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The negative global impact of the coronavirus disease pandemic has highlighted the crucial need for a rapid and
convenient method of viral RNA detection. In this study, we report a novel method, termed as the split T7
promoter-based isothermal transcription amplification with light-up RNA aptamer (STAR), for one-pot detection
of viral RNA. STAR uses a split T7 promoter that is applied to a three-way junction to mediate the selective
transcription by the T7 RNA polymerase in the presence of target RNA. In addition, a light-up RNA aptamer is
used for signal amplification. STAR can detect viral RNA in less than 30 min with high specificity and sensitivity.

By testing of 60 nasopharyngeal SARS-CoV-2 samples, the STAR assay demonstrates an excellent sensitivity and
specificity of 96.7% and 100%, respectively. Moreover, we provide experimental evidence of the broad appli-
cability of this assay through the multiplex detection of SARS-CoV-2 variants (D614G mutation) and direct

detection of bacterial 16S rRNA.

1. Introduction

In December 2019, a novel infectious respiratory RNA virus, severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2), emerged and
rapidly spread around the world (Zhu et al., 2020). As of March 2022,
over 487 million people have been infected and 6.1 million have died.
Additionally, variants of SARS-CoV-2 with the 23,403 A > G mutation
(p- D614G), conferring greater infectivity and more rapid spread, have
become predominant in various regions (Korber et al., 2020; Plante
etal., 2021; L. Zhang et al., 2020; Ozono et al., 2021). Therefore, there is
an urgent need for rapid detection of SARS-CoV-2 to isolate infected
people in a timely manner and prevent further viral transmission (Kilic
et al., 2020; Wang et al., 2020; Y. Zhang et al., 2020; Cai et al., 2021).

Currently, quantitative reverse transcription polymerase chain re-
action (QRT-PCR) using various primer-probe sets for viral genes, such as
RNA-dependent RNA polymerase (RdRp), envelope (E), and nucleo-
capsid (N) genes, is the gold standard for detecting SARS-CoV-2 (Carter
et al., 2020; Corman et al., 2020). The limit of detection (LOD) of each
primer set is 10°-10? viral copies/yL, and the LOD for 100% sensitivity
is 102 viral copies/pL (Vogels et al., 2020). However, qRT-PCR requires a
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thermocycler and takes a long time (1-2 d) because it is generally
conducted in centralized laboratories (Petralia and Conoci, 2017). The
reverse transcription step, which is indispensable, further complicates
the procedure (Taylor et al., 2010).

Isothermal amplification methods such as strand displacement
amplification, nucleic acid sequence-based amplification, loop-
mediated isothermal amplification and exponential amplification reac-
tion have been developed to overcome the limitations of temperature
control-based methods and facilitate point-of-care testing (Li and Mac-
donald, 2015; Woo et al., 2020; Yuce et al., 2021; Carter et al., 2021).
However, most isothermal amplification methods entail critical draw-
backs: (i) an initial, temperature-controlled denaturation/annealing
step is required, (ii) the design of primers is complicated, and (iii) the
target is limited to short RNA targets such as microRNAs with a 3'-OH
group. Moreover, optimizing reactions for multiple enzymes is chal-
lenging, necessitating multiple steps for detection (Yan et al., 2014). For
SARS-CoV-2, most isothermal amplification methods also involve the
reverse transcription of RNA, thus risking contamination as the gener-
ated cDNA and amplified DNA do not decompose easily (Fallahi et al.,
2018). Contamination can interfere with the reaction and result in false
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positives. Therefore, a rapid, one-step isothermal amplification method
is still needed for SARS-CoV-2 detection.

We focused on target detection using a three-way junction structure,
which is very specific and can easily distinguish changes in target se-
quences (Lee et al., 2020; Murakami et al., 2012). By means of this
structure, sequences dependent on the targets (mimic sequences) can be
amplified instead of directly amplifying target sequences. A represen-
tative example is the signal-mediated amplification of RNA technology
(SMART) (Wharam et al., 2001), which is based on the three-way
junction structure and applied in the detection of various nucleic acid
biomarkers with high sensitivity. However, despite its advantages,
SMART requires two enzymes, DNA polymerase and RNA polymerase,
thus generating non-specific signals even in the absence of target RNA.
Moreover, the RNA polymerase reaction must be performed after the
DNA polymerase reaction, thereby prolonging the reaction time and
rendering a one-step reaction impossible.

