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Abstract

Abstract

Waterborne pathogens related diseases are the major threats to public health worldwide.
They not only cause high levels of enormous morbidity and mortality losses but also
inflict great economic harm on human society. More challenges can be expected in the
future, as due to the increasing water scarcity, reuse or recovery of water is becoming
an important strategy. Proper assessment of pathogens on water and water quality
monitoring are the key procedures for waterborne pathogen infections prevention.
Chemiluminescent fibre optic biosensors emerge as the powerful tools for this purpose
attributed to their specificity, sensitivity, rapidity, cost-effectiveness, the possibility for
in-field operation and being user-friendly. This work focuses on the development of a
chemiluminescent fibre optic immunosensor (for detection of E. coli, as a fecal
indicator bacteria) and a genosensor (for detection of hepatitis A virus, as a common
RNA virus) which are fitted in a portable black box. The immunosensor is based on a
micro-ELISA procedure implemented on the end face of a fibre optic. A critical factor
that defines the sensing performance is the antibody immobilization on the fibre optic.
Silane-diazirine, as an effective photoinducible crosslinker, has been studied and
applied in this system. After optimization, it has shown superior adaptability over the
traditional chemiluminescent ELISA and a commonly used glutaraldehyde chemical
immobilization method in terms of lower detection limit and dynamic range. For the
genosensor, a set of sSDNA probes were designed and a sandwich-type hybridization
process was constructed. After optimization of the probes and the working conditions,
it has demonstrated the ability to work on both cDNA and RNA of HAV with a
relatively large signal/noise ratio and a good sensitivity. An excellent specificity was
also confirmed by screening with a broad range of other pathogen samples. The nucleic
acid probes method was also validated by optimized PCR and gPCR techniques. The
relatively affordable and dispatchable biosensor can be used in the early warning
monitoring for the putative presence of target pathogens either in an individual sample
screening or in continuous monitoring of the environment to indicate the need for

further investigation.
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in 1/100, 1/1000, 1/10000 and 1/100000. The control experiments are performed in the
1/1000 dilution.

Figure 5.4 The effect of addition of IPTG.

Figure 5.5 Calibration Curve of DPD2794 strain CFU counts against OD600 reading.

Figure 6.1 the florescence signal of the fibre optic pieces exposed under different
incubation temperatures: 1, 90 °C;2, 60 °C; 3, 30 °C; 4, 120 °C; and 5, no silane as

control.

Figure 6.2 The optimization of blocking conditions. The skim milk and BSA were

dissolved in PBST (0.1% v/v) solution in concentrations of 1%, 3%, 5% and 10% (w/v).

Figure 6.3 RLU immunoassay responses using two different UV light sources,
illuminating from 5 to 60 minutes. MAX 303 stands for a Xenon UV lamp emitting
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UV 365 represents an ENF-280C (8 W) hand-held UV lamp emitting light at 365 nm
with a power of 1090 pW/cm?.

Figure 6.4 RLU responses from the immunoassay and S/N values reported for each
silane and diazirine species combination illustrated on the right. The silane species
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Figure 7.1 DNA agarose gel from the conventional end-point PCR using Set 1 primers.
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and (B) are the products from the inner primers using PCR products from (A) as

templates. Water instead of cDNA was used as the negative control (N).

Figure 7.2 PCR and gPCR results from Set 2 primers. (A) Results of external PCR;
(B) Results of the internal PCR. In both pictures: Lane 1~ 10: DNA Ladder 100 bp;
HAV5 1.0 ng/uL; 0.1 ng/uL; 0.01 ng/uL; 0.001 ng/uL; 1.0 * 10* ng/pL; 1.0 * 107
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10-fold serial dilutions.

Figure 7.3 Optimized dot blot results showing: P (positive controls) the sensitivity of
the capture probe to its complementary sequence as the positive control. The
concentrations of the complementary sequence are labeled on the top; S & N (samples
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pH 8.1).
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at 40 °C for 1.5 hours.
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Figure 7.8 Optimization of the hybridization buffer: Church (0.5 M Na;HPO4, 0.5 M
NaH2POs, 1% (w/v) SDS and 10 mM EDTA, pH 7.5), Church + 1% (w/v) BSA, TBS
pH 7.4, PBS pH 7.4, 0.1% (v/v) PBST pH 7.4, TBS pH 7.4 + 1% (w/v) SDS + 10 mM
EDTA, Borax as in immobilization step + 1% (w/v) SDS + 10 mM EDTA.

Figure 7.9 Light responses to nucleic acid dilutions and controls. The linear range can
be visualized on the top right corner, by plotting the RLU values against the Ig values
of nucleic acid concentrations in pg/pl. The linear range was found to be 5 pg/ul to 10
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analyte concentrations, as represented by its form % . It was found to be 43948 for
A~™AB

cDNA and 23819 for RNA.

Figure 7.10 Specificity test covering a series of other pathogens’ cDNA or proteins.
The column chart shows the results from fibre optic genosensor, where the dashed line
represents the LDL (lower detection limit). The picture on the top right corner shows
the results from the dot blotting experiment. The aberrations are corresponding to the

names of the pathogens shown in the x-axis labels of the chart.

Figure 8.1 Chemiluminescence (CL) enhancement by: left, indirect detection ELISA,

and right, metal nanoparticles enhanced chemiluminescence (MECL).

Figure 8.2 Orientated antibody immobilization strategies: proteins A/G facilitated
immobilization; reaction of -NH2 functionalized surface and the -CHO bonds through
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thiol bonds from IgG cleavage.
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Chapter 1

Introduction

This chapter provides a rationale for the research, determines the goals
and scope and briefly outlines the structure of the dissertation. Waterborne
pathogen infections have placed tremendous health burden on human
society. The development of the portable detection tools makes it possible
for the in-field detection, providing faster and specific information, which
Is fundamental for researchers, decision-makers, and the community, to
take necessary actions to prevent waterborne pathogens infections and
outbreaks. A portable black box device, filled with a modified fibre optic
and a PMT, had been constructed as the concept of a chemiluminescent
fibre optic biosensor for several pathogens detections for the above
purpose. The thesis further addressed a few points to enhance the sensing
performance and expand the applications: would a new silane-diazirine
crosslinker be applicable for antibody immobilization and improve the
performance of the immunosensor? Would it be possible to integrate the
DNA hybridization system for HAV and how is the performance in the RNA
detection? The thesis utilized E. coli as a model target for the evaluation
of the immunosensor constructed by silane diazirine. The results showed
its ability in immobilizing the antibody and maintaining its immunoactivity
and the resulted immunosensor showed superior sensitivity in a
comparative study. On the other hand, the genosensor targeted at both the
cDNA and RNA of HAV. The results proved that the designed ssDNA
probes had been integrated onto the CFOB platform and performed the
sensing function to both cDNA and RNA of HAV after condition

optimization with good sensitivity and specificity.



Introduction Chapter 1

1.1  Background

Waterborne pathogens and related diseases are associated with 1.8 million human
deaths annually and frequent illness cases everyday including diarrhea, gastrointestinal
diseases and systematic illnesses 1. An economic loss of nearly 12 billion USD per year
worldwide has been estimated 2. 88% of that health burden is due to unsafe water supply,
sanitation and hygiene 3. Until 2015, there are still about 663 million people lacking
access to an improved source of drinking-water and nearly 2.4 billion people living
without access to adequate sanitation . It foresees more challenges for water supply
systems in the future brought by urbanization, climate change and population growth.
It is estimated that by 2025, half of the world’s population will be living in water-

stressed areas °, where reuse of waste water is becoming an important strategy.

On the side of continued efforts in improving water sanitation condition, the
development of proper waterborne pathogens detection techniques and tools is of
crucial importance in preventing waterborne pathogens infections and outbreaks. There
are 1407 species have been identified as waterborne pathogens including bacteria (538
species), viruses (208 types), parasitic protozoa (57 species), and several fungi and
helminths species °. Using non-pathogenic strains of E. coli as indicator bacteria is a
common water quality evaluation strategy which has been employed by many countries
and districts in the drinking and recreation water safety regulations 7. On the other hand,
there is still need of the identification of virus pathogens in relatively higher occurrence,
such as hepatitis A virus in the suspicious contaminated water. Most of the current
detection methods are performed in the laboratory, which involve heavy lab equipment,
well-trained personnel and usually a large time-commitment. Thus, this work aims at
the development of the chemiluminescent fibre optic immuno- and genosensors, to
serve as a portable, cheaper and user-friendly detection tool while maintaining the
reliability for the early warning purpose. In spite of the rapid expanding of the biosensor
field, there are still a few barriers that prevent the use of lab-developed biosensors in
the real-world: (i) difficulties in achieving specific and sensitive detection in complex
real environmental samples; (ii) difficulties in reducing the size and cost of certain
systems; and (iii) difficulties in improving the reliability of the system with novel

crosslinking methods 8.
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Based on the review of the related work in recent decades (Chapter 2), the author has
selected the chemiluminescent fibre optic biosensor (CFOB) as the basic model (in
Figure 1.1) for the thesis, which is a portable black box with dimensions of
350/250/200 mm. A fibre optic is fitted in the black box and the biosensing activities
happen at its modified end face (also called the near-end), including a micro sandwich
ELISA assay and a sandwich type nucleic acids hybridization procedure. Once the
completed structure is formed, the chemiluminescent light is generated through the
oxidization of luminol by HRP catalysis, then transmitted immediately by the fibre
optic through the total internal reflection (TIR) mechanism and finally detected by a
photomultiplier tube (PMT), which is also fitted inside the black box. The photon

detector is connected to a computer, where the light is digitalized and analyzed.

A few key points have been determined in the construction of the above CFOB: For
immuno-CFOS: (1) the immobilization of antibody on the solid phase of fibre optic; (2)
the optimization of the protocol to improve the S/N ratio and sensitivity. For geno-
CFOS: (1) the design of proper oligonucleotides probes and probes validation; (2)

integration of the probes into the CFOB environment.
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Figure 1.1 Construction of an immuno- or geno-CFOS.
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1.2 Hypothesis

Based on the problems and the reviewed previous work, the following hypotheses are

proposed under this project:

Hypothesis #1: An aliphatic silane diazirine can be used as a bifunctional crosslinker
to immobilize antibody in the aqueous buffer solution onto the fibre optic surface by
UV activation and maintain its immunoactivity. The hypothesis is based on the facts
that, upon UV activation at 340 - 370 nm, which is not harmful to the protein structures
at different levels, the diazirine molecule transforms to a carbene intermediate which
inserts into various chemical bonds on the side chains of the antibodies as illustrated in
Figure 1.2. The silane moiety on the other end is able to connect to the hydroxyl groups

on the silica-based fibre surface.

Hypothesis #2: The combination of the better stability and proximity of covalent
binding and the higher immobilization efficiency of the diazirine crosslinker will bring
higher sensitivity of an immuno-CFOS compared to the traditional 96-well ELISA
method and the immuno-CFOS constructed by glutaraldehyde silane method. The
hypothesis is based on the facts that, the covalent binding method used for capture
antibody immobilization on optical fibre is more stable and bring closer proximity of
the light signal generation than the physical absorption used in the 96-well ELISA
method. On the other hand, the carbene intermediates react with a broader range of
functional groups in a considerably shorter time than the chemical silane tails do, which

will lead to more efficient antibody binding.

Hypothesis #3: The sandwich structure formed by the NH2-modified 24 base sSDNA
capture probe, target sequence and the HRP-linked 24 base ssSDNA detection probe on
the end face of the fibre optic (shown in Figure 1.1) will enable the geno-CFOS to
perform the sensing ability to HAV cDNA and RNA in high specificity and sensitivity
due to the following suppositions: (1) the unique region of the HAV target sequence;
(2) the enhanced selectivity by the combination of two probes targeting at different
target regions, which makes the complementarity degree to 48 base-pairs, leading to a
stronger and more specific hybridization.
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Figure 1.2 Antibody immobilization mechanism of diazirine.
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Objectives and scope

This work targets at developing and improving the immuno- and geno-CFOSs for rapid,

sensitive and specific detections of E. coli and HAV respectively. To achieve this goal,

a few sub-objectives are established that are correlated to the specific work done in the

results chapters.

To synthesize silane-diazirine and to confirm its photoimmobilization ability of
antibody in aqueous conditions by UV activation.

To confirm that the immunoactivity of the antibody is maintained after the UV
induced immobilization by silane diazirine.

To explore the optimum diazirine functionalization route.

To optimize the immunosensor performance by selecting the type of diazirine
(aliphatic vs. aromatic) and the diazirine UV activation condition.

To evaluate the performance of the immuno-CFOS constructed by diazirine by (1)
the parameters in the calibration curves comparing with previous methods; (2) the
specificity test using polyclonal and monoclonal antibodies.

To design the ssSDNA probes and primers and to validate the sSDNA probes by the
traditional PCR-based method.

To explore the optimum immobilization and working conditions for the geno-CFOS.
To explore the genosensor performance by evaluating the calibration curves and

specificity.

The scope of the thesis includes: the device used in this project is based on the CFOB

concept as described in Figure 1.1. The chemiluminescent signal generation is based

on

the oxidation of luminol with the presence of HRP as a catalyst once the full

biostructure is formed. The fibre optic used is silica based fibre which transmits light
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via the total internal reflective (TIR) mechanism. The work in the project is mainly
performed on the tip of the fibre optic with a diameter of 400 pl, which is divided into
two major parts: in the immunosensor part, a new UV-induced capture antibody
immobilization method using silane diazirine crosslinker will be investigated from its
synthesis, functionalization conditions and efficiency. The target analyte is laboratory
E. coli strains. In the genosensor part, new probes targeting at the RNA and cDNA
sequences of HAV will be designed and integrated into the genosensor platform by a
series of optimization work. The final performances of the immuno- and geno-CFOSs

will be evaluated by the calibration curves and specificity tests.

1.4 Dissertation overview

This dissertation comprises of 8 chapters:

Chapter 1 presents the hypothesis, provides a rationale for the research and outlines the

objectives and scope.

Chapter 2 reviews the previous related work concerning environmental pathogens
monitoring, the current E. coli and HAV detection methods, immuno- and geno-CFOSs,
antibody immobilization methods, the working mechanism of diazirine and its

applications on protein-based molecule immobilization.

Chapter 3 discusses the strategy and rationale for materials and methods employed.

Experimental details can also be found in this section.

Chapter 4 elaborates the silane-diazirine synthesis and characterization, followed by

the confirmation of its antibody immobilization ability through UV activation.

Chapter 5 compares the two diazirine functionalization routes together with a few
selection work of the biological materials used.

Chapter 6 discusses the optimization of the protocol based on the optimum route from

Chapter 5 and devaluates the immunosensor performances.
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Chapter 7 presents the construction of genosensor for HAV detection including probe

design and validation, protocol optimization, sensor calibration and specificity

evaluation.

Chapter 8 concludes and summarizes the major findings of the project and suggests

future work. It also addresses the extent of the verification of the hypothesis and the

fulfillment of the designed targets.

1.5

Findings and outcomes/originality

This project has led to several novel outcomes by:

1.

Developing a diazirine-mediated antibody immobilization method on the silica-
based fibre optics in aqueous buffer.
Establishing an optimized sensitive chemiluminescent immuno-sensor for E. coli

cells detection.

3. Designing a set of sensitive and specific SSDNA probes targeting at HAV RNA
sequence.

4. Constructing a portable chemiluminescent genosensor for HAV detection.
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Chapter 2

Literature Review

The historical and contemporary work related to the scope of the thesis is
reviewed in this chapter. It first overviews the background information of
environmental monitoring and then goes to the details of waterborne
pathogens detection with the focus on the current detection methods of E.
coli and HAV. The third part starts with the background of biosensors, with
the key points of biosensors being addressed. The specific studies on the
immunosensor and the DNA-based array are then presented including the
technique development and a few examples of applications. The fourth part
reviews the immobilization techniques with emprise on the diazirine
method. At last, the gaps between the literature and the thesis are

established.
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2.1  Environmental monitoring

Urbanization, industrialization, and population growth are creating increasing burden
on the environment by resource consumption and concomitant pollutants deposition®.
Studies have shown that the expanding of human activities are greatly changing the air,
soil, water and biota in unexpected ways 23, which in turn lead to an increasing concern
in protecting the environment. The main attentions were focused on the concept of
environmental monitoring, which is the recurring and systematic measurement of the
physical, chemical and biological variables in order to reveal the current state and
establish trends in the environment. The results of the monitoring will be reviewed and
analyzed for the environmental impact assessments, particularly in the circumstances
where the human activities may carry harmful effects on the environment. This
information is fundamental for researchers, decision-makers, and the community, to
take necessary actions to preserve and sustain a healthy environment for future

generations.

Environmental monitoring is a very broad issue and it demands a multi-disciplinary
scientific effort. The monitoring programmes are generally implemented in four major
phases *:
1. Frame the problem: define the problems and clarify the objectives; develop a
conceptual model of the system and identify management policy action(s).
2. Design the monitoring actions: select and develop the data collection and analysis,
components based on 1.
Implement the monitoring and analysis the data

4. Learn to improve the monitoring process or revise 1, 2 and 3.

An inappropriate decision on the selection of the components or methods in any of the
above steps may lead to failure of the monitoring programme. One of the crucial
elements, which is also the focus of the thesis, is the development of the detection
method. The basic requirements for a good measurement should be repeatable, biased
and likely to produce a large number of zero values . Details in the selection of the
measurement methods will be discussed in the specific applications in the following

sections

10
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2.2  Waterborne pathogens monitoring

The environmental water monitoring is based on several guidelines that specify the
categories, species and the concentration limits of the determined pollutants. The water
hazard includes physical, chemical and biological properties changes and the presence
of health-risk contaminants #. The biological risk mainly comes from the waterborne
pathogens which have been identified into bacteria (538 species), viruses (208 types),

parasitic protozoa (57 species), and several fungi and helminths species °.

Currently, there is no single method able to collect and analyze a water sample for all
the pathogens of interest . The challenges of the detection methods such as differences
in physical properties between the major pathogen groups, low concentration of
pathogens and the presence of inhibitors from the sample ©. The culture based
techniques are most extensively used for pathogens detection in water are there are also
a number of molecular methods available including immunoassay and PCR-based

techniques.
2.2.1 E. coli detection

Escherichia coli (E. coli) is a gram-negative, facultatively anaerobic, rod-shaped,
coliform bacterium of the genus Escherichia that is a common inhabitant in the lower
part of the intestines of warm-blooded animals ’. Most E. coli strains are harmless and
are expelled into the environment within fecal matter. E. coli survives in water for 4 -
12 weeks, depending on environmental conditions (temperature, chemical contents and
microflora, etc.) 8. In many countries, drinking and recreation water safety regulations
are based on the presence of the fecal indicator bacteria °. Even not perfectly matching
the indicator criteria 8 non-pathogenic E.coli is still regarded as the most reliable
indicator as it was found to correlate better with the potential presence of its illness
strains like O157:H7 or other pathogens causing enteric disease &, and the detection

methods for E. coli are relatively easy and inexpensive °.

