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A B S T R A C T   

To protect critical injury from blood clots with side effects in severe COVID-19, a highly selective and sensitive 
biosensor was developed for the quantification of trace levels of thrombin using the combination of a DNA 
aptamer (TBA) of thrombin and a complementary strand of TBA. TBA rapidly binds with thrombin, whereas it 
slowly binds with the complementary strand to form a double stranded DNA (dsDNA). SFC green intercalated 
into dsDNA cannot emit light in 1,1′-oxalyldiimidazole chemiluminescence (ODI-CL) reaction because high- 
energy intermediates formed from ODI-CL reaction cannot transfer energy to SFC trapped in dsDNA. Howev
er, SFC freely existing with the formation of G-quadruplex from the reaction of thrombin and TBA emits bright 
chemiluminescence because the high-energy intermediates can transfer energy to SFC (or camel) in solution. 
Thus, the brightness of light emitted in ODI-CL reaction was proportionally enhanced with the increase of 
thrombin in a sample due to the increase of G-quadruplex and reduction of dsDNA. The limit of detection (LOD) 
of the label free aptasensor operated with good linear calibration curve (10–320 mU/ml) was as low as 3 mU/ml 
(or 43 pM). Also, the biosensor was quantified trace levels of thrombin with good accuracy, precision, and 
reliability.   

1. Introduction 

Recently, it was reported that patients hospitalized with severe 
COVID-19 infections have high levels of the blood clotting protein factor 
V [1]. The results indicate that the patients are at elevated risk for blood 
clots because prothrombin can be rapidly converted into thrombin, 
known as a coagulation factor, with the increase of the factor V. 
Thrombin can convert fibrinogen into clottable fibrin in the hemostasis 
process as shown in Scheme S1. Thus, it is important to develop a 
biosensor capable of monitoring the activity of thrombin to protect 
critical injury from blood clots. This is because the accurate monitoring 
of thrombin in blood can provide information to decide whether patients 
need to be treated with antithrombotic agents [2,3]. 

After the developments of aptamers using peptides and RNAs in 1990 
[4,5], nucleic acid aptamers selected from a large pool of random se
quences were also designed and synthesized to quantify target molecules 
in a sample collected from human, food, and nature [6]. For example, 
15nt thrombin aptamer (TBA,5′-GGTTGGTGTGGTTGG-3′) developed to 
inhibit thrombin activity in human blood has been widely applied as a 
capturing material of in-vitro biosensors for the monitoring of thrombin 

activity in human blood [6]. As shown in Fig. 1(A), a guanine 
(G)-quadruplex is formed when TBA binds to one of two anion binding 
recognition exosites of thrombin, the fibrinogen-recognition exosite, 
with a dissociation constant (Kd) of ~ 100 nM as shown in Fig. 1(A) 
[7–9]. The two square planar structures of G-quadruplex were formed 
through the hydrogen bonding between guanines as shown in Fig. 1(B) 
[7]. 

1,1′-Oxalyldiimidazole chemiluminescence (ODI-CL) is generated 
with the chemiluminescence resonance energy transfer (CRET) between 
fluorescence dye and high-energy intermediate (X) formed from the 
reaction of ODI and H2O2 as shown in Scheme 1 [10–12]. X acts like a 
light source, such as LED, Laser, and Xenon, of fluorescence spectrom
eter. Thus, the emission wavelength of the light emitted from a fluo
rescence dye in ODI-CL reaction is similar to that of the fluorescence dye 
[12]. Using the chemical and physical properties of ODI-CL, it, instead of 
fluorescence, was applied as a highly sensitive detection method to 
analyze trace levels of biological, environmental, or toxic material in a 
sample [13–16]. The reports noted that ODI-CL is much more sensitive 
than fluorescence. Scheme S2 shows possible chemical structures of X. 
The efficiency of X for the CRET were dependent on structures of ODI 
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derivatives [11,12]. For example, it was reported that X formed from the 
reaction between 1,1′-oxalyldi-4-methylimidazole (OD4MI) and H2O2 is 
the strongest for the CRET to emit bright CL [11]. 

