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A B S T R A C T

The crown-of-thorns starfish (COTS) is a major predator on coral reefs, and its outbreaks can cause severe 
degradation of coral ecosystems, highlighting the critical importance of its early detection. Existing monitoring 
techniques offer limited spatial coverage, and available environmental DNA (eDNA)-based electrochemical 
biosensors are constrained by either low sensitivity or require complex nucleic acid amplification. To overcome 
these constraints, we construct a novel electrochemical biosensor that integrates a polyadenine (polyA) self- 
assembled monolayer with a self-supporting AuNPs-doped multiscale mesoporous carbon (AuNPs/MmC) elec
trode. The synergistic combination of a three-dimensional porous substrate for enhanced electron transport, 
polyA-mediated high-density probe immobilization, and enzymatic signal amplification enables early and precise 
detection of COTS without nucleic acid amplification. The sensor demonstrates a wide detection range from 0.1 
pM to 1000 pM, a low detection limit of 8.82 fM, and good correlation (R2 = 0.972). It shows excellent selec
tivity, reproducibility (cv < 5%), and regenerability. The sensor demonstrated accuracy consistent with PCR 
methods in both aquarium experiments and actual sample testing (P > 0.05), along with better field applicability 
and cost-effectiveness. This technique is sensitive, specific, economical, and simple to use, offering significant 
value for early COTS detection and coral reef conservation.

1. Introduction

The crown-of-thorns starfish (COTS) is a keystone predator in Indo- 
Pacific coral reef ecosystems, and its population outbreaks can cause a 
drastic reduction in coral cover [1,2]. For instance, the Great Barrier 
Reef region saw an approximate 50.7% decline in its average hard coral 
cover between 1985 and 2012, largely due to recurrent COTS outbreaks 
[3,4]. However, Long-term monitoring of the Great Barrier Reef has 
confirmed that COTS outbreaks remain a primary driver of coral reef 
degradation throughout the 2010s and 2020s, with unmanaged out
breaks driving sector-wide coral cover losses of up to 50% during the 
system's 4th outbreak wave (2011–present) [5]. Unlike climate-driven 

coral bleaching, in which surviving corals can recover under favorable 
conditions, COTS predation inflicts irreversible whole-colony coral 
mortality and severely erodes reefs' natural recovery capacity even in 
the wake of other disturbance events, representing a persistent threat to 
coral reef ecosystem resilience [6–8]. Currently, the international 
community primarily relies on remotely operated vehicles (ROVs) and 
manned diving surveys for COTS tracking and quantitative assessment 
[9,10]. However, these methods are costly and ineffective at detecting 
COTS juveniles, provide limited spatial coverage, and fail to accurately 
track COTS distribution and dynamics in the water column. Conse
quently, effective monitoring and early warning remain significant 
challenges in coral reef conservation. In recent years, environmental 

* Corresponding author.
** Corresponding author. School of Resources, Environment and Materials, Guangxi Laboratory on the Study of Coral Reefs in the South China Sea, School of 

Marine Sciences, School of Chemistry and Chemical Engineering, Guangxi University, Nanning, 530004, China.
E-mail addresses: chen.zhenghua@163.com (Z. Chen), wangliwei0427@163.com (L. Wang). 

1 These authors contributed equally to this work.

Contents lists available at ScienceDirect

Talanta

journal homepage: www.elsevier.com/locate/talanta

https://doi.org/10.1016/j.talanta.2026.129836
Received 8 January 2026; Received in revised form 22 March 2026; Accepted 13 April 2026  

Talanta 308 (2026) 129836 

Available online 15 April 2026 
0039-9140/© 2026 Elsevier B.V. All rights are reserved, including those for text and data mining, AI training, and similar technologies. 

mailto:chen.zhenghua@163.com
mailto:wangliwei0427@163.com
www.sciencedirect.com/science/journal/00399140
https://www.elsevier.com/locate/talanta
https://doi.org/10.1016/j.talanta.2026.129836
https://doi.org/10.1016/j.talanta.2026.129836


DNA (eDNA)-based detection technology has emerged as a promising 
new approach for marine biomonitoring [11,12]. Uthicke et al. [13] 
employed droplet digital PCR (ddPCR) to detect COTS eDNA, demon
strating its potential for monitoring population dynamics and providing 
early warning of outbreaks, thereby supplementing or replacing tradi
tional survey methods. Nevertheless, despite its high sensitivity, PCR 
technology is constrained by its dependence on laboratory settings, 
cumbersome procedures, and relatively high cost, making it difficult to 
meet the demands for rapid, large-scale, and high-frequency field 
monitoring [14]. Thus, there is a pressing need to develop a new eDNA 
detection method that is suitable for field application.

