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Abstract

A sensitive electrochemiluminescence (ECL) aptasensor based on 3D graphene is described for thrombin detection utilizing
nitrogen-doped graphene quantum dots doped silica (NGQDs@Si0,) nanocomposite labeling as an enhancer. Ru(bpy);>*-Pt
nanoparticles (Ru-PtNPs) with an ECL signal were dropped onto a 3D graphene-modified electrode, and then, a complementary
thrombin aptamer (cDNA) was conjugated to the Ru-PtNPs. Finally, NGQDs@SiO,, coupled with the thrombin aptamer as the
booster, was attached to the electrode surface by using hybridization with the cDNA, and the ECL intensity was efficiently
enhanced. The target thrombin induced the NGQDs@SiO, nanocomposites labeled with the thrombin (TB) aptamer to be
extracted because of their strong binding with thrombin. The immobilization amount of NGQDs @SiO, on the modified electrode
decreased. Thus, the presence of thrombin could result in a decrease in the ECL signal. On the basis of the signal amplification
factors, the fabricated ECL aptasensor demonstrated excellent properties with concentrations varying from 2.0 pM to 50 nM and
a detection limit of 23.1 fM.
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Introduction

Graphene quantum dots (GQDs), as an emerging star in the
carbon nanomaterial family [1], have drawn enormous atten-
tion due to their robust chemical inertness and alluring prop-
erties, such as good biocompatibility, functional flexibility,
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excellent cell membrane permeability, and ideal optical prop-
erties [2—6]. To increase certain properties of GQDs, research
has focused on heteroatom doping modifications of GQDs [7,
8]. Therefore, the fabrication, performance, and application of
nitrogen-doped GQDs (NGQDs) have become a popular re-
search focus [9]. In recent years, NGQDs with excellent fluo-
rescent properties have been developed for bioimaging [10],
sensors [11], and electrocatalytic activity [12]. Furthermore,
luminescent methods have been combined with electrochem-
ical techniques to expand NGQD-based sensing applications.
Up to now, several electrochemiluminescence (ECL) sensors
based on NGQDs have been reported [13—18]. Despite the
significant aforementioned progress in ECL sensing, there is
still room for improvement in the available sensors for appli-
cation such as improving their water solubility, simplifying
the modification processes, and generating a high or stable
ECL signal for NGQDs.

Thrombin, as a specific serine protease, plays a vital role
in blood agglomeration. It can promote soluble fibrinogen
to convert to insoluble fibrin and subsequently form the
fibrin gel for clots [19, 20]. The thrombin concentration
level in the blood is closely related to several coagulation

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s10008-019-04352-z&domain=pdf
https://doi.org/10.1007/s10008-019-04352-z
mailto:gxunxctan@126.com

2580

J Solid State Electrochem (2019) 23:2579-2588

abnormalities, and it can serve as a biomarker for tumor
diagnosis [21, 22]. Accordingly, the highly sensitive detec-
tion of thrombin is critical and useful in disease prevention
[23, 24]. Electrochemiluminescence (ECL), a kind of elec-
trochemical analytical technique, has attracted significant
interest owing to its advantages such as a low background
signal, low detection limit, the use of a cheap and simple
optical setup, and high sensitivity [25, 26]. Recently, some
solid-state ECL sensors have been designed for chemical
and biological species detection because the solid-state
ECL analysis is superior to solution-phase analysis with
respect to the reduction in expensive reagent consumption,
enhancement of the ECL signal, and simplified experimen-
tal design [27, 28]. However, the immobilization method
of the solid-state electrode might decrease the conductivity,
which would limit its application. To improve the ECL
intensity and electroconductibility, nanoparticles have
been widely adopted as carriers in ECL sensors. Three-
dimensional (3D) graphene has been used as an ideal car-
rier because of its excellent conductivity, high specific sur-
face area, and porous structure to facilitate the access of
analyte and electrolyte [29, 30]. Moreover, Pt nanoparti-
cles are an excellent labeling material in ECL sensors be-
cause of their safety, sensitivity, and stability [31].