TBA composed of the single stranded DNA (ssDNA) can be formed as 
a double stranded DNA (dsDNA) when it binds with a complementary 
strand (5′-CCAACCACACCAACC-3′). In general, the concentration of 
dsDNA formed from the hybridization between TBA and the comple
mentary strand can be determined using dsDNA quantification kits 
operated with fluorescence detection. This is because dyes used in the 
dsDNA quantification kit emits bright fluorescence when they interca
late to specific sequences in the minor groove of dsDNA [17,18]. In other 
words, free dyes existing in the absence of dsDNA emit very weak 
fluorescence, whereas dyes intercalated in the minor groove of dsDNA 
emit bright fluorescence. 

Based on the Fig. 1, Scheme 1, and the role of dsDNA quantification 
kits, we expected that a highly selective and sensitive aptasensor with 
ODI-CL detection can be designed and developed for the monitoring of 
thrombin in a sample. We confirmed in this research that the label free 
aptasensor can be applied for monitoring the activity of thrombin to 
prevent critical injury from blood clots. Details are described below. 

2. Materials and methods 

2.1. Chemicals and materials 

TBA and the complementary strand of TBA were purchased from 
Alpha DNA (Montreal, Canada). Calf thymus dsDNA and thrombin (100 
Unit, 50 μg, mol wt.: 34.7 kDa) were purchased from Sigma Aldrich 
(Milwaukee, IL, USA) Sunfine Global provided Sun-Fine-Chem (SFC) 
green and camel green for the research (Cheongju, South Korea). Bis 
(2,4,6-trichlorophenyl) oxalate (TPCO) and 4-Methylimidazole were 
purchased from TCI America (Portland, OR, USA). 4′,6-Diamidine-2′- 
phenylindole dihydrochloride (DAPI), bisBenzimide H 33258 (Hoechst 
33258), and bisBenzimide H 33342 trihydrochloride (Hoechst 33342) 
were purchased from Cayman Chemicals (Ann Arbor, MI, USA). Fluo
rogenic substrate (Benzoyl-Phe-Val-Arg-AMC, HCl, 25 mg) of thrombin 
was purchased from Sigma-Aldrich (Saint Louis, MO, USA). Additional 
buffers and chemicals (ACS grade) used in this research were purchased 
from VWR (Radnor, PA, USA). Several types of coagulation factors (e.g., 
thrombin, Va, Xa) and proteins (e.g., prothrombin, V, fibrinogen) were 
purchased from Prolytix (Essex Junction, VT, USA). Human serum 
samples were purchased from Innovative Research (Novi, MI, USA). 

2.2. Methods 

2.2.1. Measurement of fluorescence and ODI-CL after the reaction between 
SFC green and calf thymus dsDNA 

The stock solution (10 mM) of SFC green provided from Sunfine 
Global was 2000-fold diluted in Tris-HCl buffer solution (pH 8.5, 
10 mM). The working solution (5 μM, 100 μl) was mixed with a certain 
concentration of dsDNA (100 μl) in a well of 96-wellplate. The mixture 
was incubated for 2 min for the intercalating reaction between SFC 
green and dsDNA. Sunfine Global noted that SFC green binds primarily 
with CG sequences in the minor groove of dsDNA. 

After the reaction, fluorescence intensity of each sample was 
measured at 516 nm (excitation wavelength: 493 nm) with a microplate 
reader with fluorescence detection (Infinite M 1000 of Tecan, Inc. San 
Jose, CA, USA). 

