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A B S T R A C T   

Vibrio parahaemolyticus is a prominent infectious bacterium responsible for causing widespread cases of acute 
gastroenteritis in humans globally. In this regard, Colorimetric detection can be essentially used as a sensitive, 
rapid, and cost-effective detection method. In our research, we have developed a PCR-based detection platform 
integrated with HRPzyme and utilizing DNAzyme as a signaling probe which mimics peroxidase activity. The 
colorimetric signal is detectable at concentrations as low as 101 cfu mL−1 when measured with a spectropho
tometer and at 103 cfu mL−1 through visual inspection. Additionally, extending the polyadenine length to 10 
nucleotides resulted in a significant reduction in the background signaling of HRPzyme activity, yielding a 
relative intensity of 3.07 ± 0.23 arbitrary units (a.u.). Notably, even after a 120-min incubation period, there 
were no further changes observed in the colorimetric signal in positive samples, maintaining a consistent relative 
intensity of OD 410 = 0.55 ± 0.08.   

1. Introduction 

The world today is increasingly connected in terms of food security, 
safety, and the outbreak of foodborne illnesses. This issue has been 
intensified by globalization and the expansion of international food 
trade. According to the World Health Organization (WHO), an estimated 
600 million cases of foodborne illness and 420,000 fatalities occur 
annually due to the consumption of contaminated food products (WHO, 
2022). Among foodborne pathogens, Vibrio parahaemolyticus, a 
Gram-negative bacterium, significantly contributes to worldwide food
borne morbidity and mortality (Audemard, Ben-Horin, Kator, & Reece, 
2022; Cao et al., 2021). This halophilic bacterium is commonly found in 
marine and estuarine environments across the globe and is frequently 
isolated from various seafood products. Evidence indicates that 
V. parahaemolyticus colonizes the human gut and is responsible for acute 
gastroenteritis when raw or undercooked seafood is consumed. Ensuring 
the safety of our sea food supplies critically depends on the rapid and 
accurate detection of V. parahaemolyticus and while traditional 
culture-based methods are still in use for detecting Vibrio species, they 
often struggle to accurately identify the isolated species. Consequently, 
molecular techniques, such as 16S rRNA, ELISA, isotyping, and antisera 
are gaining popularity to overcome the limitations of culture-based 
approaches in pathogen detection. In this context, virulence genes (Vir 

genes) have emerged as crucial molecular markers for pathogen detec
tion. In V. parahaemolyticus, numerous Vir genes, including tlh (ther
molabile hemolysin), tdh (thermostable direct hemolysin), and trh 
(tdh-related hemolysin), have been identified and sequenced from iso
lated V. parahaemolyticus strains. These genes have been targeted for 
molecular detection using various clinical and laboratory assays, such as 
polymerase chain reaction (PCR), reverse transcription–polymerase 
chain reaction (RT-PCR), and enzyme-linked immunosorbent assay 
(ELISA) (Paria, Behera, Mohapatra, & Parida, 2021; Alarcón Elvira et al., 
2020). Despite their accuracy and efficiency, these techniques are often 
characterized by high costs, lengthy procedures, complexity, and the use 
of toxic fluorescence dyes like ethidium bromide. Therefore, there is an 
urging need for innovative, cost-effective, and eco-friendly approaches 
to enable large on-site screenings, particularly in resource-poor rural 
areas (Zhang, He, Feng, & Zhang, 2022). 

Recently, a novel approach has been introduced for colorimetric 
analysis of PCR products. This method involves the addition of horse
radish peroxidase - mimicking DNAzymes (HRPzyme) at the 5′ end of the 
primers. HRPzymes facilitate sequence-specific hybridization, forming 
G-quadruplex nucleotide sequences that mimic peroxidase activity upon 
binding to hemin. This mimicry allows for visual detection when the 
DNAzymes interact with molecules like luminol, 2,2′-azino-bis (3-eth
ylbenzothiazoline-6-sulfonic acid) (ABTS), and 3,3′,5,5′- 
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tetramethylbenzidine (TMB) in the presence of hydrogen peroxide 
(H2O2) (Garrido-Maestu et al., 2022). The short HRPzyme sequence 
(GGGTAGGGCGGGTTGGGT) is designed to allow primer integration in 
such a way that the functional HRPzyme sequence forms only after the 
successful amplification of the target genomic region (Ahmad et al., 
2021). The HRPzyme-based detection method has demonstrated both 
specificity and sensitivity, enabling the detection of pathogens like 
Noroviruses (NoVs) at low concentrations (10 copies per mL). It is 
effective in detecting various other pathogens, including Escherichia coli, 
Vibrio parahaemolyticus, Listeria monocytogenes, Salmonella enterica, and 
Bacillus cereus (Lee et al., 2022). 

