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Abstract: In this study, we developed a novel method for the detection of Vibrio alginolyticus, utilizing
the specific recognition of an aptamer for V. alginolyticus and signal amplification via hybridization
chain reaction (HCR) and horseradish-peroxidase-conjugated streptavidin. The proposed HCR-based
multivalent aptamer (multi-Apt) amplifier allows for sensitive detection of V. alginolyticus in a linear
range from 10 to 107 CFU/mL. The linear equation is y = 747.5x + 126.2, R = 0.986, and the limit of
detection (LOD) is 3 CFU/mL. Seawater and freshwater samples were utilized in the spike recovery
experiment, yieldng a recovery rates ranging from 94.3% to 108.8%. The relative standard deviation
(RSD) for all samples is below 6.73%. Taken together, the proposed method has great potential for
application in monitoring of V. alginolyticus in aquaculture environments.

Keywords: multivalent aptamer; chemiluminescence; signal amplification; horseradish-peroxidase-
conjugated streptavidin

Key Contribution: This study developed a multivalent aptamer (multi-Apt) amplifier for the sensi-
tive detection of Vibrio alginolyticus by combining the benefits of high binding affinity of multi-Apt
and the effective signal amplification of a hybridization chain reaction.

1. Introduction

Vibrio alginolyticus, a Gram-negative bacterium, is widely distributed in ocean, coastal,
and estuarine areas [1,2]. V. alginolyticus infection causes high mortality in aquaculture
animals, including shrimps, shellfish, fish, and sea horses [2]. V. alginolyticus can also
pose a threat to public health. Of the various Vibrio species that cause human diseases,
V. alginolyticus is particularly concerning due to its significant impact on morbidity and
mortality [3]. Consumption of raw seafood contaminated with V. alginolyticus or exposure
to water containing this bacterium could result in bacterial infections. When V. alginolyticus
infects humans, it can cause diseases such as gastroenteritis, otitis media, and chronic
diarrhea [3,4]. Diseases caused by V. alginolyticus infection have been found worldwide,
including in Europe, Asia, North America, and South America [5-7]. To address this
issue, antibiotics are widely used, the abuse of which can lead to an increase in bacterial
antibiotic resistance [8]. Rapid detection is essential to reduce the loss of infection with
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bacteria [9]. Therefore, a rapid, sensitive, and accurate method to detect V. alginolyticus is
urgently required.

In order to achieve monitoring of V. alginolyticus, various detection methods have
been developed. The use of a specialized plate culture medium for bacterial detection is
the gold-standard method for V. alginolyticus detection. This method has high accuracy
and could be used for single-cell-level detection of V. alginolyticus. However, the long
process and cumbersome operation cannot meet the requirements of rapid detection [10].
Several molecular biological techniques are also used to detect V. alginolyticus, such as
polymerase chain reaction (PCR), loop-mediated isothermal amplification (LAMP), re-
combinase polymerase amplification (RPA) based on molecular amplification technology,
enzyme-linked immunosorbent assay (ELISA), and immunofluorescence assay (IFA) based
on immunology [11-13]. The molecular amplification-based detection method, which
involves DNA extraction and amplification, enables highly sensitive detection down to
the single-cell level. However, this approach is associated with a lengthy detection time
and complex operational procedures. Moreover, the presence of challenging-to-remove
pollutants such as aerosols results in non-specific amplification and false-positive results,
limiting the accuracy of this method [10]. Inmunology-based detection methods utilize
antigen—antibody interactions for bacterial detection, followed by signal collection through
fluorescence or enzymatic reactions. This approach offers a notable advantage in terms of
its high specificity, owing to the antigen recognition antibodies. Moreover, it effectively
addresses the complexities arising from DNA extraction and aerosol pollutants [14]. How-
ever, the complexity of the preparation process and the fragility of the biological activity
of monoclonal antibodies make these methods cost-intensive and vulnerable to unstable
results [15]. The requirement for expensive specialized equipment and the need for suffi-
cient expertise have also restricted their widespread applications. Thus, there is a need to
establish new methods for detecting V. alginolyticus.