In the present study, we developed a new isothermal nucleic acid
amplification technology that can quickly detect SARS-CoV-2 while
addressing the limitations of SMART. Split T7 promoter-based
isothermal transcription amplification with light-up RNA aptamer
termed as STAR is a three-way junction-based technology that can detect
target RNA with one enzyme in a single step. Through systematic
investigation of the T7 promoter, we found that the transcription reac-
tion effectively occurs with the split T7 promoter at a ratio of 4:16. This
feature was combined with the three-way junction structure and light-
up RNA aptamers to achive detection of the SARS-CoV-2 N gene in
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less than 30 min at 37 °C without the need for initial denaturation and
cooling steps. The practical applicability of the proposed strategy was
evaluated by determining its detection performance in 60 clinical sam-
ples. Moreover, STAR was utilized for multiplex detection of the D614G
mutation and N gene of SARS-CoV-2 in a single tube as well as for the
direct detection of bacterial 16S rRNA without additional nucleic acid
purification, thereby confirming the wide applicability of this method
for nucleic acid biomarker detection.

2. Experimental section

This section with details is presented in supporting information.
3. Results
3.1. Design and construction of STAR

We designed a reaction that does not require fluorophore labeling
and can detect target RNA using a single enzyme in one tube (Fig. 1). The
STAR reaction includes three components: STAR DNA probes, T7 RNA
polymerase, and fluorogenic dye. STAR uses two types of DNA probes.
The first consists of a signal template (ST) and split T7-16 (ST-16). ST
comprises a complementary sequence (yellow) of the Mango aptamer (a
light-up RNA aptamer), a T7 promoter sequence (blue), and a comple-
mentary sequence capable of binding to half of the target RNA region
(black). ST-16 is a partial sequence of the T7 promoter (16 nt; blue) and
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Fig. 1. Schematic illustration of STAR for the detection of SARS-CoV-2. In the presence of the target RNA, STAR DNA probes can form a three-way junction
structure and complete the double-stranded T7 promoter with a nick site. Thus, T7 RNA polymerase can bind to the T7 promoter and initiate transcription for the
generation of a large amount of light-up RNA aptamers. Subsequently, the light-up RNA aptamers combine with the fluorogenic dye, resulting in the generation of a
highly enhanced fluorescent signal. The one-step reaction occurs at 37 °C within 30 min.
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is hybridized to the T7 promoter sequence of the ST. The second probe is
split T7-4 (ST-4), consisting of a partial sequence of the T7 promoter (4
nt; blue) and a sequence capable of binding to the other half of the target
RNA region (black).

All STAR reactions are performed at 37 °C. The STAR DNA probes are
designed not to hybridize when target RNA is absent because the 5'-
ATTATT-3' sequence in the ST overlap has a Tm of only 12 °C. Therefore,
the three-way junction structure that mediates double-stranded T7
promoter formation cannot be established. In contrast, the target RNA
preferentially binds to the ST and ST-4 complementary sequence.
Accordingly, the overlap part (5-ATTATT-3") of ST is brought in prox-
imity to ST-4 (5'-AATAAT-3') and can hybridize, resulting in three-way
junction formation and completion of the double-stranded T7 promoter
with a nick site. T7 RNA polymerase then binds to the double-stranded
promoter and generates the Mango aptamer via transcription. Finally,
the fluorogenic dye, TO1-biotin, binds to the Mango aptamer to generate
an enhanced fluorescence signal. All processes take place in a single
tube. All DNA probes were optimized using NUPACK (Zadeh et al.,
2011) analysis to prevent unwanted binding between them (Table S1).

