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A novel electrochemiluminescent (ECL) signal tag of Au nanoparticles capped 3,4,9,10-perylene

tetracarboxylic acid-thiosemicarbazide functionalized Cy, nanocomposites (AuNPs/TSC-PTC/Cg,NPs)

was developed for a thrombin (TB) aptasensor construction based on peroxydisulfate/oxygen (S,05>70,)

10 system. For signal tag fabrication, the Cq, nanoparticles (C¢NPs) were prepared and then coated with

3.,4,9,10-perylene tetracarboxylic acid (PTCA) by n-n stacking interactions. Afterwards,
thiosemicarbazide (TSC) was linked with PTCA functionalized C4NPs via amidation for further
assembling Au nanoparticles (AuNPs). Finally, detection aptamer of thrombin (TBA 2) was labeled on
the ECL signal amplification tag of AuNPs/TSC-PTC/C4NPs. Herein, TSC, with the active groups of -

@

NH, and —SH, was selected and introduced in the ECL S,04*/0, system for the first time, which could

not only offer the active groups of -SH to absorb AuNPs for TBA 2 anchoring but also remarkably
enhance the ECL signal of $,05>/0, system by the formation of TSC-PTC/CgNPs for signal
amplification. Meanwhile, the sensing interface of glassy carbon electrode (GCE) was modified by

AuNPs/graphene (AuNPs/GR) nanocomposites with the large specific surface area and the active sites,

20 followed by immobilizing of thiol-terminated thrombin capture aptamer (TBA 1). With the formation of
the sandwich-type structure of TBA 1, TB, and TBA 2 signal probe, a desirable enhanced ECL signal was
measured in the testing buffer of S,04°/0, solution for detecting TB. The aptasensor exhibited a good
linear relationship for TB detection in the range of 1x10~10 nM with a detection limit of 3.3 M.

Introduction

25 Electrochemiluminescence (ECL) analysis, which combines the
merits of simplicity, flexibility, rapidity and high sensitivity, has
attracted increasing concerns in basic research and clinical
applications. ' "% In the past several decades, peroxydisulfate
(S,04%) is known as the most popular co-reactant in the ECL

3 systems of Ru complex,® quantum dots* and so on. Since the ECL
behaviour of S,04> solution was reported by Koval’chuk and co-
workers, ® 82082'/0xygen (S,0470,) system itself has become
available for ECL biosensor construction due to its advantages of
cheapness and accessibility.® However, owing to the poor ECL

35 intensity,” reports concerning the application in sensitive analysis
with the ECL of S,04>/0, system were relatively scarce. Thus, it
was indispensable to seek an effective technique for boosting the
ECL of S,04°/0, system and further broadening the ECL
applications of S$,05>/0, system in bioanalysis.

40 Carbon nanomaterials, such as one-dimensional nanostructured
carbon nanotubes (CNTs) and two-dimensional nanostructured
graphene (GR), have been widely applied to ECL fields.®? Cgy,
due to its unique zero-dimensional nanostructure with delocalized
n electrons, has continuously attracted much attention since its

ss discovery.'®! More notably, Cg, was reported by Yang’s group
that it could improve the ECL response of the S,04>/0, system.'?

However, due to the poor solubility of Cg, in water, the
application of Cgy in biology is restricted.'® Thus, we tried to
synthesize the water-soluble Cq, nanoparticles (C¢NPs) via phase
so0 transfer method, '* which could not only improve the water
solubility of Cg but also increase the ECL intensity of the S,0¢F
/0, system. Herein, we prepared a kind of multi-functionalized
CsNPs to achieve the ECL signal amplification of S,04%/0,
system and the relevant researches were extremely rare.
ssIn our previous works, we found that 3,4,9,10-perylene
tetracarboxylic acid (PTCA) and some amino compounds such as
L-cysteine were capable of enhancing the ECL signal of S,05*
/0, system.15 16 Moreover, PTCA, with flat system, could react
with carbon nanomaterials by n-m stacking interactions.'” Thus,
o0 PTCA was used to functionalize CgNPs via m-m stacking
interactions for increasing the ECL intensity of S,04°/0, system.
More importantly, thiosemicarbazide (TSC), with the active
groups of -NH, and —SH, was selected and introduced in the ECL
S,04%/0, system for the first time, which could not only offer the
es active groups of -SH to absorb Au nanoparticles (AuNPs) for
detection aptamer of thrombin (TBA 2) anchoring but also
remarkably enhance the ECL signal of S,04°/0, system by the
formation of TSC-PTC/C4)NPs for signal amplification. Thus, we
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Scheme 1 Schematic illustration of ECL aptasensor preparation process and possible luminescence mechanism. (A) Fabrication of TBA 2/AuNPs/TSC-

PTC/CgNPs signal probe.

designed a novel signal tag of AuNPs/TSC-PTC/C4NPs for
realizing the ECL signal amplification of S,04°/0, system.

