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Coral probiotics can improve the tolerance of corals to heat stress, thus mitigating the process of coral thermal
bleaching. Sensitive and specific detection of coral probiotics at low abundances is highly desirable but remains
challenging, especially for rapid and on-site detection of coral probiotics. Since the electrochemical biosensor has
been recently used in the field of environmental DNA (eDNA) detection, herein, an efficient electrochemical
biosensor was developed based on CoS3/CoSez-NC HNCs electrode material with a specific DNA probe for the
C. marina detection. After optimization, the lower limit of detection (LOD) values of such biosensors for the target
DNA and genomic DNA were 1.58 fM and 6.5 pM, respectively. On this basis, a portable device was constructed
for the practical detection of C. marina eDNA, and its reliability and accuracy were verified by comparison with
the ddPCR method (P > 0.05). For each analysis, the average cost was only ~ $1.08 and could be completed
within 100 min with reliable sensitivity and specificity. Overall, the biosensor could reflect the protective effect
of probiotics on coral heat stress, and the proposed technique will put new insights into the rapid and on-site
detection of coral probiotics to assist corals against global warming.

1. Introduction

Global coral coverage has deteriorated over the past two to three
decades due to intensifying marine heat waves (Buerger et al., 2020;
Quigley et al., 2022). Coral probiotics have been used to improve corals’
tolerance and resilience to environmental stress, which is regarded as
one of the effective means to mitigate coral bleaching (Maire and van
Oppen, 2022; Thatcher et al., 2022). The prospective study (Rosado
et al.,, 2019) has shown that the coral probiotic Cobetia marina can
release large amounts of catalase (CAT) at 30 °C, which can break down
reactive oxygen species (ROS) that cause coral bleaching. The abun-
dance of colonized probiotics is positively correlated with the ability of
corals to tolerate environmental stress (Silva et al., 2021). Currently, the

main methods used to detect coral probiotics are fluorescence quanti-
tative PCR (qPCR) (Liu et al., 2020) and droplet digital PCR (ddPCR)
(Ushijima et al., 2023). However, the main shortcomings, such as the
collection of endangered corals (Tandon et al., 2020) as well as tedious
sample pre-treatment (Liu et al., 2019; Xia et al., 2022), hinder the
implementation of the task of convenient and on-site detection of coral
probiotics. In contrast, environmental DNA (eDNA) technology is ideal
for coral probiotic monitoring, since it allows direct analysis of eDNA
extracted from a large number of environmental samples (e.g., soil, air,
or water) without the need to isolate and cultivate any of the target
organisms (Huang et al., 2022; Mauvisseau et al., 2022).

Recently, eDNA technology has been identified as a handy, efficient,
and non-invasive alternative monitoring method extensively applied in
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Fig. 1. The construction of an electrochemical biosensor.

ecological surveys (Takahashi et al., 2023). Lee et al. utilized eDNA crown-of-thorns starfish (Uthicke et al., 2022; L. Wang et al., 2023).

approaches to detect bacterial communities’ diversity and spatiotem- However, eDNA is vulnerable to various abiotic and biotic factors, such
poral dynamics in sediments and assess the corresponding correlation as temperature, water matrix, etc., and thus is difficult to store and
with environmental variables (Lee et al., 2020). In addition, eDNA transport for long periods (McCartin et al., 2022). Therefore, it is
techniques have been employed in the diversity research of marine necessary to develop a rapid and on-site eDNA detection method.

fishes (Valdivia-Carrillo et al., 2021) and in monitoring the density of Electrochemical biosensors have emerged as an ideal platform for
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Fig. 2. (a-d) SEM, TEM, HRTEM elemental images and XRD patterns of CoS,/CoSe,-NC HNCs; XPS spectra of (e) Co 2p, (f) S 2p, (g) Se 3d; (h) CV curves of CoSy/
CoSe,-NC HNCs at different scan rates; (i) the linear relationship of CoS,/CoSeo-NC HNCs between redox peak current and square root values of the scan rates. The
error bars represented the standard error of the mean.
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Fig. 3. (a) Nyquist plots of the EIS measurements and (b) DPV curves of the different steps of biosensor analysis: (I) GCE, (II) CoS,/CoSe,-NC NHCs/GCE, (III) Glu/
CoS,/CoSex-NC NHCs/GCE, (IV) capture probe/Glu/CoS,/CoSe,-NC NHCs/GCE, (V) BSA/capture probe/Glu/CoS,/CoSep-NC NHCs/GCE, (VI) target DNA/BSA/
capture probe/Glu/CoS,/CoSe,-NC NHCs/GCE. All experiments were performed in 0.1 M KCl/5.0 mM [Fe(CN)g]>/%.

