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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Hybridization Cascade plus Strand- 
Displacement Amplification (HyCaSD) 
and molecular beacon for viral RNA 
detection. 

• Excellent sensitivity and selectivity of 
the viral RNA detection method. 

• A single-step, single-tube and actual- 
time RNA detection procedure.  
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A B S T R A C T   

In the present study, a molecular beacon biosensor was developed to enable efficient detection of the viral RNAs 
using a previously described HyCaSD platform. The HyCaSD molecular beacon probes were labeled with the Cy5 
and BHQ3 at each end of the hairpin probes. The fluorescent signal was detected immediately only when the 
molecular beacon probes specifically hybridized to the target sequence and unfolded their hairpin structures. 
This combination greatly improved the sensitivity with LOD of 100 copy equivalents per reaction (around 20-fold 
greater than the original HyCaSD). In addition, our MB-based HyCaSD demonstrated a single-step, single-tube 
and actual-time RNA detection procedure, thereby bringing it a major step closer to point-of-care diagnostic 
applications for viral infectious diseases.   

1. Introduction 

Molecular beacon biosensors are attractive due to their ability to 
merge excellent sensitivity and selectivity for biological target 

detection. The molecular beacon probes are easily designed and syn
thesized, and can practically recognize any DNA and RNA target of in
terest. In addition, the molecular beacon technology possesses 
important features such as simplicity and rapid generation of results, 
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which are fully suitable for point-of-care (POC) application. Therefore, 
molecular beacon-based biosensors have been widely used to integrate 
with several techniques to enable diagnostic applications, especially for 
infectious diseases. 

Isothermal amplification is a simple and powerful DNA/RNA 
amplification method, which has been developed for viral RNA 

detection [1–11]. We recently demonstrated a highly sensitive 
isothermal amplification, called Hybridization Cascade plus 
Strand-Displacement Amplification (HyCaSD), for the detection of an 
RNA target [12]. The HyCaSD method showed promising selectivity and 
sensitivity with the limit of detection (LOD) in the femtomolar (fM; 
10− 15 M) range for the synthetic RNA targets as well as the viral RNAs. 
However, its limitation is a requirement of post-staining step to measure 
the detection signal. Post-staining with a DNA staining dye (such as 
ethidium bromide or SYBR Green I), is not only mutagenic and carci
nogenic [13–15] but also generates the false positive signal because of 
their ability to bind mainly to double-stranded DNA/RNA, and SYBR 
Gold also binds to single-stranded sequences, including non-target se
quences [16–20]. The non-specific binding leads to the reduced sensi
tivity and selectivity of the detection. In addition, the post staining 
requires additional steps and is unfavorable for real-time signal detec
tion, an ideal feature of POC setting. 

In the present study, a molecular beacon biosensor was incorporated 
into the HyCaSD (see Scheme 1) to further enhance the efficiency of the 
method in detecting viral RNAs. Based on molecular beacon probe 
design, a fluorescent dye and its quencher were labeled at each end of 
the HyCaSD hairpin probes. Thus, the fluorescent signal was detected 
immediately only when the DNA probes specifically hybridized to the 
target sequence and unfolded their hairpin structures, with no require
ment of post-staining. Compared to the original HyCaSD, the molecular 
beacon-based HyCaSD (MB-based HyCaSD) successfully improved the 
sensitivity for detection of the synthetic targets as well as the viral RNAs, 
which greatly enhanced the LOD from fM to attomolar (aM; 10− 18 M) 
range. In addition to improvement of the detection efficiency, this 