In this study, a novel sandwich-type ECL aptasensor was
constructed for thrombin (TB) detection based on the signal
amplification strategy as follow. Initially, C4NPs were prepared
and then coated with PTCA by mn-m stacking interactions,
followed by linking with TSC via amidation. Subsequently,
AuNPs were assembled on the surfaces of TSC via Au-S bond.
Finally, the ECL signal amplification tag of AuNPs/TSC-
PTC/C4NPs was labeled to TBA 2. Meanwhile, AuNPs/graphene
(AuNPs/GR) nanocomposites were modified on the surface of
glassy carbon electrode (GCE) for further immobilization of
thiol-terminated thrombin capture aptamer (TBA 1). Owing to the
sandwiched reaction of TBA 1, TB, and TBA 2 signal probe, a
considerably enhanced ECL signal was obtained in the testing
buffer of S,04°/0, solution for TB with low detection limit.

Experimental section
Reagents and apparatus

TSC was obtained from the Sinopharm Chemical Reagent Co.,
Ltd (Shanghai, China). TB, N-hydroxy succinimide (NHS) and
N-(3-dimethylaminopropyl)-N-ethylcarbodiimidehydrochloride
(EDC), bovine serum albumin (BSA), hemoglobin (Hb) and gold
chloride (HAuCl,;.4H,0) were received from Sigma Chemical
Co. (St. Louis, MO, USA). Fullerene Cgy (99.5%) and graphene
oxide (GO) were purchased in Pioneer Nanotechnology Co.
(Nanjing, China). 3,4,9,10-perylene tetracarboxylic dianhydride
(PTCDA 98%) was bought from Lian Gang Dyestuff Chemical
Industry Co. Ltd. (Liaoning, China). Na,S,0g was received from
Chengdu Chemical Reagent Company (Chengdu, China). TBA 1
(2.5 uM) and TBA 2 (2.5 uM) were ordered from Shanghai
Sangon Biological Engineering Technology and Services Co.,
Ltd. (Shanghai, China), and the sequences of them were as
follows:

TBA1:5-SH-GGTTGGTGTGGTTGG-3";
TBA2:5'-NH,-AGTCCGTGGTAGGGCAGGTTGGGGTGACT-
3'. Ascorbic Acid (AA) was purchased from Chemical Reagent
Co. (Chongging China). [Fe(CN)s]* " solution was prepared by

10 mM K3FC(CN)6, 10 mM K4FC(CN)6, 0.1 M NazHPO4, 0.1 M
KH,PO, and 0.1 M KCI. Phosphate buffer solution (PBS, pH 7.4)
was used as working buffer solution. The aptamer solutions were
prepared with 20 mM Tris-HCI buffer (pH 7.4). The serum
specimens were obtained from Southwest Hospital. All other
reagents were of analytical grade and were used as received.
Deionized water was used throughout this experiment. C4NPs'*
and AuNPs (16 nm diameter)'® were prepared according to the
previously reported protocols. AuNPs/GR nanocomplexes were
synthetized according to our published method."

The ECL emission detected by a MPI-A
electrocheminescence analyzer (Xi’an Remax Electronicscience
& Technology Co.Ltd., Xi’an, china), the working potential was -
2.0-0 V with the voltage of the photomultiplier tube (PTM) set at
800 V. Cyclic voltammetric (CV) measurements was performed
on a CHI 610 A electrochemistry workstation (Shanghai CH
Instruments, China). The UV-vis absorption spectra were
performed on a Lambda 17 UV/vis spectrophotometer (PE Co.,
USA). X-ray photoelectron spectroscopy (XPS) measurements
were recorded on a VG Scientific ESCALAB 250 spectrometer
(Thermoelectricity Instruments , USA). Raman Microscope
(Kenishaw Trading Co Ltd, Shanghai) was used to carry out the
Raman spectroscopy. JBZ-12H electromagnetic stirrer was
utilized in the preparation of different nanocomplexes. All
experiments were carried out with a conventional three-electrode
system, in which a modified glassy carbon electrode (GCE) as
working electrode, a platinum wire as counter electrode and an
Ag/AgCl (sat. KCI) as reference electrode. The morphologies of
different nanocomplexes were obtained from a scanning electron
microscope (SEM, S-4800, Hitachi Instrument, Japan).

