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Abstract

Food pathogens are the main sources of food poisoning. Among the pathogens, Escherichia
coli (E. coli) O157:H7 is a Shiga toxin-producing bacterium that leads to thousand of illnesses.
Most infection cases are related to consuming undercooked contaminated food products. People
of any age can be infected. Symptoms of infections includes severe stomach cramps, diarrheas

and may lead to kidney failure.

The current detection methods of E.coli O157:H7 provides a sensitive tool to detect low
number of cells, however, they are time consuming (48 to 72 h), labor intensive and require
professionals in handling and interpreting the results. Therefore, a portable biosensor that can
report results rapidly are desired. Here we propose a bacteriophage (phage)-based detection
method using engineered NanoLuc reporter phages, namely PPo1, immobilized on electrospun
poly-3-hydroxybutyrate (PHB). The engineered reporter phages express a luminescent protein
when E. coli O157:H7 cells are infected, indicating the presence of target pathogens during
enrichment period. To implement phages in this application, it is desirable to immobilize them
on a substrate to serve as a swab. For the swab application, high density of immobilized phages
are required to generate detectable signal. Previous work has looked at phage immobilization on
PHB substrate and found that plasma treated polymer thin film enables immobilization of
phages on the polymer substrate. In this work, it is hypothesized that higher phage loading on
the polymer substrate could be achieved from porous electrospun mats, increasing the

sensitivity of the biosensor.

Infectivity of immobilized phages on 4 different substrates: 2 solvent casted and 2 electrospun
from 1 and 5 % w/v PHB in chloroform, were studied. Porous nonwoven microfibers PHB mats
were produced from electrospinning. Flat PHB films were solvent-casted and plasma treated.
Phages were immobilized on PHB substrates by immersing substrates in 108 PFU/ml of phage

suspension at 4 °C overnight. To study the infectivity of immobilized phages, E. coli infection



dynamic assays were carried out. A bioluminescence assay was conducted with the most
promising material samples to validate the bacterial sensing property of the phage-immobilized
PHB substrates in detecting E. coli O157:H7. We found that immobilized phages on electrospun
fibers from 5 % w/v PHB solution displayed higher infectivity than that of phages on plasma-
treated flat film in the E. coli infection dynamic assays. In the bioluminescence assay,
immobilized phages on electrospun fibers detected E. coli cells at a concentration of 103 CFU/ml

within 3 hours in milk, a complex medium.

We anticipate our phage-immobilized PHB to be a starting point for more sophisticated
biosensors. For example, phage cocktails, which is to combine two or more phages, could be
immobilized on the substrates for diverse host range. Furthermore, the phage-immobilized PHB
substrate also has a potential use as antimicrobial packaging. In conclusion, microstructures of
the electrospun PHB increased infectivity of immobilized phages on the substrate and may play

a key role in supporting other phage-immobilized applications.
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1. Introduction

This study aims to design a fast, selective and cost-effective sensor to detect Escherichia coli
0O157:H7 in food products. This can be achieved via the immobilization of a modified
bacteriophage (phage) expressing the reporter protein NanoLuc (Nluc) on a substrate fabricated
from polyhydroxybutyrate (PHB), which is a biopolymer. To date, this approach of immobilizing
phages on polymer substrates has been under-studied in the scientific community. This chapter
introduces the context, summarizes the motivation and details the objectives for this work

before providing an outline of this thesis and the chapters within it.
1.1.Background and Motivation

As human population grows, there is an insatiable need for more food products. With this
increasing demand comes a need for improved food safety — a global concern aimed at reducing
or eliminating contamination of food products'. Unfortunately, despite the establishment of
efficient food safety practices, it is still rare to find an individual who has not gone through an

unpleasant moment linked to contaminated food in his or her lifetime.

Generally, contaminated food is defined as foods that are tainted or spoiled, containing
bacteria, viruses, parasites or substances that eventually cause illnesses2. Not only are these
illnesses pervasive and expensive to treat, they also pose a threat to worldwide public health
safetys. Cases of foodborne illnesses are increasing globally, particularly in developing countries
due to lack of awareness in personal and food hygiene4. Increased trade, immigration and travel
also facilitate transfer of dangerous contaminants and pathogens across borders. According to
the US Center for Disease Control and Prevention (CDC), one out of every six people in the
United States is infected with foodborne illnesses every year, this resulted in 128,000
hospitalizations and 3,000 deaths in 2011 alones. In addition, an article published by the World
Health Organization stated that, “at least 600 million people, or almost 1 in 10 worldwide, fall ill
from contaminated food each year and 42,000 died, many of them were young children”®.

1



The most common pathogens that affect millions of people annually with severe and fatal
outcomes are Salmonella, Campylobacter, Listeria, Vibrio cholerae, and enterohaemorrhagic
Escherichia coli”. Amongst these pathogens, E. coli accounted for 41% of the microbiological
contamination cases in 2014, based on data reported from the Department for Environment
Food & Rural Affairs, United Kingdom8. Most types of E. coli are harmless and are actually a
part of the microflora in a healthy human and animal intestinal tract. However, Shiga Toxin E.
coli (STEC) produces toxins and causes disease. Infection by E. coli O157:H7, a STEC strain, is
associated with undercooked meat, unpasteurized milk, raw fruits and vegetables. It is usually
transmitted through contaminated water or food, or through physical contact with animals and
humans. People of all ages can potentially be infected, however, elderly and young children have
greater risk of developing hemolytic uremic syndrome (HUS), a life-threatening form of kidney

failure.

