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DNA nanotechnology for nucleic acid analysis:
detection of RNA and dsDNA amplicons using a
multifunctional DNAzyme nanomachine (DNM)
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DNA has long been recognized as a promising material for biotechnological applications. Here, we
demonstrate how DNA nanotechnology can enhance the sensing of practically important forms of nucleic
acid analytes, including folded single-stranded RNA (ssRNA) and double-stranded DNA (dsDNA) amplicons.
We designed and optimized a multifunctional DNA-based sensor incorporating the catalytic 10-23
DNAzyme, herein named a DNAzyme-based nanomachine (DNM), and compared its performance with
that of the classical binary 10—-23 DNAzyme (BiDz) probe in detecting ssDNA, ssRNA, and dsDNA targets.
The newly developed sensor exhibited up to 100- and 20-fold lower limits of detection (LODs) for ssDNA
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and ssRNA, respectively. Unlike traditional BiDz, DNM was capable of detecting as little as 1 pL of dsDNA
amplicon, corresponding to ~2 nM PCR product in the assay, within 30 min, achieving excellent target
specificity. We suggested an explanation for the behaviour of nucleic acid complexes with respect to Gibbs
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Introduction

Hybridization probes are molecular tools designed to recognize
specific nucleic acid sequences and report their presence,
thereby enabling molecular detection and diagnostic appli-
cations. These probes exist in various formats, including mole-
cular beacons,' enzyme-assisted probes® (e.g. TagMan®*), binary
probes,” junction probes, and chemically modified probes,
including locked nucleic acids (LNA), peptide nucleic acids
(PNA), or invader probes.®® Despite their widespread use, con-
ventional hybridization-based probes continue to face major
limitations in sensitivity and selectivity particularly when applied
to folded RNA or double-stranded DNA (dsDNA) analytes.

Over time, hybridization probes have evolved from simple
recognition elements into multifunctional tools capable of
detecting DNA and RNA sequences with specificity towards
single-nucleotide  variations  (SNVs), ambient
temperatures.>® ! Such precision makes them invaluable for

even at

“Center for Molecular and Biological Technologies, ITMO University, Lomonosova 9,
St Petersburg 191002, Russia. E-mail: m.rubel@spbu.ru

bLaboratory of Amyloid biology, St Petersburg State University, Universitetskaya enb.,
7-9, St Petersburg 199034, Russia

‘Chemistry Department, University of Central Florida, Orlando, Florida 32816-2366,
USA. E-mail: dmitry.kolpashchikov@ucf.edu

9Burnett School of Biomedical Sciences, University of Central Florida, Orlando,
Florida 32816, USA

This journal is © The Royal Society of Chemistry 2026

the detection of SNVs associated with genetic disorders and
cancer, as well as for the identification of bacterial resistance to
12714 However, without using protein enzymes, their
limits of detection (LODs) typically remain within the nanomolar
range due to the absence of intrinsic signal amplification
mechanisms.">'® The polymerase chain reaction (PCR) increases
DNA analyte concentration, which can improve the overall sensi-
tivity of PCR-based detection down to the single-molecule
level.'” However, PCR generates dsDNA amplicons that require
additional processing or specialized instruments with melting or
denaturation capabilities for subsequent sequence-specific
detection."® ! Alternatively, isothermal amplification techniques
such as nucleic acid sequence-based amplification (NASBA or
EXPAR)***® can produce ssRNA amplicons; however, these
amplicons often adopt stable secondary structures that hinder
their recognition by hybridization probes.”* In this study, we
detected SNVs in both dsDNA amplicons and structured sSRNA
analytes using DNAzyme-based nanostructures named
DNAzyme-based nanomachines (DNMs).

