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PREFACE

Aquaculture or farming of aquatic organisms plays a pivotal role in meeting the growing global
demand for seafood and contributes significantly to food security and economic growth
worldwide. However, the industry faces major challenges, particularly concerning the health
and management of aquatic organisms. Among the various threats encountered, the presence of
bacterial pathogens poses a significant concern, particularly Vibrio species, which can cause

devastating diseases in aquaculture species.

In the pursuit of effective disease management strategies, the development of rapid and accurate
diagnostic tools is imperative. This dissertation explores the application of aptamer-based nano-
biosensors for the rapid diagnosis of vibriosis, a prevalent disease caused by Vibrio species, in
aquaculture settings. Aptamers, single-stranded DNA or RNA molecules selected to bind
specifically to target molecules, offer numerous advantages as recognition elements in

biosensors, including high specificity, sensitivity, and versatility.

The primary objective of this research is to design, develop, and evaluate an aptamer-based
nano-biosensor capable of detecting Vibrio pathogens accurately in aquaculture environments.
Through a combination of molecular biology techniques, nanotechnology, and biosensor
development methodologies, this dissertation aims to help improve the tools used to diagnose

problems in aquaculture.
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ABSTRACT

This study aimed to develop a rapid, and sensitive screening method to effectively prevent and
control the spread of fish disease, particularly caused by Vibrio alginolyticus. The approach
involved the creation of a simple visual colorimetric assay utilizing MNPs and AuNPs for the
detection of V. alginolyticus. Initially, we conjugated an aptamer specific to V. alginolyticus
onto the surface of MNPs, which served as a specialized magnetic separator. Simultaneously,
another aptamer was immobilized on the surface of AuNPs, functioning as a colorimetric
detector. Upon encountering V. alginolyticus, a sandwich structure consisting of MNP-
aptamer—bacteria—aptamer—AuNPs was formed through the specific recognition between the
aptamer and V. alginolyticus. Utilizing the magnetic separation technique, we generated a
detection signal. Leveraging the optical properties of AuNPs, a visual signal was observed,
enabling instrument-free colorimetric detection. Furthermore, we applied this method to detect
V. alginolyticus in locally bought raw shrimp and fish samples. This preliminary study
underscores the potential of our developed assay as an efficient tool, offering promising

prospects to design a strip-based biosensor for rapid detection of V. alginolyticus.




CHAPTER 1: INTRODUCTION

1.1 Background

Aquaculture and fisheries stand as one of the fastest-growing industries, reaching a global
production of 85.3 million tons in 2019. (Tacon et al., 2020). Production surged significantly,
surpassing a threefold increase in live-weight volume from 34 million metric tons (Mt) in 1997
to 112 Mt in 2017. Seaweeds, carps, bivalves, tilapia, and catfish were the key contributors to
most of the aquaculture output in 2017. Freshwater fish comprise 75% of the global edible
aquaculture volume (Edward et al., 2019). In 2017, Asia retained its position as the leading
aquaculture producer, responsible for 92% of the live-weight volume of animals and seaweeds
(FAO 2019). Countries renowned for aquaculture species diversity are situated in Asia, with
China notably leading by a considerable margin. (Metian et al., 2020). India currently holds
second position, with a coastline spanning 7,517 km with an extensive network of rivers and
canals totaling approximately 195,210 km, which includes 14 major rivers, 44 medium rivers,
and numerous small rivers and streams (De Jong et al., 2017), presenting enormous potential for

the development of aquaculture (FAO 2014).

However, modern aquaculture systems encounter numerous challenges, especially in water
quality management, disease control, feed development, hatchery and grow-out technologies
(Jena et al., 2017). The high densities of fish rearing employed in aquaculture facilitate the
transfer and spread of pathogenic microorganisms, often serving as a primary cause of
catastrophic outbreaks (Rohani et al., 2022). With such intensive farming systems, the rise in
infectious diseases has negatively affected the expansion of marine fish farming worldwide as

waterborne pathogens have the capacity to spread at accelerated rates compared to terrestrial




systems (McCallum et al., 2003). Indeed, infectious disease stands as the leading cause of
mortality among farmed fishes (Pillay & Kutty, 2005). An outbreak can frequently result in the
complete loss of fish stocks, necessitating expensive decontamination of facilities and
equipment. This issue has been recognized as a potential constraint to aquaculture production

(Jansen et al., 2012).

In China, India, and Vietnam, fish diseases are estimated to account for over 30% of the total
production loss (Mohd-Avris et al., 2019). When a disease outbreak occurs, it can result in mass
mortalities, economic losses to the farmers, and environmental impacts such as contamination
of water bodies (Jgrgensen et al., 2020). Some of the diseases arise from attacks by pathogenic
bacteria, particularly Gram-negative bacteria, and to a lesser extent, Gram-positive bacteria
(Maldonado-Miranda et al.,, 2022). The bacterial infections like Aeromonas septicemia
(Thirumalaikumar et al., 2021), Edwardsiellosis (Bujan et al.,2018), Columnaris (Declercq et
al., 2013), Streptococcosis (Luo et al., 2017), and Vibriosis (Ji et al.,2020) have been reported

in the aquaculture industry.

Vibriosis is a common bacterial disease affecting various marine fish and shellfish. According
to Chong et al., (2011), about 66.7% of reported diseases in groupers (Epinephelus spp.) are due
to vibriosis, leading to mortality rates of up to 50% (Liao et al., 2008; El-Gali-Mohamed et al.,
2012). Different species of Vibrionaceae, including Vibrio parahaemolyticus, V. alginolyticus,
V. harveyi, V. owensii, and V. campbelli, have been associated with health issues in farmed
aquatic animals (Nor-Amalina et al., 2017). Typical indicators of Vibrio-related disease

encompass lethargy, tissue and appendage decay, reduced growth and metamorphosis rates,




body deformities, bioluminescence, muscle cloudiness, and melanization (Aguirre-Guzman et
al., 2004). Additionally, infected fish exhibit skin discoloration, red necrotic lesions in the
abdominal muscle, and erythema (bloody patches) around the vent, base of fins, and within the

mouth (Anderson and Conroy, 1970).

Vibrio species, naturally diverse in their environment, exchange genetic material, including
toxigenic genes, through horizontal transfer. This process can transform non-toxigenic strains
with epidemic potential. Thus, continuous surveillance of these Vibrio species' toxigenic and
non-toxigenic strains is essential to prevent outbreaks (Azarian et al., 2016). Fast, accurate, and
sensitive methods for identifying Vibrio infections early can ensure timely treatment. Moreover,
easy-to-use detection techniques can be highly beneficial in regions where there is limited access

to laboratories performing traditional bacterial culture methods.

