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Abstract

The sensitive and precise quantitative determination of thrombin is important for both fundamental research and
clinical diagnostics of hypoxic ischemic encephalopathy because it is a key biological molecule in hemostasis and
hemolysis. Herein, we depict a sensitive and label-free thrombin detection approach by taking the advantages of
aptamer’s superior capability to bind with thrombin and the high efficiency of three-way junction initiated dual

signal recycle. In this method, a capture probe which is inserted with an aptamer sequence is designed to specifically
identify thrombin molecule and facilitate the signal amplification. Based on the DNA polymerase and endonuclease
Nb.BbvCl-assisted chain extension, a large amount of single-strand DNA sequences that can fold into G-quadruplex
are produced to specifically recognize commercial fluorescent dye thioflavin T for signal generation. Consequently,
the approach exhibits a high detection sensitivity with the limit of detection as low as 768 fM, holding a great promise
for detection of thrombin and disease diagnosis in the clinic.
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Introduction

Thrombin, as a kind of serine proteases belonging to the
chymotrypsin family, plays crucial roles in blood coagu-
lation and is involved in a number of pathological pro-
cesses of paediatric diseases, including hypoxic ischemic
encephalopathy, autoimmune thrombocytopenia in
children, and apoptosis (Al-Amer 2022; Tripodi 2016;
Tuo et al. 2022). The functions of thrombin in arterial
and venous thrombosis, wound healing, and a variety of
other pathologies, including sepsis, atherosclerosis, and
cancer, are increasingly being investigated (Alexander
and Gilmour 2022; Cao et al. 2022; Ericksen et al. 2022).
The role of thrombin in pathogenesis of various paediat-
ric diseases depends on its concentration. For instance,
modest amounts of thrombin have the ability to protect
neurons, whereas greater concentrations of thrombin
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are always accompanied by pathogenic effects in hypoxic
ischemic encephalopathy (Shlobin et al. 2021). Exploiting
emerging technologies for precise and sensitive throm-
bin detection is thus highly desired, especially in clinical
settings.

Currently, immunoassay is the most established
method for measuring thrombin and is regarded as the
gold standard in clinical trials (Ito et al. 2022; Wang
et al. 2020; Yeh et al. 2014). However, the immunoas-
say is often criticized for relatively poor sensitivity, high
labor intensity and narrow detection range. Aptamers,
as small oligonucleotides that can specifically recognize
and bind with biomolecules, are widely exploited to con-
struct aptasensors (Wang et al. 2022; Zhang et al. 2022a).
Aptasensor can be used in a variety of experimental and
clinical settings, including the identification of diseases
and the delivery of medications, due to its advantages of
low cost, ease of modification, and quick response (Zhao
et al. 2020a, b). A variety of aptasensors have been cre-
ated in recent years for the detection of thrombin. These
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devices work by using an aptamer to transform thrombin
signals into nucleic acids signals, which are then ampli-
fied using isothermal nucleic signaling techniques (Yu
et al. 2021; Zhang et al. 2022b). The aptasensors can be
briefly classified based on the transducer as fluorescent,
electrochemical (Lin et al. 2017), colorimetric (Yin et al.
2020), and others (Yu and Wu 2019; Zhao and Gao 2015).
Among them, the fluorescent biosensors attract consid-
erable attention because they are stable, programmable
and easy-to-operate (Musumeci et al. 2017; Swetha et al.
2020; Zhao et al. 2021). For example, Shen et al. (2017)
proposed a novel thrombin detection approach by inte-
grating established signal amplification strategy with
chiral supramolecular assembly in physiological K* back-
ground. Even though the fluorescent biosensors made
remarkable progress to the traditional thrombin detec-
tion approaches, two drawbacks are inevitable: (1) DNA
polymerase and endonuclease-assisted generation of two
sequences with a DNA sequence that contains two nick-
ing site as template may cause fault translation and inter-
fere result calculation; (2) labeling with the FAM moiety
can easily suffer from interferences by the experimental
conditions, thus causing inaccuracy in results. Therefore,
it is significant to develop a high-fidelity signal amplifica-
tion strategy and to integrate it for accurate and sensitive
thrombin detection via a label-free manner.