Binary DNAzymes (BiDz) have been applied in nucleic acid
analysis since 2007 (Fig. 1A).>® BiDz, based on the RNA-cleaving
10-23 DNAzyme,***” consists of two DNA strands (Dza and Dzb)
that hybridize with the target sequence to assemble a catalytic
core capable of cleaving a fluorophore and quencher-labelled
substrate (F-sub), thereby producing a fluorescent signal
(Fig. 1A). BiDz sensors provide several advantages over conven-
tional hybridization probes, including high specificity due to

antibiotics.
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Fig. 1 Design of a 6-DNM for nucleic acid analysis. (A) Principle of the
BiDz probe: two DNA strands, Dza and Dzb, bind a DNA/RNA analyte
and assemble a catalytic DNAzyme (Dz) core that cleaves the fluoro-
genic substrate (F-sub). Dza contains longer analyte-binding arms to
ensure strong analyte binding, whereas Dzb has a shorter analyte-
binding arm to enhance specificity toward SNVs. (B) 4-DNM consists of
arms 1, 2, and 4 attached to a dsDNA scaffold, with Arm 3 supplied from
solution. (C) 6-DNM contains arms 6, 5, 4, 2, and 1 attached to the
dsDNA scaffold, while the SNV-specific Arm 3 is not scaffold-bound.
Strand T1 lacks an analyte-binding arm and serves as part of the dsDNA
scaffold. Strands T2, T3, and T4 are linked to analyte-binding arms.
Dashed lines indicate hexaethylene glycol (HEG) linkers. (D) The goal of
this study is to achieve the lowest possible LOD for the best-performing
DNM when detecting ssRNA and dsDNA under optimal in vitro sensing
conditions.

their binary (split) design, low synthesis cost, and the intrinsic
ability to amplify detection signals via Dz catalytic turnover.”®
This enables nucleic acid detection at concentrations as low as
10 pM after 3 h of incubation.”®**?° This represents a sensitivity
over 100-fold lower than those achievable with conventional
amplification-free fluorescent probes,**?* representing one of
the most sensitive protein enzyme-free nucleic acid detection
platforms reported to date. Moreover, BiDz was integrated into
DNA nanostructures, further improving sensitivity using two
complementary strategies: (1) F-sub delivery function®*>' and
(2) multicore catalysis.>*® In this study, we equipped Dz with
different numbers of binding arms attached to a DNA scaffold
(e.g- 4-DNM and 6-DNM shown in Fig. 1B and C). The multiple
arms could increase target affinity and shift the hybridization
equilibrium toward the formation of a stable DNM-analyte
complex (Fig. 1). We aimed to achieve the lowest possible LOD
for poorly accessible yet practically relevant ssSRNA and dsDNA
targets using DNMs. Moreover, we hypothesized that a DNM
architecture composed of short analyte-binding arms (6-DNM,
Fig. 1C) would minimize intramolecular self-folding, thereby
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enhancing target accessibility and lowering the LOD compared
to long-armed DNA constructs targeting the same analyte
(Fig. 1B).

Results

As a model analyte, we selected RNA-120, a unique sequence
absent in the human genome and with minimal secondary
structure in its single-stranded form at the assay temperature
of 55 °C (Fig. S1). To generate sSRNA and dsDNA analytes, PCR
amplification of the synthetic DNA template was performed
using primers, one of which contained a T7 RNA polymerase
promoter sequence (Fig. S2). The purified PCR product was
quantified and used as the dsDNA analyte. The same PCR
product served as the template for in vitro transcription to
produce the RNA analyte (Fig. S3). The RNA product was
treated with DNase, purified, and quantified as described in
the SI.