effectively monitoring eDNA based on the Watson-Crick pairing prin-
ciple. Compared with traditional detection methods, electrochemical
biosensors have significant advantages in detecting probiotics due to
their portability characteristics, high sensitivity, and operation conve-
nience (Feng et al., 2020). Notably, a variety of electrochemical bio-
sensors have been widely used in the investigation of food pathogens (Li
etal., 2021; Riu and Giussani, 2020; Wasiewska et al., 2023) and marine
pathogens (W. Wang et al., 2023; Wei et al., 2021). However, to our
knowledge, few studies have reported on detecting C. marina eDNA
using electrochemical biosensors. Hence, constructing a highly selective
electrochemical biosensor for the effective on-site detection of C. marina
eDNA would be of great significance.

In this study, we developed electrochemical biosensors with a lower
limit of detection (LOD) and wider detection range by immobilizing
specific oligonucleotide probes on the surface of the CoSy/CoSes-NC
heterojunction nanocubes (CoSy/CoSes-NC HNCs) electrode material.
The electrochemical biosensors were used for the rapid and accurate on-
site detection of C. marina eDNA. Furthermore, the reliability and ac-
curacy of the biosensors were verified by comparing them with the gold
standard method of ddPCR. In addition, a mapping relationship was
constructed between electrochemical biosensor detection results, coral
probiotic concentration and coral health status. This study will provide
new insights into the on-site inspection of probiotics and assessing the
environmental tolerance of corals.

2. Materials and methods

The experimental details including Chemicals and Apparatus
(S1.1-1.2), Synthesis of CoSy/CoSes-NC HNCs (S1.3), Bacterial culture
and DNA extraction (S1.4), Primers and probes design (S1.5), and
Electrochemical measurement ($1.6) can be found in the Supporting
Information.

2.1. Fabrication of electrochemical biosensors

All the probe sequences were shown in Table S1. The bare glassy
carbon electrode (GCE) was initially polished to a mirror state with 1,
0.3, and 0.05 pm alumina powder, respectively, and sonicated with
ethanol and deionized water for 5 min. Then, 10 pL of CoS;/CoSey-NC
HNCs solution (4 mg/mL) diluted with 1% chitosan was immobilized on
the surface of the cleaned GCE. After immobilization, 10 pL of 2.5%
glutaraldehyde (Glu) solution was added dropwise to the surface of the
modified electrode, which was noted as Glu/CoS,/CoSes-NC HNCs/
GCE. Then, 10 pL of 0.5 pM capture probe was added dropwise onto Glu/
C0S5/CoSex-NC HNCs/GCE. The modified electrode was then added
onto 10 pL bovine serum albumin buffer (BSA, 0.1%, v/v) to block the
non-specific binding sites, which was noted as BSA/capture probe/Glu/
CoSy/CoSey-NC HNCs/GCE. Finally, the electrode was incubated with
10 pL of different concentrations of target DNA and incubated at room

temperature for 1 h, followed by phosphate buffer solution (PBS)
washing before the electrochemical performance was measured. Finally,
the constructed electrodes were stored at 4 °C. The preparation process
of the biosensor was presented graphically in Fig. 1.

2.2. Coral material and probiotic-heat stress experiment

Three treatments were established: control (26 °C), HSCM (30 °C of
heat stress and inoculated with 1 mL 107 CFU/mL of C. marina), and HS
(30 °C of heat stress). The corresponding experimental details can be
found in Supporting Information, S1.7-1.10.