Despite the extensive use of culture-dependent detection methods, they are limited by
the low sensitivity, specificity and a large time-commitment to obtain reliable results
10, On the other hand, the immunoassay method, mainly ELISA, is easier, faster and

less expensive, hence it is generally performed before going into polymerase chain

11
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reaction (PCR) based methods '. Even though the lower detection limit (LDL) of
conventional ELISA for E. coli is generally in the range of 10° to 10" CFU/mI 2, various
modifications have been done to improve the sensitivity of the strategies based on the
ELISA principles: a functional nanoparticle-enhanced ELISA could detect 68 cells/mL
of E. coli 0157 : H7 *2; a combination of magnetic microparticles and AuNP method
gives detection limit of 10> CFU/mL of E. coli 0157:H7 3. Immunoarray-based
biosensor methods have also been noted: a paper striped chemiluminescent
immunosensor (LDL: 1 x 10 CFU/mL) *: an SPR detection using polyclonal and
monoclonal antibodies to E. coli O157:H7 (LDL: 10* CFU/mL) *°; an amperometric
immunosensor for the detection of E. coli (LDL: 10 CFU/ml) ®; an indirect optical
biosensor using anti-E. coli O157:H7 antibodies with fluorescent labeling (LDL: 360

cells/mL) ¥’
2.2.2 HAV detection

Hepatitis A virus (HAV) infection is responsible for around half of the total number of
hepatitis infections diagnosed worldwide 8, presenting a major public health problem
in many parts of the world *°. HAV is a virus classified in the Hepatovirus genus within
the Picornaviridae family 8. It is a nonenveloped virus containing a positive-sense,
single-stranded RNA genome of 7.5 kb which is polyadenylated at the 3" end and has
a polypeptide (VPg) attached to the 5’ end ?°. Studies show it has an estimated
infectious dose of 10 - 100 particles 8, HAV infection is a self-limiting disease 212,
The signs of infection usually don’t appear until a few weeks after exposures and in
most cases, resolve within six months. The symptoms may include: fatigue, nausea,
vomiting, abdominal discomfort, low-grade fever, joint pain and jaundice. The
symptoms are typically more severe in older children and adults than in children less
than six years old, in whom 70% of cases are asymptomatic 232, Although rare, cases
of acute liver failure and death may happen, particularly in the elderly and in patients
with pre-existing liver diseases 2 2°2°, In the environment, HAV can survive for more
than one month *° and is reported to be resistant to many physical and chemical
pressures 3%, This has enabled HAV to play a significant role in many outbreaks
worldwide 18-19:23. 25,27, 3638 \jjth 1.4 million new cases reported every year according

to World Health Organization ?2. In most cases, HAV is transmitted via the fecal-oral

12
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route 2> 3% mainly through ingestion of contaminated water and/or food, particularly

shellfish, fruits and salad .

In view of the morbidity and economic losses to human society, it is important to have
a fast, sensitive and reproducible preventive method for timely detection of HAV in
water and food samples. Traditional virus infectivity assays and immunoassays have
been found to be unsuitable for HAV detection as they require long incubation times
and the presence of virus in the samples is generally of limited quantity 2% 3°. Instead,
nucleic acid-based detection techniques have become the most popular methods for
HAYV detection due to their accuracy and sensitivity, such as with reverse transcriptase
polymerase chain reaction (RT-PCR) (LDL: 0.15PFU %), real-time quantitative PCR
(RT-qPCR) (LDL: 1PFU*; 0.05 infectious unit and 10 copies of a synthetic single-
stranded RNA*; 0.5 infectious units of HAV and 40 copies of a synthetic transcript *3;
HAV 5 x 102 TCIDsp g 1 **) or nested real-time quantitative PCR (LDL: 0.2 PFU *;
0.1 PFU “6; 1 TCIDs0/10 g *).

2.3 Biosensors

Biosensors are compact devices that integrate the bio-receptor and transducer to
provide selective analytical information of one or more target analyte *-*%. The modern
concept of a biosensor owns much to the idea of Leland C. Clark Jr., known as the
father of biosensors, and his co-workers in 1962 with the development of an enzyme-
based biosensor that monitored the blood glucose level by producing an electrical signal
%0 Since the invention of Clark, its simplicity, convenience and accuracy in detection
have drawn increasing attentions, resulting in a fast growth of biosensor research. There
are many ways that a biosensor can be used: qualitative (pregnancy lateral flow test),
quantitative or semi-quantitative (glucose level test or contaminations in food), can
either give trend information or accurate numbers, on which appropriate decision
making can be based °°2, Nowadays, a few biosensors for medical diagnosis, for
example, glucose and pregnancy tests are already commercialized with a huge market
potential %! Food, agriculture, medicine, environment and defense services are also
potential areas for commercial biosensors, where considerable academic research has
been concentrated 3. According to a recent market report, the global biosensor market
is estimated at USD 12.9 billion in 2014 and is expected to reach USD 22.5 billion by

13
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2020. Growing at a CAGR of 10.7%, optical biosensors, in particular, will likely

emerge as the fastest growing segment in the biosensor market by 2020 >4,

Although the biosensors have been refined in different ways during the recent decades,
the core of the working principle, as illustrated in Figure 2.1, remains the same: every
biosensor is composed of a bio-recognition element and a transducing element. The
bio-element interacts very specifically with certain substances through biochemical
mechanisms and the change of the biomolecule is subsequently transformed through
the transducer to a measurable signal, which has a given relationship with the
concentration of the target analyte . Biosensors can be classified according to the
transducing elements involved. Most of the transduction methods fall in one of the five
main categories: optical, gravimetric, piezoelectric, magnetic and electrochemical %'
Each type of biosensors cooperates with a variety of bio-entities which are specific to
the analyte of interest °. Another important issue in biosensor is the immobilization
method coupling the two components together, which is a key to its performance *°.
The most commonly used immobilization techniques are physical adsorption 8,
membrane entrapment %, matrix entrapment 861 inter molecular cross-linking ® and
covalent binding 6% Other factors that affect the biosensor function may be the
chemical and/or physical conditions (pH, ion strength, temperature and impurities),
thickness and stability of the materials 2,

Biosensor construction

Transducer: Bioreceptor:
Optical, Enzyme;
Magnetic; DNA;
Gravimetric; : Antigen;
Piezoelectric; : | Antibody;
Electrochemical. Aptamer.

Coupling method:
Physical adsorption and entrapment;

Signal Transducer Bioreceptor Sample o
Covalent; Inter-molecular cross-linking.

Figure 2.1 Working principles and the core elements of a biosensor.
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2.3.1 Fibre optic biosensors

As its name signifies, silica fibre optic biosensor is the type that utilizes silica-based
fibre optic as the transducer, which is a highly flexible, transparent, dielectric and hair-
thin strand. A fibre optic is mainly consisting of: (1) a glass (silica) core as the light
carrier; (2) a layer of glass cladding which limits the light rays in the core by total
internal reflection (TIR); (3) an outer jacket that protects the fiber from physical or
chemical damages during handling. The chemical and physical natures of the glass core
enable the immobilization of a variety of biospecific recognition elements onto the
surface including enzyme °, immunomolecules ®8%° microorganisms %" and DNA
probes 3 using a number of methods based on the appealing of different conditions,
allowing for various biological activities happening on the detection interface. Also,
during light propagation, the FO carrier is immune to the interferences coming from
electrical and magnetic sources or extreme environmental temperatures thus allowing
for remote detection . In addition, FO is particularly favoured for portable device
development due to its flexibility and the ability to be miniaturized 7.

2.3.2 Immuno-CFOS

The fibre optic immunosensor model proposed in this project as shown in Section 1.1
has been already applied for the detections of brucella cells ”®, cholera antitoxin ™,
dengue virus IgM antibody ®°, West Nile virus 1gG antibodies ’*, Ebola virus antibodies
78 Crimean-Congo Hemorrhagic fever 1gG antibodies ®, Rift Valley fever virus 1gG
antibodies " and ovarian and breast cancer-associated antigens autoantibodies &. The
immobilized capture agents were either the antigens or antibodies based on the
detection purpose and samples. Both the capture and detection can be in direct and
indirect formats. In these studies and applications, the FOISs generally have lower
detection limits and higher sensitivities than the traditional chemiluminescent or
colorimetric ELISA 8%, Within the FOISs, most of the capture agents are immobilized
through the silanes bearing various chemical reactive tails including —-CHO, —NHS,
epoxy and benzophenone groups, in which, the FOISs constructed by photoinducible

benzophenone crosslinking method showed better sensing ability 82,
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Table 2.1 Recent examples of DNA-hybridization array based biosensors

Target Signal Method LDL Ref
transduction
1 Influenza EC? ssDNA capture probe supported by a tetrahedral 100 fM 8
H7N9 nanostructure on gold electrode
2 Influenza EC combination of gold nanoparticles, graphene and 52 fM 84
H5N1 flower-like VS, modified glassy carbon electrode as
platform
3 Influenza EC AuNPs modified carbon electrode 0.1 pM 8
HIN1
4 Hepatitis B virus EC gold nanorods (AuNRs) as amplification element on 2pM 8
(HBV) gold electrode
5  Salmonella EC lable-free impedimetric detection on nanoporous 0.15 pM 87
glassy carbon electrode
6 Human papilloma EC graphene/Au nanorod/polythionine (G/Au NR/PT) 40.3fM 8
virus (HPV) modified glassy carbon electrode for signal
enhancement
7 Oral cancer EC combination of the nicking endonuclease assisted 0.35 pM 8
overexpressed 1 target recycling and the immobilization-free
(ORAOV1) electrochemistry as signal amplification method
8 Acute promyelocytic EC a dual-probe DNA biosensor taking advantage of Y 47 fM 90
leukemia (APL) junction structure and restriction endonuclease
assisted cyclic enzymatic amplification
9 Lung cancer cell FRETP combination of endonuclease Mscl and a single base 53aM o
(H460) extension reaction
10 Neisseria EC flower-like ZnO nanostructures modified platinized 5 ng/uL 92
meningitides silicon substrate
11 Mycobacterium EC template assisted electrochemical deposition 0.05 93
tuberculosis technique was used for the synthesis of gold ng/uL
nanotubes array
12 P53 tumor suppressor ECL® combination of amplification methods of nicking 0.02 fM o4
gene endonuclease assisted target recycling and
hyperbranched rolling circle amplification
13 Breast cancer ucLe Exolll-assisted target cycles and long-range self- 40 aM %
overexpressed c-erbB- assembly DNA concatamers as dual signal
2 oncogene amplification elements
14 Escherichia coli EC HRP-mimicking G-quadruplex/hemin DNAzyme 0.01nM %6
0157:H7 wrapped GOx nanocomposites as tag
15 Klebsiella EC AuNPs and graphene modified glassy carbon 0.2 pM o7
pneumoniae electrode
carbapenemase
(KPC)
16  Thermolabile EC single-walled carbon nanotubes—carboxyl- 72.1fM o8
hemolysin functionalized graphene oxide-based sensing platform
17 Human SERS® SERS-based lateral flow assay; colourimetry 0.24 9
immunodeficiency pg/mL
virus type 1 (HIV-1)
18  Erwinia carotovora liquid-crystal  liquid-crystal (LC)-filled transmission electron 0.05nM 100

Rhazictonia solani

microscopy (TEM) grid cell coated with the cationic
surfactant dodecyltrimethylammonium bromide
(DTAB)

a. EC (electrochemistry)

b. FRET (fluorescence resonance energy transfer)

c. ECL (electrochemilumin-escence)

d. UCL (upconversion luminescence)

e. SERS (surface-enhanced Raman scattering)
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2.3.3 DNA-hybridization array based biosensor

The specific DNA CFOB model shown in Section 1.1 has not been as extensively
studied yet except for a preliminary work on the DNA of Brettanomyces bruxellensis
73 the optimized condition has led to a satisfactory signal/noise ratio but the sensor
calibration is lacking. However, biosensors using DNA or RNA sequence hybridization
have been studied for pathogen detection in various platforms 91192, The well-known
specific hydrogen bonding behaviours between NA strands are the main working basis
of the DNA detection method. Because of such simplicity, and a sensitive and variable
technological foundation provided by the genomic sequences analysis, DNA
hybridization technique is even more frequently used in a diagnostic laboratory than
the direct sequencing method 1%, especially in the detection of pathogens and the

differentiation of genetic variations (Table 2.1).

In order to bring a high S/N ratio, there are also various factors should be well controlled
in the process including ionic strength, working temperature, sSSDNA probe sequence
design and concentration 1. The choice of the signal transducers should also be

carefully selected in order to adapt to specific applications 192,
2.3.4 Chemiluminescence as the signal generation mechanism

There are a few signal generation methods used for biosensors including fluorescence,
electrochemistry, electrochemiluminescence (ECL), chemiluminescence (CL),
colorimetry, surface plasmon resonance (SPR) and so on. The CL mechanism seems to
be the most suitable model to be incorporated with the fibre optic biosensor context due
to a few attractive advantages such as they working in the absence of a light source;
avoiding light scattering and the ability for trace analysis, which allow CL method
processing high sensitivity, wide calibration range, simplicity in instrument setup and

the possibility for miniaturization 10419,

The luminol-H2O> reaction mixture with HRP catalyst is the most widely used CL
mechanism. The chemical reaction yields 6-aminophthalate in a singlet excited state,
which emits photons at 425 nm during relaxation 1619 which are imaged or recorded
over a defined decay time between 1 s and some minutes by the use of a CCD camera

or a PMT 1%, The direct proportionality of the light intensity to the number of HRP is
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used for analytical purposes. The overall quantum yield of the CL reaction is 0.001 to
0.1 ' and can be enhanced by the use of p-iodophenol (PIP) 0 4-(1-
imidazolyl)phenol 1, or other p-phenol derivatives 2 and multi-HRP labels 3. A
constant, preferably relatively higher temperature must be maintained, as the change of
the temperature affects the diffusion coefficient of the reaction product and the activity

of the HRP enzyme thus leading to a variance of light signals 1411,

2.4 Immobilization strategies on fibre optic

One of the greatest challenges that define the performance of an optical fiber biosensor
is the immobilization of the receptor molecules onto the surface of fibre optic 882,
Covalent binding has been favoured in this context due to its stability, that the bonded
molecule is firmly attached to the proximity of the solid surface and therefore more

robust towards environmental and processing conditions ©’.
2.4.1 Silanization as a general method for surface activation

Silanization has been the most extensively employed surface activation procedure to
introduce a variety of reactive chemical groups onto the silica-based surfaces 7 &,
making them ready to accommodate the biomolecules of interests. Silanes are a group
of bifunctional coupling reagents as shown in Figure 2.2, with one end being
constituted by hydrolysable groups, usually 1~3 units of alkoxy or chloro groups, which
then form siloxane bonds with the hydroxyl groups on the fiber core surface; the other
end commonly bearing reactive chemical tails such as -SH, -CHO, -NH2, -COOH ©7: %

8 or epoxy ® which bind to biomolecules.

Several commonly used functional silane with respective chemical groups on antibody

backbones are presented in Table 2.2.

R R R, Ri: hydrolysable groups
R1’S\'/\/(,\)F/ ? 1} (-OEt, -OMe or -Cl)
n

Ry
Silane .
5 R,: functional groups
OH OH OH OH o 6 S0 oH (-SH, -CHO, -NH2,
SE—N S T -COOH, epoxy)
Solid surface Functionalized surface

Figure 2.2 Silane for crosslinking reactions.
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Table 2.2 Functional groups on antibody (Ab) backbones that are available for

crosslinking with functional tails of silane

Ab Functional Location and distribution React with silane
Groups tails (R2)
—NH: numerous lysine residues over the entire antibody, -CHO *'; epoxy
and the N-terminus of each polypeptide chain 116 118; NHS 119121,
-COOH ¢
-SH cysteine residues over the entire antibody (cycteins Maleimide 16 123,

are not as abundant as lysine '%); reduction from -SH **
disulfide bonds

-CHO carbohydrate residue after oxidation from Fc -NH’
region of 1gG
-COOH carboxyl-terminal EDC-NHS %

2.4.2 Photoinducible crosslinkers

Amongst many methods for covalent crosslinking on solid substrates, the group of
photoinducible crosslinkers have been favoured recently, such as aryl azides 26-1%®
benzophenone 8 129131 and diazirine moieties 132134, The major advantages of these
approaches are (1) the greater efficiency due to highly reactive activated intermediates
135 (which are nitrenes, ketyl radicals and carbenes, respectively, Figure 2.3); (2) the
much tidier procedures compared with the traditional chemical approaches %.
Furthermore, benzophenone and diazirines can be irradiated under longer UV
wavelengths 3 37 which is not harmful to the native structures or the biological
activities of protein-based biomolecules such as antibodies, some antigens and enzymes,

which are essential for the function of a bio-array *37-13°,

As an early attempt to make use of the photoinducible molecules as the crosslinkers on
a solid surface, silane-benzophenone hetero-crosslinkers were first synthesized and
characterized by Pruker and co-workers in 1999 ?° followed by a lot of work in
exploring their abilities in protein immobilization " 813! In a particular study on the
immobilization strategies of Brucella particles on optical fibers, it has shown a superior
adaptability over traditional covalent binding methods in the construction of
chemiluminescent immunosensors 2 by lowering detecting limit, improving sensitivity

and maintaining the function of biomolecules. Until now, the use of the diazirine

19



Literature Review Chapter 2

moieties as new members of PIC group in biosensors remains relatively unexplored 3"
140 Their most common utilization is in photoaffinity labeling in biological applications,
which have however suggested that it could be more effective than benzophenone in

photocrosslinking for solid surface fabrication 38-145,

+ N 0]
. N"N _
N~ NXN
Y SA® AR,
Arylazide Benzophenone Diazirine
’/iUV 250-350 nm UV > 320 nm _J'UV 330-370 nm
N o- N»

N : § .
© O O Ri” Ry

Nitrene Ketyl radical Carbene
Figure 2.3 Most common photoinducible crosslinkers and their active intermediate

under UV irradiation.

2.4.3 Diazirine for protein crosslinking

Being first synthesized in 1960 614" and their structures being confirmed in 1962 4
149 diazirines hadn’t gained too much attentions until they were identified as potential
photoprobes in the 1970s by Jeremy Knowles and co-workers 011, These three-
membered ring systems consist of two double bonded nitrogen atoms and an sp®
hybridized carbon 4. Highly reactive carbene can be easily generated with the
extrusion of one N2 molecule in the exposure of UV light at 330 - 370 nm 3’ which
not only reacts with C-H bond like benzophenone does, but also with O-H, N-H 37, X-
H (X = heteroatom) **® C=C and aromatic systems 3 (Figure 2.4) and thus expanding

the number of reactive sites on the target protein side chains.
2.4.3.1 Generation of carbene: molecular orbital explanation

During the formation of carbene upon excitation, the two ¢ bonds between the sp® C
atom and the two N atoms are broken and the two bonding electrons in each bond are
reallocated into the newly formed free N> molecule and the carbene. This process is

commonly explained by the orbital theories: in a ground state diazirine ring, the
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HOMOs are the two nonbonding orbitals from the nitrogen atoms, each of which
contains two electrons 2. Upon absorption of quantum at 330 - 370 nm, these electrons
are excited to the higher anti-bonding orbitals of the ring, decreasing the bond order
and causing partial dissociation of the two N-C bonds 1*3, Later relaxation of the excited
state results in a complete dissociation of a free N> molecule and the formation of a

carbene at the formally sp® carbon %3,

}H/\fN /4 " }%/\:

> R

330 - 370 nm
X
302 nm (C-H, O-H, S-H
N-H, C=C, aromatic)

N

- X

+ .