Also, the sample (10 μl) in the 96-wellplate was transferred into a 
borosilicate test tube to measure bright CL emission based on the reac
tion pathway shown in Fig. 2(B). The test tube was inserted into a 
luminometer with two syringe pumps (Lumat 9507, Berthold, Inc., Oak 
Ridge, TN, USA). Then, H2O2 (25 μl) and OD4MI (25 μl) formed from the 
reaction of TCPO and 4-methylimidazole [11] were consecutively 
injected into the test tube through the two syringe pumps. With the 
injection of ODI, green chemiluminescence was immediately generated. 
The luminometer measured the brightness of chemiluminescence for 2 s. 
The image of ODI-CL emitted in a well of 96-wellplate was obtained 
using the functions of a smartphone (LG V30, Gaithersburg, MD, USA) 
capable of integrating the emission for 30 s 

2.2.2. Hybridization of TBA and complementary strand 
TBA and the complementary strand were prepared in in Tris-HCl 

buffer (60 mM, pH 8.5). A certain concentration of TBA (100 μl) was 
mixed with excess complementary strand (3 μM, 100 μl) in a 1.5-ml 
microcentrifuge tube. Each sample put into a shaker (Eppendorf Ther
momixer, Enfield, CT, USA) was incubated for 3 h for the hybridization 
at 45 ◦C. After the incubation, a certain concentration of SFC green was 
added to the microcentrifuge tube to measure fluorescence and 
chemiluminescence. 

2.2.3. Competitive reaction of thrombin and the complementary strand in 
the presence of TBA 

The solution (100 μl) containing a certain concentration of thrombin 
and 1 μM TBA was mixed with the complementary strand (3 μM, 100 μl) 
in a 1.5-ml microcentrifuge tube. The mixture was incubated for 3 h at 
45 ◦C in the shaker. After the incubation, the mixture was cooled at 
ambient condition. Then, 10 μM SFC Green (50 μl in Tris-HCl buffer, pH 
8.5) was added in the mixture (50 μl) containing G-quadruplex TBA 
aptamer bound with thrombin and dsDNA formed from the 

Fig. 1. (a) G-quadruplex TBA aptamer bound with thrombin, (b) G-tetrad structure of guanines in G-quadruplex TBA.  
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hybridization. The final solution was incubated for 2 min at room 
temperature (21 ± 2 ◦C) for the intercalating interaction between 
dsDNA and SFC Green. 

2.2.4. ODI-CL measurement of samples prepared with the competitive 
reaction 

The final products formed from the competitive reaction occurred in 
the presence of a standard (or sample) emitted chemiluminescence with 
the addition of ODI-CL reagents. In other words, after the intercalating 
reaction of SFC (or camel green) and dsDNA in the absence or presence 
of the standard (or sample), the relative CL intensity was measured with 
the addition of H2O2 and ODI. The relative CL intensify emitted from 
each sample was measured with the luminometer with two syringe 
pumps. 

2.2.5. Recovery test of the new biosensor capable of quantifying TBA 
A certain concentration of TBA was spiked in 10 % human serum. 

The sample (50 μl) was mixed with 1 μM TBA (50 μl). Then, the com
plementary strand (3 μM, 100 μl) was added in the mixture (100 μl). The 
final solution in a 1.5-ml microcentrifuge tube was incubated for 3 h at 
45 ◦C. The concentration of thrombin in each sample after the 
competitive reaction was determined with the aptasensor with ODI-CL 
detection. In order to determine the recovery for each sample, the 
concentration of thrombin quantified with the competitive aptasensor 
was compared with the thrombin concentration spiked in the sample. 