Among all the species, Vibrio alginolyticus is considered an important opportunistic fish
pathogen. Various outbreaks linked to V. alginolyticus have been reported in aquaculture farms.
Infection with V. alginolyticus results in high mortality rates among aquaculture animals such
as shrimp, shellfish, fish, and seahorses (Manchanayake et al., 2023). It is also a major cause of
seafood-related bacterial gastroenteritis worldwide, commonly associated with consuming raw

or undercooked seafood (Cai et al., 2007).

To monitor V. alginolyticus, different detection methods have been developed. The standard
method involves using a specialized plate culture medium for detection which offers high
accuracy, however, it's a lengthy and complicated process, not suitable for rapid detection needs

(Yin et al., 2018). Various molecular biology techniques, including enzyme-linked




immunosorbent assay (ELISA), polymerase chain reaction (PCR), loop-mediated isothermal
amplification (LAMP), recombinase polymerase amplification (RPA), and immunofluorescence
assay (IFA) have been used to detect V. alginolyticus (Hui-Min et al., 2020). However, these
methods often involve trained personnels, longer detection times and complex procedures.
Additionally, the presence of challenging pollutants like aerosols can lead to non-specific

amplification and false positives, reducing accuracy.

Immunology-based detection methods rely on antigen-antibody interactions but are costly and
susceptible to unstable results due to the fragility of monoclonal antibodies (Hayrapetyan et al.,
2023). Given the epidemiological importance of Vibrio species and their potential to cause
outbreaks, timely identification of the causative agents is essential for initiating an effective
response and treating the disease efficiently. Therefore, there's a need for new, more reliable

detection methods for V. alginolyticus.

In recent decades, biosensing platforms, particularly biosensors, have emerged as appealing and
efficient alternatives for detecting microorganisms in clinical diagnosis, food analysis, and
environmental monitoring (Poltronieri et., 2014; Yoo et al., 2016). Biosensing strategies hold
great promise as they save time, are cost-effective, practical, and capable of real-time analysis
(Hushiarian et al., 2015; Tian et al., 2016). Biosensors typically comprise two essential elements:
a bioreceptor, which detects the target analyte (such as an antibody, aptamer, or complementary
DNA sequence), and a transducer, which converts the resulting biochemical reaction into a

measurable signal.




Aptamers are single-stranded DNA or RNA that can fold into secondary and three-dimensional
structure, enabling them to recognize various target molecules with high specificity and affinity.
Aptamers have emerged as an increasingly important molecular tool for both diagnostics and
therapeutics. Aptamers or chemical antibodies possess numerous advantages as recognition
elements in biosensing. They are small, chemically stable, and cost-effective (Song et al., 2008).
Additionally, aptamers offer remarkable flexibility and convenience in structure design,
resulting in the development of novel biosensors with high sensitivity and selectivity. Recently,
the integration of aptamers with innovative nanomaterials has notably enhanced the performance

of aptamer-based sensors.

This study is centered on developing an aptamer-based biosensors using two distinct
nanoparticles as substrates to specifically detect whole cell V. alginolyticus, potentially serving
as a diagnostic method for Vibriosis. Aptamers targeting the pathogen's outer membrane act as
the recognition element. Moreover, the characteristics of gold and magnetic nanoparticles have

been explored for simple colorimetric signal detection.




1.2 Aim and Objectives

Aim: To design a simple optical aptamer-based nano biosensor for the rapid and easy detection

of Vibrio alginolyticus in aquaculture farms.

Objectives:

1. To synthesize and characterize gold and magnetic nanoparticles.

2. To identify specific aptamers for V. alginolyticus and facilitate their binding to the
synthesized nanoparticles.

3. To characterize the aptamer-nanoparticle (Apt-NP) conjugates.

4. To standardize the in-vitro detection of the pathogen by the Apt-NP conjugate.

1.3 Hypothesis

In this research, we utilize the sandwich formation concept, employing two different aptamers
that bind to separate nanoparticles. Aptamer 1 will be attached to the surface of gold
nanoparticles (AuNPs) and used as a colorimetric sensor. Additionally, Aptamer 2, which is
designed to detect V. alginolyticus, will be linked to the surface of magnetic nanoparticles
(MNPs) to function as a specific magnetic separator. The process of attaching aptamers to MNPs
will be facilitated by a bond formation mechanism involving the carboxyl groups of COOH-
functionalized MNPs and the amino groups of amino-modified aptamers. When encountering
V. alginolyticus, a sandwich-like structure composed of AuNPs—aptamer 1-bacteria—aptamer
2—-MNPs is formed due to the specific interaction between the aptamers and V. alginolyticus.

Subsequently, magnetic separation will be employed to generate a detection signal.




1.4 Scope

The colorimetric assay can be utilized as a rapid and sensitive detection of V. alginolyticus in
water and seafood products, such as shrimp, oysters, and fish, aiding in ensuring food safety
and preventing disease outbreaks. The developed technology can be used in future diagnostic
kits which could help the farmers with the onsite detection of vibriosis without the need for

sophisticated lab and facilities.

It can be employed for monitoring V. alginolyticus contamination in water sources, particularly
in coastal areas where aquaculture activities are prevalent and seafood products. This could help

in assessing the risk of exposure and implementing appropriate mitigation measures.




CHAPTER 2: LITERATURE REVIEW

2.1 Vibrio alginolyticus

Vibrio alginolyticus, belonging to the Corynebacterium genus, is commonly found in marine,
estuarine, and other aquatic environments globally. This zoonotic pathogen is a significant cause
of economic losses in the aquaculture sector and ranks as the second most common cause of
human Vibrio infections (Wang et al., 2021). It causes one of the major bacterial diseases,

Vibriosis in fish and shrimp aquaculture (Ringg et al., 2020).

