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The development of fast, simple, and visual methods for detecting adenosine triphosphate (ATP) is crucial
for point-of-care diagnostics and environmental monitoring. Colorimetric assays based on the integration
of DNA aptamer-triggered hybridization chain reaction (HCR) with gold nanoparticles (AuNPs) offer high
potential, but existing methods often suffer from prolonged detection times (e.g., >130 min). To address
this limitation, this study systematically investigated and optimized the core parameters of the aptamer-
triggered HCR system and its subsequent mixing conditions with AuNPs to achieve a rapid visual
detection platform. The HCR kinetics were accelerated by the high concentrations of single-stranded
DNA (ssDNA) components, particularly the HO initiator, as well as by the critical presence of divalent
magnesium ions (Mgz*), which also support the functionality of the aptamer. This optimization allowed
for a degree of HCR progression comparable to the traditional 24-hour incubation to be achieved within
just 60 minutes. Subsequently, recognizing the inherent trade-off between the high ssDNA
concentration required for fast HCR and the AuNP dispersion stability, we optimized the mixing ratio
between the HCR product and the AuNP solution. Under these optimized conditions, the assay
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Accepted 2nd February 2026 demonstrated the capability for rapid visual detection of ATP at the 100 uM level within a total assay time
of 15 minutes, representing a significant acceleration compared to previously reported methods. Further
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improvements in sensitivity are anticipated through future fine-tuning of AUNP parameters and the use

rsc.li/methods of post-reaction salt aggregation enhancers.

Introduction

Adenosine triphosphate (ATP), a central molecule in cellular
energy metabolism, serves as a critical biomarker for assessing
microbial contamination and hygiene status across diverse
industries, including food production, pharmaceuticals, and
cosmetics.’” Conventional ATP detection predominantly relies
on luciferase-catalyzed bioluminescent reactions, implemented
in portable ATP fluorescence detectors widely deployed in
industrial settings.*” While offering rapid response and opera-
tional simplicity, these methods remain heavily dependent on
dedicated instrumentation.®® This reliance introduces signifi-
cant limitations for resource-constrained environments or
challenging field conditions, stemming from their need for
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power sources, sensitivity to ambient light, and susceptibility to
operator-dependent variability.

In recent years, colorimetric detection platforms integrating
DNA aptamers with gold nanoparticles (AuNPs) have emerged
as promising alternatives, offering instrument-free operation
and visually interpretable results.”*® For instance, Yang et al.
developed an aptamer-AuNP sensor for ochratoxin A detection
with a limit of detection (LOD) of 20 nM using UV-vis spectro-
photometer.** Similarly, Tu et al reported a conjugated
aptamer-AuNP probe for amyloid-B oligomers achieving an
LOD of 3.03 nM, highlighting its diagnostic potential also using
UV-vis spectrophotometer.”® Zhu et al. further demonstrated
excellent sensitivity (LOD = 26 cells per mL) using potentiostat/
galvanostat with a hydrazine-AuNP-aptamer bioconjugate for
specific breast cancer cell recognition.

The color change of AuNPs is useful for developing the visual
detection method. To enhance the sensitivity of visual detec-
tion, aptamer-triggered hybridization chain reaction (HCR), an
enzyme-free isothermal amplification mechanism, has been
frequently integrated with  AuNP-based colorimetric
systems.'”** However, existing HCR-AuNP platforms still face
practical limitations in terms of reaction time. For example,
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Dirks et al. first reported the aptamer-triggered HCR using three
single-stranded DNAs (ssDNAs) and required an extremely long
reaction time of up to 24 hours to confirm HCR products via gel
electrophoresis. Then, Gao et al. proposed a visual ATP detec-
tion method based on a mixture of HCR products and AuNPs, in
which they used two ssDNAs for HCR and AuNPs synthesized by
themselves. ATP could be detected with a reported LOD of
1.0 nM, which was evaluated based on UV-vis spectroscopic
analysis of the absorbance ratio (Ag30/As20).>* Although Gao et al.
developed a visual ATP detection assay by mixing the HCR
products with AuNPs, their procedure still required approxi-
mately 130 minutes with 37 °C.