In our study, we have successfully established and optimized a 
colorimetric detection platform. This platform utilizes specific primers 
targeting the thermolabile hemolysin (tlh) region in V. parahaemolyticus, 
coupled with the HRPzyme sequence. This innovative technique is 
characterized by its sensitivity and rapidity, eliminating the need for gel 
electrophoresis. It can be conveniently employed for on-site detection of 
V. parahaemolyticus in seafood products, such as Eastern Oyster (Cras
sostrea virginica) and Blue Crab (Callinectes sapidus). 

2. Materials and methods 

2.1. Reagents and equipment 

We obtained Q5 high-fidelity DNA polymerase (M0491) and a 100- 
bp ladder (B7025) from New England BioLabs (NEB). All primers used 
in this study were purchased from Integrated DNA Technologies (Cor
alville, IA, USA). DNA amplification was conducted using a Bio-Rad 
thermocycler (T100), and gel electrophoresis was carried out on a 2% 
w/v agarose gel (Thermo Scientific, 17852) prepared with 1x trisboric 
acid/EDTA (TAE) buffer. We employed GelRed Nucleic Acid Gel Stain 
from Biotium, Inc., USA, for DNA staining. In addition to conventional 
PCR, we employed Real-time PCR (RT-PCR) using Power SYBR Green 
PCR Master Mix (Applied Biosystems, 4367659) for the molecular 
detection and confirmation of V. parahaemolyticus. ABTS, Hemin, and 
hydrogen peroxide (H2O2) were purchased from the Sigma-Aldrich 
(USA), and the Colorimetric assay test was performed using a micro
plate spectrophotometer device (Bio-Rad, Hercules, CA, USA). 

2.2. Microorganisms culture and positive samples selection 

V. parahaemolyticus (ATCC 49529, tlh+) was cultured on Thiosulfate- 
citrate-bile salts-sucrose (TCBS) selective agar (Thermo Scientific, 
R454752) at 37 ◦C. The resulting colonies were then molecularly 
confirmed using specific primers for 16S rRNA and tlh regions. We 
collected samples using a sterile plastic inoculating loop and resus
pended them in 1x phosphate-buffered saline (PBS) to create bacterial 
suspensions containing 100 to 107 colony-forming units per milliliter 
(cfu mL−1). We also conducted a specificity test by comparing 
V. parahaemolyticus with five other bacterial species. The treatments 
were carried out in alignment with our prior unpublished study and the 
findings documented by Lee et al. (2020). These bacteria, namely 
Klebsiella pneumoniae (ATCC 13883), Escherichia coli (ATCC 43889), 
Pseudomonas aeruginosa (ATCC 10145), and Staphylococcus aureus 
(ATCC 14154), were cultured on LB media (Thermo Scientific, 
22700025) at 37 ◦C. However, Shewanella algae (ATCC 51192) was 
grown on Marin agar (2216E) at 30 ◦C, and Vibrio cholerae (ATCC 
14035) was grown on (TCBS) media at 37 ◦C. We selected these bacterial 
species due to their frequent presence in seafood products. 

2.3. Primer design and molecular confirmation of the Vibrio 
parahaemolyticus 

We used two sets of primers for the molecular confirmation of 
V. parahaemolyticus: 16S rRNA (F: GGCGTAAAGCGCATGCAGGT, R: 
GAAATTCTACCCCCCTCTACAG) and tlh (F: ACTCAACACAAGAA 

GAGATCGACAA; R: GATGAGCGGTTGATGTCCAAA). The PCR were 
performed under the following conditions: (1) 16S rRNA: denaturation 
at 95 ◦C for 3 min, followed by 34 cycles of denaturation at 95 ◦C for 30 
s, annealing at 58 ◦C for 30 s, and primer extension at 72 ◦C for 1 min; 
followed by final extension at 72 ◦C for 5 min (2) tlh: denaturation at 
95 ◦C for 3 min, followed by 35 cycles of denaturation at 95 ◦C for 30 s, 
annealing at 60 ◦C for 40 s, and primer extension at 72 ◦C for 1 min; 
followed by final extension at 72 ◦C for 10 min (see Fig. 1). 

We obtained the sequence data of the tlh gene in V. parahaemolyticus 
from the NCBI GeneBank. Using SnapGene software (version 6.0), we 
designed the forward and reverse primers, which included a protector, 
HRPzyme sequence, spacer, and the complementary sequence to the 
targeted region in the tlh gene (Supplementary Data Fig. 1). In order to 
prevent unwanted folding of the HRPzyme sequence (GGG 
TAGGGCGGGTTGGGT) into a double strand in the presence of Hemin 
and to minimize background signals, we introduced various lengths of 
protector sequences (poly A) at the 5’ end of both the forward and 
reverse tlh primers. These lengths ranged from 0 to 20 nucleotides, as 
detailed in Table 1. 

