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In an era where swift and precise diagnostic capabilities are paramount, we
introduce NAPTUNE (Nucleic acids and Protein Biomarkers Testing via Ultra-
sensitive Nucleases Escalation), an innovative platform for the amplification-
free detection of nucleic acids and protein biomarkers in less than 45 minutes.
Using a tandem cascade of endonucleases, NAPTUNE employs apurinic/apyr-
imidinic endonuclease 1 (APE1) to generate DNA guides, enabling the detection
of target nucleic acids at femtomolar levels. The sensitivity is elevated to
attomolar levels through the action of Pyrococcus furiosus Argonaute (PfAgo),
which intensifies probe cleavage, thereby boosting both sensitivity and spe-
cificity within an innovative in-situ cascade circuit. This technology not only
streamlines rapid, onsite diagnostics without pre-amplification but also
demonstrates exceptional accuracy in identifying a broad spectrum of nucleic
acids and crucial cancer-related protein biomarkers directly from clinical
samples. The development of a portable device for point-of-care testing fur-
ther underscores NAPTUNE’s potential to transform diagnostic processes,
especially in resource-limited environments, marking a significant diversity
forward in medical diagnostics and patient care.

The early and reliable detection of nucleic acids and proteins bio- (qRT-PCR) have revolutionized diagnostics by enabling the detection
markers is critical in disease control, precise treatment, and surveil-  of nucleic acids, and immunological methods are widely used for
lance monitoring'*. Gold standard methods such as polymerase chain  detecting protein markers. However, these methods often involve
reaction (PCR) and quantitative real-time polymerase chain reaction operational complexity, time consumption (from 4 to 6 h), operational
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complexity, and reliance on specialized equipment, leading to a
growing demand for faster, more accurate, and user-friendly diag-
nostic tools®. These challenges underscore the urgent need to
explore other diagnostic strategies that are not only rapid but also
exhibit high specificity and sensitivity.

Point-of-care testing (POCT) is essential for environmental mon-
itoring, food safety, and disease prevention. It can be performed at the
point of need or in environments with limited resources.”°. Recent
developments in programmable nucleases with sequence-specific
catalytic properties, particularly within the clustered regularly inter-
spaced short palindromic repeats (CRISPR)/CRISPR-associated protein
(Cas) systems, have garnered attention for their potential in molecular
diagnostics. Certain Cas proteins exhibit collateral cleavage on non-
specific targets" . This unique feature has enabled the development
of CRISPR-based POCT platforms such as SHERLOCK and DETECTR,
which demonstrate high specificity and sensitivity'®?'. Despite the
promise, challenges, including the reliance on the protospacer adja-
cent motif (PAM) and increased cost and instability associated with
guide RNA may impede the widespread use of CRISPR/Cas systems in
diagnostics.

Argonaute proteins are categorized into two primary groups,
including eukaryotic Argonautes (eAgos) and prokaryotic Argonautes
(pAgos)** . The eAgos play a pivotal role in RNA interference path-
ways, engaging in various cellular processes such as transcriptional
and posttranscriptional gene silencing, host defense mechanisms, and
others®?®. The pAgos can be subdivided into short-length and full-
length Ago®. Most pAgos utilize short DNA guides (gDNA) and operate
without the need for a PAM, cleaving the complementary strand
between the 10th and 11th bases from the 5-end of the gDNA*>’,
However, mesophilic pAgos such as Clostridium perfringens Argonaute
(CpAgo), Intestinibacter bartlettii Argonaute (IbAgo), and Clostridium
butyricum Argonaute (CbAgo), have been reported to lack the ability to
digest dsDNA targets with high GC content due to their inability to
unwind dsDNA, potentially limiting their applications in nucleic acids
detection®?", In contrast, recent advancements in thermophilic pAgos,
such as Pyrococcus furiosus Argonaute (pfAgo) and Thermus thermo-
philus Argonaute (TtAgo), have positioned them prominently in
nucleic acids testing and as focal points in biosensor research. Lever-
aging their high-temperature tolerant characteristics, thermophilic
pAgos overcome the challenge of opening double-stranded DNA
(dsDNA)*>*. Nonetheless, their current application is confined to
nucleic acids detection with amplification, particularly RNA detection.
We suppose the possibility of changing the existing behavior of pAgos
to utilize successive cleavage of single-stranded DNA (ssDNA) as a
robust signal transduction mechanism, aiming to extend the applica-
tions of pAgos beyond nucleic acids diagnostics to include non-nucleic
acids targets, such as cancer-related protein biomarkers diagnostics.

In this study, we present a comprehensive solution through the
development of a new concept termed Nucleic acids and Protein
Biomarkers Testing via Ultra-sensitive Nucleases Escalation (NAP-
TUNE) for the detection of nucleic acids without pre-amplification and
protein biomarkers within 45 min using tandem endonuclease. The
engineered NAPTUNE employs the APE1 and PfAgo endonucleases in a
synergistic manner. First, the APE1 itself can establish a positive feed-
back loop for the target nucleic acids detection with high specificity
and exponential signal amplification. Meanwhile, the APEl-triggered
ceaseless cleavage products with 5-phosphate ends can then be
regarded as a gDNA guide to activate the PfAgo-mediated cis-cleavage
system on the secondary and tertiary probes, leading to the exciting
potential for converting APEL ability toward target into the “APEl-
Argonaut” in situ cascade amplified fluorescence signal mode. This
amplification-free model eliminates the need for complex amplifica-
tion steps, making the detection process faster, more cost-effective,
and suitable for POCT applications. This proposed approach capita-
lizes on the cooperative enzymatic activities of APE1 and PfAgo, paving

the way for an enhanced and efficient signal amplification process to
achieve the hypersensitive, amplification-free, rapid, highly specific,
single-tube and on-site detection of nucleic acids, especially non-
coding RNAs (ncRNAs).

We validate the NAPTUNE platform using RNA samples isolated
from both human breast adenocarcinoma and human cervical cancer
cell lines, as well as neuroblastoma (NB) patient tissue. Employing
straightforwardly synthesized probes, we further showcase the
adaptability of the platform by deploying it to detect the protein
biomarkers such as APE1 and FENI, whose expression levels are typi-
cally elevated in different cancer cells (e.g., HepG2, MCF-7, HeLa) and
various types of cancers (e.g., liver, breast, lung, colorectal, gastric),
utilizing the in-situ cascade strategy integral to the NAPTUNE frame-
work. Additionally, a portable device has been engineered to augment
the platform’s accessibility and ease of use. The NAPTUNE platform is
expected to substantially enhance the capability for onsite profiling of
nucleic acids and protein biomarkers, enabling even individuals with
minimal training to operate it effectively. This advancement is poised
to markedly improve diagnostic precision and therapeutic outcomes
in clinical settings.

Results

APE1 detects target and generates DNA guide for PfAgo

PfAgo has been thoroughly explored for its structural mechanisms and
applications in nucleic acid detection. This protein typically forms a
complex with a short (-16 nt) DNA fragment that serves as a guide
(Supplementary Fig. 1a). Although these DNA guides are not sequence-
specific, PfAgo recognition requires the presence of a 5’ phosphate
group, a process mediated by Mg?* (Fig. 1a, b). Importantly, the first
base of the guide DNA does not participate in target recognition as it is
buried within PfAgo, resulting in the guide DNA complementarity with
the target DNA starting from the second base (Fig. 1a). Moreover, since
all detection methods rely on the cis-cleavage of PfAgo on the probe or
target, the resultant signal readout is typically not strong. Further-
more, the reprogramming of the guide DNA can only be achieved
in vitro, which restricts the broader application potential of PfAgo.

Meanwhile, APE1, a key enzyme in the BER pathway, has the
unique ability to recognize apurinic/apyrimidinic (AP) sites and med-
iate Mg?* nucleophilic attacks on the phosphate site at the 5 end of
these sites (Fig. 1c, Supplementary Fig. 1b). This action results in the
generation of a DNA fragment with a 5’ phosphate group, with the first
nucleotide being baseless due to the AP site (Fig. 1c). Based on these
properties, we hypothesized that this DNA fragment generated by
APE1 could effectively serve as a guide DNA for PfAgo to target the
secondary probe (P2) (Fig. 1d). To validate our hypothesis, we first
confirmed APE1’s ability to generate an effective 5’ phosphate group
through experiments involving APE1-mediated cleavage and T4 ligase-
mediated ligation (Supplementary Fig. 1c, d).

