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Abstract

In this work, an electrochemiluminescence (ECL) sensor chip for sensitive detection

of thrombin (TB) was prepared using a screen-printed electrode (SPE) as a working

electrode and an aptamer as a specific recognition moiety. To produce an ECL sensor

chip, a layer of pL-Cys was immobilized on the surface of the SPE using the cyclic

voltammetry scanning method. A layer of gold nanoparticles (AuNPs) was assembled

through an Au–S bond and hairpin DNA was further immobilized on the electrode

surface. Ru(bpy)2(mcpbpy)2+, as a luminescent reagent, was covalently bound to

single-stranded DNA (ssDNA) to prepare a luminescence probe ssDNA-Ru. The

probe was hybridized with TB aptamer to form a capture probe. In the presence of

TB, the TB aptamer in the capture probe bound to TB, causing the release of ssDNA-

Ru that could bind to hairpin DNA on the electrode surface. The Ru(II) complex as a

luminescent reagent was assembled onto the electrode, and pL-Cys was used as a

co-reactant to enhance the ECL efficiency. The ECL signal of the sensor chip gener-

ated based on the above principles had a linear relationship with log TB concentra-

tion at the range 10 fM to1 nM, and the detection limit was 0.2 fM. Finally, TB

detection using this method was verified using real blood samples. This work pro-

vides a new method using an aptamer as a foundation and SPE as a material for the

detection of biological substances.
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1 | INTRODUCTION

Thrombin (TB), a multifunctional serine protease, is a key protein that

is involved in the regulation of haemostasis and plays a vital role in

various biological processes.[1] It is also involved in many diseases,

such as cardiovascular diseases, inflammatory response, and thrombo-

embolic diseases, as well as in hemostatic treatment.[2–4] The cur-

rently available TB detection methods include high performance liquid

chromatography (HPLC),[5,6] fluorescence spectra,[7–9] surface

plasmon resonance (SPR),[10–14] electrochemistry,[15–17] and

electrochemiluminescence (ECL).[18–25] Among these methods, ECL is

the method widely used in various bioanalyses due to its simplicity,

high sensitivity, wide dynamic range, and low background

interference.[26]

An aptamer is a single-stranded or double-stranded oligonucleo-

tide fragment obtained from artificially constructed random single-

stranded oligonucleotide (ssDNA or ssRNA) libraries through ligand

index enrichment phylogenetic evolution technology.[27] Aptamers

have an ability to recognize various targets, can be easily prepared,

have higher thermal stability and are more controllable.[28] In recent
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years, the use of aptamers as molecular recognition moieties has

attracted considerable attention from researchers.[29–32]

Since its first ECL properties were reported by Tokel and Bard,[33]

ruthenium bipyridine (Ru(bpy)3
2+) has become the most widely stud-

ied and applied ECL compound due to its high chemical stability and

good redox properties.[34] Ru(bpy)3
2+ alone has been reported to have

relatively low ECL intensity. However, its luminous efficiency can be

significantly improved by introducing a co-reactant into the sys-

tem.[35,36] In a traditional detection method, a co-reactant is usually

added to the luminescent reagent to improve its ECL signal. However,

the electron transfer between the luminescent reagent and co-

reactant can increase the electron transfer distance and energy loss,

which will reduce the luminous efficiency of the luminescent

reagent.[37]

In this work, we introduced a screen-printed electrode (SPE) into

a biosensor, which is a disposable electrode for rapid and point-of-

care detection. Here, we constructed a novel ECL sensor chip for

quantitative detection of TB using nucleic acid aptamers as specific

recognition moieties, Ru(bpy)2(mcpbpy)2+ as a luminescent reagent,

and poly-L-cysteine (pL-Cys) as a co-reactant,[38] to combine with an

SPE. pL-Cys could form the strongly reducing radical of pL-Cys• to

improve the ECL efficiency of the luminescent reagent. First, a layer

of pL-Cys was coated on the surface of the SPE electrode using the

cyclic voltammetry scanning method, and to increase the immobiliza-

tion capacity of the nucleic acid, a layer of gold nanoparticles (AuNPs)

was further assembled onto the pL-Cys layer through an Au–S bond.

Hairpin DNA containing sulfhydryl groups was then immobilized onto

the electrode surface to produce an ECL sensor chip. The lumines-

cence probe ssDNA-Ru was prepared by linking Ru(bpy)2(mcpbpy)2+

with ssDNA through an amide bond, and the probe ssDNA-Ru was

complementary to a part of the base sequence of the TB aptamer to

form a capture probe. In the presence of TB, the aptamer in the cap-

ture probe bound to TB, resulting in the dissociation of ssDNA-Ru.