was

Preparation of PTCA/CgNPs

Firstly, PTCA was prepared from the hydrolyzation of PTCDA. 2
mg PTCDA was added into 2 mL freshly prepared NaOH (0.1 M)
solution primarily and heated until the PTCDA was dissoved
throughly. Afterwards, HC1 (1 M) solution was added dropwise
into the mixture till the generation of sediment. At last, the
sediment was centrifuged and washed with deionized water for
several times, resulting in the pH of the upper solution was 7.0.
The resultant PTCA was dried in vacuum and stored for further
use.
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Afterwards, the PTCA functionalized C¢NPs was synthetized
with the next steps. The obtained powder of PTCA (1 mg) was
initially dispersed in deionized water (1 mL), and 650 puL C¢NPs
were then added into 300 uL. PTCA solution with stirring for 12
h. Finally, the resultant mixture was centrifuged and washed for
several times by deionized water. The prepared material was
dispersed in deionized water and stored at 4°C when not used.

Preparation of TBA 2/AuNPs/TSC-PTC/CgNPs signal probe

Briefly, 100 pL of freshly prepared EDC/NHS solution (40 mM
EDC, 10 mM NHS) was added into the above CgNPs/PTCA
solution for 30 min to activate the carboxyl group. Afterwards,
300 puL of 10 mM TSC was added for 12 h under stirring,
followed by centrifuging and washing twice by deionized water.
Then, 150 pL prepared AuNPs solution was added into the
mixture for about 12 h with stirring. In order to remove the
excess AuNPs, the resulting mixture was centrifuged and washed
for several times by deionized water. Subsequently, 200 pL TBA
2 (2.5 pM) solution was added with stirring for 12 h. After
washing twice by deionized water, the dispersion was collected
by centrifugation and dispersed in deionized water. To block the
non-specific adsorption, 50 pL of BSA (0.25%) was ultimately
added to the mixture for about 1 h. The prepared TBA 2 signal
probe was stored at 4°C until use.

Preparation of different TBA 2 signal probes for comparison
Probe A: TBA 2/AuNPs/CgNPs signal probe

Firstly, 650 pL C4NPs were added into 150 pL prepared AuNPs
solution with stirring for about 12 h. Then, the resultant mixture
was centrifuged and washed twice by deionized water.
Afterwards, 200 uL. TBA 2 (2.5 uM) solution was added into the
above solution for 12 h under stirring. To remove the excess TBA
2, the mixture was washed for several times by deionized water.
Finally, 50 pL of BSA (0.25%) was added to the mixture for 1 h
to block the non-specific adsorption. The prepared TBA 2 signal
probe was stored at 4°C for further use.

Probe B: TBA 2/AuNPs/TSC/Cg)NPs signal probe

Primarily, 300 pL of 10 mM TSC and 650 pL CgNPs were
mixed together for 12 h with stirring, followed by centrifuging
and washing for several times by deionized water. Subsequently,
150 puL prepared AuNPs solution was added under stirring for 12
h. Then, the resultant mixture was centrifuged by deionized
water. Next, 200 uL. of TBA 2 (2.5 uM) solution was added into
the solution with stirring for 12 h and the resulting product was
collected through centrifugation. At last, we added 50 uL of BSA
(0.25%) into the above materials for 1 h to block the non-specific
adsorption and the prepared TBA 2 signal probe was stored at
4°C when not used.

Probe C: TBA 2/AuNPs/PTC-NH,/CgNPs signal probe

Initially, another perylene derivatives of PTC-NH, was prepared
from the ammonolysis reaction of PTCDA and
ethylenediamine.?’ Next, 650 pL C¢NPs were added into 300 pL
prepared PTC-NH, solution with stirring for about 12 h, which
followed by washing twice by deionized water. Then, the
dispersion was added to 150 pL as-prepared AuNPs solution for
12 h under stirring and the mixture was washed for several times

ss with deionized water to remove the excess AuNPs. Afterwards,
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we added 200 pL TBA 2 (2.5 uM) solution into the above
solution with stirring for 12 h. Subsequently, the resultant
solution was washed with deionized water, separated by
centrifugation, and dispersed in deionized water. Ultimately, 50
uL of BSA (0.25%) was added into the above solution for about 1
h to block the non-specific adsorption. The final TBA 2 signal
probe was stored at 4°C until use.

