium(III)-functionalized MWCNTs (denoted
as Eu-MWCNTs), which showed both strong luminescent and
anchoring properties. Europium(III) tris(2-theonyl)-
trifluoroacetonate was coupled to MWCNT's through complex
formation between europium(III) and bipyridine ligands.*

Usually, Ru(bpy);*****” and luminol and its derivatives,”®*’
quantum dots®*>* as ECL reagents, have been used to
construct ECL sensors. Herein, using thrombin (TB) as a
model analyte, we developed a highly sensitive aptasensor
based on luminescent CNTs (Eu-MWCNTSs) as a novel ECL
reagent for determination of the protein. TB, a kind of serine
protease, is composed of two polypeptide strands through
cross-linking by disulfide bonds. It plays an essential role in
several physiological and pathological processes, such as
coagulation cascade, thrombosis, and hemostasis.>* Generally,
the normal concentration of TB ranges from nanomoles per
liter to several micromoles per liter in blood during the
coagulation process. So, the specific recognition and
quantitative detection of TB is extremely important in both
clinical practice and diagnostic application.

A schematic representation of the aptasensor with fabrication
steps is shown in Figure 1. The aptamer was dissociated from
the double-stranded DNA (dsDNA) with the presence of TB
and selectively digested by exonuclease, which led to the release
of TB for recycling of the analyte as well. Then, the extended
dsDNA would be formed by the capture probe and two hairpin
helpers through HCR on the electrode surface. Numerous ECL
indicators, Eu-MWCNTs, thus can be efficiently introduced
through an amidation reaction. On the basis of multiple signal
amplification strategies, the proposed strategy exhibited a low

detection limit of 0.23 pmol/L and a wide linear range from 1.0
X 1072 to § X 1072 mol/L for TB detection.

B EXPERIMENTAL SECTION

Reagents. RecJ; (30 U/uL), purchased from New England Biolabs
(Beijing) Ltd, is a single-stranded DNA specific exonuclease that
catalyzes the removal of deoxynucleotide monophosphates from the 5’
terminus to the 3’ terminus of DNA. (3-Mercaptopropyl)-
triethoxysilane (MPTES) was purchased from Aladdin Chemical
Shanghai Co., Ltd. 1-Ethyl-3-[3-(dimethylamino)propyl]carbodiimide
(EDC), K,S,05, 6-mercapto-1-hexanol (MCH), and N-hydroxysucci-
nimide (NHS) were obtained from Sinopharm Chemical Reagent Co.,
Ltd. (China). Hemoglobin (Hb), Immunoglobulin G (IgG), bovine
serum albumin (BSA; 96—99%), and thrombin (TB) were purchased
from Sigma (USA). All oligonucleotides were synthesized by Shanghai
Sangon Biotech. Co., Ltd. (China), as shown in Table 1. Aptamer

Table 1. Sequence of Synthesized Oligonucleotides Used in
This Work

name oligonucleotide sequence
thrombin §'-AAA AGT CCG TGG TAG GGC AGG TTG GGG TGA
binding CT-(CH,)-3’
aptamer
capture $/-SH-(CH, )-AAT TGG AGT CAC CCC AAC CTG CCC
probe TAC CAC GGA CT-3'

NH,-DNA1  §'-NH,-(CH,)¢-AGT CAC CCC AAC CTG CCC TAC CAC
GGA CTT GAA ACA GTC CGT GGT AGG GCA GGT
TGG GGT GAC TCC AAT T-(CH,)-NH,-3’

NH,-DNA2 §'-NH,-(CH,)-GTT TCA AGT CCG TGG TAG GGC AGG
TTG GGG TGA CTA ATT GGA GTC ACC CCA ACC
TGC CCT ACC ACG GAC T-(CH,)sNH,-3'

stock solutions were obtained by dissolving oligonucleotides in 20 mM
Tris—HCI buffer (pH 7.4) containing 140 mM NaCl, 5.0 mM KC],
and 1.0 mM MgCl,. Phosphate-buffered saline (PBS; 0.1 mol/L
containing 0.1 mol/L NaCl, pH 7.4) was used as an electrolyte for all
electrochemical measurements. Ultrapure water (18.25 MQ cm, 24
°C) was used for all of the experiments.