Next, we designed a series of DNAzyme-based sensors with
increasing numbers of analyte-binding arms. All sensors were
designed to operate at 55 °C due to improved catalytic signal
amplification of the DNAzyme core at elevated temperatures.'?
BiDz (Fig. S4) was designed as described earlier.>® In
addition, a three-armed DNM (3-DNM), a four-armed DNM
(4-DNM), a five-armed DNM (5-DNM), and a six-armed DNM
(6-DNM) were constructed. 6-DNM served as the full reference
structure (Fig. 1C), from which the other DNM variants were
derived by reducing the number of analyte-binding arms. The
corresponding structures of 3-DNM, 4-DNM, 5-DNM, and
6-DNM in complex with the analyte are shown in Fig. S5A, S6A,
S7A, and S8A, respectively. Specifically, 3-DNM was designed
by removing arms 1, 5, and 6 from the 6-DNM structure,
whereas 4-DNM was designed by merging adjacent binding
arms of 6-DNM rather than by simple removal. In this design,
Arm 1 remained unchanged; arms 2 and 3 were combined into
a single arm, and arms 4-6 were reorganized into two longer
arms, resulting in a four-arm architecture. Although the
number of analyte-binding arms differs among the DNM var-
iants, the overall length of the analyte-targeting region
remains essentially the same between the 4-DNM and 6-DNM
designs, with the latter segmented into a larger number of
shorter arms. 5-DNM was designed by removing Arm 1 from
6-DNM.

All analyte-binding arms, except Dzb, were attached to a
common DNA scaffold to ensure cooperative analyte binding,
which was expected to increase the overall DNM binding
affinity. This scaffold architecture differed among the DNM
variants to provide the correct attachment points to each arm
(Fig. S3-S6). For instance, the scaffold of 4-DNM comprised
two strands (T1 and T2; Fig. 1B), the 5-DNM scaffold com-
prised three strands (T1, T2, and T3; Fig. S7A), and the 6-DNM
scaffold comprised four strands (T1, T2, T3, and T4; Fig. 1C).
Dzb was not incorporated into the assembled scaffold, thereby
minimizing the chance of catalytic core formation in the
absence of the target sequence and minimizing the risk of

This journal is © The Royal Society of Chemistry 2026
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target-independent F-sub cleavage. At the same time, the inde-
pendence of the Dzb arm allows cost-effective adjustment of
its affinity to the analyzed DNA or RNA without changing the
sequences of the scaffold under the fixed assay temperature
and Dbuffer conditions, thus enabling selective SNV
recognition.

We measured the LODs of all DNM variants across the three
types of analytes— ssDNA, dsDNA, and ssRNA—and compared
them with that of the classical BiDz sensor. According to our
hypothesis, increasing the length of the analyte-targeting
region of the DNM should enhance its ability to bind the
target strand, which should be reflected by a reduced LOD.

BiDz, 4-DNM, and 6-DNM were each incubated with dsDNA
and RNA analytes for 0.5 and 1 h at 55 °C. The DNMs were pre-
assembled in the reaction buffer by annealing as described in
the SI. Native gel analysis revealed a single band with
decreased mobility, indicating the stable association of DNM-
forming strands for all DNMs studied (Fig. 2, S5B, and S7B).

Table 1 lists LODs for each DNM and BiDz sensor for
detecting ssDNA analytes after 0.5, 1, and 3 h of incubation

Fig. 2 Analysis of DNMs' association in 12% native polyacrylamide gel
(PAGE). (A) Analysis of 4-DNM. M (Marker) — dsDNA ladder; 1 — free Arm
3; 2 — tile strand T1; 3 — tile strand T2; 4 — assembled 4-DNM (T1 and T2
strands annealed). (B) Analysis of 6-DNM association. M (Marker) —
dsDNA ladder; 1 — free Dzb strand; 2 — tile strand T1; 3 — tile strand T2;
4 — tile strand T3, 5 — tile strand T4; 6 — 6-DNM (T1, T2, T3, and T4
strands annealed). The assembled DNMs are indicated by an arrow. The
procedure for assembling DNMs is described in S| section 2.1. The
samples were separated in 12% native PAGE at 85 V for 75 min, followed
by staining with GelRed for 15 min.