Additionally, we introduced DNA probe 1 (P1), containing an AP
site, to assess APEI activity. This probe binds to a target RNA through
22 complementary bases. We selected microRNA 21 (miR-21), a well-
known RNA biomarker frequently associated with diseases such as
cancer and heart disease, as the target for detection®°. The results
showed clear DNA cleavage at the AP site on P1 in the presence of just
0.1 pM target RNA, demonstrating the sensitivity of the system
(Fig. 1e). We extended this assay to determine the minimal RNA con-
centration detectable by APE1, with results showing detection cap-
abilities down to 1fM (Supplementary Fig. 1e, f), indicating robust
activity and the potential for APEl to continuously generate
guide DNA.

To further confirm the functionality of the DNA fragment as a
guide, we introduced a P2 designed to complement the sequence of
the APEl-generated fragment. Figure 1f clearly demonstrates that
PfAgo exhibited strong DNA cleavage on P2 when combined with APEL,
P1, and the target RNA. In contrast, there was no cleavage on P2 in the
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absence of APEL, indicating that PfAgo’s activity was dependent on the
product of P1 cleavage by APE1 (Fig. 1f). Additionally, to underscore the
importance of the 5’ phosphate, we introduced alkaline phosphatase
(ALP) into the reaction system, which hydrolyzes the 5 phosphate,
thereby preventing the proper loading of guide DNA and subsequently
shutting down PfAgo cleavage activity on P2 (Fig. 1g). Real-time
tracking of this process using fluorophore-quencher (FQ) labeled P2
confirmed that cleavage action was evident when APE], P1, target RNA,
and PfAgo were present, whereas minimal activity was observed upon
the introduction of ALP (Fig. 1h, i).

In conclusion, this study proposes a diagnostic platform in which
APE1 not only detects minimal concentrations of nucleic acids like RNA
but also continuously generates short DNA guides for PfAgo, enhan-
cing secondary signal generation on the cleavage of P2. This integra-
tion not only opens a new method for generating DNA guides for Ago
proteins but also advances the combination of nucleic acid detection
technologies.

NAPTUNE development based on in situ cascade

Leveraging this distinctive feature, we adeptly devised an innovative
in situ cascade signal amplification system by harnessing the syner-
gistic action of tandem APE1 and PfAgo endonucleases, named NAP-
TUNE. As shown in Fig. 2a, we introduced three FQ-labeled ssDNA
probes, denoted as P1, P2, and probe 3 (P3). In the presence of the
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Fig. 1| APE1 detects target and generates DNA guide for PfAgo. a Detailed view
of the PfAgo-gDNA-tDNA structure, illustrating how PfAgo bypasses the first
base of the guide DNA. b The diagram depicts PfAgo’s interaction with guide
RNA in the presence of magnesium, requiring a phosphate group. ¢ Schematic
diagram of APE1 for cleavage of AP site. Blue strand showing target and
designed strand with AP site showing red. [Created in BioRender. Dbs, D. (2025)
https://BioRender.com/j94m460]. d Detailed hypothesized mechanism where
APEl-generated DNA fragments with a 5’ phosphate are loaded into PfAgo as
guide DNA. This panel shows APE1 cleavage, guide DNA loading, and targeting
by PfAgo in a DNA-guided manner. e Denaturing PAGE (polyacrylamide gel
electrophoresis) displaying the APE1 activity for DNA-RNA structure. This
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target RNA, the formation of DNA P1-RNA duplex structure is promptly
subjected to cleavage by APE], resulting in the release of the quencher-
labeled fragment and manifesting a distinct and discernible signal
output. Subsequently, in a remarkable feedback loop, the target can be
turned over once again to recognize P1, reigniting a ceaseless cycle of
signal amplification. This dynamic and self-sustaining process ensures
robust and continuous signal amplification (Fig. 2a). Simultaneously,
the 5’-phosphate ssDNA produced by APEI serves as an in-situ gDNA,
initiating PfAgo’s cleavage of DNA P2 and thereby enhancing signal
intensity. In addition, the regenerated gDNA from the truncated P2, in
conjunction with guide-free PfAgo, facilitates a specific subsequent
cleavage of P3, resulting in the generation of a significantly robust
signal output (Fig. 2a). In theory, this amplification could be infinite,
depending on the number of fissile DNA probes introduced into the
system. This intricately orchestrated in situ cascade circuit-generated
amplification process not only enhances the sensitivity of the NAP-
TUNE platform but also enables ultra-sensitive, amplification-free
detection, establishing it as a promising and efficient tool for precise
target identification.

The experimental outcome substantiates the hypothesis that
APEl-generated DNA fragments effectively guide, trigger, and aug-
ment the subsequent enzymatic activity of PfAgo, unveiling a syner-
gistic interplay between these enzymatic components within our
innovative NAPTUNE platform. As anticipated, the P3 probe also
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experiment was repeated three times. f Denaturing PAGE showing the PfAgo
nuclease activity for cleavage of P2 within the context of APE1 digestion reac-
tion. This experiment was repeated three times. g Schematic depiction of
dephosphorylation of 5’ terminal labeled phosphate group by ALP unable to
trigger PfAgo activity. [Created in BioRender. Dbs, D. (2025) https://BioRender.
com/j94m460]. h Denaturing PAGE showing the inactivity of PfAgo under the
introduction ALP into the APE1 digestion reaction. This experiment was repe-
ated three times. i Real-time profiles of signal response using fluorophore-
quencher labeled P2 enable monitoring of the cleavage of P2 by PfAgo-gDNA.
All the experiments were conducted in triplicate and graphs were represented
by mean (bold line) + standard deviation (SD).
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Fig. 2 | NAPTUNE development based on in situ cascade. a Schematic for the
working mechanism of NAPTUNE for recognition of nucleic acids. Briefly, probe 1
binds to RNA target and APE1 cuts the AP site of DNA-RNA structure, leading to
target cycling for amplified signal output. Meanwhile, the APE1-cleaved product can
be regarded as a gDNA for PfAgo system, resulting in two consecutive cutting with
the additional P2 and P3, which leads to resulting in gradual signal enhancement by
in situ cascade circuit. [Created in BioRender. Dbs, D. (2025) https://BioRender.
com/j94m460]. b Denaturing PAGE showing the PfAgo nuclease activity for clea-
vage of P1, P2, and P3 within the context of APE1 digestion reaction. This experi-
ment was repeated three times. ¢ Real-time monitoring of signal changes due to
cleavage on FAM-BHQI-labeled probes. The reaction begins with APE1-P1, followed
by the addition of PfAgo-P2 at 45 min and P3 at 70 min, respectively. d Real-time

analysis of pre-mixed APE1-PfAgo cascade signal amplification, the reaction of the
control group is conducted only with probes and without target RNA, APEL in the
reaction are overlaid for comparison, all the probes are labeled with FAM-BHQ1
fluorophore. e Quantification and comparison of the sensitivity of APE1-P1, APE1-
P1-PfAgo-P2 (NAPTUNE without P3), and APE1-P1-PfAgo-P2-P3 (NAPTUNE)
demonstrate that NAPTUNE offers a 1000-fold improvement in detection sensi-
tivity compared to using APE1 alone. NC, negative control assay with buffer to
substitute miR-21 target. Each group consists of 12 parallel assays in a microplate
reader (Tecan Spark GmbH, Austria). Statistical analysis was conducted using a
two-tailed t-test. Statistical significance was determined as follows: ns (not sig-
nificant) for p > 0.05, * for p <0.05, ** for p <0.01, *** for p<0.001, and *** for
p<0.0001.

exhibited susceptibility to cleavage by the PfAgo protein within the
APEl-mediated cyclic signal amplification reaction (Fig. 2b). To inves-
tigate whether this synergistic interplay is conserved across different
pAgo families, we selected a mesophilic pAgo, CbAgo, which is dis-
tantly related to PfAgo (Supplementary Fig. 2a). Structural alignment
revealed a Ca-RMSD (alpha carbon-root-mean-square deviation) of 5.7
(Supplementary Fig. 2b). Notably, our studies showed that the CbAgo
protein exhibited behavior analogous to that of PfAgo (Supplementary
Fig. 2¢, d), highlighting the universality and versatility of this amplifi-
cation strategy. Overall, this versatility opens the door to potential
applications of various pAgos in diagnostic settings, further expanding
the scope and adaptability of our NAPTUNE platform.