In the next stage, we confirmed the amplification of the targeted 
region using specific HRPzyme-integrated primers through electropho
resis on a 2% agarose gel. To initiate the reaction, we mixed 8 μL of the 
PCR product with 5 μL of 500 μM hemin dissolved in MES buffer (con
taining 1% DMSO, 0.05% Triton X-100, 25 mM MES, 200 mM NaCl, 10 
mM KCl, pH = 5.1) and allowed it to incubate for 30 min at room 
temperature. Subsequently, we added 50 μL of 10 mM ABTS, 2 μL of 
H2O2 (30%), and 1 mL of Citrate buffer (pH = 4). The reaction’s 
absorbance was measured at OD = 410 nm. 

To optimize the HRPzyme-colorimetric reaction, we explored 
different primer concentrations (ranging from 15 to 750 nM), annealing 
temperatures (ranging from 40 to 65 ◦C), and reaction times (ranging 
from 5 to 60 min). These investigations were conducted using a con
centration of 104 cfu mL−1 of V. parahaemolyticus, and data presented 
based on 6 independent experiments (replicates = 3). 

2.4. Sensitivity and the specificity of the assay for detection of 
V. parahaemolyticus 

We assessed the sensitivity of the colorimetric assay (OD = 410 nm) 
using a concentration range of V. parahaemolyticus spanning from 10 0 to 
10 7 cfu mL−1. Subsequently, we compared these results with those 
obtained from the gel electrophoresis-based assay. We also conducted 
specificity testing by evaluating the assay’s performance against 
different pathogenic microorganisms, including K. pneumoniae, E. coli, 
P. aeruginosa, S. aureus, S. algae, Vibrio cholerae, and V. parahaemolyticus. 
To confirm the results of the colorimetric assay, we also utilized gel 
electrophoresis (2%). 

2.5. Detection of Vibrio parahaemolyticus in Crassostrea virginica and 
Callinectes sapidus samples 

We collected C. virginica specimens (n = 10) from one of our moni
toring sites located at Latitude 38◦ 38.613′ N and Longitude 075◦ 07.631′ 
W in Rehoboth Beach, Delaware, USA. After collection, the C. virginica 
specimens were thoroughly washed with deionized water. Subse
quently, various samples were extracted from the following areas: (1) 
adductor muscle, (2) heart, (3) pericardial cavity, (4) gonad area, and 
(5) gill parts. In the subsequent step, we took 100 mg from each of the 
samples, mixed them, and then subjected the mixture to homogenization 
and vortexing for 1 min with 1 mL of phosphate buffer (PBS, 1 mM, pH 
= 7.4), and 100 μL of the supernatant (centrifuged at 5000 rpm, 2 min) 
was used for subsequent analysis. 

We also collected C. sapidus specimens (n = 10) from one of our study 
sites situated at Latitude: 38◦ 38.613′ N and Longitude: 75◦ 07.55′ W in 
Rehoboth Beach, Delaware, USA. To extract the hemolymph of 
C. sapidus, we used a 1 mL 27 Gauge syringe with a needle. 
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Subsequently, 100 mg of the hemolymph was mixed with 100 μL PBS 
buffer (1 mM, pH = 7.4), vortexed for 1 min, and the resulting super
natant (obtained after centrifugation at 5000 rpm for 2 min) was utilized 
for subsequent analysis. We employed a protocol outlined by Rizvi and 
Bej (2010) to confirm the presence of V. parahaemolyticus. This confir
mation was achieved using RT-PCR instruments targeting the tlh region. 

The sizes of the amplicons were subsequently verified by running them 
on a 2% (w/v) agarose gel alongside a 100-bp ladder. Data presented 
based on 10 independent experiments (replicates = 3). 

Fig. 1. Molecular confirmation of Vibrio parahaemolyticus using specific primers. (a) molecular confirmation of V. parahaemolyticus using 16s rRNA, (b) 
molecular confirmation of V. parahaemolyticus using specific primer for detection of thermolabile hemolysin (tlh) gene. (c) the confirmation of V. parahaemolyticus 
using RT-PCR. Note: The Thiosulfate-Citrate-Bile Salts-Sucrose (TCBS) Agar was used for growth of V. parahaemolyticus. The sequence of 16s rRNA primer, F: 
GGCGTAAAGCGCATGCAGGT, R: GAAATTCTACCCCCCTCTACAG. The sequence of tlh primers: F: ACTCAACACAAGAAGAGATCGACAA; R: GATGAGCGGTT
GATGTCCAAA. PCR condition: 16S rRNA: denaturation at 95 ◦C for 3 min, followed by 34 cycles of denaturation at 95 ◦C for 30 s, annealing at 58 ◦C for 30 s, and 
primer extension at 72 ◦C for 1 min; followed by final extension at 72 ◦C for 5 min) tlh: denaturation at 95 ◦C for 3 min, followed by 35 cycles of denaturation at 95 ◦C 
for 30 s, annealing at 60 ◦C for 40 s, and primer extension at 72 ◦C for 1 min; followed by final extension at 72 ◦C for 10 min. 