Electrochemical biosensors are promising for eDNA detection owing 
to their exceptional responsiveness, fast analysis, cost-effectiveness, 
compact design, and ease of operation [15,16]. Wang et al. [17] re
ported the first electrochemical biosensor capable of detecting COTS 
eDNA with a limit of detection (LOD) of 0.147 ng μL− 1, providing a basis 
for early on-site warning. Subsequently, Zhang et al. [18] introduced a 
cascade amplification strategy based on catalytic hairpin assembly 
(CHA) and hybridization chain reaction (HCR), which further decreased 
the LOD to 18.4 fM. Furthermore, Wen et al. [19] significantly enhanced 
the sensor accuracy and reliability by integrating Exonuclease III (Exo 
III)-assisted target recycling amplification with a dual-signal referencing 
strategy. Despite these advances, the aforementioned methods remain 
constrained by the operational complexity and contamination risks 
associated with nucleic acid amplification, as well as by the inherent 
drawbacks of conventional probe immobilization strategies. Most re
ported electrochemical DNA sensors rely on thiol-modified single-probe 
immobilization via Au–S bonds, which often suffer from uncontrollable 
probe orientation, severe steric hindrance, and poor stability in complex 
aqueous matrices. These issues lead to low target capture efficiency, 
gradual probe desorption, severe non-specific adsorption, and ulti
mately significant signal fluctuation, high background interference, and 
poor reproducibility in practical applications [20,21]. Consequently, 
developing an optimized probe immobilization strategy to address these 
interfacial limitations, while constructing an electrochemical biosensor 
capable of stable, reliable signal output without nucleic acid amplifi
cation, is of significant importance for achieving rapid, on-site detection 
of COTS eDNA.

In recent years, enhancing signal transduction and probe immobili
zation efficiency through material and electrode-interface design has 
been recognized as an effective approach to achieve high-sensitivity, 
amplification-free detection [22]. Among various strategies, 
self-supported three-dimensional porous materials offer excellent 
electron-transfer capabilities [23,24], while polyadenine (polyA) 
self-assembled monolayers, known for their high affinity to gold nano
particles, enable high-density, oriented probe immobilization [25–27]. 
The integration of these two components offers a novel strategy for 
developing high-performance, amplification-free biosensors. In this 
study, we report the integration of a self-supported AuNPs/MmC porous 
electrode, a polyA-mediated high-density probe immobilization strat
egy, and enzyme-catalyzed signal amplification into a single 
amplification-free electrochemical biosensing platform. Unlike previous 
studies that employed these components in isolation, our approach le
verages their synergistic interplay—the porous carbon enhances elec
tron transfer and provides abundant surface area, polyA ensures 
oriented and dense probe packing, and HRP catalysis amplifies the 
detection signal—enabling femtomolar-level detection of COTS eDNA 
without nucleic acid amplification. This integrated design not only im
proves sensitivity and stability but also provides a practically applicable 
strategy for field-deployable eDNA monitoring.

2. Experimental section

2.1. Reagents and instruments

All reagents and instruments employed are detailed in Supporting 

Information S-1. The corresponding DNA sequences are compiled in 
Table S1.

2.2. Synthesis of AuNPs/MmC

First, tetraethyl orthosilicate (TEOS, 1 mL) was added to a mixture of 
ethanol (50 mL), deionized water (1 mL), and ammonia solution (5 mL). 
The mixture was stirred continuously for 6 h at room temperature. The 
resulting SiO2 particles were collected by centrifugation, washed three 
times with ethanol and deionized water, and dried under vacuum at 
60 ◦C. The obtained SiO2 (500 mg) was thoroughly ground and 
dispersed in ethylene glycol (25 mL). After sonication for 30 min, the 
dispersion was stirred for 12 h at room temperature to form a homo
geneous suspension. This suspension was then transferred into a 6 cm 
glass culture dish and dried at 60 ◦C, yielding the SiO2 opal template.