In United States, E. coli O157:H7 is the most commonly found pathogenic E. coli. It is
estimated that 265,000 STEC infections occur each year in the United States, 36% of these cases
are attributed to E. coli O157:H79. The first reported outbreak of E. coli O157:H7 in the United
States occurred among fast-foods consumers where cases were associated with undercooked
ground beef!c. A more recent outbreak of E. coli O157:H7 spread over multiple states and was
linked to contaminated romaine lettuce!2, While the outbreak appeared to be over as of June
28, 2018, 210 people ended up being infected across 36 states (shown in Fig. 1.1) which led to 96

hospitalizations and 5 deaths?2.
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Figure 1.1: People infected with outbreak strain of E. coli O157:H7 in 2018: (a) state of residence
(b) date of illness onset*2. Epidemiologic and traceback evidences demonstrated that the
infections were linked to romaine lettuce from the Yuma growing region, Arizona. (Permission
not required for use of public domain items)

In November 2018, another E. coli O157:H7 outbreak was linked to romaine lettuce, albeit
not related to the lettuce-borne outbreak mentioned above as the DNA fingerprints of the E. coli
strains differed's. This outbreak affected at least 50 people in both the United States and
Canada®3. In Canada, a total of 29 confirmed cases were investigated in Ontario (5), Quebec
(20), New Brunswick (1), and British Columbia (3)3. Among them, 10 individuals were
hospitalized and 2 individuals suffered from HUS'. The age of infected individuals ranged from

2 to 93 years old’s.

Due the severity of the infection, outbreaks of E. coli O157:H7 in Canada have been carefully
monitored and reported by the Public Health Agency of Canada. However, there is no current
treatment to cure the infection'4. Antibiotics have not been shown to alleviate symptoms, and
therefore, are not recommended for the fear of increasing risk of serious complications4. Instead,
supportive treatment, such as fluids to prevent dehydration and fatigue, is given to patients
infected by E. coli O157:H7'4. Patients who develop complications are likely hospitalized for

intensive care, including dialysis and other specific therapiest4. In addition, the origins of food



poisoning outbreaks are difficult to trace, owing to the complicated, often international, networks
of food production and distribution?s. Countries that act as distribution hubs of the food traffic
are highly vulnerable's. Therefore, tracing and identifying the origins of foodborne outbreaks is
anticipated to increase in complexity and impact, considering the current trend of increasing

globalization.

Conventional E. coli detection methods rely on microbial cultures, polymerase chain
reaction (PCR) and/or enzyme-linked immunosorbent assay (ELISA). These methods each have
their inherent weaknesses, which include being time consuming or expensive given that they
require skilled labor. In this work, an effective bacterial sensing method for the detection of E.
coli O157:H7, namely reporter phage-based biosensor, addressing the above problems was
investigated. Phages are bacteria-killing viruses that infect specific bacterial species or strains.
Reporter phages are genetically modified phages that carry a foreign gene expressing a protein
or enzyme that can be detected or monitored. In addition to detection, phages have been shown
to effectively inhibit bacterial growth in some food products, making them of interest to be used
in antimicrobial packaging. To implement phages in these applications, it is desirable to
immobilize them on a substrate such as a polymer thin film. Immobilization of phages on PHB
polymer with microstructures may enhance phage infectivity thus improving the overall

efficiency of the biosensor.

1.2. Objectives of Study

The overall purpose of this research was to develop a biosensor device for detection of E. coli
0157:H7. The biosensor was made through the immobilization of reporter PPo1 phage
expressing the luminescent protein Nluc on PHB substrates. PHB is a biopolymer that has been
proposed as food packaging material for short-lived plastic products where its biodegradability

is a strong benefit®.



The objectives of this work include:

a) To fabricate PHB substrate of various morphologies through electrospinning and

solvent casting.

b) To effectively immobilize Nluc reporter phage PPo1 on the polymer substrate and

study its performance.

c¢) To demonstrate potential use of immobilized phages on a PHB substrate as a

biosensor for the detection of E. coli O157: H7 in food samples.
d) To study the efficiency of immobilized phages on different PHB substrates.
1.3. Organization of the Thesis
The present thesis is organized as follows:

Chapter 2 introduces the underlying concepts involved in the development and application
of the biosensor. This includes discussions on phages, reporter phages, phage immobilization,
PHB and electrospinning. Chapter 3 describes the methodology used in preparation of the phage
immobilized PHB substrates and the characterization of the resulting materials. In chapter 4,
the performance of reporter phages immobilized on PHB substrates as biosensor is analyzed.
Finally, chapter 5 presents the conclusion and significance of this research with emphasis on the

key results. Recommendations for future work are also stated at the end of this chapter.



2. Literature Review

In this chapter, methods for the detection of Escherichia coli are discussed and phage-based
biosensors are introduced as alternative diagnostic tools for E. coli detection. Next, an overview
of biosensors and how phages are incorporated into biosensor platforms is presented. A specific
type of reporter phage, expressing the enzyme luciferase, is explained. Also, the features and
challenges of phage immobilization are noted. Finally, the characteristics of PHB and
electrospinning as a processing method to achieve highly porous fibrous mats of PHB are

reviewed.
2.1 E. coli Detection

E. coli is a Gram-negative bacteria found in the lower intestine of warm-blooded organisms,
among other environments?”. Most E. coli are harmless, however, strains such as Shiga toxin-
producing E. coli O157:H7 can cause food poisoning and severe disease'”. The presence of E. coli
in ready-to-eat food can result from contamination by faecal matter and improper hygiene at
processing facilities!8. In many countries, drinking water quality is periodically monitored for E.
coli to reduce risk of infection. The acceptable upper limits for E. coli fecal coliforms content are
200 colony forming units (CFU) per 100 ml and 35 CFU/100 ml for fresh surface water and
marine water, respectively?. In Canada, based on the Hazard Analysis and Critical Control
Points system, raw beef products should show no detectable level of E. coli O1572°. Despite
various efforts to improve hygiene practices, this foodborne pathogen still poses high risks to the
public health. The current methods of detecting E. coli O157:H7 are culture-based diagnostic

protocols, immunological and polymerase chain reaction (PCR)-based techniques.