Apparatus. By employment of a MPI-F flow-injection CL
detector, ECL measurements were operated (Xi'an Remax Electronic
Science Technology Co. Ltd., China). With use of the three-electrode
system composed of a platinum wire as the auxiliary electrode, an Ag/
AgCl electrode as the reference electrode, and a glassy carbon
electrode (GCE; 4 mm in diameter) as the working electrode,
electrochemical measurements were performed on a CHI760D
electrochemical workstation (Chenhua Instrument Shanghai Co.
Ltd, China). The ECL spectrum of Eu-MWCNTs was measured
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using a BPCL-GPZ-TIC ultraweak luminscence analyzer (Institute of
Biophysics, Chinese Academy of Sciences) in conjunction with a
CHI760D electrochemical workstation. Electrochemical impedance
spectroscopy (EIS) was acquired by the measurement unit of the
impedance (IM6e, ZAHNER elektrik, Germany). Transmission
electron microscopy (TEM) images were obtained by a Hitachi H-
800 microscope (Japan). High-resolution TEM observations were
performed on a JEOL-2100 microscope with an accelerating voltage of
200 kV. Confocal fluorescence microscopy observations were carried
out using a Nikon D-Eclipse C1 controller combined with EC-CI
software.

Preparation of Au-GS. Gold nanoparticles (Au NPs) were
prepared by the reduction of AuCl,” ions using sodium citrate
according to the reported method.*® In brief, a solution of HAuCl,
(0.01 wt %, 100 mL) was heated to boiling, to which a solution of
sodium citrate (1 wt %, 2.5 mL) was added. The boiling solution
turned brilliant ruby red in ~15 min, indicating the formation of
monodisperse spherical particles. The solution was then cooled to
room temperature for further use.

Graphene oxide (GO) was synthesized by a modified Hummers
method*® The typical procedure is as follows: GO dispersed in
ethanol (1 wt %, 10 mL) was mixed with 0.2 mL of MPTES and
heated to 70 °C under stirring for 1.5 h, and then 0.1 mL of 80%
hydrazine hydrate was added under 95 °C for another 1.5 h. After
drying in a vacuum, SH-GS was obtained.

A total of 10 mg of SH-GS was added to 10 mL of the prepared Au
NP solution and further stirred for 12 h. Finally, the resulting Au-GS
was isolated by centrifugation and dried in a vacuum.

Preparation of Eu-MWCNTS. As the starting materials, carboxylic-
group-appended MWCNTs were first switched to acyl chloride-
appended MWCNTSs where amino-group-functionalized bipyridine
was adhered by means of amide bond formation. In the end, with
complex formation between europium(III) and bipyridine ligands,
europium(III) tris(2-theonyl)trifluoroacetonate was coupled to
MWCNTSs. The detailed process was described in our previous work.”®

Fabrication of the ECL Aptasensor. With the sequential use of
1.0, 0.3, and 0.05 pm alumina powder, a GCE was polished until a
mirrorlike surface appeared and cleaned thoroughly before use. First of
all, 6.0 uL of Au-GS solution (1.0 mg/mL) that was dispersed in
chitosan (0.5 wt %) was add onto the electrode and dried. Then, 10
UL of a 2 umol/L capture probe/aptamer mixture was attached to the
electrode surface for 12 h at room temperature. After that, S uL of 2
mmol/L MCH was dripped onto the surface of the electrode for 1 h to
eliminate the nonspecific binding effect and block the active groups
that are left. Subsequently, 10 uL of TB with varying concentrations
containing 0.15 U/uL of RecJ; exonuclease was added to the electrode
surface and incubated for 40 min at 37 °C. After that, the electrode
was incubated for 1 h with 10 uL of a mixture of hairpin probe NH2-
DNA1 and NH2-DNA2 (1 pmol/L). Finally, the electrode was
incubated for another 2 h in a Eu-MWCNT solution (1.5 mg/mL)
containing EDC (50 mmol/L) and NHS (50 mmol/L). EDC and
NHS were used to conjugate Eu-MWCNTSs with NH,-DNA1 and
NH,-DNA2 by the formation of an amide link between the amino of
NH,-DNAI and NH,-DNA2 and the carboxyl of Eu-MWCNTs. After
washing, the electrode was ready for measurement.