Scheme 1. Molecular beacon-based Hybridization Cascade plus Strand-Displacement Amplification (MB-based HyCaSD). The scheme for target RNA detection with 
MB-based HyCaSD is shown in sequential steps, composed of the hybridization (step 1, 2 and 3) followed by the amplification part (step 4 and 5). The P1 or P2 probe 
alone maintained their hairpin structure with the fluorophore and the quencher stayed close to each other, resulting in strong quenching of the fluorescence signal. 
Part I Probe hybridization step: in the presence of the RNA target, target sequence (in blue) was hybridized by the loop (domain D) of either the P1 or P2 probe. The 
hybridization unfolded the probe’s stem structure into an opened, single-stranded structure (domains B* C* A* or A C B). The fluorophore and its quencher were thus 
separated and immediately emitted the fluorescence signal. The first unfolded probe allowed the second probe to hybridize using its toehold sequence (domain A* or 
B), initiating the strand-displacement mechanism to form a P1–P2 probe complex while also emitting the fluorescence signal. After probe hybridization, the Bst 2.0 
DNA polymerase extended the DNA strands in 2 directions, generating a dsDNA complex with a nicking endonuclease recognition site on both strands. Part II DNA 
amplification step: the complex was nicked by Nb.BsmI nicking endonuclease, initiating strand-displacement amplification on both strands of the dsDNA complex at 
once. The released ssDNA became a new target for another round of probe hybridization. 

Table 1 
Sequences of the synthetic target, primers, and DNA probes. The italic 
sequence represents an additional T7 promoter sequence, the wave underlined 
sequence represents the probe binding site, the bold sequence represents the 
stem structure of the probes, and the underlined sequence represents the 
nicking endonuclease recognition sequence. The (F) and the (Q) represent the 
labeled fluorophore and the labeled quencher, respectively. 
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combination enabled a single-step, single-tube detection platform, and 
exhibited an actual-time RNA detection. This was a major step closer to 
POC diagnostic applications for viral infectious diseases. 

2. Materials and methods 

2.1. Materials 

The probes were simulated and designed using NUPACK web-based 
software (http://www.nupack.org/) [21]. The Cy5 fluorescent dye 
was labeled at the 5′ end of the DNA probes, and the BHQ3 quencher was 
labeled at the 7th nucleotide position from the 3′ end. The labeled 
probes were synthesized by Bio Basic Inc. (Markham, Ontario, Canada). 
A DNA sequence of 105-nt in the 3′-untranslated region (UTR) of the 
DENV genome was synthesized and purified by Integrated DNA Tech
nologies (Coralville, IA, USA). The primers for the in vitro transcription 
were synthesized by Bio Basic Inc. (Markham, Ontario, Canada). The 
detailed sequence information of the DNA and RNA used in this study is 
listed in Table 1. The nicking endonuclease Nb.BsmI, NEBuffer 3.1, Bst 
2.0 DNA polymerase, and ThermoPol Reaction buffer were purchased 
from New England Biolabs, Inc. (Ipswich, MA, USA). The deoxy
nucleotide solution mixture (dNTP), PCR buffer, and Taq DNA poly
merase were purchased from Geneaid (Taipei, Taiwan). SYBR Gold was 
purchased from Thermo Fisher Scientific, Inc. (Waltham, MA, USA). The 
ingredients for the in vitro transcription, including T7 RNA polymerase, 
adenosine triphosphate (ATP), guanosine triphosphate (GTP), 2′-fluo
ro-cytosine triphosphate (2′F-CTP), and 2′-fluoro-uracil triphosphate 
(2′F-UTP), were purchased from Epicentre Technologies, Corp. (Madi
son, WI, USA). The DNase I and RQ1 buffers were purchased from 
Promega, Corp. (Madison, WI, USA). A 24-nt synthetic DNA oligonu
cleotide (a part of 16S rRNA gene of E. canis) and a 93-nt synthetic 
tRNASER, the sequences of which are irrelevant to DENV, were used as 
non-target sequences. The 26-nt synthetic DNA, which contained 22 
nucleotides that overlapped with the probe binding site (Table 1, 
Fig. S1). 