The fabrication of the sandwich-type ECL aptasensor

A GCE was polished with 0.3 and 0.05 um alumina powder
respectively to obtain a mirrorlike surface, followed by sonication
in deionized water. Then, the electrode was air-dried at room
temperature and prepared for the fabrication of the sensing
platform. Firstly, 10 pL prepared AuNPs/GR nanocomplexes
were dropped onto the GCE to form a uniform film by drying in
air. Afterwards, 20 pL TBA 1 (2.5 uM) was placed onto the
AuNPs/GR modified electrode for about 16 h to form the first
aptamer layer. Finally, 20 pL of BSA (0.25%) was dropped onto
the electrode for 40 min to block the non-specific adsorption. The
prepared aptasensor was stored at 4°C when not used.

The detection of the sandwich-type ECL aptasensor

Initially, the prepared aptasensor was incubated with 20 uL TB
sample for 40 min, followed by incubation of 10 uL TBA 2 signal
probe for 1 h at room temperature. After washing with PBS to
remove the unbound TBA 2 signal probe, the aptasensor was
measured in the air-equilibrated S,05> solution (0.05 M S,0% in
PBS, pH 7.4) and the ECL intensity was recorded. As a result, the
ECL responses immediately increased with the increasing
concentration of TB and the ECL signals of the aptasensor were
recorded for detecting TB quantitatively. The schematic diagram
of fabrication and detection of the ECL aptasensor was shown in
Scheme 1.

Results and discussion
Characterization of the different nanomaterials

As shown in Fig. 1A, the transparent surface morphology of
CeoNPs was exhibited with globular structures. ' Fig. 1B
illustrated that the employment of PTCA made the CgNPs pile
up. When AuNPs were immobilized on the surface of the
PTCA/C¢NPs via cross-linking agent of TSC, many bright dots
could be observed (Fig. 1C), suggesting the successful
preparation of AuNPs/TSC-PTC/CgNPs nanocomplexes.

In addition, X-ray photoelectron spectroscopy (XPS) was also
performed for the elemental analysis of AuNPs/TSC-PTC/CgNPs
nanocomplexes. As shown in Fig. 1D (a), the characteristic peaks
of Ols, Nls, Cls, S2p and Au4f were visibly observed in the
obtained ~ AuNPs/TSC-PTC/C¢NPs  nanocomplexes — XPS
spectrum. Initially, the peaks at 532.5 eV, 399.4 eV, 284.9 eV
and 168.1 eV were assigned to Ols, Nls, Cls and S2p
respectively (Fig. 1D (b), (c), (d), and (e)). Moreover, Fig. 1D (f)
exhibited the XPS doublet of Au4f (87.9 eV and 84.2 eV),
confirming the presence of the AuNPs. According to the
elemental analysis results above, we could draw a conclusion that
the AuNPs/TSC-PTC/C4NPs nanocomplexes were successfully
synthesized.

This journal is © The Royal Society of Chemistry [year]
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Meanwhile, UV-vis absorption spectroscopy (UV) was used to
characterize the successful preparation of different nanomaterials
(see Fig. S1, ESI). At last, the different nanomaterials were
characterized by Raman spectroscopy, the corresponding results
s were shown in Fig. 2. As can be seen in Fig. 2a, the strongest
peak of C4NPs was at 1466 cm’’. In terms of PTCA, the peak at
1304 cm™ should belong to the A, breathing mode of disorder
graphite structure (the D band), the peak at 1571 cm™ was
assigned to the E,, structure mode of graphite (the G band).
10 Moreover, an additional side band at 1597cm™ was also
observed, which could be assigned as the D’ band (Fig. 2b). The
result was in agreement with that reported in previous works.?
When the PTCA/C4NPs nanocomplexes were formed, the
characteristic peak of C¢NPs was shifted to 1460 cm™ and the
1s characteristic peaks of PTCA remained unchanged (Fig. 2¢). This
phenomenon was due to the the changes in structure, suggesting
the successful synthesization of PTCA/CgNPs nanocomplexes.
Similarly, the peak at 1095 cm™ was observed in the Fig. 2d,
which belonged to the TSC. After the AuNPs/TSC-PTC/CgNPs
20 nanocomplexes were prepared, the Raman spectrum contained
the characteristic peaks of each individual nanomaterial with a
shift and an enhanced intensity (Fig. 2¢). The results implied that
the AuNPs/TSC-PTC/CgNPs nanocomplexes were successfully
synthesized.