}g/\‘FN;N jl‘L/ﬁLY
R R

Figure 2.4 The general mechanism of diazirine-diazo isomerization, carbene

generation and insertion reactions.

2.4.3.2 Triplet and singlet carbenes

The photolysis of a diazirine may lead to the formation of two different states of
carbenes as shown in Figure 2.5: singlet, where the two electrons are spin-paired in
one orbital; and triplet, where the electrons are distributed in two different orbitals 1%,
The singlet carbenes are more advantageous for the purpose of crosslinking, because
they usually insert more rapidly (the rate constants are found to be 107 - 10° L mol™* s
1y with almost any type of bonds (O-H, C=C, aromatic and even C-H) in the near
proximity 1. However, triplet carbenes are believed to be the more stable states due to
the lower Coulombic repulsions between the two electrons (Hund’s law). The energy
gap between the two states was reported to be 8 to 10 kcal/mol 18, Some substituents
with electron donating nature are capable to reduce this energy gap by delocalizing their
electrons to the empty p orbitals, for example, methyl and phenyl groups can reduce
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the energy gap to 2 to 4 kcal/mol *>° with the triplet carbenes still being the ground state.
The small energy gap resulted in a rapid equilibration between the two carbene states
and the highly reactive singlet carbenes are predominant in most insertion process as

evidenced by a few studies involving aromatically substituted diazirine species 16016,

9 - =, 0
,5@ Jrjfr %% ,6@

Triplet Singlet

Figure 2.5 Orbital occupancy of triplet and singlet carbenes.

2.4.3.3 Carbene vs. diazo

Another important feature during the photo-irradiation is the non-inevitable
isomerization process which generates the linear diazo compound (Figure 2.6). Diazo
is much less reactive and with a much longer lifetime than a carbene, so it is not
favoured for the crosslinking purpose *. Some studies suggest a second boosting
irradiation at 302 nm as diazo is also able to generate carbene at this wavelength °,
which however is harmful to most protein or DNA based biomolecules thus not

practical in such conditions.

R1”. + -
. /—N—N
2 302nm
y/ Diazo \
R‘%ﬁj 330-370nm Rie., :
RS N o RQ/
Diazirine Carbene

Figure 2.6 Simplified scheme of the formation of diazo and carbene from a diazirine

compound.
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2.4.3.4 RIES mechanism

The diazirine mechanisms are still not thoroughly understood and studies have been
putting forward new theories in addition to the old ones # 162, Recent studies have
shown that the photolysis pathways lead to more complicated alkene products either by
1,2-H shift 163167 or 1,2-C shift 1 concerted with the loss of N2, indicating the existence
of other intermediates. Some proposals include carbene-alkene complex (CAC) and the
excited diazirine which undergoes rearrangement in the excited state (RIES) 3. The
latter condition is more convincing as being supported by both computational and
spectroscopic evidence **1. There are three possible types of non-radiative deactivation
of the excited state according to the studies including the formation of carbene,

formation of diazo and direct yield of alkenes 137, (Figure 2.7)

oz,
IES
/ Carbene \
H X hv H x 1 RIES
C CII _— C CII C CH
Rz N H2
Excited dlazmne / Alkene
, RIES
C C N>
R
Diazo

Figure 2.7 Pathways of diazirine RIES photolysis. The final product is an alkene
compound formed by diazirine species bearing a halogen group.

2.4.3.5 Aromatic vs. aliphatic diazirines

Typically, the relative ratio of the mentioned photolysis intermediates and products
depends on the nature of the substituents on the diazirine carbon center, with a general
trend that the aromatic substituents bringing more carbenes and more singlet carbenes
than aliphatic ones do 12 Furthermore, the incorporation of a -CFs group to an
aromatic diazirine is found to be more effective in preventing the generated carbene
from going rearrangement 18- Hence, the majority work of diazirine photolabeling

and immobilization were carried out by 3-aryl-3-(trifluoromethyl) diazirines 72,
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However, the large size of aromatic diazirine is not favoured during application 138-139
and its relatively more hydrophobic nature is not compatible with aqueous conditions
141" however, which is very important for macro-biomolecules to maintain their

structures and functions.

2.4.3.6 Application of diazirine in the immobilization of protein on solid support

The utilization of diazirine in biomolecule immobilization on solid phase support is
relatively less explored than benzophenone due to the facts that (1) the diazirine is
relatively a new member as the photocrosslinker and (2) the newly generated carbene
species can be quenched by water molecule if the target functional bonds are not present
in the molecular vicinity during the carbene lifetime in microsecond scale 4. Some
pioneer work has been done with a few biomolecules in various procedures, in the
context of this thesis, the research related to protein-based biomolecules, especially
antibodies are summarized in Table 2.3. In which, most of the procedures are carried
out by the trifluoromethyl-aryl-diazirine in dry conditions and the immobilized proteins
are the fragments of antibodies. The substrates include polystyrene, silicon, SiO2 and

carbon nanotube.

2.5  Thesis vs. literature
This section put the thesis in the literatures context and shows the awareness of the gaps.
2.5.1 Photoinducible silane diazirine vs. chemically activated silane

The common chemically activated silane immobilization strategies described in Section
2.4.1 and Table 2.2 bear a few drawbacks: (1) they only react to very limited numbers
of functional groups ¥, thus lowering the immobilization efficiency; (2) they are
usually subjected to a series of chemical treatments %8 which not only make the
procedure more complicated but also introduce more uncertainties that affect the
binding affinity 1>, The photoinducible silane diazirine approach is potentially able
to make up the mentioned deficiency due to the facile activation, short lifetime and

powerful insertion ability of the carbene intermediate.
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2.5.2 Diazirine vs. other PICs

Diazirines are in general more stable in the ambient environment and the activation
efficiency is higher than benzophenones -1, Comparing to azide, diazirine requires

longer UV wavelength which is transparent to biomolecules.

2.5.3 Silane diazirine vs. previous diazirine immobilization strategies

From the summary list in Table 2.3, it is noticed that, on one hand, the ability of
diazirine in protein-based biomolecules immobilization was confirmed. On the other
hand, most of the illumination processes were conducted in dry conditions to prevent
the quenching effect of water, which is not ideal for antibodies applications as there is
a high risk of denaturation. In addition, most of the applications utilized aromatic
diazirines. With a hydrophobic nature, it is not compatible with aqueous conditions.
However, a very recent work in enzyme immobilization on MWCNT/GC electrode
involved an aliphatic diazirine which is easily obtained from suppliers, and it was
conducted in aqueous condition 3, where the diazirine was integrated with pyrrole
which was then deposited on the solid surface by electropolymerization. This work has
inspired the concept of the combination of aliphatic diazirine and silane as a new and
more adaptable heterobifunctional crosslinker for the modification of silica optical
fibres. Furthermore, providing the sophisticated carbene mechanism described in
2.4.3.1 ~ 2.4.3.4, to what extent that the diazirine would serve its crosslinking function
remains to answer by the outcome of the project.

2.5.4 The immunosensor vs. current E. coli detection methods

The focus of the immunosensor is the development of a silane diazirine as a new
immunemolecules crosslinker and the evaluation of its efficiency by comparing with
common detection/ crosslinking method. The author expects that the results can help to
apply this method on the immobilization application of other protein-based
biomolecules. E. coli is selected as a model analyte as the materials are easily accessible

and the standard is well established.

Moreover, the application of biosensors in E. coli detection is becoming more popular

due to the simplicity, portability, accuracy and cost efficiency. Comparing with the
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reported methods in 2.2.1, the chemiluminescent fibre optic immunosensor is more
simply constructed and the optical mechanism is able to give quantitative results and is
generally more sensitive, by improving the immobilization method, the author hopes it
would further improve the sensitivity of a portable detection device.

Table 2.3 Applications of diazirine as a crosslinker for biomolecules

immobilization
Immobilized Methods Substrate Remarks Ref
biomolecules

1 anti-AFP%antibody;  T-BSA°mediated; polystyrene The immunologically activities remained 17
F(ab') and F(ab"), Dried condition. after UV exposure; BSA stabilized
fragments of anti- molecular cooperativity;

PSA? antibody

2 amino acids: Heterobifunctional polystyrene; Selective and oriented 77
synthetic peptide: crosslinker (MADY) glass photoimmobilization of Fab fragments
Anti-PSA F(ab"), mediated,; bearing thiol groups on solid support can
F(ab"), fragments. Dried condition. be achieved through various procedures

mediated by MAD heterocrosslinker.

3 anti-PSA whole Aryl-diazrine grafted silicon chips Immobilization of antibodies through %
antibody and F(ab")  silicon surface; aryl-diazirine grafted silicon surface is
fragments Dried condition. possible.

4 anti-PSA F(ab"), T-BSA mediated; TiO,/SiO; F(ab')2 fragments coverage on TiO,/Si0, "8
fragments Dried condition. waveguides surface is achieved by T-BSA mediated

method and retained immunoacitivity in
ELISA procedure

5  myoglobin, liposomes formed by liposomes Either the liposome nor the immobilized 179180
streptavidin, PED® in aqueous media. proteins were altered by UV irradiation.
trypsin, antibodies

6  PSA antibody sulfo-SDAD grafted on SiO,/Si The antibodies were successfully %

EGPAS-modified surface immobilized on the surface.

7 laccase, glucose NHS-diazirine derived MWCNT/GC" The enzyme was efficiently immobilized %

oxidase poly(pyrrole— electrode on the MWCNT, and the resulting
diazirine)films; amperometric biosensor exhibited high
aqueous solution spotted biological activities.

a. Anti-AFP (Anti-Alpha-Foetoprotein)

b. Anti-PSA (Anti-Prostate-Specific Antigen)

¢. T-BSA (Trifluoromethyl-aryl-diazirine functionalized BSA)

d. MAD (N-[m-[3-(trifluoromethyl)diazirin-3-yl]phenyl]-4-maleimidobutyramide)

e. PED (N'-(1,2-Dimyristoyl-sn-glycero-3-phosphoethyl)-N-[m-[3-(trifluoromethyl)diazirin-3-
yl]phenyl]thiourea)

f. Sulfo-SDAD (Sulfo-NHS-SS-Diazirine)

g. EPGA (Ethylene glycol protected amine)

h. MWCNT/GC (Multiwalled carbon nanotubes/glassy carbon)
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2.5.,5 The genosensor vs. current HAV detection methods

Despite the highly sensitive detection ability, PCR-based detection tools (2.2.2) are
limited by the requirement of heavy lab equipment, well-trained personnel, a relatively
high cost and sometimes being affected by the potential presence of the polymerase
inhibitors. To further improve the detection method in the potential field-operations,
which would be more effective for early warning, DNA fibre optic genosensors emerge
as a promising candidate attributed to their various attractive advantages: (1) they offer
the solid phase DNA probes, being highly specific, sensitive, cheap and easy to
synthesize; (2) the unique features of fibre optics provide the possibility for further
equipment miniaturization and offer the flexibility as a dispatchable tool for most sites;
(3) the absence for the need of PCR eliminates the usual inhibitive effect of polyphenol
compounds to DNA polymerases reactions; (4) it is independent of thermal-cycler

equipment and the operation is simpler hence not requiring well-trained lab personnel.
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Chapter 3

Experimental Methodology

Section 3.1 illustrates the rationale of the experiments based on the logic
flow to the hypotheses verification. Section 3.2 covers the overview of the
biosensor construction protocols used in this thesis. Section 3.3 describes
the details of the experiments and set-up in each results chapter. The
optimization, immobilization efficiency and the sensor performances are
determined by the RLU values in the black box operation as it provided
directly information on the final outcome caused by the experiments’
variables. The synthesis of the silane-diazirine molecules was confirmed
by the 1H and 13C NMR technique as they showed the unique peaks in the
products for identification purpose. The diazirine absorption was also
measured by UV-VIS spectrophotometer as it provided the direct
information on the wavelengths absorbed by the molecule which was
helpful in selecting the UV source. The surface characterization was
carried out by SEM-EDX as it enabled visualization and element analysis
of the fibre surface, monitoring the changes of the surface by each
treatment. In the genosensor part, the traditional gPCR was used as a
reference technique to validate the ssDNA probes and the dot-blotting
method was conducted first to confirm the hybridization of the designed
target.
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3.1 Rationale of strategy

The experiments were designed to verify the proposed hypotheses. The logic flow of
the strategy is illustrated in the following charts in Figure 3.2 and Figure 3.3. An
explanatory figure of the symbols appearing in the above logic charts is displayed in

Figure 3.1.

The preparations for the next

experiment or the predictions

that the next experiment is
—~«———| based on (the chapter)

The predictions that support the
hypothesis (the disassembly of
hypothesis) (the chapter)

The hypothesis or the
disassembly of the ~—

hypothesis The key information of the

experiments

The key information of the
experiments

Figure 3.1 An explanatory figure of the symbols appearing in the charts in Figure 3.2
and Figure 3.3.

3.2  Overview of the protocols

A black box developed by Prof. Robert S. Marks’ group (Ben-Gurion University of the
Negev, Beer Sheva, Israel) was used as the detection device and its general construction.
Its detection principle has been illustrated in Figure 1.1 in Chapter 1. Herein each step
of the surface modification is described for immuno- (Figure 3.4) and geno-(Figure
3.4) CFOSs. The major effort was put into the modification of the end face of the tip of
the fibre optic (SFS400/440/590/880B, Fiberguide), each fibre was cut into a piece of
35 cm in length, the near-end surface was ensured to be left smooth by a diamond cutter
(SADI-ATI, HCG400) and was washed with MeOH/HCI (1:1, v:v) for 20 minutes and
activated with piranha solution (30% H202: 95% H2SO4, 1:3, v/v). The later

modifications varied with the experiment objectives 2.

Note: The reagents for the common steps were labeled with the names and producers,
for alternative experiment steps or optimization experiments, the reagents’
names/recipes/structures and producers will be mentioned in the specific sections.
Unless noted, the same procedure uses the same reagent(s) and the details will not be

referred again.
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Figure 3.2 The logic chart for H1 and H2 and the experiments information of immuno-

CFOS construction in Chapter 4, 5 and 6.
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Figure 3.3 The logic chart for H3 and the experiments information of geno-CFOS

construction in Chapter 7.
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3.2.1 FO modification for immuno- CFOS: adapt ELISA onto FO

The protocol of the modification of the fibre optic for immuno- FOC is described in
Figure 3.4. The protocol is composed of 4 parts:

Surface functionalization: (1) Piranha activation; (2) Silanization using APTES
(Sigma); (3) Diazirine functionalization;

Capture antibody immobilization: (4) UV induced carbene generation and subsequent
antibody immobilization; (5) Blocking;

Analyte capture: (6) E. coli capture; (7) Detection antibody incubation;

Signal generation: (8) Substrate exposure that generates chemiluminescence (BioRad,
Clarity™ and Clarity Max™ Western ECL Blotting Substrates).

Alternative procedures in each step for optimization or comparison purpose will be

mentioned in specific sections.

—OH
1 —OH
—OH

—O,
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:8}3'\/\/NH2
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- \V
| Fibre surface \J( Detection Ab
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‘“’ Capture Ab & E. colicell i %
ﬁ Chemiluminescent light ! Dianion

Figure 3.4 Schematic illustration of the modification on the end surface of fibre optic

and the working mechanism of the immuno-CFOS for E. coli detection.
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3.2.2 FO modification for geno-CFOS: adapt DNA hybridization onto FO

The protocol of the modification of the fibre optic for geno-CFOS is described in
Figure 3.5. The protocol is composed of 5 parts:

Surface functionalization: (1) Piranha activation; (2) Silanization using epoxy silane
(Sigma); (3) Chemical treatments to convert epoxy to —CHO layer;

Capture probe immobilization: (4) Capture probe incubation; (5) Blocking;
Hybridization: (6) Hybridization of capture probe (immobilized on fibre tip), target
HAV cDNA or RNA sequence and detection probe;

HRP linkage: (7) Avidin-HRP (Sigma) linkage through avidin-biotin binding;

Signal generation: (8) Substrate exposure that generates chemiluminescence.

Each part having alternative procedures for optimization or comparison purpose will

be mentioned in specific sections.

3.3  Experimental details in each chapter

The major contributions of each chapter, experiment settings and rationales are

described in this part.

3.3.1 Synthesis and the proof-of-art for immobilization (Chapter 4)

Chapter 4 serves as proof of concept to confirm the antibody immobilization ability of
the silane diazirine. The objective of Chapter 4 is two-fold: to synthesize silane-
diazirine and to confirm the ability of silane diazirine to immobilize the antibodies in

aqueous conditions by UV activation.

3.3.1.1 Silane-diazirine synthesis

3-(3-methyl-3H-diazirin-3-yl)-N-(3-(triethoxysilyl)propyl)propanamide (silane-
diazirine) was synthesized by a coupling reaction between succinimidyl 4,4'-
azipentanoate (NHS-diazirine or SDA, Thermo Scientific Pierce; 4 X 50mg), and (3-
Aminopropyltriethoxysilane (APTES, Sigma; 208 ul) with Diisopropyl ethyl amine
(DIPEA, Sigma; 1:1wrt APTES) in anhydrous dimethyl sulfoxide (DMSO, Sigma; 5ml)
solution. The mixture was allowed to react in a glass vial covered with aluminum foil

with continuous mixing. TLC in DCM analysis was performed every 30 minutes until
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reaction completion. Vacuum distillation was done next to purify the silane-diazirine.
13C-NMR and 1H-NMR were conducted to confirm the successful synthesis (Bruker
400 MHz NMR spectrometer).
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Figure 3.5 Schematic illustration of the modification on the fibre optic and working
mechanism of the geno-FOCB for HAV detection.

3.3.1.2 Evaluating the ability of silane diazirine in HRP-1gG immobilization

The prepared silane-diazirine was dissolved in toluene (Sigma) at 1%, 5%, 10% (v/v)
concentrations and soaked with the piranha-activated near-end of fibre overnight. Then
the fibres were washed with toluene 2 times and 0.1% PBST (PBS (tablet from Sigma):
137 mM NaCl, 2.7 mM KCI and 10 mM phosphate buffer solution, pH 7.4 at 25 °C,;
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Tween 20 (Sigma), 0.1% v/v in PBS) for 3 times. Then the fibre was soaked in anti-E.
coli HRP-1gG (Virostat, 1004) solution PBS in 1/10, v/v. The photoimmobilization was
archived by UV irradiation from the far-end of the fibre for 15 minutes followed by
0.1% PBST washing for 5 times and the near-end of a single fibre optic was inserted
into a lightproof tube with 120 pl of peroxide buffer. Then 120 ul luminol solution was
added immediately before taking measurements by a photomultiplier tube (PMT)
detector (Sensetech) in a confined black box. 5 fibres were used for each treatment and
the signal for each fibre was recorded as an average of 10 readings after the signal
reached the maximum range. The light signal was interpreted as relative light unit
(RLU).

As the objective is only to confirm that the IgG is attached, only HRP-1gG instead of
the full ELISA structure was introduced on the modified platform. The S/N values were
used for evaluation, where the S values were from the fibres with diazirine treatment,
N values were from the fibres without diazirine treatment. Experiment groups utilized
the Max 303 Xenon light source (300 W) (Asahi Spectra) as the UV source with filters
at 340 - 370 nm and > 350 nm. Control groups included the ambient light condition and

dark condition.

3.3.1.3 UV-vis absorbance

The UV-vis absorbance of SDA solution was recorded by Lambda 950 UVVIS
spectrophotometer and presented by the software PerkinElmer UV WinLab. SDA was
dissolved in DMSO in the concentration of 0.5 mM, pure DMSO was used as a

reference.