3. Results and discussion
3.1. Characterization of the CoS2/CoSe2-NC HNCs

The morphology of the CoSy/CoSe-NC HNCs was characterized by
scanning electronic microscopy (SEM) (Fig. 2a) and transmission elec-
tron microscopy (TEM) Fig. 2b), which indicated that the CoSy/CoSe;-
NC HNGs retained the cubic structure of the template ZIF-67 with a size
of ~500 nm. Furthermore, the energy dispersive spectroscopy (EDS)
maps (Fig. S1) confirmed the presence of Co, S, Se, C, and N elements
uniformly distributed over the CoS;/CoSey-NC HNCs. High-resolution
TEM image (Fig. 2c) revealed the three sets of lattice fringe spacings
of 0.243 nm and 0.264 nm for the (210) and (200) plane of CoS,, 0.258
and 0.295 nm for (210) and (200) planes of CoSey, respectively. XRD
pattern shown in Fig. 2d proved that the diffraction peaks of CoSy/
CoSey-NC HNCs were consistent with those of CoSy (JCPDS 89-1492)
and CoSey (JCPDS 08-0413), which indicated the successful prepara-
tion of the electrode material CoS;/CoSe;-NC HNCs. Noteworthy, the
diffraction peaks of the CoSy/CoSes-NC HNCs were slightly right-
shifted, which might be attributed to the doping of Se and S elements,
leading to lattice distortion and defects in the CoS2/CoSes-NC HNCs. The
surface composition and chemical state of the CoSy/CoSes-NC HNCs
were investigated by X-ray photoelectron spectroscopy (XPS). The
survey-scan spectrum (Fig. 2e-g, Fig. S2) displayed the existence of Co,
S, Se, C, and N signals in the CoSy/CoSe,-NC HNCs, consistent with EDX
element analysis. All the above analyses confirmed the successful
preparation of the CoS,/CoSez-NC HNCs. The presence of a large num-
ber of heterogeneous interfaces caused a large number of lattice defects
and distortions that could adjust the electronic structure and enhance
the interfacial charge transfer (Li et al., 2022). Therefore, the
CoS3/CoSes-NC HNCs had good electrocatalytic properties and could
significantly amplify the electrical signal of the biosensor.

The electroactive surface area of the electrode material is extremely
important in the electrochemical properties (Sun et al., 2022). There-
fore, the electroactive surface area of CoS,/CoSey-NC HNCs electrodes
was calculated by CV (Fig. 2h) at different scan rates from 30 to 300
mV/s, where the square root of the scan rate increased with increasing
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Fig. 4. (a) DPV curves for the detection of synthetic target DNA at different concentrations, (b) corresponding linear trend of the peak current versus the logarithm of
the concentration of synthetic target DNA, (c) specificity of the biosensor hybridized to different 10 nM mismatched DNA sequences (RSD = 1.86%, 3.89%, 4.66%,
5.62%, and 6.38%), (d) DPV curves for the detection of C. marina genomic DNA at different concentrations, (e) corresponding linear trend of the peak current versus
the logarithm of the concentration of C. marina genomic DNA, (f) specificity of the biosensor based on the C. marina genome versus various interfering genomes (RSD
= 1.48%, 5.32%, 2.54%, 2.37%, 3.91%, 4.36% and 4.02%). The error bars represented the standard error of the mean. **: 0.001 < P < 0.01, ***: P < 0.001.

oxidation peak current (Fig. 2i). The electroactive surface area of
C0S,/CoSes-NC HNCs electrodes was 0.186 cm? calculated from the
Randes - Sevcik equation (S1.11, Supporting Information) (L. Wang
et al., 2023). Based on all the above discussions, CoS;/CoSe-NC HNC
electrodes can promote the charge transfer rate and provide an excellent
conductive platform for the prepared electrochemical biosensor.

3.2. Construction of the electrochemical biosensor

In the Nyquist plots of the EIS measurements, the diameter of the
semicircle is positively correlated with the resistance value. Thus, the
EIS measurements were performed for the electrochemical biosensor at
different stages of construction. As shown in Fig. 3a, after CoSy/CoSes-
NC HNCs immobilizing onto the GCE, a smaller charge transfer resis-
tance was observed, and the impedance of CoS,/CoSex-NC HNCs/GCE
was only 10 Q. On that basis, Glu/CoSy/CoSes-NC HNCs/GCE was
formed by adding the binder Glu, and the impedance value increased
dramatically. Subsequently, the capture probe was immobilized on the
modified electrode surface due to the sulfhydryl group introduced at the
end of the proposed capture probe can undergo a thiol-aldehyde addi-
tion (TAA) reaction with the glutaraldehyde aldehyde group (Yang
et al., 2021; Zhang et al., 2021), denoted as capture probe/Glu/Co-
S2/CoSex-NC HNCs/GCE. Since the increased density of negative
charges and the resulting increase in electrostatic repulsion of [Fe
(CN)6l 3-/4 anions (Ji et al., 2022), the impedance value increased again
at this stage. After the BSA solution was assembled onto the modified
electrode blocking the non-specific binding sites, the electrochemical
signal response slightly increased, because the non-conductive sub-
stances of BSA could hinder the electron transfer. Lastly, when target
DNA was introduced, it hybridized with a capture probe to form a
double-stranded DNA according to the Watson-Crick base pairing prin-
ciple. As the phosphate backbone of the double-stranded DNA served as
an efficient charge conduction line (Zhuravel et al., 2020), facilitating

electron transfer between the sensing interface and the solution, the
impedance value was subsequently reduced. Correspondingly, different
construction stages of the electrochemical biosensor were further char-
acterized by the DPV (Fig. 3b); the outcomes of DPV curves correspond
well to the EIS results, indicating the successful construction of the
electrochemical biosensor.