The viruses used in the present study were propagated in C6/36 cell 
lines. DENV-1 strain 16007, DENV-2 strain 16681, DENV-3 strain 
16562, DENV-4 strain 1036, Zika virus (ZIKV) ATCC VR-84 strain 
MR766, Japanese encephalitis virus (JEV) Beijing strain, Chikungunya 
virus (CHIKV) strain Ss08/363, and uninfected C6/36 cells were ob
tained from the Center for Vaccine Development, Institute of Science 
and Technology for Research and Development, Mahidol University 
(Nakhon Pathom, Thailand). 

2.2. 105-Nt RNA target preparation by in vitro transcription 

A PCR reaction was performed to generate double-stranded DNA 
template for the in vitro transcription. The PCR reaction mixture con
sisted of 1X PCR buffer (15 mM Tris-HCl pH 8.75, 50 mM KCl, 2 mM 
MgCl2), 200 μM dNTPs, 2.5 U Taq DNA polymerase, 1 mM T7 promoter- 
forward primer and reverse primer, and 2 μM 105-nt DNA template from 
3′-UTR of DENV genome in a total volume of 100 μL. The PCR conditions 
consisted of an initial denaturation at 95 ◦C for 3 min, followed by 35 
cycles of denaturation at 95 ◦C for 30 s, primer annealing at 54 ◦C for 40 
s, and elongation at 72 ◦C for 50 s. Then, final elongation was carried out 
at 72 ◦C for 3 min. The PCR product was purified by a QIAquick PCR 
purification kit (QIAGEN, Hilden, Germany) for in vitro transcription by 
T7 RNA polymerase. 

To perform in vitro transcription, the purified PCR product was 
incubated with 2′F-transcription mix, 100 mM DTT, and 50U T7 RNA 
polymerase (Epicentre) at 37 ◦C for 6 h. The in vitro transcription re
action was then added to 2U DNase I (Promega) and 1X RQ1 buffer at 
37 ◦C for 15 min. After the in vitro transcription, the reaction was pu
rified using a QIAquick nucleotide removal kit as per the manufacturer’s 
instructions (QIAGEN, Hilden, Germany). The RNA concentration was 
measured with a NanoDrop 8000 (Thermo Fisher Scientific Inc., 

Waltham, MA, USA), and the integrity of the transcript was analyzed 
using 3% agarose gel. 

2.3. Viral RNA target preparation 

Viral RNA was extracted from 140 μL of culture media of DENV, 
ZIKV, JEV, CHIKV, and uninfected C6/36 cells using a QIAmp Viral RNA 
Mini kit according to the manufacturer’s instructions (QIAGEN, Hilden, 
Germany). The concentrations and integrity of the extracted RNA were 
analyzed using an absorbance of 260 nm by NanoDrop 8000 (Thermo 
Fisher Scientific Inc., Waltham, MA, USA) and mobility on agarose gel 
electrophoresis. 

The extracted RNA of DENV1-4 was converted into cDNA at 42 ◦C for 
1 h. The reaction comprised of 200U of M-MLV reverse transcriptase, 1X 
reaction buffer, 2 mM dNTP, 25U of rRnasin RNase inhibitor (Promega, 
Madison, WI, USA), and 0.5 μM the reverse primer. The viral RNA 
concentration was calculated using a standard curve. Real-time PCR was 
carried out in a LightCycler 480 (Roche Diagnostics, Indianapolis, IN, 
USA) with the known-concentration synthetic target DNA to construct a 
standard curve. The total volume of 20 μl reaction mixture was 
composed of different concentrations of cDNA, 1 μM each of the forward 
and reverse primers, 1X QuantiTect SYBR Green PCR Master Mix 
(QIAGEN, Hilden, Germany), 3.5 mM Mg2+, and nuclease-free water. 
The amplification reaction contained a preheat step at 95 ◦C for 15 min. 
Forty cycles of amplification step were then performed, including 
denaturation at 94 ◦C for 15 s, annealing at 54 ◦C for 15 s, and extension 
at 72 ◦C for 30 s, while continuously collecting the fluorescence data. 