In the conventional culture-based method, target pathogens from food samples are
incubated in specific liquid growth media for enrichment, followed by plating onto selective agar
plates. Pure cultures are then isolated and undergo a series of tests (e.g. phenotypic and
physiological) to confirm the results. Depending on the type of bacteria to be identified, the
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incubation periods can vary from 48 to 72 hours2!. It may take several days of repeated culture
and confirmation steps to yield reliable results. Although this method is time consuming and
labor intensive, colonies of bacteria produced by plating can be further analyzed for source
tracking2!. The detection of E. coli O157:H7, following the standard protocol from the US
Department of Agriculture Food Safety and Inspection Service, requires enrichment of meat
products in a selective broth medium and testing of enrichments using a screening assay, prior
to plating onto a selective agar medium22. Following this, colonies are tested biochemically and

serologically to confirm the presence of Shiga toxin genes22.

The immunological method utilizes antibodies to detect specific antigens, other antibodies
and proteins in samples. At present, enzyme-linked immunosorbent assay (ELISA) is the most
established immunological technique for the detection of pathogens. The immuno-based
techniques can identify pathogens based on the antigenic determinants expressed on the
bacteria cell surface, such as lipopolysaccharides, membrane proteins, and extracellular
organelles including flagellae and fimbriae. There are five steps in preparing ELISA. First, a
microtiter plate well is coated with antigen. Unbound sites are blocked to avoid false-positive
result. Then, antibodies are added to the wells before anti-antibodies conjugated to an enzyme
are added. Finally, substrate is added to react with the enzyme to produce colometric signals,
indicating a positive reaction. Some examples of the enzymes used in ELISA are alkaline
phosphatase, horseradish peroxidase and urease. ELISA is a much faster detection method than
the conventional culture-based technique. A detectable signal can be generated within 5 h23.

However, the tests are laborious, expensive and prone to yield false positive results23.

Polymerase chain reaction is a molecular biology method to amplify a specific segment of
DNA into thousands to million copies of that particular DNA segment. The process of PCR assay

can be separated into 3 categorizes: pre-PCR processing, PCR reaction, and post-processing.



Pre-PCR processing includes sampling and sample preparation. The main reasons of pre-
PCR processing are to exclude PCR-inhibitory substances that may reduce sensitivity of the
assay, to increase the concentration of target organism up to practical operating range, and to
produce homogenous samples for repeatability. Depending on the type of food sample, different
sample preparation methods are employed. These are categorized as biochemical,

immunological, physical and physiological methods.

In PCR, samples are processed through repeated heating and cooling to denature, anneal
and extend DNA strands. The first step of thermal cycling involves denaturing a double-
stranded DNA (dsDNA) segment into two single-stranded ones and produce the template for
further amplification. In the second step, the designed primer, which matches a section of the
DNA template sequence, is annealed to the single-stranded DNA and begins to form dsDNA
throughout the extension step. Then, the amount of DNA is doubled in the extension step. These

steps are repeated for the specific DNA fragment to be exponentially amplified.

Post-processing takes place once the amplification step is finished. The PCR products are
compared with nucleotide fragments of known sizes in a separating gel. Electrical current is
applied to the gel, separating the nucleotide sequences into bands based on their molecular
sizes. The PCR products can also be analyzed through sequencing to identify the bacterial strain

from which they originate.

In E. coli O157:H7 detection, PCR analysis has been used to identify the presence of Stx1 and
Stx2 genes, which are specific to the pathogen2!. With PCR, the analysis time can be shortened
and detailed genetic information on the pathogen virulence, resistance against antibiotics and
epidemiology can be obtained2'. Nonetheless, PCR has one major drawback which is its lack of

ability to distinguish between live and dead cells.



2.2 Phage-based Biosensors

The methods currently used for the detection of E. coli are often laborious and time
consuming?'. As an alternative to conventional microbiological methods, novel biosensors

involving phages as recognition elements are being developed.

Phages are known as natural predators of bacteria. These “bacteria-eating” viruses are
ubiquitous and can be found wherever bacteria survive24. It is estimated that there are more
than 103! phages on the earth, which exceeds every other population of organisms, including

bacteria24.

Phages can be classified based on their genome and morphology. Tailed phages from
Myoviridae, Siphoviridae and Podoviridae family group (Fig. 2.1) form the most abundant
biological entity on earth. They have a dsSDNA genome enclosed in a polyhedral head, also
known as capsid. The tail fibers are used to identify the receptor of the host cells to enable
genome entry into the bacterium following adsorption. Fig 2.2 provides an overview of the
prevalence of phage genera and species identified to date and that act on different bacterial

generazs.

The first stage in virus-host recognition is adsorption of phage to a receptor on the host cell
surface. The specificity of this interaction is dependent on the nature and structure of receptors
on the bacterial cell surface. The receptors may be proteins localized in the membrane and
lipopolysaccharide of the bacteria, lipopolysaccharide membrane itself, bacterial fili or flagella
and et cetera. The nature of phage receptor is different and defined by composition of host cell

wall and surface structures.
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Figure 2.1: Structures of tailed phages2¢. Used with permission.
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Figure 2.2: Statistics of phages genera and species correspond to bacterial genera2s.Used with
permission.
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A biosensor is an analytical device which converts a physical or biological event into
measurable signal. It is typically made up of several components, including bioreceptor,
transducer and signal processor (Fig. 2.3). Bioreceptors serve as biological probes to interact
with a specific analyte of interest. The transducer then converts the recognition event into a
measurable signal. In this context, phages are used directly or as an assembly with other
components to act as a sensing layer where they infect target cells and serve as a specific

bioreceptor.
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Figure 2.3: Schematic diagram of a biosensor comprised of 3 components: bioreceptors, transducers
and data processors27.Used with permission.
The use of phages as detection probes offers several advantages for bacterial sensing

including: (1) High specificity to host bacteriumzs. Phages infect their hosts through recognizing
receptors on the bacterial cell wall. They are very specific, sometimes even targeting a single
strain of bacteria. (2) The capability to amplify upon infection. The burst size of phages (amount
of phage released per host cell infected) can reach the thousands of progeny=2s. This means that
the amount of elements enabling recognition of the pathogenic bacteria can increase throughout
detection. (3) High tolerance against environmental stresses. As compared to antibodies, phage