Table 1 Limits of detection for the BiDz and different DNMs with the
nucleic acid analytes. The graphs of the LODs for the BiDz and DNMs
with the synthetic ssDNA analyte are shown in the Sl (Fig. S4B, S5C, S6B,
S7C, and S8B)

LOD, pM

Incubation time

Sensor Analyte 30 min 60 min 180 min
BiDz SSDNA 148 128 47
3-DNM 95 68 28
4-DNM 22 16 5
5-DNM 15 8 2
6-DNM 9 4 0.5

dsDNA 173 141 90

RNA 65 52 14

This journal is © The Royal Society of Chemistry 2026
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with different concentrations of the DNA-120 analyte. It was
found that the LOD decreased as the number of analyte-
binding arms increased. The impact of the additional arms on
the LOD became particularly evident during the transition
from the 3-DNM to the 4-DNM design: increasing the number
of analyte-binding arms from three to four, together with a
simultaneous increase in the length of the sequence bound by
the DNM, improved the LOD by 4.3- and 5.6-fold after 1 and
3 h of incubation, respectively. Further increases in the
number of arms produced less pronounced improvements.
This reduced effect reflects the structural design of the DNMs:
in both 4-DNM and 6-DNM, the total length of the analyte-tar-
geting region is essentially the same (Fig. S6A and S8A). In
6-DNM, this region is segmented into six shorter arms rather
than four longer arms, resulting in comparable overall hybrid-
ization strength and similar hybridization temperatures
(Tables S2 and S3). Importantly, despite targeting the same
analyte region, DNMs with more binding arms exhibit a
reduced LOD. We explain this result by the reduced self-
folding of the short arms in 6-DNM in comparison with longer
arms in 4-DNM. The resulting increase in binding affinity
enabled detection at lower analyte concentrations. While
further expansion of the DNM structure to target longer
regions in other targets is theoretically possible, it would not
only complicate assembly and the synthesis of longer oligonu-
cleotides but also increase the likelihood of stable intra-arm
secondary structures. Notably, the incorporation of additional
binding arms also enables stronger signal generation at
shorter incubation times, effectively reducing the required
assay time. Thus, 6-DNM could detect 0.5 pM ssDNA analyte
in 180 min, which is about a 94-fold improvement in compari-
son with the conventional BiDz sensor.

In this study, 6-DNM detected the DNA-120 analyte with an
LOD of 0.5 pM, representing a ten-fold improvement relative to
4-DNM, which reached an LOD of 5 pM under the same con-
ditions. Moreover, 6-DNM detected lower concentrations of
synthetic ssDNA in a shorter time compared to 4-DNM.
Specifically, 6-DNM achieved an LOD of ~4 pM after only 1 h
of incubation, whereas 4-DNM reached an LOD of 16 pM. The
difference in LOD between the 1 and 3 h assays arises from the
multiple catalytic turnovers of the DNAzyme-based detection
(Fig. 1A).

Subsequent experiments focused on 4-DNM and 6-DNM,
which were selected as the most representative constructs. The
performance of these sensors in detecting dsDNA and folded
RNA fragments was compared with the state-of-the-art BiDz
sensor.

The results show that 6-DNM produced a higher signal-to-
background (S/B) ratio than 4-DNM for both dsDNA and
sSRNA analytes (Fig. 3 and 4). While the binary BiDz sensor
generated a detectable signal with ssRNA (Fig. 4), it failed to
detect dsDNA under the same conditions. In contrast, both
4-DNM and 6-DNM successfully detected dsDNA, with 6-DNM
consistently producing stronger fluorescence signals and
higher S/B. These observations indicate that increasing the
number of analyte-binding arms enhances signal generation
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Fig. 3 Detection of dsDNA amplicons after 30 (left) and 60 (right) min
of incubation at 55 °C. BiDz, 4-DNM, and 6-DNM were incubated in the
presence of 1 pL (~2 nM of PCR product) or 3 uL (~6 nM of PCR
product) at 55 °C for 30 min or 60 min, panels A and B, respectively. The
concentration of DNA amplicons was estimated as described in the SI
(Fig. S2). The data of 3 independent experiments are presented. The
error bars are one standard deviation of the average.
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Fig. 4 Detection of RNA after 30 (left) and 60 (right) min of incubation
at 55 °C. BiDz, 4-DNM, and 6-DNM were incubated in the presence of
0.5 or 1 nM of RNA at 55 °C for 30 or 60 min, panels A and B, respect-
ively. The concentration of RNA was estimated as described in the SI.
The data of 3 independent experiments are presented. The error bars
are one standard deviation of the average.

and robustness of detection for both structured RNA and
dsDNA targets.