On the other hand, aptamers are single-strand DNA or
RNA oligonucleotides that have the specific ability of binding
to targets, such as some small organic molecules and RNA
enzymes [32]. The excellent properties of aptamers promote
exploration into their application in the wide range of
electrochemiluminescence biosensing, since they are superior
to those of traditional antibodies because of aptamers’ smaller
size, better thermal and chemical stability, increased stability,
and easier synthesis [33, 34]. The ECL aptasensors show high
sensitivity and selectivity, readily available instrumentation,
and favorable application in biosensing [35-38]. For example,
Sun’s group has fabricated a sandwiched ECL aptasensor for
the detection of TB based on a sensitive and 3D nitrogen-
doped graphene oxide with a detection limit 0of 0.25 fM, which
provides a promising potential for the study of bimolecular
and early diagnosis of diseases [38].

Herein, an ECL aptasensor for the determination of
thrombin was fabricated with a newly designed model plat-
form constructed by the self-assembly of DNA-
functionalized NGQDs and 3D graphene. For this sensor,
Pt nanoparticles (PtNPs), which increased the ECL signal
of Ru(bpy)s>*, were used to provide a high surface area
for the hybridization of NGQDs. On the basis of the syner-
gism of NGQDs and 3D graphene, an intense ECL signal
was observed. In the presence of thrombin, NGQDs@SiO,-
labeled TB aptamers were extracted due to their strong bind-
ing with thrombin, thus resulting in a decrease in the ECL
signal. This strategy provides a new insight into expanding
the ECL application of NGQDs.
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Experimental
Materials and reagents

Chloroplatinic acid (H,PtCls) was provided by Sinopharm
Chemical Reagent (Shanghai, China). Graphite powder was
purchased by Beilian Chemical Company (Tianjin, China). L-
cysteine concentrated sulfuric acid, phosphoric acid, KMnQOy,,
3-thiophene malonic acid, N-(3-dimethylaminopropyl)-N-
ethylcarbodiimide hydrochloride (EDC), and N-
hydroxysuccinimide (NHS) were ordered from Aladdin
Biological Technology (Shanghai, China). Tris(2,2'-
bipyridyl)dichlororuthenium(Il) hexahydrate (Ru(bpy);Cl,-
6H,0), Nafion (5 wt%), tetracthyl orthosilicate (TEOS), and
3-thiophenemalonic acid were purchased from Adamas-Beta
(Shanghai, China). Triton X-100 (TX-100) was purchased
from Biosharp (Hefei, China). Bovine serum albumin (BSA)
and thrombin (TB) were supplied by Sigma-Aldrich (Madrid,
Spain). Immunoglobulin G (IgG) and hemoglobin (Hb) were
ordered from Solarbio Science and Technology (Beijing,
China). Lysozyme was acquired from Kang Biological
Technology (Jiangsu, China). The thrombin aptamers (TBA)
and complementary DNA (cDNA) were freshly prepared
from Cowin Biotech (Beijing, China), and the corresponding
sequences are described as follows:

TBA: 5-NH,~(CH,)e- TTTTTTGGTTGGTGTGGTTGG-3'

c¢DNA: 5'-SH-(CH,)s-CCAACCACACCAACC-3'

The water used all throughout the experiments was purified
by a Millipore platform.

Apparatus

The fluorescence and UV-Vis absorption spectra were obtain-
ed through a Hitachi F-4600 spectrophotometer and Agilent
Cary60 UV-Vis spectrophotometer, respectively. An MPI-EIl
model electrochemiluminescence analyzer was employed to
record the ECL singles with a PMT voltage of 600 V. The
electrochemical experiments were carried out on a CHI
660E electrochemical workstation (Chenhua Apparatus Co.,
Ltd., China). All the electrochemical experiments were per-
formed with a three-electrode system containing a glassy car-
bon electrode (GCE, 3-mm diameter) as the working elec-
trode, a platinum pole electrode as the auxiliary, and an Ag/
AgCl electrode as the reference electrode. Scanning electron
microscopy (Carl Zeiss SUPRA 55 Sapphire, Germany) and
transmission electronic microscopy (TEM) (JEM-2010HR,
Japan) were used to characterize morphology and size of the
synthetic materials.