Such lengthy, instrument-dependent and heating required
workflows significantly hinder their feasibility for rapid on-site
testing applications. Therefore, the primary objective of this
study was to optimize the procedure by refine the experimental
conditions of the essential components constituting this
aptamer-triggered HCR-based detection system. Specifically, we
focused on the total ssSDNA concentration, NaCl concentration,
and MgCl, concentration. Finally, we demonstrated the visual
ATP detection within 15 minutes with 25 °C.

Results and discussion
Experimental system design

In evaluating and optimizing this experimental system, we
employed three ssDNA strands for the aptamer-triggered HCR,
originally designed by Dirks et al., using commercially available
AuNPs. Fig. 1 shows the illustration of the outline for the ATP
visual detection method investigated in this study, which is
based on the ATP-binding DNA aptamer-triggered HCR with
AuNPs. In the absence of ATP, the HO strand maintains a stable
stem-loop conformation, preventing unintended initiation of
HCR. Upon the introduction of ATP, the ATP-specific aptamer
segment located at the 3’-end of HO rapidly binds to the target
molecule, triggering a conformational switch. This exposes the
initiator sequence at the 5-end of HO, which subsequently
hybridizes with H1. The conformational change of H1 then

Step1. Aptamer-triggered HCR
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facilitates its hybridization with H2, thereby initiating a cascade
of alternating hybridization events between H1 and H2 that
result in the formation of long, nicked double-stranded DNA
polymers through HCR. After sufficient amplification, AuNPs
are added to the reaction mixture. The high molecular weight
HCR products are generated, which reduces the amount of free
ssDNA substrates that can adsorb onto the surface of AuNPs. As
a result, the AuNPs aggregation and inducing a distinct color
change from red to bluish-purple due to the plasmon coupling
effect. In contrast, if ATP is absent or the HCR is not efficiently
initiated, only short ssDNA strands are present in solution.
These low-molecular-weight DNA strands densely coat the AuNP
surface, imparting strong electrostatic repulsion between
AuNPs and maintaining a well-dispersed state, thus preserving
the characteristic red color of AuNPs.

At first, we investigated the factors that accelerate the
aptamer-triggered HCR by the gel electrophoresis analysis.
Specifically, we focused on the total ssSDNA concentration, NaCl
concentration, and MgCl, concentration. Then, the rapid visual
ATP detection using AuNPs was demonstrated.

Optimization of experimental condition for HCR

The ssDNA sequences used in this study are summarized in
Table 1. Among them, HO contains the ATP-binding DNA
aptamer sequence. The DNA aptamer ACCTGGGGGAG-
TATTGCGGAGGAAGGT has been reported to bind adenosine,
adenosine triphosphate (ATP), and adenosine monophosphate
(AMP) at micromolar concentrations,** whose three-
dimensional structure can be observed in the Protein Data
Bank as a 1AW4 PDB file. Three ssDNA strands—HO0 (which
contains the ATP-binding DNA aptamer sequence), H1, and
H2—were reacted to generate an HCR product with a high
molecular weight. As the concentration of added ATP varied, the
HCR reaction rate changed accordingly, resulting in a corre-
sponding variation in the amount of unreacted HO, H1, and H2
remaining in the solution. As the HCR progressed, the quantity
of HO, H1, and H2 decreased in the solution. These HO, H1, and
H2 ssDNAs contain a non-complementary sequence region that

Step2. Mixing with AuNPs solution and visual detection
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Fig.1 Schematic illustration of the aggregation and dispersion of gold nanoparticles (AuNPs) based on an aptamer-triggered hybridization chain

reaction (HCR) triggered by ATP.
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Table 1 Nucleotide sequence of ssDNAs for aptamer-triggered HCR used in this study

Name

Sequences (5' to 3')?

HO (initiator) CCC AGG TAA CAA GAA AGC CAA ACC

H1 (substrate) ATG

H2 (substrate) CAT CTC GGT TTG GCT TTC TTG

TAA CAA GAA AGC CAA ACC GAG
TTA

TCT TGT TAC CTG GGG GAG TAT TGC GGA GGA AGG T

GGT TTG GCT TTC TTG TTA CCT GGG

CCC AGG TAA CAA GAA AGC CAA ACC

“ Sequence of ATP binding aptamer is represented by solid underline. Hybridization sequences are represented using double underlines or wavy

underlines.

facilitates their adsorption onto the surface of AuNPs. The
adsorption of these ssSDNAs enhances the dispersion stability of
the AuNPs in the aqueous solution, causing the solution to
appear red, while, in the case of ATP addition, the total ssDNA
concentration decreased, causing the solution to appear blue as
shown in Fig. 1.