ECL Detection of TB. The ECL behavior was monitored over a
scanning range of —2.0 to 0 V in 10 mL of PBS containing 100 mmol/
L K,S,04 at a photomultiplier tube voltage of 800 V and a scanning
rate of 100 mV/s.

B RESULTS AND DISCUSSION

Characterization of Au-GS and Eu-MWCNTs. Figure 2A
shows a typical TEM image of the prepared Au-GS. It can be
observed that a large number of Au NPs were successfully
attached onto the surface of SH-GS with a wrinkled paperlike
structure by interaction between Au NPs and —SH.

In this study, Eu-MWCNTs were used as ECL reagents.
Because Eu** ions can serve as an indicative agent under
fluorescence microscopy, the incorporation of Eu®* ions can

100 nm 100 nm

Figure 2. TEM image of Au-GS (A) and fluorescence microscopic
image of Eu-MWCNTs with 365 nm UV-light excitation (B).

impart self-indicative advantages to CNTs. It can be seen from
a typical fluorescence micrograph that Eu-MWCNTSs show a
bright red emission (the characteristic emission color of Eu**
ions) by utilizing a filtered 365 nm UV laser, indicating that
CNTs have been successfully modified with fluorescent Eu®"
functional groups.

The ECL spectrum of Eu-MWCNTSs was measured by
inserting filters at wavelengths of 440, 460, 475, 490, 505, 520,
535, 555, 575, 590, 605, and 620 nm under cyclic volatammetry
conditions. It can be seen from Figure 3 that three peaks were
found in the region between 500 and 650 nm and commonly

associated with °D, — 7F] transitions of Eu’*.>" 7%’
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Figure 3. ECL spectrum of Eu-MWCNTs.

Amplification Performance of the Proposed Aptasen-
sor. As shown in Figure 4, in order to assess whether the signal
response would be efficiently amplified by the RecJ
exonuclease, ECL responses with and without exonuclease
were both studied. Curve a shows that the ECL intensity is low
without the target TB. As expected, curve c exhibits a
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Figure 4. ECL intensity—potential curves without TB and exonuclease
(a) in the absence (b) and presence (c) of exonuclease for TB (5.0 X
10~° mol/L) detection.
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Figure §. EIS in the presence of a 5.0 mmol/L [Fe(CN)¢]*~*" solution containing 0.1 mol/L KCI (A) and ECL intensity—potential curves in PBS
containing 100 mmol/L K,S,05 with a potential range of —2.0 to 0 V (B): (a) bare GCE; (b) Au-GS/GCE; (c) dsDNA of the capture probe and
aptamer/Au-GS/GCE; (d) MCH/dsDNA of the capture probe and aptamer/Au-GS/GCE; (e) a mixture of TB and exonuclease/MCH/dsDNA of
the capture probe and aptamer/Au-GS/GCE; (f) NH,-DNAI and NH,-DNA2/mixture of TB and exonuclease/MCH/dsDNA of the capture probe
and aptamer/Au-GS/GCE; (g) Eu-MWCNTSs/NH,-DNA1 and NH,-DNA2/mixture of TB and exonuclease/MCH/dsDNA of the capture probe

and aptamer/Au-GS/GCE.
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Figure 6. Effect of the pH (A), the concentration of K,S,05 (B), and the concentrations of NH,-DNA1 and NH,-DNA2 (C) on the response of the
aptasensor for detection of 1.0 X 107'° mol/L TB. Error bars represent standard deviations of five parallel experiments.