Next, we performed step-by-step fluorescence tracking within the
APEI1-PfAgo cascade by supplementing FQ-labeled probes (Fig. 2¢). Our
investigations unveiled that APEI initiated an initial burst of fluores-
cence upon the introduction of P1, followed by the APE1-P1 reaction
induced rapid surge in fluorescence, which was attributed to the dis-
tinct cleavage behavior of P2 by PfAgo. Notably, the introduction of P3
further augmented the fluorescence signal, highlighting the cumula-
tive effect of the APE1-PfAgo cascade in enhancing the signal (Fig. 2c).
Subsequently, we combined P1, P2, P3, APE], and PfAgo in a single pot
reaction and conducted a detailed assessment of the cascade behavior

(Fig. 2d). Remarkably, the setup containing all components achieved
the highest signal, while the group lacking P3 showed higher intensity
than the group with only P1, demonstrating a similar activation pattern
driven solely by APET’s cleavage action. Importantly, in the absence of
the miR-21 target or APEl, no discernible effects were observed
(Fig. 2d). Furthermore, we aimed to test the limit of detection (LOD)
using NAPTUNE. Notably, NAPTUNE with P2 and P3 can detect RNA at
concentrations as low as 1 aM, significantly improving on the 1 fM
detection limit of APE1-P1 alone, representing a 1000-fold enhance-
ment (Fig. 2e).

Collectively, these findings strongly endorse the feasibility and
effectiveness of our proposed NAPTUNE platform, emphasizing its
robust signal amplification capabilities and its potential for sensitive
and reliable target detection.

Engineering optimization of NAPUNE assay

In pursuit of enhancing the simplicity, convenience, and avoiding
contamination of the NAPTUNE platform, our focus shifted towards
streamlining the procedure through the implementation of a one-pot
reaction involving APE1 and PfAgo cascade reaction. Although there is
little difference in fluorescence signal intensity, the one-pot efficiency
of APEl-activated fluorescence takes a longer time to reach the plateau
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than the two-step assay (Fig. 3a, b). This discrepancy may arise from
the inherent complexity of the molecular interactions within the sys-
tem. When P1 engages with the target, its efficacy may encounter
interference from P2 and P3 due to the simultaneous presence of all
assay reagents within the reaction tube. Alternatively, by designing a
routine 0.2 mL affiliated with a mini tube in which the PfAgo reaction
system is placed to separate PfAgo and APEI reaction system, this one-

tube design not only eliminates the need for a lid-opening operation
but also minimizes the risk of potential cross-contamination and
mutual interference between the reaction systems (Supplementary
Fig. 3a). As shown in Fig. 3c, it became evident that the specific design
outperformed the conventional arrangement of the PfAgo reaction
system on the tube wall or in the tube cap. Notably, the APE1 buffer
demonstrated commendable compatibility with the PfAgo cleavage
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Fig. 3 | Engineering optimization of NAPUNE assay. a Real-time analysis of APE1-
PfAgo cascade in two-step assay. [Created in BioRender. Dbs, D. (2025) https://
BioRender.com/p72c816]. b Real-time analysis of APE1-PfAgo cascade in one-pot
assay. [Created in BioRender. Dbs, D. (2025) https://BioRender.com/p72c816].

¢ Study of the APE1-PfAgo one-tube reaction method involved inner tube, tube cap,
and tube wall placement of PfAgo reaction mixture droplet to achieve the best
performance. 1 pM of target were used in this study. All the experiments were
conducted in three technical replicates and error bars represent mean value + SD
(n=3). [Created in BioRender. Dbs, D. (2025) https://BioRender.com/p72c816].

d Schematic diagram of the designed AP sites from position 1 to 22 covering the
miR-21 sequence of P1. 1 pM of target were used in this study. e Cleavage efficiency
of APEI activity for different AP site positions. The structure model (PDB code:

1DES8) highlights the substrate DNA fragment length besides the AP site. Error bars
represent the mean + SD, where n =3 technical replicates. f Denaturing PAGE dis-
playing the APEI activity for different AP site positions. g Denaturing PAGE eva-
luation of the best activity of APE1 in different temperatures. h Denaturing PAGE
study of the best temperature for PfAgo-mediated cleavage. i Fluorescence profil-
ing of APE1 cleavage reaction as a function of time in the presence of different miR-
21 concentrations (NC, negative control assay with buffer to substitute miR-21
target, 0.1pM, 1.0 pM, and 10.0 pM). j Real-time fluorescence changes of PfAgo
cleavage reaction as a function of time in the presence of different miR-21 con-
centrations (NC, negative control assay with buffer to substitute miR-21 target,
0.1pM, 1.0 pM, and 10.0 pM). All Denaturing PAGE experiments were repeated
three times.

reaction (Supplementary Fig. 3b-f), contributing to the design’s
superior performance in comparison.

Extensive research has highlighted the intricate relationship
between APEI activity and the neighboring bases surrounding the AP
site. In our quest to refine the NAPTUNE platform, we focused our
efforts on pinpointing the optimal position for the AP site on P1. We
strategically devised 22 extended variants of P1, each spanning 40
bases, meticulously ensuring that the “X” position could encompass
every base of the miR-21 target (Fig. 3d). Notably, our observations
unveiled a noteworthy trend: the proficiency of APE1 in recognizing the
AP site within the middle region of enzyme cleavage significantly
surpassed its efficacy in regions proximal to the 5-end or 3’-end of the
DNA-RNA structure (Fig. 3e). This intriguing phenomenon can be
attributed to the inadequacy of shorter DNA fragments to provide the
requisite stability and structure necessary to support APE1 activity
(Structural model shown inside of Fig. 3e). Moreover, our findings
elucidated that the optimal position for the AP site within the designed
P1 was position 11 (P1@11) (Fig. 3e). This discernment offers invaluable
insights for guiding the design of biosensors, highlighting the critical
importance of strategic positioning within the probe structure.

Although the previous study showed that the APEI cleavage of
dsDNA was set at 37 °C, we observed that the best activity of APE1 for
incision of AP site of the annealed DNA-RNA structure formed by
P1@11 and miR-21 was 42 °C (Fig. 3g). Meanwhile, we further evaluated
the length of gDNA (Supplementary Fig. 3g) and PfAgo-mediated
cleavage of substrate at different temperature from 50 °C to 90 °C,
showing high cleavage efficiency at 90 °C (Fig. 3h). Next, we focused
on testing the other optimal conditions for the NAPTUNE platform, as
illustrated in Supplementary Fig. 3h, i. We discerned that the reaction
sustaining a pH of 8.0 with 250 nM PfAgo, 100 mU/mL APE1, 100 nM P1,
and 200 nM for both P2 and P3, yielded the best performance of
NAPTUNE. After this comprehensive optimization, we meticulously
evaluated the turnaround time of the NAPTUNE platform. The real-
time fluorescence results unequivocally indicated that the signal from
APEI1 cleavage reached saturation within a mere 20 min (Fig. 3i). Con-
currently, the optimal reaction time for the PfAgo system was meti-
culously determined to be 25 min (Fig. 3j). This efficient orchestration
of reaction times underscored the effectiveness of the streamlined
one-tube NAPTUNE platform, significantly simplifying the assay
workflow. As a result, the turnaround time was notably condensed to a
mere 45 min.

NAPTUNE demonstrates multiplexing efficiency and detection
fidelity

Given that numerous ncRNAs, including short microRNAs (miRNAs),
long ncRNAs (IncRNAs), and circular RNAs (circRNAs), often exhibit
elevated expression levels in various cancers*’ *, their potential suit-
ability for monitoring cancer progression and recurrence is compel-
ling. Significantly, our developed assay presents a promising avenue
for showcasing this potential. Designing P1 to target different ncRNAs
is exceptionally convenient and straightforward (Fig. 4a). This exem-
plifies the remarkable programmability inherent in our NAPTUNE

platform, emphasizing its versatility and adaptability for diverse
applications in the realm of cancer research and diagnostics. We
selected circRNAI141 (circRNA hsa_circ_ 0001141), HOTAIR (IncRNA
HOX antisense intergenic RNA), and miR-21as models to demonstrate
their feasibility, and their targeted sequences were shown in Fig. 4b.
Notably, NAPTUNE platform displayed good performance for the three
types of ncRNAs. The sensitivity was determined to be as low as 1 aM
for miR-21, HOTAIR, and circRNA1141 (Fig. 4c, Supplementary Fig. 4a).
The sensitivity was slightly higher or comparable to that of the stan-
dard qRT-PCR (0.1aM of miR-21, 1aM of HOTAIR and 500 aM of cir-
cRNAL1141) assays (Fig. 4d, Supplementary Fig. 4b-d). Our assays were
also shown to afford highly specific detection with minimal cross-
reactivity from the ncRNAs targets (Fig. 4e). To further evaluate the
fidelity of our assay for detecting RNA, we investigated the effect of
mismatches with single-point, two bases, and three bases mutations
from position 7 to 17 of miR-21 target (Supplementary Fig. 5a). We
found that one base mismatches near the AP site (positions 11, 12, 13,
and 14) slightly affected APEl cleavage activity, whereas mutations
further away from the AP site had a more pronounced impact on APE1
cleavage efficiency (Supplementary Fig. 5b, upper panel). For double
and triple base-pair mismatches, only mutations involving AP site (M11-
12 and M10-12) showed a slight decrease in APE1 activity (Supple-
mentary Fig. 5b, lower panel). Together, those results revealed that
mutations closer to the AP site have a lower effect on the activity of
APE1 as compared to mutations away from the AP site.