particles are more stable in organic solvents, at high temperature and over a wider range of pH
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values. (4) Benign to human and animals?5. Due to their high specificity, phages only infect their
host cells. In addition, degradation of phages by antibodies or immune system do not produce
toxic by-products?8. It has been show that the low immunogenicity of phages does not represent
significant risks for patients28. Therefore, phage therapy is relatively benign when compared to
antibiotic therapies?8. (5) Ability to distinguish live and dead cells. Phages cannot propagate
without their host. Therefore, the phage detection method that relies on infection of viable cells
to produce measurable signals only works when live cells are present. (6) Simple and cheap
mass production. The production of phages is considered easier and less costly compared to

other biological bioreceptors (e.g. antibodies).
2.3 Luciferase Reporter Phages

Reporter phages are genetically modified phages that contain a heterogenous gene within
their genome29. Several genes, for examples, alkaline phosphate, green fluorescent protein, beta-
galactosidase and bacterial luciferases have been used as reporter genes for detection of
different pathogenic bacteria2o. Compared to other phage-based sensors, reporter phages have
the advantage of generating measurable signals upon infecting their target pathogen, thereby
functioning as both bioreceptor and biotransducer components. During the phage infection,
phages inject their genome, including the reporter genes, into the bacteria cells. These reporter
genes are expressed by the bacteria, which leads to active production of reporter protein or
enzyme, transforming the bacteria into biomarkers allowing detection. The amount of expressed

protein or enzyme can be tied to the quantity/number of infected bacteria within the sample=9.

Among the reporter genes investigated so far, luciferase is more commonly used in reporter
phages because of its greater sensitivity3°. The luciferase reporter gene assay produces
measurable signals in bioluminescence, which is a form of light emission from living organisms
through chemical reactions. It is usually an enzyme-catalyzed process, where the substrate,

luciferin, meets the enzyme partner, luciferase, with the addition of energy and atmospheric
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oxygen, produces oxyluciferin, emitting photons of lights*. Luciferases can be found in
organisms such as bacteria, algae, jellyfish, shrimp, squid and fireflies3. The full luciferase gene
cassette consists of 5 genes, luxA, luxB, luxC,luxD, and luxE3*. Sometimes, a bioreporter does
not contain the full lux gene cassette. In that case, the bioreporter requires addition of
substrates to generate bioluminescence signals32. Nanoluc (Nluc) luciferase is the newest
commercially available luciferase enzyme developed by Promegas3s. NLuc is of relative small size
(19kDa), facilitating gene insertion into the phage genome and capsid3s. Other than that, the
system is able to generate greater signals and possess higher thermal stability than other

luciferases=9.

Luciferase is 10- to 1000-fold more sensitive than green fluorescent protein (e.g, another
protein commonly used in bioimaging), based on excitation of fluorescent proteins at a specific
light wavelength and detection of light emission at another wavelength with a charge-coupled
cameras3. Also, given that food materials generally do not bioluminescent, a high signal to noise

ratio can be obtained?29.

The first luciferase reporter phage was constructed by Ulitzur and coworkers on phage
lambda, termed L2834. The lux AB reporter phage could detect as few as 10 E. coli cells/ml in
milk within 1 hour34. Kim and coworkers, introduced the lux CDABE bioluminescence operon
into the genome of the Salmonella temperate phage SPC32H35. In pure cultures, the reporter

phage could detect 20 CFU/ml of Salmonella Typhimurium within 2 hours3s.

Ripp et al. had designed a reporter phage PPo1 based on luxI/R quorum sensing and a lux
CDABE operons¢. The reporter phage detected original inoculum of 1 CFU/ml in 16 hours assay
time after a 6 hours incubations®. A NanoLuc reporter phage assay was developed by Zhang et al.
in lysogenic phage phiV10 for detection of E. coli O157:H737. The recombinant phage was able to
detect low quantity of E. coli cells, 5-6 cells within 7-9 hours in pure culture and ground beef

enrichment with small amount of reporter phage (102 - 104 PFU/ml)37. In 2018, Hinkley et al.
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published the construction of reporter phage T7xic using NLuc fused with carbohydrate binding
module CBM2a to detect E. coli cells in drinking water38. The phage featured a detection limit of

less than 10 CFU/ml in 3 hour of assay time aided with 1 hour of pre-enrichmentss.

Despite its promising features, the bioluminescent reporter phage assay has a drawback:
there is transient emission of bioluminescence after adding the luciferin substrate2d. The signal
half-life of the NLuc system is approximately 2 hourss°. Additionally, bioluminescence
measurements are usually performed on multi-plates with phage-infected bacteria in liquid
samples2. However, such measurements may be relatively expensive to perform with a
luminescence reader, on par with other high-throughput screening methods2°. Immobilized
phages may offer an easier or cheaper alternative with a lab on a chip approach=s. In addition,
Polaroid film could offer an inexpensive alternative to luminometer to lower the cost of the
diagnostic tool. Hazbon et al. attempted to build a Bronx box to detect luminescence signals
from reporter phagess9. The Bronx box is an enclosed box, where a Polaroid film cassette is
placed over a micro-plate containing the luciferase reporter phages and infected bacteria
cultures39. The film was exposed overnight and light signals were obtained as photographic

results39.
2.4 Phage Immobilization

As discussed in the previous sections, phages can be employed as specific recognition
elements to detect or capture target analytes. In addition, phages can be incorporated to
surfaces to render them bioactive. Numerous approaches are reported to effectively immobilize

phages on a solid substrate.

The simplest approach is through physisorption. Nanduri demonstrated that phages can be
immobilized on the surface of a quartz crystal microbalance through physical adsorption and
remained active after immobilization4°. However, physisorption is a non-specific binding
process and phages can dissociate from the surface.
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Alternatively, chemisorption, which involves the formation of chemical bonds, offers
stronger bonding on substrates. Chemical bonding can be done through protein conjugation
(e.g. biotin-streptavidin interactions+') or various covalent bond chemistry targeting the
endogenous amino acids on the envelope of phages to build the covalent bonding between the
phages and the substrates+3-52. However, some of the chemicals required for these approaches
may damage phage integrity or decrease their infectivity due to harsh reaction with the phage
proteinsss. For example, Wang et al. studied immobilization of phage T4 on polymer and tested
different combinations of chemicals to promote covalent bonding with the substrates4. They
found that phages immobilized on plasma-treated polymer without any chemical bonding
retained the highest infectivity towards the host cells compared to phages immobilized with
other methodss4. It was suggested that the chemical reagent 1-ethyl-3-(3-
(dimethylamino)propyl)carbodiimide hydrochloride (EDC), used to cross link phages on
polymers, may damage phage integrity during the reaction. EDC is known to be harmful for

certain cell types and may also cause severe eye damagess.