3.3.1.4 Set-up optimization

The format of UV shining and the effect of the roughness of the far-end surface of fibre
optic were also optimized to improve the signal. The UV were shined in two formats:
one is shining directly at the near-end, by placing the bottom of the 200 ul PCR tube
with Ab solution and fibre near-end at 1 cm apart from the light source at an angle of
45°. The other way is shining through the fibre optic as the fibre is designed for light
transmission at 190 -1250 nm which includes the desired range. The shining lasted for

15 minutes.
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The next optimization is the roughness of the far-end. The smooth surface was obtained
by the same cutting procedure of the near-end. The rough surface was random cut by

SCissors.

3.3.2 Diazirine functionalization routes (Chapter 5)

Based on the outcome of Chapter 4, Chapter 5 went further to confirm that the
immunoactivity of the antibody is maintained after UV induced silane diazirine

immobilization and to explore the optimum diazirine functionalization route.

3.3.2.1 Diazirine functionalization routes for selection

In the route selection step, diazirine was deposited on the fibre near-end in two different
routes: Route A is the same as described in 3.3.1.2. Route B is shown in Figure 3.6,
where the fibre bundles were immersed in an APTES solution at 60 °C for 4 hours, then
washed with ethanol thrice and allowed to dry under N2 flow. Then the diazirine
solution was made by mixing SDA and DIPEA (mole ratio 1:1) in anhydrous DMSO
and stirred overnight in dark with the fibre optic bundles immersed in the mixture
solution. At the end of the reaction, fibres were taken out and rinsed with DMSO and
PBS and stored in PBS until use. In both routes, silane diazirine was in concentration
of 1% and 10% while amino silane was in the concertation of 1%, 10%, 50% and 100%

(v/v in toluene).

3.3.2.2 Two models for functionalization routes evaluation

Two models were used in the evaluation. The first one is the 1IgG-HRP model as in
3.3.1.2 with only 1gG-HRP being attached. The second model is the full ELISA model:
the fibre near-end deposited with diazirine was soaked in rabbit anti-E. coli polyclonal
IgG (capture antibody) (Virostat, 1001) solution in PBS (1:10, v/v). The
photoimmobilization was achieved by irradiation from the far-end of the fibre for 15
minutes, followed by a blocking step with 5% (w/v) skim milk solution in 0.1% PBST.
E. coli capture was performed by incubating with E. coli dilutions for 2 hours. Then the
fibre was immersed in anti-E. coli polyclonal HRP-1gG (Virostat, 1004) in the same

concentration and volume for 1 hour. The luminescence generation and recording
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followed the description in 3.3.1.2. The fibers were washed with 0.1% PBST thrice

between each step mentioned above and all the incubation steps took place at 37 °C.
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Figure 3.6 Diazirine functionalization routes.

3.3.2.3 Maintenance of the bacterial model analyte

Escherichia coli RM443 strain DPD2794 was pre-cultured overnight in DifcoTM
Luria-Bertani Broth (LB) at 37 °C and refreshed in LB with 0.5 mM IPTG for 2.5 hours

at 37 °C until it reached a logarithmic phase.

3.3.2.4 Supplementary experiments for diazirine functionalization route

comparison

Prior to the full ELISA assay in 3.3.2.2, a few supplementary experiments were
conducted to optimize the signal and prepare for the next experiments. Experiments in
3.3.2.4.1 to 3.3.2.4.3 were performed in 96-well ELISA plates (Nunc Maxisorp™
Microplate).

33241 Selection of bacteria strains and HRP-antibody

Different strains of E. coli bacteria process different serotypes 3 on the surface of the
cell membrane which are the target of specific antibodies. With the availability of the
E. coli strains in the lab, the following strains of DPD 2794 (derived from RM443 °
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which is originated from K-12 %), wild-type ATCC 25922 and B strain were compared
to select the most compatible strains in the antibodies system. The HRP-antibodies for
selection were from rabbit (Virostat 1004) and goat sources (Virostat 1094). The
selections were based on the conventional chemiluminescent ELISA method: Rabbit
anti-E. coli polyclonal 1gG was diluted in PBS solution in 1/50 volume ratio and 100
ul of the solution was placed into each relevant well in a 96-well Maxisorp™ plate
before incubating at 4 °C overnight. This was followed by a blocking step with 5% (w/v)
skim milk solution in 0.1% PBST. E. coli dilutions were added into respective wells
and the incubation took 2 hours to process. HRP modified anti-E. coli 1gG was then
added in the same volume and concentration as that of the capture antibody and allowed
to incubate for an additional 1 hour. 100 pl buffer and luminol solutions were added
separately and immediately before chemiluminescent recording by the Luminoskan™
Ascent Microplate Luminometer. The wells were washed with 0.1% PBST thrice
between each of the steps mentioned above and all the incubation steps took place at
37 °C. The final response and standard deviation of each array were calculated as an
average of the maximum readings of triplicate wells and the result was reported as
relative light unit (RLU).

The control groups include: without blocking, without capture Ab, without bacteria and
without HRP-1gG.

3.3.24.2 The effect of IPTG

Isopropyl-p-D-thiogalactoside (IPTG) is an effective inducer of protein expression in
the concentration range of 100 puM to 3.0 mM 5, the author noted that in a few
immunosensor-based E. coli detection methods, IPTG was added to promote the
immune interactions, so the effect of IPTG was also explored to improve the signal.
IPTG (Roche) was added to the refreshment incubation mixture in the concentrations

of 0.5 mM and 1 mM, 0 mM was for negative control.
3.3.24.3 The calibration of CFU of E. coli cells against the OD600 reading

The bacteria strain DPD 2794 was grown overnight in 10 ml LB medium supplemented
with 50 pl kanamycin in a rotary thermo-shaker at 120 rpm at 37°C. 100 ul overnight

culture was diluted with 10 ml LB medium without antibiotics and put in 37°C
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incubator. The OD600 reading and viability test were performed every 30 minutes
starting from the beginning of the refreshment. Triplet dropping 20 pl of each dilution
up to 10° was placed onto labeled area of agar plates (DifcoTM Luria-Bertani). The
number of colonies was counted in each dropping area after overnight culture at 37°C.

3.3.3 Immunosensor optimization and evaluation (Chapter 6)

Chapter 6 optimized the selected chemical modification route from the outcome of
Chapter 5, and the immunosensor to E. coli was evaluated based on the comparison
with conventional ELISA and another fibre optic immunosensor constructed by

glutaraldehyde crosslinker method.
3.3.3.1 Protocol optimization
3.3.3.1.1 APTES incubation temperature

The fibre optic silica core was exposed by stripping off the outer layers, and then cut
into 7 mm length pieces, washed by acid and activated by piranha solution. The fibre
pieces were then immersed in APTES for 4 hours at temperatures of 30 °C, 60 °C, 90
°C, 120 °C and 150 °C, followed by washing by DMSO and socking in 5 10-fold serial
DMSO dilutions with cyanine-3 NHS-ester (Lumiprobe, 3/1000, v/v) for 5 hours. The
fluorescent dye-functionalized fiber pieces were washed by sonicating in DMSO and
rinsed with DMSO. The fluorescent signal was recorded by fluorescence

spectrophotometer (Agilent, Cary Eclipse system).
33312 Irradiation light intensities and UV exposure time

Two kinds of UV sources were used and compared in this study according to the
recommendations of the product manual of SDA 7, one was a Max 303 Xenon light
source (300 W) (Asahi Spectra) (referred as MAX 303) capped with a single-band
bandpass filter (FF01-356/30-25, Semrock), the final UV output is in the range of 340
- 370 nm with a power of 200 mW/cm? measured at 365 nm and the other source was
the ENF-280C (8 W) hand-held UV lamp (referred as UV 365) at 365 nm with a power

of 1090 pW/cm?. The fibre near-end deposited with diazirine was soaked in antibody
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solution in PBS (1:10, v/v). The photoimmobilization was archived by irradiation from
the far-end of the fibre for 5, 10, 20, 30, 40, 50 and 60 minutes.

3.3.3.1.3 Different silane spacer arm lengths or(and) diazirine types

Four types of surface grafted with 4-atom and 7-atom silane and aliphatic and aromatic
diazirine were prepared and compared. They are referred as 4-Ali, 4-Ar, 7-Ali and 7-
Ar as described in Figure 3.7.

o
o —O._
OfSi/\\/\NJvX —o—si” ™~""N
o~ H N=N o H CF
4-Ali 4-Ar s
N=N
N=N
; IS Bk
O>Si/\\/\NH/\/NM *O;Si/\/\NH/\/
0 7-Ali o —0 7-Ar

Figure 3.7 Surface grafted with 4 or 7 atoms spacer arm silane with aliphatic or

aromatic diazirine.

Preparation of 4-atom silane covered surface was achieved by APTES modification at
90 °C.

Preparation of 7-atom silane covered surface. 7-atom silane coverage was formed by
the reaction between piranha activated fibre optic with  [3-(2-
Aminoethylamino)propyl]trimethoxysilane (Sigma) by immersing the near-end tip in

100% silane solution at 90 °C for 4 hours and rinsing with methanol and DMSO.

Preparation of 4-Ali and 7-Ali was achieved by the reaction between the -NH2 covered
fibre surface with SDA as described in 3.3.2.1 Route B.

Preparation of 4-Ar and 7-Ar. For introducing the aromatic diazirine onto the surface,
3-[4-(Bromomethyl)phenyl]-3-(trifluoromethyl)-3H-diazirine  (Ar-Dia, TCI) was
mixed with triethylamine (Sigma) mixture in DMSO in molar ratio of 1:181°, which is
allowed to react for 4 hours and the fibres were rinsed with DMSO and then PBS.
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3.3.3.2 Surface characterization by scanning electron microscope (SEM)

A surface analysis was carried out after each step of fibre modification shown in Figure
3.4. by scanning electron microscope (SEM) (JOEL JSM - 6360LV) equipped with
energy dispersive X - ray spectrometer (EDS). The image area was coated with gold

plasma at 20 mA for 60 seconds.
3.3.3.3 Evaluation of the immunosensor constructed by diazirine method

The calibration (including lower detection limit and dynamic range) and the specificity

of the immunosensor constructed by diazirine method were evaluated.
3.3.3.3.1 Maintenance of the bacterial model analyte and other antigens

Escherichia coli RM443 strain DPD2794 was pre-cultured overnight in LB medium at
37 °C before being incubated with 0.5 mM IPTG in fresh LB for 2.5 hours at 37 °C.
The refreshed culture was then made into a series of analyte dilutions with bacterial
concentrations ranging from 6.44 *108 CFU/mI down to an estimated 6.44 CFU/ml in
PBS solution containing 1% (w/v) skim milk. E. coli strains K-12, B and ATCC 25922
were prepared in the same condition. Salmonella enteritidis, Micrococcus luteus and
Staphylococcus aureus antigen samples were the bacteria culture diluted in PBS with
skim milk solution. Brucella was diluted from inactivated cell suspensions (Bio-Rad).
LPS from Vibrio cholera (Sigma), Hepatitis A VP3 antigen (Virostat) and Hepatitis B

e antigen (Virostat) were diluted in PBS with skim milk solution too.
3.3.33.2 Calibration

The calibration evaluation of the diazirine constructed immunosensor (referred as
FOBS-AmDia) was based on the comparison with the conventional 96-well
chemiluminescent ELISA (referred as CL-ELISA) and another immunosensor
constructed by a traditional glutaraldehyde crosslinking method (FOBS-AmDia) as
described in Figure 3.8
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Figure 3.8 Detection methods for comparison: from left to right: CL-ELISA, FOBS-
AmGIlu and FOBS-AmDia.

The CL-ELISA method was conducted as described in 3.3.2.4.

The FOBS-AmGIu method was conducted as described below: the APTES treated fibre
optic was soaked in PBS solution with 10% (v/v) glutaraldehyde (Sigma) solution while
stirring at room temperature for 2 hours and rinsed with DI water. Antibody
immobilization was achieved by overnight incubation with antibody PBS solutions at
4 °C followed by blocking with 5% skim milk at 40 °C and then incubating with 0.6
mM NaH3BCN (Sigma) solution to reduce any Schiff base.

The FOBS-AmGLu method followed the protocol in Figure 3.4 and was performed
following the optimized conditions.

The calibration curve was generated by plotting the RLU values against the
log(CFU/ml) values of the E. coli dilutions, from where the lower detection limit values
and dynamic ranges are extracted.

3.3.4 Genosensor construction (Chapter 7)

Chapter 7 aims at developing an HAV genosensor. The specific SSDNA probes were
designed and validated by the PCR/qPCR technique and integrated into the fibre optic
genosensor system. The conditions were optimized before the calibration curves

plotting for cONA and RNA and specificity test.
3.3.4.1 Microorganisms preparation

Samples of RNA extracted from pure cultures of HAV (HAV4, HAV5, HAV6) were

used to produce cDNA samples by reverse transcription (RiboClone® cDNA Synthesis
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System, Promega) and the concentration was recorded by NanoPhotometer® (Implen,
7122 version 2.3.1). HAV cDNA and norovirus cDNA were then used as a positive
sample and negative sample, respectively, in the probes optimization. DNA or RNA
strands or proteins extracted from bacterial and viral samples, Escherichia coli,
Campylobacter lari DSM 11375, Pseudomonas aeruginosa, Aeromonas sobria,
Listeria monocytogenes, Lactobacillus bulgaricus, Legionella pneumophila, Vibrio
14379, Lactococcus lactis, Morganella morganii, Proteus vulgaris, Bacillus subtilis,
Staphylococcus aureus Pseudomonas putida, Norovirus G1, Norovirus G2, Dengue

virus and South Bay virus, were used as negative controls in probes’ specificity test.
3.3.4.2 Oligonucleotide sequences

Primers for PCR and gPCR. Two sets of primers were designed by aligning sequences
retrieved from the NCBI online repository with the ClustalW software, optimized using
Primer3 ' and tested with the Primer-Blast tool.

Set 1: outer primers: (forward, 5’-ACTTGATACCTCACCGCCGTTTGC-3’) and
(reverse 5’-AGTCCTCCGGCGTTGAATGG-3’); inner primers: (forward 5°-
CGGGGTCAACTCCATTA-3’) and (reverse 5’-CGCCGCTGTTACCCTATCC-3’).
Set 2: outer primers: (forward 5’- GGACTTGATACCTCACCGCC-3') and (reverse 5’-
CAAACACCACATAAGGCCCCA-3". Inter primers: (forward 5-
GGGGTCAACTCCATGATTAGCA-3") and (reverse 5’-
GGTTTCACCCGTAGCCTACC-3).

Probes for dot blot and fibre optic biosensors. Oligonucleotide probes for HAV were
designed by aligning the selected regions of the HAV RNA sequence available from
GenBank. The oligonucleotides sequences were obtained from Integrated DNA
Technologies, Pte. Ltd. The first probe (capture probe) is a 24-base ssDNA sequence
(5’-TCTTAACAACTCACCAATATCCGC-3). For fibre optic biosensing, the 5’ end
was modified with a -NH. group with a 6-carbon spacer. For dot blotting, the 5* end
was labeled with digoxigenin. The 24-base second probe (detection probe) (5°-
CCAATTTAGACTCCTACAGCTCCA-3’), was modified with a biotin at the 3’ end.
A 24-base ssDNA complementary to the first probe was synthesized as the positive

control in the dot blotting test.
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3.3.4.3 Nested gPCR

PCR and qPCR conditions. The first run PCR, involving primers Set 2, was performed
according to the following steps: 1 cycle pre-denaturation at 95 °C for 2 min followed
by 30 cycles denaturation at 95 °C for 45 sec, annealing at 56 °C for 45 sec, extension
at 72 °C for 45 sec and finally 1 cycle of extension at 72 °C for 7 min. The reaction
mixture containing 1 pL template was used in a final volume of 50 pL with 1X
Colorless GoTagq® Reaction Buffer, 1.25 U GoTaq® G2 DNA Polymerase, 1 uL dNTP
mix (10 mM), and 1 pL of each primer (10 uM). Following PCR the product was

analyzed in a 1% (wi/v) agarose gel with a loading of 5ul of resulting synthesized DNA.

Several sets of 10-fold serial dilutions of the standardized cDNA were prepared to build
the gPCR standard curve using the following reaction conditions: 1 cycle activation at
95 °C for 2 min, followed by 40 cycles denaturation at 95 °C for 15 sec,
annealing/extension at 60 °C for 60 sec, and 1 cycle melt curve at 60-95 °C. The
reaction mixture consisted of GoTaq®gPCR Master Mix 1X, 1 pL each of HAVIF-274
and HAVIR-412 primers at 10 uM and 10 pL. DNA template from the first run.

3.3.4.4 Dot blotting

Synthetic sSDNA as the positive sample was used to test the probes. The target DNA
sequences were denatured in a thermal cycler (Biorad, T100) at 95 °C for 10 min, and
1 ul from each was spotted onto a positively charged nylon membrane (Sigma). RNA
samples were directly spotted without heating. The spotted membrane was exposed to
UV at 254 nm for 10 min to allow for nucleic acid cross-linking. The surface was pre-
hybridized in pre-warmed DIG Easy Hyb™ (Roche) buffer with shaking. Then it was
incubated overnight in 10 ml DIG Easy Hyb™ (Roche) buffer containing 10 pl
denatured dig-probe (68°C, 10min) at 35 °C. The membrane was washed twice with
SSC 2X with 0.1% (w/v) SDS for 5 min, twice with SSC 0.5X with 0.1% (w/v) SDS
for 15 min, and once with 1X washing buffer (Roche) for 5 min. Then it was blocked
using 10 ml maleic buffer 1X with 10% (v/v) blocking solution (Roche) before
incubating the membrane in antibody solution (10 ml blocking buffer with 0.02% (v/v)
Anti-Digoxigenin-AP (Roche)), each for 30 min under 35 °C. The membrane was
washed twice with washing buffer for 15 min under 35 °C then neutralized with

detection buffer 1X (Roche) for 5 min at 35 °C. In the final colouring stage, the
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membrane was treated with 10 ml detection buffer with 2% (v/v) NBT/BCIP solution
(Roche) and kept in a dark box. It was checked every 15 min for the development of

any coloured dots until no more dot(s) appeared.

3.3.4.5 Fibre optic genosensor assay

The preparation of the fibre optic genosensor followed the protocol in Figure 3.5. Some

steps were subjected to a few optimization experiments with details stated below.

Immobilization of -NH2> modified capture probe. The -NH2> modified capture probe was
denatured at 95 °C to avoid double-stranded complexing then dissolved in incubation
buffer. Chemically modified fibre optic ends were then exposed to the probe solutions
with concentrations ranging from 6 to 48 ng/ul in TBS solution (25 mM Tris, 150 mM
NaCl, 2 mM KCI, pH7.4) with or without 1% (w/v) bovine serum albumin at 4 °C.
Other buffers tested in this section were: PBS (Sigma, 10 mM phosphate buffer, 2.7
mM potassium chloride and 137 mM sodium chloride, pH 7.4); HEPES (diluted from
stock solution from Thermo Fischer, 20 mM, pH 7.4); PBS + NaBCNHj3 (Sigma, 0.3
M); NaOAc (diluted from stock solution from Sigma, 30 mM, pH 5.2) + NaBCNHszand
Borax (100 mM boric acid, 75 mM NaCl, 25 mM sodium tetraborate, pH 8.1).

