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Abstract

Abstract

This study attempts to merge novel sampling strategies and biomolecular sensing tools for
the development of next generation of rapid and sensitive bioassays for detection of
bacterial toxins and contaminants in complex food matrices. State of the art sampling,
extraction and biosensor technologies are combined to develop prototype assays for onsite
detection of toxins/proteases in contaminated food products. Considering the vast number
of foodborne diseases and caused deaths, the assay for the fast and reliable analysis could
assist in the early detection and subsequent prevention of foodborne illnesses. The
conventional methodologies are tedious and cumbersome with requirements for trained
personnel and expensive instruments. Thus, there is an urgent need to develop on-site assay
to meet requirements such as low cost, fast response, selective and sensitive with no need

for sophisticated instrumentations.

In this study, emphasis will be on botulinum neurotoxin (BoNT) as a model target for the
development of assays, one of the most toxic substances known to man (lethal dose for
humans 3-10 ng/kg). Several outbreaks of infant botulism in Australia, Italy, UK and
Ireland due to contaminated dairy products and other food-botulism outbreaks have raised
demands for efficient diagnostic tools to detect the toxin or the toxin-producing clostridia
spores. The focus of this thesis was to develop assays where efforts emphasized on the use
of synthetic peptide as recognition molecule which can achieve sensing performance
sufficient enough to be utilized in the food safety monitoring and overcome limitations of
the gold standard assay — the mouse bioassay. On the other hand, utilizing the peptide as
a substrate provides easy and more precise detection, higher degree of robustness and
stability compared to conventional approaches using antibodies. The sensing strategy is
based on observing the change in fluorescent/colorimetric response due to the reduction in
the number of reporter molecules (in solution or on the membrane) upon the cleavage of
peptide by targeted protease. As for assaying in foods, the sample preparation plays a
crucial role in successful target detection, especially at low concentration levels, therefore
the magnetic beads were used as facilitators in the sample clean-up process due to their
easy manipulation by the external magnetic field. Utilizing the peptide and magnetic beads,
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Abstract

two assays were developed. In the first assay — the solution-based assay — the reduction in
the fluorescence intensity upon cleavage was observed depicting the LOD of 0.5 - 1 nM
(25-50 ng/mL) in ~6h of total assay time. In order to simplify the assay by excluding the
instrument for the signal read-out and unstable fluorescence dye, the solution-based assay
was translated to dipstick assay with naked eye detection. In this assay magnetic beads
served as mediators in the clean-up process as well as reporter molecules simplifying the
overall assay performance. The dipstick assay yielded LOD of 1 nM (50 ng/mL). Further
improvements in assay sensitivity, a reduction of overall assay time with more simple
testing approach was accomplished with the development of sorbent incorporated
membrane-based and bulb/tip clean-up integrated within dipstick assay. In this alternative
approach, the dipstick assay offered clean-up and detection as one step, and better
sensitivity (0.1 nM; 5 ng/mL) thanks to the stable fluorescence nanobeads. A potential
application of sorbents integrated dipstick test across a wide range of foods was proven by

testing liquid, solid and canned food in this study.

Assays responses for BONT/A protease met requirements for analytically relevant levels
(below that of oral toxicity; 1 pg/kg) in food matrices. Developed assays offer the avenue
for excluding conventional long and tedious sample pre-treatments with utilization of
magnetic beads and/or sorbents. The proposed assays deliver new approaches for on-site
food safety monitoring capable of overcoming threats related to accidental contamination
in the food supply chain due to improper handling of food products as well as from

deliberate threats as terrorist attacks.
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Chapter 1

Introduction

Over the past few decades, necessity for biosensors has expanded for
food quality monitoring, since various foodborne illnesses have been
caused by numerous harmful contaminants and toxic compounds.
Therefore, emphasis was laid on development of rapid detection
techniques for prevention and elimination of threats. The aim of this
thesis is develop novel biomolecular sensing tools for rapid, sensitive
and selective detection of toxins and contaminants in complex food
matrices. This chapter provides a short overview of the thesis including
hypotheses/problem statements, objectives and scope of this study and a

brief description of each chapter of this thesis.
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1.1 Background and Significance

Food safety has been a major concern for several decades as any contamination adversely
affects the health of consumers. Improperly processed, stored and handled food could cause
fatal diseases upon intake, either from microbial or chemical contamination. These diseases
are of significant concern because of their high mortality rate, if not treated immediately
and properly. Foodborne disease are diverse in their types and severity, where symptoms
related to foodborne diseases differ in intensity from mild (vomiting, nausea, diarrhoea) to
severe (neuronal disease, paralysis, cancer), which can lead to the death. Billions of
individuals of all ages are at risk associated with unsafe food consumption, especially
children under 5 years, pregnant women, and elderly. Over the past decades, food borne
outbreaks have been addressed with reported numbers of casualties. Most of these
outbreaks are related to foods contaminated with pathogens, bacterial toxins, mycotoxins,
viruses etc. For instance, E.coli outbreak caused by contaminated bean and seed sprout (50
casualtiesi), listeriosis outbreak in cantaloupes (30 casualties)z, salmonellosis outbreak in
peanuts (9 casualties)s, botulism outbreak in home-canned potatoes (1 casualty)s, nacho
cheese (1 casualty)s, canned hot dog chili sauces, etc., have been reported. Therefore,
continuous monitoring of foods is required at all stages of processing, from the raw food
to the ready-to-eat food, in order to diminish contamination caused by microbial and
chemical agentsz. Moreover, concerns related to food safety and quality have been
increased recently due to the globalization of food production as well as climate change,
which will further continue to modify food safety risk regulations and requirements for

contaminants detection.

As for the food safety assessment at laboratory level, various methodologies have been
utilized including conventional microbial culturing followed by sophisticated analysis
using techniques such as HPLC, TLC, LC-MS, GC-MS, etc., with varying sensitivity and
accuracy of detection. The main limitation of conventional methods is the time consuming
analysis, lasting from several hours to few days, usually requiring pre-treatment processes.
Additionally, these methodologies are laborious, expensive, space consuming, and require

trained personnel. Since the conventional methods are inadequate for rapid screening in
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food analysis, development of fast, facile, miniaturized and cost-effective biosensors is
required. One of the major concerns in the development of biosensors for food quality
analysis is the limit of detection (LOD). The sensitivity of biosensors, and thereby the LOD,
is influenced by the properties of materials they are made of, such as the transducers
(electrodes, nanoparticles, dyes) and recognition molecules (antibodies, peptides, aptamer,
etc.)s. Besides, sensitivity and LOD of biosensors are limited by interferences from
complex food matrices. Since rapid and on-site food sample assays are desirable, state-of-
the-art extraction processes involving tedious protocols may not be applicable. Therefore
developing alternative simple extraction and clean-up protocols are of significant

importance for on-site assaying.

Food contaminants such as pathogens, fungus, bacterial toxins, mycotoxins, etc., have been
detected by various assays such as enzyme-linked immunosorbent assays (ELISA) with
good sensitivitys,10; PCR-based assayi1,12 microarraysis, electrochemiluminescence-based
assay14, FRET-based assay (e.g. for proteases activity detection)is have been reported to
be rapid. Even though these platforms are frequently utilized, most of these approaches
still require sophisticated instrumentation and trained personnel to conduct the analysis.
Paper-based sensing is a cheaper option with minimal sample requirement and possibility
to be used by non-professionals in resource-limited settings. This approach has been
welcomed in food analysis due to their good performances, reliability and good correlation
to laboratory experiments. Different types of paper-based assays include dipstick assay,
lateral flow assay (LFA)ie,17, vertical flow assay (VFA)is and microfluidic paper-based
device (u-PAD)19 have been reported. Depending on target analytes and the food matrices,
the type of materials used in fabrication of paper based device and the reporter molecules
for transduction are optimized for improving the limit of detection (LOD) . Another crucial
component that influences sensitivity and selectivity is the bio-recognition element.
Currently, LFAs are operating with affinity-based mechanism, relying on specific
antibody-antigen interaction. However, the thermal instability of the antibodies for on-site
assaying is the main drawback limiting practical applications. Therefore, the assay may
yield false positive results, especially in the case of proteases detection (e.g. bacterial toxins

with proteolytic activity), where the activity of toxins is more accurately addressed based



Introduction Chapter 1

on their catalytic function compared to detection based on their epitope distribution and
affinity. In an attempt to overcome these issues, peptides have been evaluated as
recognition element as a replacement for antibodiesz2o. Their robustness, stability, easy to
manipulate and modify according to specific target could improve the overall assay’s
performance. Additionally, chemical synthesis of peptides is rapid and cost effective

without batch-to-batch variations as compared to antibody production.

The overall performance of the biosensor relies to a large extent on the procedures used to
remove the interferences and to extract the target molecule from the food matrices.
Preparation and pre-treatment steps are very important for assay reliability, sensitivity and
selectivity. Most of the adopted extraction techniques are laboratory-based and time-
consuming with the utilization of organic or inorganic solvents that adversely affect the
yield of the target analyte. Commonly utilized extraction techniques are liquid-liquid
extraction, solid phase extraction, solid supported liquid extraction, solid phase micro-
extraction and QUEChERS (Quick, Easy, Cheap, Effective, Rugged and Safe) technique.
Besides conventional approaches, membrane-based techniques (microfiltration,
nanofiltration, ultrafiltration, chromatography membrane based on affinity, etc.) have been
reported for separation of target analytes in food analysis2i. Membrane-based extraction
avoids high solvent usage, but they are sensitive to solid particles and in some cases, their
efficiency in removing interferents depends on the type of food. Thus, alternative
approaches for extraction are required for efficient removal interferents. For instance,
utilization of sorbent materials for extraction and clean-up and their incorporation into
polymer membranes would simplify the process of extraction and pre-concentration, upon
retaining interferences such as carbohydrates, vitamins, strong pigments, lipids,
preservatives, etc. On the other hand, magnetic bead based extraction is an alternative
approach to avoid centrifugation, filtration, and other pre-treatment steps. Their chemical
and mechanical stability, possibility for diverse functionalization, biocompatibility, low
toxicity, low background interference, inertness and easy manipulation with external

magnetic field attract immense attention for their application in food analysis22-24.



Introduction Chapter 1

This thesis will focus on developing colorimetric paper based assays for rapid, facile and
on-site analysis of complex food samples by utilizing the advantages of peptides and facile
clean-up process including magnetic beads and membranes. The simplicity of this
colorimetric paper based assay together with the use of robust molecular components
(peptides as receptors/substrates) offers an attractive route for development of low-cost
assays with a longer shelf-life and an easy read-out for on-site applications. An early
detection of toxic contaminants avoiding standard measurements will help to prevent the
occurrence of foodborne illnesses and outbreaks. Apart from food screening, the proposed
methodology is also applicable for environmental monitoring and national security

applications.

1.2 Hypothesis/Problem Statement

1. The presence of active botulinum neurotoxin (BoNT) in food samples can be detected
at concentrations well below the lethal dose (1 pg/kg) by substituting the current gold
standard (mouse bioassay) with a synthetic peptide as recognition molecule/substrate.

2. Synthetic peptides can be used in combination with magnetic beads for facile extraction
of substrates from complex matrices for subsequent detection, without using tedious
standard procedures and sophisticated instrumentation.

3. Polymer membranes incorporated with sorbent materials could be integrated into a
paper-based strip for efficient removal of interferents in complex food matrices for
detection of active BONT (functional-based assay) at competitive concentration levels
of ELISA assay (affinity-based assay).

1.3  Objectives and Scope

The main objective of this thesis is to develop a portable device/dip-stick by merging
extraction, clean-up and pre-concentration steps with catalytic sensing strategies for target
detection and quantification. The developed device/dip-stick is expected to facilitate food
quality monitoring. The proposed assay involves peptide for the target

recognition/digestion and magnetic beads for rapid and facile clean-up of interferents in
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complex food matrices. The proposed system could be easily transferred to the LFA device
further simplifying the detection process by excluding the use of instruments, enabling
naked eye detection. The developed system could be a good asset for proteases screening
in food samples for an early detection and subsequent prevention of related food-borne

diseases.

The following specific objectives will be explored in this thesis:

1. To investigate the catalytic sensing strategy with the implementation of peptides as
recognition/substrate molecules and magnetic beads for the food sample clean-up for
analysis in complex food matrices.

2. To fabricate a paper-based device for monitoring toxins (e.g. BONT) on-site.

3. Toinvestigate the influence of polymer membranes incorporated with different sorbent

materials for removal of interfering matrix components.

1.4 Dissertation Overview

This thesis is comprised of 8 chapters. Each of them are briefly explained in the following

paragraphs.

Chapter 1 provides a rationale for the research and outlines the goals and scope. The
significance of this thesis is briefly introduced, followed by proposed hypotheses/problem
statements, objectives of this research along with the scope. Finally, a short summary on

the overview of the thesis is presented.

Chapter 2 reviews the literature on the food safety problems, pathogens, toxins and other
agents associated with foodborne diseases. This chapter also reviews the conventional
separation and detection methods as well as current state-of-the-art technologies including
optical, current on-site assays and membrane-based detection utilizing different
nanomaterials (e.g., magnetic beads) for the food safety monitoring. Then, the potential of

membranes and magnetic beads for sample pre-treatment and separation is discussed.
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Subsequently, a highly toxic protease — botulinum neurotoxin A (BoNT/A) — as a model
system - has been used to evaluate the sensing platforms and the rationale for its needy

detection is provided.

Chapter 3 describes experimental procedures of sensing strategies both in solution and on
the membrane-based platform. This chapter also provides the principles of characterization
techniques used and methods of data analysis. Finally, fabrication of dipstick test and

membrane-based clean-up integration with paper-based assay are described.

Chapter 4 elaborates detection of active BONT/A LC in complex food matrices using the
magnetic bead-based fluorescence assay. The results demonstrate that the presence of
active BoNT/A can be detected by employing corresponding peptide as a recognition

molecule at the concentration level below that of oral toxicity.

Chapter 5 describes the development of colorimetric paper based-assay for detection of
active BoNT/A LC for the on-site food safety monitoring. In this chapter, it is demonstrated
that translation from the solution-based sensing, presented in chapter 4, to the paper-based

sensing is feasible, further facilitating the detection by excluding sophisticated instruments.

Chapter 6 introduces the integration of membrane-based clean-up with paper-based
sensing. The results revealed that graphitized carbon black (GCB) incorporated in the
membrane retains interferences from carrot juice (e.g. pigments) successfully. Herein,
clean-up process and detection are combined as a single step, unlike the methodology
presented in the chapter 5, where the clean-up process was performed in the solution state

by employing the magnetic beads and external magnetic field.

Chapter 7 elaborates on application of the membrane-based clean-up dipstick assay for

testing of complex food matrices such as meat and canned food.

Chapter 8 presents the summary and the future outlook of this dissertation.
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1.4  Findings and Outcomes/Originality

This research led to several outcomes:

1. Functional fluorescence-based assay employing magnet beads and peptide as a
recognition element is successfully developed and applied in both buffer and food
matrix (carrot juice) for the detection of protease (e.g. BONT/A LC), with an LOD
below that of oral toxicity (1 pg/kg) and with good selectivity.

2. The dipstick assay has been devised for the detection of proteases with the colorimetric
response observed by the naked eye, which is more facile compared to the conventional
detection methods and applicable for the on-site assaying.

3. The membrane-based clean-up has been integrated within dipstick assay, merging the
clean-up and detection in one step process further providing easier sensing of protease

in complex food matrices at low LOD and high specificity.
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Chapter 2

Literature Review

This chapter reviews and summarizes the background about food safety,
toxins and contaminants presented in foods; related problems and
challenges; current techniques and on-site assays for the food
monitoring applications. Firstly, a brief introduction of food safety
issues and most frequent pathogens and contaminants are given.
Furthermore, various developed methods and strategies for the early
detection of toxins and contaminants are also recapped. The chapter
also explains the significance of the matrix clean-up by conventional
and non-conventional methods (e.g. magnetic beads) in order to
provide more accurate detection and better reliability of the biosensing
system. Finally, the research model — Botulinum neurotoxin— used in
this research study is explained in details. PhD in context of literature

with questions to answer based on literature are clarified as well.
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2.1.1 Food Safety

Food safety is one of the most important segment related to the human health, given that
over 70% of the total internal contamination of humans is caused by ingestion of
contaminated foods, giving the sense that food safety is an imperative in preserving the
health. As the toxic substances in food can cause a whole range of health disorders such as
biochemical, physiological, reproductive and pathological changes, and in extreme cases
can cause death of the individual, the food safety has become a matter of global importance.
Given the wide-spread presence of harmful contaminants and toxins, the risks associated

with them in all their forms can only be limited, but not completely eliminated.

The complexity in the food safety and analysis is increasing with a food market
globalization across the worldi. Additionally, some food share the same production lines
and storage spaces, containing multiple ingredients from different parts of the world as
well as a consumption of raw food and ready-to-eat food further challenge fast monitoring
of toxins and contaminants2. Food contaminations can occur via numerous ways. Typically,
via environmental sources including fertilization and pesticide application; food processing
(e.g. polycyclic aromatic hydrocarbons - PAH), improper handling and storage (e.g.
bacterial growth, bacterial toxins), additives and adulterants; and biological sources include
bacteria, fungi, viruses, naturally presented toxinss. The other complexity in implementing
the food safety and analysis comes from contaminants diversity (toxins, chemicals,
allergens, etc.), and their rapid increase. In addition to this, a constant growth of human
population (estimated to be 9 billion by 2050) poses demands for a massive food
production which will require even more strict regulations to be applied during every step
from harvesting, processing, storage, transportation, till consumptions. The food safety
monitoring has never been more challenging. Even though the restrictive regulations have
been established by Codex Alimentarius Commission for European Communitys and Food
and Drug Administration for United Statess, demands for faster, cheaper, and
environmental friendly tools and procedures for the traceability of food are increasing.
Besides, food industries must be more aware and honest in implementing the established

rules and good practices as well as in delivering the safe food products.
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However, uncontrolled contaminations with microorganisms, fungi, biotoxic substances,
non-biological agents and other hazardous compounds lead to food waste, food toxicity
and foodborne diseases. Considering the estimation numbers of 600 million affected
individuals and 420 thousands deaths annually, the monitoring of the global food safety is

the key for an early prevention of food poisoning and related foodborne diseases.

2.1.1.1 Toxins and Contaminants

Sources of food toxicity, from the field to the plate, are diverse including foodborne
pathogens, food allergens and toxins (mycotoxins, bacterial toxins), antibiotics in food,
chemical (disinfectants, plastics, detergents) and environmental (persistent organic
pollutants (POPs)) contaminants, and polycyclic aromatic hydrocarbons (PAHS) which are

considered a big source of sever illnesses and death.

Global prevention, control and elimination of foodborne pathogens resulted in a dramatical
change of foodborne infectious spectrum, and emergence of new ones which are more
antimicrobial resistant due to the genetic variations. The most common emerging
foodborne pathogens are Salmonella spp., Vibrio spp., Campylobacter spp., Escherichia
coli 0157, Staphylococcus aureus, and Listeria monocytogenes that are involved in
outbreakss-10 and severe illnesses affecting millions of people annuallyi1. Many of our
foods are good substrates and source of nutrients for pathogens growth and their further
transmission, but usually they appear in under processed diary and meat products, eggs,
fresh fruits and vegetables, and contaminated water. They are causing typical symptoms
such as fever, headache, vomiting, diarrhea, and abdominal pain. By growing under
favorable conditions, some bacteria produce their virulence products, biotoxins, which can
be categorized as endotoxins (released after lysis of bacteria) and exotoxins (secreted by
bacteria into surroundings). These extremely poisonous substances cause the intoxication
of humans by digestion of contaminated food. Several biotoxins are very well known for
their low lethal doses such as shiga toxin (Shigella dysentariae), cholera toxin (V.
cholerae), botulinum toxins (C. botulinum), enterotoxin (S. aureus), and tetrodotoxin

(Vibrio alginolyticus) causing typical symptoms, based on the nature and quantity of toxin,

13
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such as vomiting, diarrhea, fever, weakness, kidney, and respiratory failure, etc. that in the
most severe cases can lead to deathi2. Unlike bacteria, that can be killed by pasteurization,
increasing acidity and salt content, or reducing the water activity, most of bacterial toxins
and spores are resistant to environmental changes. Even though the processed foods are
less prone to be a source of infection and intoxication than fresh foods, their safety and

stability depends on the good hygienic practices and manufacturing processis.

Toxic fungi are other pathogens frequently involved in foodborne diseases. Generally, they
are classified as filed fungi such as Fusarium graminearum and Fusarium moniliforme
affecting plants before harvesting, and storage fungi such as Penicillium verrucosum and
Asspergillus flavus occurring after harvestingis. Their secondary metabolites called
mycotoxins are extremely poisonous chemical compounds which are resistant to heat and
cannot be completely destroyed under normal cooking process, unlike bacterial toxins
(proteins) which unfold and loose activity in cooking process. Mycotoxins are associated
with chronic and cumulative effects on the human health, and acute with rapid symptoms
of serious illnesses, whereas bacterial toxins as multifunctional proteins are self-
programmed to reach the targeted organ where they act. The appearance of most alarming
mycotoxins such as zeralenon, aflatoxin, orchatoxin, nivalenon, fumonisin and patulin in
animal feeds, human foods and soil is related to high temperature, moisture content, and

prolong time of transport and storage with poor hygienic conditionsis.

Environmental and chemical pollutants are other risk associated food contaminants which
entering the food chain via soil, air and contaminated industrial water and they are changing
continuously due to the industrial development, climate change, and different agriculture
practicesie,1i7. As the base of our food chain, plants (vegetables and fruits) are prone to
absorb toxic substances and subsequently upon consumption to trigger different response
of human health such as hormonal disbalance, allergies, immune suppression, reproductive
defects, cancer, metabolic degradation, kidney damage, brain injuries and disabilities, etcs.
On the list of emerging contaminants due to their accumulative effects in the body and their
relation to various health disorders are POPsis (polychlorinated biphenyls (PCB),
polychlorinated dibenzo-p-dioxins (PCDD) and dibenzofurans (PCDF)), heavy metals

14
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(cadmium, lead, arsenic), pesticidesis, and carcinogenic and genotoxic PAHs which occurs
in foods during processing or if the food being exposed to air, solids or water contaminated
with PAHs19. As a measure of control, FDA determined the minimum levels of chemicals
allowed to be present in foodsis. However, as persistent pollutants over longer period of
time have higher concentrations with longer decay time and in that way magnifying
bioaccumulation, the effective surveillance and more strict regulations are requiredzo.
Additionally, better response systems need to be established to prevent chemicals from
entering the food chain especially in underdeveloped countries where legislation and
regulations might be weak, and appearance of new non-regulated chemicals that escape

detection are of additional concern.

Since the food adulteration has never been easier considering that many toxins and
contaminants are lethal at a low concentration level causing quickly developed foodborne
diseases within a few hours, their sensitive and rapid detection on-site is urgent. Due to the
huge diversity of toxins and contaminants, and the complexity of food matrices, it is
impossible to detect them using one analytical technique, which forces scientists to
establish methodologies and techniques for facile and on-site detection. In this sense,
biosensor technologies stand for a cutting-edge in the food safety and security field.
Moreover, they can provide the simultaneous detection of multiple analytes within the
same matrix as they utilize biological recognition elements. The improvement in the sensor
technologies has been based on the demand over the past few years, with the current focus
not only on the analyte detection but also to deliver tools that are applicable onsite and

friendly to use.