400 200 0
Bml ing Energy / eV W5 30 s

Muu di n Cls
W B B

Fig. 1 SEM characterization of A CgNPs, B PTCA/C¢NPs, C
AuNPs/TSC-PTC/CsNPs, D XPS analysis for (a) the full region of XPS
for AuNPs/TSC-PTC/CgNPs, (b) Ols region, (c¢) Nls region, (d) Cls
region, (¢) S2p region and (f) Au4f region
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Fig. 2 The Raman spectra of (a) CeNPs, (b) PTCA, (c) PTCA/CgNPs,
(d) TSC and (¢) AuNPs/TSC-PTC/CgNPs

ECL and CV characterization of stepwise fabrication of the
35 aptasensor

In order to characterize the stepwise fabrication process of the
ECL aptasensor, ECL responses at each immobilization step were

70

recorded in 0.05 M S,04” solution. As shown from the ECL
dynamic curve (Fig. 3A), the bare GCE produced relatively low
ECL intensity (curve a). When AuNPs/GR was coated on the
bare GCE surface, the ECL signal increased obviously (curve b),
for that not only graphene had excellent electrical conductivity
but also AuNPs could accelerate the electron transfer in ECL
reaction.”* An obviously decreased ECL intensity was obtained
when the TBA 1 was assembled on the AuNPs/GR modified
GCE (curve c). The ECL signal further declined after the
incubation of BSA (curve d) and TB (curve e). Such results
suggested that TBA 1, BSA and TB all hindered the electron
transfer.

To further confirm the stepwise fabrication process of the ECL
aptasensor, we also carried out CV experiment in 5 mM
[Fe(CN)s]> ™ solution. As shown in Fig. 3B, a pair of apparent
redox peaks could be observed on the GCE and the change of the
oxidation and reduction peak potential (AE) was 0.129 V (curve
a). When AuNPs/GR was modified onto the electrode, the peak
current was increased and the AE was decreased to 0.105 V
(curve b). It was due to the good electrical conductivity and
accelerated electron transfer of AuNPs/GR, making the modified
interface more reversible. However, since nucleic acid molecules
could hinder the electron transfer, the peak current was decreased
with the AE increasing to 0.139 V (curve c) after TBA 1
immobilizing onto the electrode. When BSA and TB were
incubated respectively, the peak current was further decreased
and the AE increased to 0.159 V and 0.197 V successively (curve
d and e), which was attributed to the insulation effects of BSA
and TB.

3k
200f
3 B .
«
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= 200}
2.0 -1.5 -1.0 -0.5 0.0 02 00 02 04 0.6
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Fig. 3 A The ECL characterization and B CV characterization of different
modified electrodes in 0.05 M S,0¢” solution: (a) GCE, (b)
(AuNPs/GR)/GCE, (c) TBA 1/(AuNPs/GR)/GCE, (d) BSA/TBA
1/(AuNPs/GR)/GCE, (e) TB/BSA/TBA 1/(AuNPs/GR)/GCE

Investigating the ECL mechanism of the signal amplification
strategy

In order to investigate the effects of the signal amplification
strategy based on the employment of AuNPs/TSC-PTC/CyNPs
as signal tag. We compared the ECL responses of the bare GCE
in 2 mL 0.05 M S,04% solution with the addition of the three
followed solutions: (a) 10 uL of TSC (0.1 M), (b) 10 pL of PTCA
(0.1 M), (c) 10 pL of TSC-PTC (0.1 M). As shown from Fig. 4,
the bare GCE produced relatively low ECL intensity of 269 a.u
(curve d). When TSC solution was added in the testing buffer, the
ECL signal was raised to 1354 a.u (curve a), indicating that TSC
could act as the co-reactant to increase the ECL response of
S,04%/0, system. The ECL signal reached 3054 a.u after PTCA
solution adding into the S,05> solution (curve b), for that PTCA
possessed desirable organic electronic and optical properties.?
When TSC-PTC solution was added in the S,04>solution, the
ECL signal was noticeably raised to 9765 a.u and it increased 35
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times in comparison with the ECL response measured in S,0¢”
solution. Therefore, we drew a conclusion that the ECL response
of $,04%/0, system could be significantly amplified by TSC-
PTC. In terms of the experimental results, we speculated the

s possible mechanism of the signal amplification strategy was as
follows:

