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We report a novel platform for label-free nucleic acid detection
using isothermal amplification and light-up aptamer probes. This
assay converts double-stranded amplicons into single-stranded
targets to enable sequence-specific hybridization with split
dapoxyl aptamer probes, offering attomolar sensitivity and single-
base specificity.

Nucleic acid detection, a technique that analyzes the presence
of genetic materials (DNA or RNA) with specific sequences,
has been utilized as an indispensable tool in a wide range of
real-life applications including food safety," environmental
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monitoring,” and medical diagnostics.® Programmable and
precise control to edit or functionalize nucleic acid strands has
continuously evolved,”” adding to the fundamental knowledge
on molecular diagnostics, which has experienced an unpre-
cedented pace of development during the SARS-CoV-2 pan-
demic.® Particularly, quantitative polymerase chain reaction
(qQPCR)’ has revolutionized the field of nucleic acid diagnostics
due to its ability to amplify, detect, and quantify specific DNA
sequences in real-time, offering high sensitivity and wide
applicability. However, qPCR is heavily reliant on thermocy-
cling to facilitate exponential amplification of nucleic acids,
and iteratively adjusting reaction temperatures is a time-con-
suming process that requires a dedicated thermocycler. As a
result, the exhaustive and laborious protocol along with the
demand for costly devices make qPCR more difficult to be
used in decentralized settings.®

To address such limitations, isothermal amplification
methods emerged as an alternative.”™" In general, isothermal
methods initiate and expedite amplification at a constant
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Fig. 1 Schematic representation of CLASSIC. CLASSIC consists of three distinct reactions: amplification, digestion, and detection. Target DNA is
exponentially amplified through recombinase polymerase amplification. Effectively, only the target DNA strand synthesized from the forward primer
(green) that has pt modifications (black hexagon) remains intact after the enzymatic digestion. As a result, a pair of SDA probes (UHP and DHP) hybri-
dizes to the single-stranded target and forms an aptameric core, leading to a dramatic enhancement in AO fluorescence.

temperature by the aid of nucleic acid-specific enzymes and/or
unique primer pairs."> While the isothermal amplification
techniques offer mild operation temperatures and relatively
faster kinetics, they face challenges associated with reduced
sequence specificity or non-specific amplification, leading to
higher error rates."® Mitigating these errors requires either
optimizing the amplification process to enhance fidelity or
developing detection methods that bolster the reduced speci-

Youngeun Kim is an assistant
professor at Seoul National
University in the Department of
Materials Science and
Engineering. She completed her
Ph.D. in Materials Science and
Engineering, then worked as a
postdoctoral scholar at the Wyss
Institute (Harvard University)
before she started at Seoul
National University in 2022. She
was selected as one of the
“Young Innovators Under 35” by
MIT Technology Review in bio-
technology and medicine. Her research interests include DNA
nanotechnology, nanoparticles, and biosensors.

Youngeun Kim

20068 | Nanoscale, 2024, 16, 20067-20072

ficity. Though attempts have been made (machine learning-
based primer design,'* CRISPR-based sequence control,'® opti-
mized dye selection,'® etc.) to enhance precision and minimize
errors, finding a delicate balance between speed and precision
in isothermal amplification techniques remains a challenge.

Herein, we demonstrate a novel nucleic acid detection plat-
form based on isothermal amplification and split aptameric
probe-based detection by including an intermediate single-
strand conversion process. Combination of Light-up Aptameric
probes for high Specificity and Sensitivity with Isothermal
amplification and single-strand Conversion (CLASSIC) involves
a three-step reaction: amplification (20 min), enzymatic diges-
tion (5 min), and split dapoxyl aptamer (SDA)-based detection
(15 min).

During amplification, a double-stranded target is amplified
through recombinase polymerase amplification (RPA).'” T7
exonuclease digestion step follows to keep only the successfully
polymerized DNA strands to be left over after the enzymatic diges-
tion. All but protected DNA double-stranded amplicons are
digested from the 5' to 3’ direction by T7 exonuclease.'® The
forward primer is modified with phosphorothioate (pt) bonds at
its 5’ end to protect against T7 exonuclease digestion,"**® and
therefore mis-amplified products are enzymatically eliminated
while the successfully polymerized and protected single-stranded
amplicons of the target are left at the end of the digestion
step.'®?! Afterwards, split aptameric probes hybridize to the
resulting single-stranded target and form an auramine O (AO)-

This journal is © The Royal Society of Chemistry 2024
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binding core structure, enhancing the fluorescence of AO only
when the single-strand target is successfully and properly pro-
duced in the preceding process (Fig. 1).