2.2.6. Correlation of the aptasensor with ODI-CL detection and the protease 
enzyme assay with fluorescence detection 

The correlation between the competitive aptasensor with ODI-CL 
detection and a commercially available protease enzyme assay with 
fluorescence detection was studied with 10 % human serum containing a 
certain concentration of thrombin. First, thrombin in each sample was 
quantified with the calibration curve (10 – 320 mU/ml) of the 
competitive aptasensor with ODI-CL detection. In order to quantify the 
concentration of thrombin in each sample using the protease enzyme 
assay, the sample (50 μl) was added into a well of a 96 well plate (black). 
Then, fluorogenic substrate (50 μl, 5 μg/ml) of thrombin (Benzoyl-Phe- 
Val-Arg-AMC) in Tris-HCl buffer (pH 8.5) was injected into the well. The 
mixture was incubated for 10 min at room temperature. After the in
cubation, fluorescence intensity of AMC (excitation: 360 nm, emission: 
460 nm) emitted in each well was measured with a microplate reader 
with fluorescence detection (Infinite M 1000 of Tecan, Inc.). The con
centration of thrombin in each sample was determined with a linear 
calibration curve (3.6 – 690 mU/ml) of the protease enzyme assay. 
Fig. S1 shows the brief procedure of protease enzyme assay with fluo
rescence detection. As shown in Fig. S1(B), the fluorogenic substrate 
cannot emit fluorescence in the absence of protease, such as thrombin, 
due to the fluorescence resonance energy transfer (FRET) between the 
fluorescence dye and the quencher. However, fluorescence dye sepa
rated from the hydrolysis reaction between the fluorogenic substrate 
and the protease can emit fluorescence as shown in Fig. S1(C). Thus, 

fluorescence intensity is enhanced with the increase of protease con
centration. Benzoyl and AMC in the fluorogenic substrate of thrombin 
are a quencher and a fluorescence dye. 

3. Results and discussion 

3.1. Similarity and difference between ODI-CL and fluorescence in the 
presence of dsDNA and SFC green (or Camel green) 

SFC green emits green chemiluminescence (CL) as well as fluores
cence shown in Fig. 2(A). The emission wavelength (528 nm) of SFC 
green in ODI-CL reaction was slightly longer than the fluorescence 
wavelength (523 nm) of SFC as chemiluminescence and fluorescence 
spectra shown in Figs. S2 and S3. The result is consistent with the pre
vious report that emission wavelength of fluorescence dye in ODI-CL 
reaction was red-shifted because the properties of the high-energy in
termediate, X, formed from ODI-CL reaction is different from those of 
light sources of fluorescence spectrometer [12]. As shown in Fig. 2(A), in 
addition, free SFC green emits bright green light in ODI-CL reaction, 
whereas it emits very weak green fluorescence. These results indicate 
that the physical property of X formed from the reaction ODI and H2O2 is 
completely different from that of laser (or Xenon lamp) even though 
they are applied as a light source. The results indicate that a dye (e.g., 
SFC green, camel green) having low fluorescence quantum efficiency 
can emit bright chemiluminescence after the rapid CRET between the 
dye and X. Fig. 2(B) shows the possible ODI-CL reaction mechanism in 
the presence of SFC green. The trends of ODI-CL emitted from camel 
green were the same as those generated from SFC green because they are 
just emitters in ODI-CL reaction (Data not shown). 

The relative CL intensity was exponentially dropped down with the 
increase of calf thymus dsDNA, whereas fluorescence was enhanced as 
shown in Fig. 2(A) and (C). Fig. 2(C) shows that the shape of CL spec
trum in the absence of dsDNA is the same as that in the presence of 
dsDNA. For example, the time (0.4 s) necessary for attaining the 
maximum CL intensity (Imax) observed under the two different condi
tions was the same. The results indicate that CL spectra in the absence 
and presence of calf thymus dsDNA were from free SFC green. In addi
tion, these results indicate that the SFC green (or camel green) captured 
in the minor groove of dsDNA cannot receive energy from X due to the 
shielding effect of dsDNA even though SFC green bound with specific 
sequences of dsDNA emitted enhanced fluorescence at 523 nm when it 
was excited at 493 nm. Also, Fig. 2(A) shows that fluorescence quantum 
efficiency of SFC green bound with a specific sequence of dsDNA is 
higher than that of free SFC green. 

Based on the experimental results shown in Fig. 2, we confirmed that 
SFC green can be used as a new dye capable of quantifying dsDNA using 
a fluorescence sensor. Also, we expected that ODI-CL can be applied as a 
novel biosensor for the rapid quantification of dsDNA based on the trend 
shown in Fig. 2. 