2.1.2 Current Techniques for Food Safety Monitoring

From the past century till today, techniques and methodologies for food analysis have
changed impressively from wet chemistry towards modern instrumentation and

miniaturized devices, and have been improving continuously upon requests for more robust,

efficient, cost-effective, selective, sensitive and friendly-to-use tools.
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2.1.2.1 Laboratory-Based Techniques

Over the 20w century food analysis has been based on application of analytical techniques
such as chromatography, spectrometry, and spectroscopic methods (Fig. 2.1; Table 2.1).
Chromatography has been extensively utilized for the separation of molecules based on
differences in structure, composition and charge by moving a sample along a stationary
phase. The most commonly utilized are gas chromatography (GC) for analysis of volatile
and semi-volatile and derivatized compoundszz; high performance liquid chromatography
(HPLC) with normal and reversed-phase column for the separation of compounds based
on their polarity in complex matrices in a short period of time; and thin layer
chromatography (TLC) for analysis of many samples simultaneously and economically.
Besides, multidimensional chromatography provides better separation and reduces sample

preparation steps, therefore its application increasing in food analysis domain.

Mass spectrometry (MS) coupled with chromatography techniques, tandem-MS or MS/MS
(e.g. LC-MS, HPLC-MS, HPLC-ESI-MS, GC-MS), were largely applied for identification
and quantification of various food contaminants such as antibiotics, pesticides, POPs,
allergenic proteins, bacterial and fungal metabolites22-25. Electrospray ionization (ESI) and
matrix-assisted laser desorption/ionization (MALDI) are commonly used for detection of
intact peptides, proteins, carbohydrates, etc. enabling rapid screening through sampleszs.
Additionally, the sensitivity of chromatographic techniques, which is reported to be from
micromole to picomole, was enhanced with spectroscopy and spectrometry techniques
down to picomole levelz7. Besides high throughput spectrometry methods, spectroscopy
methods are also used to obtain fast quantitative data in complex matrices owing to
software developments substituting and overcoming long and tedious wet chemistry. Near
infrared spectroscopy (NIR) and Fourier transform IR (FTIR) instruments have been
applied for detection of melamine in infant formula, liquid and powder milkzs-30, and soya
bean mealss1. Other separation tools frequently used for detection of adulterants in foods
are capillary electrophoresis (EC), mono-dimensional and two-dimensional

polyacrylamide gel electrophoresis (PAGE).
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Figure 2.1. The evolution of laboratory-based technique for food analysis and food safety

monitoring.

As an alternative to the traditional microbiological tests (conventional culturing
approaches), polymerase chain reaction (PCR)32 and real-time polymerase chain reaction
(gPCR)s3 have been developed. The rapid and specific detection is due to the ability of this
method to generate tens of billions of copies of targeted DNA fragments involving 4 steps:
denaturation by heat, annealing prime to target sequence, extension, and the end of the first
cycle. Detection of foodborne pathogens in eggs, meat and dairy products, and ready-to-
eat products with different limit of detection (depends on the complexity of food matrices)
has been reported using PCR-based methodss4. Apart from pathogens, bacterial toxins have
been detected as well. For instance, botulinum neurotoxin type B was detected at attomolar
level in honey using the sialyllactose-DNA conjugate which serve as a detection probe
(bind to the toxin) and as a template for gPCR, where the DNA marker was amplifiedss.
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Even though those techniques are precise and accurate with good separation ability, still
they are time and space consuming, laborious and required trained personnel making them
inconvenient in fast screening in the sample analysis. Additionally, the new challenges in
analysis laboratories posed by green chemistry concept including the use of environmental
friendly solvents, solvent-less techniques, easier and cleaner separation methodologies,
miniaturization led to development of the new spectrum of assays (see below) with
expectations to deliver fast and reliable results without compromising accuracy, sensitivity

and selectivity in respect to the existing analytical techniquesss.

Table 2.1. Examples of laboratory based techniques and methods used in food analysis.

Analyte Sample (LOD) Technique

brazilian peanut kernel (4.2-600 pg/kg,
aflatoxin)s7
Pesticides fruits and vegetables (0.001-1 mg/kg, LOQ)ss

Mycotoxins

HPLC-MS

Adulteration | goat milk and cow milkas

Veterinary bovine whole milk (9.9-18.4 ng/kg,
drug coccidiostats)4o

wine (0.02ug/L, aflatoxina1; 0.01-0.21 ng/mlaz,
0.1-3ug/L43, ochratoxin), milk and milk product
Mycotoxins | (0.1ug/kg, aflatoxin)as, rice sample (0.11 ng/g,
citrinin; 0.08 ng/ml, ochratoxin)ass, cereals (1 ng/g, | HPLC-UV/VIS
zeralenon)ss

PAHSs pork meat (0.01-11.63 ng/g)47

Allergens peanuts protein (2 ppm)as, milk (1.25 ppm)a4e

Bacterial apple juice (80-100 ng/ml, staphylococcal LC-MS
toxins enterotoxin B - SEB)so

Pesticides fruits and vegetables (50 ng/ml)s1 GC-MS
POPs fatty food (>5g/ml, 6.3 pg/ml, 200 ng/ml)s2

Adulteration | milks3 EC-MS
Mycotoxins apples and pears (120-130 pg/kg, patulin)ss, corn TLC

and barley (50 pg/kg, citrinin)ss
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ground meat, beef, pork, fish, shrimp, cheese,
canola leaf and cabbage (Listeria monocytogenes,
Staphylococcus aureus, Salmonella enterica and
Escherichia coli O157:H7)ss;

Pathogens seafood, meat and ready-to-eat products
(Salmonella, Shigella and L. monocytogenes)s7;

fish, meat, water, vegetables, ready-to-eat, [ PCR
bivalves, boiled mussels (Salmonell, Escherichia
coli 0157, L. monocytogenes)ss

cholera toxin and botulinum neurotoxin Ase

Toxins canned mushroom soup, full fat cream, cottage
cheese, mozzarella cheese, full fat hard cheese,
and sliced ham (staphylococcal enterotoxins
(SEs))s0

Enhancements in food analysis came through applications of nanotechnology and
nanomaterials intended to provide cost-effective assays with shorter analysis time and
multi-analyte detection, and help in overcoming challenges encountered in detection of

food contaminants and toxinsez.

2.1.2.2 Optical Assays

An intense research and commercial interest have been focused on the development of
optical assays. The principle of these assays is based on the change in optical properties
upon biospecific interaction (e.g. in refractive index, absorption and fluorescence
properties). This type of interaction can be monitored in real time, and is a generally
applicable to reactions such as antibody-antigen, DNA-protein, enzyme-substrate, and
many more. The presence of analyte can be measured directly (UV absorption, SPR,
surface-enhanced Raman scattering -SERS, fiber optics, etc.)s2-64 or indirectly (via optical
probes)ss.66. The signal can be easily amplified in order to enhance an assay sensitivity by
applying different nanomaterials such as magnetic beads, gold and silver nanoparticles,
alloy nanoparticles, dyed beads, etce7. They are capable of detecting wide range of and

multiple analytes non-distractively at very low concentration level. Regardless of valuable
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sensitivity and specificity, sophisticated instruments for the signal read out are still required.

These assays are discussed in the following section.

2.1.2.2.1 Affinity-Based Detection

Enzyme-linked immunosorbent assay (ELISA; Fig. 2.2A) is the most commonly used
affinity-based assay in food analysis. This assay quantitatively determines the analyte
concentration by employing antibodies (monoclonal or polyclonal), where the signal from
the reporter molecule (e.g. fluoroprobe) is spectroscopically obtained within 5-6 h. ELISA
has been widely applied for analysing of various analytes in diverse foods and feeds such
as mycotoxins (0.1 — 5 pg/kg)s7, toxins (BoNT, 2 pg/ml — 2 ng/mlesse9; SEB, 3.9-18.5
ng/mizo; TTX, 4.44 ng/ml71), pathogens (E. coli 0157:H7, 105108 cfu/mL72; Salmonella
typhi, 102-10s cfu/mlz3), allergenszs, etc. The main drawbacks of this assay are cross-
reactivity with others interfering molecules, instability of antibodies and their batch-to-
batch variations. In order to improve assay time and stability, other entities such as
aptamers, nucleic acids have been attempted. The other commonly utilized assay for
monitoring specific bio-interactions in real time, generally antigen-antibody reactions, is
based on surface plasmon resonance (SPR) phenomena, where the increase in refractive
index at the surface of the sensors is detected after bio-interactions happen (Fig. 2.2B). The
high detection sensitivity at picomolar and femtomolar level has been reported after
enhancing the signal by introducing nanomaterials (carbon nanomaterials, gold, silver and
magnetic nanoparticles)7s. Since 2000, Biacore Q has been employed in food analysis for
direct detection of pathogens, toxins, veterinary drugs and nutritional additives with better
reported sensitivity compared to that of indirect ELISA assay, where multiple steps prior

obtaining the response are neededve.
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Besides antibodies as main recognition entities in affinity-based assays, antimicrobial
peptides have been employed for the detection of pathogen bacteria such as E.coli, Listeria
monocytogenes, Salmonella Typhimurium, etc. Highly stable antimicrobial peptides bind
to bacteria surfaces by electrostatic and hydrophobic reaction, where the detection method
can be electrochemical, colorimetric, fluorescent, SPR (change in the refractive index), and
mass changers. Apart from this, peptides have been used in recognition of viruses, for
instance, the peptide-based molecular beacon in FRET-based format reacts with a

hemagglutinin (a specific region on the virus) causing the strong fluorescenceso.
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2.1.2.2.2 Functional-Based Detection

Functional-based assays are utilizing the peptide substrates as a recognition molecule to be
hydrolysed or cleaved in a specific manner (at the cleavage point) by enzymes (e.g.
proteases such as botulinum toxins, tetanus and anthrax) with catalytic functions. The main
advantage of these assays is that they detect the active population of the toxins, unlike the
affinity-based assays that merely detect the presence and/or concentration of the toxin
(regardless of their activity). For instance, in a functional-based assay, proteases can be
detected by cleaving a substrate and characterizing the substrate’s cleaved parts by mass
spectrometry (MALDI-ToF or MS/MS)g1, or indirectly by employing antibodies against
the cleaved substrate parts followed by detection with sophisticated instruments such as
Luminex technologys2. On the other hand, the presence of enzymes can be identified via
changes in optical properties of transducers measured as a change in absorbance,
fluorescence, luminescence, refractive index, etc. Among numerous assay platforms
developed for the enzymes activity detection, commonly applied are usually fluorometric
in nature. For instance, substrate peptides are labelled with a fluorophore and quencher
(FRET-pair), where their cleavage by enzymes resulting in a fluorescence intensity
increase owning to the increase in the distance between donor and acceptorss. In addition
to this, nanomolar sensitivity has been reported by gold nanoparticles-based assays, where
the enzyme activity upon cleavage of corresponding peptide elicits LSPR shiftss. On the
other hand, the fluorophore-labelled peptide can be immobilized on the surface (e.g. gold),
where upon the digestion, the intensity of accumulated cleaved parts of peptide containing

the fluorophore is measured to reveal the enzyme concentrationss.

In our research group, synthetic peptides have been successfully utilized to detect other
proteases such as MMP-7, besides BoNT/A. In both cases, peptides are specifically
designed to be precisely digested at the cleavage point by tested proteases. So far, synthetic
peptides have been used in the FET-based devicess and optical-based sensing

(colorimetrice7,gs and fluorescentss).
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Despite the advantage of being able to directly measure enzymes activity, the functional-
based assay face certain drawbacks, for instance, independent performance of these assays
might yield different results due to the temperature instability of enzymes and their activity
is dependent on defined assay conditions (pH, nature and strength of ions, purity and
stability of other assay components, different substrates). Since the enzymes show the
highest activity at their optimum conditions, the assay’s protocols are based on the features
of individual enzymes, which further posing difficulties in comparison studiesso. The main

differences between peptides and antibodies are shown in Table 2.2.

Table 2.2. Comparison between peptide and antibody.

Peptide Antibody

Produced in vitro (chemical synthesis) Produced in vivo (cell culture)

Cheaper and faster production, less ) _ _
) Tedious and very expensive production
laborious

Longer shelf life, more stable Shorter shelf life, less stable

) ) ) For detection of targets regardless of
For detection of enzymatically active ) o )
their activity. Recognizes surface
targets _
epitopes on the target molecule.

Easy to modified with other molecules, ) o -
o ) ) Demanding and expensive site-specific
optimization of design sequence is o o
) and quantitative modification.
possible

More uniform production owing to
chemical synthesis, chromatographically | Batch to batch variations

pure

Specific and selective detection
(careful design of peptide is required to Prone to cross-reactivity, unspecific

avoid the cleavage by other proteases that | binding

may be present in the sample)
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2.1.3 On-Site Assays for Food Safety Monitoring

Astonishing work has been invested so far to deliver precise analytical techniques intended
to analyse different types of food and related contaminations. Even though in this powerful
era of instrumentations, hundreds of foodborne infections occur worldwide with a constant
increase in the number of contaminants and toxins. Therefore, to ensure the global food
safety more suitable and faster detection approaches are required. Especially in developing
counties where the lack of essential instrumentations, consumables and trained personnel
are major problems, the on-site portable devices/test for analysis are crucial considering
that they are fast, cheap, easy to use and require small sample volume. Additionally, food
industries are in a need for rapid screening methods in order to avoid traditional and
instrumentation methodologies as conformational tools unless the positive results are

obtaineds1. Some of them are explained in the following subsections.

2.1.3.1 Nanoparticle-Based Assay

Nanoparticles have been extensively used in development of sensing platform owing to
their high surface area to volume ratio, easy functionalization via numerous bioconjugation
strategies, magnetic and electronic properties, which contributes to improved sensitivity of
targeted analytes. The most utilized nanoparticles (NPs) in biosensing are gold, silver,
carbon, magnetic nanoparticles, quantum dots, etc. Their diversity in size and shape, and
good stability enables their integration with other analytical properties. Some examples of
NP-based assays applied for the food monitoring is shown in Table 3. For instance, gold
nanoparticles (GNP) have been extensively used as transducers in colorimetric biosensing
due to their tuneable optical properties. In these assays, the colour change is caused by a
bio-affinity intereactionsz (e.g. antigen-antibody, protein-DNA, peptide-sugar) or substrate
cleavagess,93 (BONT/A protease-peptide), where the colour change is related to inter
particle distance (aggregation-purple/dispersion-red) observable by naked eye. On the
other hand, the adsorption of analyte/molecules on the particle surface can be monitored as
a localized surface plasmon resonance (LSPR) peak shift by UV/VIS spectrometeroa or as

the change in Brownian motion which declines with increasing the particles volumess.
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Additionally, GNPs have been employed in FRET-based assay owing to their quenching
properties over the wide range of wavelength. For an example, the substrate for the
detection of botulinum neurotoxin A light chain (BoLcA) serves as a linker between GNPs
and fluorescent dye providing the fluorescence quenching by GNPs. In the presence of
BoLcA the substrate is cleaved allowing the dye to distance form GNPs. In this way the
recovery of fluorescence signal is observed and proportional to the BoLcA concentrations.

The assay principal is shown in Fig. 2.3.
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Figure 2.3. FRET-based assay with GNPs as a quencher for the detection of BoLcAss.

In spite reported sensitivity at the nanomolar and picomolar level, the colloidal stability of
particles suspension is still a challenge. Uncontrollable aggregation may be triggered by
sample interferences, ionic strength and acidity leading to the false resultses. Besides an
extensive use of GNPs, fluorescence nanoparticles (FNPs), known as quantum dots (QD),
have been utilized in order to increase sensitivity and multiplexing capabilities due to their
broad absorption and narrow emission spectra, less photobleaching (compared to
fluorescence dyes) and high quantum vyields. Usually, FNPs are employed in
immunoassays conducted in a 96-well microtiter plate (SEB97, BONT/Ags) with
demonstrated multiplexing detection (cholera toxin, ricin, shiga-like toxin 1, and SEB)ss,

and FRET-based format detectionico. Additionally, FNPs are utilized in lateral
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flow/dipstick assays for the sensitive detection of BoNT/A at nanomolar levelio1. Wang et
al. were the first one to use multicolour FRET NPs for multiplex monitoring of E.coli

species with high sensitivity and specificity1o2.

Recently, magnetic nanoparticles (MNPs) appear as a useful component in bio-sensing
since they have shown excellent stability in homogenous as well as in heterogenous assays.
The high sensitivity is achieved due to the density of binding sites per nanoparticles and
excellent diversity of functionalized groups (e.g. carboxyl, amine, maleimide, epoxy,
streptavidin, biotin, A/G protein) giving the avenue for numerous approaches for assays
setup1os. In food analysis, MNPs have gained an immense interest used in separation owing
to their easy manipulation by external magnetic field and inertness towards matrix
interferences, thus shortening time analysis by avoiding tedious sample pre-treatments. For
instance, in a bio-assay (Fig. 2.4), MNPs can be functionalized with antibody, peptides,
DNA, proteins, etc. according to the analyte of interests, where the detection happens upon
introducing the secondary antibody labelled with fluorescence dyes or gold nanoparticles.
Kim at al. developed a surface-enhanced Raman scattering (SERS)-based immunoassay
technique for the sensitive detection of BONT (5.7 ng/mL) by employing MP-
functionalized antibody to capture the toxin and Nile Blue A-GNP-antibody complex for
the recognitionio4. Furthermore, magnetic beads have been utilized in multiplexing analysis
for more efficient monitoring of food contaminants showing a potential for the on-site
assayingios. Additionally, MNPs are used as labels for detection as well as amplifiers of
signal response, which, in respect to their properties and very short read-out time, has a
huge potential to replace optical and fluorescence detection methodologies and have
displayed a potential to be integrated within miniaturized detecting system e.g. lab-on-the-
chip systemsios. Orlov et al. developed multiplex sensing platform for the detection of
BONT types simultaneously using magnetic nanolabels in the lateral flow immunoassay
format, where the signal of the test line is read out by magnetic particles quantification
readeri0s. Additionally, magnetic beads as labels were used for the detection of Bacillus
anthracis spores, where the complex MPs-spores are retained near sample pad generating
a retention line (“Road Closure”), which is absent if the spores are not presented in the

sampleio7. Moreover, magnetic nanoparticle-based assay do not suffer from bleaching and
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spectral overlapping like fluorescence-based sensing. An review of MNPs used in
microfluidics for the detection of bacterial toxins, mycotoxins, allergens, pathogens and
heavy metal in food has been published by Weng at al1os.
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Figure 2.4. Schematic illustration of MNP-based assay with fluorescence detection (A)s and
incorporation of MNP as a magnetic nanochain within a microfluidics biochip for multiplex
bacteria detection (B)x10.
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Table 2.3. Some examples of NP-based assays used in food analysis.

NPs | Detection method Analyte/LOD Assay time
Aflatoxin (25 pg/ml)111 15 min
BONT/A (5-0.1 nM)gs 4h
Absorbance L. monocytogenes (2.82 CFU/ml)112 | ND*
GNP LPS (0.3 nM)113 5 min
Melamine (1mg/ml)114 10 min
Fluorescence Pathogen bacteria (ND*)115 30 min
S. aureus (1 nM)116 4h
Chemiluminescence | SEB (0.01 ng/ml)117 2h
Fluorescence BONT/A (0.5 nM)x1zs, 6h
OTA (0.005-7.2 nM)119 3h
Allergenic proteins (5nM)120 2.5h
MNP | Magnetic field P. pachyrhizi fungus (90 ng/ml)121 1.5h
Allergens (1.5-7ng/ml)122 2.5h
Absorbance Saln_m_nella (100 CFU/ml)123 1h _
Pesticides (1 nM- 5uM)124 15 min

Cholera-shiga toxin-ricin (30 ng/ml), | 3.5 h

FNP | Fluorescence SEB (2ng/ml), BoNT/A (31pM)

E.coli and S. typhimutium (CFU/ml)12s | 2h

ND*- not defined

2.1.3.2 Paper-Based Assays

Membranes are widely used materials in analytical and clinical applications as a filter and
as a support structure. Diversities of membranes (nitrocellulose, cellulose, glass fiber,
nylon, polyvinylidene difluoride (PVDF), polyether sulfone (PES), and cellulose acetate
(CA)) and their advantages such as low cost, biocompatibility, biodegradability, easy to
manufacture, functionalize, abundance, and chemically inertness are unique properties that
launched membranes as one of the highly promising materials for the on-site assays
development. The major morphological characteristics such as pore size, porosity and
uniformity affect the membranes binding/capturing capacity of molecules (e.g. protein,

nucleic acids), which can be bound onto membranes via hydrophobic, electrostatic, and
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van der Waals interactions. The immobilization of biological or chemical reagents can be
performed by physical adsorption, chemical coupling, dip casting, contact and non-contact
(ink-jet) printing. Given these characteristics, membranes with a large surface area (small
pore size and higher pore density) display slower wicking rate (more time for the
interaction), therefore accommodating a high protein immobilization further providing the
better sensitivity. Additionally, membranes can be easily coated to be hydrophilic enabling
the flow without external forces and patterned by many technique such as wax printing,
laser treatment, screen printing, which makes them a perfect platform for portable and low-

cost devices.

Among mentioned membranes, the nitrocellulose is most frequently utilized membrane in
the paper-based assaying due to the outstanding properties such as high surface area and
high uniformity, lateral flow consistency, range of pore size, excellent binding properties
(80-100 pg/cm2), commercial availability, cost-effectiveness, environmental friendly,
simple, disposable, and compatibility with many detection methods. The first utilization of
nitrocellulose membranes for RNA-DNA complexes adsorption was demonstrated by
Nygaard and Hall in 1963126. Afterwards, nitrocellulose membranes were intensively
utilized to study the interaction between nucleic acids and other biomolecules, which
resulted in the development of Southern Blot, Northern Blot and Western Blot technique.
In recent years, nitrocellulose is well applied in lateral (LFA) and vertically flow (VFA)
assay, dipstick assay and paper microfluidic devices (UPAD) (Fig. 2.5). A simple LFA is
made of four parts: sample pad, conjugation pad, detection pad, and absorption pad with
reagents deposited onto the membrane. Once the sample is dropped on the sample pad,
capillary forces move sample through the conjugation pad containing bio-receptors where
conjugation occurs. Conjugates are drawn towards the imprinted test line and control line.
The conjugates are always captured on the control line indicating that assay works, and
they are captured on the test line only in the presence of an analyte which is observed as a
colour change by a naked eye. A dipstick assay works by dipping in the liquid sample
followed by observation of the colour change. To facile the screening through samples
contaminated with various analytes, multiplex LFAs for simultaneous detection have been

reportedi27. Since the depletion of sample in multiplex detection results in the low signal

29



. : I

intensity of a test line, additional loading of enhancersizs 129 (multiple step assay; LFA-
ELISA) have demonstrated sensitive analyte detections which can be further simplified for
practical on-site applications using functional packaging systems that provides a sequential
release of reagents to the paper stripiso. In VFA, a sample is applied vertically on the
surface of microarray membranes placed in the syringe filter holder, where the flow rate is
control by a syringe pumpais1. At the beginning of their development, these assays were
qualitative providing yes/no detection with poor LODs. However, quantitative analysis and
better LODs came with the integration of analytical detection methods (colorimetry,
fluorescence, electrochemistry, chemiluminescence, etc.) with imaging devices, strip
readers, smartphones, and other technologies. For instance, in the colorimetric analysis, the
quantification of signal (color variation) can be detected with the RGB (red, green and blue)

analysis.
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Figure 2.5. Membrane-based assay presented in LFA format (A)is2, VFA format (B)131, handheld
multiplex LFA (C)iz0, and UPAD (D)13s-13s.