Subsequently, the SiO2 opal template was placed at the bottom of a 
cylindrical mold lined with aluminum foil. A mixture of oxalic acid (25 
mg) and furfural (1 mL) was injected into the mold, allowing it to 
infiltrate the interstitial voids of the template. After aging at 90 ◦C for 72 
h, a dark monolithic composite was obtained (Fig. S1). The composite 
underwent carbonization in an argon atmosphere (heating rate: 10 ◦C 
min− 1), with a 3 h hold at 200 ◦C followed by a 3 h dwell at 900 ◦C. The 
resultant composite was then etched in 6 M NaOH for 72 h to remove the 
SiO2 template. After thorough washing with deionized water and drying, 
the MmC was obtained.

Finally, the as-prepared MmC was immersed in 40 mL of deionized 
water. Under stirring, HAuCl4 solution (1 mL, 0.01 M) and glutathione 
(1 mL) were added dropwise, followed by stirring for 10 min. Then, after 
adding NaBH4 solution (1 mL, 0.1 M), the reaction was allowed to 
proceed with stirring for 30 min at room temperature. Following a 
thorough wash with deionized water, the product was dried under 
vacuum at 60 ◦C to obtain the AuNPs/MmC.

2.3. Construction of the biosensor

In this study, AuNPs/MmC was directly employed as a self- 
supporting electrode (AuNPs/MmC SSE). First, the electrode was 
introduced into a 0.1 μM polyA-CP solution for overnight incubation at 
4 ◦C. It was then thoroughly rinsed with deionized water to remove any 
unbound probes. Subsequently, to block nonspecific binding sites, the 
electrode was incubated with a 0.1 mM MCH solution for 30 min, fol
lowed by another deionized water wash to remove residual MCH. 
Finally, the modified AuNPs/MmC SSE was stored at 4 ◦C for subsequent 
electrochemical measurements.

2.4. Electrochemical measurement

First, a 0.1 μM biotin-modified reporter probe (RP) was mixed with 
varying concentrations of the target DNA in a hybridization buffer. The 
mixture was heated to 80 ◦C for 5 min, then equilibrated to ambient 
temperature for 20 min to facilitate complete hybridization and complex 
formation. Subsequently, the polyA-CP-modified SSE was immersed in 
the hybridization solution described above and incubated at 37 ◦C for 
100 min to facilitate the specific binding of the target DNA to the capture 
probes anchored on the sensor surface. After removal, the electrode was 
washed with washing buffer. It was then incubated in a solution con
taining 0.5 U mL− 1 of avidin-labeled horseradish peroxidase (avidin- 
HRP) at room temperature for 20 min. Finally, following another wash 
with washing buffer, the electrode could proceed to electrochemical 
detection.

A portable electrochemical workstation was employed to perform all 
measurements in a 3,3′,5,5′-Tetramethylbenzidine (TMB) substrate so
lution containing H2O2. Cyclic voltammetry (CV) was conducted with 
the following parameters: a potential scan ranges from 0 to 0.8 V, a scan 
rate of 0.05 V s− 1, and a sampling interval of 1 mV. Electrochemical 
impedance spectroscopy (EIS) was conducted over frequencies from 104 
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Hz to 0.1 Hz. For chronoamperometry (I-t) measurements, a constant 
potential of − 200 mV was applied with a scan rate of 30 mV s− 1. The 
steady-state current recorded at 120 s was used as the output signal.

Buffer solutions used in this work are as follow: immobilization buffe 
(10 mM Tris-HCl, 1 mM EDTA, 1 mM NaCl, pH 7.0), washing buffer (10 
mM Na2HPO4, 10 mM KH2PO4, 2.7 mM KCl, 137 mM NaCl, pH 7.4) and 
hybridization buffer (10 mM PBS, 20 mM MgCl2, pH 7.4). Besides, 5 mM 
[Fe(CN)6]3− /4− solution containing 0.1 M KCl was used for CV and EIS 
test. All the above buffer solutions were prepared with ultrapure water 
from a Millipore water purification system (18.2 MΩ, Milli-Q, 
Millipore).