ThT is a benzothiazole that becomes fluorescent after
recognizing G-quadruplexes and has been widely utilized
in constructing label-free fluorescent sensors (Renaud
de la Faverie et al. 2014). Herein, we describe a novel
fluorescent aptasensor for sensitive and accurate throm-
bin detection in a label-free manner by exploiting the
designed three-way junction initiated signal amplifica-
tion for high-fidelity transcription and specific binding
between the fluorescent dye Thioflavin T (ThT) and the
nucleic acid G-quadruplexes for label-free signal genera-
tion. In the three-way junction initiated signal amplifica-
tion, thrombin aptamer is integrated in the toehold of the
hairpin probe (catch probe); the specifically identifica-
tion of thrombin by aptamer will lead to the allosterism
of the catch probe to induce subsequent signal amplifica-
tions. The dual signal amplification endows the method a
high sensitivity, showing a promising prospect in clinical
practices.

Results and discussion

The principle of the three-way junction initiated dual
signal amplification approach for thrombin detection

The working mechanism of the established approach is
shown in Fig. 1. The capture probe is designed with hair-
pin structure, containing four functional parts, to com-
bine the functions of specifically identifying thrombin
and triggering three-way junction initiated dual signal
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amplification. The a part in the capture probe is throm-
bin aptamer; b and ¢ part assist the proximity ligation to
form three-way junction; and d part is complementary to
endonuclease Nb.BbvClI nicking site. The hairpin struc-
ture of capture probe blocks the possible hybridization
with assistance probe. Only when thrombin is present
in the sensing system, aptamer specifically binds with
thrombin and causes the allosterism of capture probe,
consequently deconstructing the hairpin structure to
linear state and exposing b and ¢ parts. The exposed b
and c parts can bind with the complementary sequences
(b’ and ¢ parts) and mediate the hybridization between
assistance probe and capture probe—thrombin complex.
The formation of three-way junction makes it possible
for chain extension with b and ¢’ as primers. Under the
assistance of DNA polymerase, a sequence that is com-
plementary with linear capture probe is formed in which
process the thrombin is disassociated with aptamer.
The released thrombin binds with a next capture probe
to induce the first signal recycle. Afterward, two nick-
ing sites have been generated by Nb.BbvCI. Under the
cooperation of Nb.BbvCI and DNA polymerase, a large
collection of g’ sequence and a’ sequences have been
produced. The a’ sequence can bind with a part in cap-
ture probe and unfold capture probe to induce a next
signal assembly, constituting the second signal amplifica-
tion. The g’ sequence can fold into G-quadruplex, which
can be specifically recognized by commercial fluorescent
dye thioflavin T(ThT), generating fluorescence signals
which is correlated with the concentration of thrombin in
the system in a label-free way.

Feasibility of the established approach

To test the feasibility of the proposed approach for
thrombin detection, the assembly of capture probe and
its capability to bind with thrombin was firstly verified by
a fluorescence assay as illustrated in Additional file 1: Fig.
S1. In brief, the two terminals of the capture probe were
labeled with FAM moiety and BHQ, respectively. In the
linear state of the probe, FAM signal was not quenched
by BHQ and maintained a high level of 7894 a.u.. On
the contrary, the FAM signal was significantly decreased
when capture probe was assembled to hairpin structure
due to Foerster resonance energy transfer between FAM
(carboxyfluorescein) and BHQ (black hole quencher)
moiety. In the experiment testing the thrombin recogni-
tion capability of capture probe, the FAM signal recov-
ered to 6481 a.u. (Fig. 2a). The phenomenon could be
explained by the fact that the successful binding of the
aptamer with thrombin caused the transformation of
capture probe from a hairpin structure a linear state. The
result that no significant increment of FAM signal was
obtained when detecting other protein molecule (CEA,
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carcinoma embryonic antigen; PCT, procalcitonin)
demonstrated a high specificity of the designed capture
probe (Fig. 2a). We then investigated role of essential
experimental components, including DNA polymerase,
Nb.BbvCl, and ThT. The result in Fig. 2b showed the ThT
can be efficiently activated to emit a significant fluores-
cent signal only by the combination of DNA polymerase,
Nb.BbvCl, and ThT. In the absence of either DNA poly-
merase, Nb.BbvClI, or ThT, only negligible fluorescence
intensities could be recorded, indicating the essential
roles of these experimental components in constructing
the approach.
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Optimizations of experimental parameters