considerable increase in the ECL response compared with
curve b. This means that with the appearance of exonuclease an
apparent increase of the signal is observed, demonstrating the
excellent amplification performance of Rec]; exonuclease.
Characterization of the Modified Electrode. EIS is
effectively used to probe the features of the modified electrode
surface. There is a semicircle and a linear portion in the
impedance spectra. The semicircle diameter at higher
frequencies agrees with the resistance to electron transfer,
and the linear part at lower frequencies remains with the
diffusion process. The semicircle diameter equals the charge-
transfer resistance (R). EIS was measured in the frequency
range of 0.1—10° Hz. Figure SA illustrates the EIS of different
electrodes in the presence of a 5.0 mmol/L [Fe(CN)4]>~/*"
solution containing 0.1 mol/L KCI. When Au-GS was modified
on the electrode, the resistance obviously decreased (curve b)
compared with that of the bare GCE (curve a). The reason was
that Au-GS as an excellent conducting material could facilitate
electron transfer. After incubation with dsDNA of capture

12666

probe and aptamer, the semicircle increased remarkably (curve
c) because dsDNA was successfully fixed on the electrode and
hindered electron transfer. After that, a larger semicircle
diameter in curve d was observed, indicating that the
nonconductive MCH blocked the high resistance of the
electrode interface to the prepared aptasensors. Subsequently,
R, decreased again (curve e) after incubation with a mixture of
TB and exonuclease. The reason was that the constitution of
aptamer TB would not only dissociate the aptamer from the
dsDNA but also liberate TB for recycling by Rec]; exonuclease
and thus dissociate more nonelectroactive aptamers. A large
semicircle domain is observed when the electrode was
incubated with NH,-DNA1 and NH,-DNA2 (curve f), which
indicates the successful capture of NH,-DNAl and NH,-
DNA2, blocking electron transfer. When Eu-MWCNTSs were
immobilized, R, decreased greatly (curve g) because of its
excellent conducting property, which made electron-transfer
easier. The equivalent circuit, containing the resistance of the
solution (R,), R, the Warburg impedance (Z), and the

DOI: 10.1021/acsami.5b03381
ACS Appl. Mater. Interfaces 2015, 7, 12663—12670


http://dx.doi.org/10.1021/acsami.5b03381

ACS Applied Materials & Interfaces

Research Article

20.0k

A

16.0k+

ECL Intensity

& o D
2 2 R
[0}

e
=)
N

0 4 8 12 16 20 24 28 32
Time/s

20.0k
B P

160k] [ =50807+3979logc
>
Fiaox]  Re0:9908 A
7 8.0k 7
O w
m e

4.0k o

e
2 1 do 9 8
logc mol/L

Figure 7. ECL response of the aptasensor to different concentrations of TB (A), from a to g: S X 107%,1.0%x 107, 5% 107, 1.0 x 107, 5 x 107",
1.0 X 107", and 1.0 X 107> mol/L. Calibration curve of the aptasensor for different concentrations of TB (B).

double-layer capacitance (Cy), is shown in the inset of Figure
SA.

The stepwise construction process of the aptasensor was also
characterized by ECL. The ECL intensity—potential curves
were obtained by different modified electrodes in PBS
containing 100 mmol/L K,S,0g as shown in Figure SB.
Compared with the bare electrode (curve a), the ECL response
was enhanced after Au-GS was immobilized on it (curve b).
Subsequently, an obvious decrease in the ECL signal was
obtained (curve c) when dsDNA of the capture probe and
aptamer was conjugated to the electrode surface. The reason
was that dSDNA obstructed electron transport. Followed by the
employment of MCH to block nonspecific binding sites, a small
decrease of the ECL signal was detected (curve d) because
MCH is a nonconductive small molecule. After incubation with
a mixture of TB and exonuclease, the ECL signal increased
again (curve e). The reason was that more nonelectroactive
aptamers left the electrode surface. The ECL signal (curve f)
decreased after NH,-DNA1 and NH,-DNA2 were successfully
immobilized, which could be attributed to the hindrance of two
hairpin DNA strands. A quite high ECL signal (curve g) was
observed after Eu-MWCNTSs were coated on the modified
electrode, indicating that they were good ECL luminophores.