S2057+ e — SO0 + S04 ..neiviiiveeieeeeeen. (1)
SO, +HyO > HO + HSO4 ... (2)
10 3HO — HOO + HyO....ooooooveececeececeenn (3)
TSC-PTC -¢ — TSC-PTC™ .......ovvovecerecre(d)
TSC-PTC™ — TSC-PTC + H' w.evvoeeeeeeera 5)
HOO'+ TSC-PTC" — TSC-PTC + '(O,),"..........(6)
N0.),* = 220+ hv. e (7)
9k
=
£ 6kf|-
w 1 s s
§ (PTCA) (ISC-PTC)
= 3kf
—
Q a .
= 0 | d (TSC)

20 30 40 50 60
Time /s

Fig. 4 ECL responses of the bare GCE in (a) 0.05 M S,05> solution
containing 0.5 mM TSC, (b) 0.05 M S,0¢* solution including 0.5 mM
PTCA, (c) 0.05 M S,04” solution with 0.5 mM TSC-PTC, (d) 0.05 M
S,0¢” solution
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Fig. 5 A ECL-potential curves of 0.05 M PBS solution containing 0.5
mM PTCA with (a) pH=8.0 and (b) pH=7.4, B ECL-potential curve of
0.05 M S,0¢” solution (pH=8.0) including 0.5 mM PTCA. Inset: ECL

25 spectra of the 0.05 M S,0¢” solution (pH=8.0) containing 0.5 mM PTCA,
C ECL spectras of different 0.05 M S,05> solutions containing (a) 0.5
mM TSC-PTC, (b) 0.5 mM PTCA, (c) 0.5 mM TSC and (d) pure S,0¢"
solution

To further study the possible ECL mechanism for the ECL
30 behavior of the functionalized Cq4y nanocomposites to S,04%/0,

system. We investigated the electrochemiluminescence maximum
emission wavelength of different solutions to confirm the ECL
reaction mechanism. Firstly, the PTCA solutions with different
pH were tested. As can be seen in Fig. 5A, the ECL signal of the
35 PTCA in PBS solution with the pH of 8.0 reached 20 a.u while no
ECL intensity of the PTCA in PBS solution (pH=7.4) could be
observed. Therefore, it could draw a conclusion that PTCA
solution could generate the ECL response and act as the
luminophore at pH 8.0, however, the PTCA solution had no ECL
40 signal under experimental condition of pH 7.4 in this work.
Moreover, the maximum wavelength of PTCA solution (pH=8.0)
was 475 nm using S,04> as coreactant (Fig. 5B). Subsequently,
the maximum emission wavelengths of the ECL spectra using
different solutions of S,04” solution containing TSC-PTC (a),
4s PTCA (b), TSC (c) and pure S,05> solution (d) were detected
respectively. As shown in Fig. 5C, the maximum emission
wavelength of the ECL spectra of TSC-PTC solution (Fig. 5C,
curve a) , PTCA solution (Fig. 5C, curve b) and TSC solution
(Fig. 5C, curve c) were measured to be about 575 nm. More
s0 notably, the maximum wavelength of the pure S,0s> solution was
detected at 575 nm (curve d), which was consistent with the
maximum wavelength of the above three solutions. These results
implied that the luminophore was the S,04’/0, system while
TSC, PTCA and TSC-PTC acted as the coreactant to enhance the
ss ECL intensity of the S,04°/0, ECL system.