The classical formats of paper-based assays have been improved by technological
development resulted in uPAD, firstly introduced by Whitesides’ group in 2007. uPAD is
designed by forming hydrophobic channels, points, areas on the hydrophilic membrane
surface by many techniques such as photolithography, wax printing, wax dipping, plotting,
inkjet printing, and plasma etching. The pattering of the paper into hydrophilic channels
with integrated hydrophobic barriers has been done by using materials such as
polydimethylsiloxane (PDMS), photoresist, wax and polystyrene. Further, the
conventional format of uPADs has changed towards different geometries (2D, 3D, flower-
like and tree-like shape), since the shape of the paper can enhance the sensitivity, allow
multiplexing and multifunctionality of the device. Colorimetric UPADs have been
successfully employed for the detection of pesticidesiss, neurotoxins (paraoxon and
aflatoxin B1)137, heavy metalsiss, ricinize, etc. Nowadays, UPADs are commercialized
owning to their simplicity, ease-of-use, cost-effectiveness, rapidness, improved sensitivity

and the ability to quantify the response signal.

The main problem of these assays is that a sample needs to be in the liquid state or

sufficiently viscous to ensure a proper flow throughout the paper. If not, the pores can be
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clogged by interfering compounds and a higher concentration of the analyte can adversely

affect the detection leading to over-saturation and false resultsi4o.

2.1.4 Sample Pre-treatment and Separation

Sample preparation techniques play an important role when it comes to the qualitative and
quantitative analysis of toxins and contaminants. Food samples typically undergo pre-
treatment procedures based on physical, physio-chemical and chemical approachesi4i. Due
to the matrices complexity, usually more than one method is required to achieve a cleaner
sample and a better analytical outcome. Besides this, choosing the appropriate ratio
between the amount of sample and the operating volume remains challenging due to the
fact that just a small amount of samples is exposed to the real detection assay. Since now,
there are numerous extraction techniques applied in food analysis aiming to obtain the
maximum recovery of analyte as well as simultaneous extraction many of them which
regarding their physicochemical properties (solubility, stability, size, polarity, etc.) causing
difficulties to generalized extraction procedures.142 Thus, this remains a challenging task
for the development of better sample preparation techniques for proper handling of food
samples of complex nature. Commonly adopted techniques in food sample analysis are
liquid-liquid extraction (mycotoxinsiss), solid phase extraction (pesticidesis4), solid
supported liquid extraction, solid phase micro-extraction (PAHSs, acetic drugs, pesticidesi4s)
and QUEChERS (Quick, Easy, Cheap, Effective, Rugged and Safe) technique
(pesticidesi4s)147. For example, conventional method as liquid-liquid extraction (Fig. 2.6A)
applies two immiscible solvents where an analyte migrates into extraction solvent upon the
equilibrium is reached and the analyte of interest can be concentrated by evaporating the
solvents. The extraction of analytes can be done by solid phase extraction (SPE; Fig. 2.6B)
where the analyte and interfering compounds are separated between a mobile and
stationary phase. Many sorbents including ethyl (C2), octyl (C8), octadecyl (C18),
cyclohexyl (CH), phenyl (PH) cyanopropyl (CN), diol (20H), aminopropyl (NH2) are
consumed in a removal of co-extracted compoundsi4s. Beside this, for the specific sample
preparation and pre-concentration SPE-based imprinted polymer has attracted considerable

interest in food and environmental analysis, e.g. for cyanotoxinsiss. However, regarding
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the long extraction time, expensive high purity solvents, long evaporation time, limited
selectivity, expensive sorbent, the conventional methods have been replaced by non-

conventional methods.
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Figure 2.6. Commonly used methods, LLE (A) and SPE (B), for the food sample extraction and

clean-upziso,1s1.

Change in food testing has come along with immunoaffinity columns and recently they
have been used widely due to their high selectivity towards a given analyte (e.g. pathogens,
seafood toxins, allergens)isz2, whereas matrix components are removed in a washing stepiss.
Unlike in urine and other simple body fluids, the complexity of food samples may be
problematic for immunoassays, especially in direct assays where the better purification is
required with no cross-reactions. Additionally, QUEChERS technique has gained immense
popularity during the recent years mainly due to its simplicity and cost-effectiveness,
especially for pesticide samples. This technique utilizes organic or inorganic solvents for
dissolution of sample matrices followed by cleaning using sorbents that retain
interferencesisa,155. Many other extraction methods, in respect to the type of sample and the
toxic compound, are well used in food and environmental analysis such as microwave-
assisted extraction, pulsed electric field assisted extraction, supercritical fluid ultrasound
assisted extraction, to mention a few. However, urgent need for a simple sample
preparation method, with a solvent-free approach allowing simultaneously extraction and
pre-concentration (enrichment) of the analyte, has led scientists to the membrane-based

technique. Membranes serve as a selective barrier based on the mass transfer of compounds
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through it. Many different membranes have been successfully engineered with different
morphology (porous and nonporous), shape (planar, tubes, sheets, etc.), surface areas,
physical and chemical propertiesise. Membrane-based techniques such as microfiltration
(MF), electrically enhanced microfiltration, ultrafiltration (UF), charged ultrafiltration,
nanofiltration membranes (NF), chromatography membranes based on affinity, etc. have
been reported for separation and purification of target analytes (e.g. bacteriais7) in complex
food matricesiss. Unfortunately, it possesses low efficiency and is time-consuming, and is
sensitive to solid particles (membranes pores are clogged due to interfering compounds)1ss.
Along this line, for an easy analyte separation from other interferences in complex food
matrices, magnetic beads have been widely explored. They are advantageous over
centrifugation, filtration, solid phase extraction and membrane separation techniques due
to efficient, clean, fast, and specific separation managed just by an external magnetic field.
Magnetic beads coated with specific recognition biomolecules e.g. antibodies have been
used to capture and pre-concentrate analytes (bacterial toxinsise, mycotoxinsieo, hepatitis
A virusse1, etc.) at low concentration presented in food matrices, which further enables
more sensitive detection with increased reliability and signal-to-noise ratio due to the
interferences removal in washing steps (Fig. 2.4A). Apart from immunoaffinity columns,
membranes, and magnetic beads used for preconcentration of analyte at low concentration
level, molecular imprinted solid phase extraction has been utilized for isolation of pathogen
bacteria and microbial toxinsie2. Recently, a rapid and easy-to-use pre-
concentration/isolation of an analyte at femtomolar level is possible with developed

immunoaffinity micropipette tips such as MSIATv D.A.R.T.’STm163,164.

2.1.5 Research model - Botulinum Neurotoxin A

Exotoxins known as botulinum neurotoxins (BoNTS) are produced by an anaerobic, spore-
forming, rod-shaped and gram-positive bacteria Clostridium botulinumaies,i66. Naturally,
bacteria occur in solids, water, widely distributed in anaerobic environments, the intestinal
tract of animals from where it transfers itself to humans systemaie7. Transferring ways into
the human system are via inhalation, injection, mucous membranes, through eyes, orally

or wound. Accordingly, there are different modes of botulism such as food-borne botulism,
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wound botulism, infant botulism, adult intestinal colonization botulism and iatrogenic
botulismies,i6s. Foodborne botulism occurs after consuming contaminated food
(improperly processed food such as canned food). Once spores reach the intestinal tract
they can germinate into bacteria followed by releasing of the toxin and its transmission into
the bloodstream. Infant botulism also occurs trough intestinal mucous layer in infants under
12 months and together with food-borne botulism are considered prevalent forms in
humanszies. Infection of wounds by bacteria and secretion of BONT into bloodstream leads
to wound botulism, whereas iatrogenic botulism is a consequence of using too high doses
of BONT in cosmetics applicationizo. BONT is considered one of the most lethal
compounds known to the world so far. The lethal dose of BoNT depends on the way of
exposure, for instance, 1-2 ng/kg intravenously but it is more than 10 times less toxic when
inhaledies,168. Consequently, its extreme toxicity, effectiveness, and availability marked
this toxin as the highest risk bioterror weapon according to US Centers for Disease Control
and Prevention (CDC)171. Besides, the toxin has been the major concern for a long time in

the food and medical science.

It is 150 kDa toxic protein, named holotoxin, composed of two polypeptides, 50 kDa light
chain (LC) and 100 kDa heavy chain (HC), linked by a single disulfide bond and a peptide
beltss (Fig. 2.7). The light chain is considered as a catalytic domain while the heavy chain
possesses binding and translocation propertiesss,i72. BONT LC is zink-metalloproteases
which play an important role in the activity of the toxin. Other Zn-dependent proteases,
including BoNT, contain conserved HExxH structure (His(222)-Glu(223)-Xaa- Xaa-
His(226)),168 where two His together with Glu 261 help in coordinating the active Zn atom
and Glu 223 manages the water moleculei7s. There are seven different serotypes of BoNTS,
BONT/A — BoNT/G, plus a recently reported type Hi74 produced by different strains of C.
botulinum. Serotypes A, B, E and F are considered as agents for causing the neuroparalytic
disease botulism in humans while serotypes C and D causing botulism in animals. Each of
them has the affinity towards different proteins in SNARE complex, for instance,
synaptosomal associated protein (SNAP-25) is a substrate for BONT/A/E/C cleaved at

different position Q-R, R- I, R-A, recspectivelyizs. The vesicle- associated membrane
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protein (synaptobrevin; VAMP) is cleaved by BoNT B/D/F and Syntaxin is cleaved by
BONT/Cavs.

) Light chain
Heavy chain ==

Figure 2.7. Molecular structure of Botulinum Neurotoxin A. Heavy chain (HC) containing binding

and translocation domain. Light chain (LC) containing the catalytic domainizz.

Once BoNTSs is ingested into human organism, it goes through digestion process reaching
the intestinal track, subsequently. After its absorption through intestinal track enters the
bloodstream and moves towards neuromuscular junction where it acts and damages/cleaves
vesicular/membrane peptides. BoNT intoxication can be divided into four phases including

all three functional domainsizs (Fig. 2.8):

Binding of the toxin to the targeted neuronal cell, pre-synaptic nerve ending.
Endocytosis into a vesicle.

Translocation of the LC through lipid membrane into the cytosol.

A L0 NP

Cleavage of the SNARE proteins.

It has been investigated that the toxin linkage to neuronal cell happens via two binding
localities in the HC, binding domain, which includes ganglioside and protein receptors.

Protein receptor reacts after ganglioside binding motif (conserved sequence in
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BoNT/A/B/E/F/and G) has encored the toxin on the cell membrane and both contributes to
binding affinity and specificity providing endosomal internalization. Once internalized,
BONT exhibits in acidic compartments where it cannot be blocked with antidote anymore.
At this stage, it is believed that pH affects conformational changes of translocation part
resulting in higher hydrophobicity followed by inducing a pore in the lipid membrane,
therefore enabling the entrance for the LC into cytosol. Catalytic domain, in the cytosol,
targets and cleaves SNARE (soluble N- ethylmaleimide- sensitive-factor attachment
protein receptor) proteins in a highly precise way and blocks the release of neurotransmitter

acetylcholine further causing the flaccid paralysis.

As a consequence of the cleaved SNARE proteins, botulism occurs within 18 to 36 hours
starting with the facial muscular paralysis followed by double vision, drooping eyelids,
difficulty in speaking, weakness, vertigo and continues downwards into extremitiesies. The

final stage of botulism is a paralysis of respiratory muscles and death.

Ganglioside
a Motor neuron b LC Motor neuron
$ % o\ y
A
; “ACh Synaptic \.lesiclv:-r"/~ 9’ < ~
= \f\ protein receptor ’ 2
'y
{ NS VAMP < A ffo_,r—,e\ !L ©
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receptors Muscle receptors Muscle

Figure 2.8. Schematic illustration of BONT/A toxicity mechanism. Neurotransmitter, acetylcholine
is packed in vesicles. Normally, vesicle is docked via group of proteins called the SNARE proteins
and subsequently the acetylcholine is released into the synaptic cleft (left image). In the case of
botulism, the toxin bound to the vesicle enters the cytosol where it cleaves the SNARE proteins

disabling the fusion and blocking the release of acetylcholine (right part of image)irs.

The mouse bioassay is the standard method for the detection of BoNT, where symptoms
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are observed after 2-4 days upon contaminated sample is injected into mice. Alternative
approaches in vitro such as immunoassays are well utilized for the BoNT detectioniso. Even
though, immunoassays have demonstrated low LODs, they are slow, require extensive
labor work, and rarely provide information on the BONT enzymatic activity.

The detection of BONT/A has been demonstrated in various food matrices using different
detection methods, as shown in Table 4.1. Performances of developed assays depend on the
food complexity and in general, these assays possess the potential for testing complex food
matrices upon utilization of appropriate sample clean-up protocols (e.g. using sorbent
materials, magnetic beads). In this thesis, the chosen food samples, either carrot juice or
milk could represent a complex food matrix as they contain high levels of interferents. For
instance, fluorometric and colorimetric assaying of BoONT/A in carrot juice is challenging
as it contain pigments that interfere with the optical responses. Hence, sample clean-up
protocols have been investigated in this thesis for assaying BoNT/A in carrot and milk
samples. It is not possible to generalize the clean-up process due to the diversity of food
matrices. However, specific clean-up protocols can be developed for food matrices that are

categorized based on their content.

2.2 Question to be answered: Can synthetic peptides, as recognition
element/substrate provide more accurate and robust detection of proteases compared

to antibodies detection methodologies?

Antibodies, as a recognition element, have been widely used in biosensors due to the
binding affinity and fast recognition of a target. Nevertheless, antibody-based biosensors

showed some limitations:

e Antibody recognizes a target based on the structure of the target, which can lead to
cross-reactivity among different serotypes and their subtypes which are similar in
structure, further causing imprecision detection.

e Antibodies are unable to distinguish between active and inactive protease which is

crucial for addressing the food toxicity and further could lead towards the false-
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positive results.
e Their tedious production procedure, thermal stability issues, short shelf life, and

lack of reproducibility have been reported in antibody-based biosensors.

Therefore, this research study explores solution and paper-based biosensors using synthetic

peptide as recognition element in order to overcome the limitations mentioned above.

2.3 Question to be answered: Are functional-based assays in vitro capable of
substituting the conventional methods and mouse bioassay for the food safety

applications?

The current methods for food analysis such as chromatography and spectroscopic methods
as well as mouse bioassay are sensitive but time/space consuming and require trained
personnel for analysis. Additionally, most of these approaches require laboratory facilities
and a range of reagents for extraction of analytes of interest prior analysis, limiting on-site
analysis. Nevertheless, one promising approach for on-site fast analysis are bioassays
owing to their low cost, easy of fabrication with minimal or no use of instrumentation for
analysis. Depending on the targeted analyte, approaches for sensing can be different. In
this research toxic proteases presented in foods are detected via functional-based assays,
which are capable of delivering more precise detection (compared to the affinity-based
assay and most of conventional methods) by mimicking the action mode of targeted
proteases. Apart from this, time required for overall detection process is much less
compared to time needed to perform some of analytical methods or mouse bioassay. Thus,
functional-based assays for proteases detection in food matrices as faster, more precise and
reliable tools have a potential to substitute the conventional methods in rapid screening

through many samples for on-site assaying.

2.4 PhD in context of literature

Unsafe and unregulated food is the main contributor to foodborne illnesses across the
world. In this era of globalization, food industries face incredible growth opportunities, but
brought bigger risk exposures that cannot be ignored. In addition to this, climate change,
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developed truism, market liberalization, and a trend towards affordable and fast-foods
increase the complexity of food safety monitoring. Consumers are more than ever
concerned with unhealthy food related issues since tracking the complex supply chain have
never been more challenging. Unsuitability of conventional methods to provide on-site fast
screening check-ups opens the opportunity for sensitive and portable biosensors to take a
role in assessing the food safety. As sources of food contamination are diverse and
intensities of symptoms-related foodborne diseases as well, and harms to human health are
different, the detection emergency is placed on the most potent agents, for instance,
proteolytic enzymes (BoNTSs, tetanus, anthrax) and pathogens (E.coli, Salmonella, Listeria
monocytogenes, etc.). In order to address some of the emergence requirements, this
research proposes the functional-bioassays that are promising sensing tools for the specific
detection of toxic proteases e.g. BONT/A. Quantitative/qualitative detection have been
achieved in solution and paper-based assays employing peptide, magnetic beads, and
sorbents for matrix clean-up. The proposed assays yielded LODs below that of oral toxicity
with a good specificity. Additionally, the portability, ease-of-use and long-term robustness

make them suitable for the on-site applications.
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Chapter 3

Experimental Methodology

This  chapter describes materials, developed protocols and
characterization techniques used in this study. Firstly, the choice of
materials used in this study is explained followed by protocols, sample
preparations and the fabrication of dipstick (colorimetric and
fluorimetric) used in the assay development. Then, characterization
techniques such as UV/VIS (for fluorescence measurements), MALDI-
TOF (for revealing the peptide cleavage and characterization of clean-
up protocol), ZP (for determination of particles charge), BCA assay (for
determination of the amount of antibodies), and HPLC (for
characterization of the membrane clean-up process) are described.

Finally, a brief overview of methodologies is given.

*Materials and protocols were taken from: Klisara, Nevena, et al. "Functional fluorescence assay of
botulinum neurotoxin A in complex matrices using magnetic beads." Sensors and Actuators B:
Chemical 281 (2019): 912-919; Klisara, Nevena, et al. “Towards on-site visual detection of proteases
in food matrices.” Analytica Chimica Acta (2019); Klisara, Nevena, et al. ”Sorbent Incorporated
Dipstick for Direct Assaying of Proteases.” Analytical and Bioanalytical Chemistry (2020).
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3.1 Rationale for selection of Methods and Materials

3.1.1 Rationale for Material Selection

3.1.1.1 Rationale for Selection of Magnetic Beads

In recent years, a huge attention was attracted by magnetic particles (MP) ranging from
nanometers to micrometers due to their features such as biocompatibility, low toxicity,
facile preparation processes and functionalizability, low background interference,
superparamagnetic behaviour, and roles such as carrier, reporter, and amplifiers. Magnetic
particles have been used for various purposes such as imaging agents, drug delivery carrier,
transducers, signal amplifiers, in separation fields, etcz. The utilization of MPs in
biosensing applications is favourable due to the particle size, their surface and colloidal
stability in different media and they are not affected by reagent chemistry, a high surface
to volume ratio that accommodates a high density of functional moieties, simple
biofunctionalization, and commercial availabilitys. The chemistry of surface
functionalization such as the presence of carboxyl group, amine group, maleimide group,
streptavidin, A protein is one of the key parameter to diverse bioconjugation (small
molecules, drugs, nucleotides, proteins)s. One of the major advantage of MPs is that they
can be magnetically probed and manipulated using external magnetic field, which is very
well utilized in clean-up processes substituting the laborious and time consuming separation
techniquess. Additionally, it is possible to obtain and control desired morphology and size
according to the particular application thanks to different methods of synthesis. In the first
part of this thesis, monosized superparamagnetic beads (micron-sized) were used for the
clean-up due to their colloidal stability, which is accomplished by using a highly cross-
linked polystyrene with magnetic material (iron oxide) precipitated within the pores and
evenly distributed throughout the particles. Apart from this, a hydrophilic layer of glycidyl
ether is used to coat the particles providing the MNPs with a smooth surface, which enable
more uniform degree of functionalization, which is one of the critical parameter for
achieving assay repeatability. It has been reported that larger beads containing more

magnetic material enable better separations. However, for the development of LFA/dipstick
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assay, micron-sized MNPs were not successfully employed because of a slow migration
and larger physisorption of beads on the LFA membrane due to their bulky size, which
affected the response and sensitivity. These limitations were overcome by employing
nanometer-sized MNPs (200 nm), which migrate faster and enable the sensitive detection
due to the increased bead density across the LFA test line. However, rapid migration of
MNPs on LFA membrane may lower the sensitivity of an assay due to the reduced reaction
time between antigen and antibody, which is immobilized in the conjugation pad.

Therefore, the MNPs size should be chosen based on the assay requirementsz.

It is well known that MPs tend to aggregate which results in increased particles size as a
consequence of large surface energy, dipole-dipole interactions and van der Waals
attraction forces that restricts their application. Nevertheless, the aggregation and colloidal
instability are overcome by electrostatic (ionic liquids; repulsive forces), steric (polymers
and surfactants; increases the distance between particles, while magnetic properties
decreases) and electrosteric (polyelectrolytes, ionic surfactants) stabilization approachess.
MPs have been widely applied in biosensor science for detections of proteins, enzymes,
bacteria, toxins, viruses, etc. enabling even complex multiplex analysis, which placed them

as an important asset in these developmentsa.

3.1.1.2 Rationale for Selection of Peptides

Peptides, short-chain amino acid oligomers, have been widely utilized in diagnostic and
biosensing applications as recognition elementsio. Many peptides have been found in
natural sources: nervous system, cardiovascular system, intestine, etc., and can be easily
and cost effectively synthesized in large scale with the solid phase synthesis. Additionally,
it is possible to vary the number and positions of 20 amino acids in the sequence in many
ways, obtaining various chemical and biological properties. Moreover, modifications of
the peptide ends via N-amine and C-carboxyl terminal is an easy process, which results in
a large number of unique peptide substratesii. Peptide’s modifications including
attachments of small organic molecules (ligands) can lead to enhanced binding affinity

between peptides and targets. Besides, the peptide’s design can be projected according to
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the required biomimetic function. Apart from this, the synthesis of these synthetic
molecules is highly reproducible placing them in the spot of intense studies. Compared to
antibodies, peptides are smaller with low molecular weight and also more chemically
stable which gives them advantage to be used in harsh physicochemical conditions (pH
and temperature). The extraordinary stability comes from the short-chain peptide structure,
therefore peptide-based sensors show better shelf-life compared to the antibodies-based
sensorsi2. As a biorecognition molecule employed in bioassays, they are specific and
selective towards the target, which enables more precise detection. Regarding the
mentioned, peptides are an attractive option to be used as recognition entities in biosensing
applications. So far there are many peptide-based sensors developed for detection of
various targets ranging from living cells, active proteases, pathogens, toxins, viruses,

biomarkers to small inorganic ions.

3.2 Biosensing using the magnetic bead-based assay in solution

3.2.1 Superparamagnetic bead-antibody conjugation

The stock solution of superparamagnetic beads was vortexed for 5 min in order to re-
suspend the superparamagnetic beads and an aliquot of 100 ul was pipetted into a vial. The
beads were placed in the magnetic rack (DynaMagTm-2, Invitrogen; 2.8 um) for 2 min and
the supernatant was discarded. The beads were washed twice with 200 ul of 25 mM MES
(pH =5). The beads were then re-suspended in 50 pl of EDC and 50 pl of NHS solution,
both at a concentration of 50 mg/mL and dissolved in 25 mM MES. The beads were
incubated at room temperature (RT) in the dark for 20 min with intermittent vortexing for
5 s. After incubation, the beads were washed twice with 200 ul of 25 mM MES buffer. For
covalent antibody coupling, 500 pl of the antibody solution at a concentration of 60 pg/mL
dissolved in 25 mM MES buffer was utilized. The reaction was conducted at RT in the
dark over 2 h with constant shaking and rotating. After incubation, the beads were washed
with 500 pl of the storage/blocking buffer (PBS + 0.1% BSA + 0.05% Azide, pH 7.4). The
beads were then captured using a magnet; the supernatant was discarded and the beads
were blocked with 500 pl of the storage/blocking buffer for 30 min at RT in the dark with
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constant shaking and rotating. After blocking, the antibody-coupled beads were re-
suspended in 100 pl of the storage/blocking buffer and stored at 4 °C in the dark.