2.5. Actual sample processing procedure

In April 2024, we conducted a field ecological survey of coral reefs in 
the Xisha Islands in the South China Sea. Guided by historical outbreak 
records, seawater samples were collected from eight selected sites (S1 ~ 
S8). Site-specific information is compiled in Table S2. At each site, a pre- 
cleaned organic glass water sampler, pre-treated with 10% sodium hy
pochlorite solution and thoroughly rinsed, was used to collect 5 L of 
seawater. The collected seawater was then filtered through a 0.2 μm 
polycarbonate (PC) membrane. After filtration, the membrane was 
transferred to − 80 ◦C storage. eDNA was extracted following the pro
cedure described in Supporting Information S-1. The enriched eDNA 
samples were analyzed using the developed biosensor, with each sample 
measured in triplicate.

3. Results and discussion

3.1. Detection mechanism of the biosensor

Scheme 1a illustrates the synthesis process of AuNPs/MmC nano
composites via a template-assisted method and in situ reduction. 
Scheme 1b summarizes the assembly and detection mechanism of the 
sensor. Importantly, the enhancement strategy relies on signal amplifi
cation at the transducer interface rather than on nucleic acid amplifi
cation of the target. The signal enhancement arises from a multi-level 
synergistic strategy integrating three complementary amplification 
sources: (1) porous electrode-based signal enhancement—the SSE fea
tures a three-dimensional interconnected carbon network, providing a 
large effective surface area for probe immobilization while facilitating 
rapid electron transfer [28]; (2) polyA-mediated interfacial signal 
enhancement—the length of the polyA sequence enables precise and 
direct modulation of surface coverage; longer polyA blocks inherently 
reduce probe density due to their greater spatial occupancy, thereby 
avoiding the issues of excessive probe crowding commonly associated 
with thiolated DNA and the difficulty in precisely controlling the stoi
chiometry of mixed SAMs. Moreover, the polyA segment preferentially 
anchors to the AuNP surface and orients the recognition sequence up
right, increasing the lateral spacing between adjacent probes while 
minimizing steric hindrance [29–31]. This synergistic combination of 
density modulation and oriented immobilization significantly enhances 
hybridization efficiency and kinetics; (3) enzymatic signal enhance
ment—following target binding, the biotin-labeled RP is captured, 

Scheme 1. (a) Schematic diagram of the preparation process for AuNPs/MmC, (b) Schematic illustration of the polyA-enhanced self-supporting electrochemical 
biosensor for detecting COTS.
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forming a stable “sandwich” complex. This complex subsequently re
cruits avidin-HRP via biotin-avidin interaction. In the presence of H2O2, 
each HRP molecule catalyzes the oxidation of multiple TMB substrates, 
generating a greatly amplified electrochemical current. By synergisti
cally integrating these three signal enhancement mechanisms, the 
sensor enables precise detection of COTS eDNA without the need for 
nucleic acid amplification.

3.2. Characterization of AuNPs/MmC

The morphology and structure of AuNPs/MmC were first charac
terized by scanning electron microscope (SEM). As shown in Fig. 1a, 
AuNPs/MmC exhibits a three-dimensional interconnected carbon 
network with a dense porous architecture, a structural feature that is 
critical for achieving high sensitivity and rapid response in electro
chemical biosensing. Transmission electron microscopy (TEM) further 
revealed that AuNPs are uniformly dispersed on the graphitized carbon 
layers without significant aggregation (Fig. 1b). This uniformity ensures 
consistent polyA anchoring sites across the electrode surface, contrib
uting to reproducible probe immobilization and stable sensor perfor
mance [32,33]. High-resolution TEM (HR-TEM) images show clear 
lattice fringes with an interplanar spacing of 0.23 nm (Fig. 1c), corre
sponding to the Au (111) plane. Meanwhile, energy-dispersive X-ray 
spectroscopy (EDS) mapping confirmed the homogeneous distribution 
of C, O, and Au elements within the material (Fig. 1d), which is 
consistent with the survey spectrum (Fig. S2).