Aptamer is short, single-stranded DNA or RNA screened by exponential enrichment
systems that can bind to targets with high affinity and specificity [16]. In recent years,
aptamer has become a powerful tool for bacterial detection due to its small size, easy
synthesis and labeling, strong affinity and specificity, and low production cost [17]. As
a promising recognition element, aptamers have been widely used in the development
of water pathogen detection. For instance, using a specific aptamer, a specific, sensitive,
and easy-operation ELISA method for monitoring V. alginolyticus was established. The
developed ELISA demonstrated the ability to detect V. alginolyticus at a concentration as
low as 5 x 10* CFU/mL. An important achievement was the substantial reduction in the
incubation time to just 1 min while maintaining accurate results even at a high incubation
temperature of 45 °C [18]. A differential fluorescence method for Vibrio anguillarum de-
tection in seawater and tissue samples was developed based on aptamer, and the limit of
detection (LOD) of V. anguillarum reached 10> CFU/mL, with a good linear relationship
was found in the detection range of 10°~108 CFU/mL [19]. A method for rapid detection
of Vibrio vulnificus was developed based on aptamer-functionalized magnetic nanoparticles.
The aptamer (Vapt2) selected for this study exhibited a notable affinity towards V. vulnificus,
with a dissociation constant (Kd) of 26.8 + 5.3 nM. Importantly, Vapt2 demonstrated a
high level of selectivity by specifically binding to V. vulnificus, even in the presence of
other pathogenic bacteria. The LOD of V. vulnificus reached 8 CFU/mL, and a good linear
relationship was found in the detection range of 10~10” CFU/mL [20]. However, most
aptamers are limited in practical applications due to the complex matrix affecting affinity,
complex preparation, and modification of nanomaterials [21].

To solve the impact of affinity impairment, the signal amplification strategy is often
used in aptamer-based detection methods, including novel nanomaterials and DNA pro-
gramming multivalent aptamer (multi-Apt) [21,22]. In multivalency, the initial binding of
the first ligand to the target can facilitate the subsequent binding of adjacent ligands. This
process effectively reduces the entropic penalty associated with binding events, thereby
enhancing the binding affinity of the ligand to its target [23]. Compared with other poly-
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mers, nucleic acid materials can obtain various rigid three-dimensional structures through
the sequence-programmed self-assembly of component chains [22]. Recently, an increasing
number of studies have used nucleic acid structures for multivalent ligand presentation
to enhance the affinity between ligand and aptamer [24]. For example, a novel biosensor
was fabricated using a personal glucose meter (PGM) platform and HCR strategy for the
specific detection of Staphylococcus aureus. By harnessing the cascade signal amplification
capability of HCR, this biosensor allows for highly sensitive detection of S. aureus on a
PGM platform, with a remarkable LOD as low as 2 CFU/mL [25]. In our previous study,
we developed a multi-Apt based on a hybridization chain reaction (HCR), which was pre-
pared as an effective signal amplifier for V. alginolyticus detection. The proposed multi-Apt
amplifier exhibited remarkable sensitivity with the capability to detect Salmonella as low as
7 CFU/mL, with a broad detection range of 10 to 107 CFU/mL [26].

Here, we developed an efficient detection method for V. alginolyticus. The HCR scaffold
serves as a carrier for the aptamer, enabling assembly into multi-Apt to enhance its binding
affinity towards V. alginolyticus. Simultaneously, the biotin-aptamer conjugate binds to
streptavidin on horseradish-peroxidase-conjugated streptavidin (SA-HRP), facilitating
the catalytic reaction of ECL reagent and generating chemiluminescent (CL) signals. By
combining the benefits of dual signal amplification, a highly sensitive and specific detection
method of V. alginolyticus is realized using a multi-Apt amplifier based on HCR.

