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A B S T R A C T   

Colorimetric sensors are recognized as a promising means for target molecule detection as they provide rapid, 
cost-effective, and facile sensing visible to the naked eye. Challenges remain though in terms of their detection 
sensitivity and specificity for short-length target genes. Herein, we demonstrate the successful combination of the 
catalytic hairpin DNA assembly (CHA) approach with enzyme-linked immunosorbent assay (ELISA)-mimicking 
techniques for a simple, sensitive, and sequence-specific colorimetric assay to detect short SARS-CoV-2 target 
cDNA. In the developed CHA-based chemiluminescent assay, a low concentration of target cDNA is continuously 
recycled to amplify dimeric DNA probes from two biotinylated hairpin DNA until the hairpin DNA is completely 
consumed. The dimeric DNA probes are effectively immobilized in a neutravidin-coated microplate well and then 
capture neutravidin-conjugated horseradish peroxidase via biotin-neutravidin interactions, resulting in a sensi-
tive and selective colorless-to-blue color change. The developed sensing system exhibits a high sensitivity with a 
detection limit of ~1 nM for target cDNA as well as the ability to precisely distinguish a single-base mismatched 
mutant gene within 2 h. As the proposed system does not require complex protocols or expensive equipment to 
amplify target cDNA, it has the potential to be utilized as a powerful tool to improve the detection sensitivity of 
target genes for clinical diagnostics with colorimetric detection.   

1. Introduction 

DNA is recognized as a promising biomarker for clinical diagnostics 
because its specific sequences are closely related to the cause and 
development of diseases [1–3]. In this field, achieving rapid, reliable, 
and accurate diagnosis is critical to improve patient care and infection 
control. Real-time polymerase chain reaction (RT-PCR) is currently 
among the most widely used diagnostic techniques to detect specific 
DNA owing to its excellent specificity and sensitivity [4,5]. This system 
is an enzyme-driven reaction that can exponentially amplify very low 
amounts of DNA to detectable levels via repeated thermal cycles of 
heating and cooling. However, RT-PCR systems often rely on experi-
mental procedures that are complex, expensive, labor-intensive, and 
time-consuming, leading to limitations in point-of-care analysis and 
rapid diagnosis. In particular, the detection of single nucleotide poly-
morphisms and short DNA with less than 30 nucleotides remains a sig-
nificant challenge for accurate diagnosis. 

In recent years, increasing attention has been paid to enzyme-free 
isothermal DNA amplification due to its efficient and rapid detection, 

in which short DNA is amplified through toehold-mediated strand 
displacement (TMSD) reactions [6–8]. A variety of TMSD-based DNA 
amplification techniques have been developed and are currently utilized 
in clinical applications, including the catalytic hairpin DNA assembly 
(CHA) [9,10] and hybridization chain reaction (HCR) [11,12]. These 
amplification strategies are carried out using hairpin DNA, which 
spontaneously hybridizes to generate a variety of hairpin complexes (e. 
g., nanowires, dendrimers, and hydrogels) when single-stranded target 
DNA is presented [13–16]. During the hybridization process, the target 
DNA is spontaneously released from the hairpin complex, allowing it to 
induce more hairpin opening and assembly events. The hairpin com-
plexes combine with detection techniques like fluorescent [17–20], 
colorimetric [21–23], or electrochemical [24–26] sensors to improve 
the signal amplification and transduction of the target DNA, thereby 
enhancing the detection of very low abundance target DNA. 

The enzyme-linked immunosorbent assay (ELISA) is the most 
promising colorimetric sensor because it allows us to reliably distinguish 
analytes through comparing color changes [27–30]. ELISA sensors 
detect antibody–antigen interactions to effectively highlight the 
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presence of specific proteins (e.g., antibody, antigen, or glycoprotein) in 
biological samples [31–33]. Recently, the development of 
high-throughput automated ELISA systems has enabled the rapid anal-
ysis of large numbers of samples at once, leading to the wide adoption of 
such systems in clinical applications for detecting viral infections such as 
from human immunodeficiency virus (HIV), severe acute respiratory 
syndrome coronavirus 2 (SARS-CoV-2), and influenza virus, due to their 
rapid, sensitive, and low-cost methods [34,35]. However, these systems 
have relatively lower sensitivity for accurately detecting viruses lying 
dormant within a cell. 