Scheme 1. ODI-CL reaction mechanism. R is H, CH3 or CH2CH3. X is a high-energy intermediate formed from the reaction of ODI and H2O2.  
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3.2. Understanding and optimization of variables to devise a highly 
sensitive biosensor with ODI-CL detection capable of rapidly sensing 
dsDNA in a sample 

As shown in Fig. 3(A), SFC green immediately reacts with calf 
thymus dsDNA (15 ng/ml). The relative CL intensity (CL) in the pres
ence of dsDNA was lower than 30 % of the relative CL intensity (CL0) in 
the absence of dsDNA. CL/CL0 measured immediately after mixing SFC 
green (5 μM) and dsDNA was the same as those measured after incu
bating for a certain time period within the statistically acceptable error 
range (< 5 %) as shown in Fig. 3(A). The results indicate that it is 
possible to devise a biosensor capable of rapidly quantifying dsDNA in a 
sample using ODI-CL detection. 

Fig. 3(B) shows that the relative CL intensity was constant in the 
presence of different single-stranded DNA (ssDNA) concentrations 
because SFC green does not interact with ssDNA. The result indicates 
that it is possible to develop a biosensor capable of sensing dsDNA with 
good specificity. 

Fig. 3(C) shows that CL/CL0 depends on the concentration of SFC 
green. CL/CL0 determined in the presence of 4000-fold diluted SFC 
green (2.5 μM) with the stock solution was the lowest. The result 

indicates that the best concentration of SFC green to quantify trace levels 
of dsDNA is as low as 2.5 μM. 

Commercially available kits capable of quantifying dsDNA contains 
Tris-EDTA (TE) buffer solution with fluorescence detection. Thus, we 
prepared two different TE buffers at pH 8 and 8.5. Each TE buffer so
lution contains 10 mM Tris-HCl and 1 mM EDTA. Also, 10 mM Tris-HCl 
(pH 8.5) was prepared to select the best buffer solution to develop a 
highly sensitive biosensor with ODI-CL detection. As shown in Fig. 3(D), 
CL/CL0 in Tris-HCl buffer was lower than those in the rest buffer solu
tions. Thus, Tris-HCl buffer was selected for the research. Based on the 
results shown in Fig. 3(D), pH effect of Tris-HCl buffer solution was 
studied. Fig. 2(E) indicates that the best pH is 8.5 to analyze trace levels 
of dsDNA in a sample. 

Fig. 3(F) shows that CL/CL0 determined with SFC green was lower 
than those obtained with other dyes widely applied to quantify dsDNA. 
The result indicates that the biosensor operated with SFC green can 
rapidly quantify trace levels of dsDNA in a sample. Also, camel green is 
also a suitable candidate for the development of a biosensor because CL/ 
CL0 in the presence of camel green is slightly higher than that in the 
presence of SFC green. CL0 of camel green was about 2-fold higher than 
that of SFC green. However, DAPI may not be an appropriate candidate 

Fig. 2. . (A) Similarity and difference of ODI-CL and fluorescence in the presence of calf thymus dsDNA and SFC green, (B) Possible ODI-CL reaction mechanism in 
the presence of SFC green, (C) ODI-CL spectra in the absence and presence of calf thymus dsDNA. 
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as a dye of a biosensor with ODI-CL detection even though the CL/CL0 of 
DAPI is as low as that of camel green. This is because CL0 of DAPI is too 
low to quantify trace levels of dsDNA with good accuracy, precision, and 
reproducibility. CL0 of DAPI was about 27-fold lower than that of SFC 
green. Also, CL0 of DAPI was only 4.5-fold higher than the background 
measured in the absence of a dye such as DAPI, camel green, and SFC 
green. 