2. Materials and Methods
2.1. Materials and Reagents

V. alginolyticus (ATCC17749), Vibrio parahaemolyticus (ATCC33847), Vibrio harveyi
(ATCC33866), V. vulnificus (ATCC27562), S. aureus (ATCC26538), Escherichia coli (ATCC25922),
Pseudomonas plecoglossicida (NZBD9), Edwardsiella tarda (MCCC235), and Aeromonas veronii
(ATCC35624) were kept in our lab. Phosphate-buffered solution (PBS), bovine serum albu-
min (BSA), trypticase soy broth (TSB), and Luria—Bertani broth (LB) were procured from
Soblarbio (Beijing, China), and the enhanced chemiluminescence reagent (ECL) was ob-
tained from Beyotime (Hangzhou, China). The aptamer used in this study was identified in a
previous study [6]. SA-HRP or 6-carboxyfluorescein (FAM)-linked aptamer was synthesized
by Sangon Biotech (Shanghai, China), with the sequences listed in Table 1.

Table 1. Sequences of the oligonucleotides used in this work.

Oligonucleotide Sequence
GAGAGAGAATATAAGGGAAAAAAAATCAGTCGCTTCGCCG
Aptamer DNA TCTCCTTCGGGGGCGCGGTGAGGGGCTGCACAAGAGGGAG

GCACAAGAGGGAGACCCCAGAGGG
TTTCCCTTATATTCTCTCTCTCTCCTGCGGGAATGTCTAGGTG
H1DNA ATTGAGTGGTGTGTTATCCCACTCAATCACCTAGACCATTCC
GCAACAACATAC
H 2 DNA GATAACACACCACTCAATCACCTAGACATTCCCGCAGTATG
TTGTTGCGGAATGGTCTAGGTGATTGAGTGG
Trigger DNA GTATGTTGTTGCGGAATGGTCTAGGTGATTGAGTGG

2.2. Bacterial Culture

V. alginolyticus, V. parahaemolyticus, V. harveyi, and V. vulnificus were cultured in trypti-
case soy broth (TSB) medium (Solarbio, Beijing, China), while S. aureus, E. coli, P. plecoglos-
sicida, E. tarda, and A. veronii were cultured in Luria—Bertani (LB) medium (Solarbio) [27].
V. alginolyticus, V. parahaemolyticus, V. harveyi, V. vulnificus, P. plecoglossicida E. tarda, and
A. veronii were cultured at 28 °C, while S. aureus and E. coli were cultured at 37 °C. After
culturing at 28 °C or 37 °C for 12 h, the bacteria solution was separated from the broth by
centrifugation at 3000 rpm for 10 min, then resuspended in phosphate-buffered solution
(PBS). Quantification of bacteria was achieved using the plate-counting method. The bacte-
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ria were then resuspended in PBS to obtain samples with concentrations ranging from 10
to 10 CFU/mL.

For plate counting, the bacteria were resuspended with PBS, allowing them to be fully
dispersed into individual cells. The bacteria were then diluted in a tenfold gradient, and
100 uL of the diluted suspension was evenly plated onto a plate culture medium. Following
incubation at a constant temperature, discernible colonies were observed and counted.
By considering the dilution ratio and the volume of the inoculated sample, the bacterial
content in the original sample was calculated.

2.3. Preparation of HCR-Based Multi-Apt Structure

The DNA sequence was dissolved in PBS to a final concentration of 50 uM and
denatured at 95 °C for 10 min. Following denaturation, the sequence was immediately
cooled on ice for 15 min to form an optimal reaction structure. The trigger (0.1 pM),
H1 (5 uM), and H2 (5 uM) were mixed with PBS at 37 °C overnight, initiating the HCR.
To generate a multi-Apt, the biotin-modified aptamer (6 uM) was mixed with HCR and
incubated at 37 °C for 2 h. Ultrafiltration was subsequently employed to remove unbound
hairpins and aptamers, resulting in the purification of pure multi-Apt based on the HCR
scaffold. The process and preparation process of multi-Apt based on FAM fluorescence
were similar to those of the biotin-modified multi-Apt, except that the biotin-modified
aptamer was replaced by the FAM-modified aptamer.