Based on these findings, the NAPTUNE assay demonstrates robust
capabilities in detecting a diverse array of RNAs, exhibiting perfor-
mance that is either superior to or on par with that of qRT-PCR. Moving
forward, we aimed to assess the NAPTUNE'’s capacity for simultaneous
detection of multiple target RNAs within a one-tube setup. To this end,
we combined APEl and PfAgo enzymes with two distinct sets of
probes, each targeting different RNA sequences: HOTAIR and miR-21,
respectively (Fig. 4f). Each probe set was uniquely labeled with a spe-
cific FQ pair to facilitate differential detection. Probes targeting
HOTAIR were tagged with FAM, which emits at 518 nm, while those
targeting miR-21 were labeled with HEX, which has an emission peak at
553 nm. This labeling strategy leverages the distinct excitation and
emission spectra of FAM and HEX, enabling the use of a fluorescence
scanner to separately identify and quantify the signals corresponding
to each RNA target (Fig. 4f). The fluorescence detection thus reflects
the specific cleavage of each probe, indicating the presence or absence
of the respective RNA molecules.

Our experimental results demonstrated the simultaneous detec-
tion capability of the NAPTUNE assay. When the tested sample con-
tained only HOTAIR, the fluorescence emission was predominantly
green, whereas samples containing only miR-21 emitted red fluores-
cence. In samples where both target RNAs were present, the resultant
emission was a distinct yellow, indicating the simultaneous detection
of both targets (Fig. 4g). Quantitative analysis of these results revealed
that the NAPTUNE assay is exceptionally sensitive and precise in
detecting multiplexed RNA targets within a single assay format
(Fig. 4h). This level of multiplexing efficiency and detection fidelity
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Fig. 4 | NAPTUNE demonstrates multiplexing efficiency and detection fidelity.
a Schematic representation of NAPTUNE for detection of circRNAs, IncRNAs, and
miRNAs. [Created in BioRender. Dbs, D. (2025) https://BioRender.com/p72c816].
b Detailed P1 designed for the three types of ncRNAs detection, circRNA1141,
HOTAIR, and miR-21. [Created in BioRender. Dbs, D. (2025) https://BioRender.com/
p72c816]. ¢ Quantifications of NAPTUNE for the detection of different concentra-
tions of circRNA1141, HOTAIR, and miR-21. Dotted lines are plotted to show the
background fluorescence level. All the experiments were conducted in three
technical replicates and error bars represent mean value + SD (n=3). d Comparing
the limit of detections (LODs) for the NAPTUNE and qRT-PCR analyses of the three
types of ncRNAs targets (1 pM each). e Evaluation of specificity across three types of
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ncRNAs targets (1 pM each) by NAPTUNE. The color intensity represents the aver-
age signal level of three technical replicates for each target. NC, negative control
assay with buffer to substitute RNA target. f The diagram illustrates the detection of
multiple targets in a single-pot assay. This method employs various types of
fluorophore-quencher labeled probes to monitor different target RNAs. [Created in
BioRender. Dbs, D. (2025) https://BioRender.com/j94m460]. g Representative
results of simultaneous HOTAIR and miR-21 detection using NAPTUNE. In this
assay, the HEX signal (red) indicates miR-21, while FAM (green) reflects HOTAIR.
CircRNAI1141 was used as the non-target RNA. h Quantification of multiple target (1
Pm each) detection results from 12 parallel assays in a microplate reader. Cir-
cRNA1141 was used as the non-target RNA.

underscores the potential of the NAPTUNE assay for complex biolo-
gical analyses and diagnostic applications.

NAPTUNE displays robust activity in handling clinical samples
and cancer cells

The versatility and applicability of the NAPTUNE platform were
explored through the detection of miR-21 in a range of human tumor

cell lines, including human breast adenocarcinoma cells (MCF-7) and
the human cervical cancer cells (Hela), and using the human normal
hepatocytes LO2 as the control group. To ensure the robustness and
accuracy of our platform, we employed qRT-PCR as the gold standard
for validation (Fig. 5a, b), the NAPTUNE platform presents a shorter
assay time and easier-to-interpret signals. The comprehensive assess-
ment of miR-21 expression levels across MCF-7 and Hela showcased
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Fig. 5 | NAPTUNE displays robust activity in handling clinical samples and
cancer cells. a Schematic representation of NAPTUNE distinguishes RNA bio-
markers from different tissues and cell lines. [Created in BioRender. Dbs, D. (2025)
https://BioRender.com/j94m460]. b Comparison of representative results from
real-time signal profiles using NAPTUNE and qRT-PCR. ¢ Quantification of the
detection results of NAPTUNE and qRT-PCR for the relative expression of miR-21in
Hela and MCF-7 cells (two-tailed t-test, ** for p < 0.01, ** for p <0.001, and **** for
p <0.0001; all plots show mean + SD for n =3 technical replicates). d The diagram
illustrates the clinical sampling of NB cancer and the subsequent RNA extraction
process. [Created in BioRender. Dbs, D. (2025) https://BioRender.com/j94m460].
Detection results (e) and summarization (f) of NAPTUNE from clinical samples of
neuroblastoma cancer patients. The results were categorized into two groups
based on qRT-PCR findings: one negative and the other positive. The outcomes
from both detection methods were consistent across all samples, except for sample
24, as indicated by the black arrow. Cut-off value (1.33) is marked as dashed black

Clinical samples from neuroblastoma (NB) group

line. All the clinical samples of (e) were conducted in three technical replicates and
error bars represent mean value + SD (n=3). g ROC curves generated from the
diagnostic results of a total of 40 clinical samples. h Evaluation of NAPTUNE sen-
sitivity and specificity compared to standard qRT-PCR using a confusion matrix.
The sensitivity was 95.0%, its specificity was 100.0%, and the accuracy was 97.5%.
i Signal readings for each group from qRT-PCR and NAPTUNE reveal marked dis-
crepancies and a wider range of results between the negative and positive groups of
NAPTUNE. For qRT-PCR, negative groups show a cycle threshold (C¢) of ~37, while
positive samples display a Ct around 25, resulting in a relative difference of ~0.48
((Ct positive — Ct negative)/Ct negative). In contrast, NAPTUNE positive results
average around 8000 arbitrary units (a.u.) and negative around 400 a.u., with a
difference value of 19 times ((Fluorescence Positive — Fluorescence Negative)/
Fluorescence Negative). Each dot represents a reported test result (N =20 samples).
Statistical significance was determined as follows: **** for p < 0.0001, two-tailed
t-test.

varying degrees of elevation compared to LO2, consistently mirroring
the findings of the qRT-PCR analysis (Fig. 5c and Supplementary
Fig. 6a). This validation process underscores the reliability and preci-
sion of the NAPTUNE platform in accurately detecting miR-21 expres-
sion levels across diverse cancer cell types.