Comparison of the ECL response with different TBA 2 signal
probe

To investigate the amplification property of the synthesized TBA
2 signal probe, four kinds of probes were prepared and listed as
o follow. The compared probes were TBA 2/AuNPs/Cy4NPs (probe
A), TBA 2/AuNPs/TSC/C¢NPs (probe B) and TBA
2/AuNPs/PTC-NH,/CgNPs (probe C), and proposed probe was
TBA 2 /AuNPs/TSC-PTC/C¢,NPs (probe D). Afterwards, the
same batch of aptasensors were reacted with the same
concentration analyte of TB (1 nM) and then incubated with the
above four kinds of probes, respectively. Subsequently, the ECL
responses were measured in 0.05 M S,0¢% solution with the
resultant aptasensors. As can be seen from Fig. 6, when CgNPs
was introduced in the TBA 2 signal probe, the ECL signal
reached 2112 a.u (Fig. 6A), suggesting that CgNPs could
enhance the ECL signal of S,045/0, system to some extent.
Afterwards, a higher ECL response of 2528 a.u was observed in
Fig. 6B and it indicated that TSC could further boost the ECL
intensity of S,04*/0, system. Amazingly, in the Fig. 6 D, when
the proposed probe of TBA 2 /AuNPs/TSC-PTC/C¢NPs was
absorbed on the aptasensor, the ECL response was markedly
raised to 15121 a.u, which increased nearly 10 times in
comparison with the ECL signal of probe 4. In addition, another
perylene derivative of PTC-NH, prepared from the ammonolysis
reaction of PTCDA and ethylenediamine, also possessing the
framework of PTCA and the active groups of -NH,, was
employed in the construction of the probe C. As shown from Fig.
6 C, the ECL signal of the aptasensor reached 2658 a.u with
probe C. Therefore, the proposed probe of TBA 2 /AuNPs/TSC-
ss PTC/C4)NPs was proved to boost the ECL signal notably and it
was mainly attributed to the amplified effect of TSC-PTC
towards the S,04°/0, system.
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Optimization of the immobilization time of TBA 1 and the
sandwiched reaction time of TBA 1, TB, and TBA 2 signal
probe

Among the factors influencing the property of the aptasensor, the
s immobilization time of TBA 1 was important in this experiment.
Therefore, we firstly immobilized TBA 1 on the AuNPs/GR
modified GCE for 13, 14, 15, 16, 17 and 18 h respectively,
followed by reacting with the same concentration of TB (0.1 nM )
for 50 min and then incubating with the same concentration of
10 TBA 2 signal probe for 50 min successively. Afterwards, we
measured their ECL responses in 0.05 M S,04% solution. As
shown in Fig. 7A, the ECL signal enhanced with the increasing
immobilization time of TBA 1. However, when the
immobilization time was 16 h, the ECL intensity reached a
1s constant value. Thus 16 h was selected as the optimal
immobilization time of TBA 1 for subsequent study.
In addition, the sandwiched reaction time of TBA 1, TB, and
TBA 2 signal probe was also significant in this experiment.
Similarly, we initially immobilized TBA 1 on the AuNPs/GR
20 modified GCE for 16 h. Next, the aptasensors were reacted with
the same concentration of TB (0.1 nM ) for 20, 30, 40, 50, 60, 70
and 80 min severally. Afterwards, TBA 2 signal probes were
incubated for the same time as TB respectively. At last, their ECL
responses were recorded in 0.05 M S,0¢% solution. It could be
»s seen in Fig. 7B that when the total incubation time of TB and
TBA 2 signal probe reached 100 min, the aptasensor produced
the highest ECL intensity. Then, the ECL signals were tending to
stability. Therefore, the optimum sandwiched reaction time of
TBA 1, TB, and TBA 2 signal probe in this experiment was 100

30 min.
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Fig. 6 Comparison of aptasensors using different tag: A TBA
2/AuNPs/CgNPs (probe 4), B TBA 2/AuNPs/TSC/C¢NPs (probe B), C

35s TBA 2/AuNPs/PTC-NH,/C¢NPs (probe C), D TBA 2 /AuNPs/TSC-
PTC/C¢NPs (probe D). Curve a was ECL of the aptasensors after BSA
blocking the nonspecific binding sites; Curve b was ECL of the
aptasensors after immobilizing of TBA 2 signal probe.

sty

4CL tirren,,

40
Fig. 7 Optimization of analytical conditions: A immobilization time of

TBA 1, B sandwiched reaction time of TBA 1, TB, and TBA 2 signal
probe in 0.05 M S,0¢% solution

The performance of the aptasensor
s The calibration curve for TB detection

Fig. 8 exhibited the relationship between ECL responses of the
aptasensors and different TB concentrations. As shown in Fig. 8,
the ECL signals increased directly with the increasing
concentration of TB in the range from 1x10” nM to 10 nM. The

so linear regression equation was / =1919.2 lg ¢ +14830 (where /
represented the ECL intensity and c stood for the concentration of
TB) with a correlation coefficient of R=0.9991, a detection limit
of 3.3 fM (S/N=3). In accordance with the linear equation, TB
concentration could be detected quantitatively. Moreover,

ss compared with other reported sensors based on different ECL
systems for TB detection (see Table S1, ESI), the designed
aptasensor with TBA 2 /AuNPs/TSC-PTC/C4NPs as signal
probe showed a wide linear range, a low detection limit and high
sensitivity for TB.