In this work, we demonstrate CLASSIC can take advantage
of each step — a rapid and easy isothermal amplification
process, a simple double-stranded amplicon to single-strands
conversion process, and a sequence-specific fluorescence
detection process.

The katG gene in Mycobacterium tuberculosis encodes cata-
lase-peroxidase, an enzyme crucial for the bacterium’s ability
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to detoxify reactive oxygen and nitrogen species, which helps it
survive within the host’s immune system.?” In this work, we
chose to detect the katG gene via CLASSIC, and inspired by
Connelly’s work,”® SDA probes targeting the katG gene from
M. tuberculosis were designed. Two hybridization oligo-
nucleotide probes, upstream hybridization probe (UHP) and
downstream hybridization probe (DHP), were produced by
splitting the DAP-10-42 aptamer into two halves. Both probes
consist of two segments: (1) a target-binding arm that selec-
tively hybridizes to a single-stranded DNA target, and (2) a
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Fig. 2 The production of single-stranded target DNA through RPA and T7 exonuclease digestion is characterized via 10% denaturing urea-PAGE. (a)
Only forward primer-derived, single-stranded targets remain after digestion, as shown in the Cy5 channel (blue). (b) All reverse primer-derived
amplicons were digested, as indicated by the Cy3 channel (red). Size marker oligos (92 mer) were stained with SYBR gold (yellow) as reference.
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Fig. 3 Graphical illustrations of the experiments to determine sensitivity of CLASSIC with: (a) synthetic double-stranded katG gene fragment, and
(b) genomic DNA (gDNA) of Mycobacterium tuberculosis H37Ra strain. (c) Sensitivity of CLASSIC for synthetic katG DNA. The bar plot shows the
mean (light orange) + standard deviation (error bar) of the normalized AO fluorescence values at specified concentrations of the synthetic katG
strand. (d) Sensitivity of CLASSIC for H37Ra strain gDNA. The bar plot shows the mean (cyan) + standard deviation (error bar) of the normalized AO
fluorescence signals at specified copy numbers of H37Ra gDNA. All data were obtained from three independent measurements (two-sided Student’s

t-test; **: p < 0.01, ***: p < 0.001, ****: p < 0.0001; n = 3).
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signal-transducing element that forms the AO-binding apta-
meric core and switches on the AO fluorescence. Worthy of
note, the target-binding arm of UHP is relatively short (9 nt) in
length to discriminate a single-base mismatch,** while DHP
has a longer target-binding arm (21 nt) designed to unzip the
secondary structure of the target. Additionally, the 5’ ends of
UHP and DHP included five consecutive pt modifications,
through which the probes become resistant to T7 exonuclease-
mediated degradation.

Initially, the double-strand to single-strand conversion of
RPA amplicons via T7 exonuclease digestion was confirmed
via 10% denaturing urea-PAGE. Forward and reverse primers
were independently labelled with different fluorophores (Cy5
and Cy3, respectively) to readily analyze amplified and digested
products. It is worth noting that only the forward primers are
protected with pt modifications at the 5' end to enable (i)
nuclease resistance for forward primer-derived amplicons and
(ii) selective removal of reverse primer-derived strands. The
expected amplicon products were observed near 92 nt in both
Cy5 and Cy3 channels, confirming successful amplification of
the target (“RPA positive, w/o T7” in Fig. 2(a) and (b)). For T7
exonuclease-treated samples, Cy5-labelled amplicon bands
remain at 92 nt (Fig. 2(a)) while Cy3-labelled bands are less
visible or disappear (Fig. 2(b)). These results validate single-
stranded target formation through comprehensive steps of
RPA amplification and T7 exonuclease digestion.