2.4. ELISA Assays

ELISA was employed to detect V. alginolyticus and assess the aptamer—bacteria binding
affinity. V. alginolyticus (100 uL) was initially added to high-adsorption 96-well ELISA plates
(Sangon) and incubated at 37 °C for 3 h. Subsequently, the plates were washed three times
with PBST (phosphate-buffered saline containing tween), followed by a 40 min blocking
with 2% BSA (150 pL). After another three washes with PBST, multi-Apt (50 uL, 0.1 uM)
was added and incubated at 37 °C for 30 min. Then, three additional PBST washes were per-
formed, followed by the addition of SA-HRP (50 uL) and a 25 min incubation. Finally, 80 pL
of ECL reagent was added, and the luminescent signal was detected with an ultrasensitive
microbial chemiluminescence detection instrument (Boao Biological, Ningbo, China).

2.5. Binding Affinity between the Aptamer and V. alginolyticus

The equilibrium dissociation constant (Kd) is negatively correlated with affinity [28].
Kd was used to assess the affinity between aptamers and V. alginolyticus. For ELISA
detection of V. alginolyticus at a concentration of 10° CFU/mL, the multi-Apt concentration
was diluted to 1-400 nM. Due to the weak signal of mono-Apt, the concentration was
increased to 200-3200 nM to ensure sufficient signal strength during detection. The Kd
value was subsequently determined using the formula Y = Bnax X/(Kd + X), where X
denotes the aptamer concentration, Y represents the CL intensity (obtained by subtracting
the CL value of the blank group from the ELISA detection), and Bpyax corresponds to the
maximum Y observed during detection [16,29].

2.6. Fluorescence Microscopy

Fluorescence microscopy was utilized to investigate the binding affinity between
aptamers and V. alginolyticus. Briefly, 100 uL V. alginolyticus (10° CFU/mL) was incubated
with 1 uM FAM-modified multi-Apt or mono-Apt (2.5 puL) at 37 °C for 2 h to form the
V. alginolyticus—aptamer complex. Subsequently, unbound aptamers were removed by
centrifugation at 6000 rpm for 5 min. The resulting complex was then washed twice with
PBST (PBS with 0.1% Tween 20) to remove the non-specific binding aptamers. Following
resuspension in PBS and subsequent dilution to a concentration of 10” CFU/mL, mono-Apt
or multi-Apt labeled V. alginolyticus cells were deposited onto a glass slide as a 100 uL
droplet. The droplet was then subjected to drying at 60 °C. Finally, the neutral resin was
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applied to the slide and covered with a cover glass. The fluorescence images were obtained
using a fluorescence microscope (Nikon, Tokyo, Japan).

2.7. Detection of the Spiked Sample

A volume of 1 L seawater or fresh water was collected from an aquaculture farm in
Ningbo city (Zhejiang, China). The water samples were filtered with 100 mesh nylon mesh
to remove impurities, and different concentrations of V. alginolyticus were added to the
filtered samples to produce a bacterial solution (10°-10° CFU/mL). The water samples
were filtered through a 0.22 pm membrane, and the solid samples obtained from the filter
membrane were resuspended in 1 mL of PBS. Subsequently, the resulting suspensions were
introduced into a 96-well plate for ELISA. Finally, the samples were subjected to detection
utilizing the ELISA method described in Section 2.4.

2.8. Statistical Analysis

All data are presented as means of the standard deviations (SD) and were analyzed by
one-way ANOVA using SPSS 22.0 (IBM, Chicago, IL, USA). A p value < 0.05 was considered
statistically significant.