Biosensors and Bioelectronics 208 (2022) 114221

3.2. Optimization of split T7 promoter-based DNA probes and reaction
conditions

Because the key step in STAR is the effective formation of the double-
stranded T7 promoter with a nick site in the presence of target RNA via
the induction of the three-way junction structure, we first investigated
the best split ratio of the T7 promoter. The nick site was inserted
sequentially from the 5' end of the T7 promoter to produce split pro-
moters at various ratios (Fig. 2A). By placing the complementary
sequence of the Mango aptamer within the template (T), transcription
could be monitored by measuring the fluorescence signal of TO1-biotin.
In the intact T7 promoter (0:20 split ratio), the addition of either T + SP2
or T + SP1 + SP2 resulted in effective transcription, as indicated by
strong fluorescence. Moreover, when using a split T7 promoter at 1:19,
the signal increased compared to that of the intact T7 promoter, despite
the presence of the nick site (T + SP1 + SP2). Additionally, transcription
occurred effectively in the presence of T + SP2. When the split ratio was
changed from 2:18 to 4:16, transcription occurred effectively in the
presence of T + SP1 + SP2, which harbors the nick site. However, in the
case of T + SP2, which lacks sequences at the 5’ end of the promoter,
transcription was not effectively executed, as indicated by the decreased
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Fig. 2. Construction and feasibility of STAR. (A) Fluorescence signal of TO1-biotin after the transcription reaction with the split T7 promoter at different ratios
(0:20, 1:19, 2:18, 3:17, 4:16, and 5:15). The combinations of template (T), split promoter 1 (SP1), and split promoter 2 (SP2) are shown. The fluorescence signal
ratios of T + SP2: T + SP1 + SP2 are shown in red. (B) Optimization of overlap length. The split ratio of the T7 promoter was fixed at 4:16. The w/0 and w/ indicate
without and with, respectively. (C) Polyacrylamide gel electrophoresis results. The corresponding DNA probes are illustrated in each region. (D) Fluorescence
emission spectra in various reaction conditions. The inset shows an expanded view of the fluorescence emission spectra of the reactions with various partial

combinations of components.
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fluorescence signal of TO1-biotin. Use of the 3:17 split ratio sharply
decreased the fluorescence signal in the absence of SP1 (T + SP2), which
implies that the three-nucleotide portion on the 5' side of the T7 pro-
moter is important for specific recognition by T7 RNA polymerase,
which then catalyzes transcription. Notably, the highest signal increase
(28.97) in the presence of T + SP1 + SP2 relative to T + SP2 was
observed using the 4:16 split ratio. In contrast, when the 5:15 split ratio
was used, transcription rarely proceeded even if T, SP1, and SP2 were all
present, indicating that T7 RNA polymerase does not recognize the T7
promoter when a nick site is located five nucleotides from the 5’ end of
the T7 promoter. Based on these results, the 4:16 split ratio was chosen
for use in combination with the three-way junction structure.

Next, structural optimization for three-way junction formation was
performed using the 4:16 split ratio. ST was designed to include a
complementary sequence that binds half of the target RNA (black), the
regions that hybridize to 16 nucleotides (ST-16) of the split T7 promoter
(blue), and the complementary sequence for the Mango aptamer (yel-
low). Additionally, another split T7 promoter (ST-4) was designed to
include four nucleotides of the T7 promoter (blue) and a complementary
sequence that binds to the other half of target RNA (black). Only when
the target RNA is present, the first probe, composed of ST and ST-16, and
the second probe (ST-4) can combine to form the complete T7 promoter
with a nick site. To achieve this, the Tm of ST and ST-4 was adjusted by
including additional overlap sequences (0-4) (Fig. 2B). When the
additional overlap sequence was not included (0 bp), a negligible fluo-
rescence signal was produced in the absence of the target. In contrast,
when the target was present, transcription was not effectively executed,
which is attributed to the short overlap sequences (4 bp) between ST and
ST-4. Notably, when one or more nucleotides of overlap sequences were
added, strong fluorescence was obtained in the presence of the target.
This confirmed that an overlap of at least 1 bp is required to stably form
a three-way junction structure and induce transcription. However, when
the additional overlap sequence exceeded 3 bp, non-specific transcrip-
tion proceeded in the absence of a target. Therefore, the additional
overlap was set at 2 bp with a total overlapping region of 6 bp (4 bp from
T7 promoter).