Synthesis of 3D graphene

Based on the study by Marcano [39], graphene oxide (GO)
was prepared by using Hummers’ method. In brief, 1.0 g of
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graphite powder and 13.3 mL of phosphoric acid were added
to 70 mL of concentrated sulfuric acid with stirring at 0 °C.
Then, 6.0 g of potassium permanganate was added to the
mixture. The obtained mixture solution was heated at 50 °C
for another 12 h, giving a dark-brown solution. The reaction
mixture was poured into ice water containing 30% H,0,. The
resultant yellow GO suspension was filtered, and the residue
was washed successively with water, 30% HCI, and ethanol.
The 3D graphene was synthesized by heating 10 mL of an
aqueous dispersion containing GO (1.8 mg mL ') and L-cys-
teine (5 mg mL ") in a Teflon-lined autoclave at 200 °C for
12 h [40]. After cooling to room temperature, the mixture was
washed by deionized water three times and freeze-dried to
acquire the 3D graphene. Then, the solid was redispersed in
an ethanol solution containing 5% Nafion with a final concen-
tration of 1.0 mg mL .

Preparation of Ru(bpy);>*-Pt nanoparticles
(Ru-PtNPs)

Ru-PtNPs were prepared according to previous literature [41].
First, 1 mL of 0.3 M 3-thiophene malonic acid was added to
100 mL of an H,PtClg (0.76 mmol L") aqueous solution and
then heated at 100 °C for 20 min to give Pt nanoparticles
(PtNPs). Subsequently, 0.038 mmol Ru(bpy);Cl, was dis-
solved in 1 mL of water and dropped into 50 mL of the as-
formed PtNP solution under vigorous stirring. The reaction
suspension was then centrifuged at 8000 rpm for 20 min,
and the residue of the resultant Ru-PtNPs was redispersed in
different concentrations in an ethanol:water = 1:1 (v:v) solu-
tion and stored at 4 °C for further use.

Preparation of the NGQDs

NGQDs were synthesized according to the previous literature
with appropriate modifications [42]. Citric acid (25 mg) was
dissolved in 12.5 mL of water, 500 pL ammonia was quickly
added, and the solution was stirred well. Then, the solution
was sealed in a Teflon-lined autoclave (20 mL) and treated at
200 °C for 3 h. When cooling down to 25 °C, the dark-brown
solution was collected using a 0.22-um polyethersulfone
membrane and dialyzed (molecular weight cutoff of
3500 Da) with a dialysis bag against purified water for 24 h.
The NGQs were stored for further use.

Preparation of the NGQDs@SiO,

The preparation of NGQDs@SiO, was based on a previous
study [43]. Briefly, 4.0 mL of H,O, 10.0 mL of ethanol, and
2.0 mL of ammonia were first put into a beaker. Subsequently,
ethoxy silane (100 pL) was rapidly added to the solution. The
mixture was vigorously stirred until equilibrium was reached
at room temperature to give a good distribution. Afterwards,

the silica particle dispersion was centrifuged, washed several
times with ethanol, and dried under vacuum.

To prepare NGQDs@SiO, composites, 8.0 mL of a SiO,
nanoparticle (12.5 mg mL™") ethanol suspension was mixed
with APTES (1.0 mL) with continued stirring for 6 h. Then,
the dispersion was centrifuged and washed with ethanol five
times to give amino-functionalized SiO, nanoparticles.
Afterwards, the resultant SiO, nanoparticles were introduced
into the mixture solution of 1.0 mL of the as-formed NGQDs
and 1.0 mL of EDC (10 mg mL "), which was stirred for 12 h
at 4 °C. The NGQDs@SiO, composites were generated after
centrifugation and washing several times with water and then
dispersed in 1.0 mL total volume of water for subsequent
experiments.