On the basis of the above results, we can confirm that the
electrode was well-modified.

Optimization of the Experimental Conditions. To
achieve an optimal ECL signal, the pH value of the substrate
solution was investigated. The effect of the pH on the ECL
intensity was tested over a pH range from 5.5 to 8.5 at constant
concentrations of TB. As shown in Figure 6A, the ECL
intensity increased with an increase of the pH from 5.5 to 7.4
and reached a maximum. After that, when the pH varied from
7.4 to 8.5, the ECL intensity decreased accordingly. Therefore,
pH 7.4 was regarded as the optimal value for ECL response. In
an acidic solution, the reduction of proton to hydrogen would
take place at an applied negative potential, which might inhibit
the reduction of S,04*~. However, the intermediate SO,*~ from
S,04’ reduction would be scavenged by OH®", leading to a
decrease in the ECL intensity in a basic solution.*® Figure 6B
shows the effect of the coreactant K,S,04 concentration in the
substrate solution on the ECL intensity. The ECL intensity
increased with increasing K,S,05 concentration from 40 to 100
mmol/L because more (Eu**)* was produced from oxidation
of Eu*" by the electrogenerated SO, and remained constant
in the range 100—120 mmol/L. Therefore, 100 mmol/L
K,S,04 was chosen to ensure adequate sensitivity and to save

the dosage.

12667

To verify the signal amplification effect of HCR, the effect of
the NH,-DNA1 and NH,-DNA2 concentrations on the ECL
intensity was also tested at constant concentrations of TB. As
shown in Figure 6C, it can be seen that ECL responses increase
dramatically at a concentration of less than 1 umol/L and
remain nearly stable after that. Thus, the concentrations of
NH,-DNAI and NH,-DNA2 are selected as 1 umol/L, and
after that, the hybridization of NH,-DNAI1 with NH,-DNA2
was exhausted. The above analysis confirmed that HCR indeed
played an important role in the improvement of the response
signal intensity.

To obtain steady ECL signals, the aptasensor needed to be
incubated with TB of different concentrations, and the ECL
responses were recorded by scanning continuously. The ECL
response increased with an increase of the TB concentration
from 1.0 X 107"* to 5.0 X 10~ mol/L (as shown in Figure 7A),
with a detection limit of 0.23 pmol/L based on S/N = 3. The
regression equation was Iyc; = 50807 + 3979 log ¢ with a
correlation coefficient of 0.9908 (as shown in Figure 7B).

From Table 2, it can be seen that the detection limit and
linear range using Eu-MWCNTSs are better or comparable to
the results reported for the determination of TB.

Table 2. Comparison of the Proposed Aptasensor with
Other Reported Aptasensors for TB

analytical linear range (nmol/ detection limit (pmol/

method Lg) 1L, reference
ECL 0.001-1 0.38 41
EIS* 0.0047-0.5 4.4 42
pCL” 025-5 80 43
ECL 0.2—200 60 44
DPV* 0.001-0.5 0.5 45
ECL 0.001-5 0.23 this work

“Electrochemical impedance spectroscopy. “Photoinduced chemilu-
minescence. “Differential pulse voltammetry.

Possible Mechanism of ECL Aptasensors. According to
the experimental results, the possible mechanism of the present
ECL system was described as follows:*****” as the electrode
was scanned from —2.0 to 0 V, it was easy to reduce Eu®* ions
to Eu** (eq 1). Meanwhile, with enough negative potential,
S,04”" was reduced to SO,*~ and SO,*~ (eq 2). Under further
reaction of the strong oxidant SO,*~ with Eu’*, the excited state
(Eu’)* (eq 3) was generated by electron transfer in the
aqueous solution. As (Eu**)* turned from the excited state to
the ground state (eq 4), light was emitted and detected.