According to Chong et al. (2011), it affects all stages of growth, leading to mortality for up to
50%. The symptoms include hemorrhagic septicemia with extensive external skin lesions,
necrosis of some organs and tissue, erosion of tail, pale kidney, dark pigmentation, exophthalmic
eyes, (Kahla-Nakbi et al., 2007; Haldar et al., 2010). The literature on the impact of Vibrio
alginolyticus on various fish species reveals a distribution of affected species across different
regions. Among the species affected by this pathogen, In India, Cobia and Asian seabass
(Rathore et al., 2013; Rameshkumar et al., 2014), Penaeus monodon (Selvin et al. 2003) have
been reported. In China, Crimson snapper (Cai et al. 2013), Large yellow croaker (Chen et al.
2008), Litopenaeus vannamei (Liu et al., 2004) have been identified as susceptible to Vibrio
alginolyticus. These findings highlight the diverse geographic distribution and host range of
Vibrio alginolyticus infection in aquaculture farms. With the increasing incidence of vibriosis
causing severe outbreaks in the aquaculture farms, attempts for early detection is a major

concern to help the farmers in preventing economic loss.




2.2 Conventional methods for pathogen detection

Over the years, V. alginolyticus has been identified using traditional techniques of cultivating
pathogens on various selective or differential media (Xuedong and Yuging, 2015). While these
traditional methods have been successful in diagnosing the pathogenic bacteria in food, water,
and the environment, they are time-consuming, and take days to grow at a quantifiable
concentration (Zeng et al., 2018). Additionally, these methods have limitations including low

sensitivity, poor specificity, and require labor-intensive and time-consuming analysis.

Traditional techniques like bacterial culture methods utilized for meat, poultry and water
samples, have an incubation time up to 48 hours (Buss et al., 2019; Gill, 2017; Bargellini et al.,
2011) and the biochemical tests yield results for drinking water contamination in 24 hours
(Hini¢ et al., 2017; Chauhan et al., 2017). ELISA detects contamination in drinking and aquatic
water in under 3 hours (Zhang et al., 2016; Su et al., 2016), metagenomics offers insights into
irrigation water contamination within 24 hours (Maguire et al., 2021), Nucleic Acid Sequence-
Based Amplification (NASBA) detects tap water contamination in 12 hours (Zhai et al., 2019),
Loop-Mediated Isothermal Amplification (LAMP) provides detection in milk, pork, beef, and
marine water samples in 40 minutes to 1 hour (Mei et al., 2019; Lee et al., 2019) and PCR

detection of samples takes around 16 hours (Ibekwe and Grieve, 2003).

Moreover, various methods developed to identify V. alginolyticus infection, including
polymerase chain reaction (PCR), real-time PCR, immunofluorescence antibody testing, and
loop-mediated isothermal amplification (LAMP), have been primarily used for pathogen

detection in laboratory research rather than for definitive diagnosis by farmers in mariculture
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farms due to several drawbacks such as complex procedures, costly reagents, lengthy processing
times, and demanding environmental requirements. Hence, there is an urgent need for novel
detection techniques to enable rapid diagnosis of V. alginolyticus infection in mariculture farms
(Duan et al., 2016).

Despite the technical advancements of the analytical tools, the existing techniques for detecting
the pathogen are often characterized by high costs, limited sensitivity, and lack of rapid detection
capabilities. Therefore, advanced technologies like biosensors for rapid, precise, and sensitive
pathogen identification play a crucial role in enabling early prevention of Vibrio infections and

ensuring timely treatment (Loo et al., 2022).

2.3 Biosensors and their types

Biosensors function by detecting analytes in biological or chemical reactions and produce
signals corresponding to the concentration of the analyte. Biosensors can be categorized based
on the type of signal they generate, including electricity, heat, or light. A standard biosensor
comprises components such as the analyte, bioreceptor, transducer, electronics, and display

(Bhalla et al., 2016).

Compared to other bacteria detection techniques, biosensors offer characteristics including
rapidity, specificity, sensitivity, and reliability. When fabricating biosensors, the primary
concern is to create sensitive, and specific devices that remain unaffected by environmental
factors such as temperature and pH (Mehrotra et al., 2016). Table 1 presents a summary of
various types of biosensors developed for Vibrio species, employing diverse detection
techniques such as electrochemical, Nuclear Magnetic Resonance (NMR), piezoelectric,

colorimetric, and fluorescence.




Table 1. Recent biosensors for Vibrio sp. detection

11

Sr. Pathogen Description Detection Reference
no. Technique
IMMUNOSENSORS
A simple, efficient, and label-

1. V. Cholera free biosensing platform based Kumar et
on nanostructured gadolinium Electrochemical al., 2023
oxide nanoparticles
(Gd203NPs).

A 96-well plate coated with VP

2. antibody captures the target VP, | Low-field nuclear Zhang et
which then binds the signal unit | magnetic resonance al.,
to form the immunocomplex. 2024

V.
parahaemolyticus
Pathogen is captured by capture | Electrochemilumine

3. unit on magnetic glassy carbon | scence and anodic Wang et
electrodes, recognized by stripping al., 2019
detector unit voltammetry
Detection of pathogen, by | Colorimetric and Guo et al.,

4. employing giant Au vesicles | surface-enhanced 2018
with anchored tiny gold | Raman scattering
nanowires (AuNW) as a smart (SERS)
probe.

Piezoelectric wafer attached
with two gold electrodes used Piezoelectric Hong et al.,
5. V. vulnificus as the transducer and 2014

immobilized antibody on the
sensor chip.
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V. alginolyticus

Synthesis  of  multi-walled
carbon nanotubes (MWCNTS),
which functioned as immuno-,
magnetic, fluorescent sensors
in detecting.

Fluorescence

Liuetal.,
2014

BACTERIOPHAGE- BASED SENSORS

V. cholerae

Engineered phages allowed the
binding of gold nanoparticles,
which aggregate on the phages,
resulting in a visible color
change due to alteration of
surface plasmon resonance
properties.

Colorimetric

Peng et al.,
2019

V.
parahaemolyticus

A one-step label-free
colorimetric strategy based on
M13 bacteriophage-displayed
nanobody (phage-Nb) derived
from camelid heavy-chain
antibodies specific to Vibrio
parahaemolyticus.

Colorimetric

Wang et
al., 2023

APTASENSORS

V.
alginolyticus

The HCR scaffold serves as a
carrier for the aptamer,
enabling assembly into multi-
Apt to enhance its binding
affinity.

Hybridization
Chain Reaction

Zhao et al.,
2023

10.

V.
alginolyticus

Couples the DNA
nanostructure-modified
magnetic beads with a solid-
contact  polycation-sensitive
membrane electrode for the
detection.