In this study, we combine CHA with ELISA-mimicking techniques to 
develop a CHA-based chemiluminescent assay for the simple, sensitive, 
and specific colorimetric detection of short SARS-CoV-2 target comple-
mentary DNA (cDNA). The developed assay employs two types of cat-
alytic hairpin DNA containing a biotin at the 5′ ends that continuously 
produce di-biotinylated dimeric DNA probes through target cDNA- 
triggered recycling reactions. The resultant dimeric DNA probes are 
specifically anchored in a neutravidin-coated microplate well, which 
enables neutravidin–horseradish peroxidase (NA-HRP) to be strongly 
immobilized on the probes for colorimetric detection. The designed CHA 
reactions are initiated and recycled only by the target cDNA, thus 
achieving a high detection sensitivity even with low concentrations of 
target cDNA presented. Ultimately, the developed CHA-based chemilu-
minescent assay exhibits both rapid and accurate discrimination of 
target cDNA as well as single-base mismatched target cDNA mutations. 

2. Material and methods 

2.1. Oligonucleotides 

All DNA oligonucleotides were purchased from Bioneer Inc. (Dae-
jeon, Republic of Korea); their sequences are shown in Table S1. 

2.2. Polyacrylamide gel electrophoresis (PAGE) analysis 

All DNA products were verified by 12% PAGE in 1X TAE (Trizma 
base, acetic acid, and 0.5 M EDTA, at pH 8.0) buffer at 150 V for 45 min. 
The gel was stained with GelRed® (Biotium, USA) for 1 min and visu-
alized using a GelDoc Go system (Bio-Rad, USA). 

2.3. Amplification of dimeric DNA probes 

Biotinylated DNA oligonucleotides (HD1 and HD2) were completely 
dissolved in 1X phosphate buffered saline (PBS, at pH 7.4). Each resul-
tant product was heated to 94 ◦C for 5 min and then rapidly cooled to 
10 ◦C using a thermal cycler (BIOER, China) to form stable hairpin DNA 
nanostructures. To amplify dimeric DNA probes, target cDNA was added 
to a mixture of HD1 and HD2 and then incubated for different periods of 
time at room temperature. The resultant products, dimeric DNA probes, 
were verified using 12% PAGE analysis. The band intensity was quan-
titatively compared using GelDoc Go image software (Bio-Rad, USA). 

2.4. Chemiluminescent assay 

HD1, HD2, and target cDNA were incubated for 60 min at room 
temperature. The resultant mixture was added to a 96-well plate pre- 
coated with neutravidin proteins (Thermo Fisher Scientific, USA) at 
room temperature. After 20 min, the solution was removed and washed 
three times with a washing buffer, PBS with 1% Tween 20® detergent 
(PBST). The plate was then incubated with horseradish peroxidase 
(HRP) conjugated with neutravidin (Thermo Fisher Scientific, USA) 
solution containing with 1% skim milk for 10 min at room temperature. 
After washing five times with 1X PBS, 1-Step™ TMB-EILSA substrate 
solution (Thermo Fisher Scientific, USA) was added to the resultant plate 
and then incubated for 5 min at room temperature with gentle shaking. 
The chemiluminescent signals were measured at 650 nm using an Epoch 

2 microplate Spectrophotometer (BioTek, USA). 

3. Results and discussion 

3.1. Principle of the CHA-based chemiluminescent assay 

The principle of the designed CHA-based chemiluminescent assay for 
the colorimetric detection of short SARS-CoV-2 target cDNA is sche-
matically illustrated in Scheme 1. Two individual hairpin DNA (HD), 
HD1 and HD2, are designed to have structural analogs and comple-
mentary base pairing with each other. These HDs consist of two single- 
stranded toeholds at the 3′ end (6 nt) and the 5′ end (5 nt), a double- 
stranded stem (18 bp), and a single-stranded loop (12 nt). Each 5′ end 
of the two HDs is labeled with a biotin molecule. In the presence of 
target cDNA (TD), the short toehold at the 3′ end of HD1 hybridizes with 
the TD and opens its stem, resulting in the formation of HD1+TD in-
termediates having newly exposed sticky ends (Step 1 in Scheme 1). 
These exposed sticky ends (35 nt) can self-assemble with the 3′ end 
toehold of HD2, which simultaneously releases the hybridized TD 
because of competitive hybridization (Step 2 in Scheme 1), resulting in 
the formation of dimeric DNA probes containing a biotin at each 5′ end 
(Step 3 in Scheme 1). Notably, the released TD can interact repeatedly 
with HD1 to generate a large amount of dimeric DNA probes without 
any enzymatic or chemical reactions through the designed TD-triggered 
recycling reactions. The biotin-labeled dimeric DNA probes are able to 
be effectively anchored to the bottom of neutravidin-coated microplate 
wells via biotin–neutravidin interactions [36], which also serve as a 
capture probe to immobilize the neutravidin-labeled HRP in the well. 
After the addition of TMB solution, the HRP loaded in the well catalyzes 
the oxidation of the colorless TMB into blue TMB+. Note that in the 
absence of TD, the TD-triggered recycling reactions do not trigger the 
amplification of dimeric DNA probes, resulting in no color development 
in the well. Thus, the proposed CHA-based chemiluminescent assay has 
the potential to be used to detect specific target genes by visual 
observation. 