3. Results and Discussion
3.1. Principle of the HCR-Based Multi-Apt

In a previous study, we developed an HCR-based multi-Apt amplifier for the detection
of Salmonella [26]. Here, to enhance the accuracy of detection, we upgraded the detection
signal from absorbance to CL and applied this technology to detect V. alginolyticus. The
detection process is illustrated in Scheme 1. In the presence of trigger DNA, H1 and H2
generate an HCR scaffold. H1 contains a prominent terminal that can hybridize with
aptamer. The 5’ end of the specific aptamer of V. alginolyticus hybridizes with the prominent
terminal of H1 and attaches to the HCR scaffold, forming a multi-Apt structure.

trigger Biotin-Apt simplify

H1 H2 HCR Multi-Apt
l \/
ECC A o e
/\\ /\/ \ ﬁ B ﬁ ﬁﬁ
E===  Multi-Apt SA-HRP — =7 ECL
; trigger }‘-9 Biotin-Apt ELIAS Plate ® SA-HRP CL signal

Scheme 1. Schematic illustration of the method employed for the determination of Vibrio alginolyticus.

After preparation of the HCR-based multi-Apt, it can be utilized for CL-based detec-
tion of V. alginolyticus. The detection process involves the initial binding of V. alginolyticus
to a high-affinity ELISA plate, followed by binding to the biotin-modified aptamer. Subse-
quently, SA-HRP that can bind to the aptamer is added, facilitating the catalysis of luminol
ECL by SA-HRP. This catalytic reaction generates a CL signal, which can be measured to
quantify the quantity of V. alginolyticus in the sample.
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3.2. Optimization of the Aptamer-to-H1 Ratio

Adaptor valence refers to the number of ligands that can attach a receptor to an
entity. Previous reports have highlighted that increasing the valence state of ligands on a
multivalent scaffold significantly enhances the binding affinity of the multi-Apt [18]. Based
on our previous investigation, the optimal binding avidity of multi-Apt was observed when
the neighboring aptamer distance was set at 72 bp, with a trigger hairpin ratio of 50:1 [26].
We subsequently optimized the ratio of aptamers to H1. As shown in Figure 1, the CL
signal initially increased with the ratio of aptamer to H1 and reached its peak at a ratio of
1.2 before gradually decreasing. The results indicate that efficient multi-Apt was obtained
when the level of aptamer was appropriately higher than that of H1. Consequently, an
aptamer-to-H1 ratio of 1.2 was selected for subsequent investigations.

5000+
4000+
3000+

2000+

Relative CL intensity

1000+

0 T T T T
1:1 112 115 1:18

Ratio of aptamer to H1

Figure 1. The impact of the aptamer-to-H1 ratio on the detection outcomes was investigated using
ELISA. The ratios tested ranged from 1:1 to 1:1.8, with a fixed concentration of V. alginolyticus at
10° CFU/mL. The results represent the means and standard deviations (SD) (n = 3).

3.3. The Affinity of V. alginolyticus and Multi-Apt

The H1 terminal sequence on the HCR skeleton enhances the binding efficiency
of aptamers towards the target by enabling multiple-aptamer binding. To evaluate the
increased affinity of the multi-Apt structure, FAM-labeled multi-Apt was employed for
fluorescence microscopy imaging of V. alginolyticus. Figure 2A,B demonstrated prominent
green fluorescence signals from both multi- and mono-Apt. Importantly, the multi-Apt-
treated group exhibited significantly stronger fluorescence intensity compared to the mono-
Apt group, indicating the superior affinity provided by the multi-Apt.

In general, multi-Apt has better targeting affinity than mono-Apt [21]. The binding
capacity of the aptamer was assessed by the affinity curve, enabling the determination
of the optimal quantity of multivalent aptamers for ELISA detection [30]. In this study,
ELISA was utilized to assess the affinity curve between different concentrations of biotin-
labeled aptamer and V. alginolyticus. Figure 2C,D demonstrate that the multi-Apt group
exhibited a higher CL signal compared to the mono-Apt group at lower concentrations
(<400 nM). The CL signal for the mono-Apt group at these lower concentrations was too
weak to be measured. Consequently, the concentration of the mono-Apt was elevated to
200-3200 nM. However, even with this increased concentration, the CL signal remained
considerably weaker than that of the multi-Apt group (Figure 2D). The calculated Kd values
for the multi-Apt and mono-Apt were determined as 45.38 nM and 374.7 nM, respectively.
This result is consistent with previous studies, reaffirming the strong affinity exhibited by
multi-Apt [23,26].
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mono-Apt