2.4. Molecular beacon-based Hybridization Cascade plus strand- 
displacement (HyCaSD) isothermal amplification 

The probes and the target were diluted to 1 μM in MilliQ water 
immediately before use. The diluted probes and the diluted target were 
then incubated at 95 ◦C for 5 min and slowly cooled to room tempera
ture for 50 min to let the probes and the target perfectly fold into their 
appropriate structures. The reaction mixtures for amplification reaction 
were prepared separately as Part A and Part B. Part A consisted of 50 nM 
P1 and P2 probes, and different concentrations of the target RNA. Part B 
consisted of 250 μM dNTPs, 1X NEBuffer 3.1 (100 mM NaCl, 50 mM Tris- 
HCl pH 7.9, 10 mM MgCl2, and 100 μg mL-1 BSA), 1X ThermoPol Re
action buffer (20 mM Tris-HCl pH 8.8, 10 mM [NH4]2SO4, 10 mM KCl, 2 
mM MgSO4, and 0.1% Triton X-100), 3 U Nb.BsmI, and 5 U Bst 2.0 DNA 
polymerase, in MilliQ water. After mixing the Part A and B solutions in a 
volume of 50 μL, the reaction was incubated at 50 ◦C for 40 min. 

2.5. Polyacrylamide gel electrophoresis analysis 

Thirty microliters of the reaction products were mixed with 5 μL of 
gel loading dye and analyzed in 10% non-denaturing polyacrylamide gel 
electrophoresis (PAGE) in 1X TBE buffer (9 mM Tris-HCl, pH 7.9, 9 mM 
boric acid, and 0.2 mM EDTA) at 100 V constant voltage for 60 min. The 
gel was stained by SYBR Gold and imaged by gel documentation G-box 
(Syngene, Frederick, MD, USA). 

2.6. Fluorescence analysis 

The HyCaSD reaction was performed with the Cy5/BHQ3 labeled 
DNA probes as described above. Thirty microliters of the reaction 
products were dropped into a fluorescence plate and analyzed using a 
Synergy H1 hybrid multi-mode microplate reader (BioTek, Winooski, 
VT, USA) at a 640 nm excitation wavelength and 670 nm emission 
wavelength. 
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3. Results and discussion 

3.1. Molecular beacon probe design and principle of RNA target detection 

The HyCaSD isothermal amplification has previously been demon
strated to be a promising tool to detect an RNA target even with a sec
ondary structure [12]. 

In the present study, the probes were designed to enable detection of 
all four DENV serotypes. Due to the highly variable sequences 
throughout the genome among four serotypes except in 3′-UTR region, 
multiple sequence alignment (MSA) revealed that the conserved 
sequence among all four serotypes that is available for probe binding site 
is limited (Fig. S1). However, the 3′-UTR which was composed of 
approximately 450 nt, contained more than 70% of the secondary 
structure motifs [22]. 

The key component of the system is the bifunctional hairpin probes, 
which act as a recognition probe for target hybridization and as a tem
plate/primer for amplification. In the current study, a third functionality 
was added to the HyCaSD probes. Based on molecular beacon strategy, 
the hairpin probes were labeled with a Cy5 fluorophore at the 5′-end and 

with a BHQ3 quencher at the 7th nucleotide position from the 3′-end 
(Fig. 1a). When the probes folded into a hairpin structure, the fluo
rophore and the quencher molecules became closer to each other, 
strongly quenching the fluorescence signal. In contrast, when the 
hairpin probe unfolded, the fluorophore departed from the quencher 
and emitted the fluorescence signal (Fig. 1b). Therefore, the fluores
cence signal was turned on and off, depending upon the structure of the 
hairpin probes. The stability of the hairpin probe structure and probe- 
target hybridization structure strongly depended on the designed loop 
and stem domains. Although the longer loop domain would enhance the 
efficiency of probe-target hybridization, it may give rise to a false pos
itive signal through non-target hybridization. Conversely, the longer 
stem would increase stability of the hairpin probe structure, but exces
sive stability of the stem domain could interrupt the probe-target hy
bridization, leading to reduced sensitivity of the method [23–25]. 
Therefore, the length of the loop and stem of the hairpin probes needed 
to be rationally designed. 