The total concentration of the ssDNA components is typically
the most significant factor affecting the reaction rate of HCR, as
it directly impacts the collision frequency of the hairpin struc-
tures (H1 and H2) and the initiator (HO). To investigate this
effect, we conducted HCR reactions for 24 hours while varying
the initial concentration of HO, H1, and H2 from 1 uM to 6 uM
(i.e., [HO] = [H1] = [H2]). The resulting HCR products were
subsequently evaluated using gel electrophoresis (Fig. 2A). As
shown in Fig. 2A, the ATP-containing samples exhibited distinct
bands corresponding to the HCR polymerization products in
the high molecular weight region. Simultaneously, a clear
decrease in the band intensity of the monomer ssDNA
substrates, H1 and H2, was observed. Fig. 2B shows the quan-
titative analysis of the H1 and H2 band intensities in Fig. 2A
confirmed the expected outcome: the HCR reaction rate,
quantified by the total consumption ratio of H1 and H2,
increased proportionally with the increase in the total ssDNA

(A)
[ssDNA]= 1 1 2 2 4 4 6 6 (UM
ATP - + - + - + - +

500 bp - a0 B B
125 bp -

50 bp -

- —Ho
25 bp - - od . — H1&H2

concentration. Specifically, under the 24-hour HCR condition of
[HO] = [H1] = [H2] = 1 uM, which corresponds to the concen-
tration set by Dirks et al. in their previous study, a consumption
ratio of approximately 44.2% was observed. By increasing the
ssDNA concentration 6-fold, i.e., to [HO] = [H1] = [H2] = 6 uM,
the consumption ratio of H1 and H2 nearly doubled to 84.1%.
Furthermore, the 4 pM condition also demonstrated a high
consumption ratio of 77.8%.

To further investigate the HCR process, we performed a time-
dependent analysis of the HCR reaction over a shorter period
(0-120 minutes). Fig. 3A shows the total consumption of the H1
and H2 substrates over time under various equal ssDNA
concentrations ([HO] = [H1] = [H2] = 2, 4, and 6 puM) with
different reaction times. As anticipated, the total consumption
ratio of H1 and H2 increased with both higher ssDNA concen-
tration and longer reaction time. Notably, for the highest
concentration tested (6 uM), the consumption ratio reached
approximately 30% after 60 and 120 minutes of reaction time.
While this demonstrated the benefit of higher concentration,
the overall consumption rate within the 2-hour window
remained insufficient for maximizing the signal, suggesting
that the concentration of the initiator (HO) may be the limiting
factor at shorter reaction times.

(B)
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Fig. 2 Effect of total ssDNA concentration on the reaction rate of aptamer-triggered HCR within 24 h. (A) Gel electrophoresis analysis for HCR
products after mixing HO, H1, H2 in the presence and absence of ATP with different concentration. (B) The total consumption ratio of H1 and H2

ssDNA in the presence of ATP depending on the ssDNA concentration,
[HO] = [H1] = [H2] =1-6 uM, [ATP] = 1.4 mM, [MgCl,] = 10 mM, [NaCl]

quantified from the bands of [H1] and [H2] in (A). Experimental condition:
= 300 mM, reaction time for HCR: 24 h. *The 44.2 of consumption ratio

was obtained under the same experimental condition reported previously*® ([HO] = [H1] = [H2] = 1 uM). Data represent mean + SEM of four

independent experiments.
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Fig. 3 Effect of the concentration of (A) total ssDNA and (B) HO on the
reaction rate of aptamer-triggered HCR within 2 h. Experimental
condition: (A) [HO] = [H1] = [H2] = 2-6 uM; [ATP] = 1.4 mM, [MgCl,] =
10 mM, [NaCll = 300 mM, reaction time for HCR: 0-120 min. Data
represent mean + SEM of five independent experiments. (B) [HO] = 0—
12 uM, [H1] = [H2] = 6 uM, [ATP] = 1.4 mM, [MgCl,] =10 mM, [NaCl] =
300 mM, reaction time for HCR: 60 min. Data represent mean + SEM
of four independent experiments.