Several experimental parameters have been investigated
for an optimal detection performance. The fluorescence
ratio (F/FO) of the recorded ThT signal when thrombin
was present or not was exploited to evaluate the detec-
tion performance. The length of b and c¢ part in capture
probe determines the formation and stability of three-
way junction. If the length of b part is too short, it is dif-
ficult to bind with &’ sequence. Nevertheless, if the b part
is too long, it will cause the non-target dependent chain
assembly. Therefore, we firstly investigated the length of
b part in capture probe. The trend variation of F/FO con-
tained a significant elevation when the length ranged
from 2 to 5 bp and a decreased F/FO when the length was
more than 5 bp (Fig. 3a). Meanwhile, the F/FO elevated
when the length of ¢ ranged from 2 to 6 bp, while no
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Fig. 3 Optimizations of experimental parameters. a F/FO result of the approach with different lengths of b part in capture probe; b F/F0 result of
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more increment could be observed when the length was
over 6 bp (Fig. 3b). The chain extension reaction could
be affected by the concentration of DNA polymerase. As
shown in Fig. 3¢, the F/FO elevated when the concentra-
tion of DNA polymerase exceeded 0.5 U/L, which was
selected as the optimized concentration and applied for
the subsequent experiments. With the constant con-
centration of DNA polymerase, the concentration of
Nb.BbvCI was studied. The result in Fig. 3d showed a
maximum signal-to-noise ratio at 0.2 U/L.

Sensitivity of the approach

Under the optimized experimental parameters, the sen-
sitivity of the proposed approach was tested by quanti-
fying different concentrations of thrombin. As shown
in Fig. 4a, the F/FO increased proportionally with the
amounts of the thrombin. (F/FO was calculated accord-
ing to the result in Additional file 1: Fig. S2. F/FO is the
ratio of fluorescence intensity at 520 nm when detecting
thrombin and blank sample.) There is a clear relationship
between the F/FO and the logarithmic concentration of
thrombin in the scope of 1 pM to 100 nM. The correla-
tion equation was determined Y =1.467*lgC+ 11.38 with
the correlation coefficient of 0.9935 (Fig. 4b). The limit of
detection (LOD) of the established approach was calcu-
lated to be 768 fM according to the intensity of the blank
tests plus 3 times the standard deviation, which is supe-
rior to most of the reported thrombin detection meth-
ods (Additional file 1: Table S2). In addition to the high
sensitivity, the simple experimental procedures and the
label-free producing signal mode endowed the approach
a promising applicable scenes.
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Specificity and repeatability investigation

The specificity of the approach was investigated though
detecting interferents, including CEA, PCT, urease, and
pepsin at the same concentration (10 nM). From the
result in Fig. 5a, the F/FO results of interferents detec-
tion were approximate to the F/FO of the control group.
Nevertheless, a greatly enhanced fluorescence signal was
obtained when detecting thrombin, indicating that the
proposed approach possesses a high selectivity to the
thrombin detection. The repeatability of the proposed
approach was evaluated though measuring the 1 nM and
100 pM thrombin for five times, respectively. The rela-
tive standard deviations (RSDs) of thrombin detection
were both less than 5%, demonstrating an acceptable
reproducibility of the approach (Fig. 5b). To determine
whether the established approach could be potentially
applied in actual sample analysis, serum samples were
prepared. Due to the resource limitation, we were not
able to collect enough clinical samples, and alternatively,
we verified the analytical performance of the method
through detecting thrombin in constructed clinical sam-
ples. The constructed clinical samples were prepared
though adding different concentrations of thrombin
in artificial serum samples which were brought from
ExCell Bio Co., Ltd. (Shanghai, China). The result in
Fig. 5¢ showed a high correlation between the calculated
thrombin concentration and the added concentration
(R?=0.9972), indicating that the method could also pro-
vide an reliable quantitative result even in complicated
biological conditions.
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Conclusion

The crucial of thrombin in regulating the blood coagu-
lation made it a promising biomarker for the analysis
of hypoxic ischemic encephalopathy. In summary, a
sensitive and label-free thrombin detection aptasensor
has been constructed in this research by exploiting the
three-junction initiated dual signal amplification. The
proposed thrombin detection possesses the capability
to detect thrombin in pM level with a wide detection
range from 1 pM to 100 nM. In addition, the approach
also exhibits a high selectivity to the thrombin detec-
tion and a high repeatability. The excellent detection
performance can be attributed to the integration of
aptamer-based specific target recognition and dual sig-
nal amplification. It is known that the salt composition

(Na' and K* concentrations) can affect the assembly of
G-quadruplexes, and that the salt composition of real
biological sample may affect the detection performance
of the established approach. From our point of view, the
deviation brought by salt composition can be reduced
by the calibration curve. Taken together, the capabil-
ity of the developed approach to sensitive and specific
detection of thrombin offers a potential alternative
platform for thrombin analysis in disease diagnosis,
such as hypoxic ischemic encephalopathy.