For the dsDNA target, 6-DNM achieved LODs of 141 and 90
pM after 1 and 3 h of incubation, respectively (Table 1 and
Fig. S9). This LOD is sufficient for the detection of PCR pro-
ducts, which can be produced at concentrations >10 nM.*” As
expected, the ssRNA analyte was detected with lower LODs of
52 and 14 pM after 1 and 3 h, respectively. This indicates that
strand invasion into dsDNA is less efficient than unwinding
the RNA secondary structure, which is supported by the rela-
tive thermodynamic stability of sSRNA and dsDNA (see discus-
sion below). Despite the higher thermodynamic stability of
RNA/DNA duplexes, ssRNA targets exhibited higher LODs than
ssDNA4, indicating that detection sensitivity is governed pri-
marily by target accessibility.

Importantly, increasing the number of analyte-binding
arms does not compromise selectivity for both ssRNA and
dsDNA targets (Fig. 5). An SNV was detected with a selectivity
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Fig. 5 6-DNM with a short SNV-sensitive Dzb arm detects RNA and
dsDNA amplicons with high selectivity. Fully matched (M) and mis-
matched (A:C) analytes are indicated above the bars. The incubation
time was 30 min at 55 °C. Selectivity factor (SF) was 99.9% for 6-DNM.
SF, selectivity factor, was calculated using the formula SF = (1 — (Fs —
Fo)/(Fs — Fp)) X 100%, where Fo and F and F,,s are the fluorescence inten-
sities of the probe in the absence and in the presence of specific and
non-specific analytes, respectively.

factor of 99.9% by the 6-DNM sensor. This high selectivity is
consistent with previous studies of BiDz-based sensors.>*>°

Discussion

In this study, we questioned whether ssRNA and dsDNA can
be detected by DNMs and if sensitivity arises not only from
extending the analyte-binding region, but also from segmenta-
tion of the analyte-binding arms into shorter segments. The
multivalent organization could reduce self-folding and
increase binding affinity and sensitivity. The enhanced per-
formance of DNM relative to conventional BiDz sensors arises
from the increased thermodynamic stability of the analyte-
sensor complex enabled by their multivalent, pre-organized
architecture. In the DNM design, multiple analyte-binding
arms are interconnected within a rigid scaffold. Such a pre-
organization minimizes the entropic penalty of multivalent
hybridization and enhances the thermodynamic stability of
the analyte-sensor complex, thereby increasing the effective
local concentration of the catalytically active 10-23 DNAzyme
core.*® The role of linker flexibility has been previously investi-
gated in related systems, where increased flexibility resulted in
an improved S/B ratio without significantly affecting the LOD
or selectivity.® These findings support the role of flexible
linkers in facilitating cooperative binding while preserving the
effective spatial organization of the sensing complex. At the
same time, the role of linkers in the context of each DNM
system warrants further systematic investigation. In addition,
the scaffolded architecture stabilizes the sensing complex by
enabling rapid rebinding of transiently dissociated arms, redu-
cing the probability of complete complex dissociation and pro-
moting sustained catalytic activity.