3.2. Feasibility of TD-triggered recycling reactions 

To verify the feasibility of the TD-triggered recycling reactions in the 
catalytic hairpin DNA, the formation of dimeric DNA probes was 
confirmed through polyacrylamide gel electrophoresis (PAGE) analysis. 
For SARS-CoV-2 detection, we employed two different target genes, N 
and E cDNA, known as novel markers to detect SARS-CoV-2 RNA genes 
[37,38]. As shown in Fig. 1A, the N gene targeted HDs, N-HD1 and 
N-HD2 (line 2 and line 3), showed only one bright single band, indi-
cating the successful formation of monodispersed hairpin DNA nano-
structures without non-specific aggregation. Upon the mixing of N-HD1 
and the N gene target cDNA (N-TD), we observed a notable band shift 
related to N-HD1+N-TD intermediated products (line 4 in Fig. 1A) as 
compared to its composites. Notably, in the presence of N-TD in a 
mixture of N-HD1 and N-HD2, the band corresponding to N-HD1 and 
N-HD2 disappeared, while a new band appeared (line 6 in Fig. 1) that 
migrated more slowly than the N-HD1+N-TD products, thus demon-
strating the successful formation of dimeric DNA probes, 
N-HD1+N-HD2 products, through the proposed target cDNA-triggered 
recycling reactions. The synthetic yields of the dimeric DNA probes 
were approximately 90% as measured by densitometry. However, in the 
absence of N-TD in a mixture of N-HD1 and N-HD2, no significant band 
shift appeared under the same conditions (line 7 in Fig. 1A). This result 
indicates that the TD plays an important role as the initiator to trigger 
the formation of the dimeric DNA probes through the TD-triggered 
recycling reactions. In addition, the same gel results were observed in 
the designed E gene target cDNA (E-TD)-triggered recycling reactions 
(Figure S1A), indicating that the developed TD-triggered recycling re-
actions can potentially be utilized as a promising platform to detect 
several types of target sequences. 
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In order to confirm whether the TD is indeed recycled in amplifying 
the dimeric DNA probes, we investigated the amount of dimeric DNA 
probes generated from the HD (500 nM) over time at various concen-
trations of TD: 31, 63, and 125 nM. As shown in Fig. 1B, with increasing 

TD concentration and incubation time, the amount of synthesized 
dimeric DNA probes gradually increased and reached a plateau. Satu-
ration of the synthesized dimeric DNA probes was observed around 4 
min when using 125 nM TD and around 16 min when using 63 nM TD, 

Scheme 1. Schematic illustration of the catalytic hairpin DNA assembly (CHA)-based chemiluminescent assay for sequence-specific and colorimetric detection of 
target genes. HD is hairpin DNA; TD is target DNA. 

Fig. 1. (A) 12% PAGE analysis to confirm the for-
mation of dimeric DNA probes in the presence of N 
gene target cDNA (N-TD). Lane L: DNA ladder; Lane 
2: N-HD1; Lane 3: N-HD2; Lane 4: N-HD1+N-TD; 
Lane 5: N-HD2+N-TD; Lane 6: N-HD1+N-HD2+N-TD; 
Lane 7: N-HD1+N-HD2. (B) Time-dependent profile 
of the gel band intensity of dimeric DNA probes upon 
mixing 500 nM HD with various concentrations of N- 
TD. (C) Time-dependent profile of the chemilumi-
nescent signals from the CHA-based chemilumines-
cent assay at various molar ratios of HD to TD. Error 
bars show the standard deviation of three indepen-
dent experiments.   
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while no plateau was reached at the relatively low TD concentration of 
31 nM over a period of 64 min. We also examined the cycling efficiency 
of TD in generating dimeric DNA probes from a mixture of 500 nM HDs 
and 125 nM TD over time (Figure S2). With increasing incubation time, 
the amount of synthesized dimeric DNA probes gradually increased and 
reached a plateau. Notably, at a relatively low incubation time ranging 
from 1 min to 6 min, a linear relationship between the dimeric DNA 
probes and incubation time was observed. Based on the resultant cor-
relations, approximately 15 nM of the dimeric DNA probes per minute 
was generated via the proposed target-triggered cycling reaction. These 
results strongly suggest that the TD acts as both initiator and catalyst for 
amplifying the dimeric DNA probes in the recycling reactions. Thus, 
even at low concentrations of TD, dimeric DNA probes are able to be 
sufficiently amplified until the HD is completely consumed by the 
recycling reactions. 