Materials and methods

Materials and reagents

The DNA oligonucleotides used are listed in Addi-
tional file 1: Table S1. The sequences were synthesized
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by Sangon Biotechnology Co., Ltd. (Shanghai, China),
and diluted to certain concentration by DEPC water.
The dNTP mixture solution was also purchased from
Sangon Biotechnology Co., Ltd. (Shanghai, China). The
KF exo™ and Nb.BbvCI were brought from New Eng-
land Biolabs (Ipswich, MA, USA). The CEA, PCT, ure-
ase, and pepsin were supplied by Takara Biotech. Inc.
(Dalian, China). All chemical reagents were of analyti-
cal grade, and RNase-free water was used throughout
this study. Artificial serum samples which were brought
from ExCell Bio Co., Ltd. (Shanghai, China).

Assembly of capture probe and assistance probe

For the assembly of capture probe, the obtained solu-
tion containing 10 uM capture probe was heated to 90 °C
and cooled to room temperature. The assembled capture
probe (10 pL) was mixed with 2 pL thrombin for 20 min
to study the target recognition capability. The assembly of
assistance follows the same procedures.

Thrombin detection procedures

Sensitivity

Typically, different concentrations of thrombin (2 pL)
were mixed with 6 pL capture probe (2 uM) in a tube
containing 2 uL Tris—HCI (0.5 M) and the mixtures were
incubated at 37 °C for 20 min. 8 pL assistance probe
(2 uM) was then added in the mixture and incubated
for 10 min. 2.5 pL. KF exo™ w, 1.5 pL Nb.BbvCI, and 8
pL NEBuffer 3.0 (0.5 M Tris—HCIl, 1 M NaCl, 0.1 mM
KCl, 0.1 M MgCl,, pH 7.9) were added in the mixture
and incubated at 37 °C for 30 min. After the mixture was
denatured for 5 min at 95 °C, 5 uM of ThT (5 pL) and 15
uL DEPC water were added in the mixture and incubated
at 37 °C for 10 min (total volume: 50 pL). The fluores-
cence signal was recorded using a Shimadzu RF-5301PC
fluorescence spectrometer.

Selectivity

2 pL thrombin (10 nM), 2 uL CEA (10 nM), 2 pL PCT
(10 nM), 2 pL urease (10 nM), and 2 pL pepsin (10 nM)
were mixed with 6 pL capture probe (2 pM) in a tube
containing 2 puL Tris—HCI (0.5 M), respectively. The mix-
tures were incubated at 37 °C for 20 min. 8 pL assistance
probe (2 uM) was then added in the mixture and incu-
bated for 10 min. 2.5 uL. KF exo™ w, 1.5 uL. Nb.BbvCl, and
8 pL NEBuffer 3.0 (0.5 M Tris—HCIl, 1 M NaCl, 0.1 mM
KCl 0.1 M MgCl,, pH 7.9) were added in the mixture
and incubated at 37 °C for 30 min. After the mixture was
denatured for 5 min at 95 °C, 5 uM of ThT (5 pL) and 15
pL DEPC water were added in the mixture and incubated
at 37 °C for 10 min (total volume: 50 pL). The fluores-
cence signals of the approach when detecting different
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targets were recorded using a Shimadzu RF-5301PC fluo-
rescence spectrometer.

Actual sample test

The artificial clinical samples with different concen-
trations of thrombin were prepared through adding
thrombin in 8 L artificial serum samples. Afterward, 2
pL clinical sample was mixed with 6 pL capture probe
(2 pM) in a tube containing 2 pL Tris—HCI (0.5 M) and
the mixtures were incubated at 37 °C for 20 min. 8 pL
assistance probe (2 uM) was then added in the mixture
and incubated for 10 min. Afterward, 2.5 pL. KF exo™ w,
1.5 pL Nb.BbvCl, and 8 pL. NEBuffer 3.0 (0.5 M Tris—
HCl, 1 M Na(l, 0.1 mM KCl, 0.1 M MgCl,, pH 7.9) were
added in the mixture and incubated at 37 °C for 30 min.
The mixture was denatured for 5 min at 95 °C. 5 pM of
ThT (5 pL) and 15 pL. DEPC water were added in the
mixture and incubated at 37 °C for 10 min (total volume:
50 uL). The fluorescence signal was recorded using a Shi-
madzu RF-5301PC fluorescence spectrometer.
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