3.2.2 Detection of BONT/A LC using Strategy 1 (ST -1)

The peptide-containing PEG11 unit (100 nM; 290.14 ng/mL) was bound to anti-PEG
functionalized beads (approximately 104 beads/assay) in a 96-well plate at RT (Corning)
under constant shaking for 30 min (400 rpm, Thermo Shaker Incubator, Hangzhou Miu
Instruments) in HEPES buffer (50 mM HEPES + 0.1% BSA, pH 7.4) followed by
separation of the peptide-bead complexes from the unbound peptides using a magnet
(LifeSeptm-96F). After the washing steps (twice), the peptide-bead complexes were
incubated (digested) with different concentrations of the BoNT/A LC (0.3, 0.5, 1.0, 2.0,
2.5,5.0 and 10.0 nM) for 5 hat 37 oC in HEPES buffer (50 mM HEPES + 0.1% BSA). The
beads were then washed with PBS buffer and incubated with the SAPE dye (50 pl/well at
a concentration of 1 pg/mL) in PBS buffer for 30 min at RT in the dark for conjugation to
the biotinylated end of the peptide substrate. Subsequently, the beads were separated from
the excess of dye and washed in PBS buffer. The final volume for the fluorescence scan
was 100 pl/well (Tecan Infinite M200 Pro Plate Reader, Tecan, Research Triangle Park,
NC). The schematic illustration of the ST-1 steps is depicted in Fig. 4.1, the upper part of
the scheme (Chapter 4).

3.2.3 Detection of BONT/A LC using Strategy 2 (ST -2)

In the second strategy (ST-2), the peptide (100 nM) was mixed with different
concentrations of BONT/A LC (same conditions as for ST-1) and incubated for 5 h at 37
oC. After digestion, an aliquot of 10 ul of anti-PEG-functionalized beads (approx.104
beads/well) were added and incubated with the suspension containing the cleaved and
uncleaved peptides for 30 min. Washing was performed in PBS buffer (twice) followed by
incubation with SAPE dye (50 pl/well; 1 pg/mL) for 30 min at room temperature in the
dark. Subsequently, the SAPE-modified beads were thoroughly washed in PBS buffer. The

fluorescence intensity (100 pl/well) was measured by plate reader. The schematic
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illustration of the ST-2 steps is depicted in Fig. 4.1, the lower part of the scheme (Chapter
4).

3.2.4 Preparation of spiked food samples

Carrot juice was purchased at a local supermarket. The pH was adjusted to 7.4. Three
different approaches were adopted for the BONT/A LC assay in carrot juice. First, 10 pl of
the carrot juice was spiked with the BONT/A LC in order to obtain a final concentration of
1 UM. The spiked carrot juice was then serially diluted with HEPES buffer to obtain the
required test concentrations of BONT/A LC. Second, the carrot juice was diluted 5 times
prior to spiking with the BoNT/A LC followed by serial dilutions with HEPES buffer to
obtain the test BoNT/A LC concentrations. Third, carrot juice was filtered and
subsequently spiked with the BoNT/A LC and serially diluted with HEPES buffer. An
aliquot of 10 pl of skim milk, prepared by dissolving the skim milk powder (1 g) in DI
water (10 mL), was diluted 5 times in HEPES buffer prior to spiking with the BoNT/A LC
followed by subsequent dilutions as mentioned above. The spiked samples were tested
using the proposed protocol.

Carrot juice was chosen as a food matrix due to the high content of pigments and colorants,
that interferes with colorimetric assay responses both in homogeneous solution and paper
based assays. Apart from this, foodborne botulism associated with consumption of

contaminated beverages has already been reportedss.

3.2.5 Specificity test

Botulinum neurotoxin E light chain (BoNT/E LC) was used to determine the specificity of
proposed protocol. A peptide aliquot of 100 nM (100 pL) was spiked with different
concentrations of BONT/E LC (final concentrations were 0 nM, 0.3 nM, 0.5nM, 1 nM, 2.5
nM and 10 nM) and incubated for 5h at 37,C. After digestion, an aliquot of 10 ul of anti-
PEG-functionalized beads (approx.10s beads/well) were added and incubated with the
suspension containing the cleaved and uncleaved peptides for 30 min. Washing step was
performed twice with PBS buffer. Subsequently, SAPE dye was added (50 pL/well; 1
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png/mL) and incubated for 30 min in the dark. After washing the excess of dye (twice), the

wells were scanned by plate reader.

3.3 Biosensing using dipstick assay

The substrate (10 nM; 100 pL) was spiked with different concentrations of BoNT/A LC
(final concentrations were 10 nM, 5 nM, 2.5 nM, 1 nM) in HEPES buffer (50 mM HEPES
+ 0.1% BSA) and incubated for 5 h at 37 oC. For assaying in carrot juice, the pH was
adjusted to 7.4 prior spiking with BoNT/A LC. Aliquots of 10 pl of the carrot juice were
then spiked with BoNT/A LC in order to obtain the final concentrations of 1, 2.5, 5 and 10
nM. The spiked carrot juice was diluted 9x with the substrate (10 nM; 100 ul) for digestion
of BoNT/A LC. Upon digestion for 5h, an aliquot of 2 pL (20 pg mL-1) of SA-MBs was
added, vortexed and incubated for 30 min at room temperature with constant shaking (400
rpm, Thermo Shaker Incubator, Hangzhou Miu Instruments). SA-MBs are introduced in
order to capture the biotinylated fragment of the substrate and to isolate SA-MB-substrate
complex from the cleaved PEGylated part of the substrate, BONT/A LC and the sample
matrix using a magnetic separator (DynaMagrtwm-2, Invitrogen) for 1.5 min. Subsequently,
the supernatant was discarded followed by washing step with HEPES buffer (100 pL,
twice). Finally, the complexes were re-suspended in the HEPES buffer and tested with

dipstick, where the concentration of BONT/A LC is evaluated visually.

3.3.1 Fabrication of dipstick assay

2 mm-wide nitrocellulose strips were cut by a paper cutter. The LFA dipstick consists of
two components: a cellulose absorption pad that is attached to the nitrocellulose strip with
an overlap of 2 mm to facilitate the flow of the solutions during the assay, and a
nitrocellulose strip (NC) for a deposition of antibodies. The anti-PEG antibodies (2 pl; 0.25
pg mL-1) are deposited manually on the NC placed 5 mm from the absorption pad as a test
line, followed by air drying at room temperature for 1 h. Subsequently, the strips were
blocked with blocking buffer (PBS + 1% BSA; 60 pl) at 37 oC for 1 h followed by washing
step with PBS buffer and drying at 37 oC for 1 h.
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3.3.2 RGB analysis

The digital images of LFA dipsticks were captured using a Samsung Note 8 mobile phone
camera (12.2MP; 4032 x 3024)/high resolution camera Sonya7R (30 MP). Subsequently,
images in JPEG format file were imported into ImageJ software for further processing.
Five area (20x20 pixels) of the test line was utilized to create the digital array. Finally,

RGB values were extracted from ImageJ software to quantify the colorimetric response.

3.3.3 Signal amplification for dipstick assay

Maleimide coated magnetic beads (MAL-MBs) and a linker/peptide were used to improve
the contrast of the test lines generated by magnetic beads. The linker/peptide is modified
with biotin and cysteine on either termini in order to conjugate with SA-MBs and MAL-
MBs. The optimized concentration of MAL-MBs (3 puL, 30 pg/mL) were coupled to the
optimized concentration of linker (100 pL; 100 nM) for 1 h at room temperature under
constant shaking (700 rpm). The excess of the linker/peptide was separated from the
complex using the magnetic separator for 1.5 min followed by washing with 50 mM
HEPES + 0.1% BSA buffer (100 pL, twice). MAL-MBs coupled to the linker/peptide were
added to the SA-MB-substrate complex (after digestion and washing) and incubated for 30
min at room temperature under constant shaking (400 rpm). In this process, the free
streptavidin molecules on the reporter magnetic bead surface accommodates MAL-MB-
linker complexes via streptavidin-biotin interactions. Subsequently, signal amplification

was evaluated by visual inspection and further verified by luminance analysis.

3.3.4 Specificity test

The substrate (10 nM; 100 pL) was spiked with different concentrations of BoNT/E LC
(10 nM, 5 nM, 2.5 nM, 0 nM before, and 10 nM, 5 nM, 2.5 nM, 1 nM, 0.5 nM, 0 nM after
amplification) in HEPES buffer (50 mM HEPES + 0.1% BSA) and incubated for 5 h at 37
oC. Upon digestion, aliquots of SA-MBs/MAL-MBs (before/after amplification) were
added, vortexed and incubated for 30 min at room temperature with constant shaking (400
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rpm). Subsequently, the excess of peptides were washed away (100 uL; HEPES buffer) by
applying the magnet separation for 1.5 min. Finally, the complexes were re-suspended in
the HEPES buffer and tested with dipstick, where the concentration of BONT/E LC is

evaluated visually.

3.4. Sorbents and polymer membranes for food matrix clean-up

3.4.1 Solution-based clean-up using sorbents materials

One mL of spiked carrot juice (1 uM of BoONT/A LC; the pH has been adjusted to 7.4) were
mixed with different sorbents such as PSA (50 mg; N-[3-(trimethoxysilyl) propyl]
ethylenediamine), GCB (0.5 mg; Graphitized Carbon Black), MgSO4 (150 mg; magnesium
sulphate) and Q-sep (20 mg; commercially available powder; a mixture of sorbents such
as PSA/GCB/MgSO0a and C-18), and their combinations in order to evaluate the removal
of pigments and other interferents (organic acids, fatty acids & sugar molecules,
anthocyanins). The tubes were then centrifuged at 10000 rpm for 3 min, and supernatants
are examined visually to observed the colorant removal. Afterwards, the colourless solution
were characterized by MALDI-ToF (section 3.4.2.2).

3.4.2 Membrane-based clean-up in combination with sorbents

The acidity of carrot juice has been adjusted from pH 4.5 to 7.4 in order to conserve the
structure of toxin. Three mL of carrot juice sample was spiked with the final concentration
of 7 uM of BoLcA. The spiked sample was incubated with mixing for 15 min at room
temperature. For the clean-up of interferences and extraction of toxin combinations of
PVDF membrane with varying porosity (0.45, 0.22, 0.1 um) were utilized. Additionally,
GCB (0.5 mg) and Q-Sep (20 mg) sorbents in combination with PVVDF membranes were
applied in the clean-up process of the sample. Extracts were collected and characterized by
HPLC.
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3.4.3. Pattering of GCB on the membrane surface

GCB was patterned on the Fusion 5 membrane (12 cm) using the LFA reagent dispenser
(ClaremontBio, CA, USA). An aliquot of 400 pL of GCB (0.5 mg/mL) was taken by 1mL
syringe and placed in the syringe pump which is connected to the LFA dispenser.
Patterning was performed with the flow rate of 0.5 mL/min at voltage of 3V. The 4 mm
thick deposited GCB lines were dried for 15 min at 370C. The pattering of GCB was done

on the other side of membrane as well.

3.4.4 Preparation of conjugation pad and dipstick fabrication

Firstly, glass fibre were treated by plasma for 3 min followed by blocking with 2.5% of
BSA (soaked into BSA solution for 15 min) and drying for 1h at 37.,C. Afterwards, the
glass fibre were cut into pieces (12 mm x 2 mm) and soaked in 200 pL (0.0025%) of
Europium beads (Eu beads) for 10 min at room temperature in the dark. Subsequently, the

conjugated pads were dried at 370C for 1h.

2 mm-wide nitrocellulose strips were cut by a paper cutter. The LFA consists of 4
components: a sample clean-up pad for the removal of interferents which is overlapped (2
mm) with a conjugation pad containing deposited reporter molecules which, on the other
side, overlaps with nitrocellulose strip (NC) used for a deposition of antibodies, a cellulose
absorption pad that is attached to the nitrocellulose strip with an overlap of 2 mm to
facilitate the flow of the solutions during the assay. The anti-PEG antibodies (2 pl; 1
mg/mL) are deposited manually on the NC placed 4 mm from the conjugation pad as a test
line, followed by air drying at room temperature for 1 h. Subsequently, the strips were
blocked with blocking buffer (PBS + 1% BSA; 60 pl) at 37 oC for 1 h followed by washing
step with PBS buffer and drying at 37 oC for 1 h.

3.5 Characterization

3.5.1 Fluorescence Spectrometry
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Fluorescence spectroscopy is a method used to determine the concentration of analyte
(BoNT/A LC) in a sample based on the fluorescence properties of reporter molecule
(fluorescence dye-SAPE). It has been applied in numerous biochemical research due to
well understood fluorescence principals such as emission, quenching, resonance energy
transfer, and rotational motion. Its application in vitro studies for molecular interactions is
popular since it is negligibly invasive, extraordinary sensitive, selective, simple, ease-of-
use, and reliableis. The quantitative and qualitative analysis of the sample can be done
based on the information provided by emission spectrum. The fluorescence phenomenon
is explained in Fig. 9 based on the electronic transition energy level diagrami4. Briefly, the
electronic state of molecule changes from the ground state to the excited state by absorbing
alight of certain wavelength (e.g. 496 nm for the SAPE dye in this thesis). After excitation,
the molecule is going through the vibrational relaxation process reaching the lowest
vibrational level of the excited state, and finally the molecule reaches to the ground state
by emitting the light (fluorescence emission; decay time) of a different wavelength (e.g.
578 nm for the SAPE dye).

Excited State Levels

A\/\v/\ NN
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A
= Absorbed Emitted
= excitation fluorescent
o light light
Fluorescence
P lifetime (ns) ; v

Ground State

Figure 3.1. Jablonski diagram of fluorescence phenomenonzs.
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3.5.2 MALDI-TOF Mass Spectrometry

Matrix-assisted laser desorption and ionization time of flight mass spectrometry (MALDI-
TOF MS) is an ionization technique that has been widely utilized in multiple disciplines
such as biochemistry, organic chemistry, microbiology, medicine, etc. for analysing
biomolecules (peptides, proteins, DNA, biopolymers, carbohydrates, etc.), and organic
molecules (e.g. polymers)is. The principal of MALDI-TOF MS is based on three steps
(Fig. 10)17. First, a sample and suitable matrix material are mixed and subsequently applied
on a metal plate. The sample-matrix complex is allowed to fully dry at RT prior introducing
the mass spectrometer. Secondly, sample spots are irradiated with a pulsed laser beam,
where the matrix molecules rapidly heat up by absorbing the laser energy and evaporating
form the plate surface caring the analyte into the gas. During this step, analyte molecules
are ionized by matrix molecules in protonation/deprotonation process. Thirdly, ionized
sample molecules (different in size) are accelerated by an electric field towards TOF
analyser, lighter ions (smaller mass-to-charge ratio; m/z) and more charged ions fly faster

till they arrive earlier at the detector.

Laser beam
-
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= Desorption ... ionization Q ‘ to Mass
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Proton Transfer
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Figure 3.2. Principal of MALDI-TOF MS techniquezr.
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3.5.2.1 MALDI-TOF analysis of peptide digestion

In this study, MALDI-TOF analysis was carried to confirm digestion of substrate by
enzyme using a MALDI Shimadzu Performance apparatus contained a nitrogen UV laser.
For desorption and ionization of cleaved and un-cleaved substrate, CHCA (a-Cyano-4-
hydroxycinnamic acid) was used as a matrix with a laser power of 85 mV, 100 profiles
were collected (5 shots per profile) and adjusted for the best signal-to-noise ratio. Prior
MALDI-TOF analysis, the digestion of substrate was preformed; 2 uM of substrate was
exposed to BONT/A LC at the concentration level of 20 nM for 3h at 370C. Subsequently,
1 ul of sample was applied on the metal plate and air-dried, and then 1 pl of matrix was
deposited on the dried sample and air-dried as well. The sample-matrix spots were exposed

to the laser (337 nm) and analysed in a positive mode.

3.5.2.2 MALDI-TOF analysis of clean-up and extraction protocol

MALDI-TOF analysis was carried using a MALDI Shimadzu Performance apparatus
contained a nitrogen UV laser. For desorption and ionization of toxin, sinapic acid was
used as a matrix with a laser power of 120 mV, 100 profiles were collected (5 shots per
profile) and adjusted for the best signal-to-noise ratio. The ratio of matrix solution and
samples was 3:1. For all probes, 1uL of the matrix-sample mixture was applied on the
plate, air-dried and analyzed in a positive mode. The presence of the toxin was identified
as a 50 kDa or 25 kDa peak (double charged chain).

3.5.3 Z-Potential

Zeta potential values give indirect correlation to the net surface charge of nanoparticles. It
is mostly applied for colloidal stability studies and interactions between NPs and biological
systems since the NP surface charge influences their physical properties (stability,
adsorption of biomolecules, etc.) in the solution state. The principle of the method is shown
in Fig. 11. In the solution, the negatively charged particles attract ions of opposite charge

forming a positive charged layer called the Stern layer. The Stern layer, inner region, where
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ions are strongly bound affects a formation of the diffuse outer layer (diffusive ion layer)
in which ions are less firmly associated. Those two layers are called electrical double
layers. Under applied electrical field, the particles move towards the electrode of opposite
charge where the slipping plane, the boundary between the ions in the diffuse outer layer
and the ions in the solution, is formed. The Z-potential is proportional to the electrostatic
potential at the slipping plane. The velocity of particles is proportional to the magnitude of

the charge.
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Figure 3.3. The principle of Z-potential measurementis.

3.5.3.1 Characterization of magnetic bead-antiPEG antibody conjugation (MB-
antiPEG) by Z-potential

In this study, the Z-potential was used to characterize successful immobilization of anti-
PEG antibodies on the superparamagnetic bead surface. Briefly, the superparamagnetic
beads (conjugated and unconjugated) were diluted in the HEPES buffer (500 times) and

sonicated in an ice bath for 20 s. After sonication, approximately 1mL of the solution was
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placed into capillary cells and analysed by Zetasizer Nano ZS, Malvern Instruments, UK.

3.5.4 The Bicinchoninic Acid Assay (BCA)

Bicinchoninic acid (BCA) assay is the most common used colorimetric assay for
determining the total amount of protein in the sample (mg/mL). The principle of this assay
is based on the reduction of Cuz+ to Cu+ by protein in the alkaline solution leading to the
purple colour formation by bicinchoninic acid. The protein concentration presented in the
sample is proportional to the concentration of Cu-+, as well as to the colour intensity. The
absorbance of the purple complex BCA- Cu-+ is measured at 562 nm and could be correlated
to the concentration of protein based on the calibration curve. This assay is sensitive,
simple, fast, and applicable assay over a broad working range of protein concentrations
(20-2000 pg/mL).

3.5.4.1 Characterization MB-antiPEG by BCA

The total amount of anti-PEG antibodies coupled to the superparamagnetic beads surface
was determined by the bicinchoninic acid (BCA) assay using the Pierce™ BCA protein
assay kit (Thermo Scientific, USA) according to the manufacturer’s protocol. Briefly, an
aliquot of superparamagnetic beads coupled to anti-PEG antibodies (25 ul) and protein
standards (25 ul) were transferred to the 96-well microplate and mixed with 200 ul of BCA
working reagent. The plate was shacked and incubated at 37°C for 30 min. Subsequently,
the plate was cooled and the absorbance of the samples were measured at 562 nm using the
plate reader. The total amount of anti-PEG antibodies bound to the beads surface was

calculated against the standard curve.

3.5.5 High Performance Liquid Chromatography (HPLC)

HPLC is an analytical technique used to separate and identify each component in the
sample. In this study reversed-phase (RP) chromatography was used, where the RP column

(C-18) acts as hydrophobic stationary phase separating the components based on their
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polarity. The polar compounds are eluted first.

3.5.5.1 HPLC analysis of extraction protocol

Carrot juice (300 ul) was spiked with substrate to obtain the final concentration of 100 nM.
Subsequently, the clean-up of sample was performed with GCB (0.5mg/100 pl) and Q-sep
(20 mg/100 pl) followed by centrifugation for 4 min at 4000 rpm. The supernatants were
collected and further analyzed by HPLC to evaluate the recovery of substrate upon clean-
up. Extracts characterization were performed on the Zorbax 300SB-C-18 reverse phase
column (9.4 x 250 mm) and run at a flow rate of 1 mL/min with solvent A (0.1%TFA in
100% ACN) and solvent B (0.1%TFA in 100% in water) accompanied by gradient: 0-40
min, linear gradient 5-100% solvent A; 40-50 min, linear gradient 100-5% solvent A.
Samples (200 pl) were injected via injector valve fitted with 500 pl injector loop. The
system was maintained at room temperature. Chromatographic determination was based

on measurements of absorbance at 220 nm. All data were processed in OriginPro software.

3.6 Overview of Methodologies

In summary, fluorescence spectroscopy has been used to characterize the assays
optimisation and performance, MALDI-TOF MS has been used to investigate the cleavage
of substrate by enzyme and presence of toxin after the extraction process, Z-potential has
been used to confirm the immobilization of antibodies on the superparamagnetic bead
surface, BCA assay has been used to determine the total amount of antibodies coupled to
the superparamagnetic beads, and HPLC was used to characterized the performance of

sorbents and membranes in removing the food interferences.

Reference

(1) Gijs, M. A. M. Magnetic Bead Handling On-Chip: New Opportunities for Analytical
Applications. Microfluidics and Nanofluidics 2004, 1 (1), 22-40.
(2) Chen, Y. T.; Kolhatkar, A. G.; Zenasni, O.; Xu, S.; Lee, T. R. Biosensing Using

74



Experimental Methodology . Chapter3

(3)

(4)

()

(6)

()

(8)

(9)

(10)

(11)

(12)

(13)

Magnetic Particle Detection Techniques. Sensors 2017, 17 (10), 6-8.

Van Reenen, A.; De Jong, A. M.; Den Toonder, J. M. J.; Prins, M. W. J. Integrated
Lab-on-Chip Biosensing Systems Based on Magnetic Particle Actuation-a
Comprehensive Review. Lab on a Chip 2014, 14 (12), 1966-1986.

Jamshaid, T.; Neto, E. T. T.; Eissa, M. M.; Zine, N.; Kunita, M. H.; El-Salhi, A. E.;
Elaissari, A. Magnetic Particles: From Preparation to Lab-on-a-Chip, Biosensors,
Microsystems and Microfluidics Applications. TrAC - Trends in Analytical
Chemistry 2016, 79, 344-362.

Chen, Y. T.; Medhi, R.; Nekrashevich, I.; Litvinov, D.; Xu, S.; Lee, T. R. Specific
Detection of Proteins Using Exceptionally Responsive Magnetic Particles. Analytical
Chemistry 2018, 90 (11), 6749-6756.

Arol, A. |.; Aydogan, A. Recovery Enhancement of Magnetite Fines in Magnetic
Separation. Colloids and Surfaces A: Physicochemical and Engineering Aspects
2004, 232 (2-3), 151-154.

Wang, Y.; Xu, H.; Wei, M.; Gu, H.; Xu, Q.; Zhu, W. Study of Superparamagnetic
Nanoparticles as Labels in the Quantitative Lateral Flow Immunoassay. Materials
Science and Engineering C 2009, 29 (3), 714-718.

Guerrini, L.; Alvarez-Puebla, R. A.; Pazos-Perez, N. Surface Modifications of
Nanoparticles for Stability in Biological Fluids. Materials 2018, 11 (7), 1-28.
Xianyu, Y.; Wang, Q.; Chen, Y. Magnetic Particles-Enabled Biosensors for Point-
of-Care Testing. TrAC - Trends in Analytical Chemistry 2018, 106, 213-224.
Pavan, S.; Berti, F. Short Peptides as Biosensor Transducers. Analytical and
Bioanalytical Chemistry 2012, 402 (10), 3055-3070.