We further investigated the effect of the TD-triggered recycling re-
actions on the detection sensitivity of the chemiluminescent signals for 
the target genes (Fig. 1C). Upon mixing HD and TD at a 1:1 molar ratio, 
the chemiluminescent signals gradually increased and reached a plateau 
at 8 min because of the complete consumption of the HDs in forming 
dimeric DNA probes, representing a rapid saturation as compared to that 
with relatively lower HD:TD molar ratios, namely 1:0.6, 1:0.25, and 
1:0.13. This result suggests that the chemiluminescent signal efficiency 
depends on the amount of dimeric DNA probes formed in the target 
DNA-triggered recycling reactions. With sufficient time for the TD- 

triggered recycling reactions, the dimeric DNA probes can be effec-
tively amplified even in the presence of low-concentration TD, resulting 
in an improved detection sensitivity of the chemiluminescent signals. 

3.3. Optimization of the experimental conditions 

To obtain the best assay performance, several experimental condi-
tions such as incubation time and the concentrations of HDs and 
neutravidin-HRP (NA-HRP) were explored. We first optimized the con-
centrations of the HDs to obtain the highest detection sensitivity for 
target genes by adding various concentrations of dimeric DNA probes 
into neutravidin-coated microplate wells. The dimeric DNA probes were 
prepared by mixing TD and HDs at a 1:1 molar ratio for 20 min. As 
shown in Fig. 2A, the chemiluminescent signals were distinctly detected 
at an HD concentration of 300 nM, gradually increased until peaking at 
500 nM, and then gradually decreased from 1000 nM to 1500 nM. 
Accordingly, we chose 500 nM as the optimized concentration to 
amplify the dimeric DNA probes. Next, we explored the optimized 
concentration of NA-HRP (Fig. 2B). Serial dilutions of NA-HRP (1/1000, 
1/5000, 1/10000, 1/50000, and 1/100000) were used to investigate the 
corresponding color changes in the microplate wells in the presence and 
absence of TD. At 1/1000 dilution, non-specific color change was 
observed in the absence of TD due to the non-specific binding of NA-HRP 
onto the microplate well, while relatively higher dilution factors did not 
show such non-specific color change under the same conditions. 

Fig. 2. (A) Absorbance spectra analysis to determine the optimized concentrations of HD for the CHA-based chemiluminescent assay. (B) Absorbance intensity (left 
panel) and corresponding photographs (right panel) to determine the optimized concentration of neutravidin-HRP by comparing the responsive color change in the 
presence and absence of target cDNA (TD). (C–E) Absorbance spectra analysis to determine (C) the adsorption time of dimeric DNA probes to the microplate wells, 
(D) the reaction time of neutravidin–HRP in the microplate wells with well-immobilized dimeric DNA probes, and (E) the color developing time of TMB solution. 500 
nM of HDs was used to determine each optimized step. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of 
this article.) 
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Therefore, the dilution factor of neutravidin-HRP was selected at 1/ 
5000 for a high detection sensitivity of the proposed CHA-based 
chemiluminescent assay. 

We then examined the optimized time for each step of the CHA-based 
chemiluminescent assay for the rapid detection of target genes. The 
adsorption time of the biotinylated dimeric DNA probes onto the 
neutravidin-coated microplate wells was explored by adjusting their 
incubation time (Fig. 2C). The chemiluminescent signals showed a 
gradual increase as the adsorption time increased from 5 min to 60 min 
in the presence of TD. Notably, the corresponding color change from 
colorless to blue was detected at 10 min and turned completely dark blue 
after 20 min. However, in the absence of TD, no remarkable color 
change was observed for 60 min under the same conditions. This result 
indicates that the CHA-based chemiluminescent assay can precisely 
detect the target cDNA within 20 min at room temperature through 
colorimetric detection. The incubation time of NA-HRP in the dimeric 
DNA probe-loaded microplate wells was also investigated (Fig. 2D). 
Increasing the incubation times from 5 min to 60 min led to a gradual 
increase in the chemiluminescent signals, with the corresponding color 
change gradually turning from colorless to bright and ultimately dark 
blue. Thus, 10 min of incubation was chosen to be suitable for the 
interaction time between the NA-HRP and dimeric DNA probes in the 
microplate wells. Finally, we estimated the HRP/TMB reaction time for 
visible color development (Fig. 2E). Detectable chemiluminescent sig-
nals and colorless-to-blue color change were observed after 5 min of 
incubation. From this result, the color developing time adopted 5 min of 
incubation. Based on the findings, in sum, we selected 500 nM HD 
concentration, 20 min of adsorption time to immobilize the dimeric DNA 
probes in microplate wells, 10 min of reaction time for NA-HRP and 
dimeric DNA probe interaction, and 5 min of color developing time for 
the proposed CHA-based chemiluminescent assay. 