We then specifically investigated the impact of the initiator
(HO) concentration while maintaining the hairpin substrate (H1
and H2) concentration high. Fig. 3B shows the total consump-
tion ratio of H1 and H2 when the substrate concentration was
fixed at 6 uM, and the HO concentration was varied from 0 to 12
uM. The results clearly showed that a higher concentration of
HO led to a greater consumption of H1 and H2. Significantly,
when the HO concentration was in the range of 6-9 uM with 6
uM substrate concentration, the consumption ratio reached
approximately 40% at 60 minutes. This value is nearly equiva-
lent to the 44.2% consumption ratio achieved under the 24-hour
reaction condition, which is asterisked in Fig. 2B ([H0] = [H1] =
[H2] = 1 puM). These results clearly indicate that the increased
amount of initiator and substrate is highly effective for accel-
erating the reaction rate of aptamer-triggered HCR, providing
a critical step towards realizing rapid detection.

Following the optimization of ssDNA concentrations, we
investigated the influence of monovalent salt (NaCl) and diva-
lent salt (MgCl,) concentrations on the HCR reaction rate over
a 60-minute incubation period. Appropriate salt concentrations
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Fig. 4 Effect of the concentration of (A) NaCl and (B) MgCl, on the
reaction rate of aptamer-triggered HCR with 1 h reaction time.
Experimental condition: (A) [HO] = 12 uM, [H1] = [H2] = 6 uM, [ATP] =
1.4 mM, [MgCl,] = 10 mM. Data represent mean + SEM of four inde-
pendent experiments. (B) [HO] = 12 uM, [H1] = [H2] = 6 uM, [ATP] =
1.4 mM, [NaCl] = 300 mM. Data represent mean + SEM of three
independent experiments.
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are crucial for neutralizing the negative charge of the DNA
backbone, which stabilizes the resulting double-stranded HCR
polymers and facilitates the hybridization process. Fig. 4A
shows the effect of varying NaCl concentration on the total
consumption ratio of H1 and H2. The results indicate that the
concentration of NaCl did not significantly correlate with an
increase in the HCR reaction rate over the range tested. Notably,
even in the absence of NaCl with 10 mM of MgCl,, the HCR
reaction still proceeded efficiently. In contrast, the concentra-
tion of MgCl, was found to be highly critical for driving the HCR
reaction. As shown in Fig. 4B, the HCR reaction rate exhibited
a strong dependency on the MgCl, concentration. The
consumption ratio of H1 and H2 increased steadily as the MgCl,
concentration was raised from 0 mM up to 10 mM. Above this
threshold, specifically in the range of 10-15 mM and beyond (up
to 50 mM), the HCR reaction rate plateaued and remained high,
suggesting that 10 mM MgCl, is sufficient to saturate the
requirement for stabilizing the DNA structures and promoting
hybridization. This clear concentration-dependent trend
underscores the essential role of the divalent cation (Mg>") in
facilitating the HCR mechanism, likely by reducing the elec-
trostatic repulsion between the ssDNA strands more effectively
than the monovalent Na* ions. Furthermore, Mg>" ions are
known to be indispensable for the proper folding and function
of many DNA aptamers, including the ATP-binding aptamer
sequence contained within the HO strand, which is essential for
initiating the ATP-triggered HCR process.

Optimization of mixing condition for HCR products with
AuNPs for rapid visual ATP detection

The previous investigations using the experimental results in
Fig. 2-4 confirmed that high concentrations of ssDNA (espe-
cially the initiator HO) and the presence of at least 10 mM MgCl,
are highly effective for accelerating the aptamer-triggered HCR
process. However, it is crucial to recognize a fundamental
conflict when integrating these optimized HCR conditions with
the AuNP-based colorimetric detection system. Specifically,
high ssDNA concentration that promote rapid HCR also
enhance the dispersion stability of the AuNPs. This heightened
stability can severely prevent the reaction of AuNP aggregation.
Conversely, while high concentrations of MgCl, promote HCR,
they also act as potent aggregators for the AuNPs, potentially
leading to false-positive aggregation and a diminished signal
window. Therefore, the conditions determined to optimize the
HCR reaction rate alone are not necessarily the optimal condi-
tions for the final visual detection system. The subsequent step
was thus to meticulously optimize the crucial mixing conditions
between the HCR product and the AuNP solution to balance the
need for both rapid HCR progression and effective colorimetric
readout.