An optimal temperature (65 ◦C) for the chosen enzymes, Bst 2.0 DNA 
polymerase, and Nb.BsmI nicking endonuclease were set as a condition 
for the probe design using the NUPACK bioinformatic tool. The hairpin 
probes were designed to have a relatively larger loop domain (32 nu
cleotides) in order to better hybridize with the target than a typical 
molecular beacon probe. This strategy was based on the fact that a probe 
with a larger loop tended to have lower dissociation constants and 
higher kinetic rate constants [26–28] in order to overcome the ther
modynamically unfavorable hybridization between the hairpin probe 
and the target [29,30]. Furthermore, the hairpin probes were rationally 
designed with a 10-nt stem domain, which had an adequate stability to 
retain the hairpin structure in the absence of the target (Fig. 1a). The 
hairpin probes were flexible enough to unfold when the probe hybrid
ized to the target. Although a shorter stem is able to facilitate hybridi
zation, it also greatly reduces the stability of the hairpin structure 
[31–34]. Of note, optimization of the reaction temperature that allowed 
the probe to retain stability of the hairpin structure and still efficiently 
hybridize to the target RNA was needed. A higher temperature reduced 
the thermodynamic stability of the stem structure, resulting in a partial 
opening of the hairpin probe, leading to a false-positive fluorescence 
signal [26,35]. Similar to the original HyCaSD, the MB-based HyCaSD 
consisted of the hybridization and the amplification parts (Fig. 1b). 
Briefly, the target sequence was recognized by the loop domain of either 
the P1 or P2 probe. Hybridization to the target allowed the hairpin probe 
to be unfolded simultaneously through the strand displacement mech
anism. Upon the hairpin probe unfolding, the fluorophore and the 
quencher departed, and the fluorescence signal was then immediately 
released. The stem domain of the probe opened to a single-stranded 
form, provided a binding site for the toehold domain of the second 
probe. The toehold binding triggered strand displacement to unfold the 
second probe while also emitting the fluorescence signal. After hybrid
ization, the P1 and P2 probes on the hybridization complex functioned 
as a primer and a template for the DNA amplification step. The DNA 
strands on the P1–P2 complex were extended from both 3′-ends by Bst 
2.0 DNA polymerase (Fig. 1b). The double-stranded DNA, which con
tained recognition sites on both strands, were nicked by the Nb. Bsml 
endonuclease. Strand displacement amplification was then initiated by 
the DNA polymerase, releasing single-stranded DNA (ssDNA). The 
ssDNA was used as a new target for another round of probe hybridiza
tion. Every single time the probe hybridized to the target, the fluores
cence signal would be released. Therefore, this fluorescence-based 
method allowed real-time responsive capability with no post-staining 
requirement by using the 3 functions of the P1 and P2 hairpin probes, 
including target recognition, providing a primer/template for the DNA 
amplification as well as fluorescence signal emission. 