Potentiometric

Zhao et al.,
2016
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Immunosensors employing antigen-antibody interactions are reliable sensing methods, yet they
face a significant drawback due to their costly development. Moreover, sensors based on
bacteriophages exploit their ability to infect specific hosts but suffer from instability over
extended periods and potential drying out of the phages. Hence, opting for aptamers as the bio-
sensing component can offer practical advantages, being cost-effective, stable, and exhibiting

specificity toward their targets.

2.4 Aptamers and Whole-cell SELEX

Aptamers are 25-80 bases long single-stranded functional DNA/RNA structures with high
affinity and specificity for various targets such as small inorganic ions, bacteria, viruses, amino
acids, organic molecules, proteins, whole cells, and animals (Zhou et al., 2017). Aptamers
typically adopt a variety of three-dimensional structures that selectively bind to specific targets.
Aptamers have several advantages, including ease of generation, low manufacturing cost,
minimal batch-to-batch variability, reversible folding characteristics, and low immunogenicity
compared to monoclonal antibodies (Zhang et al., 2019). Their most significant benefit lies in
the ability to easily modify and engineer these oligonucleotide sequences into aptamer-drug
conjugates and targeted delivery systems, enabling their clinical use in therapy (Zhou et al.,
2017). Recently, numerous important applications have been demonstrated in therapeutic
research.

In 1990, a selection process for aptamers called Systematic Evolution of Ligands by Exponential
Enrichment (SELEX) was developed (Tuerk et al., 1990). Typically, a SELEX process begins
with a chemically synthesized random RNA or single-stranded DNA (ssDNA) library

containing 10 to 10'° different sequence motifs. In the initial selection round, this library is
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incubated directly with the target molecule. Oligonucleotides that bind to the target are eluted,
amplified by PCR, and used in subsequent selection rounds. After several rounds of selection,
high-affinity and target-specific oligonucleotides, known as aptamers, are obtained (Ylera et al.,

2002).

Whole-cell SELEX is a modified method within SELEX technologies used to generate aptamers
specifically bound to live bacteria (Medley et al., 2011). This process involves following steps:
(a) screening random nucleic acids bound to the target bacteria, (b) repetitive separation and
exponential amplification of the oligonucleotides, and (c) cloning and sequencing of the
identified specific binding molecules (Torres-Chavolla et al., 2009). Aptamers obtained through
whole-cell SELEX demonstrate high affinity and specificity for bacterial surface molecules and
live bacterial targets (Moon et al., 2015). As whole-cell SELEX targets live pathogenic bacteria,
aptamers can efficiently locate and bind to surface molecules on live bacteria compared to other
SELEX approaches. Consequently, aptamers obtained through whole-cell SELEX may exhibit

minimal cross-reactivity with non-target bacteria (Cao et al., 2009).

Aptamers are often compared to antibodies due to their target-recognition capability, selective
binding, and affinity, in addition to unique features that offer more flexibility in development
and application (Sefah et al., 2010). The generation of aptamers through the SELEX process is
relatively quick. Additionally, aptamers are chemically synthesized, enabling the incorporation
of various functional groups and specific moieties such as biotin, carboxyl, amino, and thiol,
most of which do not interfere with target recognition (Hicke et al., 1996; Da Pieve et al., 2010).

This flexibility allows for aptamer conjugation with drug molecules and nanoparticles.

Hence, aptamers are extensively employed as excellent molecular identifiers. The adoption of

aptamer-based biosensors and bioassay techniques for bacterial detection is expected to replace
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conventional methods, thereby enhancing the speed, sensitivity, specificity, and reliability of
detection. However, the aptasensors designed for Vibrio alginolyticus diagnosis face challenges
due to the intricate sample preparation and detection techniques involved. Hence, in this study
we are designing biosensors with aptamers as the sensing element and a simple colorimetric

detection using the visual color changing property of gold nanoparticles.

2.5 Optical biosensors

Optical biosensors function by detecting changes in optical signals resulting from the interaction
between the analyte and bioreceptors. Due to their safety and high resolution, optical biosensors
find extensive applications in detecting pathogenic bacteria when combined with aptamers

(Damborsky et al., 2016).

Aptamer-based colorimetric biosensors detect analytes through color changes by mechanisms,
including enzyme-mediated substrate oxidation (Wu et al., 2015), catalyzed oxidation of
nanomaterials (Hu et al., 2015), or the aggregation or disaggregation of nanoparticles (Mondal
et al., 2018; Yousefi and Saraji, 2019). This approach bypasses the necessity for complex
analytical instruments, therefore simplifying the aptamer-based colorimetric biosensor
compared to many others. Table 2 provides a summary of aptasensors developed over various
years for the detection of different pathogens in medical, food and water samples, employing

the colorimetric detection method.
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Table 2 Aptamer-based biosensors reported for different pathogen with colorimetric

detection.

Sr.
no.

Pathogen

Description

Applications

Detection
Technique

References

Escherichia coli

Lipopolysaccharides
(LPS)-binding aptamer
on the surface of
nanoscale
polydiacetylene (PDA)
vesicle using peptide
bonding between the
carboxyl group of the
vesicle and the amine
group of the aptamer.

Clinical faecal
specimens.

Salmonella
enteritidis

Two affinity
aptamer showed
alterations in color in
proportion to the number
of S. enteritidis cells

high

Clinical,
environmental
and food
samples.

Aeromonas
salmonicida

Dual-model colorimetric
and ratiometric
fluorescent  aptasensor
based on the G-
quadruplex-modified
aptamer and g-C3N4 for
sensitive, reliable, and
visual detection of the
diseased bacteria in
fishes.

Aquaculture,
food safety,

Salmonella
typhimurium

Novel composite of
graphitic carbon nitride
nanosheets and Cu.0
nanocrystals and
interaction with aptamer.

Food and
water quality

Vibrio
parahaemolyticus

A simple visual
colorimetric assay using
magnetic  nanoparticles
(MNPs) and gold
nanoparticles (AuNPs).

Food samples

Optical/
Colorimetric

Wu et al.,
(2012)

Zhang et al.,
(2019)

Luetal.,
(2023)

Tarokh et
al.(2021)

Sadsri et al.,
(2020)
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CHAPTER 3: MATERIALS AND METHODOLOGY

3.1 Materials

3.1.1 Chemicals used:

Tetra chloroauric acid (HAuUCl4.3H20), Sodium citrate, Aptamers (Bioserve India), Manganese
ferrite, Ammonia, Ascorbic acid, Phosphate buffer, Sodium chloride, Magnesium chloride,
Potassium  chloride, Tris—HCI,  Binding  buffer,  N-(3-dimethylaminopropyl)-N'-
ethylcarbodiimide hydrochloride (EDC), N-hydroxysuccinimide (NHS), Zobell marine broth

and TCBS agar.