The testing conditions were optimized to achieve this sensing plat-
form’s optimal performance. As shown in Fig. S3, the optimal detection
parameters were set as capture probe concentration of 0.5 pM (10 pL),
target DNA incubation time of 1 h, pH 7.4, with the CoSy/CoSe2-NC
HNCs concentration of 4 mg/mL (10 pL). Subsequent experiments for
electrochemical performance characterization were performed using the
optimized parameters.

3.3. Performance of electrochemical biosensors

The proposed electrochemical sensing system was exploited to detect
target DNA under optimal experimental conditions. From Fig. 4a, it was
noted that the DPV responses enhanced with increasing the concentra-
tion of target DNA ranged from 10 fM to 100 nM due to DNA hybridi-
zation, thus reducing the steric hindrance of the surface and promoting
interfacial electron transfer. Meanwhile, Fig. 4b showed an excellent
linear relationship between the peak current and the logarithmic value
of target DNA concentration, and the linear relationship was shown in
Equation (1):

y=7.20491x + 117.93103 , R* = 0.999 (€9)]

LOD (S1.12, Supporting Information) (Zhang et al., 2023) for target
DNA was calculated to be as low as 1.58 fM. Compared to similar
electrochemical biosensors for bacteria detection (Table S2), the
developed biosensor had a wide linear range and a low LOD, indicating
the excellent potential of this biosensor for on-site monitoring of
C. marina eDNA.
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The specificity of the DNA probe is crucial for the biosensor. Thus,
the mismatched DNA sequences had to be distinguished by different
electrochemical biosensor responses. The target sequence mutations at
different locations were artificially designed (Table S1). As shown in
Fig. 4c, the current was the highest when the complementary sequence
probe completely hybridized the biosensor. This indicates that the two
sequences were bound effectively on the electrode surface and boosted
charge transfer. Moreover, compared with the complementary target
DNA, the one-base (MT1), three-base (MT3), five-base (MT5), and non-
complementary (MT26) mismatched DNA sequences were reduced by
26.17%, 52.95%, 62.18%, and 80.13%, respectively, with significant
differences (P < 0.05).

In addition, we further verified the electrochemical biosensor
detection of different concentrations of C. marina genomic DNA (10
pM-1 pM). As shown in Fig. 4d, a gradual increase in current was
observed as the C. marina genomic DNA concentration increased. The
change of current was linearly related to the logarithms of the concen-
tration of C. marina genomic DNA (Fig. 4e), as shown in Equation (2):

y=9.31605x + 126.85068 , R* = 0.997 (2)

Correspondingly, the calculated LOD for C. marina genomic DNA was
6.5 pM, demonstrating that the proposed biosensor provided an effective
mean for C. marina eDNA on-site detection.

In this study, the specificity of the biosensor was investigated with
five marine bacterial strains, including Vibrio maritimus, Vibrio para-
haemolyticus, Vibrio harveyi, Vibrio alginolyticus, Vibrio variabilis, and
blank sample. The DNA concentration of C. marina was 100 nM; the

other strains DNA concentration was 1 pM, and the blank sample
without any species DNA. As shown in Fig. 4f, the current value of the
C. marina DNA sample was approximately 6 times greater than the other
strains DNA samples and the blank sample, while the current values of
the other strains DNA samples were close to the blank sample.
Furthermore, the findings demonstrated a noteworthy distinction be-
tween the C. marina DNA sample and other DNA samples, consistent
with the results of the primer specificity analysis (Fig. S4). The above
results illustrated that the biosensor has excellent specificity and im-
munity to interference.

3.4. Repeatability and stability of electrochemical biosensor

To verify the repeatability, five different GCE electrodes were used to
detect the same concentration (1 nM) of target DNA (Fig. S5a), and each
electrode was tested three times. The results showed little difference (P
> 0.05). The corresponding relative standard deviation (RSD) was
1.47%, demonstrating the designed biosensor’s excellent repeatability
(S1.13, Supporting Information).