Gilmore, J. M.; Scheck, R. A.; Esser-Kahn, A. P.; Joshi, N. S.; Francis, M. B. N-
Terminal Protein Modification through a Biomimetic Transamination Reaction.
Angewandte Chemie International Edition 2006, 45 (32), 5307-5311.

Shock, E. L. Stability of Peptides in High-Temperature Aqueous Solutions.
Geochimica et Cosmochimica Acta 1992, 56 (9), 3481-3491.

Kim, M.; Zahn, M.; Reporter, R.; Askar, Z.; Green, N.; Needham, M.; Rosen, H.;
Kimura, A.; Terashita, D. Outbreak of Foodborne Botulism Associated With
Prepackaged Pouches of Liquid Herbal Tea. Open Forum Infectious Diseases 2019,

75



Experimental Methodology . Chapter3

6 (2).

(14) Sci, K. N.-J. C. P.; 2014, U. Applications of Fluorescence Spectroscopy. J. Chem.
Pharm. Sci 2014, 974, 2115.

(15) Fluorescence Microscopy | Center  for  Advanced Microscopy
https://cam.facilities.northwestern.edu/588-2/fluorescence-microscopy/  (accessed
Apr 9, 2019).

(16) Santos, I. C.; Hildenbrand, Z. L.; Schug, K. A. Applications of MALDI-TOF MS in
Environmental Microbiology. Analyst 2016, 141 (10), 2827-2837.

(17) MALDI-TOF Mass Spectrometry - Creative Proteomics https://www.creative-
proteomics.com/technology/maldi-tof-mass-spectrometry.htm (accessed Apr 5,
2019).

(18) Zeta potential | Coriolis Pharma https://www.coriolis-pharma.com/contract-

analytical-services/zeta-potential/ (accessed Apr 8, 2019).

76



First setof results ~~~...0...0.0.....}} ... Chapter4
Chapter 4

BoNT/A LC Detection Using Peptide Substrate and Magnetic

Beads in Solution

This chapter describes detection of BONT/A LC in complex food matrices
using the functional fluorescence magnetic bead-based assay. The
proposed assay utilizes a synthetic peptide designed to mimic the SNAP-
25 protein (synaptosomal-associated protein 25) as substrate bound to a
superparamagnetic bead and a fluorescent dye. The superparamagnetic
beads enable efficient separation of the cleaved peptides from food
matrices, thereby improving the reliability of responses. The proposed
assay is robust and specific to the BoNT/A owing to the peptide design.
Reduction in fluorescence signal is revealed upon the substrate cleavage
by BONT/A LC, yielding a LOD of 25 ng/mL in 6h than the gold standard-
mouse bioassay (10 pg/mL in 4 days)- it offers rapid detection suitable

for field applications.

*This section published substantially as: Klisara, Nevena, et al. "Functional fluorescence assay of
botulinum neurotoxin A in complex matrices using magnetic beads." Sensors and Actuators B:
Chemical 281 (2019): 912-919.
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1.2 Introduction

The extremely toxic proteases such as botulinum neurotoxin poses a threat for health and
food safety. The lethal dose for humans has been reported to be 1-2 ng/kg (intravenous),
10-12 ng/kg (inhalation) and 1ug/kg (oral)1. In most cases, improperly stored meat, fish,
dairy products and vegetables were reported to cause production of the toxin and
subsequent intoxication upon ingestionz. Foodborne botulism outbreaks recently occurred
in California (2017) related to nacho cheese sauce, which caused one causality and affected
10 peoples; in Ohio (2015), related to consumption of home-canned potato salad, caused
one casualty and 29 confirmed cases of botulism, which is considered to be the largest
botulism outbreak in the last 40 yearss, and in China (2013), associated with smoked ribs,
which affected 12 peoples. Therefore, preventing the occurrence and spread of botulism is
of significant importance, especially considering the accessibility and ease of production
of this target, which could lead to accidental or deliberate contamination of food supplies
or/and bio-terroristic attacks similar to the anthrax incident in the US, 2001e. Due to the
extreme neurotoxicity of BoNT/A and availability, high demand has been exerted on the
development of on-site screening devices that enable rapid, facile, cost-effective

identification of BoONTS serotypes in different matrices.

To this day, the mouse bioassay~ is considered as the “gold standard” for determining the
activity of toxins at concentrations in the order of pg/mL. Although the mouse bioassay is
sensitive, it requires several days, trained personnel, sophisticated facilities and
involvement of animals. Thus, alternative in vitro methods have been developed. The most
frequently adopted affinity assay is the enzyme-linked immunosorbent assay (ELISA)s,
which possesses a good sensitivity. A couple of immunoassays are commercially available
in the format of the lateral flow assay with a sensitivity/dynamic range of 10-100 ng/mL in
complex matrices and with an assay time of 15 to 30 mins. Attempts to further decrease
the limit of detection (LOD) require assays such as enzyme-linked coagulation assay
(ELCA) and Digoxigenin-Enzyme Linked Immunosorbent Assay (DIG-ELISA) with
sensitivities comparable to that of the mouse bioassayio. Sophisticated analytical

techniques such as chromatography and mass spectrometry also have been reportedi1-13 for
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screening/detection purposes with varying sensitivities. However, most of these methods
do not provide information on the enzymatic activity of the toxin, which is vital for
assessing the toxicity of BoNTs and for precisely prescribing treatments. It is also known
that the cross-reactivity has been a major limitation of antibody-based assays. Furthermore,
as new BONT serotypes are being discovered, the development of more specific and

sensitive assays is required for identification of various serotypes.

Apart from the immunological methods mentioned above, functional assays also have been
developed for evaluation of the BoNT activity and for specific detection of its serotypes.
These assays typically utilize peptide substrates with a specific cleavage site for each
serotype derived from one of SNARE complex proteins/peptides. The proteolytic activity
of the toxin is subsequently evaluated via monitoring responses such as fluorescence
signals, using FRET-basedi4 or electro-chemiluminescenseis assays, mass changes via
SPR1s and color changes due to gold nanoparticles aggregation/disaggregation
phenomenaiz. Recently, magnetic bead-based assays have been utilized for food analysis
due to the ease of isolation of molecules of interestis. A good sensitivity has been achieved
with the bead-based assay utilizing fluorescent reporters in different formats such as a spin
columnie, a microfluidic channel with the evaporation step at the detection port for
amplification of the signalzo and a microfluidic assay format combined with a LED-CCD21.
Excellent sensitivity (0.5 fg/mL) and good performance in complex matrices, such as
undiluted sera, also have been reported using ALISSA (Assay with a Large Immuno-
sorbent Surface Area)22. However, most of these methodologies involve tedious extraction
protocols and are therefore not suitable for on-site assaying in complex and diverse
matrices. Therefore, in this study, we propose a facile protocol for a functional assay of
BoNT/A (Fig. 4.1). Paramagnetic beads are utilized for the extraction of a cleaved peptide
and for subsequent detection via fluorescence analysis. The proposed protocol also could
be adopted for other proteinase assays, thereby enabling multiplexed detection of

proteolytic enzymes, including botulinum serotypes.
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Figure 4.1. Schematic illustration of the proposed detection strategies. In Strategy 1 (ST-1) the
peptides are bound to anti-PEG functionalized superparamagnetic beads prior exposure to BONT/A
LC. In Strategy 2 (ST-2) the free peptides are first exposed to BONT/A LC followed by incubation
with anti-PEG-functionalized superparamagnetic beads. Subsequently, superparamagnetic beads
having intact and cleaved peptides on its surface are trapped with a magnet while other components
(toxin and cleaved fragment of the peptide) are washed away. The next step is incubation with PE-
labeled SA streptavidin followed by magnetic separation and washing to remove excess PE-labeled

SA. Finally, fluorescence measurements are carried out using a plate reader.

4.2 Materials and reagents

Botulinum Toxin light chain A (recombinant) was purchased from List Biological Labs,
Inc. USA. Botulinum Toxin light chain E (recombinant) was purchased from Creative
Diagnostics, USA. Peptide sequence: Cys-PEG11-SNKTRIDEANQRATKXK-Biotin was
purchased from Mimotopes Pte Ltd, Australia. Streptavidin-R-phycoerythrin (SAPE)
conjugate and superparamagnetic Dynabeads M-270 carboxylic acid were purchased from
ThermoFisher Scientific, Singapore. Pierce BCA protein assay kit was purchased from
ThermoFisher Scientific, USA. Anti-PEG antibody (Clone 09F02), mouse 1gG3 was
purchased from BioVision, Inc. (California, US). MES (2-(N-morpholino) ethanesulfonic
acid), sulfo-NHS (N-hydrox- ysulfosuccinimide), EDC (1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide), bovine serum albumin (BSA), HEPES buffer, PBS
tablets and skim milk powder for microbiology were purchased from Sigma-Aldrich

(Singapore).
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Protocols for superparamagnetic bead-antibody conjugation, ST-1 and ST-2 strategies,
sample preparation protocol, and the protocol for specificity test are explained in the
sections 3.2.1, 3.2.2, 3.2.3, 3.2.4, and 3.2.5.

MALDI-ToF characterization of the substrate cleavage, Z-potential measurements of
immobilized antibodies, and BCA protein assay for determining the amount of

immobilized antibodies are explained in the sections 3.5.2.1, 3.5.3.1, 3.5.4.1.

4.3. Results and Discussion

4.3.1 Substrate for BoNT/A LC

The peptide used in this study was derived from the C- terminus of SNAP25 protein (187-
203), which has been reported to be an efficient substrate for BONT/A 17 23. The cleavage
site Q-R is positioned in the middle of the peptide in order to facilitate the accessibility for
BoNT/A. The peptide contains norleucine (X) instead of methionine (M) at the position
202, which prevents the oxidation of the peptide while maintaining a high catalytic rate
constant, kcat24. Furthermore, the peptide is modified by attaching a biotin at the C-terminus
to enable interaction with streptavidin, while the N-terminus contains a 11-mer ethylene
glycol PEG segment attached to cysteine. The PEG modified peptides were digested by
BoNT/A LC and characterized by MALDI-TOF. As shown in Fig. 4.2a, the mass spectrum
analysis reveals three peaks at m/z=943, m/z=1979 and m/z=2903 corresponding to C-
terminal cleaved fragment (ATKXK-Biotin), N-terminal cleaved fragment (Cys-PEG11-
SNKTRIDEANQR) and uncleaved peptide, respectively. The two fragment peaks at
m/z=943 and m/z=1979 undoubtedly confirm that BONT/A LC is capable of cleaving the
modified peptide specifically at the Q-R position. However, as shown in Fig. 4.2b, not all
the peptide was cleaved. This can be attributed to the reduced proteolytic activity towards
the modified peptide (biotin and PEG modifications at both termini) or to the high

concentration of the peptide adopted in these experiment (2 uM).
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Figure 4.2. MALDI-TOF spectrum of uncleaved substrate (a) and of cleaved substrate with
fragments C-terminus = 943, N-terminus = 1979 and full-length = 2903 (b).

4.3.2. Development and optimization of assay protocol

Non-porous and homogeneous (Fig. 4.3a) Dyna superparamagnetic beads (2.8 um) were
modified with anti-PEG antibodies. In order to evaluate the degree of immobilization, a
BCA (bicinchoninic acid) protein assay was preformed according to the manufacturer’s
protocol and the absorbance measurements were scanned at A=562 nm (Fig. 4.3b). From
the calibration curve, it was calculated that 24.7 ug of anti-PEG antibodies was coupled
per 3 mg beads, which is in agreement with the loading capacity provided by the
manufacturer (5-10 pg/mg beads). With the obtained data for the antibody concentration
immobilized on the surface, the number of antibodies per magnetic bead is calculated to be
4.97x10s, where the surface coverage (foot print area; FPA) 25 of antibody molecule (r=3.5
nm) on the bead surface is estimated as 38.5 nmz, yielding a maximum attainable coverage
of 77%. In order to ascertain successful immobilization, Z-potential was measured before
and after labeling with antibodies. Due to the abundance —COOQOH groups on the surface,
the superparamagnetic beads possess a negative surface charge of -45 mV, which is
reduced to -32mV upon conjugation with antibodies (Fig. 4.3c). As indicated in Figure
4.3d, similar responses for ST-2 were obtained for magnetic bead antibody complexes

evaluated over a period of 1 year and 3 months (from September 2017 as prepared to
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December 2018), confirming their storage stability and the robustness of the proposed

methodology.
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Figure 4.3. FESEM image of Dyna magnetic beads (a), magnetic beads-antiPEG antibody
conjugate characterization by BCA (b), Z-potential of unconjugated and conjugated

superparamagnetic beads to anti PEG-antibodies (c), and storage stability (d).

In order to characterize the functionalization protocol and to optimize the ratio of peptides
to that of superparamagnetic beads, various concentrations of the peptide ranging from 50
nM to 1000 nM were incubated with a fixed concentration of anti-PEG functionalized
magnetic beads (104 beads/assay) followed by exposure to SAPE (1pg/mL) (Fig. 4.4a).
The observed difference of ~70% in the fluorescence intensity between the highest and the
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lowest peptide concentration confirms the validity of functionalization protocol. Figure
4.4a illustrate that a maximum fluorescence intensity of 1200 CPS is achieved with a
peptide concentration of 1000 nM suggesting that a densely packed layer of peptides is
formed on the beads. The relatively small fluorescence intensity difference (<10%)
between peptide concentrations of 500 and 1000 nM indicates saturation of antibody-
functionalized beads surfaces with the peptide, see inset Fig. 4.4a. It is worthwhile
emphasizing that the cleavage observed in ST-1 upon addition of BONT/A LC to beads
modified with different concentrations of peptide does not correlate with the degree of
immobilization, Fig. 4.4b. For example, the cleavages are significantly higher for the
particles modified with 100 and 300 nM of peptide compared to the concentration of
1000 nM, for which the cleavage is insignificant attributed to the steric hindrance inhibiting
the accessibility of the cleavage site at a high degree of immobilization. In order to
overcome the steric hindrance and the lack of sensitivity in ST-1, ST-2 was applied, which
shows better response compare to ST-1 as observed from Fig. 4.4c. The cleavage
percentage is presented as a normalized signal calculated by formula 1-(F/Fo), where F and
Fo are the fluorescence intensities at A=578 nm measured after and before substrate
digestion, respectively. As shown in Fig. 4.4c, a ~5-fold improvement in the degree of
cleavage by BoNT/A LC is observed at 100 nM with respect to the peptide concentration
of 1000 nM. Therefore, ST-2 strategy is adopted for the BONT/A LC assay development
with a peptide concentration of 100 nM.
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Figure 4.4. Evolution of fluorescence intensity upon functionalization of anti-PEG-
superparamagnetic beads with different concentrations of peptide labeled with SAPE (inset shows
integrated area from 550-610 nm (a). Normalized fluorescence signal for the peptide concentrations
of 1 uM, 300 and 100 nM spiked with BONT/A LC in buffer performed by ST-1 (b) and ST-2 (c),
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respectively. Optimization of the number of beads per assay (10s,104,103) were examined with
varying peptide concentrations (d). Normalized fluorescence signal for the peptide concentration
of 100 nM spiked with different concentrations of BONT/A LC carried out in triplicates for 3 days
according to the ST-2 (e).

Superparamagnetic beads possess a high surface to volume ratio (estimated to be SA/V=
492.6 cmz2/0.023 cms) enabling immobilization of a sufficient number of peptides, thereby
providing excellent fluorescence sensitivities even while operating with a low number of
beads. Therefore, the number of beads utilized per assay was optimized with respect to the
fluorescence responses. Wells containing 103, 104 and 105 beads were tested with peptide
concentrations of 50, 100, 500 nM while keeping the SAPE dye concentration constant
(1pg/mL) as shown in Fig. 4.4d. A fluorescence response of 900 CPS is obtained for the
peptide concentration of 500 nM and for 10s beads. The other two tested concentrations of
the beads (104 and 103), for the same peptide concentration, yield less fluorescence
intensity, 800 and 700 CPS, respectively. Figure 4.4d shows a 100 CPS difference in the
fluorescence intensity between the tested number of beads per assay at a peptide
concentration of 500 nM. This trend is also observed for peptide concentrations of 100 and
50 nM, confirming the consistency and the uniformity in degree of functionalization.
However, a peptide concentration of 50 nM generated a fluorescence signal that is too low
and thereby not favourable for the assay. Considering that the number of beads per assay
does not significantly influence the response, and since the peptide concentration of 100
nM has been optimized, 104 beads/assay that yield around 450 CPS fluorescence intensity

is chosen for further assay development.

4.3.3. Concentration dependent responses of the assay in buffer

The developed protocol is intended to exploit the proteolytic activity of BoNT/A for
monitoring the toxin contamination in relevant matrices. In order to simplify the detection
and to overcome tedious extraction of the toxin from complex matrices we employed the
described superparamagnetic beads for extraction of peptides captured via a high affinity
anti-PEG-PEG interaction. Therefore, the digested part of the peptide could be easily
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isolated from matrices by utilizing a magnet, thereby improving the reliability of the
responses. According to the ST-2 strategy, various concentrations of BONT/A LC (0.3, 0.5,
1.0, 2.0, 2.5, 5.0 and 10.0 nM) were added to the peptide without the superparamagnetic
beads and incubated for 5 h at 37 oC. As observed from Fig. 4.5a, the highest BONT/A LC
concentration could digest approximately 27% of peptide for the indicated period of time
(as compared to the control, that is without BONT/A LC). The LOD (Table 4.1) of the assay
is estimated to be 0.5 nM (25 ng/mL), based on the 3c rule, where ¢ is the standard
deviation of the control (black dotted line, Fig. 4.5a). Experiments repeated in triplicates
over 3 days yield similar assay responses, ascertaining reproducibility of the proposed
methodology (Fig. 4.4e). The relatively low catalytic efficiency of BONT/A LC (see 27%
above) is likely due to the peptide termini modifications, wherein a biotin group at C-
terminus could reduce the hydrolysis rate, as suggested by Dongxia Wang et al 2.
Furthermore, the utilized 17-mer peptide also might be too short for the successful
recognition and digestion (Kcat =28 s-1, kcat/Km= 0.019uM/sec) compared to the whole
SNAP-25 protein (Kcat=76 s-1, keat/ Km=2.3 UM/sec) 27. Enhancement in assay performances
could be achieved by overcoming the drawbacks associated with peptide design, for
instance, by introducing smaller probes at the peptide’s termini or by optimizing the amino

acid sequence near the cleavage site, see below.

4.3.4. Concentration dependent responses of assay in carrot juice and milk

As the proposed protocol was developed for potential on-site applications, it was eventually
verified with complex matrices such as carrot juice and milk. Figure 4.5b illustrates that the
assay response is ~40% lower for carrot juice samples spiked with BoNT/A LC followed
by serial dilutions in HEPES, as compared to that of responses obtained in buffer. This
lower assay response is most probably due to the matrix interferences considering that no
extensive clean up protocols were adopted. In order to understand the influence of the
sample matrix on the assay response, additional experiments were performed. For instance,
an additional 5-fold dilution of the sample matrix prior spiking with BoNT/A LC followed
by serial dilutions with HEPES buffer improves the assay response by ~25% compared to
that of BoNT/A LC directly spiked in non-diluted carrot juice, Fig. 4.5b. Since the
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additional dilution does not completely eliminate the interference to the same extent, carrot
juice was filtered through 0.45 pum and 0.22 um filters prior to spiking BoNT/A LC
followed by serial dilutions with HEPES buffer as mentioned above. Herein, the matrix
interferences, such as solid particles, fibres, proteins, etc. were significantly removed
leading to an improved peptide hydrolysis and fluorescence response by ~40% compared
to that of BONT/A LC spiked in non-diluted carrot juice. As observed from data and derived
standard deviations, the assay performance is influenced by matrix interferents, probably
in several ways such as constrained mobility of the toxin due to which the amount of the
digested substrate can vary in replicates causing the standard deviation to be larger. Another
possibility could be that substrates interact/or non-specifically bind with/to the matrix
interferents (e.g. carbohydrates, pigments, other proteins), due to which the less number of
substrates is exposed to the toxin for hydrolyzation, causing slight variations in assay
responses of the replicates. Furthermore, the assay response obtained is on par with the
response obtained in the buffer. After filtration and dilution of carrot juice the obtained
LOD is 0.5 nM. As for assay in diluted milk samples, the response diminishes by ~80%
with respect to the responses in buffer (Fig. 4.5c). It is worthwhile emphasizing that the
responses do not follow the same trend as in the carrot juice, despite a dilution of 5 times
prior spiking, confirming that the complexity of milk matrix significantly affects the
cleavage and the response signal. The lowest concentration detected in diluted milk is 20
nM (1 pg/mL), see Table 4.1.
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Figure 4.5. Normalized fluorescence signals for buffer (a), carrot juice (B), and milk (c) spiked
with BoNT/A LC. Data shown were collected after 5 h at 37,C. The 3c lines for LOD calculation

are shown in black dotted lines (a and b). Normalized fluorescence signal for buffer spiked with
BoNT/E LC, specificity test (d).

Table 4.1. Summary of LODs for the proposed protocol and the corresponding lethal doses in 200
and 100 mL of liquid (e.g. in milk supplement).

Lethal dose for an adult (65kg)  Lethal dose for a baby (5kg)

Sample LOD (ng/mL) in 200 mL in 100 mL
Buffer 25 ng/mL
Carrot juice 50 ng/mL 325 ng/mL 50 ng/mL.
Diluted milk 1 pg/mL
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4.3.5. Specificity of proposed protocol

To ensure that developed protocol and peptide design are specific to BONT/A, BoNT type
E was tested. The choice of type E was based on the fact that the SNAP-25 can be cleaved
by both types A and E in different positions, Q197-R19s and Ruso-l181, respectively. In this
study the C-terminus of SNAP25 protein (187-203) was used, designed in that way to
exclude the cleavage site for the type E. Anyway, the peptide sequence (Cys-PEGui-
SNKTRIDEANQRATKXK-Biotin) has a region containing a similar scissile bond (R-I) at
positions 191-192, herein, examined to be cleaved by type E LC. As speculated elsewhere
the type E is capable of cleaving only 17slDRIMEz1s3 due to the presence of Metis2 and
Aspi7gamino acids, which helps in docking and aligning the substrate as well as stabilizing
the substrate-BONT/E complexzs. In agreement to this, BoNT/E LC (at different
concentrations) was unable to cleave the substrate as shown in Fig. 4.5d (threshold is
presented with the black dashed line), confirming the specificity of the proposed assay for
BoNT/A.

4.3.6 Comparison of BONT assays

Table 4.2 summarizes the performance of some of the reported BoNT assays including
their advantages and disadvantages, and the samples matrices in which the assays were
performed. These assays provide an insight in to the unique challenges in the detection
process. In summary, the assay in complex food matrices remains challenging due to the
pH variations and interferences such as fat, protein, salt, presence of other proteases,
thereby reducing the assay sensitivity and specificity. The mouse bioassay has been used
successfully in various food matrices. However, the assay is time consuming, tedious and
expensive with the limited number of laboratories worldwide able to perform the test.
Compared to the mouse bioassay, ELISA is rapid and facile, however, tedious extraction
protocols are needed for reducing the influence of interfering components on the sensitivity
and specificity. The food matrix is also affecting the colorimetric LSPR and FRET-based
assays, where food pigments might interfere with the response thus diminishing the

sensitivity. Furthermore, pH and ionic strength are known to influence the fluorescence
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intensity of organic dyes (environmentally sensitive) as well as the aggregation behaviour
of plasmonic nanoparticles, thus compromising the overall performance of such assays.
Electrochemiluminescence is one promising alternative for rapid detection of BONT.
However, the disadvantage related to the electrode fouling by reagents and interfering
matrix components still diminishes the sensitivity. Herein, the proposed methodology, with
a simple dilution or filtration step, possesses huge potential to exclude tedious pre-
treatment protocols associated with matrix clean-up for on-site monitoring. Moreover, the
proposed methodology is cost effective, requiring very less reagents, which is crucial for
on-site applications. Furthermore, the proposed approach possesses the potential for
multiplexed detection of proteases, for instance, by attaching fluorophores with similar
excitation but distinctly different emission wavelength, to substrates that are specific to

various proteases for yielding distinguishable signal responses.