After the solution was dropped onto the ECL sensor chip, the hairpin

DNA could then form a double strand through complementary base

pairing with the free ssDNA-Ru. The electrode coated with lumines-

cent reagent Ru(bpy)2(mcpbpy)2+ and pL-Cys (a co-reactant) had a

greatly enhanced ECL signal. Therefore, the specific and highly sensi-

tive detection of TB could be observed as the increase in the ECL sig-

nal. The schematic diagram illustrating the experimental principle is

shown in Figure 1.

2 | EXPERIMENTAL

2.1 | Reagents and instruments

All oligonucleotides used were purchased from Shanghai Sangon Bio-

logical Engineering Technology & Services Co., Ltd (Shanghai, China).

Their sequences are listed as follows.

TB aptamer: 50-GGTTGGTGTGGTTGGCCATTTTTT-30;

ssDNA probe: 5´-NH2-GACCTTCATCCAACCACACCAACC-30 (italic

bases indicate the sequence of the TB aptamer);

hairpin DNA probe: 5´-SH-TTTGGTTGGTGTGGTTGGATGAAGGTCCC

TCACCTTCATCCAACCACA-30 (italic bases can be hybridized with

the ssDNA probe).

[Ru(bpy)2(mcpbpy)]Cl2 was purchased from SunaTech Inc.

(Suzhou, China). L-Cysteine (L-Cys), 1-ethyl-3-(3-dimethylamino-

propyl)carbodiimide hydrochloride (EDC), and N-hydroxy succinimide

(NHS) were purchased from the Aladdin Reagent Corporation

(Shanghai, China). Thrombin, bovine serum albumin (BSA), immuno-

globulin G (IgG), alpha-fetoprotein (AFP), and carcinoembryonic anti-

gen (CEA) were purchased from Shanghai Yuanye Bio-Technology

Co., Ltd. Hexyl mercaptan (HT) was purchased from Energy Chemical

(Shanghai, China). The SPE was customized by Qingdao Poten Tech-

nology Co., Ltd (Qingdao, China), and integrated with three electrodes

including a working electrode (carbon), a counterelectrode (carbon),

and a reference electrode (Ag/AgCl). All chemical reagents were of

analytical grade and used without further purification. Phosphate-

buffered solution (PBS; 0.1 M, pH 7.4) was prepared from Na2HPO4

(0.1 M), KH2PO4 (0.1 M), and KCl (0.1 M). Tris–HCl buffered solution

(Tris–HCl, 10 mM, pH 8.0) was prepared from EDTA (1 mM), NaCl

F IGURE 1 Schematic representation showing the detection principle using the prepared ECL sensor chip
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(0.1 M), Tris (10 mM), and HCl. Human serum samples were from

China–Japan Union Hospital of Jilin University.

ECL experiments were recorded using a model MPI-A ECL ana-

lyzer with wavelength range 300–650 nm (Xi'an Remex Analysis

Instruments Co., Ltd, China). Cyclic voltammetry (CV) and electro-

chemical impedance spectroscopy (EIS) experiments were monitored

using a CHI 760E electrochemical workstation (CH Instruments Ins.,

China). pH was measured using a pH meter (INESA Scientific, China).

2.2 | Synthesis of luminescence probe ssDNA-Ru

First, 4 mg of [Ru(bpy)2(mcpbpy)]Cl2 were dissolved in 8 ml of PBS

solution. Next, 2 ml of a mixed solution containing 160 mg of EDC

and 40 mg of NHS was added, the mixture was stirred at room tem-

perature for 2 h. Subsequently, 1.6 ml of 1 μM ssDNA solution was

added, and the mixture was further stirred for 12 h. After that, the

above solution was precipitated with 0.8 ml of 3 M sodium acetate

and 16 ml of ethanol at �20�C for 12 h and was then centrifuged at

12,000 rpm for 30 min. The precipitate was washed twice with cold

70% ethanol and then lyophilized in a vacuum to obtain ssDNA-Ru.

Finally, 1 μM of ssDNA-Ru was dissolved in PBS (0.1 M, pH 7.4) and

then stored in a refrigerator at 4�C until subsequent use.

2.3 | Pretreatment of DNA

Hairpin DNA was dissolved in Tris–HCl solution to a concentration of

20 μM. Next, the hairpin DNA was annealed at 95�C for 5 min using a

polymerase chain reaction (PCR) machine and the solution was cooled

down to room temperature. The mixture was then incubated at 37�C

for 30 min to obtain the hairpin structure.