2.4.1 Challenges in Phage Immobilization

A few challenges must be addressed in designing phage-associated bioactive surfaces. These
include the activity, orientation and packing density of phages, which are critical in determining

the performance of the resulting materials.

It is crucial that immobilized phages retain their infectivity, regardless of the immobilization
methods. Even though phages are more robust than many other biorecognition elements, such
as enzymes and antibodies, they can become inactivated upon exposure to harsh conditions,
which include reactive chemicals, pH, UV light etc. Puapermpoonsiri et al. attempted to create
microspheres containing phages for pulmonary deliverys°. Their result showed that the
encapsulated phages partially lost their infectivity. Dichloromethane was reported to be the root

cause as it is known to denature proteinss°.
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The orientation of immobilized phage particles is particularly important due to the
geometric structure of many phages and the phage-host recognition mechanism: the recognition
and induction of infection is often done by the interaction of the tip of the phage tail (tail fibers,
baseplate, etc.) with the hosts7.While free phages diffuse and easily change orientation, allowing
for the recognition of target host cells, immobilized phages do not have the freedom to do so. In
fact, bacterial cells have to diffuse to the immobilized phage layer and phages could only infect
the cells if their tail and tail fibers are properly oriented and free to move. Therefore, the
optimum condition for immobilized phages is to orient them in such a way that the movement of

the tail and, when appropriate, tail fibers are not hampereds.

Furthermore, most phages have charges on them, making many phage particles similar to
dipoles. The capsid of tailed phages is generally negatively charged while the tail is slightly
positive chargedss. Scientists have turned to electrostatic binding to anchor phages on substrates
in order to optimize the orientation of immobilized phages. Zhou and coworkers oriented T2
phages on cationic carbon nanotubes (CNT) through electric field manipulation and achieved

detection limit of 103 CFU/ml for their biosensorss.

Once a method is established to properly align phages on a substrate, efficiency of the
bioactive surface may be further improved by increasing the packing density of phages. Naidoo
et al. suggested that above a threshold surface density of immobilized phages, bacterial capture
efficiency started to decrease as a result of entanglement of phage tail fibers, impeding
interactions with the host bacterias®. Regarding this issue, Richter determined that the
maximum coverage of phage T4 was 19 phages/um2 with randomly oriented phages®°. However,
by properly aligning phages with alternating electric field, the researchers were able to attach a
dense layer of oriented phages on a surface, improving the packing density of phages up to 100
phages/umz2. The optimized performance of the surface with oriented T4 receptors had 64-fold

higher sensitivity than the surface with randomly oriented counterpartse°.
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2.4.2 Application of Phage Immobilization

Phage immobilization imparts additional functionality to a surface, which enables

applications in biosensors, food packaging and medical devices.

In biosensors, reporter phages have been immobilized on substrates to serve as both
bioreceptors (to recognize particular analyte of interest27) and transducers (to convert biological
activity into a measurable signal27). For example, some genetically modified phages generate
easy to read colorimetric signals upon encountering specific pathogens; thereby eliminating the
need of sophisticated electronic instruments to generate signals and aligning with the idea of
lab-on-chip systems. Lab-on-chip systems make biosensors portable and facilitate rapid point-
of-care detection, not to mention creating savings from reduction of trained lab workforce and

specialist equipment.

Examples include phage T7 modified to express beta-galactosidase and immobilized on
magnetic beads as created by Chen et al.6*.Beta-galactosidase is released upon phage-mediated
cell lysis and can be detected by adding red-beta-d-galactopyranoside, a colorimetric substrate
that changes color in the presence of beta-galactosidase. The colorimetric signal can be
determined through visual observation and allow for rapid detection of E. coli in resource-

limited environment.

Paper diagnostics and dip-stick assays have also been reported in scientific literature.
Jabrane et al. deposited phages onto paper surfaces with a pre-coat layer of cationic polymer to
immobilise phages through electrostatic binding for detection of E. coli ¢2. A rapid and
ultrasenstive phage-based dipstick assay has also been developed by Anany et al., targeting E.
coli O157:H7, E. coli O45:H2, and Salmonella Newport in spinach, ground beef and chicken®s.
In this application, phages were immobilized on paper through piezoelectric inkjet printing. The

paper assay was combined with quantitative real-time PCR to determine if DNA associated with
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the target bacteria was present in broth and food samples. The limit of detection was found to be

10-50 CFU/ml in a total assay time of 8 hours®s.

Phages have also been attached to food packaging material to impart antimicrobial
properties to the surface. Phages offer several desirable attributes as food antimicrobials. Firstly,
they target pathogenic bacteria in food without disturbing the food quality. Secondly, phage
biocontrol is an environmentally friendly antimicrobial intervention, considering the abundance
of phages in environment. Thirdly, compared to free phage particles suspended in liquid lysate,
immobilized phage particles only release free phages into the food when the pathogens of
interest are present®4. This could alleviate consumer concerns regarding addition of viruses to

food products.

One example of immobilized phages used as antimicrobial food packaging was demonstrated
by Anany et al®. The phage cocktails were immobilized on cellulose membranes to control L.
monocytogenes and E. coli O157:H7%. The authors conducted the study by applying the
immobilized phage membranes on ready-to-eat turkey and ground beef under different storage
conditions®s. They observed 1.5 log;, reduction of L. monocytogenes on the turkey within 15 days
and 1.0 log, reduction of E. coli O157:H7 in ground beef within 6 days, under aerobic

conditions®s.