Table 4.2 Performance of BONT assays.

Assay LOD Sample (Assay Advantages Disadvantages
time)
Mouse bioassay29 10 pg/mL | food, serum, stool sensitive and expensive
(2-4 days) specific requires trained
detects the personnel and
active form of advanced
the toxin infrastructure
possess ethical
dilemma
ELISA30 10-104 inoculated canned cross reactivity
MLDso green beans and with
mushrooms (2 days) other interfering
molecules
DIG-ELISA1 60 pg/mL | buffer . inst.abili.ty of
- broccoli, orange antibodies
2ng/mL | juice, bottled water, | sensitive batch to batch
cola soft drinks, it is possible to variations of
vanilla extract, measure many antibodies
oregano, potato samples at the not able to
salad, apple juice, same time distinguish
meat products, and between active
dairy foods (>5 h) and
inactive form of
bacterial culture the toxin
ELISA-ELIC A 5-10 (>19h) tedious sample
pg/mL pre-treatment
protocols needed
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FRET-based assay buffer (2-3 h) sensitive and SNAP-25
33343536 17.5 buffer (30 min) specific physisorption is
ng/mL, apple juice, detects the unstable
1 fg/mL skimmed milk (30 active form of donor reabsorbs
100 fg/mL | min) the toxin emission
stability is photo-bleaching
achieved with over time
0.2 ng/mL | buffer (3 h) edc/nhs coupling | detects domain
2040 pM_ | buffer (5 min) (chemisorption) fqr r.eceptor
37.5 pM milk binding (HCR)
57.2 pM serum
LSPR-based assay 17,37 highly sensitive | sensitive to
5-250 buffer (3-4 h) detects the matrix
ng/mL active form of interferences
the toxin
low sample
volume
50 pg/mL  buffer (2-3 h) colorimetric
detection
Electrochemi- reproducibility
luminiscence 33 1-2 ng/mL | buffer, purified sensitive problems
toxin (2.5 h) inexpensive requires sensitive
device
to read the signal
sample pre-
treatment
required
Lateral flow assay39,40 buffer, milk, apple not able to
0.18-0.3 P Pl PR
juice, orange juice distinguish
ng/mL (25 min) between active
buffer, apple juice, | Sensitive and
orange easy to perform inactiw? form of
5.100 juice,whole/deffated | low sample the toxin
milk (10-15 min) | volume sample
ng/mL pretreatment is
required
Functional magnetic- detects the sensitive to
bead based assay (this active form of matrix
study) 25-50 buffer, carrot juice, | the toxin interferences in
ng/mL milk (6 h) easy to perform | milk sample
reproducible and
specific

Considering the extreme toxicity of BONT, detection of trace amounts of toxin is of critical
importance. In many cases, such sensitivity is achieved by affinity-based immunoassays
that also provide rapid responses. However, these affinity-based assays yield responses for
both the active and inactive forms of the toxin, potentially leading to false-positive results.
Furthermore, different serotypes might display varying affinities towards the capturing

antibody leading to false positive/negative results 41. Herein, a functional assay is proposed,
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that yields responses only for the active form of the toxin. Although the proposed assay is
more accurate in terms of detecting the active population of the protease it typically
compromises on sensitivity as compared to antibody-based assays. The lethal dose of the
toxin of 1ug/kg refers to 65 g of toxin for a person with a body weight of 65 kg, which
corresponds to 325 ng/mL for a sample volume of 200 mL. The obtained responses
illustrate that the proposed methodology yields a LOD lower than the lethal dose both in
buffer and carrot juice. Moreover, it should be noted that recombinant toxoids are known
to be less enzymatically active compared to that of the wild type due to the improper folding
in E.coli 42. Thus, the LOD can be enhanced by employing the native toxin as compared to
that of the light chain tested in this study, which provides an avenue for improving the
sensitivity of the proposed methodology. Furthermore, optimization of the amino acids in
the peptide sequence also can enhance sensitivity and reduce the assay time. For instance,
it has been reported that replacing lysine residues (K189, K201) with arginine residues (Q)
enhances hydrolysis as well as replacing glutamic acid (E194) with arginine (R) leads to a
better cleavage2s,43. Thus, identifying preferred amino acid residues in the peptide sequence
that will boost up the protease activity is of critical importance for assay development. For
instance, a recent report on substrate optimization for OmpT (a membrane bound protease)
using rationally designed peptide arrays and SAMDI-MS (Self-Assembled Monolayers for
matrix-assisted Laser Desorption/lonization mass spectrometry) yielded a peptide
sequence with a 400-fold better catalytic efficiency than that of the native sequencess. A
similar approach can be adopted for designing a peptide sequence for the BoNT/A LC
assay and for improving the LOD and assay time of the proposed methodology, which
constitutes our future studies. In summary, Figure 4.5 ascertains that the proposed protocol
utilizing superparamagnetic beads and a simple dilution step minimizes the influence of
the sample matrix on the assay performance. The false positives/negatives are diminished
by washing away the potential interferences from the sample matrix, including excess dye
and digested part of the substrate owing to the facile separation by superparamagnetic
beads with a magnet. Moreover, the use of robust peptides and assay protocol (ST-2) could
serve as an alternative approach for designing facile diagnostic tools for on-site screening

of food samples.
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4.4 Conclusion

This chapter investigates the first hypothesis by employing the synthetic peptide as a
recognition molecule to detect the activity of the toxin rather than its total concentration,
which is crucial for the evaluation of the toxicity levels in contaminated food. Furthermore,
determining the active versus inactive form of the toxin is critical for the precise diagnosis
in toxicosis. Additionally, the peptide used in this assay ensures specificity for the serotype
A as it precisely cleaves the peptide at the position Q—R mimicking the actual substrate
(SNAP 25). The magnetic bead-based methodology is adopted to facilitate detection in
complex matrices by washing away the sample matrix as well as excess reporter dye,
thereby improving the reliability of the responses. The reported sensitivity and assay time
are dependent only on the interaction between the peptide and BoNT/A LC as observed
with the adopted pre-cleavage strategy. Therefore, the assay sensitivity can be improved
by optimizing the peptide sequence and by exploring the other modifications of the
peptide’s termini to expedite digestion. The proposed protocol offers a facile and appealing
alternative for the detection of BoNT serotypes, with a possibility of multiplexed detection
of other proteolytic enzymes by rationally designing highly potent peptide substrates. Apart
from food screening, the proposed methodology is also applicable for environmental

monitoring and national security applications.
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Chapter 5

Paper-based visual detection of BONT/A

This chapter explains the possibility of transferring the solution based-
assay for the detection of BoNT/A (explained in chapter 4) to a paper-
based dipstick format. The developed assay is simple, specific, and for
on-site detection utilizing the peptide substrate, design specifically for
the botulinum type A, and magnetic-bead based methodology for fasil
matrix clean-up. The proposed functional LFA is targeting just active
forms of BoNT/A with yielded LOD of 2.5 nM (125 ng/mL). Further
improvement in LOD and visual detection was obtained after
amplification step (I nM; 50 ng/mL), and by increasing the digestion
time (0.1 nM; 5 ng/mL), supported by RGB (AE) analysis. The proposed
approach could be extended for detection of BONT serotypes and other
proteases in food matrices, upon utilizing appropriate substrates with

specific cleavage sites.

*This section is published as: Klisara, Nevena, et al. "Towards on-site visual detection of proteases in

food matrices." Analytica Chimica Acta (2019).
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5.1 Introduction

Early detection of toxic proteases and biomarkers is of critical importance in clinical
diagnosis, food safety and environmental monitoring in order to prevent outbreaks,
especially in resource-limited settings. Most of these methodologies reported so far are
time consuming, labour intensive and not suitable for on-site detection as they require
sophisticated instrumentations for analysis. Therefore, significant efforts have been
devoted to the development of assays/devices for on-site monitoring. For instance, lateral
flow assays (LFAS) have been explored owing to their rapid responses, simplicity to use

and affordability.

LFAs have been considered potentially useful for detection of viruses2, bacterias,
pesticidess, hormoness, toxinss, etc. Most of the commercially available and reported LFAS
are affinity-based assays7-10, involving antibodies that capture and recognize targets based
on their structure/epitopes rather than their functionality/activity. Since both the active and
inactive forms are captured by the antibodies, vital information on toxicity of proteases
cannot be deduced, thereby inhibiting a precise analysis. Efforts have been directed
towards developing LFA devices that yield responses only for active forms of proteases
using gold nanoparticles as reporter molecules for visual detectionii. However, assaying in
complex food matrices requires tedious lab based clean-up protocols that may not be

suitable for on-site applications.

In this study we developed functional lateral flow assay in the dipstick format for on-site
detection of BONT/A (proteases) based on magnetic beads as reporters. As in the previous
study, here as well, the magnetic beads serve as facilitators for sample matrix clean-up,
owing to their efficient magnetic separation properties. The proposed assay utilizes a
synthetic peptide (truncated C-terminus of the SNAP-25 protein (synaptosomal-associated
protein 25)) for BONT/A LC detection in food matrix.

A dipstick test comprises of a detection zone with capturing antiPEG antibodies and an

absorption pad. Briefly, the principle of the dipstick assay is based on specific cleavage of
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a peptide substrate and PEG-antiPEG interaction to form brownish test lines as shown in
Fig. 5.1. After cleavage of the substrate by BONT/LC A, SA-MBs are added to the sample
solution to separate both cleaved and un-cleaved substrates (without and with PEG,
respectively) from the sample matrix. Separation of complexes SA-MBs-substrate (cleaved
and un-cleaved) is performed using the magnet. Afterwards, the washing steps are carried
out to ensure the removal sample interferents removal and the isolation of complexes SA-
MBs-substrate is done by magnetic separation. Upon immersion of LFA dipstick into
isolated SA-MBs with cleaved and un-cleaved substrates, they migrate as complexes to the
test line via capillary forces. The PEGylated terminus of the un-cleaved substrate is
subsequently captured by the immobilized anti-PEG antibodies leading to accumulation of
SA-MBs on the test line and formation of brownish band that is readily visualized by
naked-eye. SA-MBs bound with cleaved substrate do not adsorb on the test line due to the
removal of PEG during the separation process. Therefore, higher concentrations of
BoNT/A LC in the sample matrix yield extensive cleavage of the substrate, resulting in a
test line of low contrast (light brownish color), whereas high contrast is observed in a
sample without BONT/LC A (control; dark brownish color), which is utilized as a reference
in the assay. Thus, the response is inversely proportional to the concentration of active
BoNT/A LC.

Unlike typical LFAs that yield responses for both active and inactive proteases, the
proposed approach yield responses only for active form of BoNT/A LC. Moreover,
utilization of magnetic beads substitutes tedious clean-up procedures of intricate samples
yielding a high-throughput and cost-effective on-site protease assay platform. The similar

set of magnetic beads were used for amplification to increase the contrast of the test line.
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Figure 5.1. Schematic of the dipstick for protease assaying in food matrices, illustrated using
BoNT/A LC as a model system.

5.2 Materials and reagents

Botulinum Toxin light chain A (BoNT/A LC, recombinant) was obtained from Toxogen
GmbH, Germany. Peptide sequence: Cys-PEG11-SNKTRIDEANQRATKXK-Biotin was
purchased from Mimotopes Pte Ltd, Australia. Streptavidin-magnetic beads (200 nm) and
Botulinum Toxin light chain E (BONT/E LC) were purchased from Creative Diagnostics,
USA. Maleimide-magnetic beads (150 nm) were purchased from Ocean Nanotech, San
Diego, USA. Anti-PEG antibody (Clone 09F02) was purchased from BioVision, Inc.
(California, US). Nitrocellulose (HF135MC100) and cellulose membranes were obtained
from EMD Millipore, US. Bovine serum albumin (BSA), HEPES buffer and PBS tablets
were purchased from Sigma-Aldrich (Singapore). Carrot juice was obtained from a local

market.

Protocols for biosensing using the dipstick, fabrication of dipstick test, RGB analysis,
optimization of signal amplification and specificity test are described in sections 3.3, 3.3.1,

3.3.2,3.3.3, and 3.3.4 respectively.

5.3 Results and discussion

5.3.1 Optimization of the assay performance
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A series of experiments relying on different concentrations of substrate and SA-MBs were
undertaken to optimize the assay performance. As illustrated in Fig. 5.2a, the desired colour
intensity of the test line for visual detection was determined based on evaluation of
responses for different concentrations of substrate (100, 50 and 10 nM) in combination
with different SA-MB concentrations (10, 20 and 30 pg/mL). Figure 5.2a illustrates that
visible brownish bands along the test line (the colour of accumulated SA-MBs) are
obtained for all the concentrations of substrate and SA-MB. The most distinct band is
recorded for the substrate concentration of 100 nM with the SA-MB concentrations of 30
Hg/mL. The test line intensity gradually decreases by reducing both the SA-MBs and
substrate concentrations. Although higher concentrations of both SA-MB and substrate
yield bands with better contrast, it is desirable to optimize the substrate concentration,
considering that a densely packed layer of peptides may have a negative impact on the
hydrolysis due to steric hindrance. Along this line, the series of experiments were
performed to optimize the substrate concentration according to the assay response (Fig.
5.2b). Herein, the concentrations of peptide (10, 50, 100 nM) were incubated with different
concentrations of BONT/A LC (0, 1, 2.5, 5, 10 nM) for 5 h at 37 oC, with the fixed
concentration of SA-MB (20 pg/mL). It could be observed that the colour intensity of the
test line reduces with increasing BoNT/A LC concentrations for the lowest peptide
concentration used (10 nM). On the other hand, by increasing the peptide concentration
(50 and 100 nM), the reduction in the colour intensity of the test line is less obvious. Most
probably higher coverages of substrate reduces the sensitivity and could prolong the assay
time. Additionally, reducing the amount of reagents such as peptide and SA-MB lowers
the overall cost of the assay. Thus, a substrate concentration of 10 nM and a SA-MBs
concentration of 20 pg/mL, that yielded a sufficiently sharp band (highlighted in red dashed
box, Fig. 5.2a) and show the best assay response (highlighted in red dotted box, Fig. 5.2b)

were utilized for assay development.
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Figure 5.2. Optimization of the substrate and SA-MBs concentrations (a), and optimization of the

substrate concentration based on the assay responses (b).

5.3.2 Concentration dependent responses of assay in buffer and carrot juice

Herein, we explored the performance of the dipstick assay in the buffer and carrot juice
spiked with different BONT/A LC concentrations (1, 2.5, 5, 10 nM) using the optimized
assay conditions (Fig. 5.3). Upon immersion of the dipstick in the buffer for 15 min, a
significant colour change of the test line as compared to the control line (0 nM BoNT/A
LC) is observed as shown in Fig. 5.3a (inset) for the highest test concentration of 10 nM.
For the BONT/A LC concentrations of 5 nM and 2.5 nM in buffer, reduction in colour
intensities is observed by naked eye compared to the intensity of the control line. Although
the visual intensity of the band for the lowest test concentration of 1 nM is less
distinguishable from the control line, differences in colour intensities are still readily
observed. In order to ascertain and quantify the difference in colour intensities between test
and control samples, RGB analysis was carried out using ImageJ software. Based on the
RGB analysis, the cleavage percentage was calculated as 1-(Lc/L), where Lc and L are the
luminance mean values for the control and test samples, respectively. The luminance
values (Fig. 5.3a) were calculated using a weighted average of red, green and blue
components using the eye sensitivity function (L=0.299R+0.587G+0.114B)12, where the
changes in G-green (e.g. in buffer, values change from 17.7 to 5.6 for 0 nM and 10 nM,
respectively) and B-blue (e.g. from 28.8 to 8.9 for 0 nM and 10 nM, respectively) values
are observed upon the addition of BoNT/A LC (Fig. 5.3b). According to the luminance
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results obtained for test lines in the buffer, approximately 70%, 60%, 35% and 13 % of the
substrate is digested by 10 nM, 5 nM, 2.5 nM and 1 nM, respectively, as compared to
control samples (Fig. 5.3a). The limit of detection (LOD) of the assay is estimated to be 1
nM (50 ng/mL) in buffer using 3c approach, where o is the standard deviation of the
control (black dashed line, Fig. 5.3a). In order to ensure reproducibility, three independent
assays were conducted. Furthermore, in order to confirm that the colour difference between
control and test lines are sufficiently distinct to be visually differentiated by human eye,
AE values were calculated according to the International Commission of Illumination
(CIE) 1976 algorithmis (a metric for understanding how the human eye perceives colour
difference). The AE value typically ranges from 0 to 100 with the experimentally
established perceptibility threshold value of 2. Thus, values below 2 are not considered to
be perceptible by the human eye. Figure 5.3c illustrates the values of AE are between 2.7
to 13.4 for the tested BONT/A LC concentrations (from 1 nM to 10 nM), suggesting that it
is feasible to differentiate the colour intensities of the test lines from the control line by the

naked eye.
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Figure 5.3. Visual detection of BoNT/A LC by dipstick in the buffer and carrot juice ((insets in
(a)) and the corresponding luminance values of the test lines at varying concentrations of BONT/A
LC (a), mean RGB values of test lines for responses in buffer and carrot juice (b), and mean AE

values of the test lines for responses in buffer and carrot juice (c).
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Since the assay is intended for on-site analysis of food matrices, the proposed dipstick
approach was subsequently evaluated for assaying BONT/A LC in carrot juice. The spiked
carrot juice with BONT/A LC was tested according to the protocol mentioned above. A
reduction in the colour intensities of the test lines is noticed for the concentrations of 10
nM, 5 nM and 2.5 nM and they are observable by naked eye, while for the lowest
concentration of 1 nM the reduction is less noticeable (Fig. 5.3b, inset). However, a
concentration dependent response is confirmed as illustrated in Fig. 5.3b based on the
luminance values, which concurs with the responses in buffer. The substrate appears to be
less digested (63%, 48%, 25 % and 2%, respectively) as compared to that in buffer, which
could be attributed to the interferences from the carrot juice sample matrix. Accordingly,
the LOD evaluated based on 3c approach is higher compared to that of LOD obtained in
buffer (2.5 nM; 125 ng/mL). Although, AE values (from 2.4 to 7.9) obtained in carrot juice
are lower compared to that of values obtained in buffer, they still enable naked eye
differentiation of colour intensities for BONT/A LC concentrations above 2.5 nM (Fig.
5.3¢).

5.3.3 Signal enhancement by employing similar magnetic beads

It is well known that the visual detection of LFA is constrained by the signal from labels
prompting approaches for signal amplification methodologiesi4. In this study, we have
attempted to improve the visual contrast of the SA-MB reporters accumulated on the test
line by attaching a larger amount of MBs to the unoccupied streptavidin on the reporter
SA-MB surface. In this way, SA-MBs as reporters carrying more magnetic beads
(enhancers) to the test line making it more visible for the naked eye detection. In this study
MAL-MBs, used for signal amplification, are coupled to SA-MBs (reporters) via biotin-
streptavidin interaction using the linker as illustrated in Fig. 5.4.
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for the amplification step.

Signal enhancement was optimized via several experiments, where different linker/peptide
concentrations (100 pL; 10 nM, 50 nM, 100 nM) were mixed with different MAL-MBs
concentrations (3 uL; 10 pg/mL, 20 pg/mL, 30 pg/mL, 50 pg/mL, 100 pg/mL), and
subsequently, the MAL-MB-linker complexes were added to system for the signal
amplification (Figs. 5.4 and 5.5). Most noticeable improvement in the colour intensity of
the test line is obtained by higher concentration of linker/peptide (100 nM and 50 nM) and
MAL-MBs (50 pg/mL and 100 pg/mL). Further, the intensity of the test line slightly
decreases by reducing the concentration of both reagents. Finally, the lowest linker/peptide
concentration (10 nM) and MAL-MBs (20 pg/mL and 10 pg/mL) did not yield bands with
significantly improved contrast compared to the control experiment. Among all
combination examined in this study, the volumes/concentrations of MAL-MBs (3 uL, 30
pg/mL) and the concentration of linker (100 pL; 100 nM) were chosen as optimized for

further experiments.
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Figure 5.5. Optimization of signal amplification process

In order to ascertain that amplification of signal (increased color intensity of the test line)
is due to the coupling of MAL-MBs to SA-MBs, rather than from non-specific binding to
the NC membrane or SA-MBs, control experiments are performed (Fig. 5.6). Herein,
MAL-MBs without the linker (which is required for coupling enhancer and reporter) (strip
number 2), and MAL-MBs coupled to a non-biotinylated linker via cysteine residue
(cannot react with the streptavidin on reporter molecules due to the lack of biotin molecule)
(strip number 3) were added in the amplification step according to the protocol (see section
3.3.3). It can be visually observed from Fig. 5.6 that there is no signal enhancement
compared to the control strip 1 (without MAL-MBs; without amplification step), which is
further supported by luminance values (17-19 AU). These observation confirm that the

amplification of signal of the test line is due to the coupling of MAL-MBs to SA-MBs via
biotinylated linker.
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Figure 5.6. Visual detection of the test line without amplification (1), with MAL-MBs without
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linker/peptide (2), and with MAL-MBs coupled to a non-biotinylated linker containing cysteine
residue (3).

Figure 5.7 represents the assay performance in buffer and carrot juice with the
amplification step according to the procedure described in the experimental section. As
observed from Fig. 5.7a, the intensities of test line bands obtained in buffer and carrot juice
appear darker by visual observation compared to the bands obtained in buffer and carrot
juice without signal amplification (insets in (Fig. 5.7a)). Figure 5.7a illustrates that higher
luminance values (e.g. 48 and 68 for the control test lines in the buffer and carrot juice,
respectively; Fig. 5.7a) are obtained compared to those without amplification (e.g. 15 and
19 for the control test lines in the buffer and carrot juice, respectively; Fig. 5.3a).
Additionally, RGB values (green and blue, Fig. 5.7b) show the same descending trend as
observed in experiments before amplification step (Fig. 5.3b). Furthermore higher AE
values upon amplification for responses both in buffer (from 9.7 to 46.9) and carrot juice
(from 10.3 to 34.6) ascertain better differentiation of colour intensities of test line by the
naked eye (Fig. 5.7¢). Additionally, the LOD is improved in buffer as well as in carrot
juice, where BONT/A LC can be detected at the concentration level of 1 nM (50 ng/mL) in
carrot juice (inset, Fig. 5.7a). Although the complexity of the assay is increasing with
amplification, the improved contrasts of the test bands (as measured by luminance)
facilitate visual detection (Fig. 5.7a). The improvement in visual detection, by a factor of
~5 based on AE values (e.g. from 2.4 to 10.3 before and after amplification, respectively
in carrot juice for 0 nM of BoNT/A LC), led to better LOD of the dipstick assay (1 nM; 50
ng/mL). The assay response could be further improved by optimizing the substrate
sequence, considering that a 17-mer substrate utilized in this study might be short for the
effective recognition and digestion by BoNT/A LC1s,16 as compared to SNAP-25 sequence.
Moreover, the improvement in assay performance related to the substrate design could be
achieved by optimizing conjugation molecules (e.g. PEG chain length) to avoid steric
hindrance introduced by the terminal modifications, thus providing a better accessibility to
the cleavage site, thereby enabling better hydrolysis. An optimized amplification strategy
in terms of reduced smearing of the test line that yield better contrast would also contribute

to improve visual perception and LOD.
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Figure 5.7. Visual detection of BONT/A LC by dipstick upon signal amplification in buffer and

carrot juice ((insets in (a)) and corresponding luminance values of the test lines at varying
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concentrations of BONT/A LC (a), mean RGB values of test lines for responses in buffer and carrot

juice, and mean AE values of the test lines for responses in buffer and carrot juice (b).