Table 1 
Primer’s information used for Colorimetric PCR-Based detection of Vibrio parahaemolyticus in this study. 

 
 

HRP-Vib-F0 
HRP-Vib - R0 

AAAAAACTCAACACAAGAAGAGATCGACAA 
AAAAAGATGAGCGGTTGATGTCCAAA 

HRP-Vib- F5 
HRP-Vib- R5 

AAAAAACTCAACACAAGAAGAGATCGACAA 
AAAAAGATGAGCGGTTGATGTCCAAA 

HRP-Vib  F10 
HRP- Vib  R10 

AAAAAACTCAACACAAGAAGAGATCGACAA 
AAAAAGATGAGCGGTTGATGTCCAAA 

HRP-Vib  F15 
HRP- Vib  R15 

AAAAAACTCAACACAAGAAGAGATCGACAA 
A AAAAAGATGAGCGGTTGATGTCCAAA 

HRP-Vib  F20 
HRP- Vib  R20 

AAAAAACTCAACACAAGAAGAGATCGACAA 
AAAAAGATGAGCGGTTGATGTCCAAA 

Note: Protector sequences: Italic-green colored sequences; HRPzyme sequence: Bold-black colored sequence; spacer: underlined-red 
colored sequences, specific primer: Blue colored. 
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3. Results and discussion 

3.1. Designing an HRPzyme - integrated PCR-based platform for the 
colorimetric detection of V. parahaemolyticus 

Following the lysis of V. parahaemolyticus through boiling (at 100 ◦C 
in a water bath for 10 min), we conducted one-step PCR using the 
designed HRPzyme-integrated primers. Subsequently, we confirmed the 
PCR amplification through gel electrophoresis. We also examined the 
design of our HRPzyme-based primers for the formation of primer di
mers in non-template samples by visualizing the PCR product on a 2% 
agarose gel. 

According to our design, the HRPzyme sequence present in the 
primer was blocked during PCR by forming double-stranded DNA. At the 
end of the PCR, the double-stranded HRPzyme sequence was prevented 
from folding into a G-quadruplex structure in the presence of hemin. 
This prevented the HRPzyme from catalyzing the oxidation of ABTS, 
which is necessary to produce a green-blue color in the presence of 
hemin and H2O2. 

Additionally, unamplified primers folded in the presence of hemin, 
leading to the oxidation of ABTS and the production of a green-blue 
colored product when H2O2 was added (Fig. 2). As a result, the colori
metric signal inversely correlated with the presence of gene-specific PCR 
products, being at its maximum in the absence of the target. This 
enabled us to detect PCR products generated from V. parahaemolyticus 
DNA either through visual observation or by using a UV–visible 
spectrophotometer." 

After incubating the PCR product from the tlh gene with hemin and 
ABTS, followed by the addition of H2O2 (30%), we observed a colori
metric signal ranging from dark to light green - blue in the amplified 
products. Notably, there were no noticeable differences in the colori
metric signal among protector lengths of 0, 5, and 20 nucleotides after 
an 80-min incubation period. This observation highlights the significant 
role of protector length in preventing background signals. 

Expanding the polyadenine length to 10 nucleotides led to a sub
stantial reduction in the background signaling of HRPzyme activity, 
resulting in a relative intensity of 3.07 ± 0.23 arbitrary units (a.u.). This 
change allowed us to distinguish a light green-blue color compared to 
other protector lengths. However, increasing the polyadenine length to 
20 nucleotides had the opposite effect, resulting in a reduced relative 
intensity of 1.96 ± 0.17 a.u. Thus, we selected HRPzyme-integrated 
primers containing a 10 nt polyadenine sequence as the protector for 
the subsequent steps of the study (Fig. 2d). 

In our experiment, we employed protector and spacer sequences in 
conjunction with HRPzyme and the complementary sequences designed 
for the specific targeting of gene sequences. The primary purpose of the 
protector and spacer sequences was to block the folding of the HRPzyme 
sequence when it formed a double-stranded configuration, thus it could 
effectively prevent false-positive reactions. The HRPzyme sequence 
exhibited peroxidase-like activity by forming a G-quadruplex complex in 
the presence of hemin. This G-quadruplex complex, originating from the 
HRPzyme, catalyzed the oxidation of the ABTS substrate in the presence 
of hydrogen peroxide, resulting in the development of color. In 
HRPzyme-based detection assays, the length of the protector has 
consistently been a major concern for researchers seeking to manage 
background signals generated by HRPzyme sequence activity (Du et al., 
2022; Lee et al., 2022). 