Some phages have been used towards therapeutic applications to treat bacterial infections.
In Georgia, Poland and Russia, phage therapy is used to treat bacterial infections that do not
respond to conventional antibiotics. For example, phages are used to suppress pathogenic
bacteria directly at the site of a wound. However, phages in liquid preparation applied through
dressings require frequent changes of the dressings to retain high local concentration of phages
at the wound, which dramatically increases in-patient cost. To solve this problem, phages were
immobilized on polymeric wound dressings so that phage particles could be released slowly and

gradually over a period of time in the presence of pathogens®e.
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2.5 Poly-3-hydroxybutyrate

2.5.1 Introduction to Poly-3-hydroxybutyrate

Poly-3-hydroxybutyrate (PHB) is a bio-polymer from the polyhydroxyalkanoate (PHA)

polyester family. Its monomer, 3-hydroxybutyrate, has 3 carbon atoms as backbone and

includes a methyl group, an alcohol group and a carboxylic acid group. The presence of the

methyl group imparts hydrophobic characteristics to the polymer. The chemical structure and

physical properties of PHB are displayed in Fig 2.4 and Table 2.1, respectively.
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Figure 2.4: Chemical structure of PHB

Table 2.1: Physical properties of PHB®7.

Property

Molecular weight (Da) 5 X105
Glass transition temperature (°C) 15
Density (g/cms3) 1.25
Crystallinity (%) 70
Young’s modulus (GPa) 2.5-3.5
Tensile strength (MPa) 35-40
Extension to break (%) 5-7
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Industrial production of PHB is typically done by microbial synthesis®”. Approximately 300
different microorganisms have been shown to be able to synthesize PHB¢7. In most cases, a
bacterium first consumes a carbon source and produces PHB in the form of granules as a reserve
of energy to be metabolized when common energy sources are absent®. Therefore, on one side,
PHB can be completely biosynthesized and, on the other, completely catabolized to carbon
dioxide and water, making it an attractive biodegradable material®8. Moreover, unlike other
bioplastics, such as polylactic acid, which effectively break down only under composting
condition greater than 55°C, degradation of PHB is possible under common environmental
conditions, even in natural water environment®9-7°. As an example, significant PHB film
biodegradation, with mass losses of 11% within 14 days, was shown with the bacterial strain

Marinobacter algicola under simulated marine environments at 30°C7.

Another desirable characteristic of PHB is the biocompatibility of the material, with PHB
shown to be present in human bloodstream and its degradation product, 3-hydroxybutyric acid,
being a common metabolite in organisms?2. In fact, the dose of PHB necessary to achieve a
decrease of 50% of a mammalian test population— its LD50 — was found to be greater than 5000

mg/kg®. Therefore, it can be considered completely nontoxic to mammals.

Due to its biodegradability and biocompatibility, PHB presents great potential in many
applications related to the medical, pharmacological and packaging areas. For examples, PHB
can be made into absorbable internal sutures, wound dressings, and tissue scaffolding for bone
regeneration, to name just a few7s. In the pharmacological field, PHB can be used in thermogels
for controlled-release drug delivery7s. PHB has been proposed as food packaging material for
short-lived plastic products where biodegradability is a strong benefit7+. Studies have shown the
polymer has good oxygen, water vapour, fat and odor barrier properties, which makes it suitable
for storage of many liquids, acids and fatty food products®. PHB’s potential to replace

petroleum-based plastics represent a significant step towards achieving a more sustainable

20



packaging industry, since it was found that food packaging waste comprises approximately one-

third of all Canadian household wastes.

As a thermoplastic, PHB can be melted and molded into many products suitable for
consumer use®’. Some of the common processing methods used for PHB processing are
extrusion and injection molding, where the former is commonly used for fibers, thin films, cast
sheets and the latter for products like bottles and packages 7677. However, despite its superior
properties, the following challenges limit its widespread application in consumer products: (1)
physical aging effects occur due to secondary crystallization making the polymer brittle over
time, (2) low elongation at break due to slow crystallization rate promoting large spherulites in
the structures, (3) narrow thermal processing window, where PHB degrades around 170-200 °C,
and (4) high production cost due to low productivity of microbial synthesis, high costs of

downstream processing and separation of PHB from cellular biomass727s.

2.6 Electrospinning of PHB

The properties of PHB, such as its biodegradability and biocompatibility, make this material
a very strong candidate in food sensor applications. One key parameter governing the
performance of many sensors is the surface area of the sensing element. In the biosensor
system, as the surface area of the sensing probe increases, the probability of an encounter
between the biorecognition elements distributed on the surface and the analyte of interest also
increases, improving the sensitivity (as seen in many nanostructured sensor applications78-83),
Hence, processing methods that enable a greater surface to volume ratio can be beneficial in
many cases. Electrospinning is a well-established technique to fabricate nanostructured fiber
mats under high applied voltage. In electrospinning, PHB fibers of micro- to nanometer-scale
produce mats with high specific surface area and high porosity. These mats of high surface area
enhance the interaction between the analyte and bioreceptor, making electrospun nanomaterials

highly attractive as ultrasensitive sensors.
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2.6.1 Introduction to Electrospinning

Electrospinning is a process to produce polymeric mats of submicron fibers under an applied
electric field. Its underlying principle was discovered by William Gilbert over 375 years ago,
when he noticed a cone tip formed on a drop of water while an electrically charged rubber amber
was held close by the droplet84. Electrospinning was further studied by Bose et al. in aerosol
generated under electrical potentialss. Lord Rayleigh then investigated the surface tension of
droplet detachment from different fluidsss. Although electrospinning has been around for a
while, it mostly gained in popularity in the last three decades as electrospun nanofibers

demonstrated superiority in nanotechnology and other related fieldss.

A basic electrospinning system consists of a syringe pump, polymer melt/solution loaded on
a syringe, a high voltage power supply and a grounded collector plate. A simple schematic is

shown in Figure 2.5.

