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Abstract
An ultrasensitive “signal-off–on” electrochemiluminescence (ECL) biosensor is constructed based on f1-TiO2/g-C3N4/PDA 
for thrombin detection. The flower-like titanium dioxide (f1-TiO2) has a huge specific surface area, which can not only 
increase the capacity of 2D graphite-like carbon nitride (g-C3N4) layer, but also promote the action of coreactants, and  
the ECL intensity of the electrode modified with f1-TiO2/g-C3N4/PDA is 3.5 times higher than the electrode modified with 
g-C3N4/PDA. The carboxylated thrombin aptamer (sDNA) is incubated onto the modified electrode by amide bond; then, the 
complementary strand of thrombin aptamer (tDNA) modified with ferrocene is connected to the electrode surface by com-
plementary base pairing with sDNA. Due to the ferrocene can quench the ECL of g-C3N4, the ECL signal decreases, while 
the ECL signal is restored in the presence of the target thrombin (TB). When  K2S2O8 and  H2O2 are used as a co-reactant, the 
ECL aptasensor for TB detection is constructed with a concentration variation from  10−11 to  10−5 M, which has a excellent 
sensitivity, and the detection limit is 8.9 ×  10−12 M. It also shows good specificity, reproducibility, and stability. This novel 
ECL aptasensor has potential application in human thrombin assay.

Keywords Electrochemiluminescence · 2D graphite-like carbon nitride · Flower-like titanium dioxide · Aptamer · 
Thrombin

Introduction

Thrombin, a multifunctional serine protease, is a major 
procoagulant and anticoagulant stimulator, which plays an 
important role in vascular injury and various pathologi-
cal activities such as thrombotic diseases, atherosclerosis, 
and tumors. Therefore, it is necessary to develop an effec-
tive method for thrombin detection with high selectivity 

and specificity. At present, the main detection methods of 
thrombin include fluorescence  [1–3], colorimetry  [4–6], 
electrochemical method  [7–10], LC–MS/MS  [11, 12], and 
SPR  [13]. However, the detection time of these methods is 
longer and the pretreatment of samples is more complicated 
than electrochemiluminescence (ECL). ECL has attracted 
much attention for its advantages such as simple operation, 
low cost, fast detection speed, high sensitivity, and simple 
instrument. 

Electrochemiluminescence (ECL) refers to the substance 
on the electrode surface that is excited by the power source 
and forms excited state products through electron transfer. 
The excited state products then release energy and return 
to the ground state in the form of luminescence, which has 
the characteristics of both electrochemistry and chemilu-
minescence. Since the discovery of ECL, its application 
has expanded from the initial conventional analysis of inor-
ganic and organic matter to biological and medical fields  
[14–18]. Compared with other detection methods, ECL has 
many advantages. Firstly, the sensitivity is higher and the 
linear range is wider. Secondly, it neither needs external 
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light source, nor is affected by optical factors such as scat-
tered light, and the background interference is small. In 
addition, through electrochemical reaction, the original 
non-luminescent materials can be transformed into chemi-
luminescent materials, expanding the scope of the determi-
nation of substances.

Graphite phase nitrogen carbide (g-C3N4) is a kind of 
metal-free semiconductor nanocrystalline material, which 
mainly takes triazine ring or heptaazine ring as the basic 
structural unit. Through the combination of vanderwaals 
force between layers and C-N covalent bond within layers, 
a graphite-like two-dimensional layered structure is formed. 
G-C3N4 has long been used in photoelectrocatalysis due to 
its unique energy band structure, good biocompatibility, 
cheap raw materials, and simple preparation. It was not until 
2012 that Chang ming Cheng  [19] discovered that g-C3N4 
could generate cathode ECL signal around 460 nm through 
electron transfer in the presence of co-reactant  K2S2O8 that 
g-C3N4 was first applied in ECL detection. The next year, 
Chang ming Cheng  [20] found that g-C3N4 could gener-
ate anodic ECL signal under the co-reaction agent TEA. So 
far, g-C3N4 has been tracked and explored by many ECL 
researchers  [21–23].