= 15k-,|5k A
« : ¥
e 210k W
£ 10kf: . ¥
2 Z Skf Ty=1919.2 1g ¢ + 14830
2 S, R2=0.9982 ‘
= Skt S 4 3 2 0 1
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s a
= (1]
0 20 40 60
Time /s _

60

Fig. 8 ECL responses of the aptasensors with different TB concentrations.
TB concentration of a to g were 1x107, 1x10%, 1107, 1x102, 1x107, 1,
10 nM respectively. The insert is calibration curve for TB detection

Selectivity, stability and reproducibility of the ECL

65 aptasensor

In order to investigate the selectivity of the proposed aptasensor
for TB detection, we performed contrast experiments using the
interferences of BSA (1 uM) and Hb (1 uM) respectively. As can
be seen from Fig. 9A, the interference substances of BSA and Hb
70 produced relatively low ECL intensity in comparison with that in
the presence of TB (10 nM), which revealed the high selectivity
of the aptasensor toward target protein. The stability of the ECL
aptasensor incubated with 1 nM TB was evaluated under
consecutive cyclic scanning for 250 s in the 0.05 M S,04"
75 solution. As shown in Fig. 9B, the ECL response exhibited

6 | Journal Name, [year], [vol], 00—00

This journal is © The Royal Society of Chemistry [year]

Page 6 of 8



Page 7 of 8

Nanoscale

desirable consistency with a relative standard deviation (RSD) of
1.04%, suggesting acceptable stability of the detection of TB. The
reproducibility of the aptasensor was investigated by using five
proposed aptasensors incubated with 0.1 nM TB. As can be seen

s in Fig. 9C, the ECL signals of the five electrodes didn’t show any
obvious changes with a RSD of 0.84%, which was acceptable for
TB detection.

Preliminary analysis of real samples

To monitor the feasibility of the ECL aptasensor, recovery

10 experiments were performed by measuring TB of different
concentrations in human serum samples. It could be seen from
Table 1 that the recoveries (95.5%-105.6%) were acceptable,
suggesting the aptasensor had capacity for determining TB in real
biological samples.

A B
15k
_ 15k 3
: a
3 2 10k
>
£ 10k &
g g
£ E 5k
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d i’ Q
= =
0

50 100 150 200 250 300
Time /s
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R.S.D=0.84%

ECL Intensity / a.u.

1 2 3 4 5
Number of the electrode

Fig. 9 A The selectivity of the aptasensor for TB detection was evaluated
by incubating the following samples under the same experimental
conditions: 1 pM Hb, 1 uM BSA, 10 nM TB and mixture (containing 1

20 uM BSA, 1 uM Hb and 10 nM TB), B The ECL stability of the
aptasensor towards 1 nM TB based on continuous cyclic scanning in 0.05
M S,0¢” solution, C The reproducibility of the aptasensor towards 0.1
nM TB based on sandwiched format.

25 Table 1 Determination of TB in normal human serum

Sample number Added /mM Found /mM  Recovery /% RSD /%
1 1 1.023 102.3 2.94
2 0.1 0.09549 95.5 4.48
3 0.01 0.01056 105.6 3.81
4 0.001 0.001007 100.7 3.12

Conclusions

In conclusion, the present study had constructed a highly
sensitive ECL aptasensor for TB detection based on the signal
amplification strategy of AuNPs/TSC-PTC/C4NPs as signal tag
s to enhance the ECL response of S,04%/0, system. Primarily,
PTCA functionalized C4NPs were prepared via n-m stacking
interactions for increasing the ECL intensity of S,04>/0, system.
More notably, when TSC was linked with the PTCA
functionalized CgNPs via amidation to form the TSC-
3s PTC/C4NPs, the ECL signal of S,04°/0, system was amplified

9
3
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remarkably. Finally, this aptasensor exhibited high sensitivity,
wide linear range, low detection limit and high selectivity for TB
and the S,04°/0, ECL system provided a new perspective in the
application in bioanalysis.
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