The sensitivity of CLASSIC was assessed by analyzing syn-
thetic version of katG analogue (ds_katG) (Fig. 3(a)). Varying
concentrations of ds_katG ranging from 100 zM to 1 pM were
tested. The results demonstrated that CLASSIC could success-
fully detect the synthetic target down to 10 aM (Fig. 3(c) and
Fig. S4(a)t for below 10 aM). Additionally, the sensitivity of
CLASSIC was further tested by using genomic DNA (gDNA)
extracted from M. tuberculosis H37Ra strain. gDNA samples
were subjected to CLASSIC at concentrations ranging from 1 to
10* copies per pL (Fig. 3(b)). The data suggested that CLASSIC
effectively amplified and detected gDNA down to 10 copies per
pL (Fig. 3(d)), with no detection achieved below this threshold
(Fig. S4(b)t). Overall, CLASSIC was demonstrated to rapidly
detect clinically relevant biological target with high sensitivity.

Sequence-specificity of CLASSIC was tested using double-
stranded DNA targets with three different sequence variations
at the UHP-targeted region, including: (1) a perfect match
(ds_katG as positive control), (2) a single-base mismatch (G to
C substitution, ds_G > C), and (3) a 3-base mismatch (consecu-
tive three bases (GCG) replaced with an A or a T nucleotide,
ds_WWW). All three target samples were separately processed
through the entire CLASSIC workflow, from amplification to
detection (Fig. 4(a)). Denaturing urea-PAGE analysis indicated
that all samples were amplified and digested to produce
single-stranded targets (Fig. S4(c)f). However, CLASSIC assay
results confirmed that only the perfectly matched target
(ds_katG) produced significant AO fluorescence as verified via
statistical analysis (Fig. 4(b)). The mismatched targets (ds_G >
C and ds_WWW) generated AO fluorescence signals that were
similar to that of NC. Collectively, these results proved that
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Fig. 4 (a) Schematic of the experiment to verify the specificity of
CLASSIC. Three samples (ds_katG, ds_G > C, and ds_WWW) were tested
via CLASSIC independently at an initial concentration of 10 pM. ds_G >
C has a single-base substitution (G to C) and ds_WWW has a continuous
three-nucleotide change from katG. (b) Single-base specificity of
CLASSIC. The bar plot displays the mean and standard deviation (error
bar) of normalized AO fluorescence from samples. While katG (cyan)
exhibited a significant increase in AO fluorescence, the mismatched
target samples showed signals similar to that of the negative control.
Fluorescence data were obtained from four independent measurements
(two-sided Student's t-test; ****: p < 0.0001; n = 4).

CLASSIC was able to differentiate base mismatches at the
single-nucleotide level, showcasing remarkable sequence-
specificity of the split probe system.

In conclusion, we developed a label-free DNA detection plat-
form capable of discriminating a single-nucleotide difference
by combining a split aptameric sensing step with isothermal
amplification and single-strand conversion steps. The key to
CLASSIC is to systemically mitigate the likelihood of false posi-
tive signals generated from non-specific amplicons by employ-
ing two comprehensive steps after amplification: single-strand
conversion (digestion) followed by sequence-specific detection.
CLASSIC enables sensitive detection of the target DNA as low
as 10 aM (katG gene fragment) and 10 copies per pL (gDNA
from M. tuberculosis H37Ra strain) within 45 minutes with
extremely high sequence-specificity capable of discriminating
single-nucleotide variations. This work is the first approach to
embody the detection of a double-stranded DNA target with a

This journal is © The Royal Society of Chemistry 2024
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split aptameric sensor leveraging isothermal amplification and
single-strand conversion. Moreover, our platform outperforms
the existing NASBA-based SDA sensors in terms of rapidity of
workflow, while maintaining simplicity and sensitivity.
CLASSIC also offers many advantages over qPCR such as
shorter running times, simple operation, and label-free detec-
tion. One should be able to redesign target-binding arms of
the hybridization probes and RPA primers, and readily apply
CLASSIC to analyze various types of DNA biomarkers including
antibiotic-resistant genes,”” allele-specific single-nucleotide
alterations,*® and circulating tumor DNA (ctDNA).>” Moreover,
if an additional reverse transcriptase step were to become
incorporated, CLASSIC could become utilized in viral RNA
detection.”® Future work may entail integrating universal
primers®® with additional light-up probe pairs to construct a
multiplexed CLASSIC DNA detection platform.
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