5.3.4 Signal enhancement by increasing digestion time

An alternative approach for improving the LOD of assay is to increase the digestion time.
Figure 5.8a (luminance and AE values) illustrates that BONT/A LC could be detected down
to 0.5 nM in both buffer and carrot juice, upon increasing the digestion time, for instance,
from 5 hto 12 h. The synergistic effect of the prolonged digestion and amplification further
improved the LOD by an order of magnitude (0.1 nM; 5 ng/mL) as shown in Fig. 5.8b.
Although the LOD can be improved by an order of magnitude upon amplification and by
increasing the digestion time, it is to be emphasized that the proposed assay yield a LOD
below the oral toxicity without amplification or prolonged digestion. The assay response
could be further improved by optimizing the substrate sequence, considering that a 17-mer
substrate utilized in this study might be short for the effective recognition and digestion by
BONT/A LCis,16 as compared to SNAP-25 sequence. Moreover, the improvement in assay
performance related to the substrate design could be achieved by optimizing conjugation
molecules (e.g. PEG chain length) to avoid steric hindrance introduced by the terminal
modifications, thus providing a better accessibility to the cleavage site, and enabling better
hydrolysis. An optimized amplification strategy in terms of reduced smearing of the test

line that yield better contrast would also contribute to improve visual perception and LOD.

5.3.5 Specificity test

In order to evaluate the specificity of this assay, response to BONT/E LC was evaluated
according to the assay protocol. Different concentrations of BONT/E LC were tested before
(ranging from 2.5 nM to 10 nM) and after (ranging from 0.5 nM to 10 nM) amplification
as shown in Fig. 5.9. It can be observed (both before and after amplification) visually as
well as from luminance values that substrate is not cleaved by BoNT/E LC. Therefore, the
proposed dipstick assay is specific for detection of BoNT/A. Detailed explanation on the

unsuccessful BONT/E LC cleavage is provided in Chapter 4.
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Figure 5.8. Assay performance characterized by luminance and AE values after 12 h of digestion

before amplification (a) and after amplification step (b).
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Figure 5.9. Assay performed with BoNT/E LC before (a) and after amplification (b).

5.4 Conclusion

This work demonstrate the feasibility of translating the solution-based detection (presented
in chapter 4) to the simple, naked-eye detection on the paper. Herein, a functional assay in
a LFA dipstick format is demonstrated for specific BONT/A detection in carrot juice. The
assay utilizes magnetic beads as reporters as well as main facilitators for sample clean-up.
The developed assay yields responses only for the active form of proteases, without using
expensive instruments, trained personnel, and long and tedious clean-up protocols. The
lowest concentration of BONT/A LC detected by the assay is 1 nM (50 ng/ mL), which is
further improved by signal amplification, especially in carrot juice. Additionally, the LOD
can be improved by an order of magnitude by combining the amplification step and
extended digestion. The proposed assay possesses a great potential for detection of other
BONT serotypes and other proteases upon utilizing appropriate substrates with specific
cleavage sites as well. Finally, the assay can yield potentially a multiplexed detection of
proteases in resource-limited settings.
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Chapter 6

Sorbents incorporated membrane based clean-up

This chapter focuses on development of the state of the art dipstick assay
capable of removing the matrix interferents while delivering the specific
and sensitive detection. The potential of sorbents (graphitized carbon
black) incorporated dipstick was evaluated for retention of matrix
interferents. Here, the sample matrix containing substrate flows
vertically through the GCB deposited clean-up sample pad of the
dipstick. The matrix interferents are captured on the sample pad, while
the substrate continues to flow through the conjugation pad and
subsequently is captured on the test line producing a pinkish band, which
was not visible in the absence of GCB incorporated sample. The dipstick
assay revealed a LOD of 0.1 nM (5 ng/mL) of BONT/A LC, both in buffer
and carrot juice, within 20 min. The reported membrane-based clean-up
integrated dipstick assay has a potential to be applied across wide range
of food matrices with the proper choice of sorbents, and in that way

exclude tedious sample pre-treatment protocols.

*This section is published as: Klisara, Nevena, et al. "Sorbent Incorporated Dipstick for Direct

Assaying of Proteases.”" Analytical and Bioanalytical Chemistry (2020).
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6.1 Introduction

Delivering of highly sensitive and specific dipstick/lateral flow assay for the on-site food
testing is a challenging task, mostly due to the complexity of sample matrices that affect
the overall assay performance. Therefore, removing the interferents from the sample matrix
would significantly improve the assay response. Food samples typically undergo pre-
treatment processes where the most commonly adopted techniques in food analysis are
liquid-liquid extraction (LLE), solid-phase extraction (SPE), solid phase micro-extraction,
and QUEChERS (Quick, Easy, Cheap, Effective, Rugged and Safe) technique1,2. Most of
these methods require laboratory facilities and a range of reagents and tools for removal of
interferents and extraction of analytes of interest prior analysis, which further prolong
detection time and limit on-site analysis. Apart from these techniques, treatment with
sorbent materials (zirconium dioxide-based sorbents, diatomaceous earth, aluminia,
florisil, PSA, GCB, C-18, Q-sep)s-7 has been reported to be very effective in removal of
interferences such as pigments, fatty acids, carbohydrates, proteins, etc., from various food
matrices. However, sorbents have been utilized in powder forms for treatment of liquid
samples followed by laboratory based pre-treatment protocols such as centrifugation or
filtration prior further analysis. Efforts have been devoted to utilize magnetic beadss-11 for
facile separation of analytes from the sample matrix, avoiding the centrifugation step and
sophisticated instruments. However, the magnetic bead-based approach is performed as an
external/additional step followed by washing off the matrix interferents. This process
involves several rinsing steps, which may significantly compromise the sensitivity in on-
site assaying, especially when performed by the end users. Membrane-based sample pre-
treatmenti2 have also been attempted by utilizing membranes with different morphology
(porous and nonporous), shapes (planar, tubes and sheets), surface areas, physical and
chemical properties as clean-up pads in LFAs for extraction and enrichment of analyteszs.
However, they might not be effective in the sample pre-treatment process as membranes
with small pore sizes are prone to fouling/clogging if the size of interferent molecules are
the same or/and smaller than that of the pores, thereby adversely affecting the flow rate.
On the other hand, membranes with wider pore size distribution may result in poor

separation performance. Furthermore, adsorption is an irreversible physiochemical
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interaction between molecules and the membrane surface, resulting in the formation of
molecule layers, which further obstruct the sample flow through the membrane by

changing the pore size density.

Food sample pre-treatment protocols are typically performed as additional (external) steps,
which account for 70-90% of overall assaying time. Besides, clean-up of food samples of
complex nature remains challenging task, and cannot be generalized due to the huge
variation in the content and the diversity of the various food matrices. Thus, different
agents, sorbents and their combinations need to be optimized for each category of food for
on-site analysis using LFA. Herein, | attempt to address this issue by delivering an on-site
membrane-based clean-up protocol using a dipstick incorporated with sorbents as active
compounds, which play a major role in retention of interferents while improving the assay
performance. Graphitized carbon black (GCB) is evaluated as the sorbent material for
membrane-based clean-up to yield a sensitive dipstick assay for on-site analysis of toxic

substances in food matrices (Fig. 6.1).

Carrot juice is used as the sample matrix for evaluation of GCB-incorporated membrane-
based clean-up, while Botulinum Neurotoxin A protease is used as a model target, due to
its extreme toxicity (1ng/kg - 1ug/kg)i4. Currently, most of the LFAs/dipsticks for assaying
of BONT/A protease and other proteases in food matrices are affinity-basedis-1s, where the
main drawbacks are the inability to differentiate between active and inactive forms of
toxins due to the affinity-based approach and the potential false positives due to the matrix
interferents. The proposed assay yields responses only for active form of proteases
accomplished by employing a peptide substrate that is specifically cleaved only by active
BoNT/A, thereby enabling precise detection, unlike the reported affinity-based assays.
Additionally, tedious laboratory-based sample pre-treatments are substituted with the
proposed sorbent incorporation approach, thereby diminishing the false positives. The
proposed dipstick configuration results in a shorter turnaround time for assaying and yields
LOD at nanomolar levels. The proposed assay could be customized for assaying of various
analytes in different food matrices by utilizing appropriate substrates and sorbents

incorporated within the membrane-based clean-up pad for retention of wide range of
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interferents. To the best of my knowledge, this is the first demonstration of a sorbent
incorporated membrane based clean-up approach for development of a specific and
sensitive dipstick/LFA.

a b
) ) Toxin conc. (nM)
0 0.1 10
— Absorption
Pad
Rt (VO R A E S 3
Sample Test line : J Reduction in the color intensity
Flow L
— Conjugation
Pad
[ ] R PO A ) SR A N
GCB-membrane | - . . l Retention of interferents
Clean-up — J_ """ T = | within GCB layers
— Contaminated K / \ / \ /
sample \ \Y \

Figure 6.1. Schematic illustration of the GCB-membrane based clean-up within dipstick assay (a).
Expected performance of dipstick assay in the contaminated sample matrix (carrot juice) for

increasing concentration of the toxin (b).

6.2 Materials and reagents

Botulinum Toxin light chain A (recombinant) was purchased from List Biological Labs,
Inc. USA. Botulinum Toxin light chain E (recombinant) was purchased from Creative
Diagnostics, USA. Peptide sequence: PEG11-SNKTRIDEANQRATKXK-Biotin was
purchased from Mimotopes Pte Ltd, Australia. Anti-PEG antibody (Clone 09F02), mouse
IgG3 was purchased from BioVision, Inc. (California, US). Europium-streptavidin (SA-
Eu) conjugates were purchased from Innova Biosciences (UK). Graphitized carbon black
(GCB), bovine serum albumin (BSA), HEPES buffer, and sinapic acid were purchased
from Sigma-Aldrich (Singapore). Nitrocellulose (HF135MC100), cellulose and Fusion 5
membranes were obtained from EMD Millipore, US. Carrot juice was obtained from a

local market.
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Protocols for the solution-based clean-up, membrane-based clean-up, GCB pattering on
the membrane, preparation of conjugation pad and fabrication of dipstick test are describe
in sections 3.4.1, 3.4.2, 3.4.3, 3.4.4, respectively. Characterizations of extracts after clean-
up by MALDI-ToF and HPLC are described in sections 3.5.2.2 and 3.5.5.1, respectively.

6.3 Results and Discussion

6.3.1 Principle of Assay

The test samples are incubated with Cys-PEG11-SNKTRIDEANQRATKXK-Biotin, a
peptide that contains a specific cleavage site for active forms of BONT/A LC, prior analysis
with the dipstick test. The principle of the proposed assay is based on capturing the sample
interferents (pigments, colorants, non-polar interferences) by GCB patterned on the sample
pad whilst the sample liquid, containing cleaved and un-cleaved peptides, is driven by
capillary forces towards the conjugation pad containing SA-Eu beads (reporter molecule,
pinkish color). Here, biotinylated peptides are labelled followed by their migration to the
test line via capillary forces. The PEGylated peptides (both cleaved and un-cleaved) binds
on the test line modified with antiPEG antibodies, forming pinkish test lines (accumulation
of SA-Eu beads; fluorescence detection) that are visible to naked eye. It is to be emphasized
that the cleaved peptide fragments do not absorb on the test line as they do not contain the
PEG terminal groups for binding to the anti-PEG antibodies on the test line. Therefore, in
the absence of BONT/A LC the dipstick assay will show a maximum color intensity of the
test line band. On the other hand, the intensity of test line band decreases with increasing
BoNT/A LC concentration. Therefore, the reduction of test line’s color intensity is

inversely proportional to the BONT/A LC concentration.

6.3.2 Efficiency of Sorbents in Solution-based Clean-up Process

In this study, carrot juice was used as a sample for evaluating the efficiency of sorbents
materials such as GCB, Q-sep (commercially available powder; a mixture of sorbents such
as PSA/GCB/MgS0O4 and C-18), PSA, and MgSOa in removing interferents. Firstly,
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individual sorbents and their combinations were studied in solution state in the presence of
acetonitrile (BONT/A LC spiked carrot juice) for evaluation of carrot juice clean-up (Fig.
6.2a). After addition of sorbents and subsequent centrifugation step, supernatants were
observed visually, where a colorless solution that confirms the removal of the pigment, was
obtained by using GCB in combination with MgSOQas (vial 6) and also with Q-sep sorbents
(vial 8). Additionally, GCB (vial 2), GCB in combination with PSA (vial 4), and GCB in
combination with PSA and MgSOa (vial 7) showed a potential in retaining the pigments.
However, the sorbent PSA was excluded from further studies since it negatively
affects/dissolves NC membranes, which would constrain the development of dipstick assay.
Finally, PSA (vial 1), MgSOs (vial 3) and their combination (vial 5) did not yield any
removal of pigments as observed visually, thus they were excluded from further studies as
well. A good removal of pigments in the vial 6 is observed as compared to the vial 2 due
to the ability of MgSOa in the presence of acetonitrile to absorb water and induce a phase
separation (organic/aqueous). In the absent of acetonitrile, GCB and its combination with
MgSOa did not show difference in removal of pigments, as observed visually (Fig. 6.2b).
Therefore, in further development of dipstick assay and choice of sorbents only GCB (vial
2) and Q-sep (vial 8) were used. Subsequently, MALDI-ToF characterization of vial 2 and
8 (Fig. 6.3 b and c) were performed to ascertain successful clean-up by a comparison with
the MALDI-ToF spectra of carrot juice before clean-up (Fig. 6.3a). Q-sep showed a better
clean-up efficacy concluded by the reduction/absence of peaks between m/z of 24000 and
52000 as compared to the GCB clean-up. This could be attributed to the fact that Q-Sep
contains a mixture of other sorbents including GCB, thereby possessing better capacity of
absorbing/removing different compounds from the sample. However, some of matrix
interferents remained after clean-up which can be concluded from the presence of peaks at
m/z of ~33 000, 34 000, 35 000, 43 000 and 50 000. Additionally, the presence of toxin in
the sample matrix after clean-up is revealed as a 25 kDa peak, which could not be observed
prior the sample clean-up due to the presence of matrix interferents. In order to ensure that
sorbents, GCB and Q-sep, will not retain peptides/substrates that are required for
generating the test line, while retaining the interferants, the recovery percentage is
estimated based on the HPLC data (Table 6.1, Fig. 6.4). It can be inferred from results that

124



Third set of results ... Chapter6
~90% of substrate still remains in extracts after clean-up, further providing the opportunity

to work with low substrate concentrations considering the minimal losses.

a)

Figure 6.2. Carrot juice treated with 8 different sorbent combinations: 1) PSA, 2) GCB, 3) MgS04,
4) PSA + GCB, 5) PSA + MgS04, 6) GCB + MgS04, 7) PSA +GCB + MgS04, and 8) Q-sep,
respectively (a). Clean-up of carrot juice with GCB (1) and GCB + MgSQa4 (2) in the absence of

acetonitrile, respectively (b).
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Figure 6.3. MALDI ToF analysis of carrot juice before clean-up (a) and after clean-up with Q-sep
(b) and GCB (c).
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Table 6.1. Clean-up process performed in solution and recovery calculated from HPLC
data.

Extraction of o
oeptide by Area under the peak Recovery (%)
GCB 29 481 91.9
Q-sep 29114 90.8
Buffer 32074 -
1000
™ 9007 Buffer GCB Q-sep
o 8007
C 7001
2 6007
g 5007
£ 4007
~ 3007
ol
100 20 30 40 S50 20 30 40 50 20 30 40 50
Time (min)

Figure 6.4. HPLC analysis of substrate recovery after clean-up with GCB and Q-sep sorbents,
respectively.

6.3.3 Efficiency of GCB-incorporated Membrane in Eliminating the Matrix Effects

Subsequently, GCB and Q-sep sorbents were examined in membrane-based clean-up. Here,
the deposition of GCB by dispenser was feasible due to its solubility in 0.1% SDS solution,
unlike Q-sep sorbent, in which their insoluble composition restrains deposition on the
membrane by dispenser. Therefore, in exploring the membrane based clean-up, GCB was
used as the chosen sorbent. GCB was patterned on the Fusion 5 membranes in a zebra-
configuration and subsequently evaluated as a sorbent for removal of pigments from carrot
juice. It can be noticed from Fig. 6.5a that pigments from carrot juice are more efficiently
retained with increasing the number (strip 3, Fig.6.5a) and the width (3 mm) of GCB layers
(strip 4, Fig. 6.5a) compared to the control strip (strip 1, without clean-up pad) and the strip
2 with one GCB layer. However, in order to maximize the retention of pigments, GCB was
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patterned on the other side of Fusion 5 membrane (strip 5, Fig. 6.5a). As observed visually,
less pigments are retained at an overlap of conjugation pad-NC membrane as well as on
the NC membrane itself (less orangish) compared to other strips. Subsequently, the
influence of the GCB incorporated membrane-based clean-up on the dipstick signal
response was evaluated with carrot juice (Fig. 6.5b, strip number 1 (1”) and 2 (2°)) and 10x
diluted carrot juice (Fig. 6.5b, strip number 3 (3”)). Without clean-up (strip 1, Fig. 6.5b),
pigments bind nonspecifically to anti-PEG antibodies immobilized on the test line
interfering with the assay response (strip 1°, Fig. 6.5b). However, integrating the sample
clean-up pad within dipstick assay helped in preventing the non-specific binding to the test
line (Fig. 6.5b, strip 2 and 3), and subsequently yielded a better visual response both in
carrot juice and 10x diluted carrot juice (Fig. 6.5b, strip 2” and 3°).

a 1 2 3 4 5 b1 2 3 1 2%

Retention of pigments‘:

~-1; on the test line. L

Retention of pigmentsi !
. 1

at the overlap. L

1.5 mm 3 mm 1
1
/
1

Figure 6.5. Efficiency of GCB incorporated Fusion 5 membrane in retaining the pigments from
carrot juice (strips: 1- no GCB; 2-one GCB line; 3- two GCB lines; 4- two GCB lines with incrased
width; and 5- GCB patterned on both sides of Fusion 5 membrane) (a). The fluorescence and visual
responses of test lines without clean- up (strip 1 and 1°) and with clean-up (strips: 2,2’- non diluted
carrot juice; 3, 3°- 10x diluted carrot juice) (b).

Retention of pigments within
GCB layers.
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6.3.4 Optimization of Releasing of Eu-beads From the Conjugation Pad

The visibility of test lines depends on types of reporter molecules as well as concentration
used for generating the visual response. However, the release of reporter molecules from
the conjugation pad affects the response signal as well. In order to obtain the best release
of SA-Eu beads from the conjugation pad (glass fiber; GF), two approaches were adopted.
First approach is based on the blocking of GF with different concentrations of BSA as
shown in Fig. 6.6. A very poor release of SA-Eu beads was noticed when the GF was not
blocked with BSA, compared to the GF before the release of SA-Eu beads. It can be noticed,
that a better release was achieved by blocking GF with BSA (1%, 2.5%) prior the
deposition of reporter molecules. In order to maximize discharge of SA-Eu beads from GF,
the second approach was performed. Here, the plasma treatment was used to increase the
surface hydrophilicity of GF and subsequently to facilitate the better flow of liquid sample
as well as the release of SA-Eu beads. Thus, plasma treated GF (0% BSA) showed better
release of SA-Eu beads compared to GF without plasma treatment (0% BSA). However,
the maximum discharge of SA-Eu beads was accomplished by the synergistic effect of
plasma treatment and BSA blockage (2.5%), observed visually and confirmed by SEM
analysis. As illustrated in Fig. 6.7, almost 100% of SA-Eu beads (observed as whitish spots
on fibers) are released (b) compared to the control (a). Thus, this optimized condition is

further used in subsequent experiments.

Without plasma treatment ~ With plasma treatment

Before release Blocked with BSA Blocked with BSA

0% 1% 2.5% 0% 1% 2.5%

Figure 6.6. Optimization of SA-Eu beads release from the conjugation pad using the BSA and

plasma treatment.
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a) GF before SA-Eu beads release b) GF after SA-Eu beads release

1,100 1Ppm WD Bmm , 100 1Ppm WD Bmm

Figure 6.7. SEM images of GF containing SA-Eu beads before (a) and after release (b).

6.3.5 Optimization of Assay Performance

To optimize the desired colour intensity of the test line for the visual inspection, different
concentrations of substrate (10, 100, and 1000 nM) in combination with different
concentrations of antiPEG antibodies (0.25, 0.5, and 1 mg/mL) at fixed SA-Eu beads
concertation (0.00125%) were examined, Fig. 6.8a. As illustrated in Fig. 6.8a, the distinct
pinkish test bands (accumulation of SA-Eu beads) are obtained for all substrate
concentrations at antiPEG antibody concentration of 1 mg/mL. On the other hand, the test
line intensity decreases by reducing the antibody concentration (0.5 mg/mL) for the highest
substrate concentration used (1000 nM), while the test lines are not generated or less visible
for the rest of examined combinations. However, reducing the substrate concentration can
boost up the sensitivity and reduce the digestion time considering that higher concentration
may negatively affect hydrolysis further concealing the toxin presence. Thus, a substrate
concertation of 10 nM that generated a sufficient visible band (1 mg/mL of antibody) was
utilized for assay development (Fig. 6.8a, red dashed box). Further, the assay response was
optimized based on the BoNT/A LC ability to cleave the substrate as a function of
temperature (Fig. 6.8b). Here, the digestion was performed at room temperature (RT) and

370C for 5 h, and subsequently responses were evaluated by dipstick assay. As inferred
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from the obtained results, BONT/A LC shows a better activity at 37 oC, where ~73% and
92% of presented substrates are cleaved by 5 nM and 10 nM, with the pinkish test lines
almost disappeared compared to the digestion at RT. For the digestion at RT, pinkish test
lines are still visible but less intense (~34% and ~50% of the cleaved substrates for 5 nM
and 10 nM of BoNT/A LC, respectively) compared to the control test line (in the absence
of BONT/A LC, 0 nM).
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Figure 6.8. Optimization of peptide and antibody concentration for the dipstick test (a).
Optimization of assay response based on the BoNT/A LC digestion ability as a function of

temperature (RT and 37.C) evaluated by luminance values and visual response (b).