E®t + ¢~ — Eu*' (1)
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Figure 8. Selectivity of the aptasensor (A): 50 mmol/L BSA + 0.5 nmol/L TB (1); 50 mmol/L Hb + 0.5 nmol/L TB (2); SO mmol/L IgG + 0.5
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potential scanning for 14 cycles (B).

$,04" + e~ = SO, + S0,*” @)
SO,*” + Eu’t — 8O,”” + (Eu’*)* 3)
(Ee’)* —» E’* + v (4)

Reproducibility, Selectivity, and Stability. To assess the
reproducibility of the aptasensor, a series of five electrodes were
prepared for the determination of 5 X 107 mol/L TB. With
1.6% as the relative standard deviation (RSD) of the
measurements for the five electrodes, the reproducibility of
the proposed aptasensor was proven to be excellent.

The selectivity of the aptasensor was studied as well. A 0.5
nmol/L TB solution containing 50 nmol/L interfering
substances (BSA, Hb, and IgG) was measured by the
aptasensor, and the results are shown in Figure 8A. The ECL
intensity exhibited no remarkable change. The current variation
due to the interfering substances was less than 1.9% of that
without interferences, indicating that the interferences of the
relatively high concentrations had negligible effects on TB
detection, and the selectivity of the proposed aptasensor was
acceptable.

The stability of the ECL responses of the aptasensor was
evaluated under continuous potential scanning for 14 cycles. As
can be seen in Figure 8B, stable and high signals were observed,
demonstrating that the constructed sensor possessed good
stability and was suitable for ECL detection. The storage
stability of the aptasensor was also examined by storing it in
PBS at 4 °C when not in use, and at different storage periods,
the aptasensor was used to detect the same concentration of
TB. The results indicate that the aptasensor retained 97.7% of
its initial response after 5 days of storage and its response
decreased to 92.6% after 10 days.

Real Sample Analysis. The amount of TB in the human
serum sample was measured three times, and the RSD was
calculated to obtain the precision. The accuracy was also
studied through a recovery experiment using the standard
addition method. An appropriate amount of the TB standard
solution was added to the corresponding samples. With the
same experiments conducted three times, the average recovery
was calculated. As is shown Table 3, the RSD is 2.4% and the
recovery is 96.8%. Thus, the proposed aptasensor could be
satisfactorily applied to the determination of TB in real
biological samples.

B CONCLUSIONS

An ultrasensitive ECL aptasensor with Eu-MWCNTs as
luminophores to detect TB was developed. With the use of

Table 3. Results for the Determination of TB in the Human
Serum Sample

content of  average added  recovery recovery
TB (n=3, (nmol/ value RSD (n=3,

sample  (nmol/L) nmol/L) L) (nmol/L) (%) %)
human 0.589 0.500 0.480
serum
0.618 0.603 0.500 0.534 24 96.8
0.603 0.500 0.442

exonuclease-catalyzed target recycling and HCR for signal
amplification, the sensitivity of the proposed aptasensor could
be further improved. First, by means of exonuclease-catalyzed
target recycling, a great deal of single-stranded capture probes
could be obtained. Second, through HCR, a mass of NH,-
DNA1l and NH,-DNA2 would be fixed on the electrode
surface. As a result, plenty of Eu-MWCNTS could be attached
to these dsDNAs by amidation reaction, producing an amplified
ECL signal. Thus, this developed aptasensor showed high
sensitivity, good selectivity and reproducibility, and acceptable
stability. Moreover, there would be a promising future for the
proposed platform in clinical applications to detect TB, and a
series of ECL aptasensors for other targets could be similarly
developed based on the principle of signal amplification and
aptasensor.
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