3.2. Verification of the molecular beacon-based HyCaSD 

The HyCaSD was composed of the hybridization and the 

Fig. 1. P1 and P2 probe structures before (a) and after (b) target hybridization 
to the target. (a) The illustrated hairpin probes contain 3 critical parts, 
comprising the stem part (C B B* C* of P1 probe and C* A* A C of P2 probe); the 
target recognition part (D); and the toehold part (A* of P1 probe, and B of P2 
probe). The nicking endonuclease recognition site was named n. The fluo
rophore (F) and its quencher (Q) were labeled at the 5′-end and at the 7th 
nucleotide from the 3’end of the probe, respectively. In the absence of target 
RNA, the probes were stably formed hairpin structures by their stem part. (b) In 
the presence of target RNA, the hairpin structure would be unfolded and hy
bridized to the target sequence (D*). 
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amplification parts. To verify the hybridization reaction of the P1 and P2 
probes with the target, the in vitro transcribed 105-nt DENV RNA was 
used as a model target by mixing with the P1 probe and/or P2 probe. The 
hybridization experiments were completed within 30 min 50 ◦C. A 
significantly higher fluorescence intensity was measured from the hy
bridization of either the P1 or P2 probe with the target RNA (P1-Target 
or P2-Target) compared to the negative control (Blank, probes alone, 
and target alone; Fig. 2a). The slightly different fluorescence intensities 
of these two reactions were possibly due to a different stability level of 
the stem domain of the hairpin probes. The fluorescence intensity from 
the mixture of the P1 probe, P2 probe, and 50 nM target RNA (#8), 
including of four different hybridization complexes (P1-Target, P2- 
Target, P1–P2-Target, and Target-P1-P2-Target), was higher than 
those of P1-Target (#6) and P2-Target (#7) mixture, demonstrating that 
the second probe could subsequently hybridize to the complex after 
hybridization of the first probe and the target RNA. In comparison, the 
reactions without the target (a mixture of P1 and P2 probes) showed a 
very low level of fluorescence intensity from hairpin probe leakage. 
Whereas, the complete HyCaSD reaction with Nb.BsmI nicking endo
nuclease and Bst 2.0 DNA polymerase successfully amplified the tem
plate for P1 and P2 probes, resulting in the greatly increased 
fluorescence intensity. The results demonstrated an efficient hybridi
zation of the designed probes to the target RNA within the study’s 
temperature ranges. We speculated that the fluorescence intensity of the 
P1, P2 and target RNA mixture (#8) was less than the fluorescence in
tensity of each probe with the target RNA (#6, #7), due to the limited 

amount of the target RNA. This possibility was tested in #9 and #10 by 
adding more target RNA to 100 nM or adding enzymes to amplify the 
target RNA, respectively. The result showed increased fluorescence 
signal significantly, although it is not known whether the maximum 
fluorescence signal was achieved. 

After verification of the probe hybridization, the amplification re
action was verified and optimized. The HyCaSD has been tested at varied 
temperatures ranging from 50 ◦C to 65 ◦C in the previous study [12]. 
Fifty degree Celsius was the optimal temperature for HyCaSD. The 
higher temperature led to false positive amplification due to thermo
dynamic instability of the hairpin structure of the probes and undesir
able hybridization to each other. Even though 65 ◦C is the ideal 
temperature for the enzymes, they were shown to function at 50 ◦C. 
Therefore, in the present study, the temperature for MB-based HyCaSD 
was set at 50 ◦C. 

The varying concentrations (1U–7U/rxn; reaction) of Bst 2.0 DNA 
polymerase were mixed with the P1 and P2 probes, and the 105-nt 
synthetic target RNA (Fig. 2b). The fluorescence intensity was 
increased corresponding to the higher enzyme concentration and 
reached a plateau at the enzyme concentration of 5U/rxn. In addition to 
DNA polymerase, the concentration of the Nb.BsmI nicking endonu
clease was varied from 1U/rxn to 7U/rxn (Fig. 2b). Three units of 
nicking endonuclease were the optimal concentration, whereas the 
higher concentration showed no difference. Finally, the HyCaSD reac
tion was performed at various reaction times, ranging from 10 to 60 min 
(Fig. 2b). The fluorescence intensity was increased with the longer 