3.2. Optimization the colorimetric detection of the amplicons 

The colorimetric conditions for detecting PCR products were opti
mized through different experiments involving both negative and posi
tive samples. Colorimetric signals were assessed using both a 
spectrophotometer and visual observation with the naked eye. 

In the initial step, we investigated the impact of annealing temper
ature (Ta) on the detection of colorimetric signals in our HRPzyme- 
integrated PCR assay. As shown in Fig. 3 no detectable difference in 
colorimetric signals were observed between incubation of the positive 

Fig. 2. (a–d). Optimization of the primers used for the sensitive detection of Vibrio parahaemolyticus using the colorimetric HRPzyme-integrated PCR 
assay. (a–b) the influence of primer concentration (nM), (c–d) the influence of protector’s length (nt). 10 nt protector length sequence (Relative intensity = 3.07 ±
0.23) was determined as the length for assay. 500 nM was also determined as the best primer concentration (Relative intensity = 3.14 ± 0.31). PCR condition: 
denaturation at 95 ◦C for 3 min, incubation time at 60 ◦C for 30 min, followed by 30 cycles of denaturation at 95 ◦C for 15 s, annealing at 60 ◦C for 10 s, and primer 
extension at 72 ◦C for 10 s; followed by final extension at 72 ◦C for 5 min 
[Errors bars are representing the standard deviation among 6 different experiments (replicates = 3)]. 
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samples at 40 and 45 ◦C and the negative samples. However, the signal 
showed a significant improvement compared to the negative control 
when we increased the amplification temperature to 65 ◦C. This in
dicates that the designed primers were less efficient in binding to the 
targeted region at lower temperatures (<50 ◦C), whereas the higher 
temperature, up to 65 ◦C, facilitated primer binding, resulting in more 
reproducible amplification of the targeted region on the tlh gene. We did 
not detect any significant differences in the colorimetric signals between 
60 and 65 ◦C. Nevertheless, for the subsequent stages of the study, we 
selected an amplification temperature of 60 ◦C to prevent the possibility 
of secondary annealing (Fig. 3). Annealing temperature is a critical step 
in amplifying the targeted genomic region and addressing the issue of 
non-specific amplification. During the annealing stage, it is vital to 
maintain a temperature that allows for the binding of primers to the 
target DNA. However, it’s equally important that, the temperature is not 
set too low (≤45 ◦C), as this can lead to the formation of undesired, non- 
specific duplexes or intramolecular hairpin structures, both of which can 
result in false-positive results. Meantime, the higher the temperature is 
the primer require longer compatible sequence to bind to and as a result 
your specificity will be higher, since the higher annealing temperatures 
(>65 ◦C) possess greater thermal energy and have the potential to 
interfere with hydrogen bonds, which can hinder primer-template 
binding. Finding the right balance in annealing temperature is essen
tial for accurate and specific amplification. Various G-quadruplex-based 
assays have recently been developed for pathogen detection using a 
range of annealing temperatures, typically from 55 to 65 ◦C (Achari, 
Mann, Sharma, & Edwards, 2023; Cao et al., 2022; Huang, Tang, Ismail, 
& Wang, 2022). 

We also found that, the incubation time significantly influences the 
development of the colorimetric signal. There was no significant dif
ference in the development of the colorimetric signal between 5- and 10- 
min incubation times for both positive and negative samples (reaction 
time: 45 min). However, the signal was enhanced when the incubation 
time was extended to 60 min (OD 410 = 0.57 ± 0.1). Furthermore, no 
further alteration in the colorimetric signal in positive samples was 
observed even after 120 min of incubation (relative intensity = OD 410 =

0.55 ± 0.08). 

The amplification time is a critical parameter that needs to be opti
mized in G-quadruplex-based assays to ensure accurate and reliable 
results. The goal of optimization is to strike a balance between achieving 
sufficient amplification of the target G-quadruplex structure and mini
mizing the risk of non-specific amplification or primer dimers (DeRosa 
et al., 2023; Garg, Ahmad, & Kar, 2022). We also examined the impact of 
different concentrations of HRPzyme-integrated primers (ranging from 
15 to 750 nM, with a 10 nt protector length), and observed a 
concentration-dependent influence on the colorimetric signal when 
comparing positive and negative samples. 

At primer concentrations ranging from 15 to 30 nM, we did not 
observe a significant signal (indicated by a light green-blue color), 
which could potentially lead to false colorimetric signals. However, 
when we increased the primer concentration to 500 nM, we observed a 
substantial impact on the colorimetric signal in both positive and 
negative samples. 