3.1.2 Apparatus

A 300 kV field emission gun-transmission electron microscope (TEM, FEI Tecnai G2, Oregon,
United States), X-ray diffractometer (Rigaku SmartLab, Tokyo, Japan, Zeiss Scanning electron
microscope (EVO 18 special edition, India), UV-Vis spectrophotometer (UV mini 1240
Shimadzu, Japan), Fourier transform infrared spectrometer (FTIR, Bruker alpha2), Micro table
high speed refrigerated centrifuge (Centrifuge, Lab-i-Fuge LABINDIA, India), Incubator
shaker (CIS-24 Plus REMI, India), and Hot mega power stirrer (HLS200, LABQUEST by

Borosil, India) were used.

3.2 Synthesis of AUNPs

Gold nanoparticles can be easily conjugated with aptamers enabling the identification of
specific signals. AuNPs were synthesized using the citrate reduction method (Storhoff et al.,
1998). A solution of (1 mM) tetrachloroauric acid (HAuCls-3H20) was boiled with vigorous
stirring in a 250 mL flat-bottom flask equipped with a reflux condenser to maintain the reaction
volume. Trisodium citrate (38.8 mM) was rapidly added to the solution, boiled for 15 minutes,

resulting in a color change from pale yellow to dark red, indicating the formation of AuNPs.
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The solution was boiled for 15 minutes and removed from the heat source. It was cooled to
room temperature while stirring continued for an additional 20 minutes. The synthesized AuNPs
were characterized using UV-vis spectrophotometer, Nano particle analyzer and transmission
electron microscopy. The concentration of the AuNPs was calculated using Beer’s law (A =
€cL), using an extinction coefficient of 2.4x 108 Molar™! cm™ at 520 nm (Haiss et al., 2007).

The AuNPs colloidal solution was diluted and then stored at 4 °C.

Figure 1 (A) Reflux condenser apparatus with gold solution (yellow) (B)
Solution turns purple on adding trisodium citrate
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3.3 Synthesis of carboxyl functionalized-MNPs

For isolation and enrichment of bacteria from other components in presence of external
magnetic field MNPs are used. To synthesize MNPs (MnFe20s), stoichiometric amount of
MnCl2.H20 and FeCls3.6H20 were weighed and dissolved in 70mL distilled water (Arsalani et
al., 2018). The solution was stirred till a clear solution was obtained. Further concentrated
ammonia solution was added dropwise till the pH of the solution was 10 with constant stirring.
The solution was then transferred to the Teflon lined autoclave and kept in the oven at 180 °C
for 24 hours. The solution was filtered and washed thrice with water followed by ethanol. It was
dried at 80 °C in a hot air oven and the obtained powder was calcined at 500 °C for 3 hours in

pre-heated muffle furnace.

For the carboxyl-functionalization of the MNPs, L-ascorbic acid and MnFe>O4 were taken in
1:2 ratio (Sorkhabi et al., 2020). AA was dissolved in 20mL double distilled water in a round
bottom flask and MnFe204 solution was added dropwise. The mixture was stirred for 24 hours
and then separated by centrifugation at 3000 rpm. It was washed thrice with double distilled
water followed by ethanol and dried at 80 °C in a hot air oven. The magnetic property of MNPs

was confirmed through observation of their attraction towards a magnet.

3.4 ldentification and confirmation of aptamers

As per the findings reported in existing literature, the chosen aptamers have demonstrated
notable specificity towards Vibrio alginolyticus, exhibiting minimal binding affinity towards
other bacterial strains. These single-stranded DNA (ssDNA) aptamers were selected through
Systematic Evolution of Ligands by Exponential enrichment (SELEX) methodology,

specifically targeting the viable bacterial pathogen V. alginolyticus. The nucleic acid aptamer
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designated for binding to AuNPs specific for Vibrio alginolyticus is represented by the
following sequences: 5SHGACGCTTACTCAGGTGTGACTCGCGTTTTATTGGTGTGGG
GCTGGGGCGGTGGGTGGCTCTACTGGTTCCGTTCGAAGGACGCAGATGAAGTCTC
-3' (Yu et al., 2019). Additionally, nucleic acid aptamer for binding to MNPs is as follows: 5'-
NH2C6 TCAGTCGCTTCGCCGTCTCCTTCAGCCGGGGTGGTCAGTAGGAGCAGCAC
AAGAGGGAGCACAAGAGGGAGACCCCAGAGGG-3' (Zheng et al., 2015). The
oligonucleotides were supplied in a lyophilized form by BioServe Biotechnologies, India. They
were resuspended at a stock concentration of 100 uM by adding 95.92 pL and 88.82 pL of

nuclease free water to the aptamers that were conjugated to MNPs and AuNPs respectively.

3.5 Preparation of Apt-AuNPs

The Apt-AuNPs conjugate were prepared based on a previously published method with slight
modifications (Chen et al., 2012). This procedure involved a ligand exchange reaction between
the thiol-functionalized aptamer (SH-aptamer) and the citrate-capped AuNPs, utilizing the well-
known gold-sulfur chemistry. SH-aptamer (10 uM) was added to the AuNP colloidal
suspension (12 nM). After allowing the mixture to stand for 24 hours, the Apt-AuNP complex
was aged by adding phosphate buffer to reach a final concentration of 10 mM. The suspension
was left to stand for an additional 6 hours before 1 M NaCl. The suspension was further
incubated for 34 hours at room temperature, followed by centrifugation for 30 minutes at 12,000
rpm to remove excess oligonucleotides. After discarding the supernatant, the red pellets were

washed, recentrifuged, and resuspended in 1 mL of binding buffer.
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3.6 Preparation of Apt-MNPs

The attachment of the aptamer to carboxyl functionalized MNPs to form the Apt-MNPs
conjugate was accomplished through the formation of an amide bond (Ocsoy et al., 2021).
Initially, the carboxyl groups present on the MNPs surface were activated using EDC/NHS
mixture, allowing the amine groups on the aptamer oligonucleotides to be covalently bonded.
Briefly, carboxyl functionalized MNP colloidal solution (10 mg/mL) was added with a fresh
mixture of EDC (50 mg/mL) and NHS (50 mg/mL). This mixture was then incubated at room
temperature gently mixing for 30 minutes, followed by magnetic separation to remove excess
reagents. The resulting MNPs were then dispersed in 50 puL of DI water, and NH»-aptamers (100
uM) were added. This mixture was further incubated for 45 minutes at room temperature while
continuous mixing. Subsequently, the Apt-MNPs were collected using a magnet, washed with

deionized water, and suspended in 500 pL of distilled water.