Power source

Syringe pump

i) .1
¥ ¥

EEEEEE ‘-1-‘ Collector

Figure 2.5: Schematic of a basic electrospinning system. The polymer jet travels in a straight
line within a short distance and then bends in whipping motion as a result of instability of the
jet.
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In the process of electrospinning, a polymer solution, preferably with high conductivity, is
filled in a syringe and subjected to high voltage (usually in the kV range) to provide sufficient
electrical force to overcome surface tension of the solution, allowing continuous flow of liquid to
be drawn out from the nozzle®o. As the solution is charged under an electric field, charge
accumulates to a point where the repulsive force of the charges is equal to the surface tension of
the polymer solution at the nozzle. At this point, a droplet of conical shape, known as a Taylor
cone, forms at the nozzle. With increasing electrical field, the repulsive electrostatic force
eventually overcomes the surface tension, a small liquid jet then forms from the tip of the Taylor
cone. The polymer jet first travels in a straight line at a short distance, then starts to experience
instability due to which it turns and bends in a whipping motion. This whipping motion causes
the polymer jet to travel a longer path towards the collector plate, elongating the fiber and
evaporating the solvent from the polymer jet, leaving dry polymeric strands of fiber deposited on

the grounded plate®”.

Electrospinning is a simple process that can be done with a small laboratory setup8.
However, many parameters affect the final features of the resulting material, including the fiber
diameter and size uniformity, and the material porosity. These parameters can be classified into
three categories that affect the morphology of electrospun fibers: process-related parameters
(applied voltage, flow rate and working distance; Table 2.2), ambient parameters (such as
temperature, humidity and airflow; Table 2.3), and solution-related parameters (polymer
concentration, polymer molecular weight, solution viscosity, solution surface tension, solvent
conductivity, solvent volatility; Table 2.4). Bear in mind that these parameters are interrelated
and their influence can vary. Successful electrospinning requires the combined optimization of

these various parameters.
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Table 2.2: Process-related parameters for electrospinning

Variable Influence on diameter and morphology of fiber mats
Applied voltage needs to overcome the threshold voltage to initiate
L. Applied electrospinningss. As voltage is increased, fiber diameter initially
voltage decreases then increasesss.
At optimal flow rates, the polymer solution has sufficient cohesive forces
II. Flow rate to sustain a stable charge jet where a stable Taylor cone forms,

producing the narrowest fibers possible8s88. At high flow rates,
insufficient drying may occur due to limited time for solvent
evaporation, resulting in thicker fibers, possibly with bead defects
and/or flattened ribbon structures89. At low flow rates, the Taylor cone
is not stable and gradually reduces to form a fiber within the nozzle
tip9e.

I1I. Working
Distance

At the ideal working distance (usually around 10-20 c¢m), the applied
voltage is in the optimal range where a stable charged jet can be formed
and experience whipping to elongate before reaching the collector9:.
Shorter working distances leads to insufficient solvent evaporations4.
Increasing working distance from Taylor cone results in smaller fiber
diameterss.

Table 2.3: Ambient parameters for electrospinning

Variable Influence on diameter and morphology of fiber mats
Temperature affects the viscosity of the polymer solution as well as the
L. Temperature evaporation of the solvent. High temperature increases the evaporation

rate, leading to thicker fibers84. However, as the viscosity decreases with
increased temperature, the formation of thinner fibers is also possible,
depending on the nature of polymers84.

II.  Humidity

Ambient humidity is important because it controls the solidification of
the charged jet88. Low relative humidity drives evaporation, resulting in
thicker fibers. High moisture prohibits evaporation and imprints micro-
and nanoscale pores on the surface of fiberss4.

I11. Airflow

Airflow around the electrospinning setup controls the flight speed of the
polymer jeto2. High airflow encourages solvent evaporation, leading to
higher fiber diameters4.
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Table 2.4: Solution-related parameters for electrospinning

Variable Influence on diameter and morphology of fiber mats
Polymer concentration contributes to fiber diameter through a power
L Polymer law relationship, with an exponent value of 0.59. At the optimal
Concentration | concentration, polymer chains overlap during the stretching of the

charged jet, resulting in the formation of smooth, beadless fibers. At low
concentration, surface tension dominates the system, resulting in
electrosprayed beads or beaded fibers%+. Fiber diameter tends to
increase with increasing concentration, however, in extreme cases,
helix-shaped micron-scale ribbons have been observed9s.

1I. Molecular
Weight

Similar to the optimal polymer concentration, using ideal molecular
weight of the polymer facilitates polymer entanglement, results in
smooth fibers. If the molecular weight is low, bead-like structures are
produced®s. On the other hand, if the molecular weight is too high,
electrospinning is either not possible or results in fibers with large
diameterss.

II1. Solution
Viscosity

Viscosity depends on molecular weight and concentration of the
polymer. It is important because it influences the formation of polymer
jet when charges are applied to the solution. Ideal viscosity results in
smooth fibers. Low viscosity polymer solutions form fine droplets with
incomplete drying as surface tension dominates the systemss. At higher
viscosity, formation of beads transition from spherical to spindle-like to
smooth fibersss.

IV. Surface
Tension

Surface tension determines the cohesive forces between the molecules.
Therefore, solutions with optimal surface tension experience stable
repulsive forces from the charged solution and results in smooth fibers.
Solutions with low surface tension and high viscosity form smooth
fibers9e. Solution with high surface tension pose difficulties for the
applied voltage to overcome the cohesive forces between the polymer
molecules; in this case, electrospraying results in beaded fibers9.

V. Solution
Conductivity

The conductivity of the solution affects the charge-carrying capacity of
the polymer solution, thus it influences the surface charge density of the
polymer jet and the formation of Taylor cone®s-88. Solutions with low
conductivity have no charge on the surface of droplets to form a Taylor
cone. Therefore, electrospinning will not occurss. A highly conductive
solution carries more charges and thus experiences stronger tensile
force under electric field, decreasing fiber diameterss. The addition of
ionic salts decreases fiber diameter as well8s.