Preparation of the NGQDs@SiO,/TBA

The obtained SiO,@NGQDs dispersion (0.5 mL) described
above was treated with TBA (0.5 mL, 500 pmol L) solution.
Then, 200 pL of newly obtained EDC (20 mg mLfl) and
200 uL NHS (10 mg mL ™) were added to the suspension,
which was stirred for another 2 h to obtain the NGQDs@SiO,/
TBA complexes. The products were washed with PBS solu-
tion (pH of 7.4) and then dispersed in 1.0 mL (pH of 7.4) PBS
solution and stored at 4 °C for subsequent use.

Preparation of TB aptasensor

The fabrication procedure of the aptasensor for detecting TB is
demonstrated in Scheme 1. The procedure is described as fol-
lows. Initially, the Nafion 3D graphene was dropped onto
precleaned electrodes. Subsequently, the as-prepared Ru-
PtNPs (5.0 uL) was coated on the modified electrode and in-
cubated for 25 min. Then, 20 puL of cDNA (1.5-2.2 uM) was
linked to the modified electrode, and incubation continued for
15 h at 4 °C. The electrode was then soaked in 0.1% BSA
solution for 30 min to block unbound active sites. Finally,
20 pL of the prepared NGQDs@SiO,/TBA composites was
dropped onto the electrode surface, and incubation continued
for 2 h. After washing with PBS buffer (pH of 7.4), the resultant
ECL aptasensor was stored at 4 °C for subsequent use.

Results and discussion
Characterization of the prepared nanocomposites

The morphology of the synthesized 3D graphene was
characterized by SEM and TEM. The SEM image
(Fig. 1a) shows a view of 3D graphene oxide nanosheets
with typical wrinkles and ripples as well as the partial
overlapping and stacking. The corresponding TEM image
(Fig. 1b) further confirms this result. The as-prepared
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Scheme 1 Illustration of the
preparation of the aptasensor for
the detection of thrombin
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PtNPs and Ru-PtNPs were investigated using TEM. As
illustrated in Fig. 1c, PtNPs with a diameter of approxi-
mately 2 nm exhibited a spherical morphology, suggesting
that the PtNPs were successfully prepared. After hybridi-
zation with Ru(bpy);>*, a number of dots appeared on the
amorphous surface (Fig. 1d), indicating the successful
preparation of Ru-PtNPs. To further confirm the gradual
synthesis of Ru-PtNPs, the UV-Vis spectra of PtNPs,

Ru(bpy)32+, and Ru-PtNPs are included in Electronic
Supplementary Material (ESM) Fig. S1 for comparison.
It was found that the UV-Vis spectrum of Ru-PtNPs ex-
hibited characteristic absorption peaks at 241 nm, 287 nm,
and 455 nm, which is ascribed to the Ru(bpy)32+.
Additionally, a typical broad absorption almost crossing
the entire UV-visible light region for the PtNPs can also
be seen in the UV-Vis spectrum of Ru-PtNPs.

bl

Fig. 1 SEM image of 3D graphene (a). TEM images of 3D graphene (b), PtNPs (c), and Ru-PtNPs (d)
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Additionally, the FL spectrum of the Ru-PtNPs exhibited
an optimal maximum emission wavelength at 610 nm,
which was assigned to the characteristic emission peak
of Ru(bpy)32+ (Fig. S1B). The results prove the successful
fabrication of Ru-PtNPs.