For the ssDNA analyte, the advantages of the DNM architec-
ture translate directly into improved sensitivity relative to the
BiDz sensor. Because ssDNA lacks stable secondary structure,
detection in this system primarily reflects intrinsic differences

This journal is © The Royal Society of Chemistry 2026
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in sensor design rather than target accessibility.
Thermodynamic analysis reveals a progressive stabilization of
the analyte-sensor complex with an increasing number of
binding arms, with a calculated AG of —60.16 kcal mol™" for
the BiDz-ssDNA complex, —95.1 kcal mol™* for the 4-DNM-
sSDNA complex, and —105.1 kcal mol™" for the 6-DNM-ssDNA
complex (Table S3). This monotonic trend correlates with the
observed improvement in the LOD for ssDNA targets, indicat-
ing that cumulative hybridization strength plays a dominant
role under these conditions. Notably, the additional stabiliz-
ation observed for 6-DNM relative to 4-DNM does not arise
from an increase in the total length of the analyte-binding
region, which is essentially identical in both designs, but
rather from differences in the intrinsic folding thermo-
dynamics of the sensor itself. Segmentation of the analyte-
binding region into a larger number of shorter arms in
6-DNM, combined with their incorporation into a more
extended scaffold, reduces the stability of sensor self-folding
(AG_fold ~ —6.7 kcal mol™" for 6-DNM versus —11.9 kcal mol ™
for 4-DNM). This decrease in intramolecular stabilization
lowers the energetic penalty for sensor opening upon target
binding, thereby contributing to a more favourable AG for the
formation of the 6-DNM-ssDNA complex. Importantly, the
observed LOD for ssDNA (0.5 pM) is approximately 1000-fold
lower than that reported for typical hybridization probes,
including molecular beacons®® and light-up aptamer
sensors.”?

Detection of structured ssRNA introduces additional con-
straints associated with intramolecular folding, which limit
continuous access to complementary sequences despite the
single-stranded nature of the target. While both ssDNA and
ssRNA can adopt secondary structures, RNA folding is gener-
ally more stable and persistent, introducing a larger energetic
penalty for target opening and rendering effective sensor
binding less favourable than for ssDNA. Thermodynamic ana-
lysis nevertheless reveals that the formation of the DNM-
ssRNA complex is highly favourable, with calculated AG values
of —49.1 kcal mol™ for BiDz-ssRNA, —88.9 kcal mol™ for
4-DNM-ssRNA, and —96.0 kcal mol™" for 6-DNM-ssRNA
(Table S3). Consequently, the accessibility of RNA target
regions is transient rather than continuous. Consistent with
this behaviour, hybridization to RNA targets can be initiated at
exposed structural elements such as hairpin loops.***" In this
context, multivalent DNMs provide a distinct advantage by
enabling sequential engagement of such transiently accessible
RNA segments. Once partial hybridization is established,
additional binding arms can interact with nearby regions
before refolding occurs, stabilizing the opened conformation
and promoting formation of the catalytically active complex.
This cooperative capture of transiently accessible states
enables efficient recognition of structured RNA despite intra-
molecular folding. Nevertheless, the increased stability of the
RNA secondary structure reduces the thermodynamic stability
of the 6-DNM-ssRNA complex relative to the 6-DNM-ssDNA
complex, resulting in higher LOD. Thus, ssRNA targets are
detected with 7- to 40-fold lower sensitivity (depending on

This journal is © The Royal Society of Chemistry 2026
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incubation time) than ssDNA, reflecting the difference in the
stability of analyte secondary structures rather than the stabi-
lity of the DNM-analyte complex. Still, detection down to 14
pM was achieved, which is among the lowest LODs reported
for structured RNA. Importantly, traditional hybridization
sensors, such as molecular beacon probes, often fail to detect
folded ssDNA or ssRNA analytes.*"*?

Thermodynamic analysis predicts a strongly unfavourable
AG for dsDNA recognition by the BiDz sensor (AG = +57.4 kcal
mol ™), which explains its inability to generate a detectable
fluorescent signal with dsDNA targets. In contrast, increasing
the number of analyte-binding arms substantially reduces the
overall energetic cost associated with strand invasion, yielding
AG values of +17.6 and +12.5 kcal mol™* for 4-DNM and
6-DNM, respectively (Table S3). This marked reduction corre-
lates with the experimental observation that both DNMs suc-
cessfully detect dsDNA, whereas BiDz does not.