To ensure the prevention of false-positive results, we utilized a 
primer concentration of 500 nM, which yielded a relative intensity of 
3.08 ± 0.09 a.u. for HRPzyme-integrated primers in the subsequent 
phases of our study. Prior research has bolded the essential role of 
primer concentration in modulating the colorimetric signals produced 
by G-quadruplex DNAzymes. Distinguishing between the colorimetric 
signals of negative and positive samples becomes challenging at lower 
concentrations of HRPzyme-integrated primers. Conversely, higher 
primer concentrations may introduce an excess of free primers, poten
tially leading to false-positive color development (Hanyue et al., 2023; 
Lee et al., 2022). 

3.3. The sensitivity and specificity of the PCR-based platform integrated 
with HRPzyme for colorimetric detection of V. parahaemolyticus 

We employed the following optimized amplification conditions for 
assessing the sensitivity and specificity of the introduced HRPzyme- 
integrated PCR platform for the detection of V. parahaemolyticus: 
denaturation at 95 ◦C for 3 min, an incubation period at 60 ◦C for 30 
min, followed by 30 cycles of denaturation at 95 ◦C for 15 s, annealing at 
60 ◦C for 10 s, and primer extension at 72 ◦C for 10 s, concluding with a 

Fig. 3. (a–d). Influence of annealing temperature and incubation time on the Colorimetric HRPzyme-integrated PCR assay for detection of Vibrio parahaemolyticus (a) 
a temperature dependence activity was observed on the colorimetric signal starting at Ta = 50 ◦C (PCR condition: denaturation at 95 ◦C for 3 min, incubation time at 
60 ◦C for 30 min, followed by 30 cycles of denaturation at 95 ◦C for 15 s, annealing at 60 ◦C for 10 s, and primer extension at 72 ◦C for 10 s; followed by final 
extension at 72 ◦C for 5 min) (b) alternation in colorimetric signals was observed at different denaturation stage using different incubation times (5, 10, 15, 30, 45, 
60 min). no difference in colorimetric signal was observed after 30 min incubation time at 60 ◦C. 
[Errors bars are representing the standard deviation among 6 different experiments (replicates = 3)]. 
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final extension step at 72 ◦C for 5 min. To evaluate the sensitivity of the 
assay, a series of V. parahaemolyticus dilutions (ranging from 0 to 107 cfu 
mL−1) were prepared in 1x PBS buffer. 

The amplification of the targeted tlh gene region was carried out 
using a PCR thermocycler, and the success of the PCR amplification was 
confirmed through agarose gel electrophoresis to eliminate the possi
bility of false-positive signals. As illustrated in Fig. 4, the band in
tensities observed in the gel electrophoresis directly correlated with the 
concentration of V. parahaemolyticus. Additionally, the colorimetric 
signals displayed an inverse relationship with the concentration of the 
tested V. parahaemolyticus, allowing for clear differentiation from the 
negative control. 

The linear relationship between various concentrations of 
V. parahaemolyticus and the optical density (OD = 410) showed a strong 
correlation (R2 = 0.98). Our findings indicate that, the colorimetric 
signals were inversely proportional to the concentration of the tested 
V. parahaemolyticus, allowing for clear differentiation from the negative 
control. Notably, even at lower concentrations, the colorimetric signal 
was detectable using a spectrophotometer, becoming visible at a con
centration as low as 103 cfu mL−1 (OD410: 1.3 ± 0.2). 

In the specificity test, a variety of pathogens, including 
K. pneumoniae, E. Coli, P. aeruginosa, S. aureus, S. algae, and V. cholerae 
were examined alongside V. parahaemolyticus using the optimized 
HRPzyme-integrated PCR assay. These pathogens were chosen due to 
their common occurrence in seafood products. To provide an additional 
layer of confirmation, the PCR products were subjected to gel electro
phoresis, allowing for a comparison between the colorimetric signals 
obtained and the positive bands generated. 

As illustrated in Fig. 5, among the array of pathogens examined, a 
positive colorimetric signal was exclusively detected for 
V. parahaemolyticus (OD410: 0.4 ± 0.03). This outcome was subsequently 
validated through both PCR and RT-PCR, as shown in Fig. 5. These re
sults unequivocally establish the remarkable specificity of the HRPzyme- 
integrated PCR assay, specifically designed for the precise detection of 
the target pathogen. 

G-quadruplex-based assays and PCR techniques are frequently uti
lized for pathogen detection, with a substantial body of evidence indi
cating that G-quadruplex-based assays offer high sensitivity and 
specificity. A recent Meta-Analysis on the available reports shows the 
PCR and G-quadruplex based assays has the sensitivity 95.6% and 96.6% 
and specificity of 98.7% and 97.6%, respectively (Sadeghi et al., 2021). 