The prepared NGQs were characterized with different
techniques, as shown in Fig. 2. The TEM observation
reveals that the NGQs are well dispersed with a size of
approximately 6 nm, as shown in Fig. 2a. In addition, the
spectroscopic and optical characteristics of the NGQDs
were evaluated. The absorption spectrum of the NGQDs
shows an absorption band located at approximately
230 nm and a peak at approximately 345 nm (Fig. 2b).
The absorption band at approximately 230 nm was attrib-
uted to the aromatic 7-7* transition [44]. The strong peak
located at 345 nm demonstrates a typical absorption band
of C-N and is attributed to the n—7* transition of C-N,
further suggesting the doping with N elements [45]. The
fluorescence spectrum in Fig. 2b illustrates that NGQs
exhibit a maximum emission at 440 nm with an excitation
wavelength of 345 nm. Meanwhile, the aqueous NGQDs
display a strong blue photoluminescence under a 365-nm
UV lamp (inset of Fig. 2b).

In additon, the morphologies of NGQDs@SiO, and
NGQDs@Si0,/TBA nanocomposites were investigated by
SEM. Figure 2c displays that the as-produced
NGQDs@Si0, exhibited a spherical morphology with an av-
erage size of ca. 130 nm. After coating with the TBA the
surface of the NGQDs@SiO, nanocomposite was filled with
floc (Fig. 2d). Furthermore, the UV-Vis absorption spectrum
of NGQDs@SiO,/TBA nanocomposites was measured (Fig.
S2), which showed two characteristic absorption peaks; one
peak located at 262 nm was the characteristic absorption of
TBA and another centered at 336 nm was the characteristic
absorption of NGQDs. Accordingly, the FT-IR spectrum of
NGQDs@SiO,/TBA nanocomposites also contained both
the characteristic absorption peaks of NGQDs@SiO, and
TBA (Fig. S3). These results indicated NGQDs@SiO,/TBA
nanocomposites were successfully prepared.

The proposed sensor was characterized by UV-Vis and FT-
IR. As depicted in Fig. S4, the sensor (3D graphene/Ru-
PtNPs/cDNA/BSA/ NGQDs@SiO,/TBA) revealed absorp-
tion peaks at 463 nm and 261 nm, which contributed to Ru-
PtNPs and cDNA, respectively. Accordingly, the FT-IR spec-
trum of the sensor also contained both the characteristic ab-
sorption peaks of NGQDs@SiO,/TBA and 3D graphene/Ru-
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Fig.2 a TEM image of NGQDs. b UV-Vis absorption spectrum and fluorescence spectrum of NGQDs (the inset shows the photograph of the NGQDs
under excitation at 365 nm). SEM images of ¢ NGQDs@Si0, and d NGQDs@SiO,/TBA
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Fig. 3 a CVs of 3D graphene (a), 3D graphene/Ru-PtNPs (b), 3D
graphene/Ru-PtNPs/cDNA (c), 3D graphene/Ru-PtNPs/cDNA/BSA (d),
3D graphene/Ru-PtNPs/cDNA/BSA/NGQDs @SiO,/TBA (e) modified
GCEs and the proposed aptasensor incubated with 1 x 10® mol L™!
thrombin (f) in 0.1 mol L™! PBS (pH of 7.4) containing 0.1 mol L!
KCland 5 mol L™ K4Fe(CN)¢/K3Fe(CN)g. b The ECL of 3D graphene

PtNPs/cDNA/BSA, such as peaks located at 3400, 1642, and
1388 cm ! of NGQDs, and located at 1626, 798 cm ' of Ru-
PtNPs (Fig. S5). Evidently, these results confirm the success-
ful fabrication of the sensor.