3.3. Hybridization of TBA and complementary strand 

Fig. 4(A) shows that dsDNA molecules are formed from the hybrid
ization between TBA and the complementary strand. The relative CL 
intensity after the hybridization reaction was lower than that in the 
presence of TBA only due to the intercalating interaction between SFC 
green and dsDNA. Thus, we observed that CL image in TBA only was 

brighter than that in the presence of dsDNA molecules formed from the 
hybridization. The results are consistent with those confirmed with SFC 
green and calf thymus dsDNA shown in Fig. 2. 

Fig. 4(B) shows that the concentration of dsDNA formed from the 
hybridization depends on the temperature for hybridization reaction. 
Based on the results shown in Fig. 4(B), all hybridization reactions of 
TBA and TBA complementary strand were processed at 45 ◦C to enhance 
the yield of dsDNA. We expect that the aptasensor operated at 45 ◦C is 
more sensitive than that generated at room temperature or 37 ◦C 
because free TBA concentration can be rapidly hybridized with the 
complementary strand at 45 ◦C. 

Fig. 3. . (A) Effect of incubation time for the reaction of SFC green and calf thymus dsDNA, (B) Relative CL intensity of SFC green in the presence of ssDNA, (C) Effect 
of SFC green concentration in the presence of calf thymus dsDNA, (D) Selection of buffer solution for the reaction of SFC green and calf thymus dsDNA, (E) pH effect 
of Tris-HCl for the reaction of SFC green and dsDNA, (F) Comparison of various dyes applied to quantify dsDNA using ODI-CL detection. 

Fig. 4. . (A) Relative CL intensities measured before and after the hybridization of TBA and the complementary strand, (B) Effect of temperature on the 
hybridization. 
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3.4. Design of a competitive aptasensor operated with the binding reaction 
of thrombin and TBA as well as the hybridization of TBA and the 
complementary strand 

Based on the preliminary experimental results shown in Figs. 3 and 4, 
we designed a competitive aptasensor as shown in Fig. 5(A). First, TBA 
binds with thrombin existing in a sample as well as hybrids with the 
complementary strand for 3 h at 45 ◦C. Then, 10 μM SFC green is added 
in the solution. The mixture was incubated for 2 min to complete the 
intercalating interaction between SFC green and dsDNA at room tem
perature. After the final incubation, the brightness of solution emitted 
with the addition of ODI-CL reagents was dependent on the concentra
tion of thrombin in human serum. 

In order to develop a highly sensitive competitive aptasensor, we 
studied whether CL emission of SFC green is dependent on the concen
tration of human serum containing thrombin. As shown in Fig. 5(B), the 
brightness of SFC emitted in ODI-CL reaction was constant within a 
statistically acceptable error range ( ± 3 %). 

Graugnard and his collaborators reported the hybridization of DNA 
(or RNA) in 50 % human serum was slightly faster than that in hy
bridization buffer only [19]. Based on the results of Fig. 5(B) and the 
report [19], it is possible that thrombin existing in at least 50 % human 
serum can be quantified with a competitive aptasensor shown in Fig. 5 
(A). 

Unfortunately, however, Fig. 5(C) indicates that the binding rate of 
thrombin and TBA is decreased with the increase of human serum 
percent ( %) concentration containing 300 mU/ml thrombin. The results 
are consistent with that reported by Cho and her collaborators [7]. As 
shown in Fig. 5(C), CL/CL0 in the presence of 10 % human serum was 
about 14 % lower than that in Tris-HCl buffer. CL/CL0 in the presence of 
40 % human serum was only 1.08. Based on the results, we developed a 
competitive aptasensor for the quantification of thrombin in 10 % 

human serum. 
As shown in Fig. 5(D), CL emission of SFC (or camel) green in the 

presence of thrombin in 10 % human serum was stronger than that in the 
absence of thrombin. This is because the number of dsDNA formed from 
the hybridization of TBA and the complementary strand is decrease in 
the presence of thrombin based on the operational procedure of the 
competitive aptasensor shown in Fig. 5(A). In other words, the CL 
emission was enhanced because the concentration of free SFC (camel) 
green was increased with the formation of the G-quadruplex from the 
interaction of thrombin and TBA. In addition, Fig. 5(A) indicates that the 
CL emission ratio of SFC green in presence of thrombin is larger than that 
of camel green. 