Figure 2 Optical
image of Apt-MNPs
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3.7 Characterization of NPs and Apt-NP conjugates

The AuNPs and MNPs were characterized using a combination of techniques to determine their
size, shape, surface properties, stability, and optical properties. The UV-Vis spectrum of the
AUNPs exhibited a prominent absorption peak at 522 nm, indicative of the size and
concentration of AUNPs. TEM/SEM imaging, XRD patterns, FTIR spectra, and zeta potential
analysis were used for the property analysis of the NPs (AuNPs and MNPs) and their aptamer
conjugates (Song et al., 2008).

3.8 Standardization of bacterial concentration

V. alginolyticus was procured from MTCC, Chandigarh (MTCC 13127) in a lyophilized form.
The ampoule was opened and the freeze-dried culture was suspended in ZMB, streaked on
TCBS and Zobell marine agar and incubated at 30 °C for 24 hours.as per the guidelines by
MTCC. The culture was sub-cultured from the master stock, and both master and working stock
were maintained. The growth curve of V. alginolyticus was studied to assess the colorimetric
detection at different phases and concentrations. The bacteria were incubated for 24 hours at
30 °C in Zobell marine broth until it surpassed the logarithmic growth phase. Within subsequent
intervals the sample was collected, and the optical density was measured at 600 nm. Plate
counting methodology was employed to validate the bacterial count. The bacterial culture was
diluted with 0.85 % saline and 100 uL of the culture was spread onto agar plates (TCBS agar),
cultured at 30 °C for 24 hours to facilitate the enumeration of colony-forming units (CFU/mL).
The results were used to calculate the minimum bacterial concentration required to carry out

the optical-biosensor reaction.
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3.9 Colorimetric detection

Based on the bacterial growth curve, a concentration of 5x10® CFU/mL was obtained during
the exponential phase of growth at 12 hours. Therefore, for detecting V. alginolyticus, 150 pL
of synthesized Apt-AuNPs and 20 puL of Apt-MNPs were added to the bacteria resuspended in
binding buffer (5x10®° CFU/mL obtained at 12 h). The mixture was then incubated for 10
minutes at room temperature with gentle shaking. Following incubation, magnetic separation
was performed to isolate the nanoparticle-bound bacteria. The resulting sample was then ready
for detection. A color change was observed in the solution, indicating binding of the aptamer-
nanoparticle conjugate to the bacteria. Additionally, the absorbance of the supernatant was

measured at 490 nm using an ELISA reader to confirm the color change.

3.10 Standardization of the minimum bacterial volume for the colorimetric detection
Subsequent to determining the concentration, the optimum volume of pathogen required to carry
out the detection was optimized. Bacterial samples (1 mL) were centrifuged at 6,000 rpm for 15
minutes, resulting in the formation of a pellet, the supernatant was carefully discarded and
resuspended in binding buffer (composed of 50 mM Tris—HCI at pH 7.4, 5 mM KCI, 100 mM
NaCl, and 1 mM MgCly). Different volumes of the bacterial suspension (100 pL, 200 pL, 300uL
and 400 pL) were used to standardize the minimum bacterial sample volume required to indicate
colorimetric detection (color change). The mixture was incubated for 10 minutes with gentle
shaking and the optical density of the color change was measured at 490 nm with the help of

ELISA reader.
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3.11 Detection of V. alginolyticus in fish and shrimp's sample

Fresh fish and shrimp samples were procured from Taleigao market, Goa. For the detection of
Vibrio alginolyticus, a smear of the fish gills and shrimp hepatopancreas was obtained using
sterile cotton swabs in the laminar air flow chamber. The swabs were inoculated in 0.85% saline
and serially diluted and plated on Thiosulfate-Citrate-Bile Salts-Sucrose (TCBS) agar and
incubated at 30 °C for 18 hours. Following the incubation period, five distinct colonies were
selected from the agar plates and subjected to the colorimetric assay (as mentioned in 3.11). The

absorbance was measured at 490 nm wavelength to quantify the colorimetric response.

Figure 3 Raw fish and shrimp
sample from local market
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CHAPTER 4: RESULTS AND DISCUSSION

4.1 Synthesis and characterization of AUNPs

Colloidal gold nanoparticles (AuNPs), 100 mL were produced through the chemical reduction
of tetrachloroauric acid (HAuCI4) (34 mg). The appearance of a reddish solution (Fig.4) in the

reaction mixture signifies the formation of AuNPs.

Figure 4 Red colloidal solution of
AUNPs

4.1.1 UV spectral analysis: UV spectra of the AuNPs was recorded in the range of 400 —
800 nm, which showed a peak at 522 nm (Fig.5), indicating the presence of nanoparticles larger

than 20 nm, approximately measuring between 15-30 nm in size (Borse et al., 2020).
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Figure 5 UV-Visible absorption spectra of AuNPs (Peak at 522
nm)

4.1.2 Electron microscopy: Scanning electron microscopy (SEM) was used to validate the
synthesis of AuNPs and analyze the structure of the resulting AuNPs. The size and the particle
shape distribution of the AuNPs was obtained by transmission electron microscopy (TEM). Fig
6 confirms the presence of AuNPs. The morphology of AuNPs revealed monodispersed

spherical particles with a well-proportioned size (Fig 7). Their average diameter was 10-30 nm.