As shown in Fig. 1e, X-ray diffraction (XRD) analysis revealed 
characteristic diffraction peaks corresponding to the (002) and (101) 
planes of graphitic carbon [34,35], along with distinct peaks at 2θ =

38.2◦, 44.4◦, 64.6◦, and 77.5◦, assigned to the (111), (200), (220), and 
(311) crystal planes of Au [36,37], respectively. These results confirm 
the successful loading of AuNPs without compromising the carbon 
framework. The high-resolution C 1s spectrum (Fig. 1f) shows peaks 
corresponding to C–C/C––C, C–O, and carboxyl functional groups, while 
the O 1s spectrum (Fig. 1g) reveals peaks attributable to C––O, C–O, and 
O–H bonds. The presence of oxygen-containing functional groups en
hances interfacial wettability, ensuring higher electrochemical accessi
bility of surface-active sites in aqueous electrolytes, thereby improving 
the response sensitivity of the sensor [38]. The Au 4f spectrum (Fig. 1h) 
exhibits two peaks at 83.8 eV and 87.7 eV, corresponding to the 4f7/2 
and 4f5/2 states of metallic Au0, with a spin-orbit splitting of 3.7 eV [39], 
further confirming the successful deposition of AuNPs.

The specific surface area and pore structure of AuNPs/MmC were 
characterized by N2 adsorption-desorption isotherms. As shown in 
Fig. 1i, the material exhibits a typical type-IV isotherm with an H2-type 
hysteresis loop, characteristic of mesoporous materials [40,41]. The 
Brunauer-Emmett-Teller (BET) specific surface area was calculated to be 
227 m2 g− 1. This high surface area provides abundant active sites for 
polyA probe immobilization, thereby increasing capture probe density 
and enhancing target recognition efficiency and signal output. The 
pore-size distribution curve (Fig. S3) shows two main peaks at 2.78 nm 
and 6.41 nm, indicating a hierarchical mesoporous structure that facil
itates rapid diffusion of target molecules and electrolyte ions, thereby 
further promoting hybridization kinetics and electron transfer.

In summary, the combination of high specific surface area, hierar
chical mesoporous structure, and favorable surface chemistry endows 
AuNPs/MmC with superior probe-loading capacity, efficient electron 
transfer, and stable interfacial properties. These structural advantages 

Fig. 1. (a) SEM image, (b) TEM image, and (c) HR-TEM image of AuNPs/MmC. (d) EDS elemental mapping spectrum of AuNPs/MmC. (e) XRD spectrum of AuNPs/ 
MmC. (f) High-resolution spectra of C 1s, (g) O 1s, and (h) Au 4f. (i) N2 adsorption-desorption isotherm of AuNPs/MmC.
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establish a robust material foundation for constructing high- 
performance electrochemical biosensors with high sensitivity, good 
reproducibility, and reliable field applicability.

3.3. Feasibility analysis of the sensor

As shown in Fig. 2a, the AuNPs/MmC self-supporting electrode (SSE) 
exhibits a coin-like structure with uniform thickness and a smooth sur
face, approximately 2 cm in diameter. Fig. 2b illustrates the portable 
electrochemical device for COTS detection, which is based on a three- 
electrode system comprising an SSE working electrode, an Ag/AgCl 
reference electrode, and a Pt sheet counter electrode.

The stepwise assembly process of the sensor was characterized using 
EIS. As depicted in Fig. 2c, MmC exhibited an exceptionally low charge 
transfer resistance (Rct), which attributed to its three-dimensional 
framework and porous structure, which effectively facilitated electron 
transfer. Following the incorporation of AuNPs, the Rct of AuNPs/MmC 
further decreased, since the AuNPs can provide additional electro
chemical active sites, thereby accelerating the interfacial charge transfer 
process [42]. Subsequently, the polyA-CP was grafted onto the electrode 
via the high-affinity interaction between polyA and Au. The negatively 
charged phosphate backbone induced electrostatic repulsion towards 
[Fe(CN)6]3− /4− ions, leading to a significant increase in Rct. Further 
introduction of MCH to block non-specific sites, the Rct continued to 
increase. Lastly, after the attachment of both the target DNA and the 
reporter probe to the electrode surface, the Rct reached its maximum 
value, which is primarily due to the introduction of a substantial nega
tive charge. These EIS changes validated the successful stepwise as
sembly of the sensor. CV and I-t further investigated the electrochemical 
behavior of the sensor in TMB-H2O2 substrates. Without target DNA, CV 
curve exhibited two pairs of characteristic redox peaks at the electrode. 
However, with target DNA, the “sandwich” double-stranded structure 
anchored HRP to the electrode surface via biotin-conjugated avidin. 
Under HRP catalysis, the reduction peak current of TMB was markedly 
enhanced (Fig. 2d). Correspondingly, the I-t curve (Fig. 2e) showed a 
significantly amplified steady-state current signal when the target DNA 

is present, resulting from the efficient catalytic reaction of TMB-H2O2 by 
HRP, consistent with the increased reduction current observed in the 
CV. These results demonstrated that the electrochemical biosensor 
based on AuNPs/MmC SSE modified with polyA self-assembled mono
layers can effectively achieve specific recognition and signal trans
duction of target DNA, exhibiting feasibility and promising potential for 
COTS detection.