Kd=45.38 nM

multi-Apt

3500 60007  Multi-Apt
— 1 ‘,z' 3000 ”’)’J’J?l Z 5000{ l Mono-Apt
2500 //{/"" 3
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Figure 2. The affinity of V. alginolyticus and multi-Apt. The detection of V. alginolyticus by FAM-
labeled mono-Apt (A) or multi-Apt (B) (bar = 20 um). (C) The dissociation constants of multi-Apt.
(D) The dissociation constants of mono-Apt. (E) The kinetics of the multi-Apt and mono-Apt. The
results represent the means and SD (n = 3, * p < 0.05).

The duration of the detection process is a crucial metric for evaluating effectiveness,
predominantly influenced by the reaction time between the aptamer and target, thus
determining the overall detection time [31]. In this study, we evaluated the binding
efficiency of aptamers and V. alginolyticus by measuring the effects of various incubation
times on CL signal intensity. As shown in Fig 3E, during the designated incubation period,
the CL signal in the multi-Apt group was significantly higher than that in the mono-Apt
group. In the mono-Apt group, the appearance of numerous CL signals was observed
after 15 min of incubation, which gradually intensified until reaching its peak at 60 min.
In contrast, the CL signal of the multi-Apt group achieved a comparably high value after
30 min of incubation, with no further increase noted as the incubation time was extended.
These findings underscore the superior binding efficiency of multi-Apt in contrast to that
of mono-Apt, consistent with prior studies [22,24,26]. As a result, a 30 min incubation time
was chosen for detection of V. alginolyticus using multi-Apt.

3.4. Sensitivity Investigation of Multi-Apt Amplifier

To evaluate the performance of multi-Apt quantitative detection of V. alginolyticus,
we assessed the CL signal intensity at different concentrations of V. alginolyticus. The
resulting standard curve showed an increasing CL signal with higher V. alginolyticus con-
centrations (up to 1.0 x 10 CFU/mL) (Figure 3). This can be attributed to the binding
of multi-Apt to V. alginolyticus, leading to enriched HRP and subsequent signal amplifica-
tion by ECL. Within the concentration range of 10-10” CFU/mL, the regression equation
y = 747.5x + 126.2 was derived with a high correlation coefficient (R? = 0.986). The LOD,
determined as three times the standard deviation of the CL signal of the blank sample, was
found to be 3 CFU/mL. The LOD achieved in this study exhibits strong competitiveness
when compared to previously reported methods. For instance, the LOD for aptamer-
based detection of V. alginolyticus using magnetic nanoparticles and gold nanoparticles
was reported as 2.4 CFU/mL [32], while the LOD for aptamer-functionalized magnetic
relaxation switch sensor detection of V. alginolyticus was documented as 26 CFU/mL [17].
Furthermore, the LOD for V. alginolyticus detection employing a potentiometric aptasensing
assay using signal amplification and magnetic separation strategies was reported to be
10 CFU/mL [30]. It is noteworthy that the LOD obtained in this study surpasses the LOD of
7 CFU/mL observed in our previously established Salmonella detection method [26]. These



Fishes 2023, 8, 477 8of 11

excellent detection capabilities are primarily due to the high binding affinity of multi-Apt
and the use of highly sensitive ECL for detection of HRP immobilized on an HCR scaffold.

7000
6000
5000
4000 ;
3000 i
2000 :

10004 *

0 T T T T T T T 1
o 1. 2 3 4 5 6 7 8

Log of vibrio alginolyticus (CFU/mL)

y = 747.5x+126.19
R2 =0.986 }

Relative CL intensity

Figure 3. Calibration curve for the quantification of V. alginolyticus using CL signal intensity.
V. alginolyticus under concentrations from 10 to 1 x 107 CFU/mL. The results represent the means
and SD (n = 3).