3.3. Feasibility of STAR-mediated SARS-CoV-2 detection

Under the optimized conditions (Figs. S1-S5), we employed the N
gene of SARS-CoV-2 as the target to confirm the detection efficacy of
STAR (Tables S2 and S3). We first confirmed three-way junction struc-
ture formation in the presence of target RNA and the transcription re-
action using polyacrylamide gel electrophoresis analysis. ST and ST-16
hybridized (a), whereas ST, ST-16, and ST-4 did not form the three-way
junction structure in the absence of target RNA (d) (Fig. 2C). When all
DNA probes and the target were present, the three-way junction struc-
ture was formed (g), and the presence of T7 RNA polymerase resulted in
a large amount of light-up RNA aptamers being produced through
transcription (h).

Next, the fluorescence spectra in the absence of each STAR compo-
nent were evaluated (Fig. 2D). When either of the DNA probes (ST, ST-
16, and ST-4) or the target was absent, the double-stranded T7 promoter
and the Mango aptamer could not be generated. Thus, binding of the
aptamer with TO1-biotin did not occur, and negligible fluorescence was
observed. Additionally, there was no fluorescence in the absence of TO1-
biotin or T7 RNA polymerase. Only when all elements were present, a
high fluorescence signal was generated, indicating that all the elements
of STAR play an indispensable role in the detection of target RNA. In
addition, we evaluated the detection sensitivity by designing five sets of
DNA probes against different regions (1-5) of the SARS-CoV-2 N gene
(nucleotide positions 28,809-29,188). The results in Figs. S6-8 reveal
that transcription efficiency was dependent on the targeted locus;
accordingly, DNA probes against locus (L) 2 and 4 that exhibited greater
fold changes were selected for use in subsequent experiments.
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3.4. Targeting two loci to improve the detection sensitivity of STAR

To improve sensitivity, we used two probes simultaneously. As each
STAR probe generates a signal by binding to the respective locus of
target RNA, the overall signal can thus be further amplified. As shown in
Fig. 3A, STAR probes targeting L2 and L4 were designed to be specific
only to SARS-CoV-2. Agarose gel electrophoresis was first performed to
verify that both STAR probes (L2 and L4) bind to the single target
simultaneously. Electrophoretic mobility decreased when both probe
sets were added (4) as compared to a single probe set (L2 or L4) (2 and
3), as confirmed by the higher band position (Fig. 3B), indicating that
the two STAR probes specifically bound to their respective regions in the
target RNA. Additionally, when both probe sets were used (L2 + L4),
enhanced fluorescence was obtained (Fig. 3C), indicating the utility of
this approach when target RNA concentration is low. The presence of
target RNA was determined at levels as low as 102 copies/pL (167 aM)
by targeting the two loci, resulting in approximately 600-fold greater
sensitivity than that obtained by targeting a single locus, which was
sufficient for SARS-CoV-2 detection in clinical settings (Fig. 3D). The
specificity of STAR was then evaluated using DNA probes designed to
not bind to six human coronaviruses, including other alphacor-
onaviruses and betacoronaviruses (Cimolai, 2020; Pyrc et al., 2007;
Sizun et al., 2020). When RNAs from these coronaviruses (100 nM) were
added, the fluorescence signals were similar to those observed in the
non-target control (NTC), whereas highly enhanced fluorescence signals
were generated even from 1 nM of the SARS-CoV-2 N gene (Fig. 3E),
confirming high specificity.