Because of the poor electrical conductivity of g-C3N4, its 
ECL luminescence efficiency and sensitivity are not high. 
Therefore, how to improve the luminescence performance 
of g-C3N4 is an important research direction. Flower-like 
titanium dioxide (fl-TiO2) is an important semiconductor 
material with a three-dimensional petal-like structure on 
its surface. Compared with other morphologies of titanium 
dioxide (such as quantum dot, spherical, tubular, porous), 
it has a larger specific surface area, and its surface is rich 
in hydroxyl, which is easy to be functionalized, so it has 
attracted widespread attention  [24]. In this study, fl-TiO2 
was prepared by solvothermal method to form dioxide 
microparticles or nanoparticles, which was highly ordered 
and petaloid. The carboxylated g-C3N4 and amino-rich 
polydopamine (PDA) were loaded on fl-TiO2. Due to the 
large specific surface area of fl-TiO2, more g-C3N4 could 
be loaded, so that the luminescence efficiency and ECL 
signal stability of g-C3N4 were significantly improved. An 
“signal off–on” electrochemiluminescence sensor based on 
fl-TiO2/g-C3N4/PDA for ultra-sensitive detection of throm-
bin (TB) was constructed. Firstly, amino-functionalized 
fl-TiO2/g-C3N4/PDA was modified onto the electrode as 
the ECL luminescent material and the substrate to fix the 
carboxylated sDNA, and tDNA was further captured by 
base complementary pairing with sDNA. At the moment, 
the cathodic signal of g-C3N4 was quenched by ferrocene in 
tDNA. In the presence of TB, tDNA can be shed off from 
the electrode surface due to the specific binding between 
thrombin and sDNA; thus, the ECL signal of g-C3N4 was 
restored. The change of ECL intensity (ΔI) was related to 

the concentration of thrombin, and this ECL adaptorsensor 
has been applied to detect thrombin in the serum samples 
with satisfied results. The sensor construction process and 
detection mechanism are shown in Scheme 1.

Experimental section

Materials and reagents

Melamine  (C3H6N6) ,  dopamine hydrochlor ide 
 (C8H11NO2·HC, 98%), tetrabutyl titanate  (C16H36O4Ti, 99%), 
terephthalic acid  (C8H6O4, 99%), N-hydroxysuccinimide 
(NHS, 98%), and 1-ethyl-(3-dimethylaminopropyl) carbon 
diimine hydrochloride (EDC, 98%) were purchased from 
Aladdin (Shanghai, China). Lysozyme  (C125H196N40O36S2), 
human hemoglobin  (C13H10N2O2), human immunoglobulin, 
proserum, bovine hemoglobin, and bovine serum albumin 
(BSA) were purchased from Solarbio Science & Technol-
ogy Co., Ltd (Beijing, China). The oligonucleotides were 
obtained from Sangon Biotechnology Inc. (Shanghai, China), 
including sDNA and tDNA. Phosphate-buffered saline (PBS) 
at pH 7.4 was used to wash the electrode and prepare aptamer 
solutions. All the reagents were analytical grade unless oth-
erwise stated. The serum samples provided by the Ruikang 
Hospital Affiliated to Guangxi University of Chinese Medi-
cine were used for real sample analysis.

Aptamer for TB (sDNA): 5′-HOOC-(CH2)6-ATT TGG 
CCA ACC ACA CCA ACC-3′.

Complementary strand (tDNA): 3′-Fc-(CH2)6-GGT TGG 
TGT GGT TGG-(CH2)6-Fc-5′.

Apparatus

ECL was measured on an MPI-B multi-parameter electro-
chemiluminescence system (Xi’an Remax Electronic Sci-
ence & Technology Co., Ltd., China). The Eelectrochemical  
workstation CHI440 (Shanghai Chenhua Instrument Co., 
Ltd., China) was used to perform the cyclic voltammetry 
(CV) detection. Electrochemical impedance spectroscopy 
(EIS) was performed by the PGSTAT128N Autolab poten-
tiostat/galvanostat (The Netherlands). Scanning electron 
microscopy (SEM) was tested by SUPPRA 55 Sapphire 
(Carl Zeiss, Germany); transmission electron microscopy 
(TEM) was tested by Tecnai F30 (FEI, USA), which were 
used to characterize the morphology of the materials. D8 
ADVANCE X-ray powder diffractometer (AXS, Ger-
many), Nicolet iS10 Fourier transform infrared spectrom-
eter (Thermo Fisher Scientific, USA), UV-2100 UV–vis 
spectrophotometer (Beijing Beifen Ruili Co., Ltd., China), 
and FL-4600 fluorescence spectrometer (Hitachi, Japan) 
were utilized to characterize the experimental materials, 
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respectively. Deionized water was taken from Milli-Q water 
purification system (Millipore, USA).