Fig. 2. Verification of the MB-based HyCaSD. (a) Verification of the hybridization step. The fluorescence intensity of the hybridization reaction of the MB-based 
HyCaSD probes with the in vitro transcribed 105-nt DENV RNA was monitored by fluorometer. The reactions were performed at 50 ◦C for 30 min. The reaction 
with buffer-only was set as blank. The reactions with and without P1 probe (50 nM), P2 probes (50 nM), target RNA (50 or 100 nM), and Nb.BsmI + Bst2.0 were 
compared. (b) The amplification step of the MB-based HyCaSD was verified and optimized with different concentrations of the DNA polymerase and the nicking 
enzyme, and various reaction times, respectively. Different concentrations of DNA polymerase were tested with fixed 5U of nicking enzyme, different concentrations 
of nicking enzyme were tested with fixed 5U of DNA polymerase, and the varied reaction times were optimized with 5U of DNA polymerase and 3U of nick
ing enzyme. 
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reaction time, and the highest intensity was measured within 40 min. 
Therefore, the subsequent experiments were performed at 5U/rxn of Bst 
2.0 DNA polymerase and 3U/rxn of Nb.BsmI nicking endonuclease for 
40 min. 

3.3. Target selectivity and the detection limit of the molecular beacon- 
based HyCaSD 

The target selectivity of the MB-based HyCaSD was tested with 50 
nM of the synthetic targets (a 105-nt target RNA and a 26-nt target DNA) 
and 50 nM of the synthetic non-targets (a tRNASER and a 24-nt non- 
target DNA). The 26-nt target DNA possessed 22 nucleotides that over
lapped with the target sequence. The 24-nt non-target DNA was a part of 
16S rRNA gene of E. canis (Table 1, Fig. S1). As shown in Fig. 3a, the non- 
target tRNA and the 24-nt non-target DNA did not show hybridization 
nor amplification by the DNA probes. In contrast, the 26-nt target DNA 
was successfully hybridized by the DNA probes to form a hybridization 
complex, and the amplification product was then created by the en
zymes. The partially overlapping target sequence could be potentially 
hybridized and amplified, although the amplification kinetic was lower 
than the intact target sequence. The results revealed a satisfactory target 
selectivity to discriminate the target sequences from the non-target 

sequences. 
The target selectivity of MB-based HyCaSD was examined using the 

real viruses. The extracted RNA of all DENV serotypes, of other closely 
related species (ZIKV and JEV), and of CHIKV (which is an unrelated 
species but is also transmitted by mosquito) were tested. The extracted 
total RNA from the uninfected C6/36 cells was included as a negative 
control. As shown in Fig. 3b, the method efficiently amplified the target 
RNA of all of the DENV serotypes and ZIKV, but not JEV, CHIKV, or the 
uninfected C6/36 cells. This finding could be explained by the similarity 
of the probe binding sites. The probe binding site could accommodate a 
complete match of all four DENV serotype sequences. For ZIKA, the 
probe binding site was identical to DENV sequence except a single- 
nucleotide deletion at position 11 from 5′- of the 25-nt probe binding 
site (Fig. S1) [12]. Taken together, a satisfactory selectivity of the 
MB-based HyCaSD to distinguish DENV/ZIKV from the closely related 
species, JEV, as well as the unrelated species, CHIKV, was achieved. 

The lower detection limit of MB-based HyCaSD was determined 
using varied concentrations of the in vitro transcribed 105-nt DENV RNA, 
ranging from 3 to 3 × 109 copy equivalents per reaction, with the re
action time of 10, 20, 30, and 40 min. The linear relationship with 
correlation coefficient (R2) between the fluorescence intensity and the 
concentration of the target RNA was constructed. The LOD was 