2.4 | Preparation of ECL sensor chip

The pretreated screen-printed electrodes[39] were immersed in

20 mM L-Cys solution. The potential range of the electrode was set at

�0.5�1.0 V, the scanning speed was set to 0.1 V/s, and the CV scan-

ning was carried out six times. A dense layer of pL-Cys film was modi-

fied on the surface of the electrode. After washing with ultrapure

water, the modified electrode was added dropwise with 100 μl of

AuNPs with a size of 50 nm (reducing HAuCl4 with citrate) and then

incubated at 4�C for 8 h. After rinsing with ultrapure water, the elec-

trode was added dropwise with 10 μl of 1 μM hairpin DNA and dried

at 37�C. Finally, after 10 μl of 1 mM HT was added dropwise, the

electrode was incubated at room temperature for 1 h.

2.5 | Detection of TB

First, 10 μl of a mixture containing 1 μM ssDNA-Ru and 1 μM TB

aptamer (10 μl) were annealed at 95�C for 10 min and stabilized at

4�C for 2 h in a PCR instrument to obtain the hybrid of the two com-

ponents. Then, TB at different concentrations was reacted with the

hybrid at 37�C for 1 h, followed by the ssDNA-Ru chain. Finally, 10 μl

of the reaction were dropped onto the prepared ECL sensor chip and

allowed to react at 37�C for 40 min. After washing with PBS, the elec-

trode was placed in a small beaker containing 10 ml of PBS (0.1 M,

pH 7.4) and used for ECL detection. The ECL detection was carried

out at a photomultiplier tube (PMT) of 800 V, a scanning range 0.2–

1.3 V, and a scanning speed of 0.1 V/s.

3 | RESULTS AND DISCUSSION

3.1 | Electrochemical characterization of ECL
sensor chip

As shown in Figure 2a, the change in the electrochemical properties

of the electrode surface during the preparation of the sensor was

measured through the CV change of the modified electrode. As can

be seen in the figure, the bare SPE exhibited a pair of redox peaks of

Fe(CN)6
4�/3�. After the electrode was modified with pL-Cys, the

redox peak current decreased because the pL-Cys film could hinder

the transport of electrons. When AuNPs were introduced through an

Au–S bond, the redox peak current was further increased due to the

superior electrical conductivity of the AuNPs, which could help to

facilitate the electron transport. After hairpin DNA was added, the

current was further decreased significantly. This was due to that the

phosphate groups on the main chain of hairpin DNA, which are nega-

tive charged, could repel Fe(CN)6
4�/3� and hinder the electron trans-

fer on the electrode surface. The electrospray ionization (ESI) spectra

were also measured using the electrode at different states, and the

results are shown in Figure 2(b). The impedance of the bare electrode

was low but, after being modified with pL-Cys film, the impedance

increased. After introducing AuNPs, the diameter of the impedance

spectrum was significantly decreased, probably due to the good elec-

tron transport ability of AuNPs and the increase in the specific surface

area of the electrode. After being assembled with the hairpin DNA,

the impedance value was further increased due to the formation of an

insulating layer on the electrode surface. The above results indicated

that the ECL sensor chip was successfully prepared.

3.2 | Characterization of PCR amplicons using
polyacrylamide gel electrophoresis

To confirm that the TB detection was based on PCR amplification trig-

gered by the aptamer, polyacrylamide gel electrophoresis (PAGE)

experiments were conducted; and the results are shown in Figure 3.

Lane 1 shows the DNA marker, the number of bases is 25–500.

ssDNA (lane 2) and TB aptamer (lane 3) appeared as single bands.

When ssDNA was mixed with the TB aptamer (lane 4), a new bright

band appeared, which was the hybridization product of ssDNA and

the TB aptamer. Whereas, when TB was added to the hybridization
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product of ssDNA and TB aptamer (lane 5), a new band emerged,

which was ssDNA, demonstrating the successful release of ssDNA.

Lane 6 shows hairpin DNA, in which the low band represents hairpin

DNA, which was modified with sulfhydryl groups. Disulfide bonds

were formed between sulfhydryl groups, leading to the connection

between hairpins to form a high band. The highest band in lane 7 and

8 was also due to the disulfide bond formed by hairpins. Lane 7 was

the hybridization products of ssDNA and hairpin DNA. With hairpin

DNA added to the hybridization product of ssDNA and TB aptamer

(lane 8), hairpin DNA and ssDNA have almost no hybridization, indi-

cating that ssDNA would not be released to hybridize with hairpin

DNA when there was no TB, that is, there was no false-positive signal.

Based on the above analysis, the proposed strategy was feasible.