ECL, CV, and EIS detection were performed in the three-
electrode system; the working electrode was modified glassy 
carbon electrode (GCE), the counter electrode was platinum 
pole, and the reference electrode was Ag/AgCl (sat. KCl) 
electrode or saturated calomel electrode (SCE). The scan-
ning ranges of ECL potential detection and CV detection 
were − 1.8 ~ 0 V and − 0.2 ~ 0.6 V, respectively. The scan 
rates of ECL detection was 200 mV/s, and the scan rates of 
CV detection was 100 mV/s.

Preparation of materials

According to the literature  [25, 26], carboxylate g-C3N4 was 
prepared by high temperature calcination polymerization. 
A total of 5.0 g of melamine powder was heated at 550 °C 
with a heating rate of 3 °C/min and kept for 4 h at this tem-
perature. The yellow g-C3N4 product was ground to powder 
after naturally cooling to room temperature. Exactly 1.0 g 
of g-C3N4 powder was dispersed in 100 mL of 5 M  HNO3, 

which was refluxed at 125 °C for 24 h. After being cen-
trifuged, washed down, and dried, carboxylated g-C3N4 
powder was obtained. Carboxylated g-C3N4 powder was 
dispersed into distilled water and was performed by ultra-
sound for 16 h. In order to remove the residual unexfoliated 
g-C3N4, initial formed suspension was centrifuged at 5000 
rmp. The collected supernatant was concentrated at 60 °C 
under reduced pressure, resulting in a milk-like suspension 
with the concentration about 1 mg/mL.

The polydopamine (PDA) was prepared by the self-
polymerization of dopamine hydrochloride at room tempera-
ture for 24 h under magnetic stirring, and the pH of the sus-
pension was adjusted to 8.5 by adding tris(hydroxymethyl)
aminomethane  [27]. After the unpolymerized DA was 
removed by centrifugation, the brown solid PDA was 
obtained, which was vacuum-dried for 12 h at 60 °C.

In a Teflon lined autoclave of 50 mL capacity, 2 mL of 
concentrated HCl solution was added dropwise into 4 mL 
of titanium butoxide; then, 20 mL of oleic acid was added 
and stirred at room temperature for 3 h; subsequently, the 
mixed solution was heated to 180 °C and kept for 12 h  [28]. 

Scheme 1  Schematic rep-
resentation of synthe-
sis of fl-TiO2/g-C3N4/
PDA A and possible detec-
tion mechanism of the sensor B 

961Journal of Solid State Electrochemistry (2022) 26:959–971



1 3

After natural cooling, the products were dried at 70 °C in 
vacuum, which were collected after washing with ethanol 
and hydrochloric acid repeatedly. Finally, the flower-like 
titanium dioxide (f1-TiO2) was obtained by annealing.

For the preparation of fl-TiO2/g-C3N4/PDA, 0.5 mg of 
PDA and 100 mg of f1-TiO2 were added into 100 mL of 
1 mg/mL carboxylate g-C3N4 under magnetic stirring 12 h 
at room temperature.

Fabrication and analytical procedure of the ECL 
aptasensor

Before modifying the electrodes, the bare GCE was polished 
with 1.0, 0.3, and 0.05 μm  Al2O3 slurry successively, then 
was cleaned by 1:1 nitric acid, ethanol, and ultrapure water 
in turn. Subsequently, The GCE was modified by 4 μL of 
1 mg/mL f1-TiO2/g-C3N4/PDA dried at room temperature. 
And then, 600 μL EDC (45 mM) and NHS (15 mM) were 
added to sDNA (400 μL, 5 μM) solution to activate the car-
boxyl groups for 2 h. Next, 10 μL of activated sDNA was 
dropped on the modified electrode and incubated at 4 °C 
overnight. The unlinked sDNA was removed by washing 
with PBS, then BSA (10 μL, 1%) was dropped onto the 
modified electrode and incubated for 1 h so as to unbound 
active site. After that, tDNA (15 μL, 2 μM) was dropped 
onto the modified electrode and incubated for 2 h, and then 
rinsed with PBS. Finally, the aptasensor was constructed 
successfully.