To evaluate the performance of the integrated rapid visual
detection system, we first examined the colorimetric response
using HCR products incubated for 60 minutes and immediately
mixed with the AuNP solution (Fig. 5 and S1). The results
showed that the method was capable of visually detecting ATP
concentrations in the range of 100-500 uM. Furthermore, Fig. 5

This journal is © The Royal Society of Chemistry 2026
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Fig. 5 ATP concentration dependences in the color development of
AuNPs at different concentration ratio of HO, H1, and H2 after 10 min
HCR incubation time. These color changes were observed 5 min after
mixing the HCR product with AuNP solution at 25 °C. Mixing condi-
tions: 60 pL of AuNP solution with 4 puL of HCR solution. HCR was
carried out under the experimental condition as follows; [MgCl,] =
10 mM, [NaCl] = 300 mM. Similar results were obtained in three
independent experiments.

highlights the significant impact of the ssDNA concentration
ratio on the visual detection sensitivity. Comparing the four
conditions—[HO]:[H1]:[H2] = 6:6:6 uM, 6:4:4 pM, 6:3:3
uM and 6:2:2 pM—the last condition exhibited a lower ATP
detection concentration. This difference is strongly attributable
to the lower total ssDNA amount in the 6:2:2 uM condition,
which inherently renders the AuNPs less stable and therefore
more susceptible to aggregation and color shift upon HCR
consumption, effectively improving the visual sensitivity.

We simultaneously focused on reducing the total detection
time by investigating shorter HCR incubation times (Fig. 5 and
S1). The results revealed that an HCR incubation time of only 10
minutes was sufficient for effective visual detection. Specifically,
even at 10 minutes, the assay could clearly distinguish ATP at
100 puM through a visible color difference. Under the [HO] = [H1]
= [H2] = 1 uM condition, the HCR barely proceeded within
120 min due to the insufficient substrates’' concentrations (data
not shown). Therefore, conditions such as 6:1:1 pM, which
involve even lower substrates levels, were not considered in this
study. A comparison between the two conditions tested at 20
minutes, [HO] = [H1] = [H2] = 3.2 uM and 4.8 pM, again
demonstrated that the condition with the higher total ssDNA
concentration (4.8 pM) exhibited greater AuNP dispersion
stability, leading to a less pronounced color shift, confirming

This journal is © The Royal Society of Chemistry 2026

View Article Online

Analytical Methods

the trade-off between HCR efficiency and AuNP signal genera-
tion (Fig. S2).

A crucial achievement of this optimization is the substantial
reduction in the total assay time compared to previous reports.
Gao et al. (2017) utilized a system requiring an 80-minute HCR
incubation at 37 °C followed by an additional 50-minute post-
mixing for visual detection, resulting in a total assay time of
130 minutes. In contrast, the colorimetric results shown in this
study shown in Fig. 5 demonstrate that with the appropriately
optimized mixing ratio between the HCR product and the AuNP
solution, immediate visual determination of the ATP concen-
tration is possible at room temperature (25 °C), where the total
detection time is approximately 15 minutes, representing
a significant reduction compared to the 130 minutes required
by Gao and co-workers.

Through the systematic optimization of the total ssSDNA
concentration, their ratio, cation concentration, and the mixing
ratio of HCR product with AuNPs, this study demonstrated the
capability for rapid visual detection of ATP at the 100 uM level
within 15 minutes. Despite the successful achievement of rapid
detection, further improvements in visual detection sensitivity
are possible. Potential strategies include the optimization of the
volume ratio between the HCR product and the AuNP solution,
the use of differently sized AuNPs to tune the stability threshold,
and the post-mixing addition of a salt, such as NaNOg, like the
method implemented by Gao et al., to further enhance the
aggregation kinetics and sharpen the colorimetric response.

Specificity evaluation of the rapid visual ATP detection system

To evaluate the substrate specificity of the developed rapid
visual ATP detection system, ATP and its structural analogs
nucleoside triphosphates (NTPs), CTP, GTP and UTP were used
under the optimized HCR reaction conditions. After HCR
reaction, the HCR products were mixed with the AuNP solution
for visual detection. As shown in Fig. S3, only the reaction
performed in the presence of ATP induced a distinct colori-
metric response from red to blue, whereas the other NTP did
not produce an appreciable colorimetric response. These
results indicated that the established rapid visual detection
system exhibited high specificity toward ATP over other NTPs.