3.4. Evaluation of sensor performance

The analytical performance of the constructed sensor was evaluated 
by chronoamperometry under optimized experimental conditions. As 
shown in Fig. 3a, the sensor response current gradually increased as the 
target DNA concentration varied from 0.1 pM to 1000 pM. The current at 
120 s was used as the quantitative signal to establish a calibration curve 
for different concentrations of target DNA (Fig. 3b). The results show 
that the relationship between the current signal and the target DNA 
concentrations follows a power-law function, as expressed in Equation 
(1): 

y=21.571x0.224( R2 =0.972
)

(1) 

Based on the standard formulas for detection and quantification 
limits [43,44], the sensor achieved a limit of detection (LOD) of 8.82 fM 
(0.11 fg μL− 1) and a limit of quantification (LOQ) of 69.63 fM. 
Compared with previously reported methods (Table S3), this sensor 
demonstrates higher detection sensitivity. In contrast to biosensors 
employing a single-probe strategy, our approach integrated a 
three-dimensional porous substrate for enhanced electron transfer, 
polyA-mediated high-density probe immobilization, and enzymatic 
signal amplification, collectively achieving an LOD at the femtomolar 
level. Furthermore, compared with other reported nucleic acid 
amplification-free biosensors, this sensor offers improved detection 
sensitivity and stability through refined interface design and signal 
transduction mechanisms, while maintaining operational simplicity.

Selectivity is a key metric for evaluating biosensor performance [45]. 

Fig. 2. (a) Presents digital images of the front, back, and side views of the AuNPs/MmC self-supporting electrode, with its diameter annotated. (b) The portable 
device employed for electrochemical analysis. (c) EIS curves of different modified electrodes: a, MmC; b, AuNPs/MmC; c, polyA10-CP/AuNPs/MmC; d, MCH/ 
polyA10-CP/AuNPs/MmC; e, reporter probe/target/MCH/polyA10-CP/AuNPs/MmC. (d) CV curve and (e) I-t curve of TMB analyzed using polyA10-CP: with 
target (1 nM), without target (hybridization buffer).
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To verify the specificity of the constructed sensor, selectivity tests were 
performed using genomic DNA from seven common species associated 
with South China Sea coral reef areas as potential interferents (Linckia 
laevigata, Culcita novaeguineae, Montastrea curta, Pocillopora damicornis, 
Platygyra sinensis, Naso lituratus, and Lethrinus erythropterus) (Fig. S5). As 
shown in Fig. 3c, when only an interferent was present, there was no 
significant difference between the current signal detected by the sensor 
and that of the blank control (P > 0.05). In contrast, both the target DNA 
alone and its mixture with interferents induced a significantly amplified 
signal, showing a statistically significant difference compared to the 
interference groups (P < 0.001). This result is primarily attributed to the 
high sequence-specific recognition capability of the polyA-CP towards 
the target DNA.

To evaluate the storage stability of the constructed sensor, it was 
stored at 4 ◦C and tested periodically. As shown in Fig. 3d, the current 
signal remained stable with no significant decay after 3 days of storage. 
The signal retention rate was 98.36% after 6 days, and only a 4.06% 
decrease was observed after 10 days, indicating excellent storage sta
bility. The reproducibility of sensor fabrication and measurement was 
further investigated. Eighteen AuNPs/MmC SSEs were prepared in 
parallel and used to detect target DNA at three different concentrations: 
1000 pM, 10 pM, and 0.1 pM. As shown in Fig. 3e, the coefficients of 
variation (cv) for these concentrations were 4.85%, 4.73%, and 4.44%, 
respectively, demonstrating good reproducibility. These results confirm 
that the sensor exhibits outstanding stability and reproducibility for 
COTS detection. Theses excellent performances are primarily attributed 
to the stable immobilization of polyA-CP on the electrode surface, the 
effective interfacial control by the self-assembled monolayer, and the 
inherent structural stability of the AuNPs/MmC SSE, which together 
ensure reliable sensor performance in practical applications.