Fig. 3. Target selectivity and LOD of the MB-based HyCaSD. (a) The detection selectivity of the method with the in vitro transcribed 105-nt DENV RNA was verified. 
The tRNA and the 24-nt non-target DNA were used as a negative control. The 26-nt target DNA, which possessed a partial-overlapping sequence with the target 
sequence, was included. The result was analyzed using 10% PAGE with SYBR Gold staining; (b) The detection selectivity of the method with the extracted RNA of 
DENV1-4, ZIKV, JEV, and CHIKV. The extracted total RNA of uninfected C6/36 cell, the reaction without target RNA, and reaction buffer-only were included as a 
negative control; (c and d) LOD of the MB-based HyCaSD for detecting the in vitro transcribed 105-nt DENV RNA (c) and the extracted DENV-2 RNA (d), were 
estimated with different concentrations of the target RNA, ranging from 3 to 3 × 109 RNA copy equivalents per reaction. Blank represents the reaction with buffer- 
only, and Neg represents the reaction without the target RNA. The inset shows a logarithmic plot of the fluorescence intensity versus the target concentration with a 
linear relationship. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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calculated using the mean fluorescence intensity plus 3*SD (standard 
deviation) (Table 2). The results revealed that the target RNA could be 
detected at reaction time of 10 min, however the MB-based HyCaSD 
with longer reaction time (40 min) was able to reach the least limit of 
detection (60 copy equivalents per reaction). Because of the combina
tion of the molecular beacon to HyCaSD effectively reduced non-specific 
amplification signal, the base line signal was very low. The LOD could 
achieve excellent sensitivity for detecting the in vitro transcribed RNA. 
Of note, the hybridization efficiency is a crucial factor in MB-based 
HyCaSD. In this study, the complicated structure of the probe binding 
site may affect the reaction time. Therefore, in favor of the lower LOD, 
the reaction time of 40 min was chosen. 

The lower detection limit of the MB-based HyCaSD for the real vi
ruses was then determined with the extracted RNA of DENV-2. The LOD 
for the extracted DENV-2 RNA was approximately 100 copy equivalents 
per reaction (~35.2 aM) (Table 2, Fig. 3d). The LOD of the extracted 
DENV RNA was slightly higher than the in vitro transcribed 105-nt DENV 
RNA. However, the LOD of MB-based HyCaSD method was around 20- 
times lower compared with the LOD of ~2000 copy equivalents per 
reaction of the original HyCaSD. The results indicated that the real virus 
was successfully detected by the MB-based HyCaSD method with an 
excellent sensitivity. The combination of the molecular beacon and 
HyCaSD method greatly enhanced the sensitivity of RNA target detec
tion from the original HyCaSD. Although a number of isothermal am
plifications have been recently established [36,37], RT-LAMP are the 
most popular method developed for DENV detection [38–42]. RT-LAMP 
has been demonstrated to be a highly sensitive isothermal amplification 
platform for detection of DENV. However, it has been developed only for 
DENV specific serotypes detection. Whereas the MB-based HyCaSD in 
the present study, was designed for detecting all 4 DENV serotypes in a 
single test. With a requirement of multiple primers (4 or 6 primers) of 
the LAMP, it may be difficult to find suitable sites within the compli
cated secondary structure of the virus 3′UTR. In comparison, the 
MB-based HyCaSD can be designed for each DENV serotype detection, if 
needed. The principle of our MB-based HyCaSD was more similar to 
nicking and extension amplification reaction (NEAR), another 
high-efficiency isothermal amplification method. Integration of molec
ular beacon probes into HyCaSD thus allowed single step, single tube, 
actual time RNA detection procedure with no requirement of reverse 
transcription and post-staining step. 

4. Conclusion 

The molecular beacon-based HyCaSD biosensor platform success
fully improved the sensitivity for RNA detection, achieving an excellent 
sensitivity with an LOD of ~100 copy equivalents per reaction for DENV 
RNA detection (around 20-times lower than that of the original 

HyCaSD). The HyCaSD probes were labeled with the fluorophore and 
the quencher at each end of the hairpin probes. Therefore, like the 
molecular beacon probes, the fluorescence signal was detected imme
diately only when the DNA probes specifically hybridized to the target 
sequence and unfolded their hairpin structures. With this strategy, the 
MB-based HyCaSD eliminated the need for the post-staining step, which 
was a cause of high background signal and reduced sensitivity. More
over, a single-step, single-tube, and actual-time RNA detection was 
enabled, which represents a major step closer to POC diagnostic appli
cations for viral infectious diseases. 
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