Our results also demonstrate that, the proposed assay exhibits a 
sensitivity comparable to the PCR approach. The colorimetric signal can 
be detected at a concentration as low as 101 cfu mL−1 using a spectro
photometer and at 103 cfu mL−1 by the naked eye. However, when the 
test results fall within a range lower than 103 CFU mL−1, the positive 
identification outcomes using the HRPzyme-integrated PCR-based 

platform are diminished. Therefore, we recommend the use of culture- 
based methods for V. parahaemolyticus identification as a complemen
tary approach. 

3.4. Validation of the HRPzyme-integrated PCR-based colorimetric 
platform for the detection of V. parahaemolyticus in C. virginica and C. 
sapidus 

To evaluate the applicability and reliability of our test, we applied 
our proposed HRPzyme-integrated PCR-based platform to detect 
V. parahaemolyticus in Eastern oysters (C. virginica) and blue crabs 
(C. sapidus). In this context, various samples were gathered from the 
muscle, heart, pericardial cavity, gonad area, and gills of the C. virginica. 
Positive colorimetric signals were then compared to the outcomes ob
tained through gel electrophoresis and the RT-PCR method. 

As illustrated in Fig. 6, a distinct colorimetric signal (OD410 = 0.43 ±
0.02) was evident in the organs tested, indicating contamination with 
V. parahaemolyticus in the C. virginica samples. These findings were 
further validated through PCR and RT-PCR. Notably, no amplified bands 
were observed in the negative agarose gel electrophoresis of the 
V. parahaemolyticus samples, whereas a specific band of the correct size 
was consistently obtained in the gel electrophoresis results. 

To assess the test’s validity in C. sapidus, hemolymph from both 
V. parahaemolyticus-positive and -negative samples was extracted and 
compared. As depicted in Fig. 7, the colorimetric signal generated by our 
proposed HRPzyme-integrated PCR-based platform was distinctly 
observed in the V. parahaemolyticus-positive samples (OD410 = 0.5 ±

0.03). These results were consistently supported by gel electrophoresis 
and RT-PCR analysis, providing parallel confirmation. These findings 
strongly endorse the specificity of the HRPzyme-integrated PCR assay 
for detecting the targeted pathogen, enabling the identification of 
V. parahaemolyticus in seafood products. The assay’s specificity relies on 
the precise primers integrated with HRPzyme for the targeted tlh 
sequence, enabling the detection of this specific foodborne pathogen. 

Owing to diverse impacts of the food products on the public health, 
the safety of the food products must be the main concern during the 
harvesting phase. In this regard, there is an essential need for accurate, 
sensitive, fast, and straightforward molecular biology-based techniques 
to detect the pathogens however the specificity of the primers will play 
the major role, for example RdRP and BPO genes were employed for 
detection of different genogroup of noroviruses (Lee et al., 2022), 
ORF-1ab and N-gene were used for detection of SARS-CoV-2 (Ahmad 
et al., 2021) and here by this study we suggest targeting specific region 
on tlh gene for detection of V. parahaemolyticus using the 
HRPzyme-integrated PCR assay. Compared to other available methods, 
such as gold nanoparticle-based enzyme-linked antibody, magnetic 
nanoparticles, CE–RAA–CRISPR assay, and Duplex droplet digital PCR, 

Fig. 4. (a–c). Colorimetric HRPzyme-integrated PCR assay results of Vibrio parahaemolyticus in our study. (a) gel electrophoresis data of different concen
tration of V. parahaemolyticus, (b) colorimetric HRPzyme-integrated PCR results of different concentration of V. parahaemolyticus, (c) absorbance data of colorimetric 
HRPzyme-integrated PCR assay at different concentration of bacteria. PCR condition: denaturation at 95 ◦C for 3 min, incubation time at 60 ◦C for 30 min, followed 
by 30 cycles of denaturation at 95 ◦C for 15 s, annealing at 60 ◦C for 10 s, and primer extension at 72 ◦C for 10 s; followed by final extension at 72 ◦C for 5 min 
[Errors bars are representing the standard deviation among 6 different experiments (replicates = 3)]. 
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our proposed method has the potential to be both faster and more 
cost-effective (Table 2). However, it’s essential to keep in consideration 
that, the quantity of targeted DNA can change significantly among 

different samples. This variety presents a notable challenge when 
attempting to establish uniform diagnostic performance criteria, 
particularly with specific sample types. Additionally, distinguishing 

Fig. 5. (a–c) Specificity test of Colorimetric HRPzyme-integrated PCR assay results of Vibrio parahaemolyticus. (a) gel electrophoresis data on the specificity 
test of V. parahaemolyticus against tested pathogens, (b) colorimetric HRPzyme-integrated PCR results (c) absorbance data of colorimetric HRPzyme-integrated PCR 
assay. Errors bars are representing the standard deviation among 6 different experiments. Colorimetric PCR-based detection method. Note: the samples were run at 
60 ◦C for a duration of 60 min and read at the OD = 410 nm. 100 bp ladder was used for molecular confirmation. 
[Data is presenting based on 10 independent experiments, replicates = 3]. 