The strong and stable self-assembly of polyA on the electrode surface 
allows the sensor to maintain the structural integrity of its interface even 
after repeated hybridization and denaturation cycles, thereby enabling 
sensor regeneration [46]. As shown in Fig. 3f and Fig. S6, the fabricated 
sensor was first tested for an initial measurement (Round 1). The sensor 
was then treated with urea solution concentration to denature the 

surface-bound “sandwich” complex, showing a background current 
signal (Round 2), indicating the effective removal of the captured DNA 
complex. The same electrode was subsequently used again to detect the 
same concentration of target DNA, and the current signal recovered to 
the initial level (Round 3), confirming the good regeneration capability 
of the sensor. After five consecutive regeneration cycles, the current 
signal decreased by only approximately 8.67% (Round 9), further 
demonstrating the reliable reusability of the sensor. These results prove 
that the polyA-CP possesses a stable conformation and strong surface 
binding affinity, which endows the sensor with excellent regenerability 
and helps reduce the cost per test. The single detection time for this 
sensor was calculated to be approximately 147 min, with a per-test cost 
of only $1.20. Compared with other detection methods (Table S4), this 
sensor shows clear advantages in both detection time and economic cost.

3.5. Accuracy verification

To validate the accuracy of the sensor in practical applications, an 
aquarium experiment was designed (Fig. 4a). First, quality control 
protocols were performed to monitor potential contamination during 
the eDNA enrichment operation. As shown in Fig. 4b, the current signal 
of the blank group was comparable to the background signal and 
significantly lower than that of the experimental group (P < 0.001), 
indicating no contamination occurred throughout the experiment and 
effectively avoiding false-positive interference. Subsequently, eDNA 
detection was conducted on water samples from aquariums without 
COTS (negative control, B1 ~ B3) and with COTS (B4 ~ B6). As shown 
in Fig. 4c, samples B4 ~ B6 generated a significantly enhanced current 
signal versus the negative control (P < 0.001) but did not differ signif
icantly from the positive control (P > 0.05). In contrast, the signal of B1 
~ B3 remained consistent with the negative control (P > 0.05), con
firming the reliability of the sensor for detecting COTS eDNA. To further 
confirm the accuracy of the sensor, a comparative analysis was per
formed using ddPCR as the gold-standard method. As shown in Fig. 4d, 
the results obtained with the sensor for both negative and positive 
samples showed no significant difference from the ddPCR results (P >

Fig. 3. (a) I-t curves measured using the electrochemical biosensor, and (b) corresponding calibration curves for different target DNA concentrations (0.1 pM, 1 pM, 
10 pM, 50 pM, 100 pM, 500 pM, and 1000 pM). (c) Selectivity assessment of the biosensor (i: COTS, ii: Linckia laevigata, iii: Culcita novaeguineae, iv: Montastrea curta, 
v: Pocillopora damicornis, vi: Platygyra sinensis, vii: Naso lituratus, viii: Lethrinus erythropterus). (d) Stability assessment of the biosensor. (e) Repeatability assessment of 
the biosensor (corresponding to target concentrations of 1000 pM, 10 pM, and 0.1 pM respectively). (f) Regeneration assessment of the biosensor. Error bars denote 
the standard deviation of three parallel experiments (n = 3). ***P < 0.001, n. s. > 0.05.
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Fig. 4. (a) Schematic diagram of the aquarium experiment. B1 ~ B3: Negative control groups; B4 ~ B6: Positive control groups. (b) Box plot of biosensor test data 
from the blank control experiment. (c) Sensor detection results from the aquarium experiment. (d) Differential analysis of biosensor and ddPCR detection results. 
Error bars denote standard deviation from three parallel experiments (n = 3). ***P < 0.001, n. s. > 0.05, ND* denotes not detected.

Fig. 5. Schematic map of the study area and sampling sites (S1 ~ S8). Bar charts represent COTS eDNA concentrations (biosensor measurements, left) and ecological 
survey densities (right) at each site. The map is drawn using a standard geographic coordinate system; see legend for scale.
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0.05), demonstrating excellent agreement between the two methods. 
The sensor demonstrated reliable detection performance consistent with 
the standard method under simulated real-world conditions, indicating 
strong potential for field applications.