We further explored the potential utility of the NAPTUNE assay for
miRNAs in clinical specimens. Notably, previous studies have high-
lighted the overexpression of miR-21 in NB cancer patients, attributing
to the invasion, migration, and metastasis of NB cancer®***, In our
analysis, we measured the expression levels of miR-21 in tissue samples
collected from children diagnosed with NB using the NAPTUNE
(Fig. 5d). As detailed in Fig. 5f, a total of 40 children’s samples (detailed
information shown in Supplementary Data 1) were meticulously
examined using the qRT-PCR method (Ct threshold: 35), confirming 20
positive samples and 20 negative samples (Ct threshold: 35). Sub-
sequent testing with our NAPTUNE assay ((cut-off = mean fluorescence
value of 10 negative samples+5xSD), Supplementary Fig. 6b, c)
exhibited a remarkable agreement, with 95.0% sensitivity, 100.0%
specificity, and 97.5% accuracy negative when compared to the qRT-
PCR method (Fig. 5Se-g). Additionally, the receiver operating

characteristic analysis of NAPTUNE displayed an area-under-the-curve
value of 0.985 (Fig. 5h), further underscoring its potential for the
detection of miR-21 in clinical samples. This analysis reveals that
NAPTUNE exhibits performance comparable to qRT-PCR when ana-
lyzing clinical samples. Crucially, NAPTUNE demonstrates a greater
distinction between negative and positive samples. While qRT-PCR
differentiates positive from negative results based on cycle threshold
(Ct) values—with negative samples typically showing a Ct of around 37
and positive samples around 25, resulting in a difference value change
of ~0.48 times ((Ct positive — Ct negative)/Ct negative) (Fig. 5i). NAP-
TUNE utilizes a fluorescence reader that shows more pronounced
differences. Specifically, fluorescence readings for negative results
average around 400 arbitrary units (a.u.), while positive results aver-
age ~8000 a.u., yielding a difference value change of 19 times (Fluo.
Positive-Fluo. Negative)/Fluo. negative). This significant discrepancy
markedly improves the ease of distinguishing between negative and
positive results compared to qRT-PCR (Fig. 5i). Moreover, the broad
range of fluorescence values observed in the positive samples suggests
that NAPTUNE can effectively quantify the concentration of target
molecules, further supporting its utility in clinical settings (Fig. 5i).
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black line represents the median expression level. Statistical significance was
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biomarkers using NAPTUNE. [Created in BioRender. Dbs, D. (2025) https://
BioRender.com/j94m460]. Native-PAGE showing the feasibility of NAPTUNE in the
presence of FEN1 (d) and APE1 (e), respectively. S2, S3, and S4 are labeled with Cy3
(Blue), Cy5 (Red), and FAM (Green). P1 of the dsDNA, P2, and P3 are labeled with
FAM (Red), Cy3 (Blue), and Cy5 (Green) Red + Blue = Pink; Blue + Green = Cyan. All
Denaturing PAGE experiments were repeated three times. Calibration curves for
quantitative analysis of FEN1 protein biomarker using NAPTUNE (f) and ELISA
method (g), respectively. h Specificity evaluation of NAPTUNE for recognition of
FENL, from BSA, Exoll, Exol, APEL i Signal intensities of NAPTUNE profiling of FEN1
for negative and spiked groups. The black line represents the median expression
level, where each dot represents a reported test result (V=22 samples). Statistical
significance was determined as follows: * for p <0.05, ** for p < 0.01, ** for
p<0.001, and *** for p < 0.0001, two-tailed t-test.

In summary, these comprehensive findings underscore the clin-
ical viability of the NAPTUNE platform for the diagnosis of ncRNAs,
such as miR-21. Notably, this platform offers several advantages,
including ease of operation, no need for expensive equipment, and a
rapid turnaround time (45 min vs 160 min of qRT-PCR, Fig. 5b), posi-
tioning it as a promising tool for streamlined and efficient clinical
diagnostics.

Harnessing NAPTUNE for protein biomarkers testing

Cancer diagnosis and prognosis are often associated with the abnor-
mal expression of certain proteins that are produced either directly by
the cancer cells or in response to their presence*®*. Such protein
biomarkers are generally present in blood and occasionally in urine. In
this study, the NAPTUNE assay demonstrated robust capability for
nucleic acids detection. Additionally, the core enzyme APE1 has been
identified as a protein biomarker in numerous cancers. Consequently,
we selected APEI and its functional analog, flap endonuclease 1 (FEN1),
as potential biomarkers to explore whether the NAPTUNE assay could
effectively identify the presence of these enzymes.

APE1 and FEN1 were found in breast cancer, gastric cancer, and
lung cancer, suggesting the essential role of them in
tumorigenesis*®!, Protein expression analyses revealed that APE1
and FENI levels are significantly elevated in a broad spectrum of
cancerous and tumorigenic cell types, with the highest expression
observed in chronic lymphocytic leukemia (Fig. 6a). This indicates
that APE1 and FEN1 may serve as effective biomarkers for lymphoid
malignancies. To further substantiate this, we compared mRNA
transcription levels of APE1 and FENI1 in cells/tissues from normal
lymph nodes and those in lymphoma cell lines. Notably, the tran-
scription levels of APE1 and FEN1 mRNA were elevated approximately
threefold in the lymphoma cell lines, underscoring their potential as
biomarkers in cancer diagnostics (Fig. 6b). Given the challenges
associated with direct sampling of cancerous tissues, we chose to
assess these biomarkers in blood samples. We checked the mass
spectrometry database to quantify the protein levels of FEN1 and
APE1 in human plasma, revealing concentrations of 0.075 ng/ml and
0.23 ng/ml, respectively (Supplementary Fig. 7a, b). These findings
enabled the use of blood samples for further testing using the
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Fig. 7 | Smartphone-based device for nucleic acids and protein biomarkers
detection. a In-field diagnosis of nucleic acids and protein biomarkers using
NAPTUNE. [Created in BioRender. Dbs, D. (2025) https://BioRender.com/j94m460].
b Signal intensities of NAPTUNE profiling of miR-21 for negative control and neu-
roblastoma (NB) cancer group based on portable device and smartphone. Statis-
tical analysis was conducted using a two-tailed ¢-test, *** for p < 0.001. all plots show
mean = SD for n =4 replicates). ¢ Correlation between the parallel measurements
by portable device and qRT-PCR for FEN1 detection. Each data point represents the

meaning of three replicates obtained through each method. The linear Deming
fitting was applied to the data points to produce the linear correlation curves at the
95% confidence level. The pink area represents the 95% confidence band. d Main
laboratory equipment required for NAPTUNE (the white arrow indicates portable
device. mini centrifuge, tips, and pipette). e Potential protein biomarkers detection
using NAPTUNE. [Created in BioRender. Dbs, D. (2025) https://BioRender.com/
j94m460]. f NAPTUNE showing the potential in future applications.

NAPTUNE platform. By extracting plasma from patient samples, we
can apply the NAPTUNE assay to determine whether the levels of
APE1 and FENI are sufficiently high to trigger the assay’s nuclease
cascade, providing an approach for the molecular diagnosis of lym-
phoid cancers (Fig. 6¢).

As shown in Fig. 6¢, an overlap flap structure was rationally
designed (Supplementary Fig. 7c) that allows FEN-1 to cleave the 5'-flap
containing the fluorophore, exposing a 5’phosphate group and yield-
ing a detectable fluorescence signal. The FEN-1-cleaved products from
the S1 probe can be regarded as gDNA, activating the PfAgo-mediated
cleavage of the S2 probe. The renewed gDNA then cuts the additional
S3 probe. Following this diagram, more abundant FEN1 leads to higher
fluorescence, manifesting an activatable biosensor for FEN1 detection.
We utilized non-denaturing PAGE (Fig. 6d) and denaturing PAGE

(Supplementary Fig. 7d) to validate this proposed sensing scheme. As
shown in Fig. 6d, lane 1 exhibited the DNA duplex with overlap flap
structure with S2 containing the Cy3 fluorophore and S3 with the Cy5
fluorophore. Upon the introduction of FENI, lane 2 displayed a
diminished blue band, indicating FEN1-mediated cleavage of S1. As
anticipated, the FENI1-induced product triggered the pfAgo cleavage of
the S2 probe, resulting in a short red band in lane 4, whereas it
remained intact in lane 3. Furthermore, lane 6 demonstrated the
complete digestion of the S3 probe. These findings strongly suggest
the feasibility of an in-situ cascade behavior between protein bio-
markers, such as FEN1 and pfAgo. Additionally, we designed a double-
stranded DNA probe (22 bp) with an AP site for APE1 activity testing, as
detailed in Supplementary Fig. 7e. Figure 6e clearly underscored the
potential for detecting APE1 activity.
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We further delved into evaluating the performance of NAPTUNE
for sensing FENL. In contrast to the conventional enzyme-linked
immunosorbent assay (ELISA) method, which entails intricate steps
and is time-consuming (Supplementary Fig. 7f), our observations
revealed that NAPTUNE exhibited strong analytical prowess, boasting
a LOD as low as 1.25 ng/ml (equal to ~-0.5 mU/mL) (Fig. 6f), showing
similar performance with ELISA method (Fig. 6g). Moreover, we
examined the selectivity of the biosensor by testing it against several
other crucial protein enzymes or proteins, namely bovine serum pro-
tein (BSA), Exonuclease I (EXO I), Exonuclease II (EXO II), and APEL. As
shown in Fig. 6h, these four interference agents exhibited minimal
fluorescence intensity, underscoring the remarkable specificity of our
biosensor for detecting FEN1. We next assessed its applicability and
specificity for detecting the FENI target in biological samples. Due to
the lack of clinical samples for this test, we evaluated the potential
matrix effects of the method using serum-mimicking samples spiked
with FENL. Significant differences were found between the spiked
group and negative control (p <0.001, n=22) (Fig. 6i). In summary,
NAPTUNE offers a simple, reliable, rapid (45 min), and cost-effective
approach for detecting protein biomarkers, enabling effective diag-
nosis in the early stages of related cancers.