Strand invasion by DNMs is likely initiated through transi-
ent local opening (“breathing”) of the dsDNA duplex, which
provides short-lived access to complementary sequences.
Binding of an initial arm stabilizes these transiently accessible
regions and facilitates subsequent engagement of neighbour-
ing arms due to their high effective local concentration within
the scaffold. This cooperative, multivalent mechanism enables
stabilization of partially invaded states without requiring com-
plete strand displacement.

Detection in this system does not require binding of a large
fraction of the dsDNA target. Given a limit of detection in the
picomolar range and typical dsDNA amplicon concentrations
reaching tens of nanomolar, the formation of only a small frac-
tion ($1%) of 6-DNM-dsDNA complexes is sufficient to gene-
rate a detectable signal due to the catalytic turnover. 6-DNM
achieved S/B in the presence of ~2 nM dsDNA in 60 min
(Fig. 3B); the same S/B ratio was achieved by 6-DNM in the
presence of 40 pM ssDNA analyte. Assuming that after 3 h of
incubation, the system reached equilibrium and that 6-DNM
binds nearly all of the 40 pM ssDNA analyte, we can estimate
that only about 1.3% of dsDNA amplicons form a complex
with 6-DNM under the reaction conditions. However, the com-
prehensive thermodynamic studies on DNM invasion into a
dsDNA target should be performed separately.

Importantly, increasing the number of analyte-binding
arms does not compromise sequence selectivity. Single-nucleo-
tide discrimination is preserved through the binary DNAzyme
design, which requires correct hybridization of both Dza and
Dzb arms for catalytic core formation, with one arm remaining
unincorporated into the preassembled scaffold. A logical next
step is to investigate strategies for determining the optimal
number of segments within the DNA nanomachine architec-
ture. In particular, it will be important to assess whether very
short fragments (5-10 nt), when attached to a scaffold, can
further enhance the design and performance of DNM-based
sensors.

Collectively, these results establish multivalent DNMs as
versatile and sensitive platforms for nucleic acid detection
across structurally distinct target classes, including ssDNA,
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structured ssRNA, and dsDNA amplicons. By enabling detec-
tion at picomolar concentrations without target denaturation,
DNMs are well suited for analysis of PCR products, structured
RNA transcripts, and clinically relevant SNVs. The modular
architecture of DNMs provides a general design framework for
tuning sensitivity, assay time, and target compatibility, high-
lighting their potential for diagnostic applications where
rapid, selective, and amplification-free detection is required.
Recent advances in amplification-free nucleic acid sensing
further underscore the potential of highly sensitive probe-
based detection systems.**** It is important to note that the
DNM design holds significant potential for improving sensor—
analyte hybridization kinetics, which will be addressed in a
separate study.

Conclusions

By systematically increasing the number of analyte-binding
arms, we demonstrate that cooperative DNM architectures sub-
stantially enhance target detection and reduce LODs for ssRNA
and dsDNA analytes. 6-DNM, equipped with 6 short analyte-
binding arms, exhibited the best overall performance, achiev-
ing the lowest LODs in shorter times without compromising
SNV discrimination. These findings indicate that, in addition
to expanding the analyte-binding region, partitioning long
arms into shorter segments can further improve the sensitivity
of multicomponent hybridization probes. This versatility high-
lights the potential of DNMs for detecting structured RNAs
and PCR-generated dsDNA amplicons under isothermal con-
ditions, without requiring denaturation or additional proces-
sing. Overall, the cooperative multi-arm DNM architecture rep-
resents a significant advancement in enzyme-free nucleic acid
detection. Its combination of high sensitivity, rapid response,
modularity, and robust SNV discrimination positions it as a
powerful and adaptable tool for diagnostic applications
ranging from pathogen detection to genotyping and point-of-
care testing.
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