Based on the results shown in Fig. 5, we designed the competitive 
aptasensor operated with SFC green for the quantification and moni
toring of thrombin in 10 % human serum. 

3.5. Quantification of thrombin and recovery test 

As shown in Fig. S4, we confirmed that the competitive aptasensor 
with ODI-CL detection can quantify trace-levels of thrombin in a sample 
using the calibration curve with the good linearity. The dynamic range 
of calibration curve was 10–320 mU/ml (or 0.14–4.61 nM). The limit of 
detection (LOD = 3 S/slope) was as low as 3 mU/ml (or 43 pM). S is a 
standard deviation determined by measuring the background 20 times. 
As shown in Table 1, LOD of the biosensor is similar to, lower or higher 
than those of other biosensors developed with TBA and various de
tections such as chemiluminescence [18,19], colorimetric [20], elec
trochemical [21] and fluorescence [22]. We expect that the aptasensor 
operated with a wide calibration curve and low LOD can be applied for a 
more accurate identification of blood clots. 

As shown in Fig. 6, The relative CL intensity in the presence of 
thrombin was enhanced, whereas the relative CL intensities in the 

Fig. 5. . (A) Operation method of the competitive aptasensor, (B) ODI-CL emission of SFC green in the absence and presence of human serum, (C) CL/CL0 of the 
competitive aptasensor in the absence and presence of human serum, (D) CL/CL0 of SFC (or camel) green in the absence and presence of thrombin (300 mU/ml) in a 
sample containing 10 % human serum. 
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presence of other coagulation factors was the same as CL0 in the absence 
of any coagulation factor within an acceptable statistical error range 
( ± 5 %). The results indicate that the competitive aptasensor can 
quantified thrombin in 10 % human serum with good selectivity. 

Table 2 shows that the competitive aptasensor with ODI-CL detection 
can quantify thrombin in 10 % human serum with good accuracy, pre
cision, and recovery. The accuracy range of the biosensor was 4 – 12.5 
%. The precision range of the biosensor was 3.8 – 6.7 %. In addition, the 
recovery range of the biosensor was 95 – 112.5 %. 

The good correlation between the competitive aptasensor and the 
protease enzyme analysis shown in Table 3 indicate that the competitive 
aptasensor can be applied as a new analytical method capable of rapidly 
quantifying and monitoring thrombin in 10 % human sample. 

4. Conclusions 

A highly selective and sensitive competitive aptasensor with ODI-CL 
detection, capable of quantifying trace levels of thrombin in 10 % 
human serum, was developed using the combination of thrombin, TBA, 
and the complementary strand of TBA. We confirmed that the compet
itive aptasensor was able to be developed because the formation of G- 
quadruplex from the binding interaction of thrombin and TBA is faster 
than the hybridization of TBA and the complementary strand. Thus, CL 
emission of SFC (or camel) green was proportionally enhanced with the 
increase of thrombin in a sample due to the increase of G-quadruplex 
concentration and reduction of dsDNA concentration. We expect the 

label and washing free aptasensor can be cost-effectively applied for the 
accurate monitoring of blood clots occurring with severe COVID-19 
infection. 

It is expected that the concept and principle derived from results 
confirmed in this research can be applied for the development of various 
biosensors capable of early diagnosing human diseases and rapidly 
monitoring toxic materials existing in food and nature. This is because 
various DNA aptamers, capable of binding biomarkers and toxic mate
rials with good selectivity, have been designed and synthesized [25–27]. 
In conclusion, the competitive aptasensor with ODI-CL detection 
designed based on the new technology can be applied in various fields 
such as analytical chemistry, biology, biomedical engineering, clinical 
science, environmental engineering, food safety, pharmacology, and 
toxicology. 
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