Portable device enables on-site NAPTUNE testing
Smartphone-based POCT is quickly emerging as a promising alter-
native to traditional laboratory-based diagnostic testing due to eco-
nomic factors and the accessibility of medical equipment, particularly
in resource-limited settings®>*>. Based on the robust performance for
testing of nucleic acids and protein biomarkers, our next objective was
to transform our proposed NAPTUNE into a point-of-care (POC)
detection assay by designing a portable, affordable, and easy-to-use
alternative to the need for specialist lab equipment (Fig. 7a). To this
end, we skillfully designed a small and lightweight device
(40 x 30 x 55mm, 50 g) by employing a mobile phone to display test
results (Supplementary Fig. 8a, b). We then assessed the device in
comparison to the qRT-PCR thermocycler. This simple heating method
was found to preserve ~-91% of the amplification efficiency obtained
with the sophisticated PCR thermocycler (Supplementary Fig. 8c),
indicating that the portable device is an ideal choice and suit for POC
platform. We further validated the device by recognizing nucleic acids
and protein biomarkers in clinical samples. Figure 7b illustrates the
ability of the smartphone-based POC device to detect varying levels of
miR-21 in clinical samples, aligning consistently with the qRT-PCR
method. In a parallel endeavor, Fig. 7c demonstrates the POC device’s
proficiency in detecting differential levels of FENI in sparked samples,
showcasing a robust linear correlation with the qRT-PCR method.
Collectively, the smartphone-based POC testing makes NAPTUNE a
versatile tool for the development of new, cost-effective POC diag-
nostic tests, highlighting the commercial potential of the NAPTUNE for
nucleic acids and protein biomarkers with the advantages of simple
operation, no need for expensive equipment, and timesaving. More
practically, Fig. 7d outlines the main equipment required for NAP-
TUNE, which includes a white tube for nucleic acids detection, a pink
tube for protein biomarkers detection, a portable device, and a
handheld centrifuge.

Discussion

Biomarker detection methods, including qRT-PCR and immunological
methods, still encounter the problem of achieving rapid, specific, and
sensitive detection. We provide a comprehensive solution through the
development of NAPTUNE. This innovation marks a significant
advancement in the field of molecular diagnostics, offering a rapid,
sensitive, and versatile platform for the detection of nucleic acids and
protein biomarkers. Our approach harnesses the collaborative enzy-
matic activities of the APE1 and PfAgo endonucleases, enabling
amplification-free detection within a remarkably short timeframe. By

strategically designing probe structures and optimizing reaction con-
ditions, we achieve ultra-sensitive detection of nucleic acids at the aM
level in a one-tube reaction within 45 min, showing some significant
advantages over other methods in terms of detection time, con-
venience, and on-site detection. In addition, NAPTUNE was easily
extended to detect protein biomarkers, showing advantageous port-
ability, easy-to-implement operation, and short assay time, avoiding
the possibility of open-lid contamination. We employed NAPTUNE
platform for highly sensitive and selective detection of FENI at levels as
low as 1.25 ng/ml.

In this research, we have introduced an enzyme cascade for the
detection of nucleic acids and protein biomarkers, where the product
of one enzyme serves as the substrate for the next enzyme, thereby
initiating a continuous reaction chain. By integrating the cascade sig-
nal amplification method, our approach offers several notable advan-
tages: (1) Enhanced sensitivity: NAPTUNE platform can amplify the
initial signal multiple times without the need for complex laboratory
equipment or specialized operating skills, greatly improving the sen-
sitivity of detection; (2) Reduced background noise: by exclusively
utilizing specific substrates for each subsequent reaction, our method
effectively minimizes background noise, thereby leading to improved
signal-to-noise ratios; (3) Efficient utilization of in situ gDNA products:
an in situ generation of gDNA products serves as an efficient activator
for the Ago system, further augmenting the detection sensitivity. (4)
Another advantageous feature of our assay lies in the distinct activity
temperatures of APE1 and FENI with PfAgo utilized in a one-tube
reaction. Before PfAgo is activated, APE1 or FENI has been inactivated
by high temperature, effectively avoiding mutual interference between
the two enzymes, ensuring their independent and precise function-
ality. Such compatibility enhances the robustness of the assay and
expands its potential applications under various environmental con-
ditions. Importantly, the platform’s compatibility with clinical samples
underscores its potential for real-world applications in cancer diag-
nosis and monitoring.

An early and accurate diagnosis of a diverse array of nucleic acids
and protein biomarkers is essential in modern diagnostics because of
its high sensitivity, specificity, and ability to provide rapid results. For
nucleic acid detection, qRT-PCR is considered the gold standard for
viral nucleic acid detection. It offers high sensitivity and specificity, but
requires complex equipment and heat cycling, which makes it time-
consuming, prone to contamination, and requires skilled operation.
Other methods like microarrays and sequencing have powerful cap-
abilities for highly multiplexed RNA profiling, providing both high
throughput and flexibility. However, these methods are limited by
turnaround time, labor intensity, and the requirement for sophisti-
cated devices. Isothermal amplification shows great potential in
resource-limited settings due to its applicability and speed features, as
well as the fact that it does not require heat cycling and simplifies
equipment requirements. CRISPR-Cas technology, known for its high
specificity and adaptability, makes it a promising candidate for nucleic
acid detection. However, it faces challenges, including cost and
instability associated with guide RNA, constraints imposed by the PAM
on detection sequences, and complications in multiplex target
detection. In this work, NAPTUNE is versatile and can detect a variety
of nucleic acid molecules by simply designing a DNA sequence within
AP site (Fig. 4a, b). Additionally, we have provided a more detailed
comparison with existing diagnostic technologies, evaluating key
aspects such as sensitivity, specificity, time-to-result, and other critical
performance metrics (Supplementary Table 1). This comparison
highlights how our approach aligns with or surpasses current stan-
dards, offering a comprehensive perspective on its advantages and
potential limitations.

The identification of protein biomarkers is of paramount impor-
tance in biomedical research, clinical diagnostics, and personalized
medicine. Currently, high-sensitivity methods like ELISA and mass
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spectrometry provide accurate quantification and identification but
may require expensive equipment and complex protocols. Techniques
like western blot offer specificity and spatial localization but are time-
consuming and semi-quantitative. Flow cytometry excels in multi-
parametric, high-throughput analysis but is costly. Immuno-
fluorescence enables real-time detection but can be technically
demanding. Like nucleic acid detection, NAPTUNE offers several sig-
nificant advantages over other diagnostic methods. These advantages
include shorter testing time, ease of use, low cost, and other merits,
making it a highly competitive option in the field of diagnostics
(Supplementary Table 2). BER has undergone evolutionary refinement
to maintain the integrity of DNA in response to cellular oxidative stress
and external insults. This pathway constitutes a meticulously orche-
strated, sequential process involving at least 30 proteins, with single-
strand breaks serving as intermediates during the repair cascade.
Dysregulation of BER levels in human cells is implicated in a spectrum
of diseases, including cancers, cardiovascular disorders, neurological
ailments, and certain inflammation-related conditions®****’. Through
meticulous scrutiny of over 30 functional attributes associated with
BER-related enzymes, we postulate that the NAPTUNE platform has the
potential to enable simultaneous detection of multiple enzymes. As
illustrated in Fig. 7e, we consolidate these attributes into three distinct
enzyme categories: (1) Enzymes directly or indirectly involved in the
generation of AP sites; (2) Enzymes with specialized structure-cleavage
properties; and (3) Enzymes involved in mismatch recognition. Nota-
bly, our investigation reveals that products cleaved by these enzymes
yield 5" phosphate groups, which can be readily identified utilizing the
NAPTUNE platform concept we have pioneered.

The NAPTUNE platform we developed can not only detect pro-
teins and nucleic acids but also has the potential to evaluate gene
editing efficiency (Fig. 7f). Evaluating gene editing efficiency is crucial
for assessing the success and accuracy of genetic modifications
introduced by gene editing technologies. Mismatch-sensitive endo-
nucleases can recognize and cleave double-stranded DNA fragments
containing a mismatch, such as T7 Endo I and authenticase. Approa-
ches employing these endonucleases are widely used because they are
simple, fast, low-cost, and relatively sensitive. If the editing is suc-
cessful, the target sequence will be cleaved by the enzyme and gen-
erate a 5 phosphate end, from which NAPTUNE can be used to
evaluate the editing efficiency.