Fig. 6. (a–c) Colorimetric HRPzyme-integrated PCR assay results of Vibrio parahaemolyticus on Oyster. (a) Oyster, (b, f) colorimetric HRPzyme-integrated 
PCR results of different concentration of V. parahaemolyticus, (c, e) molecular confirmation on the presence of the V. parahaemolyticus using gel electrophoresis 
data of different concentration of V. parahaemolyticus (d) the RT-PCR confirmation on the presence of the V. parahaemolyticus. Note: (1) adductor muscle, (2) heart, 
(3) pericardial cavity, (4) gonad area, and (5) the gills parts. 
[Data is presenting based on 10 independent experiments, replicates = 3]. 
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between active infection and asymptomatic colonization poses a chal
lenge when using the HRPzyme-integrated PCR-based platform because 
the method does not differentiate between live and dead cells. Hence, it 
is essential to take these limitations into account when using this method 
as a diagnostic tool and to employ a complementary approach as needed 
(Vuong et al., 2022). 

4. Conclusion 

The global consumption of seafood products has witnessed a signif
icant increase, emphasizing the critical importance of promptly detect
ing pathogens like V. parahaemolyticus. Thus, accurate, rapid and 
straight forward methods for high-through put screening of pathogens is 
a necessary demand. In this study, we have introduced a HRPzyme- 
integrated PCR based platform for colorimetric detection of 
V. parahaemolyticus targeting a specific region on the tlh gene to form G- 
quadruplex DNAzymes. In this study, we utilized the G-quadruplex loop 
region to create a binding site for hemin, resulting in the formation of a 

catalytic G-quadruplex/hemin DNAzyme. The catalytic cycle of this 
DNAzyme is initiated by the peroxidase enzyme, and the colorimetric 
HRPzyme-integrated PCR detection platform was optimized with 500 
nM forward and reversed primers and Ta of 60 ◦C and reaction time of 
60 min. 

The method may detect the V. parahaemolyticus at the concentration 
of 10 cfu mL−3 by naked-eye and can be accomplished within 2 h. In 
contrast to the existing PCR and RT-PCR techniques our approach 
showed several advantages such as rapid V. parahaemolyticus detection, 
increase cost effectiveness, and being eco-friendly by eliminating the 
usage of toxic fluorescence dyes, such as ethidium bromide. 
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Fig. 7. (a–d) Colorimetric HRPzyme-integrated PCR assay results of Vibrio parahaemolyticus on Blue Crab. (a) isolating hemolymph from the Blue crab, (b, 
f) colorimetric HRPzyme-integrated PCR results of different concentration of V. parahaemolyticus, (c, e) molecular confirmation on the presence of the 
V. parahaemolyticus using gel electrophoresis data of different concentration of V. parahaemolyticus (d) the RT-PCR confirmation on the presence of the 
V. parahaemolyticus. 
[Data is presenting based on 10 independent experiments, replicates = 3]. 

Table 2 
Comparison of the developed HRPzyme-Based Vibrio parahaemolyticus. detection with Other Methods.   

Method Detection 
time 

Detection 
range 

Characteristics References 

(h) (cfu ml−1) 

1 Streak Plate/probe method <72 105–100 Lengthy and 
costly 

Blackstone et al. (2003) 

2 Real time PCR method <4 105–100 Lengthy and 
costly 

Costa, Ferreira, Simões, Silva, and 
Campos (2022) 

3 PCR based <2 105–100 Costly Bonny et al. (2022) 
4 Gold nanoparticle-based enzyme-linked antibody <3 103–100 Lengthy and 

costly 
Wu et al. (2014) 

5 Magnetic nanoparticles <12 101 Lengthy and 
costly 

Blank-Shim et al. (2017) 

6 CE–RAA–CRISPR Assay <5 6.7 × 101 Lengthy and 
costly 

Lv et al. (2022) 

7 Visual Detection of V. parahaemolyticus using Combined CRISPR/Cas12a and 
Recombinase Polymerase Amplification 

30 min 102 Costly Jiang et al. (2022) 

8 Duplex droplet digital PCR combined with propidium monoazide 30 min 8.15 × 101 Costly Zhou et al. (2023) 
9 HRPzyme based targeting tlh region 2 103 Rapid and cheap This study  
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