Different concentrations of thrombin (10 μL) were incu-
bated on the surface of f1-TiO2/g-C3N4/PDA/GCE at room 
temperature for 1 h, and then, the electrode was washed with 
PBS solution (0.1 M, pH 7.4). The ECL response of the 
aptasensor was detected in PBS containing 0.1 M  K2S2O8 
and  H2O2. The scan voltage range, photomultiplier volt-
age, and scan rate were − 1.8 ~ 0 V, 400 V, and 200 mV/s, 
respectively.

Results and discussion

Characterization of the synthesized materials

The morphology of different materials was characterized 
by scanning electron microscopy (SEM) and transmission 
electron microscopy (TEM). As shown in Fig. 1A, f1-TiO2  
was a flower-like structure with a particle size of 5 μm. Figure  
1B is the SEM image of f1-TiO2/g-C3N4/PDA composite  
material, which inner illustration in the bottom right-hand 
corner was the microgram, indicating that g-C3N4 loaded 
with PDA was distributed on the surface of f1-TiO2. The 
TEM image of Fig. 1C showed that g-C3N4 was a two-
dimensional sheet with 3-nm thickness. The TEM result of 
Fig. 1D proved the composites of f1-TiO2/g-C3N4/PDA were 
prepared successfully.

Figure 2A showed the FT-IR spectra of g-C3N4 NSs. The 
uncondensed -NH2 and = NH groups at the edge of CN het-
erocyclic polymer were located at the wide peak between 

Fig. 1  SEM images of A 
f1-TiO2 and B f1-TiO2/g-C3N4/
PDA; TEM images of C g-C3N4 
and D f1-TiO2/g-C3N4/PDA
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3000 and 3500  cm−1. The peak of 1700  cm−1 was attributed 
to C = O stretching. The absorption bands between 1100 and 
1600  cm−1 were corresponding to either triangular N-(C)3 or 
bridging C-NH-C units. The sharp peak located at 807  cm−1 
was associated with triazine ring vibrations. All these indi-
cated the successful functionalization of carboxyl group on 
g-C3N4 NSs  [29–31]. The results of Fig. 2B were consistent 
with the references  [29, 32]; the ultraviolet characteristic 
spectrum of g-C3N4 was at 320 nm (Fig. 2B (a)), which 
was taken as the excitation wavelength of the fluorescence 
spectrum; meanwhile, g-C3N4 produced fluorescence emis-
sion at 440 nm (Fig. 2B (b)). According to the XRD patterns 
(Fig. 2C), the pattern of fl-TiO2 almost corresponded to crys-
tal planes of anatase  TiO2 (JCPDS No. 21–1272), and the 
identical peaks at 2θ = 69.9° and 36.3°, which represented 
(220) and (103) crystal planes, respectively. Moreover, the 
main diffraction peaks of fl-TiO2 at 27.6°, 39.4°, 41.5°, 
44.2°, 54.5°, 56.8°, 62.9°, 64.3°, and 69.2° were indexed 
to (110), (200), (111), (210), (211), (220), (002), (310), 
and (301) crystal planes of rutile phase  TiO2 (JCPDSNO. 

21–1276), respectively. The results of Fig. 2C indicated that 
fl-TiO2 was a mixed crystal composed of anatase and rutile 
phases.

According to X-ray photoelectron spectroscopy (XPS) 
spectrum of Fig. 3, the chemical composition of f1-TiO2/g-
C3N4 surface was characterized. The C 1S XPS spectrum 
was shown in Fig. 3A; two peaks appeared at 284.58 eV and 
287.99 eV, respectively. The peak located at 284.58 eV was 
contributed to the sp peak of carbon atom, and another peak 
located at 287.99 eV implied that carbon atoms had one dou-
ble bond and two single bonds with three neighbor N atoms. 
As shown in Fig. 3B, the peak at 398.57 eV and 400.78 eV 
were obtained after Gaussian curve fitting, which were 
attributed to C = N–C and N-(C)3. Meanwhile, the N-(C)3 
group in N 1S XPS spectrum demonstrated the polymeriza-
tion of melamine  [33]. The XPS peak of Ti  2p3/2 and Ti 
 2p1/2 were at 458.33 eV and 464.28 eV in Fig. 3C, respec-
tively. The differentiation of Ti  2p3/2 and Ti  2p1/2 was about 
5.95 eV, indicating the typical characteristic of  Ti4+ were 
found in f1-TiO2 [34, 35]. The O 1 s spectrum in Fig. 3D 