3.3 | ECL performance characterization

To evaluate the ECL performance of the SPE electrode, we carried

out three comparative experiments. The ssDNA-Ru was used as the

target to investigate the ECL performance of four different elec-

trodes: (a) ssDNA-Ru was directly added to SPE (SPE/ssDNA-Ru);

(b) SPE was modified with pL-Cys before ssDNA-Ru was added

(SPE/pL-Cys/ssDNA-Ru); (c) SPE was modified with pL-Cys and then

directly immobilized with hairpin DNA before ssDNA-Ru was added

(SPE/pL-Cys/hairpin DNA/ssDNA-Ru); and (d) SPE was modified with

pL-Cys, followed by AuNPs and hairpin DNA before ssDNA-Ru was

added (SPE/pL-Cys/AuNPs/hairpin DNA/ssDNA-Ru) (Figure 4a). The

ECL signal of electrode (a) was very weak. The electrode (b) had signif-

icantly enhanced signal after being modified with pL-Cys, which

proves that pL-Cys plays a role as a co-reaction promoter. After hair-

pin DNA was immobilized on the electrode (c), the ECL signal of the

electrode was increased, an indication that the hairpin DNA plays a

role as a fixer on the electrode surface, causing the number of the

binding sites between ssDNA-Ru and the electrode surface to

increase. As both pL-Cys and hairpin DNA contain S bonds, AuNPs

were introduced to modify the electrode (d). On the one hand, the

introduction of AuNPs could increase the electrical conductivity of

the electrode and improve the electron transport efficiency. On the

other hand, more hairpin DNA could be immobilized on the electrode

surface, therefore enhancing the sensitivity of the electrode as well as

the stability of the assembled material.

According to published literature,[38] we proposed a possible lumi-

nescence mechanism of the probe as follows:

pL�Cys�e� !pL�Cysþ •

pL�Cysþ • !pL�Cys • þHþ

ssDNA�Ru IIð Þ�e� ! ssDNA�Ru IIIð Þ

pL�Cys • þ ssDNA�Ru IIIð Þ! ssDNA�Ru IIð Þ� þpL�Cysþ

ssDNA�Ru IIð Þ� ! ssDNA�Ru IIð Þþhν

3.4 | Optimization of experimental conditions

To achieve the highest possible detection sensitivity, we optimized

three parameters that were important for experiments, including the

F IGURE 2 CV (a) and EIS (b) of modified SPE
in 0.1 M KCl solution containing 5 mM [Fe
(CN)6]

3�/4�. (Curve a): Bare SPE. (Curve b):
SPE/pL-Cys. (Curve c: SPE/pL-Cys/AuNPs. (Curve
d): SPE/pL-Cys/AuNPs/hairpin DNA

F IGURE 3 PAGE analysis of different samples. Lane 1: marker;
lane 2: ssDNA (2 μM); lane 3: TB aptamer (2 μM); lane 4: ssDNA + TB
aptamer (both 2 μM); lane 5: ssDNA + TB aptamer + TB (all 2 μM);
lane 6: hairpin DNA (2 μM); lane 7: ssDNA + hairpin DNA (both
2 μM); lane 8: ssDNA + TB aptamer + hairpin DNA (all 2 μM)
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content of auxiliary probe hairpin DNA, the reaction time between

the capture probe and TB, and the incubation time between the reac-

tion solution and the ECL sensor chip.

First, we investigated the effect of the content of auxiliary probe

hairpin DNA on the luminescence properties. Although the increase

of hairpin DNA amount could capture more luminescent reagents, its

high insulation could also hinder the electron transfer on the electrode

surface. Therefore, the concentration of hairpin DNA was also opti-

mized. As shown in Figure 4(b), 10 μl of the 1 μM hairpin DNA was

selected as the optimal amount.

We further investigated the effects of reaction time between the

capture probe and TB and the incubation time between the reaction

solution and the auxiliary probe on the performance of the ECL sensor

chip. As can be seen in Figure 4(c, d), the optimal reaction time was

1 h, and the optimal incubation time was 40 min.