Blocking. After overnight incubation, the fibre bundles were washed with TBST (0.1%
(v/v) Tween 20 in TBS) five times and then incubated in blocking conditions for 1.5
hours at 40 °C then washed five times again with TBST followed by incubation with
0.3 M NaBCNHjs in TBS buffer for 40 min at 40 °C. The different blocking conditions
were: 1%, 3% and 5% (w/v) BSA, 5% (w/v) skim milk and 1 M glycine in 0.1% (v/v)
TBST.

Hybridization. The hybridization mixture was prepared by mixing 24 ng/ul detection
probe and nucleic acid sequence in hybridization buffer and incubated with fibre optic
tips under 35 °C for 2 hours. The buffers tested were: Church buffer (0.5 M NazHPOg,
0.5 M NaH2POs, 1% (w/v) SDS and 10 mM EDTA, pH 7.5; all reagents mentioned
above were supplied by Sigma); Church + 1% (w/v) BSA, TBS pH 7.4, PBS pH 7.4,
0.1% (v/v) PBST pH 7.4, TBS pH 7.4 + 1% (w/v) SDS + 10mM EDTA; Borax + 1%
(w/v) SDS + 10 mM EDTA.
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Avidin-HRP linkage. Avidin-HRP (Sigma) was dissolved in 0.1% (w/v) PBST with 1%
(w/v) BSA in various concentrations: 1/500, 2/500, 5/500 and 12/500 (v/v) and
incubated with fibre bundles for 1 hour under shaking at room temperature. Then the
fibres were washed 5 times with 0.1% (v/v) PBST.

Chemiluminescent light measurement. The near-end of a single fibre optic was inserted
into a lightproof tube with 120 ul of peroxide buffer. Then 120 pl luminol solution was
added immediately before taking measurements by a photomultiplier tube (PMT)
detector in a confined black box. 5 fibres were used for replication and the signal for
each fibre was recorded as an average of 10 readings after the signal reached the
maximum range. The light signal was interpreted as relative light intensities (RLU).
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Chapter 4

Synthesis of Silane-diazirine and its Ability in Antibody

Immobilization in Aqueous Solution

This chapter shows proof-of-concept that (1) silane-diazirine can be
chemically synthesized by the coupling reaction of amino silane and NHS-
diazirine and (2) silane-diazirine functionalized on the fibre optic is able
to capture antibodies in the agueous condition under UV activation. The
synthesis of the new silane was confirmed by 1H and 13C NMR and the
photoimmobilization ability was confirmed by the direct use of HRP-linked
antibody, which shows distinct signal under UV irradiation at 340-370 nm
compared to the controls. The set-up optimization including the direction
of the incoming UV light and the roughness of the end surface of the fibre

were conducted to reduce the SD values.
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4.1 Rationale and introduction

The objective of this chapter is to synthesize silane-diazirine and to confirm its
photoimmobilization ability of antibody in aqueous conditions by UV activation.

By synthesizing and storing silane-diazirine molecule, it can simplify the procedures of
each time when we need to use it. NHS (N-Hydroxysuccinimide) ester is the most
common agent to create activated carboxylic groups !, which has been proved highly
efficient to conjugate with primary amine * with the release of NHS and formation of
an amide bond. The previous approach has successfully obtained a pyrrole-diazirine
using NHS- and amine chemistry 2 using a commercially available NHS-diazirine 34,
If the silane bears NH tail, it is able to link NHS-diazirine as well as shown in Figure
4.1.

DIPEA (1:1wrt APTES)

o N=—N
QEt N,OM DMSO, rt. dark gEt H N—N
EtO’SI'\/\/NHZ + > Eo ST M
OEt o) OFEt I
o)
o)
iNOH
o)

Figure 4.1 Schematic description of the synthesis of silane-diazirine by coupling of
amino silane (APTES) and NHS-diazirine.

In previous studies, diazirine moieties have been used to immobilize protein-based
enzymes 2 on solid support surface through UV irradiation without impairing its
biological functions in the construction of biosensors. The antibody is also protein-
based macromolecule. Thus, if the diazirine is present on the surface of fibre optic,
antibody molecules can be photoimmobilized under UV exposure. For convenience in
the preliminary experiments, HRP-linked 1gG molecules were immobilized directly, so
that the catalytic reaction leading to chemiluminescent signal can be immediately

performed after the immaobilization step.
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4.2  Results and discussions
4.2.1 Synthesis and characterization of silane-diazirine

Silane-diazirine was synthesized by the coupling reaction of NHS-Diazirine and (3-
aminopropyl)triethoxysilane followed by vacuum distillation. *H and ¥C NMR
spectrum were recorded and presented below. The reaction was conducted in DMSO,
so the sample of reaction mixture (0.2 mL) was mixed with 0.2 mL DMSO (d6) for *H
(Figure 4.2) and *3C (Figure 4.3) spectra recording. As a comparison, the spectra of
starting material APTES was also recorded in DMSO (d6).

Table 4.1 NMR peaks assignment to corresponding hydrogens and carbons

S|i A . E

1H spectrum 13C spectrum
H d (ppm) Split  Integration C o (ppm)
1 1.09 t 9 a 18.66
2 3.69 q 6 b 58.14
3 0.49 t 2 c 7.81
4 1.39 m 2 d 30.20
5 Around 3.4 - - e 41.74

(interfered by
H.0)
6 7.77 m 1 f 170.95
7 1.51 t 2 g 45.02
8 1.90 t 2 h 25.90
9 0.93 S 3 i 26.26
j 23.15
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Figure 4.2 'H NMR spectrum of silane-diazirine.
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Figure 4.3 1*C NMR spectrum of silane-diazirine.
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In the area of carbonyl carbon region, the 173.20 ppm peak belongs to C=0 carbon of
NHS-succinimide °, which, together with a broad singlet peak in 1H spectra at 10.54
ppm, corresponding to the -OH, indicated the release of NHS-succinimide from the
reaction system. The 170.96 ppm comes from the newly formed amide bond . In a
comparison with APTES and reaction mixture as shown in Figure 4.4, all the
corresponding peaks were observed to shift as shown in Table 4.2. The CH2-NH>
carbon peak disappeared and a new peak was shown at 41.74, showing a change in
chemical environment due to the formation of -CH>-NH-CO bond.

Reaction Mixture

J\ l ‘W' ‘ ’,

T — ———T T T — — T ——
61 60 59 58 45 44 43 42 4 40 30 29 28 27 26 25 24 23 22 21 20 19 8 7 6
f1 (ppm)

Figure 4.4 Comparison of reaction mixture and APTES *3C spectrum.

Table 4.2 Comparison of reaction mixture and APTES *3C spectrum

Carbon Atom 61 (ppm) 82 (ppm)
(CDs).SO 39.98 (septet) 39.97 (septet)
CHsCH-0Si 18.63 18.66
CH:0Si 58.07 58.14

SiCH; 7.63 7.81
SiCH:CH> 27.35 30.20
CH2NH: 45.15 41.74

On the other hand, small peaks found at 56.50 ppm, 19.00 ppm belong to the trace
amount of EtOH (literature data 56.07 ppm and 18.51 ppm 7). Thus, the decomposition

61



Synthesis and Immobilization Chapter 4

of (EtO)sSi was noticed by hydrolysis. Water peak was also observed at 3.3 ppm in H
spectra.

The diazirine quaternary carbon (CNN) signal was reported as a weak peak at around
60 ppm ©, which is not obvious in the present 3C spectra. So *C DEPT NMR was
conducted to distinguish the quaternary C atom. As shown in Figure 4.5, in the upfield
region, the peak at 26.26 ppm in the normal 13C spectra below was absent in the DEPT
spectra above, while all other peaks were present in both spectra. In addition, all the
carbonyl C peaks were absent in the DEPT spectra. Thus, the peak at 26.26 ppm can be

confirmed to be the diarizing quaternary carbon.

“C DEPT
L2
& “ 1"‘ }
e i e S T b
13 ‘ { ‘ ‘
C Normal ‘ ' l
1
26.26
‘ | ‘ | | 1 | \
W_.J’L J\Wﬂ | WALJLWA W 2 "‘F‘N"LN‘ W/J L._.M, J‘JJ l‘w..mu}"-‘mu’"_. .,“LL«" Mu,.. VJ"I\,VW,_JMJW

T T T T T T 7 T T d T T T T4 T T4 T T T T
173 172 171 170 169 58 57 56 42 30 29 26 25 24 23 20 19 142 11 10 9 8

Figure 4.5 *C DEPT NMR spectrum.

4.2.2 Application of newly synthesized silane-diazirine in the immobilization of

antibodies on optical fibre surface

In order to test the immobilization ability of the newly synthesized silane-diazirine, it
was deposited on the surfaces of fibre optics, and then used to immobilize an HRP-
attached IgG antibody, directly leading to the generation of chemiluminescent light,

which is proportional to the number of immobilized HRP-1IgG molecules. The UV-Vis
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absorbance measurement in Figure 4.6 (B) shows that the absorbance of diazirine in
DMSO solution happens at 300 - 385 nm, with the highest at 350 nm. The light out of
that range was rejected by the compound. Thus, the UV light at 340 - 370 nm and >
350 nm were chose for the photoimmobilization test. Ambient light and dark conditions
were set as control groups. As shown in the results in Figure 4.6 (A), the distinct S/N
values of the positive groups from the control groups show the successful attachment
of HRP-IgG on the fibre optic: The best results were obtained by UV irradiation at 340
- 370 nm and > 350 nm in 10% (v/v) silane-diazirine concentrations (S/N: 4.31 and
3.32, respectively) with respective dark condition signal (S/N: 1.08). Regarding the
concentration of the silane, the highest concentrations always significantly increased
the signal, which may imply the connection site for silane has not been saturated on the
surface, which will be further explored in later sections. On the other hand, the low
signal under ambient light condition (1.02, 0.64, 1.24) has confirmed the stability of
NHS-silane under visible light.

4 ﬁ S
= 3 A 1
=
A
2 l 10%
1 4 5%
1% Silane
0 - Concentration
340-370 >350 AL Dark
B Light Conditions

0.8

0.6

0.4

0.2

Absorbance

0

-0.2
300 320 340 360 380 400 420 440 460 480 500

Wavelength (nm)
Figure 4.6 A: S/N values of the RLU signal from the immobilized HRP-1gG by silane-
diazirine. The values were calculated as the ratio of the obtained RLU signal of each
fibre to the RLU signal from the group without diazirine functionalized fibre. Different
UV wavelengths: 340 - 370 nm, >350 nm, ambient light (A.L.) and dark conditions
were tested in 1%, 5%, 10% (v/v) silane concentrations in toluene. B: UV-vis

absorbance recording of the diazirine compound.
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4.2.3 Set-up optimization

From the results in Figure 4.7, it can be easily observed that the S/N value was much
higher if the light shined from the far-end than from the near-end. This is in accordance
with expectation, as here the fibre optic collects and transfers the light to the site where
the photo reaction happens, ensuring the steady supply of the photo for the reaction.
While if the light directly shined at the near-end, it places more unstable factors to the
light supply: the angle of the light source, the interference from the tube and from the
antibody solutions and the distance of the light source. On the other hand, in theory, the
roughness of the far-end shouldn’t affect the results as illustrated by the Snell Law,
only the angle of the incoming light matters. However, as guided by these two
comparative tests, the later experiments will be conducted with light shining from the

smooth far-end surface of the fibre.

7.0 10000
6.0
8000
5.0
6000
4.0
z =
~ —
& x
3.0 4000
2.0
2000
1.0
0.0 0
Far-end Near-end Smooth Rough

Figure 4.7 Results of the set-up optimization, left: the point where the UV light was
placed at. The far-end means the non-functionalized end of the fibre strand, the light
comes in from this end and propagates to the near-end surface to induce the photo-
reaction; while the near-end means the functionalized end, the UV shined directly at
this end from outside of the tubes containing antibody solution. Right: the roughness of

the far-end where the light comes from.

4.3 Conclusions

Both the H and 3C spectrum showed the successful synthesis of the silane-diazirine

by the coupling of APTES and NHS-diazirine. However, the product was not stable in
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trace presence of moisture. Application of the newly synthesized silane-diazirine
showed its best immobilization ability of HRP-linked antibodies under UV at 340 - 370

nm and > 350 nm by a light source at 200 mW/cm? (measured at 365 nm).
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Chapter 5

Comparison of the Diazirine Functionalization Routes on

Fibre Optic Surface

This chapter compares the immobilization efficiency of two diazirine
functionalization routes: one-step silane-diazirine as in Chapter 4 and
two-step functionalization of APTES and NHS-diazirine. Two schemes
were used in the experiments. The two-step functionalization route showed
much higher immobilization efficiency in both schemes and was thus
selected for further device construction. This chapter also shows that the
Immunoactivity of antibody was retained after UV photoimmobilization. In
addition, a few supplementary experiments were also presented for signal

improvement in the ELISA assay.
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5.1 Rationale and introduction

The objectives of this chapter are:
1. To confirm the immunoactivity of the antibody is maintained after UV induced

immobilization by silane diazirine.

The diazirine moieties can be induced by UV light at 330 - 370 nm and the lifetime of
the carbene intermediates are within microseconds *, which shouldn’t destroy the
functional protein structure of an antibody. Thus, the immunoactivity of the antibody

would be preserved after the photoimmobilization on the fibre optic surface.
2. To explore the optimum diazirine functionalization route.

Results in Chapter 4 has shown that there is high risk for silane-diazirine (Figure 3.6
Route A) to undergo hydrolysis by the trace amount of water present during the
synthesis, storage and handling process, and the photo-deterioration is inevitable during
the whole process. In the two-step functionalization process as shown in Figure 3.6 B,
the functional groups were used one at a time: the fresh hydrolyzable -OEt groups on
silane reacted with the -OH groups on the fiber surface with much less chances of
hydrolysis or crosslink with each other; and the diazirine groups were involved in the
later stage of the process, the risk of photo-deterioration was reduced too. Thus, it is
hypothesized that the two-step diazirine functionalization procedure is more effective

than the direct functionalization procedure.

OH
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Figure 3.6 Diazirine functionalization routes.
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There are two bio-assay involved to test the hypotheses. One employs the HRP-linked
antibody as in Chapter 4, one is a full micro-ELISA assay using real E. coli cells as the
analyte. The first objective requires the full ELISA assay and the second one is achieved
in both assay.

The results from the full ELISA are based on several pre-experiments including (1) the
calibration of the cell population against the OD 600 values in order to obtain the cell
population from the OD 600 measuring; (2) the addition of IPTG to maximize the signal,
(3) the selection of the suitable E. coli strain; (4) the selection of the suitable HRP-Ab

as the detection antibody; (5) the optimum blocking condition.

5.2 Results and discussions

5.2.1 Diazirine functionalization route comparison

Two diazirine functionalization routes were compared in this section: the silane-
diazirine molecule used as a one-step method as described in Chapter 4 (Route A) and
a sequential addition of -NH tailed silane and NHS-diazirine (Route B) on the fiber
surface. The efficiency was evaluated by the RLU signals in two schemes as described
in5.1.

The results from the comparative experiments are summarized in Figure 5.1. In both
schemes, Route B showed significant advantage as reflected by the higher RLU signal.
In the HRP-IgG scheme, the RLU was proportional to the concentration of the silane
with the maximum signal being brought by 100% silane in both routes. In the full
ELISA assay, Route B with 50~100% silane concentration was the better method as it
achieved the highest RLU response. The RLU signals in full ELISA assay were
generally lower than the ones in the HRP-IgG only scheme in an order of 2. This is
because, in the first scheme, the HRP performs its catalytic function regardless of the
orientation of the immobilized protein. While in the second scheme, (1) only the capture
antibodies in the correct orientation are able to catch the analyte; (2) the surface
antigens on the cells are in certain amount that limits the numbers of detection
antibodies (with HRP attached) too. On the other hand, the results in Scheme 2 further

proved that the protein molecules were not only successful immobilized but also its
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ability of interacting with the antigens were preserved, which is essential for the

function of a immunosensor.
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Figure 5.1 (A): RLU report of the two routes of diazirine functionalization using model
in (C). (B): RLU report of the two routes of diazirine functionalization using model in
(D). In (A) and (B), the silane or silane-diazirine were dissolved in toluene in 1%, 10%,
50% and 100% (v/v) concentrations. (C): the HRP-antibodies are directly immobilized
by photoimmobilization. (D): the ELISA-like structure. (E): legend in (C) and (D).

Route A was initially considered to offer more convenience as the newly synthesized
silane-diazirine may be stored for further one-step functionalization procedure.
However, the main problems are that the ethoxy group is highly hydrolysable and these
groups crosslink with each other in the presence of trace moisture. The side product
from condensation of the silane molecules was observed based on the presence of the
unique alcohol carbon peak at 56.50 ppm and 19 ppm. This might explain the low
efficiency of Route A, as part of the hydrolyzable -OEt groups had been locked into the
condensation process. Moreover, the light sensitive diazirine was involved in the earlier

steps of the process, which placed more risk of light exposure.
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Thus, the synthesis silane-diazirine was successful, however, with the absence of proper
preservation method of the new silane-diazirine, the later experiments were following
Route B, despite the disadvantage of a more time-consuming protocol. Yet the
preparation time can be shortened by elevating the temperature of silane installation as

there is no concern of damage to diazirine group anymore.

5.2.2 Supplementary experiments for diazirine functionalization route

comparison

Prior to the full ELISA assay, a few supplemental experiments were conducted to
optimize the signal and prepare for the next experiments. Experiments in 5.2.2.1 to
5.2.2.4 were performed in 96-well ELISA plates.

5.2.2.1 Selection of bacteria strains and HRP-antibody used in the ELISA assay

The ELISA assay in the experiments involved indirect capture, where the detection
surface was covered by a layer of capture antibody that selectively binds and captures
the surface antigens on E. coli cells; and direct detection, where the HRP-linked
detection antibody was incubated with the antigen. The ‘match’ between the presence
of the antigens on the surface and the specificity of the antibodies defines the final
signal. By selecting the suitable bacteria strains and the antibodies would improve the
signal. As shown from Figure 5.2 and Figure 5.3, E. coli strain DPD 2794 and HRP-
linked rabbit anti-E. coli were selected in the ELISA assay.

5.2.2.2 The effect of IPTG

The addition of IPTG was considered to induce the expression of surface antigen and
thus enhancing the final signal. IPTG in the concentrations of 0.5 mM and 1 mM were
tested and compared with the non-IPTG group. The signal was recorded by
luminometre until the maximum reading had been reached, which was then used to plot
against the CFU/ml values of the bacteria cells from the calibration curve in Figure 5.4.
It is observed that in general, the addition of IPTG helped to enhance the signals. Thus,

In the later experiments, the IPTG in concentration of 0.5 mM were used in cell culture.
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Figure 5.2 Selection of bacteria strains. -2, -3, -4, -5 stands for the cells diluted in 1/100,
1/1000, 1/10000 and 1/100000. The control experiments are performed in the 1/1000

dilution.
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Figure 5.3 Selection of detection antibody. -2, -3, -4, -5 stands for the cells diluted in
1/100, 1/1000, 1/10000 and 1/100000. The control experiments are performed in the
1/1000 dilution.
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Figure 5.4 The effect of addition of IPTG.