3.6. Actual sample detection

To evaluate the detection performance of the sensor in real-world 
complex environments, this study conducted COTS eDNA detection in 
the waters of the Xisha Islands in the South China Sea. Seawater 
collection, processing, and eDNA extraction for all samples followed 
strict quality control protocols (Supporting Information S-1, Fig. 4b) to 
ensure data reliability. As shown in Fig. 5, no adult COTS were recorded 
during the ecological survey at sites S1, S2, S7, and S8. However, the 
sensor still detected significant eDNA signals at sites S2 and S8 (Fig. 5, 
bar chart). This is primarily due to the detection limitations inherent in 
ecological surveys, which struggle to effectively identify smaller, 
cryptic, or coral-dwelling starfish larvae, potentially leading to omission 
[47]. In contrast, the sensor directly captures COTS eDNA from the 
water column, offering a more sensitive indication of presented COTS, 
irrespective of life stage or activity patterns. Notably, at sites where 
COTS were confirmed by ecological surveys (S3 ~ S6), the number of 
COTS per unit area and the eDNA concentration measured by the sensor 
showed similar trends (Fig. 5, bar chart). This suggests that eDNA con
centration in water can, to some extent, reflect local population density 
of the target organism [48].

Comparative analysis was performed on the same batch of samples 
using qPCR. No significant difference was found between the eDNA 
concentrations obtained by the two methods (P > 0.05) (Table S5). 
Linear regression analysis indicated a high correlation between the two 
datasets (Pearson's r = 0.996; Fig. S7), confirming the excellent detec
tion accuracy and reliability of the sensor even in complex real-world 
water samples. Compared with the PCR methods, the sensor maintains 
high accuracy while offering additional advantages such as lower cost, 
portability, and faster detection, providing a feasible technical support 
system for early monitoring and warning of COTS outbreaks.

4. Conclusion

In this study, a polyadenine-enhanced, porous carbon, self- 
supporting electrochemical biosensor was constructed for highly sensi
tive and specific detection of COTS eDNA. The core innovation is inte
grating three components into one sensing platform: a self-supported 
AuNPs/MmC porous electrode, a polyA-mediated high-density probe 
immobilization strategy, and enzyme-catalyzed signal amplification. 
Unlike previous amplification-free electrochemical DNA sensors that 
typically rely on only one or two of these features, our approach ach
ieves a synergistic enhancement through their combination: the three- 
dimensional porous carbon framework facilitates efficient electron 
transfer, the polyA self-assembled monolayer enables oriented and high- 
density capture probe immobilization, and the HRP-catalyzed reaction 
provides robust signal amplification. This synergistic design enables 
femtomolar-level sensitivity (LOD = 8.82 fM) without the need for 
nucleic acid amplification, while maintaining a broad linear range (0.1 
to 1000 pM, R2 = 0.972). The sensor also exhibited excellent selectivity, 
reproducibility (cv < 5%), and stability, and could be regenerated for 
more than five cycles. Owing to its amplification-free nature, each assay 
requires only approximately 147 min and costs about $1.2, substantially 
reducing both time and expense compared to PCR-based methods. Both 
aquarium experiments and actual sample testing demonstrated that the 
sensor achieved high consistency with PCR methods (P > 0.05), con
firming its good accuracy and reliability in real-world environments. 
Notably, the sensor successfully detected COTS eDNA at sites where 
visual surveys failed to identify cryptic or juvenile individuals, under
scoring its value as an early warning tool capable of detecting COTS at 
very low pre-outbreak population densities, directly informing COTS 

control and coral reef conservation strategies—including long-term reef 
management via water quality improvement and marine protected area 
establishment, biological control through natural predator release, and 
targeted manual removal for direct intervention—and enabling proac
tive rather than reactive management as a practical, field-deployable 
platform for coral reef protection and COTS outbreak prevention. 
Future efforts could focus on developing fully integrated portable de
vices to enable rapid on-site decision-making for coral reef conservation.
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[3] É.E. Plagányi, R.C. Babcock, J. Rogers, M. Bonin, E.B. Morello, Ecological analyses 
to inform management targets for the culling of crown-of-thorns starfish to prevent 
coral decline, Coral Reefs 39 (2020) 1483–1499, https://doi.org/10.1007/s00338- 
020-01981-z.

[4] D.A. Westcott, C.S. Fletcher, F.J. Kroon, R.C. Babcock, E.E. Plagányi, M. 
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