EHT = 20.00 kV Signal A = SE1
WD = 9.5 mm Mag = 50.00 KX Time :11:35:43

Figure 6 SEM image of AuUNPs
Figure 7 TEM image of AuNPs
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4.1.3 Fourier Transform Infrared Spectroscopy analysis: FTIR spectra were analyzed using

Origin 8 software (OriginLab Corporation, USA), version v8.0773(773) to identify the

functional groups and chemical bonds present in the samples. Peak assignments were made

based on established literature and spectral libraries. The spectra (Fig.8) reveal peaks at 3301

cm?and 1639 cmsuggesting the presence of functional groups on the surface of the

nanoparticles. The peak at 3301 cm™ corresponds to stretching vibrations of O-H bonds. The

presence of hydroxyl group on the surface of gold nanoparticles can be attributed to the capping

agents, confirming the presence of citrate groups used during synthesis. Peak at 1639 cm™ is

indicative of the presence of carbonyl groups (C=0 stretching). It suggests the presence of

stabilizing agents that contain carbonyl functional groups. The FTIR graph obtained shows

similarity with the peaks suggested by Bhat et al., (2013).
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Figure 8 FTIR analysis of the AUNPs
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4.1.4. Zeta potential: To study surface charge of the synthesized colloidal AuNPs, zeta
potential measurements were carried out and it was observed to be -12.87+ 0.907 mV (Fig.10).
As suggested by (Borse et al., (2020), the zeta potential of Au-NP is in the range of -10.6 to -

37.7 mV, which is essential for the stability of AuNPs.
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Figure 9 Zeta potential analysis of the AuNPs
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4.2 Characteristics of Apt-AuNPs

4.2.1 UV-Vis spectral analysis: The attachment of thiol-aptamers to gold nanoparticles
(AuNPs) via Au-S bonding was validated by the shift of the absorption peak from 522 to 526
nm (Fig.11). This is also confirmed by Sadsri at el., (2020) where an absorption peak shift of
524 to 528 nm was reported. This alteration in the surface charge of the Apt-AuNPs is likely
attributed to the substitution of citrate molecules on the AuNP surface by thiol-aptamers. The
conjugation of the aptamer imparted notable stability to the AuNPs, shielding them from
aggregation in the presence of NaCl (Fig.12). Conversely, the unmodified AuNPs underwent
aggregation upon exposure to NaCl, evidenced by a color change from red wine to violet

(Fig.10).

Figure 10 Optical images of (A)AuNPs, (B) Apt-AuNPs+ NaCl,
(C) AuNPs+ NaCl respectively
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Figure 11 UV- Visible absorption spectra of Apt-

AUNPs (Peak at 526 nm)

Figure 12 UV-Visible absorption spectra of

8000

AuNPs+ NaCl

4.2.2 FTIR analysis: The FTIR analysis for the Apt-AuNPs is depicted in Fig. 13. The

appearance of peaks at 3309 cm™, 2112 cm™, and 1151 cmindicates the presence of certain

functional groups on the surface of the nanoparticles. At 3309 cm™ the peak corresponds to the

stretching vibrations of O-H bonds, similar to the peak observed in the previous analysis (Fig.8).

The presence of this peak suggests the continued presence of hydroxyl groups, possibly from

the aptamer molecules or the stabilizing agent. The 2112 cm™ peak is indicative of the presence

of C=N stretching vibrations, which are characteristic of nitrile functional groups.

In the context of the conjugation with aptamers, this peak likely arises from the aptamer

molecules themselves, as they often contain nitrogen bases. The peak at 1151 cm™ corresponds

to the stretching vibrations of C-O bonds, suggesting the presence of organic ligands. These
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ligands are often used to stabilize and functionalize the surface of nanoparticles, preventing

their aggregation and providing sites for further functionalization.

% Transmittance

4000

Wavenumber (cm'l)

—-—Wl //. .H\“-»M_/,x
/ 2112¢em” | ——
\ // \
\ / || \\
s i \
i
\ f f
1\ f \
\ ] 1151 cm’
/
\ ![J \
\ ]
\\_/i
3309 cm” \
T T g T ] T ' T T T T T T
3500 3000 2500 2000 1500 1000

500

Figure 13 FTIR image of Apt-AuNPs conjugate




4.3 Synthesis and characterization of MNPs

32

MNPs were characterized for the confirmation of physical and chemical properties (size,

structure, shape, crystallography and chemistry).

4.3.1: SEM analysis: The size and morphology of the MNP was assessed using scanning

electron microscopy (SEM). Fig.15 demonstrates SEM images for the Fe.O4s MNPs having

irregular shaped morphology with a particle size of 89 nm. As reported by Arsalani et al., (2017),

MNP are characterized by a size range of 50-90 nm. The SEM image shows aggregated particles

which could be due to SEM sample preparation process. The magnetic property was confirmed

by magnetic test (Fig.14).

EHT =20.00 kV Signal A= SE1 Date :31 Jan 2024
WD = 8.0mm Mag= 3500KX Time :11:45:22

Figure 14 Test for magnetic
property

Figure 15 SEM image of MNPs
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4.3.2: X-ray Diffraction:_The profile of MnFe204 is shown below (Fig. 16). XRD analysis
was carried out to characterize the phase formation and crystalline structure of the MnFe204
nanoparticles. The pattern confirms formation of pure Manganese ferrite by the peak position
of 2theta values at 30.1°, 35.46°,43.1°,53.52°,57.24°, 63°, 62.75°, 64.08° with standard JCPDS
75-0034. The results were on par with the characteristics of XRD of MNP suggested by
(Arsalani et al., (2018), 29.6°, 35.1°, 42.6°, 56.4° and 62°. The average particle diameter can be
estimated using Debye Scherer formula to be about 10 nm by using the strongest peak (311).
All the diffraction peaks are significantly broadened, which indicates that the MnFe;O4 are

polycrystalline in nature.
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Figure 16 XRD pattern of MNPs
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4.3.3: Fourier-Transform Infrared Spectroscopy: FTIR spectroscopy was used to confirm

the functionalization of ascorbic acid on the MNPs. The characteristic peak of pure L-ascorbic

acid is OH stretching at 3537 cm™, C=0 stretching at 1754 cm™, C=C stretching at 1670 cm

and OH bending at 1321 (Fig.17). The peak at 3537 cm™ which can be seen in pure L-ascorbic
acid is missing from the MNPs coated with ascorbic acid which indicates that the bonding to
the MNPs has occurred through the OH group of the ascorbic acid (Fig.18). The other peaks

which can be seen are C=C stretching at 1670 cm™, CH bending at 1215 cm™ and M-O (metal

oxygen) stretching at 686 cm .
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Figure 17 FTIR spectra of ascorbic acid

Figure 18 FTIR spectra of carboxyl
functionalized MNPs
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4.4 Characteristics of Apt-MNPs

4.4.1 Zeta potential: Following aptamer conjugation, the zeta potential value of carboxyl-
functionalized magnetic nanoparticles (MNPs) decreased further from -3.58 + 0.26 mV (Fig.19)
to -1.97 £ 0.16 mV (Fig.20). This shift towards more negative values can be attributed to the
inherent negative charge of DNA molecules. This result is in agreement with Sadsri et al.,