5.2.2.3 The calibration of CFU of E. coli cells by the OD600 reading

The cell growth curve was generated by the dropping method in which 20 ul for each
drop was pipetted onto the agar plate (in triplet multiplication). The growing phase
occurred around OD600 = 0.24 (around 1.0x108 cells/ml), 2 hours after the refreshment
under 37°C. The calibration curve was extracted along the interested OD600 range
covering 0.2 to 0.6, where the cell colonies formation and OD600 values fit in a linear
relationship. The growth rate of DPD 2794 was observed to be much slower than other
reported E. coli strains 2. However, the experiment only aimed to study the relationship
between OD600 values and bacteria populations for later bacteria count calculation, as
long as a linear relationship was obtained, it indicates that the total biomass measured
by optical density is contributed from the live cells, the calibration curve obtained is
valid 2*. Literature shows similar results between dropping and spreading method by
using glass spreader for non-cluster formation bacteria (E. coli) 2, however it suggests
using glass spreader instead of plastic one for spreading method. On the other hand,
dropping method provides less chance for contamination and it is faster for operation,
hence the author recommends this method under the experimental condition and
purpose within the study.
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Figure 5.5 Calibration Curve of DPD2794 strain CFU counts against OD600 reading.

5.3 Conclusions

Herein the direct and two-step diazirine functionalization routes were compared based
on their chemiluminescence outcome. The direct route provides convenience in the
operation however is limited by the moisture and light sensitive nature of the compound.
The two-step route resulted in better performance in both schemes and is selected for
the construction and optimization of the immunosensor in the later experiments. It also
confirmed that the immunoactivity of the capture antibodies was retained after UV

irradiation, which is the foundation of a immunosensor to function.
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Chapter 6

Optimization and Evaluation of the E. coli Immunosensor

Constructed by Silane Diazirine

Following chapter 5, this chapter adopted the two-step diazirine
functionalization route and further optimized the key steps including the
APTES coverage, blocking condition, UV irradiation condition and types
of diazirine. Later the performance of the immunosensor was evaluated by
comparative studies with traditional 96-well plate ELISA and another
iImmunosensor constructed by the commonly used glutaraldehyde
crosslinker. The immunosensor by diazirine method has shown superior
adaptability over the other two methods in detection limit (6.44 * 102
CFU/ml) and dynamic range (6.44 *10° to 6.44 *10® CFU/ml, r? = 0.98;
6.44 *10% to 6.44 *10° r? = 0.92). A panel of control experiments were
also conducted to verify the data above. Finally, the specificity was tested
by covering various related antigens. Polyclonal and monoclonal
antibodies showed the specificity in different degrees, where the polyclonal
may detect the specifies sharing the similar serotypes and the monoclonal
was able to not only recognize E. coli but also differentiate different strains

In the same species.
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6.1 Rationale and introduction

The objectives of this chapter include:
1. To optimize the immunosensor performance by selecting the type of diazirine

(aliphatic vs. aromatic) and the diazirine UV activation condition.

The coupling between the antibodies and the solid surface is the key factor of the
performance of a biosensor 1. A better antibody immobilization enables maximum
access to the analyte and allows efficient interactions at the proximity of the transducer
surface. The crucial crosslinker used for antibody coupling in this study is diazirine and
improvement of the its photo-activation process can greatly promote the antibody

immobilization and hence the performance of the biosensor.

As described in 2.4.3.5, proper substituted aromatic diazirines render more carbene
species under UV exposure and the aromatic substituents promote the generation of
more singlet state carbenes that are more active in the insertion reaction and the -CF3
group helps to keep the carbenes from undergoing rearrangement. As an attempt to
improve the immobilization efficiency, diazirine species with aromatic substituents

were introduced and compared with the aliphatic diazirine.

Many studies have suggested that diazirine requires relatively short irradiation period
57 which may reduce the risk of damage of the biomolecule due to the UV exposure
and the following heating effect. On the other hand, the carbene intermediates can also
be quenched by water, adding negative effect to the immobilization function, so the
generation of carbene by controlling the UV source intensities and the exposure time is

worth exploring.

2. To evaluate the performance of the immuno-CFOS constructed by diazirine by (1)
the parameters in the calibration curves comparing with previous methods; (2) the

specificity test using polyclonal and monoclonal antibodies.

In the previous comparative studies between the CFOB and the traditional
chemiluminescent ELISA assay, the CFOB immunosensors have shown outstanding
advantages in the detection limit from 2 to 4 orders 8°. Amongst the CFOBs, the ones

constructed by photoinduced immobilization through benzophenone had better
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detection performances * °. The diazirine species are smaller in size, more stable in
ambient light, and its photolytic intermediates are able to insert into a wider range of
chemical bonds presenting in the protein molecules at a relatively shorter activating
period. It is expected that, after condition optimization, the diazirine can immobilize
immunomolecules on the fiber optic surface in a more efficient way and result in better
detection ability. The specificity is another major feature of a biosensor and crucial in

the detection activities. So, it was included in the last part of the performance evaluation.
6.2  Results and discussions
6.2.1 Protocol optimization

After determined the better diazirine functionalization route in Chapter 5, the selected

route, Route B was optimized.
6.2.1.1 APTES modification temperature

The experimental details have been described in 3.3.3.1.1 and the florescence signal is

recorded and presented in Figure 6.1.

Figure 6.1 the florescence signal of the fibre optic pieces exposed at different
incubation temperatures: 1, 90 °C;2, 60 °C; 3, 30 °C; 4, 120 °C; and 5, no silane as

control.
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As shown from the picture, the intensities of the fluorescent signal increased with the
temperature. However, it was observed that from the temperature 120 °C and above,
yellow colour appeasred in the silane solution, in order to get rid of unnecessary
interferences to the final results, 90 °C was selected as the incubation temperature for

silane functionalization in the following experiments.
6.2.1.2 The optimization of blocking conditions

The blocking step was performed after the immobilization of the capture antibodies, in
which the blocking reagents (skim milk or BSA) bind to the unoccupied binding sites
of the platform to prevent non-specific binding in the following steps . From the
signal/noise ratio results in Figure 6.2. The optimum condition was found to be 5%

(w/v) skim milk in PBST solution and it was selected for the relevant experiments.

S/N
o = N w g~ w (=)}

1% 3% 5% 10% »

Concentration (w/v)

Figure 6.2 The optimization of blocking conditions. The skim milk and BSA were

dissolved in PBST (0.1% v/v) solution in concentrations of 1%, 3%, 5% and 10% (w/v).

6.2.1.3 Irradiation light intensities and time interval of UV exposure

Two kinds of UV sources, that differ in the UV emitting materials, shapes and light
intensities were used and compared in this study according to the recommendations of
the product manual of SDA. One was the Max 303 Xenon light source (300W) capped
with a single-band bandpass filter, giving a final UV output in the range of 340 - 370
nm with a power of 200 mW/cm? measured at 365 nm (referred as MAX 303). The
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other source was Spectroline® ENF-280C (8W) hand-held UV lamp at 365 nm (referred
as UV 365) with a power of 1090 pW/cm?.

8.0E+04

6.0E+04

4.0E+04

- ' ii il I I

0.0E+00 . . -
) 10 20 30 40 50 60

UV irradiation time (min)
B MAX303 B UV365

RLU

Figure 6.3 RLU immunoassay responses using two different UV light sources,
illuminating from 5 to 60 minutes. MAX 303 stands for a Xenon UV lamp emitting
light from 340 nm to 370 nm with a final power of 200 mW/cm? measured at 365 nm.
UV 365 represents an ENF-280C (8 W) hand-held UV lamp emitting light at 365 nm
with a power of 1090 pW/cm?.

The evaluation of the efficiency of the equipment and irradiation time interval was
based on the final RLU output of the biosensor. The highest signal was achieved by UV
365 at 40 minutes. A few more information was also released from the results. In
general, both the intensity of light and duration of UV exposure were playing important
roles in determining the final outcome. For the same light intensity, the outcome was
in a time-dependent manner. The signal increased in the first 20 minutes (for MAX 303)
or 40 minutes (for UV 365) and then started to drop. This may be explained by the fact
that, the immobilized protein on the tip was partially destroyed by the heat developed
from the UV light. Secondly, in the first 20 minutes, the signal from MAX 303 was
higher than that from UV 354, probably because the higher intensity results in faster
generation of carbene. However, faster and more is not always better, as the carbene
was also exposed in an aqueous environment in which it can be quenched by water
molecules #*2 before contacting with target bonds in the protein, thus a balance should
be adjusted between the rate of carbenes generation and carbene insertion reaction into

protein moieties. In addition to generating carbenes, diazirines undergo isomerization
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leading to the formation of the linear diazo intermediates, which have a longer lifetime
and they also transform to carbenes upon further UV activation at a relatively lower
rate 4. From the results, it can be concluded that, a longer exposure time under a
relatively lower intensity UV light is favoured.

6.2.1.4 Selection of silane spacer arm and diazirine types

In this examination, NH»-tailed silanes with different spacer arm lengths were
cooperated with both aliphatic and aromatic diazirines and the final output is presented
in Figure 6.4, where the aliphatic diazirine (SDA) and silane with 4-atom space arm
showed the highest RLU value.

2.0x10° "
o]
- —O.
»® 7O>Si/\/\NJK/X
5 15 o H N=N
1.5x10 0 4-Ali

N
e
EI o 4-Ar
5.0x10* O RN
—O 7-Ali o
0.0

Oy N
—o ;Si/\/\ NHN
4-Ali 4-Ar 7-Ali 7-Ar —0 7-Ar CFy

Silane atom spacer - diazirine type NN

Figure 6.4 RLU responses from the immunoassay and S/N values reported for each
silane and diazirine species combination illustrated on the right. The silane species
employed were 4-atom and 7-atom spacer arm-length amine tailed silanes. A typical

aliphatic and aromatic diazirine were adopted for comparison.

Aromatic diazirines (ArDia) bearing a trifluoro group on the diazirine carbon have been
favoured due to a few advantages such as the higher carbene to diazo isomer ratio and
higher singlet state carbenes generation ratio. Despite its advantages reported in the
previous studies & 48 the aromatic diazirine didn’t work as well as the aliphatic
diazirines did in this system. The reasons can be various and complicated as diazirine
mechanisms are still not thoroughly understood and studies have been putting forward

new theories in addition to the old ones **2°, Here two directions may be considered as
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the main factors that may hinder the ability of the aromatic diazirine in this system. One
of them is the poor water solubility of the aromatic ring in the water solvent 2, being
directly conjugated with = electrons from the phenyl ring with the contribution of
electron drawing group -CFs, the carbene is prevented from entering the water phase.
The large standard deviation might be also owing to this phase barrier that the carbenes
are only able to catch the proteins that diffuse to the interface. Moreover, the aromatic
diazirines are reported with higher singlet carbene yield, which is more specific to
nucleophilic bonds like O-H and N-H than C-H insertion and prone to water reaction
2021 "which further reduces the indiscriminative binding with proteins. On the other
hand, NH: silane with 4-atom spacer arm is found to be more beneficial than 7-atom
spacer arm silane. This can be explained by the flexibility of the longer chains that
allows the primary amine group in the end and the secondary amine group in the middle
to form hydrogen bonding with its surroundings thus the sites for further reaction are
largely blocked.

6.2.2 Immunosensor performances

To evaluate the performance of the newly developed diazirine immobilization
technique (AmbDia), it was compared with the traditional chemiluminescent ELISA
(CL-ELISA) and another FOBS using APTES and glutaraldehyde as a chemical
crosslinker (AmGlu). The general performances of the three methods were described
by the three calibration curves. Negative controls were set in parallel to provide cut-off
values of the biosensors and non-specific binding investigation. Finally, the specificity

was confirmed by testing against a range of samples.
6.2.2.1 Calibration

To further test the newly constructed system, the AmDia optical sensor was compared
to other two techniques in their immunosensor behaviors. We started with the
calibration curves, which describe the general performance of a detection system. The
curves were constructed by plotting the RLU values against a set of E. coli cell dilutions
ranging from 6.44*10® to 6.44 CFU/ml, approximately (Figure 6.5). Unlike previous
data obtained from the fibre optic immunosensor systems °1°, a typical complete
sigmoid curve didn’t occur in any of the three conditions. In other words, the highest

signal range didn’t reach the saturation level. Our focus is, however, to obtain the
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lowest detection limit and study their dynamic range, especially in the lower

concentration domains.

The lower detection limit (LDL) was set by the Equations (1) and (2),
LDL = NEG + 35D (1)
SIG > NEG (2)

which is the sum of the signal from the negative control (in the absence of E. coli cells)
(NEG) plus 3 times of its standard deviation (SD). The signals which are higher than
the LDL are then considered significant. The LDL for each technique was 734, 2050
and 3638 for CL-ELISA, AmGIu and AmbDia, respectively, approximately
corresponding to 6.44 * 10° 6.44 * 10° and 6.44 * 102 CFU/ml. In this aspect, the
AmbDia method is superior to the chemiluminescent ELISA and AmGlu techniques by
orders of 3and 1 in LDL, respectively.

The dynamic range is the concentration range where the detection system displays a
linear relationship between the signal and the dilutions. It was calculated based on the
data extracted from its calibration curve and fit into Equation (3).
¥y =Yo1 + Dlog(x) (3)

where y is the RLU output and x is the CFU of bacteria. The linear range cutoffs are
determined by the r? values which show the reliability of the regression. The linear
ranges were thus determined as 6.44 *108to 6.44 *10° CFU/ml for all the three methods
with r? values 0.98 for CL-ELISA, 0.97 for AmGlu and 0.98 for AmDia. Though not
obvious from the plot, another linear range was noted in the lower CFU range of the
AmDia group from 6.44 *10?to 6.44 *10° with an r? of 0.92. Such a phenomenon was
not found in the other two groups. This may imply that the AmDia may be sensitive
enough to detect the lower concentration environment, which is practical and useful for

real sample applications.

The other aspect of the sensitivities of the biosensors are quantified as the slopes of the

linear range as they show the power to discriminate the differences between two signals

with changes in analyte concentrations, as represented by its form: % The
A™XAB

sensitivity of AmDia (D1 = 44159; D, = 7254) was found to be higher than that of
AmGIu (5838) and CL-ELISA (1008).
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The lower LDL and higher sensitivity may be attributed to the effectiveness of the
photo-induced reactions as the carbenes are able to react with a few different chemical
bonds with fast insertion reactions. Additionally, during the irradiation, the protein
solution temperature may have increased slightly due to UV, stimulating the motion of
the proteins in the solution, and increasing the number of effective collisions. While in
the AmGIu case, the system is incubated at 4 °C so that the molecular motion is

impeded.

6.2.2.2 Negative control panel

In order to examine the influence of non-specific binding on the final signal response,
a series of control experiments were carried out and the results are summarized in Table
6.1. The response values from Entry 2 (no capture antibody), 4 (no E. coli analyte). and
5 (no anti-E. coli HRP) are all relatively negligible. This indicates that the designed
immunosensor didn’t exhibit non-specific binding. The high value from Entry 2 pointed
to the importance of the blocking step to ensure a low background noise. Entries 6 and
7 were designed to show the advantage of surface crosslinkers, the absence of which
resulted in a lower overall response. In addition, glutaraldehyde rendered a relatively
higher background signal, which might be due to the high reactivity of the aldehyde
groups on the surface to interact with any protein molecules presented.

6.2.2.3 Specificity test

The specificity test was conducted by using both polyclonal and monoclonal as the

capture antibodies covering a range of antigens. The results are presented in Figure 6.6.

The polyclonal antibodies responded to a series of E. coli strains regardless "O" or "K"
antigenic  serotypes and the crossreactions were observed with related
Enterobacteriaceae like Salmonella and slightly with O-antigenic polysaccharide from
Vibrio cholera. By applying the monoclonal antibody which is specific to the E. coli
0157 antigen, the specificity was further enhanced as (1) the biosensor was able to
differentiate different strains of E. coli based on their serotypes; (2) the cross-reactions
with salmonella and O-antigenic polysaccharide from Vibrio cholera were eliminated.
In addition, the biosensor with both polyclonal and monoclonal failed to detect all other

antigen samples. The results show that the diazirine method can be used for both
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Figure 6.5 Calibration curves for A: chemiluminescent ELISA (CL-ELISA); B: optical
fibre immunosensors using either glutaraldehyde as a crosslinker (FOBS-AmGlu); C:
diazirine as crosslinker (FOBS-AmDia). The calibrations were obtained using target E.
coli dilutions ranging from 6.44 CFU/ml to 6.44*108 CFU/ml. In each calibration, the

linear range are visualized on the top left corner with the r? values.
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Table 6.1 Experiment control panel for attempted immunoassays and fibre optic

immunosensor based on various immobilization construction chemistries to

investigate the non-specific bindings. The “+” and “-” signs refer to the steps

accomplished and avoided for each procedure.

Silica glass
. L ELISA Procedures
functionalization )
_ Normalized
Entry | Method® . . _Anti-
. . anti-E. coli ) coli ) response®
Silane  crosslinker Blocking E. coli-
1gG analyte
HRP

CL * * + + + + 1

1 Glu + + + + + + 1

Dia + + + + + + 1
CL * * - + + + 0.723
2 Glu + + - + + + 0.028
Dia + + - + + + 0.013
CL * * + - + + 2.810
3 Glu + + + - + + 4.142
Dia + + + - + + 0.810
CL * * + + - + 0.158
4 Glu + + + + - + 0.039
Dia + + + + - + 0.023

CL * * + + + - ~0
5 Glu + + + + + - 0.002
Dia + + + + + - 0.004
6 Glu - + + + + + 0.728
Dia - + + + + + 0.084
7 FOBS + - + + + + 0.079

a. Type of an immunoassay or FOBS construction chemistry used: chemiluminescent

ELISA (CL), amino silane and glutaraldehyde linker fibre optic biosensor (Glu),

amino silane and diazirine linker fibre optic biosensor (Dia), fibre optic biosensor

(FOBS).

b. The signal from a full immunoassay protocol was set as 1, the response of control

experiments was calculated as a ratio between the results from Entry 2 -7 and Entry 1.

*. Not relevant to the chemiluminescent ELISA procedure.
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Figure 6.6 Specificity test covering several E. coli strains: K-12, DPD 2794, B and
ATCC 25922; and antigens from other sources: Salmonella (salmonella bacteria
culture), V. cholerae (LPS from Vibrio cholerae), Brucella (suspension of inactivated
Brucella), S. aureus (suspension of inactivated Staphylococcus aureus), M. luteus
(Micrococcus luteus bacteria culture), Hep. A (Hepatitis A virus VVP3 antigen), Hep. B
(Hepatitis B virus e antigen), dengue (dengue virus nonstructural protein 1), skim milk
(1% w/v skim milk in PBST), commercial milk (1% w/v commercial milk in PBST),
LDL (lower detection limit as determined by the calibration curve the of AmDia FOBS

using polyclonal antibody).

polyclonal and monoclonal antigens. With polyclonal antibodies, the system
demonstrates moderate specificity, a rough positive signal may be obtained, indicating
the presence of a certain group of pathogens; with monoclonal antibodies, more detailed
information regarding the specific strains or species may be available. The selection of
the antibodies depends on the budget and requirement of the test.