Fig. 2  A Infrared spectrogram (IR)of g-C3N4, B ultraviolet a and fluorescence b spectra of g-C3N4, and C X-ray diffraction (XRD) of fl-TiO2
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Fig. 3.  XPS analysis of f1-TiO2/g-C3N4 composite material: A C 1 s, B N 1 s, C Ti 2p, D O 1 s, E survey scans
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displayed two peaks located at 529.78 eV and 531.28 eV. 
The characteristic peak of binding energy 529.78 eV cor-
responded to Ti–O bond in  TiO2, and the peak of 531.28 eV 
can be attributed to C–O bond  [36]. Figure 3E showed the 
XPS full-scan spectra of f1-TiO2/g-C3N4, and the typical ele-
ments of C, N, Ti, and O were indicated. The results of XPS 
proved the g-C3N4 was growed on the surface of f1-TiO2 
nanoflower successfully.

The verification of catalysis of flower‑like titanium 
dioxide

Figure 4A showed the fluorescence emission spectra of dif-
ferent materials, indicating that PDA can absorb the fluores-
cence emitted of g-C3N4  [37]. As a result, the fluorescence 

intensity of g-C3N4/PDA composite material (Fig. 4A (c)) 
was lower than that of g-C3N4 single material (Fig. 4A (b)), 
and f1-TiO2 could restore and enhance the fluorescence 
intensity of g-C3N4 (Fig. 4A (a)). In addition, under the 
same detection conditions, the ECL intensity of f1-TiO2/g-
C3N4/PDA was 3.5 times as large as g-C3N4/PDA, shown 
as Fig. 4B. Thus, f1-TiO2 was selected as the catalyst of the 
luminescence system.

Electrochemical behavior of the modified electrode

The electrochemical behavior on different modified elec-
trodes was investigated by cyclic voltammetry (CV), which 
was shown in Fig. 5A. The surface properties of the elec-
trode were investigated by electrochemical impedance 

Fig. 4  Fluorescence spectra A and ECL behavior B of various materials: a f1-TiO2/g-C3N4/PDA, b g-C3N4, and c g-C3N4/PDA

Fig. 5  Cyclic voltammetry A and electrochemical impedance spec-
troscopy B of various materials: a  bare GCE, b  g-C3N4, c  f1-TiO2/
g-C3N4/PDA, d  f1-TiO2/g-C3N4/PDA + sDNA, e  f1-TiO2/g-C3N4/

PDA + sDNA + BSA, f  f1-TiO2/g-C3N4/PDA + sDNA + BSA + tDNA, 
and g f1-TiO2/g-C3N4/PDA + sDNA + BSA + tDNA + TB
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spectroscopy (EIS). A total of 5 mM [Fe(CN)6]3−/4− con-
taining 0.1 M KCl was used as a redox probe, as shown in 
Fig. 5B. Compared with the bare GCE (curve a), due to the 
poor conductivity of g-C3N4, the g-C3N4 modified electrode 
(curve b) showed smaller current and larger impedance. 
Because of the excellent electron transport of f1-TiO2, the 
current (curve c) became larger and the impedance became 
smaller compared with the g-C3N4 (curve b), when the GCE 
was modified with f1-TiO2/g-C3N4/PDA. Because sDNA 
and BSA were weakly conductive macromolecular which 
hindered the electron transfer, so that the f1-TiO2/g-C3N4/
PDA/sDNA modified electrode (curve d) and the f1-TiO2/g-
C3N4/PDA/sDNA/BSA modified electrode (curve e) showed 
smaller current and larger impedance. According to the base 
complementary pairing principle, when the electrode modi-
fied with f1-TiO2/g-C3N4/PDA/sDNA/BSA was incubated 
by tDNA, the current became smaller and the impedance 
became larger, because the electrochemiluminescence of 
g-C3N4 can be quenched by the ferrocene in tDNA and elec-
tron transfer was blocked, shown as Fig. 5 curve f. In the 
presence of thrombin, tDNA would follow sDNA falling off 
from the electrode surface into solution, due to the specific 
binding between thrombin and sDNA. As the obstructions 
on the electrode surface decreased, the current increased and 
the impedance decreased as Fig. 5 curve g.