3.5. SARS-CoV-2 detection in clinical samples

We next subjected 60 residual RNA samples extracted from naso-
pharyngeal and oropharyngeal specimens to detection via the STAR
assay (Fig. 4A). Specimens were obtained from Chonnam National
University Hospital (CNUH, Republic of Korea) and verified via qRT-
PCR, as the gold standard for SARS-CoV-2 diagnosis (Table S4). The
STAR assay was independently performed in a blinded manner, exhib-
iting a sensitivity of 96.7% and a specificity of 100% (Fig. 4B). Only one
false-negative result was obtained, involving the sample having a high
cycle threshold (Ct) value. Owing to the very low amount of RNA in this
sample, it was not detected via our STAR method. The performance of
the STAR assay was further evaluated by comparing the obtained fluo-
rescence intensities to Ct values from qRT-PCR. As shown in Fig. 4C, the
STAR assay results were consistent (R = 0.8393) with those from qRT-
PCR. Statistical analysis via the two-tailed Student’s t-test (Fig. 4D)
revealed that STAR can sufficiently distinguish positive from negative
samples (P < 0.0001). Finally, the area under the curve (AUC) from
receiver operating characteristic (ROC) curve was determined to be
0.9878, which confirmed the excellent accuracy of the STAR method
(Fig. 4E).

3.6. Multiplex STAR for detecting the SARS-CoV-2 D614G mutation and
N gene

We selected the SARS-CoV-2 D614G mutation as an additional target
to demonstrate the versatile applicability of STAR. Multiplex STAR for
the simultaneous detection of D614G and the N gene in a single tube was
subsequently performed. The D614G mutation is present in all SARS-
CoV-2 variants, including alpha, beta, delta, and omicron (Cimolai,
2020). As an adenine (A) is substituted to a guanine (G) at position 23,
403 of the SARS-CoV-2 genomic RNA, a specific STAR probe was
designed to target this variant. For the multiplexing experiment, mala-
chite green aptamer (Kolpashchikov, 2005) and fluorogenic dye (mal-
achite green) were introduced, as these exhibit different
excitation/emission wavelengths than those of the Mango
aptamer/TO-1 biotin combination (Fig. 5A). First, AG wild type - AG mutant
(AAG) and the combination probability of the STAR probes for each
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Fig. 3. Combination of two STAR probe sets to improve detection sensitivity. (A) Schematic of two different loci of the SARS-CoV-2 N gene and other human
coronaviruses. The nucleotides in other viral RNA sequences that differ from those of SARS-CoV-2 are highlighted in grey. (B) Agarose gel electrophoresis image of
the STAR probe set with N gene RNA. (C) Fluorescence signals measured in the presence of the L2 probe set, L4 probe set, and both probe sets. The concentration of
the target N gene RNA was 1 nM. (D) Limit of detection using a combination of STAR probe sets for L2 and L4 (*P < 0.05, ***P < 0.001). (E) Detection specificity of
the STAR assay using two STAR probe sets (L2 and L4). The concentration of the SARS-CoV-2 N gene RNA was 1 nM and that of the other probe sets was 100 nM.

mutant target according to the mutation site were estimated through
NUPACK analysis. The AAG was the same from N3 to N10, i.e., 4.75, and
the 8th mutation site (N8) exhibited the highest combination probability
with the mutant (G) (Table S5). However, N8 had a relatively high
combination probability (1.6%) of binding to the wild-type target (A),
which could lead to an increased chance for false-positive results.
Therefore, we introduced an artificial mismatch to prevent the STAR
probe from binding to the wild-type and to lower the background noise
(Table S6). By considering AAG and the combination probabilities for
each target (wild-type and mutant targets), a mismatch was introduced
at the 4th position (N4). Next, different nucleobases (adenine (A),
thymine (T), guanine (G), and cytosine (C)) at N4 were evaluated to
identify the nucleobase conferring the greatest discrimination of mutant
(D614G) from the wild-type. The results in Fig. 5B indicate that G at N4
minimized the background noise in the presence of the wild-type target
while generating a high fluorescence signal in the presence of the
mutant target (D614G). With the optimized STAR probe for D614G
mutation detection, the mutant target was detected at a concentration as
low as 100 fM (Fig. 5C). Additionally, mixtures of mutant/wild-type
targets at different molar ratios (0, 0.1, 1, 10, 50, and 100%) were
analyzed using the proposed STAR. The molar ratio at which the mutant
target could be distinguished from the wild-type target was 0.1%, which
is comparable or superior to the performance of other methods (Kwon
et al., 2019), confirming the excellent specificity of STAR (Fig. 5D).
We also established multiplex STAR, with the Mango aptamer and
malachite green aptamer corresponding to the N gene and D614G mu-
tation in the S gene, respectively (Fig. 5E). The binding of TO1-biotin
and malachite green to Mango and malachite green aptamers, respec-
tively, produced distinct fluorescence emission spectra (green and red