6.2.3 Surface characterization by SEM

The SEM micrographs (Figure 6.7) provided us with the descriptive information about
the morphology of the modified glass surface generated from each step. By comparing
B with A, it can be seen that the silanization step had seemly given a relatively
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homogenous coverage over the surface 4. The EDX analysis further verified the
functionalization of silane molecules, where the carbon and nitrogen peak appeared.
Obvious changes can be recognized from C and D, reflecting the effect of the treatment
to the surface coverage layers. The rod-shaped particles with length around 1.5 - 2.2
pum were visible in a relatively high population. This clearly indicates the bacteria
attachment to the surface, which corresponded to a notable light output. (F) is the close
look at the attached E. coli cells, showing a layer surrounding the surface of bacteria,
which is suspected to be either the skim milk from the solution or the secretion from

the inside of the bacteria.

Figure 6.7 SEM images of optical fiber surfaces after each treatment in
photoimmobilization procedures utilizing APTES as silane and SDA as diazirine
source following Route B. (A) plain surface after piranha activation. (B) after
silanization by APTES. (C) after reaction with SDA. (D) after antibody immobilization.
(E). E. coli bacteria attached on the surface. (F) Zoom-in image of an immobilized

bacteria.

6.3 Conclusions

6.3.1 Optimization of antibodies immobilization
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The coverage of antibodies is one of the most critical factors that define the
performance of a biosensor 4. The aforementioned results shows that the biosensor
performance has been greatly improved by optimizing the antibody immobilization
process. During the UV inducing process, the best result was achieved by UV in a
relatively lower intensity and a longer irradiation time (UV 365 for 40 minutes). This
might be due to the property of carbenes that they can be easily quenched by water
molecules, so a slow release of carbenes at lower UV intensities may be beneficial in
aqueous conditions as it provides more opportunities for the protein molecules to

participate in the carbene insertion reactions.

6.3.2 The advantages of the AmDia FOBS

From the aforementioned results, the AmDia sensor seems a superior FOBS over the
other two detection methods. Firstly, the two FOBSs are in generaa more sensitive than
the CL-ELISA method. Though a fibre cross-section (0.12 mm?) has a much smaller
binding surface area than a well in a 96-microplate (33.2 mm?), the protein is attached
through covalent binding unlike the physical absorption, thus the stability is increased.
Besides, the chemiluminescent reaction happens in close proximity to the fibre surface,
resulting in an enhancement of light collection. Between the two FOBS techniques,
AmDia has shown a lower LDL and a higher sensitivity, which may indicate that there
were more antibodies attached to the fibre tip. Last but not the least, during the
preparation, the protocol of the AmDia method is much simpler and less time-

consuming than that of the AmGlu.
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Chapter 7*

Development of A Chemiluminescent DNA Fibre Optic
Genosensor to Hepatitis A Virus (HAV)

This chapter demonstrates the development of a chemiluminescent DNA
fibre optic genosensor to Hepatitis A Virus (HAV). A set of ssSDNA probes
targeting HAV RNA sequence were designed and validated by nested
gPCR technique. The capture probe was immobilized on the tip of fibre
optic surface followed by the formation of a sandwich structure with the
target sequence (cCDNA and RNA) and a detection probe. A few steps of the
protocol were optimized and lead to a satisfactory signal/noise ratio. Later
the calibrations were established for both cDNA and RNA target.
Specificity test showed the probes were highly specific to HAV RNA

sequences.

*This section published substantially as Ye, K., M. Manzano, R. Muzzi, K.Y.-H. Gin, N. Saeidi, S.G.
Goh, A.LY. Tok, and R.S. Marks, Talanta, 2017. 174: p. 401-408. !

91



Genosensor Construction Chapter 7

7.1 Rationale and introduction

The objectives of this chapter include:

1. To design the ssSDNA probes and primers and to validate the sSDNA probes by the
traditional PCR-based method.

2. Toexplore the optimum immobilization and working conditions for the geno-CFOS.

3. To explore the genosensor performance by evaluating the calibration curves and

specificity.

Previous optical fibre genosensor approach on the Brettanomyces bruxellensis has
shown a satisfactory signal-noise ratio after the condition optimization of the
concertation of the probes and hybridization conditions 2. It provides the proof-of-the-
concept of a DNA genosensor. However, there are still many challenges in the proposed
work, one being that it requires the sSDNA probe to detect the RNA sequence instead
of the DNA. On the other hand, the ssDNA probe has to be designed and optimized to
fit the detection requirement. The next one is the integration of the ssDNA probes onto
the CFOB platform, mainly the capture probe immobilization. The previous study used
a capture probe with the length of 53 bases, while in this study, the designed capture
probe was in the length of 24 bases. Studies show that the optimum concentration of
the single stranded DNA probes with different lengths could be significantly different
3, So, the optimum incubation condition of capture probe should be re-explored. And a
hybridization buffer called church buffer # was not included in the previous test, which
is worth exploring. At last, the previous study didn’t give the calibration for the
detection, which is one of the directions of the effort in this work to better evaluate the

genosensor.
7.2 Results and discussions

The ssDNA probes were designed and validated first and the construction of the
genosensor follows the procedures shown in Figure 3.5, with condition optimization

applied in each step.
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7.2.1 Probe design and validation by gPCR and dot blot

PCR and gPCR as conventional methods were conducted to confirm the cDNA
products from the reverse transcription from HAV RNA samples and served as the
further investigational lab tools for putative HAV contaminated sample as indicated by
the in-field fibre biosensor system. Herein, the nested-PCR technique was conducted
for this purpose as it not only provided the quantitative measurement of the sample but
also offered higher specificity by the combination of the ‘outer’ and ‘inner’ PCR

primers.

Set 1: outer primers: (forward, 5’-ACTTGATACCTCACCGCCGTTTGC-3’) and
(reverse 5’-AGTCCTCCGGCGTTGAATGG-3’); inner primers: (forward 5°-
CGGGGTCAACTCCATTA-3’) and (reverse 5’-CGCCGCTGTTACCCTATCC-3”).
Set 2: outer primers: (forward, 5’- GGACTTGATACCTCACCGCC-3') and (reverse
5’-CAAACACCACATAAGGCCCCA-3). Inter primers: (forward  5°-
GGGGTCAACTCCATGATTAGCA-3) and (reverse 5-
GGTTTCACCCGTAGCCTACC-3).

The efficiency of the primers was evaluated by the gel-electrophoresis analysis of the
PCR product. The results of Set 1 primers are shown in Figure 7.1. In the first run of
PCR using outer primers, clear bands were shown in the region of 450 bp which was
consistent with the anticipant results. The primers showed high specificity to both
cDNA templates from the two resources. However, when we further amplified the
amplification products using the inner primers within the first PCR product, two
sequences showed at 400 and 200 bp. This indicates that the inner primers were not
strictly specific to the target sequence in the amplicons samples. The 200 bp band, being
the expected one, showed much higher intensity than the interference band, which may
due to the minor overlap. Figure 7.2 (A) (B) shows the PCR products from the primer
Set 2, where each of the PCR product presented a single band at 500 bp and 200 bp,
which were the desired lengths for the primers. Later gPCR experiment using Set 2
resulted in the standard curve in Figure 7.2 (C), demonstrated a significant linear
relationship (r? = 0.99), indicating the reliability of the quantitative HAV detection.
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N #4 #4 #6

Figure 7.1 DNA agarose gel from the conventional end-point PCR using Set 1 primers.
(A) The PCR products from the outer primers using cONA samples and templates and
(B) Tthe products from the inner primers using PCR products from (A) as templates.

Water instead of cDNA was used as the negative control (N).

(A) (B)
1 2 Sl 123 4 5 678 90N

@]
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Log concentration [ Log (ng/ul)]

Threshold cycle

Figure 7.2 PCR and gPCR results from Set 2 primers. (A) Results of external PCR;
(B) Results of the internal PCR. In both pictures: Lane 1~ 10: DNA Ladder 100 bp;
HAVS5 1.0 ng/uL; 0.1 ng/pL; 0.01 ng/uL; 0.001 ng/uL; 1.0 * 10 ng/uL; 1.0 * 10°
ng/uL; 1.0 * 10 ng/uL; 1.0 * 107 ng/uL; blank. (C) Standard curve from gPCR using
10-fold serial dilutions.

The dot blot test was used to test the sSSDNA capture probes. The sensitivity was tested

by dilutions of the positive control and the specificity was tested by the cDNA and
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RNA of HAV and the cDNA of norovirus. The designed capture probe was
immobilized by spotting 1 pl solution onto a positively charged nylon membrane
followed by UV shining for 10 minutes at UV 254 nm. The synthesized complementary
sequence to the capture probe was used as the positive control. The result is present in

Figure 7.3.

104 10° 102 10 1 0.1 0.01 (pg/ul)

cDNA RNA NoV

Figure 7.3 Optimized dot blot results showing: P (positive controls) the sensitivity of
the capture probe to its complementary sequence as the positive control. The
concentrations of the complementary sequence are labeled on the top; S & N (samples
and negative control), the responses to the reverse transcribed cDNA and RNA of HAV

as samples and the cDNA of Norovirus as negative control.

The results of the dot-blotting assay are reported in Figure 7.3. In the first row, blue
dots corresponding to the sequence complementary to the first probe were visualized
as positive controls, in which sequential dilutions were appreciated until 1 pg/ul. In the
lower row, the visible dots indicate that the target sequences were present in the HAV
RNA and the cDNA samples. No dot was observable from the negative control, which

had encouraged further testing of the probes.

7.2.2 Fibre optic genosensor optimization

The full protocol includes fibre surface immobilization of functional groups for the
crosslinking with ssDNA probes, followed by the nucleic acid sequence hybridization
in one step with target sequences and the detection probes. In the optimization work,
the capture probe concentration and immobilization buffer, the blocking condition, the
avidin-HRP concentration and the hybridization buffer were optimized to improve

signal/noise ratio.
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7.2.2.1 Capture probe incubation concentration and buffer

The amount of immobilized sSDNA probe is one of the critical factors that affect the
hybridization efficiency * >®. In this study, silanization chemistry was employed to
functionalize the surface of the fibre tip and then the probe’s working concentration
was optimized to achieve the best capture probe coverage. As illustrated in Figure 7.4
and Figure 7.5, the best working concentration of the capture probe was found to be 12
ng/ul in borax buffer after 15 hours incubation at 4 °C, which gave the highest RLU

values among the conditions tested.

The optimized concentration was around half (calculated as a molar concentration) of
that in the previous study 2, which was 50 ng/ul for a 53 base DNA probe. This is
probably due to the different behaviors brought by the differences in ssDNA probes’
lengths 3, and when using 24 base strand, a relatively lower probe concentration is
favoured. The effect of the addition of BSA was also explored in the test, no
enhancement was observed for the immobilization in the range of probe concentrations
tested.

10000
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— 4000
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Immobilization buffer and 1st probe concentrations (ng-pl-1)
ETBS METBS+BSA

-2000

Figure 7.4 Optimization of the capture probe concentration during overnight
incubation at 4 °C. The concentrations for testing are 6 ng/ul, 12 ng/ul, 24 ng/ul and

48 ng/ul. The effect of BSA in the incubation mixture was also included in this test.

Regarding the incubation buffer, a good candidate should maintain the stability of the
ssDNA sequence and facilitate the immobilization. On the other hand, it should be inert

to the —CHO tails layer on the fibre surface. The results using various buffers are shown
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in Figure 7.5, showing that the light responses differed notably in different buffers.
Initially, TBS was used in the concentration test as a tris-based buffer, one of the most
popular buffers used for many experiments involving DNA molecules "8, However, the
main drawback is its competing reaction with ssDNA chains due to its presence of
amine groups, which considerably decreases the immobilization efficiency. The
inclusion of NaBCNHz was intended to improve the binding and avoid non-specific
binding by the reduction of imine bond under a relatively acidic condition. However, it
IS possible that due to the harmful effect to the DNA molecule in the relatively low pH
environment, the immobilization efficiency was not satisfying. The improved
performance by the borax buffer may be due to the stabilization effect by the formation
of a ssDNA-borate complex °, which leads to both the highest RLU value and lowest
SD.

1.6E+04
1.4E+04
1.2E+04
1.0E+04
8.0E+03

6.0E+03
4.0E+03
2.0E+03

0.0E+00

RLU

wee® o cN“"g 4Na _pCNH® gore®
oRC

Immobilization buffers
HcDNA Eno cDNA ¥ no 1stProbe

Figure 7.5 Optimization of the immobilization buffer during overnight incubation at
4 °C: TBS solution (25 mM Tris, 150 mM NaCl, 2 mM KCI, pH7.4); PBS (10 mM
phosphate buffer, 2.7 mM potassium chloride and 137 mM sodium chloride, pH 7.4),
HEPES (20 mM, pH 7.4), PBS + NaBCNH3 (0.3 M), NaOAc (30 mM, pH 5.2) +
NaBCNHz3 (0.3M), Borax (100 mM boric acid, 25 mM sodium tetraborate, 75 mM NacCl,
pH 8.1).
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7.2.2.2 Blocking condition

Blocking is another crucial step in avoiding non-specific binding by exhausting the free
-CHO groups on the fibre surface and washing away the unbound ssDNA chains *°
BSA has been considered to be one of the most common blocking agents used for the
latter purpose 12, As indicated in Figure 7.6, it was found that 3% (w/v) BSA in TBS
was the best blocking condition for this system compared to a lower (1%) or higher

(5%) BSA concentrations as well as skim milk or glycine solutions.

16000
14000

12000

10000

>
Zz 8000
6000
4000
2000

0
BSA(1%) BSA(3%) BSA(5%) S.M.(5%) Glycine(1M)
Blockingibuffers

EcDNA HENo@DNA Nofst®Probe

Figure 7.6 Selection of the blocking conditions after the immobilization of the 1% probe.
The blocking agents were dissolved in TBST (0.1% v/v) buffer and the incubation was

at 40 °C for 1.5 hours. The concentrations are described in w/v.

7.2.2.3 AV-HRP concentration

HRP serves as the catalyst in the reaction to generate chemiluminescence and it was
introduced in the two-probe system by the highly stable biotin-avidin interaction (Kq =
10°M 13), the results in Figure 7.7 shows that an appropriate stoichiometric control

gave a good signal to noise ratio with 5/500 being the best concentration.
7.2.2.4 Hybridization buffer

A few hybridization buffers (Church (0.5 M Na2HPO4, 0.5 M NaH2PO4, 1% (w/v)
SDS and 10 mM EDTA, pH 7.5), Church + 1% (w/v) BSA, TBS pH 7.4, PBS pH 7.4,
0.1% (v/v) PBST pH 7.4, TBS pH 7.4 + 1% (w/v) SDS + 10 mM EDTA, Borax as in
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immobilization step + 1% (w/v) SDS + 10 mM EDTA), were examined in this step and

the information was collected in Figure 7.8.

1.0E+05

8.0E4+04
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AV-HRP concentration
HEcDNA HnocDNA

Figure 7.7 Effect of the avidin-HRP concentration on the light response. The labeled
concentrations represent the ratio of the volume of the avidin-HRP to the volume of the
incubation buffer. The light response from the group without cDNA targets was used

as the reference.
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Figure 7.8 Optimization of the hybridization buffer: Church (0.5 M Na;HPQOs, 0.5 M
NaH2POq4, 1% (w/v) SDS and 10 mM EDTA, pH 7.5), Church + 1% (w/v) BSA, TBS
pH 7.4, PBS pH 7.4, 0.1% (v/v) PBST pH 7.4, TBS pH 7.4 + 1% (w/v) SDS + 10 mM
EDTA, Borax as in immobilization step + 1% (w/v) SDS + 10 mM EDTA.
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The borate-based buffer was inefficient in the hybridization step as indicated by the
lowest response and signal/noise ratio, which may have been caused by the formation
of a DNA-borate complex. The Church buffer # turned out to be the best buffer
condition for the hybridization. The addition of BSA in the Church buffer was observed
to increase the viscosity of the hybridization mixture solution, both hindering the
process and increasing the SD. The other TBS and PBST-based buffers gave
satisfactory positive results, but the significant non-specific bindings presented a major
drawback.

7.2.3 Genosensor performance

The performance of this genosensor was evaluated by the calibration and specificity
test. From the calibration for both cDNA and RNA detection, a few parameters
including a lower detection limit (LDL) and linear range parameters were obtained.
Finally, the specificity test was conducted by involving the DNA or RNA sequences
from a variety of pathogens

7.2.3.1 Calibration

The calibration curve generally describes the performance of a detection system. The
results are presented in Figure 7.9, which were obtained by collecting the light
responses (RLU) of several dilutions of cDNA or RNA samples, from where, the lower
detection limit (LDL) and linear range can be determined.

72311 Lower Detection Limit (LDL)

The LDL was set by Equation (1):
LDL = NEG + 35D (1)
SIG > NEG (2)
which is the sum of the signal from the negative control (in the absence of E. coli cells)
(NEG) plus 3 times of its standard deviation (SD). The signals which are higher than
the LDL are then considered significant. The LDL reading calculated from the
equations were 17,954 for cDNA and 23,367 for RNA, which corresponded to the
nucleic acid concentrations of 5 pg/pl and 50 pg/ul, respectively. The LDL performance
was much better than that in the dot blotting technique, as the PMT is more sensitive to
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the photons than the raw observation of the coloured dots. On the other hand, it seemed
much lower than that in some well-studied real-time PCR methods, the best of which
is able to detect the concentration as slow as 1.1*10* pg/ul 4. However, because the
NanoPhotometer® concentration reading of the sample stock is the sum of a mixture
of nucleic acids in different lengths, the actual nucleic acid concentration could be much
lower than the reported value. In addition, as the genosensor is a relatively new
technique, there is a lot of room for the improvement of the LDL of genosensor, such
as optimization of the probe design, better probe immobilization methods, improved

HRP linkage techniques and enhancement of light signals.

7.23.12 Linear range

The linear range, also known as the dynamic range, is the concentration range where
the detection system displays a linear relationship between the signals and the dilutions.
It was calculated based on the data extracted from its calibration curve and fit into
Equation (3).

y =yy+ Dlog (concentration in %) 3)

ul
The linear fit was shown in the top right corner of each diagram in Figure 7.9. It was
found to be 5 pg/ul to 10 ng/pl for cDNA and 50 pg/pl to 10 ng/pl for RNA with r?
values of 0.93 and 0.87, respectively. The sensitivity is described by the slope D, as it
reflects the impact of the change of the concentration to the change of the light response,
which was 43948 for cDNA and 23819 for RNA.