Experimental
Materials and reagents

All oligonucleotides used in this study were purchased from
Eurofins Genomics (Tokyo, Japan), and purified through
oligonucleotide purification cartridge (OPC). The 0.1 M phos-
phate buffer solution (PBS), and NaCl powder were produced by
Fujifilm (Tokyo, Japan). The MgCl,-6H,0 powder was sourced
from Fujifilm Wako (VA, USA). The 1 M Tris-HCI buffer (pH 7.5)
was obtained from Nippon Gene (Tokyo, Japan). The ATP
solution (100 mM) was acquired from Thermo Fisher Scientific
(MA, USA). The 15 nm-diameter gold nanoparticles (AuNPs)
solution was purchased form Sigma-Aldrich (MO, USA). The
commercial acrylamide/bis mixed solution and 1x tris-borate—
EDTA (TBE) buffer were purchased from Nacalai Tesque (Kyoto,

Anal. Methods, 2026, 18, 1541-1547 | 1545
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Japan), and the GelStar® nucleic acid staining was produced by
Lonza (Basel, Switzerland). The nucleoside triphosphates (NTP)
bundle (containing ATP, CTP, GTP and UTP 100 mM solutions)
was acquired from Thermo Fisher Scientific (MA, USA).

Aptamer-triggered hybridization chain reaction

DNA stock solutions (HO, H2, H1) underwent thermal dena-
turation at 95 °C for 2 min, then cooled to room temperature.
DNA stock solutions diluted to different final concentrations (1,
2,4 or 6 uM) for HCR reaction, and 4 pL of each were combined
sequentially (12 pL total). Then, 4 pL of sample solutions were
added sequentially in a total volume of 16 puL. As sample solu-
tions, 4 uL of NTPs (ATP, CTP, GTP and UTP) or NTP free buffer
was added. The reaction buffer comprised 1 M Tris-HCI, 0.1 M
PBS (pH 7.6), and additional Nacl (0, 0.15, 0.3, 0.45, 0.9 M) and
MgCl, (0, 5, 10, 15, 20, 25, 50 mM) solution with different final
concentrations. Reactions incubated at room temperature (25 °©
C), for 10 minutes to 24 hours.

Native poly acrylamide gel electrophoresis

The 10% native polyacrylamide gels were prepared were
prepared using commercial acrylamide/bis mixed solution and
1x TBE buffer. 2 pL samples were loaded onto gels, then ran at
150 V for 35 min in 1x TBE buffer, stained for 15 min in
a solution containing 0.01% GelStar® nucleic acid staining, and
visualized under UV light. The quantification of the DNA bands
was performed using Image] software.

Visual detection of ATP samples

The colorimetric assay by naked eye utilizing AuNPs was per-
formed as described below. Briefly, 4 uL of 10-60 minutes HCR
samples mixed with 60 uL AuNP solution, then 5 minutes later,
visual detection was carried out at room temperature.

Conclusions

In summary, this work successfully established a fast and
simple visual detection method for ATP by systematically opti-
mizing the kinetics of the aptamer-triggered HCR and the
colorimetric readout process involving AuNPs. We elucidated
that the rapid acceleration of HCR is predominantly achieved
through the optimization of ssDNA concentrations and the
essential role of Mg>", which significantly contributes to both
DNA hybridization and aptamer folding. Recognizing the con-
flicting requirements for fast HCR and stable AuNP dispersion,
we then fine-tuned the mixing conditions between the HCR
product and the AuNP solution. This integrated optimization
resulted in a high-performance system capable of visually
detecting ATP at the 100 uM level with a total assay time of
approximately 15 minutes, marking a substantial reduction in
analysis time compared to existing AuNP-based HCR methods.
While the current detection level serves as an excellent proof-of-
concept for rapid analysis, the sensitivity can be further
enhanced by incorporating strategies such as optimizing the
AuNP particle size, adjusting the sample-to-AuNP mixing ratio,
and introducing post-mixing salt treatments like NaNO; for
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improved aggregation kinetics. The threshold for ATP concen-
tration changes from red to blue can be easily controlled by
adjusting the mixing ratio of gold nanoparticles and single-
stranded DNA. This characteristic enables threshold-based
visual detection, specifically clear binary (positive/negative)
visual detection at the target ATP concentration. Therefore, we
believe this method offers practical value for biological
contamination screening in industrial and environmental fields
rather than clinical diagnosis, enabling more robust applica-
tions than clinical diagnostics.
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