CV and ECL of the ECL aptasensor

Cyclic voltammetry (CV) was used to further evaluate the
construction of the sensing platform, as shown in Fig. 3a.
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(a), 3D graphene/Ru-PtNPs (b), 3D graphene/Ru-PtNPs/cDNA (c), 3D
graphene/Ru-PtNPs/cDNA/BSA (d), 3D graphene/Ru-PtNPs/cDNA/
BSA/NGQDs@SiO,/TBA (e) modified GCEs and the proposed
aptasensor incubated with 1 x 10 mol L™ thrombin () in 0.1 mol L™!
PBS (pH of 7.4)

The 3D graphene-modified GCE displayed an apparent redox
current (curve a). When the Ru-PtNPs were coated onto the
surface of the 3D graphene-modified electrode, the reduction
peak current decreased (curve b). This result was ascribed to
the thickness of the electrode surface which hinders the elec-
tron transfer. With the interaction between amino groups and
PtNPs, the incorporation of the amino group determined
cDNA onto the modified electrode greatly reduces the redox
current (curve c). Afterwards, BSA was adopted to block
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Fig. 4 Effect of a the amount of 3D graphene, b the amount of Ru-PtNPs, ¢ the amount of cDNA, d the amount of NGQDs@SiO,/TBA, and e the scan

rate on the ECL intensity
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Fig. 5 a The calibration plot against the corresponding logCrg. b Stability of ECL signal from aptasensor in phosphate buffer 0.1 M (pH 7.4) under a

continuous cyclic potential scan for 10 cycles

possible nonspecific active sites, further inducing a decrease
in the redox current (curve d). After the immobilization of the
TBA-labeled NGQDs@SiO, through base-pairing interac-
tions, the redox current was further decreased (curve e). The
ECL aptasensor was then immersed in a 10-nM thrombin
solution, and an enhancement in redox current was acquired
(curve f). This could be attributed to the TBA-labeled
NGQDs@SiO, that were extracted due to their stronger bind-
ing with thrombin, reducing the amount of NGQDs@SiO,
and hindering the electron transfer of the aptasensor. All these
phenomena demonstrated each layer of the film was success-
fully fabricated on the electrode.

To test the electrochemiluminescence properties of the de-
veloped sensor, ECL measurements were performed, as
depicted in Fig. 3b. No signal in ECL intensity could be found
for the 3D graphene-modified GCE electrode (curve a). After
anchoring Ru-PtNPs on the surface of the electrode, the ECL
signal increased gradually (curve b). It is rational to assume
that cDNA and BSA anchored on the surface of electrode can
reduce the intensity of the ECL signal (curves ¢ and d) [46].
Then, the TBA was hybridized with the cDNA to introduce the
NGQDs@SiO, onto the modified electrode, and a large in-
crease in the ECL signal was achieved. This result occurs be-
cause the NGQDs@Si0, reveals a strong amplification of the

Ru(bpy)32+ ECL. After the addition of TB, the TBA-labeled
NGQDs@SiO, segment was binding with thrombin by the
specific TB-TBA interaction. As a consequence, a decrease
in the ECL signal was observed because of the partial departure
of NGQDs@8SiO,. According to the reported literature [47],
the ECL mechanism may be demonstrated as follows:

Ru(bpy);*" — ¢”—Ru(bpy);**

Ru(bpy);** + [NGQDg NH]'—Ru(bpy);*" * products

Ru(bpy);>* " —Ru(bpy);>* + hv

Optimization of experimental conditions

The following parameters influencing the ECL response of the
modified electrode were optimized, including the concentra-
tions of 3D graphene, Ru-PtNPs, TBA, NGQDs@SiO,/TBA,
and the scan rate. The corresponding data and figures are
described in Fig. 4. According to Fig. 4, the abovementioned
experimental parameters were demonstrated to obtain optimal
results as follows: (a) the concentration of 3D graphene was

Table 1 Comparisons with other methods for the determination of thrombin

Methods Detection system Linear range Detection limit Time References
Microscale thermophoresis MB-TBA1/Bio-TBA2/SA-PE 18-554 nM 5.4 nM 30 min  [48]
Fluorescence spectroscopy AuNP/Apt29-1/Apt29-2/Probe DNA 0.625-50 nM  0.16 nM 150 min [49]
Differential pulse voltammetry Fc-TBA/Au 5.0-35 nM 0.5 nM [50]
Electrochemical luminescence  Tri(bpyRu)-3-CD/Aptamer 1.0 pM-10 nM 0.1 pM [51]
Electrochemical luminescence 3D graphene/Ru-PtNPs/cDNA/BSA /NGQDs@SiO,/TBA 2.0 pM-50 nM  23.1 ftM This work
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Fig. 6 Selectivity tests for the ECL response of the aptasensor to
thrombin, lysozyme, human hemoglobin, IgG, and BSA