3.5. Specificity Investigation of the Multi-Apt

Next, we evaluated the specificity of multi-Apt for V. alginolyticus and some other
pathogenic bacteria, including S. aureus, E. coli, P. plecoglossicida, E. tarda, A. veronii,
V. parahaemolyticus, V. harveyi, and V. vulnificus, at a concentration of 10° CFU/mL un-
der identical detection conditions. As shown in Figure 4, the CL signals generated by
the other bacterial species were similar to that of the negative control, indicating mini-
mal binding affinity. In contrast, V. alginolyticus exhibited a significantly higher CL signal
compared to the other bacterial species, suggesting a strong binding affinity with the
multi-Apt. The results confirm the high selectivity of the proposed multi-Apt towards
V. alginolyticus. Importantly, the detection of V. alginolyticus was unaffected by the presence
of other pathogenic bacteria, demonstrating the specificity of multi-Apt to V. alginolyticus.

6000+
5000+
4000+
3000+

CL intensity

2000+
1000+ * * % *

o-JLi \ﬁ’f..

N
e .0 O o o @
QD\%& Q/ \0@%4( 4\\ @\(\\\\0\4\\
S 4 O
o° 4 ,‘)\Q
Q- \\Q

Figure 4. Comparison of the HCR-based multi-Apt in the sensing of S. aureus, E. coli, P. plecoglossicida,
E. tarda, A. veronii, V. parahaemolyticus, V. harveyi, V. vulnificus, and V. alginolyticus. MIX is the sample
mixed with all bacteria in equal proportion. Error bars are SD from three repetitive experiments
(*, p <0.05).
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3.6. Application of the Developed Method in Spiked Water Samples

Finally, to determine the practical applicability of the developed multi-Apt amplifier,
we conducted a V. alginolyticus recovery test in seawater and fresh water, since water is
the main carrier of V. alginolyticus. To mimic real water samples containing V. alginolyticus,
it was added at specific concentrations of 1.0 x 103, 1.0 x 10%, and 1.0 x 10° CFU/mL
to seawater or fresh water. As shown in Table 2, the recovery rate of V. alginolyticus in
freshwater samples ranged from 97% to 103.2%, with an average recovery rate of 99.28%,
while the recovery rate in seawater samples ranged from 94.3% to 108.8%, with an average
recovery rate of 99.28%. All relative standard deviation (RSD) values were less than 6.73%.
These data cover V. alginolyticus from seawater and fresh water, indicating the promising
potential of the proposed HCR-based multi-Apt amplifier for practical applications.

Table 2. Detection of V. alginolyticus in different spiked samples using the multi-Apt amplifier. S1,
seawater sample; S2, freshwater sample.

. Average Relative Relative
Spiked . . Recovery
Sample Chemiluminescent Standard o
(CFU/mL) . s o (%)
Intensity Deviation (%)

S1-1 1x 103 2365 417 98.9%
S1-2 1 x 10* 3097 3.96 94.3%
S1-3 1x10° 3891 4.32 108.8%
52-1 1x 103 2379 4.39 103.2%
52-2 1 x 10* 3107 217 97%
52-3 1x 10° 3842 6.73 93.5%

4. Conclusions

In summary, we developed a multi-Apt amplifier for the sensitive detection of
V. alginolyticus by combining the benefits of the high binding affinity of multi-Apt and
the effective signal amplification of HCR. The HCR scaffold was synthesized using H1,
H2, and trigger DNA, followed by the addition of a biotin-labeled aptamer to initiate the
assembly of the multi-Apt amplifier. Once successfully prepared, the multi-Apt amplifier
was employed for CL-based detection of V. alginolyticus. The developed HCR-based multi-
Apt amplifier allowed for sensitive detection of V. alginolyticus in a linear range from 10
to 107 CFU/mL with an LOD of 3 CFU/mL. The proposed method has great potential for
application in monitoring of V. alginolyticus in aquaculture environments.
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