(2020).
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Figure 19 Zeta potential of MNPs
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Figure 20 Zeta potential of Apt-MNPs
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4.5 Standardization of bacterial concentration

The growth curve of Vibrio alginolyticus (Fig.21) was studied to optimize the conditions like
concentration and to evaluate the apta-sensor accuracy at different growth phases of the
pathogen. The concentration of V. alginolyticus on TCBS agar at 12 hours after incubation at
30 °C was calculated. The study revealed that it took 12 hours to reach exponential phase. The

bacterial concentration (CFU/mL) was found to be 5 x10® CFU/mL.
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Figure 21 Growth curve of V. alginolyticus

The nanoparticles conjugate was mixed with different volume and concentration of pathogen to
visualize color change. The change in absorbance at 490 nm is measured as the color changes
from red to light pink (Sadsri et al., 2020). The results obtained from the experiment is given in
table 3. As seen in the table, a decrease in the absorbance was seen at a bacterial concentration
of 5x10° CFU/mL obtained at 4 hours of growth, indicating the presence of V. alginolyticus.

This change in absorbance is attributed to the magnetic separation of bound bacteria by the
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MNP-Apt conjugate, resulting in a clear solution and a visible color change from red to light
pink thus lowering the absorbance. It was also observed that as the bacterial volume increase at
100 pL (5x10% CFU/mL), 200 pL (1x10° CFU/mL), 300 pL (1.5x10° CFU/mL) and 400 pL

(2x10% CFU/mL), there was a decrease in absorbance seen.

Table 3 Optical density measured for different volumes of bacterial samples at different growth

stages.
Bacterial sample Optical Density at 490 nm of different volumes
100 pL 200 pL 300 pL 400 pL
Blank 0.204 + 0.003 0.163 +£0.002 | 0.132 +0.002 0.133+0.01
4 hours 0.162 + 0.006 0.034 £0.005 | 0.068 +0.003 | 0.003+0.012
8 hours 0.218 £ 0.013 0.187 +£0.002 | 0.176 + 0.005 0.192+ 0.002
12 hours 0.235+0.010 0.324 £ 0.005 | 0.224 +0.007 0.234+ 0.004
24 hours 0.466 + 0.008 0.546 +£0.004 | 0.695+0.005 | 0.706 =0.008

As the concentration of the bacteria increased above 8 h, an increase in the absorbance values
was observed. This indicated that the sandwich complex, involving the binding of magnetic
nanoparticles, bacteria, and gold nanoparticles via specific aptamers, requires a higher volume
of AuNP-Apt and MNP-Apt conjugate for a higher bacterial load. The results also indicate that
the increased bacterial concentration might not be separating effectively from the solution
during magnetic separation, leading to elevated absorbance readings. This could be rectified by
increasing the MNP-Apt volume and also increasing the ascorbic acid (functionalization of the

carboxyl group) coating on the MNPs, to efficiently separate the bacteria to obtain a clear
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solution. Variations in particle size, shape, or magnetic strength could hinder their ability to

bind effectively to the bacterial target and facilitate separation, contributing to the results.

The detection method used aptamers as a specific recognition tool, magnetic nanoparticles
(MNPs) to capture the target, and gold nanoparticles (AuNPS) to detect signals. When the target
bacteria were present, the aptamers on both MNPs and AuNPs attached to them, forming a
"sandwich" structure. Apt-MNPs and Apt-AuNPs were incubated with V. alginolyticus cells
and separated magnetically. As shown in Figure 22, the red color of the original AuNP
suspension (Fig. 22A) faded significantly (Fig.2B). This demonstrated that the “AuNP-aptamer-
bacteria-Aptamer-MNP” conjugate designed in our study, formed a sandwich structure that

could successfully provide a baseline report for the development of a nano-biosensor.

Figure 22 Optical images of the colorimetric
detection (A) Apt-AuNPs+ MNPs+ buffer (B) Apt-
AuNPs+ MNPs+ bacteria + buffer
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4.6 Application of the developed conjugate for detection of V. alginolyticus in fish and
shrimp sample

To confirm that this detection method works with unknown V. alginolyticus qualitatively raw
shrimp and fish were bought from a local market to simulate the conditions. When plated on
TCBS agar, three distinct colonies were observed from the shrimp hepatopancreatic region,
while two distinct colonies were isolated from the fish gills (Fig.23). These isolates were used
to test for specificity with the designed nanoparticle conjugates. As seen in Table 4 a decrease
in the absorbance was seen when the nanoparticle-aptamer conjugates bound to shrimp colony
2 and 3. The results indicated the formation of a “sandwich” with these 2 colonies with
respectively at a sample volume of 100 pL. This confirms that the designed conjugate is suitable
for detecting V. alginolyticus from a mixture of bacteria in real-time samples. However, this
study requires further specificity tests to be carried out, by comparing it with negative controls

(Eg. Bacillus, E. coli outgroups) and other Vibrio species, to confirm that there is no non-

specific binding.

Table 4 Absorbance of the samples at 490 nm

Sample Absorbance (490 nm)
Blank (AuNP-Apt-MNP) 0.236 + 0.003
Shrimp swab 0.078 £0.014
Shrimp colony 1 0.358 £ 0.139
Shrimp colony 2 0.04 £ 0.005
Shrimp colony 3 0.004+ 0.003
Fish colony 1 0.256 = 0.002
Figure 23 Isolated colonies from fish Fish Colony 2 0.217+ 0.004
and shrimp sample on TCBS agar

plates
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FUTURE PROSPECTS

1. To standardize the volume of Apt-MNPs and Apt-AuNPs conjugates in the reaction.
2. To check the specificity and non-specificity of the aptamers with other Vibrio species.
3. To standardize carboxyl functionalization of the MNPs.

4. Development of a strip based biosensor.

CONCLUSION

A simple yet efficient colorimetric assay for detecting Vibrio alginolyticus, utilizing magnetic

nanoparticles (MNPs) and gold nanoparticles (AuNPs), has been successfully developed.

By incorporating aptamers as the bacterial-specific recognition element, this assay exhibits
specificity and is more cost-effective compared to antibody-based systems. The magnetic
separation of MNP-Apt-bacteria-Apt-AuNP complexes from the solution serves as an effective

detection method, easily discernible by the naked eye due to a visible color change.

The designed sandwich structure would provide a baseline report for the development of a nano-
biosensor strip. Moreover, this assay holds promise for broader applications, as it can be adapted
for the detection of other foodborne pathogens or biological targets by simply substituting the

biological recognition elements.
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