3.5 | TB detection using the proposed ECL sensor
chip

Figure 5 shows the ECL response diagram and standard curve of the

ECL sensor chip under the optimal conditions. According to the result,

the intensity of the ECL sensor chip increased with the increase of log

TB concentration, and the relationship of the two parameters was lin-

ear at the TB concentration range 10 fM to 1 nM. The linear equation

for the relationship was I = 1732.1 � lg[TB/(pM)] + 3971.5 with a

correlation coefficient r = 0.9974 and a detection limit of 0.2 fM

(S/N = 3). The comparison between the present method and other

reported TB detection methods is shown in Table 1. As can be seen,

the present TB detection method had a wider detection range and

lower detection limit. Compared with other ECL methods, we used

disposable SPE electrodes to avoid tedious pretreatment steps, which

F IGURE 4 (a) ECL response in 0.1 M PBS
(pH 7.4). (Curve a): SPE/ssDNA-Ru. (Curve b):
SPE/pL-Cys/ssDNA-Ru. (Curve c): SPE/pL-Cys/
hairpin DNA/ssDNA-Ru. (Curve d): SPE/pL-Cys/
AuNPs/hairpin DNA/ssDNA-Ru. (b) Variation of
ECL intensity of 1 μM hairpin DNA with different
volumes. (c) Dependence of the ECL intensity of
ECL sensor chip on reaction time between the
capture probe and TB. (d) Dependence of the ECL

intensity of the ECL sensor chip on incubation
time between the reaction solution and the
auxiliary probe

F IGURE 5 (a) Response of ECL biosensor in
the presence of TB at different concentrations.
(b) Calibration curve of TB determination
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make our sensor simple, and more repeatable than glassy carbon elec-

trodes (GCE), and could be used for rapid detection.

3.6 | Performance of ECL sensor chip

We selected 10 pM of TB as the object for investigation. We found

that the ECL signal was not obviously changed under a continuous

scanning for 10 cycles with relative standard deviations (RSDs) of less

than 1.31% (Figure 6a). This suggests that the ECL sensor chip had

high stability. The RSDs of SPEs from different batches were less than

10%, indicating that the sensor chip had relatively high reproducibility.

To evaluate the selectivity of the sensing system, several commonly

used proteins, such as BSA (1000 pg/ml), IgG (1000 pg/ml), AFP

(50 pM), and CEA (50 pM), were used as interferences during the

detection (Figure 6a). The ECL signal intensity of all proteins was not

different from that of the blank. By contrast, the ECL signal of the

sample in the presence of TB was significantly increased, indicating

that the sensor chip had high selectivity towards TB.

3.7 | Detection of TB in human serum

To further evaluate the ability of ECL biosensor to detect TB in com-

plex samples, the proposed method was applied to detect human

serum samples. As listed in Table 2, the recovery rates were between

95.6% and 100.6% with RSD values of less than 7.1%. This indicates

that the proposed method could accurately and satisfactorily detect

TB in human serum samples, and therefore may be suitable for use in

the clinical diagnosis of TB.

4 | CONCLUSIONS

In summary, a novel ECL sensor chip for TB detection with high sensi-

tivity was successfully constructed using electro-polymerized pL-Cys

as a Ru(bpy)2(mcpbpy)2+ co-reactant, an aptamer with specific recog-

nition ability, and a versatile SPE electrode. The sensor chip was

developed using a simple preparation method and could successfully

detect TB. It also had a wide linear range, a low detection limit, high

TABLE 1 Comparison of different methods used for the detection of TB

Methods Strategies/materials Detection range Limit of detection (LOD) Reference

SERS Double-aptamer sandwich strategy on plasmonic magnetic

beads

20 to 400 pM 30 pM [40]

Fluorescence Polymer nanoparticles containing the luminol–terbium (III)

complex

0.01 to 25 nM 3.5 pM [41]

Fluorescence MNPs@Apt15–thrombin–DC@AuNP sandwich structure 1 to 100 pM 0.78 pM [42]

Electrochemistry Highly loaded haemoglobin spheres-encapsulated platinum

nanoparticles

0.15 pM to 40 nM 0.05 pM [43]

ECL RuNP/PEI-GO-TBA2/PDA/TB-TBA1-PI5CA/Au/GCE 100 fM to 10 nM 28.73 fM [44]

ECL ZnGa2O4/g-C3N4/GCE 1.37 fM to 27.4 pM 0.55 fM [45]

ECL SPE/pL-Cys/AuNPs/Hairpin DNA/ssDNA-Ru 10 fM to 1 nM 0.2 fM This work

F IGURE 6 (a) Stability of the ECL signal after
being subjected to continuous scanning for
10 cycles. (b) Selectivity of the ECL sensor chip
towards TB in the presence of each of interfering
substances

TABLE 2 Detection of TB in human
serum samples using the ECL sensor chip
(n = 3)

Content of TB (pM) Spiked (pM) Detected (pM) Recovery (%) RSD

None 1.0 0.97 97.1 4.6%

None 10.0 9.82 98.2 2.2%

None 100.0 95.6 95.6 5.5%

None 500.0 502.8 100.6 7.1%
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selectivity, and good stability and reproducibility. The present sensor

chip may be developed and applied as a tool in the analysis and detec-

tion fields, especially in clinical diagnosis.
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