color) without any interferences (Fig. 5F). Additionally, STAR probes for
the N gene produced greatly enhanced fluorescence (green color)
through the generation of Mango aptamers only when the SARS-CoV-2 N
gene was present. In turn, the STAR probes for D614G mutation
generated an enhanced fluorescence signal (red color) by forming mal-
achite green aptamers only when the mutation was present, thus
demonstrating the feasibility of multiplex analysis (Fig. 5G). Further-
more, the sensitivities for both targets were evaluated, confirming that
the N gene and D614G mutation could be simultaneously analyzed even
at 100 fM (Fig. 5H). It should be noted that the degree of fluorescence
signal change according to the target concentration differed between
TO1-biotin and malachite green, which might be due to the difference in
the intrinsic fluorescence characteristics of two fluorogenic dyes.
Finally, STAR could be applied to detect bacterial 16S rRNA directly
using thermal lysis (Fig. S9), which would allow the detection of several
pathogens to be streamlined in real-world, clinical situations.

4. Conclusions

We developed the STAR assay as a simple and rapid alternative to
traditional viral detection methods. We determined that the split T7
promoter applied to the three-way junction structure mediates
isothermal transcription with an efficiency comparable to that of the
original, intact T7 promoter. This finding enables the use of a single T7
RNA polymerase and a reaction time of only 30 min at 37 °C. By using
STAR, we sensitively detected the SARS-CoV-2 N gene; moreover, the
practical application of STAR was clinically validated in 60 patient
samples. To the best of our knowledge, this is the first report wherein a
split T7 promoter is applied to a three-way junction structure, which
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Fig. 4. Clinical validation of the STAR for SARS-CoV-2 diagnosis. (A) Schematic of SARS-CoV-2 detection via STAR. (B) SARS-CoV-2 detection in clinical
samples. Thirty positive samples and thirty negative samples were tested. The cutoffs (dashed lines) were determined from the ROC curve. (C) Correlation of the
STAR assay with clinical Ct values measured via qRT-PCR. (D) Statistically significant difference between positive and negative samples. (E) Receiver operating

characteristic (ROC) curves of the STAR.

mediates selective transcription by T7 RNA polymerase only in the
presence of target RNA. The significance of this work can be summarized
as follows (full details including advantages over published methods
(Table S7) can be found in the supplementary materials). (i) The pro-
posed strategy requires only a single enzyme (T7 RNA polymerase),
allowing for one-step, rapid detection (less than 30 min) of target RNA
biomarkers. (ii) As light-up RNA aptamers are produced through tran-
scription, the resulting fluorescence signal can be amplified without the
need for expensive fluorophore labelling. (iii) By targeting two loci of
SARS-CoV-2 simultaneously in a single reaction, the detection sensi-
tivity was improved to 102 copies/pL (167 aM), which is sufficient for
the detection of SARS-CoV-2 in a clinical setting. (iv) Excellent detection
performance (sensitivity and specificity of 96.7% and 100%, respec-
tively) was demonstrated through evaluation of 60 patient samples.
Finally, (v) broad applicability was verified through the multiplex
detection of the SARS-CoV-2 variants (D614G mutation) as well as
through the direct detection of bacterial 16S rRNA without the need for

additional nucleic acid purification. Together, our findings highlight the
potential of this novel technology for various applications in molecular
biology and precision diagnostics.
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