Furthermore, the stability of the fabricated biosensor was crucial for
practical applications, especially in complex field environments. Thus,
the stability was estimated and monitored every two days. As displayed
in Fig. S5b, the currents did not fluctuate significantly (P > 0.05) when
the proposed sensing platform was treated with 1 nM target DNA, and
the RSD of 3.22% demonstrated that the proposed biosensor possessed
good stability.
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3.5. Portable detection

The portable device assay process consists of eDNA extraction and
electrochemical detection, which can be easily completed on site within
100 min. Therefore, a portable device was used for on-site detection
with miniaturization and wireless data transmission advantages. Fig. 5a
and b showed a schematic diagram of its detection process and a photo
of portable electrochemical at work, which a non-specialized person
could perform outside the laboratories with a laptop computer.

Fig. 5¢c showed the i-t curves with the C. marina genomic DNA con-
centration range from 10 pM to 1 pM, in which a gradual current
decrease was observed as the genomic DNA concentration increased.
Besides, there was a strong linear relationship between the current
values and the logarithm of genomic DNA concentration in the investi-
gated concentration range (Fig. 5d), and the regression equation was
shown in Equation (3):
y=3.4517x +48.9935 , R? = 0.995 3)

The calculated LOD for C. marina genomic DNA was 7.4 pM. The

wide linear response range and low LOD value of the proposed portable
device confirmed the effectiveness in the application field. These results
demonstrated the excellent reproducibility and stability of the designed
portable device and proved that the portable device was capable of the
on-site detection of C. marina eDNA with high accuracy even in complex
field environments.

3.6. Assessment of probiotic effects by biosensors

The visual appearance of Pocillopora damicornis coral nubbins,
assessed using the Coral Health Chart (Siebeck et al., 2006), demon-
strated that all treatments maintained at 26 °C displayed no visible color
pigment shift during the 14 days of the whole experiment. In contrast, all
replicates of the HS treatment (heat stress) raised to 30 °C displayed
clear signs of bleaching with a decrease of 3 units based on the Coral
Health Chart; while for the HSCM treatment (with C. marina addition),
all replicates also showed a 1-unit decrease from Day 9-14, although no
visual shifts were detected (Fig. 6a). Meanwhile, Symbiodiniaceae
density and Chl a content decreased significantly in HS treatment after
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heat stress during 14 days (P < 0.05), but no significant differences
could be observed in both control and HSCM treatment (Fig. 6b,
Tables S3-4). Furthermore, direct exposure to 30 °C resulted in a sig-
nificant increase in superoxide dismutase (SOD) and CAT activities
compared with those in the control and HSCM treatment (P < 0.05)
(Fig. 6b, Tables S5-6).

In addition, from Day 1-14, the electronic device detected the eDNA
concentrations of C. marina in HSCM treatment (Fig. 6b) which signifi-
cantly increased from Day 1-9. However, the increasing trend slowed
down from Day 9 onwards. Specifically, the eDNA concentration
increased from 32 to 441 pM during the initial five days without visible
colour pigment shift in the HSCM treatment; eDNA concentration
increased from 441 to 764 pM during Day 5-9 with decreases of 1 unit;
finally, the increase in eDNA concentration from 764 to 935 pM showed
no colour pigment shift and no signs of bleaching from Day 9-14. Then
the accuracy of the biosensor was verified by comparison with the
ddPCR method (P > 0.05) (Fig. 6b, Table S7). Besides, a comparison of
the performance characteristics of the designed portable device and
currently reported method in the detection of eDNA was presented in
Table S8, which demonstrated the faster response and low-cost advan-
tages of the proposed electrochemical sensing strategy. Experimental
errors were eliminated by sample blanks, filter blanks, and washed
vessel blanks analyses (S1.14, Fig. S6). Above all, the results showed
that the biosensor was capable of reflecting the protective effect of
probiotics on coral heat stress, and the proposed technique will put new
insights in the rapid and on-site detection of coral probiotics to assist
corals against global warming.

4. Conclusion

In this work, an efficient electrochemical biosensor was developed
based on CoS;/CoSe,-NC HNCs electrode material with a specific DNA
probe for the on-site detection of the coral probiotic, C. marina. After
optimization, the electrochemical biosensor displayed excellent perfor-
mance with a wide linear range of 10 fM to 100 nM and an LOD of 1.58
fM. Additionally, the portable device had been successfully constructed
with a linear range from 10 pM to 1 pM, and the LOD of 7.4 pM.
Furthermore, the accuracy and reliability of the biosensors were verified
by ddPCR (P > 0.05), and the average cost for each analysis was only ~
$1.08 while the whole analysis procedure was within 100 min with
reliable sensitivity and specificity. The eDNA concentration detected by
the electrochemical biosensor correlated well with the effectiveness of
the probiotic in protecting corals from heat stress, thus suggesting that
the biosensors could be utilized as an ideal evaluation tool for the effi-
ciency of coral probiotics.
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