ECL spectra of different electrodes were investigated 
in 0.1 M  K2S2O8 containing  H2O2 (Fig. 6). The results 
showed that f1-TiO2/g-C3N4/PDA (curve a) had a strong 
ECL signal. Because of the ECL resonance energy transfer 
(ERET) between g-C3N4 and the ferrocene groups located 
in tDNA, the ECL signal on the electrode surface modi-
fied with f1-TiO2/g-C3N4/PDA /sDNA/BSA/tDNA (curve 
c) was reduced. In the presence of thrombin, the binding 
strength between thrombin and sDNA was greater than the 

base-pairing binding strength between sDNA and tDNA, so 
tDNA was dragged away from the electrode surface. As a 
result (curve b), the ERET interaction was weakened and the 
ECL signal was recovered.

Mechanism of the ECL system

The cathode ECL signal can be generated by g-C3N4 with 
 K2S2O8 as co-reactant at the voltage of − 1.8 ~ 0 V. When 
suitable dosage of 0.03 M  H2O2 was added into 0.1 M 
 K2S2O8, the ECL signal of g-C3N4 can be enhanced. Fol-
lowing the increasement of 0.03 M  H2O2 dosage, g-C3N4 
would appear double peaks and its stability would deterio-
rate. Therefore, 0.1 M  K2S2O8 and appropriate amount of 
 H2O2 were selected as the co-reactant for the system. As 
an important metal oxide semiconductor, titanium dioxide 
has valence band–dependent catalytic performance and can 
promote the generation of reactive oxygen species, such as 
 OH*. The flower-like titanium dioxide (f1-TiO2) can catalyze 
the decomposition of hydrogen peroxide to a greater extent, 
which has a larger specific surface area. The reaction mecha-
nism is showed as the follow equations  [38–40]:

and/or

finally,

Optimization of experimental parameters

The electrochemical luminescence performance of 1 mg/mL 
f1-TiO2/g-C3N4/PDA with different modification amounts 
was investigated, and the results were shown in Fig. 7A. 
With the increment of Vf1-TiO2/g-C3N4/PDA, the ECL strength 
of the system augmented. When Vf1-TiO2/g-C3N4/PDA ≥ 4 μL, 
the ECL signal reached the maximum and was basically sta-
ble. Therefore, 4 μL of 1 mg/mL f1-TiO2/g-C3N4/PDA was 
modified to the electrode surface for experiment.
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3
N
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Fig. 6  Electrochemiluminescence of different electrodes: a f1-TiO2/g-
C3N4/PDA, b f1-TiO2/g-C3N4/PDA + sDNA + BSA + tDNA + TB, and 
c f1-TiO2/g-C3N4/PDA + sDNA + BSA + tDNA
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The influences of different dosages of f1-TiO2 on the 
experiment were investigated, and Fig. 7B was obtained. 
When mf1-TiO2:mg-C3N4 ≤ 100%, the luminescence of 
g-C3N4 could be promoted with the increase of the dosage 
of f1-TiO2. However, when mf1-TiO2:mg-C3N4 > 100%, with 
the increased dosage of f1-TiO2, partial luminescence sites 
of g-C3N4 were blocked, ΔIECL decreased. Therefore, the 
addition amount of f1-TiO2 in the composite material was 
selected the same as that of g-C3N4.

The influence of 2 μM sDNA with different modifica-
tion amounts on the sensor was explored, and the result is 
shown in Fig. 7C. Although sDNA was macromolecular 
nucleotide, which would cover the sectional chemilumi-
nescence sites of g-C3N4, resulting in the decrease of the 
ECL signal of g-C3N4, due to the concentration and dosage 
of sDNA were low, the ECL of g-C3N4 did not change sig-
nificantly with the increase of sDNA. Considering incuba-
tion temperature and time, 10 μL of sDNA was selected.

The effect of tDNA dosage on sensor performance 
was investigated. Because the ECL signal of g-C3N4 was 
quenched by ferrocene, thus, IECL decreased with the 
increase of tDNA dosage, shown as Fig. 7D. When VtDNA 
was 15 μL, the binding between tDNA and sDNA reached 
saturation, and the ECL signal of g-C3N4 decreased the 
most. When VtDNA > 15 μL, though the chemiluminescence 
site of g-C3N4 was still blocked by tDNA, the reduction of 
ECL signal was as similar as that of the electrode modified 
with 15 μL tDNA. Therefore, 15 μL of tDNA was chosen to 
incubate the modified electrode.