3.4. Analytic performance of the CHA-based chemiluminescent assay 

Under the optimized conditions, we evaluated the applicability of the 
developed CHA-based chemiluminescent assay for N-TD and E-TD. As 
shown in Fig. 3A, with increasing concentrations of N-TD from 0 nM to 
500 nM, the chemiluminescent signals gradually increased, which 
indicated that the CHA-based chemiluminescent assay was highly 
dependent upon the concentration of the target cDNA. The corre-
sponding color change also gradually turned bright and then deep dark 
blue with increasing TD concentrations. Furthermore, when compared 
to the obvious color change in the presence of N-TD, no significant color 

change was observed in the absence of N-TD (0 nM) under the same 
conditions. Next, we determined the limit of detection (LOD) of the 
CHA-based chemiluminescent assay for the target cDNA (Fig. 3B). The 
absorbance intensity increased almost linearly at N-TD concentrations 
ranging from 0 nM to 31 nM. From linear regression analysis of the 
calibration curve, the LOD was estimated to be 1.05 nM based on three 
independent experiments. Notably, similar results of detection sensi-
tivity for E-TD were also observed (Figure S1B). Thus, the proposed 
CHA-based chemiluminescent assay can be said to provide a simple, 
rapid, and excellent means for the colorimetric detection of short target 
genes. Furthermore, the proposed assay enables rapid detection, 
competitive with RT-PCR and ELISA systems (Table S2). 

3.5. Specificity of the CHA-based chemiluminescent assay 

To verify whether the proposed CHA-based chemiluminescent assay 
has high sequence-specificity in TD detection, we used various N-TD 
sequences including single-, two-, three-, multiple-, and all-base mis-
matches (SM N-TD, DM N-TD, TM N-TD, MM N-TD, and AM N-TD, 
respectively). As shown in Fig. 4, a significantly high level of absorbance 
intensity appeared only in the perfectly matched N-TD (0.174 ± 0.028 a. 
u.) compared to that of SM N-TD (0.072 ± 0.006 a.u.), DM N-TD (0.054 
± 0.004 a.u.), TM N-TD (0.054 ± 0.004 a.u.), MM N-TD (0.043 ± 0.004 
a.u.), and AM N-TD (0.047 ± 0.004 a.u.). Moreover, the responsive color 
change from colorless to dark blue was detected only in N-TD, whereas 
no obvious color change was observed in SM N-TD, DM N-TD, TM N-TD, 
MM N-TD, or AM N-TD under the same conditions. These results indicate 
that the proposed CHA-based chemiluminescent assay can precisely 
detect TD sequences in complex biological samples. 

4. Conclusion 

In conclusion, we presented a highly simple, sensitive, and sequence- 
specific colorimetric detection approach for short single-stranded target 
cDNA relevant to SARS-CoV-2 RNA genes through the developed CHA- 
based chemiluminescent assay. By combining CHA with ELISA- 
mimicking techniques, target cDNA can be recycled to continuously 
produce dimeric DNA probes from two catalytic hairpin DNA assemblies 
containing biotin at the 5′ ends. The resultant dimeric DNA probes were 
effectively immobilized in a neutravidin-coated microplate well and 
then captured neutravidin-HRP for color development, thus enabling the 
naked-eye detection of the target cDNA at room temperature. The pro-
posed sensing system does not require expensive equipment, complex 

Fig. 3. (A) Absorbance spectra (upper panel) and corresponding photographs (lower panel) and (B) limit of detection (LOD) of the CHA-based chemiluminescent 
assay with increasing concentrations of N-TD under the optimized conditions. Error bars show the standard deviation of three independent experiments. 
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protocols, or long time periods to amplify target DNA as compared to the 
typical requirements of enzyme-meditated DNA amplification. There-
fore, we expect that the developed CHA-based chemiluminescent assay 
can be potentially utilized to detect a variety of short single-stranded 
target DNA as a colorimetric assay platform for biological diagnosis 
and pathological studies. 
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