6.3.6 Concentration Dependent Responses in Buffer and Carrot juice

The performance of optimized GCB incorporated dipstick assay was explored in the buffer

and carrot juice spiked with different BONT/A LC concentrations (0.1, 0.5, 1, 5, 10 nM).
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Upon 5 h digestion, the dipstick is immersed in the sample for 20 min, where the change
in the colour intensity of test lines is observed (Fig. 6.9a, inset). The best assay response
with fully disappearing test lines is noticed for the BoNT/A LC test concentrations of 10
nM and 5 nM compared to the intensity of control line (O nM), both in buffer and carrot
juice. For all the BoNT/A LC concentrations tested (1, 0.5, and 0.1 nM), the reduction in
colour intensity of test lines can be easily observed compared to the control line. In order
to quantitatively evaluate the concentration dependent responses and ascertain the
differences in the colour intensity of test lines, RGB analysis was performed using ImageJ
software. Luminance values were calculated to estimate the percentage of cleavage,
represented by 1-(L/Lc), where L and Lc are the luminance mean values for test samples
and the control sample, respectively (Fig. 6.9a). Luminance results reveal better digestion
in buffer, where approximately 78%, 65%, 58%, 55% and 33% of substrate is digested by
10, 5, 1, 0.5 and 0.1 nM, respectively, as compared to the digestion in carrot juice (73%,
63%, 57%, 35% and 11%, respectively). The limit of detection (LOD) in samples (buffer
and carrot juice) is estimated to be 0.1 nM (5 ng/mL), based on 3c approach, where o is
the standard deviation of the control (blacked dashed line, Fig. 6.9a). Furthermore, to
confirm that colour differences between test lines and control line are visually
distinguishable by human eye, AE values (typically ranges from 0 to 100) were calculated,
which represent a metric for understanding how the human eye perceives colour difference.
Figure 6.9b illustrates that the AE values ranges from 20 to 62 in the buffer, and from 12.6
to 43.6 in carrot juice for concentrations of 0.1 nM to 10 nM, respectively. Since the
established threshold value of AE for naked eye differentiation of colours is 2, the obtained
range of AE values suggests that colour intensities of the test lines can be differentiated

visually by the naked eye.
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Figure 6.9. Assay performance in buffer and carrot juice characterized by luminance values and
visually-insets (a), and by delta E values (b), respectively.

6.3.7 Specificity test

To ensure that developed dipstick test and peptide design are specific to BONT/A, BONT
type E was also tested. The choice of type E was based on the fact that the SNAP-25 can
be cleaved by both types A and E in different positions, Qi97-R19s and Ruiso-l1s1,
respectively. In this study the C-terminus of SNAP25 protein (187-203) was used, designed
in that way to exclude the cleavage site for the type E. Anyway, the peptide sequence (Cys-
PEG11-SNKTRIDEANQRATKXK-Biotin) has a region containing a similar scissile bond
(R-1) at positions 191-192, herein, examined to be cleaved by BoNT/E LC. As speculated
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elsewhere the type E is capable of cleaving only 17sIDRIME1s3 due to the presence of
Metis2 and Aspi7e amino acids, which helps in docking and aligning the substrate as well
as stabilizing the substrate-BoNT/E complexis. In agreement to this, BONT/E LC (at
different concentrations) was unable to cleave the substrate since there is no reduction in
luminance values as shown in Fig. 6.10 (threshold is presented with the black dashed line),

confirming the specificity of the proposed assay for BONT/A.
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Figure 6.10. Assay performance in buffer spiked with BoNT/E LC.

6.4 Conclusion

This study demonstrates a facile approach for on-site food analysis by merging state-of-
the-art sorbent incorporated membrane-based sample pre-treatment and detection of a
model target, BONT/A protease, within a dipstick assay. The effect of GCB incorporated
membrane on retention of interferents from carrot juice and dipstick assay responses were
optimized and studied. Assaying of carrot juice without clean-up was not possible since
the sample matrix interfered with the responses. However, GCB layers incorporated
membrane retained the interfering compounds (e.g. orangish pigments observed visually),
while protecting the test line from the non-specific binding and revealing the pinkish test
line observable by the naked eye. The dipstick assay was tested against BONT/A LC
protease, which yielded an LOD of 0.1 nM (5 ng/mL) both in buffer and carrot juice,
thereby enabling detection of target analytes at analytically relevant concentration levels.
The proposed dipstick assay with integrated membrane-based clean-up represents an

attractive alternative to the existing LFA/dipstick for the facile on-site detection in complex
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food matrices with no requirements for tedious and separate sample pre-treatment

protocols. Additionally, this proposed methodology can be generalized and applied for

assaying a wide range of food matrices with appropriate combinations of sorbents, and can

be used to detect other relevant analytes.
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Chapter 7

Membrane-based clean-up for solid and canned food

matrices

This chapter describes preliminary results for testing of solid and canned
complex food matrices with the developed dipstick assay and sorbent
incorporated membrane-based clean-up (Chapter 6). In this study
sausage and canned beans were examined as potential source of food-
borne botulism. Besides GCB sorbent used for the retention of matrix
interferents, Q-sep sorbent is utilized as well within dipstick assay. Based
on the assay performance and preliminary results, the dipstick assay
with developed clean-up GCB pad and Q-sep bulb/tip has a potential to

be applied for testing of solid and canned food matrices.
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7.1 Introduction

As discussed in chapter 6, the main limitations of LFA/dipstick assays are the poor
response and overall performance due to the various matrix interferentsi-a. In this chapter,
the emphasis is placed on testing the solid and canned food matrices with the developed
dipstick test in chapter 6. However, different food matrices contain different compounds
that could interfere in different ways with the assay performance (e.g. response, flow of the
liquid sample, binding to recognition molecules/reporter molecules/analyte, etc.), thus
requiring different sorbents for their removal. Therefore, in this study, besides the GCB

sorbent, Q-sep sorbent is examined as well.

7.2 Materials and reagents

Botulinum Toxin light chain A (recombinant) was purchased from List Biological Labs,
Inc. USA. Peptide sequence: PEG11-SNKTRIDEANQRATKXK-Biotin was purchased
from Mimotopes Pte Ltd, Australia. Anti-PEG antibody (Clone 09F02), mouse 1gG3 was
purchased from BioVision, Inc. (California, US). Europium-streptavidin (SA-Eu)
conjugates were purchased from Innova Biosciences (UK). Graphitized carbon black
(GCB), bovine serum albumin (BSA), and HEPES buffer were purchased from Sigma-
Aldrich (Singapore). Q-sep QUEChERS tubes for extraction clean-up were purchased from
RESTEK. Nitrocellulose (HF135MC100), cellulose and Fusion 5 membranes were
obtained from EMD Millipore, US. Carrot juice, sausage and canned beans were obtained

from a local supermarket.

7.3 Results and discussion
7.3.1 Performance of dipstick assay with canned and solid food

In this study, the performance of the GCB clean-up sample pad integrated within the
dipstick assay was examined with the solution from canned beans (1), canned beans (2)
and sausage (3), as shown in Fig. 7.1. For assaying with sausage, two different sample

spiking strategies were performed. In the first spiking, a surface of sausage (50 mg) was
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contaminated with different BONT/A LC concentrations (0, 10, 100, 500, 1000, and 2000
nM) followed by extraction with the working buffer (100 puL; HEPES + 0.1% BSA) for 30
min with the constant shaking, and subsequently the substrate was added to the supernatant
for digestion (5h/37°C). In the second spiking, BoNT/A LC was injected in the sausage
followed by extraction and digestion steps in the same way as described in the first spiking.
Upon digestion, the samples were evaluated with the dipstick assay. The poor digestion of
substrate in the sausage sample with the surface contamination and injection (Fig. 7.2a) is
most probably due to the poor extraction because of binding of the toxin to the sausage
solid matrix and other interferents as well. Therefore, concentration dependent responses
are not obtained for the lower BoNT/A LC concentrations (10, 100, 500 nM), whereas the
highest BONT/A LC concentrations of 1000 nM and 2000 nM can be detected as suggested
by luminance and AE values. In order to evaluate how different extraction protocols affect
the assay performance and the cleavage of substrate, a study involving the supernatant was
performed. Here, the sausage was cut in small pieces and that were subsequently soaked in
the working buffer for 30 min under constant shaking (allowing the extraction of matrix
interferents in the surrounding solution). Spiking the supernatant with different BONT/A
LC concentrations (final concentrations of 0.1, 1, 10 and 100 nM) was followed by
digestion. It can be observed from luminance values and visually (Fig. 7.2c, inset) that
concentration dependent responses are obtained suggesting a good digestion of substrate
by BoNT/A LC, further supporting the assumption that the poor digestion in sausage
samples mentioned above (Fig. 7.2 a,b) was due to BoNT/A LC binding to the sausage
solid matrix. On the other hand, it can be observed visually as well as from luminance
values (43 and 48 for control lines of sausage samples with surface contamination and
injection, respectively; Fig.7.2 a and b) that control test lines lacking the color intensity
compared to the control line obtained in the supernatant study (luminance values of 68;
Fig. 2c). This might be due to the loss of substrate that could interact with matrix
interferents and subsequently retained within GCB layers. Therefore, further optimization
of the sample extraction are required for the proper assay performance. For instance, one
possible solution could involve addition of surfactants in working/extraction buffer to
minimize the interaction with the sample matrix, extension of extraction time or increasing

the substrate concentrations in order to obtain better visible test lines.
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Figure 7.1. Food samples used in the assay testing: liquid of canned beans, mashed canned beans

(2), and sausage (3).
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Figure 7.2. Dipstick assay performance in sausage samples with surface contamination (a),

injection (b), and supernatant contamination (c) characterized by luminance and AE values.

In the case of assaying with canned beans, two samples were prepared. First sample was
prepared by meshing a bean (20 mg) into paste followed by addition of working buffer
(100 uL; vortexing) and by spiking of BONT/A LC (0, 0.1, 1, 10, 100 nM). The supernatant
was further incubated with substrate for digestion. Here, the concentration dependant
responses are obtained as depicted in Fig. 7.3 (confirmed by luminance and AE values),
further revealing that the matrix interferents from beans are less reactive towards the toxin
enabling the detection without any obstacles.
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Figure 7.3 Assay performance in canned beans (supernatant) spiked with different concentrations

of BONT/A LC characterized by luminance and AE values, respectively.
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The second sample was solution from the canned beans (Fig. 7.1). Here, the problems with
the dipstick assay performance was associated with the flow of sample liquid due to the
viscosity of beans solution. Even after dilution of 10x (Fig. 7.4) the wicking was too slow
requiring approx. 55 min to reach the adsorption pad and generate the test bands. Apart
from this issue, it can be observed that Eu-beads non-specifically bind along the NC
membrane constraining the visual evaluation of results. This is most probably due to the
non-efficient retention of matrix interferents by GCB, that move along the membranes and
interact with Eu-beads further resulting in non-specific binding. In order to overcome this
issue, Q-sep with better capacity in retaining the matrix interference (as discussed in the

chapter 6) can be examined as well as optimization of sample dilution.

Toxin concentration (nM)

-

OnM  100nM 10nM InM 0.1 nM

Test
line

Figure 7.4. Assay performance in 10x diluted solution from canned beans spiked with different
concentrations of BONT/A LC.

7.3.2 Evaluation of dipstick assay performance with Q-sep sorbent

Q-sep sorbent efficiency in retaining the matrix interferents (in the solution) was discussed
in the chapter 6. However, printing Q-sep on the Fusion 5 membranes was not possible due
to its composition, unlike GCB sorbent. Therefore, in order to use Q-sep within dipstick
test, the clean-up bulb/tip was fabricated consisting of plastic holder for Fusion 5
membranes and Q-sep sorbent, as shown in Fig. 7.5. Here, Q-sep sorbent was stacked in
between the Fusion 5 membranes to facilitate the sample flow through the clean-up
bulb/tip.
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Figure 7.5. Schematic illustration of the plastic bulb/tip for the clean-up consisting of Q-sep

sorbent stacked between Fusion 5 membranes and supported by the plastic holder.

Firstly, different amount of Q-sep sorbents was examined for the efficient retention of
pigments from carrot juice (Fig.7.6 a), where the best clean-up was accomplished by 20
mg of Q-sep sorbent which is in correspondence with the solution-based clean-up (chapter
6). Subsequently, the assay response was evaluated with carrot juice and 10x diluted carrot
juice (Fig. 7.6b), where the test lines are obtained confirming a good retention of pigments.
Since, the GCB incorporated dipstick assay demonstrated a good performance in carrot
juice (chapter 6), the Q-sep clean-up bulb/tip would be more necessary for other
problematic food samples such as canned beans solution. Thus, in order to evaluate if Q-
sep sorbent could be a better asset in the clean-up of canned food where the GCB
incorporated dipstick assay did not work properly, the beans solution was examined due to
the non-specific binding of Eu-beads which constrained the evaluation of responses as
shown in Fig. 7.4. In this study, with the Q-sep clean-up bulb/tip, it can be observed from
the Fig. 7.7 that there is very less amount of Eu-beads that bind non-specifically to the NC
membrane. Therefore, it can be inferred that Q-sep sorbent retaining more matrix
interferents compared to the GCB sorbent, further revealing the concentration dependent

responses as can be observed visually and confirmed by luminance values (Fig. 7.7).
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Figure 7.6. Evaluation of clean-up bulb/tip with Q-sep sorbent amount of 5, 10, and 20 mg for the

clean-up efficiency of carrot juice (a). Assay response in carrot juice and 10x diluted carrot juice,

respectively, using the clean-up bulb/tip.
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Figure 7.7. Assay performance in 10x diluted solution from canned beans spiked with different

concentrations of BONT/A LC using the clean-up bulb/tip for the matrix interferents retention

7.4 Conclusion

In this chapter, the performance of dipstick assay integrated with GCB clean-up sample
pad was examined with solid (sausage) and canned food (beans). The assay performance
in sausage was dependent on the sample extraction of the spiked toxin which is confirmed

by supernatant study where the concentration dependent responses were obtained.
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Additionally, assaying in mashed canned beans was without any obstacles, further
revealing the detection limit of 0.1 nM (5 ng/mL). However, the viscosity and content of
the beans solution affected the assay response. This is most probably due to the insufficient
retention of matrix interferents by GCB layers, which is overcome by fabricating the clean-
up bulb/tip with Q-sep sorbent that showed a better capacity in retaining the matrix
interferents, thus improving the assay performance. With further improvements in the
sample preparation/extraction procedures, the GCB and Q-sep bulb/tip clean-up integrated

within dipstick assay possess a potential to be tested with diverse food matrices.
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Chapter 8

Discussion and Future Work

In this chapter, a brief summary of discussed projects is presented,
including the major outcomes. Hypotheses raised for this research are
clarified based on the results presented in this thesis. At the end of the
chapter, the future work/directions to improve the assays performance
including synthesis of better substrate, more precise deposition of
antibodies, possible multiple detection of various proteases are

discussed.
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8.1 Research Summary

This thesis work was focused on developing and delivering sensing platforms for on-site
food safety monitoring to address the presence of active toxic proteases (in this study
BoNT/A) with high sensitivity and specificity in order to provide an early detection and
prevention of foodborne related diseases. Food testing capable of overcoming threads
related to food contaminations is a challenging task, mostly due to the complexity of
sample matrices that affect the overall assay performance. Therefore, in this thesis,
approaches to overcome time consuming and labour intensive sample pre-treatments were
explored. The sensing strategy of active BoNT/A (the only form related to foodborne
diseases) was based on cleaving the specifically designed substrate which ensures a good
specificity further enabling more precise detection compared to the conventional antibody-

based immunoassays.

In the chapter 4, the peptide (H2N-Cys-PEG11-SNKTRIDEANQ-RATK-NIe-K(Biotin)-
COOH) is successfully utilized in a MB-fluorescence based assay. Besides easy
manipulation and handling in food matrices, intended to minimize the interferences
associated with sample matrices, superparamagnetic beads with a high surface to volume
ratio enabled immobilization of a sufficient number of peptides, and provided good
sensitivity during operating with less number of beads. The obtained results revealed a
LOD of 0.5-1 nM (25 — 50 ng/mL) of active BONT/A in buffer and carrot juice, which is
below the lethal dose (1 pg/kg) supporting the first hypothesis of the thesis. Facile assay
protocol, robustness, cost-effectiveness, low sample volume requirements makes the
proposed protocol competitive in comparison with conventional immunological assays for

detection of proteases in food matrices.

In the chapter 5, the functional fluorescence magnetic bead-based assay in solution
(explained in chapter 4) was transferred to the dipstick assay. Assay responses (reduction
in the color intensity of test bands) for the BONT/A presence were validated with the naked
eye and quantitatively confirmed with RGB (AE) analysis. The sensitivity of proposed

approach (2.5 nM; 125 ng/mL) was improved by implementing the simple amplification
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step, which further enabled the detection at a concentration level of 1 nM (50 ng/mL).
Besides, the amplification step improved the contrast of test lines allowing a better visual
perception and easier naked-eye detection. This is the first study reported on the use of
magnetic beads in a dipstick format to detect activity of BONT/A LC in food matrices. The
proposed functional dipstick targets only the active form, and thereby enabling a more
precise analysis for preventing potential false-positives unlike typical affinity-based LFA
assay. Also, it can be potentially used to substitute the gold standard functional-based assay
— the mouse bioassayi. This sensing approach simplified the MB-based assay from chapter
4 by excluding the use of sophisticated instrument making the dipstick assay more
applicable for on-site assaying, which supports the second hypothesis. Furthermore, the
proposed dipstick approach does not require trained personnel, long and tedious clean-up
protocols, while being facile, robust, cost-effective and with low sample volume

requirements.

In the chapter 6, the functional dipstick assay for on-site analysis (chapter 5) was simplified
in terms of assay performance, sample clean-up, and the assay sensitivity was improved.
Here, GCB incorporated membrane (FUSION 5) for the retention of matrix interferents
was fabricated and subsequently integrated within the dipstick assay. Experimental results
indicate that GCB layers were efficient in retaining the matrix interferents e.g. pigments,
which was observed visually. Moreover, the assay performance was poor without sorbent
incorporated membrane-based sample pad, where the test lines were not visible since the
sample matrix interfered with the signal response. After successful removal of sample
matrix interferent, the dipstick assay revealed an order of magnitude better LOD (0.1 nM;
5 ng/mL) compared to the magnetic bead-based dipstick assay (chapter 4), which supports
the third hypothesis. Additionally, the proposed dipstick assay is merging extraction, clean-
up and pre-concentration step with sensitive fluorescence detection, thus simplifying the
previous protocol by excluding the external conjugation step, the use of magnet and
washing steps. The proposed dipstick assay with integrated membrane-based clean-up
represents an attractive alternative to the existing dipstick assays for the facile on-site
detection in complex food matrices with no requirements for tedious and separate sample

pre-treatment protocols.
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In the chapter 7, the functional dipstick assay for on-site analysis (developed in the chapter
6) was tested with solid (sausage) and canned food (beans) as a potential source of
botulism. Problems with assaying in the sausage samples were due to the poor extraction
of BoNT/A LC, which is confirmed with the supernatant study where the concentration
dependant responses are revealed. Additionally, the assay performance in beans was
without encountering any issues, unlike assaying in beans solution. Here, the assay
performance was poor due to the sample viscosity as well as poor retention of matrix
interferents by GCB layers. This issue was solved by fabricating the clean-up bulb/tip with
Q-sep sorbent (stacked between Fusion 5 membranes) that retain interferents more
efficiently. Finally, the developed functional dipstick assay can be potentially used across

a wide range of food matrices with a proper choice of sorbents and extraction protocols.

In conclusion, all developed assays possess a good sensitivity meeting the requirements for
analytically relevant levels, and excellent specificity for the targeted protease BoNT/A due
to the utilization of the specifically designed peptide substrate. The summary of main
features of developed assays is presented in Table 8.1. Proposed methodologies can be
generalized for other botulinum serotypes (B, C, D, E, F and G) and proteases such as
tetanus and anthrax by rationally designing peptide substrates. Besides on-site screening of
food samples, proposed methodologies can be applicable for the environmental, national
security monitoring as well as for biomedical application. However, further improvements
in assays performance in terms of reducing the total assay time and LODs in order to
achieve a better sensitivity as well as a potential multiplexing detection are discussed in

Future Outlook below.

Table 8.1. Performances of developed assays in the thesis.

Assay LOD Time Readout Easy-to-use

MB-fluorescence-based assay in solution 0.5-1 nM 6 h Instrument | @

Functional MB dipstick assay 1nM ~5h Naked-eye | ® @

Sorbent incorporated dipstick assay 0.1 nM 5h Naked-eye | @ @ @

152



Summary & Future Outlook . Chapter8
8.2 Future Outlook

As discussed, currently the total time required to perform assays is ~5-6h, mostly due to
the long digestion step. The longer digestion time was required in order to reach the LOD
below that of oral toxicity. This slow cleavage process might be due to the peptide substrate
or BoNT/A form used in this study. In order to reduce the digestion time while improving
the assay sensitivity, the optimization of new peptide sequences for BONT/A detection is
needed. By identifying and optimizing preferred amino acids residues in the peptide
sequence can boost up the BoNT/A activity which is of crucial importance for the assay
development. It has been reported elsewhere that substituting certain amino acids such as
lysine residues (K189, K201) with arginine residues (Q) and/or glutamic acid (E194) with
arginine (R) showed a better hydrolysis of the scissile bondz,3. The optimization of peptide
sequence can be done by rationally designing the peptide arrays by SAMDI-MS technique
(Self-Assembled Monolayers for matrix-assisted Laser Desorption/lonization mass
spectrometry)s. Briefly, SAMDI-MS is a label-free high through screening technique that
uses the self-assembled monolayers of alkane thiolates having the maleimide group in
order to immobilize various molecules with cysteine in an array format on the SAM surface.
The non-specific adsorption of proteins to the gold surface is prevented by tri(ethylene
glycol) groups, further ensuring proper analysis. After modification of alkane thiolates by
molecules, the technique detects the increase in the mass of alkane thiolates itself. This
technique provides the protease activity screening for a huge number of different peptides
in the short period of time using the mentioned high throughput assay format (Fig. 8.1).
The technique generates a heat map that provides information about peptides sequences
that are cleaved at a high catalytic rate (efficiency) by BoNT/A. With optimized peptide
sequence it can be feasible to detect BONT/A in more complex food matrices such as milk

which was not possible with the current one as shown in the chapter 4.
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Figure 8.1. Protease activity detection by SAMDI-MS technique and a heat map.

Additionally, the overall assay time can be reduced by excluding some of conjugation steps.
For instance, in ST-2 strategy (chapter 4), the labelling with SAPE dye as an additional
step of 30 min can be eliminated by synthesizing the peptide containing small dye molecule
in order to avoid the steric hindrance during the cleavage process. Apart from this, the
multiplexing is feasible by attaching fluorophores, having similar excitation, but distinctly
different emission wavelength to substrates that are specific to various proteases for

yielding distinguishable signal responses.

154



Summary & Future Outlook . Chapter8

In the chapter 5, the dipstick assay showed a good LOD and an obvious change of color
intensity of test lines, but as it has been mentioned broadening/smearing might adversely
affect the assay performance. The smearing of test bands might be attributed to the manual
deposition of antibodies on the test line, which can be overcome by using the LFA
dispenser. Additionally, the amplification step can be simplified by using more intense
contrast-rich labels embedded within the magnetic bead polystyrene layer, which could
contribute to the better LOD.

Also, fabrication of multiplexed dipstick test for the simultaneous detection of various
proteases would contribute to faster screen through many samples in a short period of time.
For instance, in chapter 4, this is possible by adding more test lines with immobilized
antibodies for capturing the corresponding terminus of substrates that are specific to
various proteases. On the other hand, in chapter 5, besides adding more test lines for
capturing the corresponding substrates, different fluorescent reporter molecules can be
attached. In chapter 5, besides adding more test lines for capturing the corresponding
substrates, different fluorescent reporter molecules can be utilized. This will give different

colorimetric responses for test lines according to tested proteases.

Finally, testing the assays with real contaminated samples (native toxin) is needed to find
out the assay performance. The obtained responses from real samples would be then
compared with current functional-based assays and the benchmark — mouse bioassay. The
aim of such a study will be to examine the false positives/negatives in order to evaluate the

real application for the verification laboratories and for on-site analysis.
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