Further efforts are needed to enhance NAPTUNE and make it a
truly “plug-and-play” POCT method. It is essential to acknowledge
certain limitations compared to the established qRT-PCR method,
particularly in sensitivity improvement. Addressing this limitation
could be achieved by enhancing the performance of portable instru-
ments and incorporating microfluidic technology, potentially elevat-
ing the sensitivity of our assay and making it more adaptable to various
diagnostic needs. Looking towards the future, there are promising
avenues for further development. Scaling the platform for broader
use, particularly in high-throughput environments or large-scale clin-
ical trials, may pose challenges. This will necessitate optimizing assay
protocols, integrating automated systems, and adjusting the platform
to handle larger sample volumes. Addressing these scalability issues is
essential to adapting the platform for diverse and large-scale applica-
tions. In addition, the reproducibility of the NAPTUNE assay across
different clinical settings and with various types of samples remains to
be fully established. Variations in sample types, handling procedures,
and environmental conditions could potentially impact assay perfor-
mance. We are actively working on standardizing the assay conditions
and developing robust protocols that can be consistently applied
across different laboratories and clinical environments.

Detecting low-abundance biomarkers in certain clinical samples
was challenging, especially when the target concentration approached
the detection limit. However, by employing magnetic bead separation,
researchers can effectively enrich these low-abundance RNA targets,

significantly improving the sensitivity and accuracy of subsequent
molecular analyses. Certain components in clinical samples, such as
proteins or other biomolecules, can also interfere with the detection
process, potentially leading to false negatives or reduced assay per-
formance. To mitigate these matrix effects, we have incorporated
additional purification steps and optimized buffer formulations to
minimize the impact of interfering substances. The system’s capability
for multiplex detection, including both nucleic acids and protein
detection, could significantly enhance its versatility and utility. Addi-
tionally, exploring the potential of mesophilic Ago protein as a sig-
naling tool holds promise for expanding its applications in the
diagnostic realm, paving the way for innovative approaches in ncRNA
detection.

In conclusion, NAPTUNE demonstrates remarkable versatility
through its ultra-sensitive and specific detection of various ncRNAs
and protein biomarkers. Furthermore, we have engineered a
smartphone-based portable device for signal quantification, rendering
NAPTUNE an attractive option for biosensing and POC diagnostics,
with far-reaching implications for the field of molecular diagnostics.

Methods

Ethical statement

This study involved human participants and was approved by Institu-
tional Review Board and Ethics Committee of the Children’s Hospital,
Zhejiang University School of Medicine (2024-IRB-0020-P-01). All
procedures performed were in accordance with the ethical standards
of institutional and/or national research committee and with the 1964
Helsinki Declaration and its later amendments or comparable ethical
standards. Written informed consent required from their legal guar-
dians for the reporting and sharing of individual-level data was
obtained and all eligible participants completed a one-time medical
history questionnaire.

Materials

RNA and DNA oligos were purchased from General Biol (Anhui) Co.,
Ltd (Chuzhou, China) and sequences are listed in Supplementary
Data 2. APE1 and FENI1 were supplied by New England Biolabs (MA,
U.S.A.). FEN1 ELISA kit (YQ-737140E) was provided by Shanghai Yanxi
Biotechnology Co., Ltd (Shanghai, China). MiRNA 1st Strand cDNA
Synthesis Kit (by stem-loop), HiScript IlI 1st Strand cDNA Synthesis Kit
(+gDNA wiper). MiRNA Universal SYBR qPCR Master Mix and ChamQ
Universal SYBR qPCR Master Mix were obtained from Vazyme (Nanj-
ing, China). Ultrapure water was obtained from Millipore Synergy
system (MA, U.S.A.) All other chemicals and reagents were purchased
from Sigma-Aldrich (MO, USA), Macklin Biochemical Co., Ltd (Shang-
hai, China), and Beyotime Biotechnology (Shanghai, China).

Protein expression and purification

PfAgo and CbAgo were expressed in Escherichia coli and purified with
the following procedures as reported previously***® Briefly, Escher-
ichia coli BL21(DE3) cells were transformed with the desired plasmids
by heat shock. Then the transformant was inoculated in 10 mL Lyso-
geny Broth with appropriate antibiotics (100 pg/mL ampicillin for
PfAgo and 50 pg/mL kanamycin for ChAgo) and incubated at 37 °C,
250 rpm for 16 h. After that, the small-scale culture was added to 1L
Lysogeny Broth with antibiotics and incubated at 37°C until the
0D600 reached 0.6-0.8. Protein expression was then induced with
1mM of isopropyl B-D-1-thiogalactopyranoside (IPTG) at 16 °C for
16-18 h. The cells were collected by centrifugation (3500 x g, 15 min at
4°C) and resuspended at 4 °C in lysis buffer (20 mM Tris/HCI pH 8.0,
500 mM NaCl for pfAgo and CbAgo), followed by disruption with
Ultrasonic Homogenizer. The crude cell lysate was centrifuged
(12,000 x g, 25 min at 4 °C) to remove the cell debris. The supernatant
of pfAgo was collected, heated at 80 °C for 30 min, and was cen-
trifuged (12,000 x g, 25 min at 4 °C) to remove the denatured protein.
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The supernatant was then applied to Ni-NTA affinity purification with
30 mL of wash buffer (20 mM Tris/HCI pH 8.0, 300 mM NacCl, 2 mM
MnCl,, 50mM imidazole for pfAgo and 20 mM Tris/HCI pH 7.5,
250 mM NaCl, 30 mM imidazole for ChbAgo) and 20 mL of elution
buffer (20 mM Tris/HCI pH 8.0, 1 M NacCl, 200 mM imidazole for pfAgo
and 20 mM Tris/HCI pH 7.5, 250 mM NaCl, 250 mM imidazole for
CbAgo). The eluted sample was concentrated to 100 pL using Amicon
Ultra filter unit (Millipore, 30 kDa). The sample was then loaded onto a
Superdex 200 16/60 size-exclusion column (Cytiva) equilibrated with
buffer (20 mM HEPES pH 7.5, 150 mM NaCl), and were subsequently
snap-frozen and stored at —80 °C.

Non-denaturing polyacrylamide gel electrophoresis

It was performed to explore the feasibility of NAPTUNE to detect
nucleic acids and protein biomarkers, as well as the evaluation of
cleavage efficiencies of NAPTUNE platform. Samples were mixed with
the same volume of formamide loading dye, heta-denatured at 95°C
for 5 min, and immediately loaded into 20% ureal-polyacrylamide gel.
The gel electrophoresis was performed at 140 V for 60 minin 0.5 X TBE
buffer, which is used as the electrophoresis solution. The gels were
visualized by ChemiDoc MP imaging system (Bio-Rad, Rich-
mond, CA, USA).

Native polyacrylamide gel electrophoresis

It was conducted to explore the feasibility of NAPTUNE to detect APE1
and FENL. 10 pL of samples with loading buffer (6x) was loaded onto
20% native PAGE gel. Electrophoresis at a voltage of 140V for
40-60 min using 0.5 X TBE buffer as the electrophoresis buffer. The
gels were then imaged with ChemiDoc MP imaging system (Bio-Rad,
Richmond, CA, USA).

Procedures of two-step and one-pot method

In the two-step method, the 8 pL of mixture (50 mM Tris/HCI pH 7.4,
100 mMKCl, 5 mM MgCl,, 2 mM ATP, and 0.05 mg/mL BSA) containing
probe 1(100 nM), APE1 (0.1 U/ml), and 2 pL of target RNA (0.1 pM) were
incubated in a tube at 42 °C for 20 min. After the APEI reaction, the
mixture was transferred to another tube containing 10 pL of PfAgo
reaction mixture (250 nM PfAgo, 200 nM probe 2, 200 nM probe 3,
20 mM HEPES pH 7.5, 250 mM NaCl, 2.5mM MnCl,) and incubated
together at 90 °C for 25 min. In the one-pot method, all the reagents
were mixed and incubated at 42°C for 20 min, and then heated to
90 °C for another 25 min. In the one-tube method, 10 pL of the above
APEI reaction mixture was prepared in a routine 0.2 mL reaction and
incubated at 42 °C for 20 min. Dropped the PfAgo reaction solution
(10 pL) by a brief spin, Then, the tube was heated to 90°C for
another 25 min.