7.2.3.2 Specificity test

The specificity test was conducted by covering a wide range of other pathogens” DNA
or RNA, the results being summarized in Figure 7.10. Both the genosensor and dot
blotting method presented a good specificity as the responses to all other noise samples
were below the LDL or not visible on the membrane. The rest of the pathogens’ samples
mentioned in 3.3.4.1 all presented negative results in the dot blot and/or genosensor test.
This is mainly attributed to the specificity of the designed probes, being further
improved by the second probe in genosensor, carries less risk of potential cross-

reactivity comparing to the immune system.
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Figure 7.9 Light responses to nucleic acid dilutions and controls. The linear range can
be visualized on the top right corner, by plotting the RLU values against the Ig values
of nucleic acid concentrations in pg/pl. The linear range was found to be 5 pg/ul to 10
ng/pl for cDNA (r? = 0.93) and 50 pg/ul to 10 ng/ul for RNA (r? = 0.87). The sensitivity
of the biosensor was determined by the slope of the linear range as it describes the
power to discriminate the difference between the two signals with the change of the

analyte concentrations, as represented by its form 24=2E _ |t was found to be 43948 for
XA~

cDNA and 23819 for RNA.
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Figure 7.10 Specificity test covering a series of other pathogens’ cDNA or proteins.
The column chart shows the results from fibre optic genosensor, where the dashed line
represents the LDL (lower detection limit). The picture on the top right corner shows
the results from the dot blotting experiment. The aberrations are corresponding to the

names of the pathogens shown in the x-axis labels of the chart.
7.3 Conclusions

Traditional PCR and gPCR methods were firstly developed to validate the HAV probe
method and to serve as a further investigational tool for putative HAV contaminated
samples. To get rid of the inhibitive effect of polyphenol compounds to DNA
polymerases and to achieve a faster field-detection of HAV virus contamination, a two-
probe sandwich-type system on a fibre optic platform was proposed. We have shown a
relatively large signal/noise ratio after the assay was optimized. The genosensor system
worked for both cDNA and RNA at a detection limit of 5 pg/pl and 50 pg/ul
respectively. The linear ranges were found to be 5 pg/ul to 10 ng/ul for cDNA (r2 =
0.93) and 50 pg/pl to 10 ng/ul for RNA (r> = 0.87). An excellent specificity was also
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confirmed by screening with a broad range of other pathogens’ samples. The whole

device is miniaturized in a portable confined black box (350/250/200 mm). This

preliminary research shows the potential for applying the two-probe genosensor

concept as an in-field early warning system for the presence of HAV virus.

development with the focus on the lower detection limit could be approached from

optimizing the probe design, probe immobilization methods, HRP linkage techniques

and an enhancement of the chemiluminescent signal.

References

[1] Ye, K.; Manzano, M.; Muzzi, R.; Gin, K. Y.-H.; Saeidi, N.; Goh, S. G.; Tok, A. I. Y_;
Marks, R. S., Talanta 2017, 174, 401-408.

[2] Cecchini, F.; Manzano, M.; Mandabi, Y.; Perelman, E.; Marks, R. S., Journal of
Biotechnology 2012, 157 (1), 25-30.

[3] Steel, A. B.; Levicky, R. L.; Herne, T. M.; Tarlov, M. J., Biophysical Journal 2000, 79
(2), 975-981.

[4] Church, G. M.; Gilbert, W., Proceedings of the National Academy of Sciences 1984, 81
(7), 1991-1995.

[5] Keighley, S. D.; Li, P.; Estrela, P.; Migliorato, P., Biosensors and Bioelectronics 2008,
23 (8), 1291-1297.

[6] Steel, A.B.; Herne, T. M.; Tarlov, M. J., Analytical Chemistry 1998, 70 (22), 4670-4677.

[71 Kejnovsky, E.; Kypr, J., Gen Physiol Biophys 1993, 12 (4), 317-324.

[8] Saeki, K.; Kunito, T.; Sakai, M., Microbes and Environments 2011, 26 (1), 88-91.

[9] Stellwagen, N. C.; Gelfi, C.; Righetti, P. G., Biopolymers 2000, 54 (2), 137-142.

[10] Raoof, M.; Jans, K.; Bryce, G.; Ebrahim, S.; Lagae, L.; Witvrouw, A., Microelectronic
Engineering 2013, 111, 421-424.

[11] Chan, V.; Graves, D. J.; Fortina, P.; McKenzie, S. E., Langmuir 1997, 13 (2), 320-329.

[12] Xu,C.; Taylor, P.; Fletcher, P. D. I.; Paunov, V. N., Journal of Materials Chemistry 2005,
15 (3), 394-402.

[13] Green, N. M., Advances in protein chemistry 1975, 29, 85-133.

[14] Kim, M.; Lee, S.; Kim, H.; Lee, J.; Joo, I.; Kwak, H.; Kim, H., Journal of microbiology

and biotechnology 2016.

104



Summary Chapter 8

Chapter 8

Summary, Implications and Future Suggestions

Chapter 8 draws the threads of the thesis: (1) summarizes the overall
results of the construction, optimization, verification and the performance
of the fibre optic immuno- and genosensors; (2) states the extent to which
the hypotheses were proven; (3) suggests the future work based on the
findings. The performances of the immuno- and geno-CFOS were
summarized in a table showing the LDL, dynamic range, sensitivity,
rapidity skill of operator and portability. For the development of the
photoinducible silane diazirine crosslinker in the immunosensor
construction, the optimum conditions were obtained and the resulted
immunosensor showed superior performances compared to the traditional
method. For the genosensor construction, the designed ssSDNA probes were
successfully integrated onto the fibre optic platform in an optimized
condition. The final sensor was able to perform the sensing ability to HAV
cDNA and RNA. The proposed hypotheses were verified by the results. At
last, a few future work on the work to expand the use of the diazirine as
crosslinker and the improvement of the sensor performances, were

suggested.
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8.1 Summary

This work was dedicated to developing and improving the immuno- and geno-CFOS
for the rapid, sensitive and specific detections of E. coli and HAV, respectively. The
transducing element was a silica fibre optic with a diameter of 400 um, with the near-
end surface being chemically and biologically modified for probe immobilization,
target recognition and chemiluminescent signal generation. The light signal was
transferred through the fibre optic and collected by a PMT at the far-end. The detection
and transduction elements and the PMT were fitted in a black box with dimensions of
350/250/200 mm, which provides convenience for the portable, simple while accurate
and sensitive detection. The relatively affordable and dispatchable biosensor can be
used in the early warning monitoring for the putative presence of target pathogens either
in an individual sample screening or in continuous monitoring of the environment to

indicate the need for further investigation.

An immune interaction-based CFOB was constructed through a diazirine crosslinker
for E. coli (as a fecal indicator bacteria) detection. The silane-diazirine crosslinker
method was developed, optimized and applied to the capture antibody immobilization,
which was then evaluated by the comparison with the traditional 96-well ELISA
method and an immunosensor constructed by a glutaraldehyde method. The specificity

was tested with a range of negative controls.

A genosensor was constructed based on the formation a sandwich type hybridization
structure. A set of sSDNA probes were designed, integrated and optimized to adapt to
the application in the genosensor environment. The specificity was examined by

screening a broad range of pathogens’ RNA/DNA/cDNA sequences.

The performances of the optimized fibre optic biosensors are summarized in Table 8.1
and the conclusions based on the objectives achievement scale are summarized in 8.1.1
and 8.1.2.
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Table 8.1 Summary table of the performances of optimized fibre optic

biosensors

Parameters Immunosensor for E. coli Genosensor for HAV

LDL 6.44 * 10 2 CFU/ml 5 pg/ul (cDNA) and 50 pg/ul (RNA)

Dynamic range 6.44 * 102 - 6.44 * 105 CFU/ml, cDNA: 5 to 10000 pg/ul, (R?=0.93)
(R?=0.92); RNA: 50 to 10000 pg/ul, (R? = 0.87)
6.44 * 10° - 6.44 * 108 CFU/m,
(R?=0.98).

Specificity The polyclonal antibody cross- Very specific over a broad range of
reacted with other species with negative controls.
similar serotypes; the monoclonal
antibody can not only distinguish
different species but also different
strains in the same species.

Rapidity 2 minutes on average for a single 6 minutes on average for a single
measurement measurement

Skill of operator No special skill needed

Portability Portable black box that can operate at the site of interest

8.1.1 Immunosensor for E. coli constructed by silane diazirine

The silane-diazirine can be synthesized by a coupling reaction between APTES and
NHS-diazirine as confirmed by the 1H and 13C NMR unique peaks including the NH
hydrogen peak (7.77 ppm, m, 1H) and carbonyl carbon peak (170.96 ppm) of the newly
formed amide bond and the diazirine carbon peak (26.26 ppm) (Table 4.1, Figure 4.2,
Figure 4.3, Figure 4.4 and Figure 4.5). However, due to the challenge of a proper
purification and storage method of the final product, it still recommends the two-step
diazirine functionalization route as it offers more stability and higher efficiency.

The immobilization ability of silane diazirine was proved by the observation that the
S/N value was as high as 4.31 under UV shining at 340 - 370 nm compared to the signal
in the dark at 1.08, in the immobilization model using only HRP-IgG (Figure 4.6). It
further confirmed that the immunoactivities of the antibodies were maintained after UV
induced immobilization in a full ELISA detection format in Chapter 5 (Figure 5.1
lower). The two-step diazirine functionalization route was found to bring much better
signal (Figure 5.1, RLU values: 151029 vs. 36720 in HRP-1gG model; 2367 vs. 975 in
the full ELISA model) at the price of longer modification process (additional 4 hours).
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The optimization work has revealed a few favoured parameters in this application: a
longer irradiation (40 minutes) at a lower intensity (1090 pW/cm?) (Figure 6.3); an
aliphatic diazirine (succinimidyl 4,4'-azipentanoate) was favoured over an aromatic
diazirine (3-[4-(Bromomethyl)phenyl]-3-(trifluoromethyl)-3H-diazirine) on a shorter

spacer arm length (4-atom rather than 7-atom) (Figure 6.4);

The diazirine immunosensor was found to be superior compared to the traditional
methods through plotting the calibration curves: (1) Lower detection limit: AmDia
sensor had an LDL of 8.64 * 102 CFU/ml, which is 2 orders lower than ELISA and 1
order lower than AmGlu; AmDia has a dynamic range of 10 to 10° CFU/ml, which
was not observed in other two competitors (Figure 6.5). Regarding the specificity, it
depends on the choice of antibodies, polyclonal antibodies were able to detect a few
numbers of species with identical or similar serotypes while monoclonal antibody was

possible to distinguish different strains in the same species (Figure 6.6).
8.1.2 Genosensor for HAV detection

A set of ssSDNA probes target on HAV RNA sequence were designed and validated by
the nested gPCR technique (Figure 7.1 and Figure 7.2) and further confirmed by a dot
blotting technique (Figure 7.3). When integrating the ssDNA probes into the
genosensor platform, the optimum conditions of the construction genosensor were
found to be: the 24-base ssDNA capture probe was immobilized in borax buffer in the
concentration of 12 ng/ul followed by a blocking by 3 % BSA in TBS solution; the best
hybridization buffer is church buffer (0.5 M Na2HPO4, 0.5 M NaH2POa, 1% (w/v) SDS
and 10 mM EDTA, pH 7.5) and the optimum AV-HRP concentration is 5/500 (Figure
7.4,7.5,7.6,7.7 and 7.8). The genosensor system works for both cONA and RNA at a
detection limit of 5 pg/ul and 50 pg/ul respectively. The linear ranges were found to be
5 pg/pl to 10 ng/pl for cDNA (r2 = 0.93) and 50 pg/pl to 10 ng/pl for RNA (r> = 0.87)
(Figure 7.9). An excellent specificity was also confirmed by screening with a broad

range of other pathogens’ samples (Figure 7.10).

8.2  Verified/nullified hypotheses

Hypothesis #1 An aliphatic silane diazirine can be used as a bifunctional crosslinker to

immobilize antibody in the aqueous buffer solution onto the fibre optic surface by UV
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activation and maintain its immunoactivity. The hypothesis is based on the facts that,
upon UV activation at 340 - 370 nm, which is not harmful to the protein structures at
different levels, the diazirine molecule transforms to a carbene intermediate which
inserts into various chemical bonds on the side chains of the antibodies as illustrated in
Figure 1.2. The silane moiety on the other end is able to connect to the hydroxyl groups

on the silica-based fibre surface.

This hypothesis was supported by results. The distinguish difference of the S/N value
between the UV (340 — 370 nm) shining group and dark group (4.31 vs. 1.08) in the
IgG-HRP immobilization model (Chapter 4) has showed the immobilization ability.
The success in full ELISA model in Chapter 5 has further confirmed that the
immunoactivities were maintained. In addition, the SEM characterization in Chapter 6
showed the E. coli cells captured on the surface, which supported the ability of

immunoactivity (cell capture ability) from another side.

Hypothesis #2 The combination of the better stability and proximity of covalent
binding and the higher immobilization efficiency of the diazirine crosslinker will bring
higher sensitivity of an immuno-CFOS compared to the traditional 96-well ELISA
method and the immuno-CFOS constructed by glutaraldehyde silane method. The
hypothesis is based on the facts that, the covalent binding method used for capture
antibody immobilization on optical fibre is more stable and bring closer proximity of
the light signal generation than the physical absorption used in the 96-well ELISA
method. On the other hand, the carbene intermediates react with a broader range of
functional groups in a considerably shorter time than the chemical silane tails do, which

will lead to more efficient antibody binding.

This hypothesis was verified by the results from Chapter 6. In the comparison to
previous methods, the diazirine immunosensor was found to be superior in the aspects
of (1) Lower detection limit: AmDia sensor had an LDL of 8.64 * 102 CFU/ml, which
was 2 orders lower than ELISA and 1 order lower than AmGlu; (2) dynamic range:
AmDia had a dynamic range of 10 to 10> CFU/ml, which was not observed in other
two competitors. However, the specificity depended on the selection of the antibodies
and was not improved by the immobilization method.
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Hypothesis #3 The sandwich structure formed by the NH2-modified 24 base ssDNA
capture probe, target sequence and the HRP linked 24 base ssDNA detection probe on
the end face of the fibre optic (shown in Figure 1.1) will enable the geno-CFOS to
perform the sensing ability to HAV cDNA and RNA in high specificity and sensitivity
due to the following suppositions: (1) the unique region of the HAV target sequence;
(2) the enhanced selectivity by the combination of two probes targeting at different
target regions, which makes the complementarity degree to 48 base-pairs, leading to a
stronger and more specific hybridization.

This hypothesis was supported by the results. The two ssDNA probes (the capture probe:
NH2Ce-5’-TCTTAACAACTCACCAATATCCGC-3’) and the detection probe: 5’-
CCAATTTAGACTCCTACAGCTCCA-3’-Biotin) were integrated into the CFOB
platform after a series of condition optimization, which can be seen from the
considerably higher RLU signal of the sample groups than those of a series of control
groups (no 1st probe, no 2nd Probe, no target, no HAV).

The genosensor system worked for both cDNA and RNA at a detection limit of 5 pg/ul
and 50 pg/ul respectively. The linear ranges were found to be 5 pg/ul to 10 ng/ul for
cDNA (r? = 0.93) and 50 pg/ul to 10 ng/ul for RNA (r? = 0.87). An excellent specificity
was also confirmed as the RLU signal from a broad range of other pathogens’ samples
were all below the LDL including: DNA or RNA strands or proteins extracted from
bacterial and viral samples, Escherichia coli, Campylobacter lari DSM 11375,
Pseudomonas aeruginosa, Aeromonas sobria, Listeria monocytogenes, Lactobacillus
bulgaricus, Legionella pneumophila, Vibrio 14379, Lactococcus lactis, Morganella
morganii, Proteus vulgaris, Bacillus subtilis, Staphylococcus aureus Pseudomonas

putida, Norovirus G1, Norovirus G2, Dengue virus and South Bay virus.

8.3 Implications and future work

Based on the current results and conclusions from the construction of the immuno- and
geno-CFOS for E. coli and HAV detection in water, a few directions for further studies
can be considered to explore and expand the scope of the current work as well as to
provide a better understanding of the diazirine chemistry in biomolecule

immobilization and the genosensor working mechanisms.
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8.3.1 Further optimization of the immunosensor

The work has shown the ability to detect E. coli of the immunosensor constructed by
diazirine. After optimization, it has already performed better LDL and dynamic range.
To better adapt the method into real applications, there is still room to lower down the
detection limit to 102 CFU /100 ml ¢, which can be achieved from the following aspects:
(1) Amplification of the intensities of the chemiluminescence to increase the signal
resolution. It can be done by indirect detection method that uses a first detection
antibody followed by a second HRP-attached antibody to increase the number of HRP
and thus amplify the signal 2. Besides, chemical enhancement of chemiluminescence
can also be considered through metal nanoparticles *° or luminol enhancers ® (Figure
8.1). (2) Oriented antibody immobilization by using Fc region receptors, such as protein
A or G ’; Oxidized carbohydrate on the Fc region and covalently binding with amine-
coated surfaces ®; and using the exposed thiol bonds in the Fc region by reduction and
attachment to C=C bond covered surface by UV activation *° (Figure 8.2).

Metal enhanced chemiluminescence (MECL)
Indirect detection ELISA

o
)

2nd detection Ab
MECL
" .
/ \ 18t detection Ab 10 nm
Target antigen l
M . S N Metal (Ag) particle covered
\ / ® e e Substrate
Capture Ab

Silica fibre optic

Figure 8.1 Chemiluminescence (CL) enhancement by: left, indirect detection ELISA;

and right, metal nanoparticles enhanced chemiluminescence (MECL).

8.3.2 Environmental E. coli samples and other bacteria pathogens detection

The current work was based on the laboratory E. coli strains detection. The application
of the immunosensor on environmental E. coli samples is the immediate following
work to expand its use in the real world. It is suggested to select the appropriate

antibodies first by ELISA before integrating with the immunosensor platform.
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Oriented Ab immobilization through Protein A/G Oriented Ab immobilization through carbohydrate oxidation
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Oriented Ab immobilization through UV activation of thiol groups
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Figure 8.2 Orientated antibody immobilization strategies: proteins A/G facilitate
immobilization; the reaction of -NH2 functionalized surface and the —-CHO bonds
through oxidation of carbohydrates; and UV induced immobilization between C=C

bonds and thiol bonds from 1gG cleavage.

8.3.3 Expand the use of diazirine crosslinker

This work has demonstrated the crosslinking ability of diazirine to the antibody
molecules through the highly reactive carbene intermediates by UV activation. Same
mechanism is also applicable to other protein-based molecules immobilization like
some antigens and enzymes on the fibre optic end face. Other than silane, diazirine can
also be incorporated with other moieties including pyrrole to adapt to other platforms

like electrode in the electrochemical-based biosensor applications.
8.3.4 Functional diazirines synthesis

It has shown in this study that the two-step diazirine functionalization route is better in
this application. However, it was mainly due to the highly moisture sensitive property
of the silane moiety. Whenever it is suitable to use other kind of molecules, it worth
trying the synthesis route using a variety of diazirines as it provides much more

conveniences to the protocol.

The aromatic and aliphatic diazirines have shown distinguishable differences in
immobilization efficiency due to the influence of the functional groups connecting to
the diazirine group. The introduction of appropriate functional groups to diazirine

moieties is suggested to increase the carbene insertion efficiency, which can be done
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by stabilizing the carbene intermediate, increasing the carbene/diazo ratio and the
singlet/triplet carbene ratio and adjusting the hydrophobic/hydrophilic properties
according to the specific working environments. This will not only benefit the
immobilizing application of diazirine but also the protein labeling functions. The

related details have already been discussed in Chapter 2.
8.3.5 Further optimization of the genosensor

The genosensor concept using a set of sSSDNA probes targeting at HAV RNA has been
proven to be highly specific and sensitive. However, there are still room for the
optimization of LDL. It is suggested to put effort in the following directions: (1)
chemiluminescence enhancement as described in 8.2.1; (2) a dendritic format of probes
can be considered: for the capture probe, with a dendritic structure, it provides more
capture sites for target sequences 2, For the detection probe, the dendritic structure
can be used to introduce more HRP enzymes ** . Both of the modifications will improve
the signal. However, the dendrimer introduces an additional level of complexity to the

probe synthesis, which might negate the improvement in sensitivity .
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