Performance of the ECL aptasensor

Under optimal experimental conditions, different concentra-
tions of thrombin were detected by this sensor. Shown as 
Fig. 8A, the ECL signal of the sensor increased gradually 
with the increase of thrombin concentration. The change 

Fig. 7  A Optimization of f1-TiO2/g-C3N4/PDA coating amount, B optimization of f1-TiO2 coating amount, C optimization of sDNA coating 
amount, and D optimization of tDNA coating amount
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of the ECL intensity (△I) presented a linear relation-
ship with the logarithmic concentration of thrombin vary 
from  10−11 to  10−5 M (Fig. 8B), the linear equation was 
△I = 643.18lgC + 7783.71, R2 was 0. 9989, and the detec-
tion limit was 8.9 ×  10−12 M (S/N = 3). Compared with other 
methods for thrombin detection, the detection range of this 
sensor was wider, and detection limit was lower, as shown 
in Table 1.

As seen from Fig. 9A, seven different electrodes modi-
fied with f1-TiO2/g-C3N4/PDA were constructed to detect 
TB  (10−6 M) at the same dosage, respectively. The relative 
standard deviation (RSD) was 0.84% (N = 5), indicating that 
the reproducibility of this ECL sensor was outstanding. In 
order to explore the stability of the sensor, the same modi-
fied electrode was used to detect the same amount of  10−6 M 
thrombin for 15 times; the RSD was 0.38% (Fig. 9B). In 
Fig. 9C, the same modified electrode was placed at 4 °C for 
7 days, the ECL strength decreased by 4.84% compared with 
the first day, and the RSD was 1.86% (N = 5); all of the above 
outcomes verify that the stability of this biosensor was good.

To evaluate the selectivity of the ECL aptasensor, differ-
ent model interfering substances were selected, including 
lysozyme, human immunoglobulin (lg G), human albumi,  

hemoglobin, and bovine serum albumin (BSA). The con-
centration of thrombin was  10−7 M, while the concentra-
tion of interferences was  10−5 M. Figure 9D showed that the  
above interferers did not produce an obvious signal changes 
(N = 5), which was compared with the blank experiment. 
On the contrary, the ECL strength of thrombin increased 
significantly when TB was present. Because of the specific-
ity between TB and its aptamer, other proteins and enzymes 
cannot be captured on the electrode, so no signal change was 
observed significantly, indicating that the selectivity of this 
biosensor was perfect.

Real sample analysis

The human serum samples for real sample analysis were 
provided by Ruikang Hospital Affiliated to Guangxi Uni-
versity of Chinese Medicine. A total of  10−7 M,  10−8 M, 
and  10−9 M TB were added into the serum of normal peo-
ple, respectively, and the determination results are shown in 
Table 2. The recoveries were 97.72–104.7%, and the RSDs 
were 1.06–2.13%, indicating that this ECL aptasensor had 
great potential for thrombin detection in real human samples.

Fig. 8  A ECL response of the sensors in different concentrations of thrombin a–h: a 0 M, b  10−11 M, c  10−10 M, d  10−9 M, e  10−8 M, f  10−7 M, 
g  10−6 M, and h  10−5 M; B Calibration curve for thrombin detection (N = 3)

Table 1  The comparison of 
other methods for determination 
of thrombin

Method Linear range (M) Detection limit (M) Reference

Fluorescent 1.6 ×  10−6–8.0 ×  10−6 1.6 ×  10−6 [3]
Colorimetry 1.08 ×  10−7–2.7 ×  10−5 2.78 ×  10−8 [4]
LC–MS/MS 5.0 ×  10−8–1.0 ×  10−5 7.0 ×  10−9 [11]
SPR 1.0 ×  10−6–2.0 ×  10−5 1.1 ×  10−6 [13]
spICP-MS 1.0 ×  10−11–1.0 ×  10−7 4.5 ×  10−12 [41]
Photoelectrochemistry 1.0 ×  10−8–1.0 ×  10−6 5.0 ×  10−11 [42]
Electrochemistry 1.0 ×  10−10–1.0 ×  10−5 3.5 ×  10−11 [43]
Electrochemiluminescene 1.0 ×  10−11–1.0 ×  10−5 8.9 ×  10−12 This work
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Conclusions

In summary, a novel ECL sensor based on f1-TiO2/g-C3N4/
PDA is constructed for thrombin detection. The sensor pre-
sents good analytical performance including the low detec-
tion limit, high sensitivity, and excellent selectivity, which is 
successfully applied to determine thrombin in normal human 
serum. This study provides a new ECL signal amplifica-
tion strategy, and broadens the application of ECL sensor in 
bioanalysis.
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