Probe preparation for FEN1 and APEI1 detection

For the detection of APEI, 5 pL of probe 1 (2 uM), 5 UL complementary
ssDNA (2 uM), and 40 pL buffer (20 mM HEPES pH 7.5, 150 mM NacCl)
were denatured at 95°C for 2 min and then cooled down to room
temperature to obtain the prepared dsDNA probe for further usage.
For the detection of FENI, 4 pL probe S1 (2 puM), 4 pL probe S2 (2 uM),
4 pL probe S3 (2 M), and TE buffer (38 pL) were first denatured at
90 °C for 1 min and then cooled down to room temperature to obtain
the double-flap structure for further usage.

Procedure of NAPTUNE assay for miR-21 in clinical samples

Two microliters of extracted sample were first added into a pink tube
containing 8 uL of APE1 reaction solution (50 mM Tris/HCI pH 7.4,
100 mM KCl, 5 mM MgCl,, 2 mM ATP, and 0.05 mg/mL BSA, 100 mU/
mL of APElL, 100 nM of probe 1). 10 pL of PfAgo reaction mixture
(250 nM PfAgo, 200 nM probe 2, 200 nM probe 3, 20 mM HEPES pH
7.5, 250 mM NacCl, 2.5 mM MnCl,) was loaded to the mini tube. The
tube was incubated at 42 °C for 20 min for APE1 reaction and heated to

90 °C. After that, the PfAgo reaction solution was dropped to the lower
chamber by a brief spin. The mixed solution was incubated together at
90°C for 25min. The fluorescence intensity was recorded by a
microplate reader (Tecan Spark GmbH, Austria). The real-time fluor-
escence signal was detected by the qPCR device (Bio-Rad, CFX connect
real-time system).

Procedure of NAPTUNE assay for FEN1 in mimic clinical samples
Two microliters of the obtained mimic samples solution was intro-
duced into the white tube containing 1L of double-flap structure
probe, 7 pL of H0, and 1 L of 10 x ThermoPol reaction buffer at 65 °C
for 20 min and the pfAgo reaction solution (250 nM S4 probe, 40 mM
HEPES pH 7.5, 250 mM NaCl, 2.5 mM MnCl,) was introduced into the
tube with rapid and brief centrifuge. The above-mixed solutions were
incubated together at 90 °C for 25 min. The fluorescence intensity was
recorded by a microplate reader.

Fabrication of smartphone device

We collaborated with Hangzhou EzDx Technology Co., Ltd to design
and develop this portable device and its software. The original copy-
right of the software belongs to the company, while our usage rights
are authorized by the company. We and collaborator utilized advanced
three-dimensional (3D) printing technology with durable nylon mate-
rial to fabricate all the brackets and enclosures for the device, ensuring
both robustness and lightweight portability. The core components of
this mini-portable device are several components: an optical module, a
heating module, and a PCB control module. The optical module is
equipped with a 480 nm light-emitting diode (LED) and a dichroic
mirror, enabling precise excitation and accurate detection of fluores-
cence signals. The heating module is controlled by a microcontroller
via General-purpose input/output (GPIO), ensuring stable and optimal
reaction conditions throughout the assay. The PCB control module,
equipped with the PB-02 Bluetooth module, integrates and manages
all device operations. This setup allows for seamless wireless control,
data processing, and communication with external smartphones,
enabling real-time monitoring and analysis.

Operation process for smartphone-based detection: (a) The pro-
gram was set by smartphone for the APEl-pfAgo two-step reaction-
typically set at 42 °C for 20 min and 90 °C for 25 min. (b) The tubes
containing APEI reaction mixture in the lower chamber and pfAgo
reaction solution in the upper chamber were placed in the detector. (c)
Then, the tubes were heated to 42 °C for 20 min by running the pro-
gram, the tubes were then taken out for brief spin and quickly replaced
in the detector with the temperature heated to 90°C. (d) All the
fluorescence intensity was continuously monitored, with the data
collected by the detector seamlessly transmitted to the smartphone
via Bluetooth, and the results were displayed in real time on the
smartphone screen.

Cell culture and total RNA extraction

The human normal hepatocytes LO2, the human breast cancer cell line
MCF-7, and the human cervical cancer cell line HeLa were all cultured
in DMEM medium with 10% FBS and 1% double-antibody at 37 °C with
5% CO,. One milliliter Trizol was added to 7 x 10° cells and total RNA
was extracted and stored at —80 °C according to the manual.

Enzyme-linked immunosorbent assays

Different concentrations of FEN1 were added into a 96-well strip plate
pre-coated with FENI antibodies for ELISA analysis. Measurements
were carried out using a spectrophotometer (Thermo Scientific, USA)
at the wavelength of 450 nm (Tecan Spark GmbH, Austria).

QRT-PCR
MiRNA cDNA synthesis was performed using miRNA 1st Strand cDNA
Synthesis Kit (by stem-loop), circRNA and IncRNA’s cDNA synthesis
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was performed using HiScript Il 1st Strand cDNA Synthesis Kit (+gDNA
wiper). MiRNA Universal SYBR qPCR Master Mix was used for miRNA
gPCR. ChamQ Universal SYBR qPCR Master Mix was used to detect
circRNA and IncRNA levels for qPCR quantification according to the
manufacturer’s instructions. Reverse transcription was performed
with 20 pL of input, synthetic RNA standards (from 10,000 to 0.1fM
and non-targeting control, prepared in 1ng/uL of PolyA carrier), or
miRNAs extracted from clinical samples in 200 pL PCR tubes. QRT-PCR
was performed on the CFX Opus 96 Real-Time PCR System with the
amplification program including 40 cycles of 95 °C for 10 s and 60 °C
for 30 s after initiation at 95 °C for 30s.

Tissue and plasma collection

Tissue samples: a total of 40 samples, including 20 samples of normal
tissue and 20 NB samples (detailed information see Supplementary
Data 1) were obtained from patients treated at the Children’s Hospital,
Zhejiang University School of Medicine (Hangzhou, China). Tumor
samples were collected during surgical resection and samples were
placed in RNAIlater, and transported to the laboratory within 1 h. Total
RNA was isolated from the tissues using BeyoMag™ Animal RNA Iso-
lation Kit with Magnetic Beads according to the manual (Shanghai,
China). A Nanodrop spectrophotometry instrument was used for
assessing the quality of RNA and RNAs with an RNA Integrity Number
greater than 7 and A260/A280 ratio between 1.8 and 2.0 were selected
for detection. The RNA samples were stored at —80 °C in RNase-free
tubes to prevent degradation before further use.

Ethical approval was provided by 2024-IRB-0020-P-01, and
informed consent was obtained from all participants. (1) Blood sam-
ples were collected in plasma collection tubes which contained EDTA.
The isolation process was conducted within 1.5 h on ice. The EDTA tube
was first centrifuged at 1900 x g for 15 min at room temperature, and
then the supernatant was stored at 80 °C until further processing. (2)
We chose the ach sample which was thawed only once prior to analysis
to preserve the stability of the protein markers. (3) The detection of
tumor protein markers was performed using mass spectrometry,
which is well-established, sensitive, and specific for quantifying low-
abundance proteins in serum.

Protein and mRNA expression level analysis

In the present study, we conducted a comprehensive analysis of pro-
tein and mRNA expression levels for apurinic/apyrimidinic endonu-
clease 1 (APEX1) and FENI. Our primary data source was The Human
Protein Atlas, an accessible online database that provides extensive
information on the expression profiles of proteins and genes in various
human tissues and cells. For each target protein, specific database
entries were referenced. The detailed information for APEX1 was
accessed via https://www.proteinatlas.org/ENSGO0000100823-APEX1,
and for FENI via https://www.proteinatlas.org/ENSGO0000168496-
FEN1. Within the database, we retrieved quantitative and qualitative
data detailing the expression levels of both APEX1 and FEN1 mRNA
across a variety of cell lines. This included a comparison of expression
profiles in both normal and cancerous cells, providing a broad over-
view of expression dynamics. In addition to mRNA data, we extracted
information on protein expression levels as detected by mass spec-
trometry in plasma samples. This data was critical for assessing the
prevalence and distribution of APEX1 and FENLI in the circulatory sys-
tem, which can provide insights into their potential as biomarkers.

Statistics and reproducibility

We used GraphPad Prism version 9.5 (GraphPad Software Inc.) for
statistical analysis. For two-group comparisons, we used an unpaired,
two-tailed ¢-test. For all statistical tests, p-values less than 0.05 were
considered significant. Details on data presentation and the sample
size are included in figure legends. In the study of clinical samples, no
statistical method was used to predetermine the sample size, and the

experiments were not randomized. No data were excluded from the
analyses.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
All data generated or analyzed during this study are included in this
article and its Supplementary Information file. Source data are pro-
vided with this paper.
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