6.5 mg mL™', (b) the concentration of Ru-PtNPs was
5.5 mg mL™", (¢) the TBA concentration of the ECL
aptasensor was 1.6 uM, (d) the NGQDs@SiO,/TBA concen-
tration of the ECL aptasensor was 7.5 mg mL™', and (e) the
scan rate of the ECL aptasensor was 50 mV s

Determination of TB

Under the optimized conditions, the ECL aptasensor was
constructed for detecting TB. As depicted in Fig. 5a, the
integrated change of ECL intensity (Agcr) exhibited a lin-
ear response to the logarithmic concentration of TB from
2.00x 10" to 5.0 x 10® mol L', with a correlation coef-
ficient of 0.9971. The linear regression equation was de-
scribed as follows: Agcp =1003.94 x logCrg + 14211.45
(mol L"), and the lower detection limit was 2.31 x
10" mol L' (S/N=3). In addition, the analytical perfor-
mance of the ECL aptasensor for the detection of TB is
compared with that of other reported methods (Table 1).
It is observed that the proposed aptasensor exhibited more
excellent properties than did other methods.

Repeatability, stability, and selectivity

To evaluate the repeatability of the developed ECL sensor,
successive scanning measurements for ten cycles were

Table 2  Determination of thrombin added in human serum with the
proposed ECL aptasensor

Sample Added (nM) Found (nM)* Recovery (%) RSD (%, n=3)

1 0.01 0.01026 102.6 2.56
2 0.5 0.488 97.6 3.27
3 2.5 2.44 97.5 233
4 20 20.2 101.0 4.56
5 40 42.6 106.5 3.61

*Each data was given as average value obtained from three successive
determinations
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performed, and the relative standard deviation (RSD) was
1.63% (Fig. 5b). In addition, the RSD for eight different elec-
trodes constructed in the same way was 3.02%. Furthermore,
the stability was also monitored at different time intervals. The
results indicate that the ECL intensities maintained 93.61—
94.6% of the original response after 15 days. Therefore, the
sensor shows good repeatability and stability.

In addition to the aforementioned factors, the specificity is
another vital criterion for the performance evaluation of the
ECL sensor. It is evident that, as illustrated in Fig. 6, the ECL
intensity of the aptasensor is significantly decreased upon the
addition of TB, while the other interferents produce negligible
decreases in the ECL intensity. The results indicated that the
aptasensor has a high selectivity to TB.

Thrombin detection in human clinical serum samples

To test the practicality and viability of the developed
aptasensor, we evaluated the aptasensor’s detection of TB in
human serum. The serum samples were diluted 100 times
prior to the measurements, and different amounts of thrombin
were added. The results demonstrated acceptable quantitative
recoveries between 97.5 and 106.5% (Table 2). The results
make it feasible to utilize the developed aptasensor for the
detection of TB in real samples.

Conclusions

In summary, this work demonstrates an ECL aptasensor for
sensing thrombin based on a 3D graphene/Ru-PtNPs/
NGQDs@SiO,/TBA-modified electrode. The NGQDs were
proven to enhance the ECL signal. Meanwhile, 3D graphene
and PtNPs were used to accelerate the electron transfer, thus
further improving the ECL signal. In addition, the ECL
aptasensor exhibited satisfactory sensing properties, such as
good selectivity, superior stability, good repeatability, and a
low detection limit, thereby demonstrating its potential appli-
cation for the detection of TB in biological systems.
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