VI. Solvent
Volatility

The choice of solvent affects the drying of fibers due to different
evaporation rates. Insufficient drying results in ribbon-like fibers that
may attach to the needle mid-air%8. Solvents with high volatility tend to
cause the drying of polymer jet at the nozzless.
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2.6.2 Literature Review of Electrospun PHB

There are many references in literature which highlight the relevance of electrospun PHB in
biomedical applications. Electrospun fiber mats are used in tissue engineering, food packing and

biosensing applications.

Sombatmankhong et al. studied electrospun fiber mats of PHB, Poly(3-hydroxybutyrate-co-
3-hydroxyvalerate) (PHBV) and their blends as potential mammalian cells scaffold%+. The
average diameter of the pure and blend fibers were approximately 2.3 and 4.0 um. The
electrospun membranes were more hydrophobic and possessed greater tensile strength than
films produced through solvent casting94. To test the potential of electrospun membranes as
tissue scaffolds, the researchers conducted a cytotoxicity test with mouse fibroblasts. Their

results indicated no threat to the cells.

Chan et al. synthesized a pectin-PHB copolymer via solventless ring-opening polymerization
for retinal tissue engineering%. The copolymer was blended and electrospun to produce
nanofibers that were finer and less hydrophobic relative to pure PHB; it was also found to be
soluble in organic solvents. The use of PHB provides mechanical support to the scaffolding
structure while being biocompatible to the retinal cells. The biocompatibility and capacity of the
fiber mats to support the proliferation and growth of seeded human retinal pigmented
epithelium cells were reported, demonstrating the potential of this material as a scaffold for

tissue engineering.

An antibacterial fibrous membrane has been fabricated based on a mixed solution of PHB
and N-halamine compounds poly [5,5- dimethyl-3-(3'-triethoxysilylpropyl)hydantoin] (PSPH).
The electrospun mat was then chlorinated in bleach to produce the antimicrobial materialoc.
The biocidal efficacy of the fabricated membranes was evaluated against both Gram-positive and
Gram-negative bacteria. The chlorinated fibrous membranes could inactivate 92.10 % of

Staphylococcus aureus cells and 85.04 % of E. coli O157: H7 cells within 30 min of contact time.
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Finally, electrospun PHB has also been used in biosensing. Hosseini et al. coated
polymethacrylate on electrospun PHB fibers to immobilize dengue antibody for dengue
detectionot, They achieved a highly porous coated PHB structure with average pore size of ~ 2
um. Sandwich ELISA assay was performed to study the detection range of the biosensor. The
sensor had 80% specificity and a low limit of detection. It was found that the coated PHB fibers
achieved higher sensitivity than the conventional clinical ELISA method:°!. Hence, it can be
expected that the coated PHB electrospun fiber could be integrated into microfluidic or paper-

based diagnostic devices with higher performancez©:.
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3. Materials and Methods

The overall purpose of this chapter is to introduce fabrication methods for the production of
phage-immobilized PHB substrates and techniques for the characterization of the resulting
materials. This will be done to study the efficacy of reporter phage PPo1 immobilized on PHB
substrates as a biosensor for the detection of E. coli O157:H7. Four types of PHB substrates were
prepared (Table 3.1, Fig.3.1), including two types of porous PHB mats (prepared by
electrospinning PHB solutions at different concentrations) and two types of PHB films
(prepared by solvent casting PHB solutions at different concentrations). The substrates were
immobilized with reporter phage PPo1 (expressing the bioluminescent protein Nanoluc) and
were used in double agar plaque assay, E. coli infection dynamics, E. coli capture tests and
bioluminescence assay to measure their potential in bacterial sensing of E. coli O157:H7. In
addition, characterization techniques included water contact angle (WCA) measurements,
scanning electron microscopy (SEM), helium ion microscopy (HIM) and fluorescent confocal

laser scanning microscopy.

Table 3.1: PHB substrates prepared in this study.

Process/ Polymer concentration (% w/v)
Fabrication method 1 5
Electrospinning Electrospun bead (EB) mat (a) | Electrospun fiber (EF) mat (b)
Solvent casting with Low concentration solvent-cast | High concentration solvent-
plasma treatment (LCSQ) film (¢) cast (HCSC) film (d)
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Figure 3.1: PHB substrates prepared in this study. (a).EB mat (1% w/v PHB in chloroform);
(b) EF mat (5% w/v PHB in chloroform); (¢) LCSC film (1% w/v PHB in chloroform); (d)
HCSC film (5% w/v PHB in chloroform).

3.1 Materials

Poly[(R)-3-hydroxybutyric acid] (PHB) of natural origin (No. 29435-48-1, Sigma-Aldrich, St.
Louis, MO, USA) was the main material used in this work and was used as received. The
molecular weight of the material was approximately 1,070,000 Da with PDI 5.944, according to

gel permeation chromatography performed by PolyAnalytik (London, ON, Canada).

Agar (Difco) and Tryptic Soy Broth (TSB, BD B211822, BD™ Tryptic Soy Broth) were
purchased from Becton Dickinson and Company, USA. Nano-Glo® Luciferase Assay System
(N1110) was purchased from Promega, USA. Phosphate-buffered saline (PBS) was prepared
from potassium chloride (KCl), potassium phosphate monobasic (KH.PO,), sodium chloride
(NaCl), and sodium phosphate dibasic dihydrate (Na,HPO,4+2 H,0), following the standard
protocolo2 (Table 3.2) These chemicals were purchased from Sigma-Aldrich (Mississauga,

Canada).

Table 3.2: Composition of PBS solution

Salt Concentration (g/L)
KCl 0.2

KH.PO, 0.24

NaCl 8.0

Na,HPO,2 H.O 1.44
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3.2 Preparation of Samples
3.2.1 Preparation of PHB Solution in Chloroform

PHB solutions with varied concentrations (1, 3 and 5 % w/v) were prepared by dissolving
PHB powder in chloroform. PHB, chloroform and a magnetic stir bar were placed in a 20-ml
glass vial with closed lid. The solution was prepared at room temperature and heated on a
hotplate at 9o °C with vigorous stirring (500 rpm) for 2 h or until complete dissolution of the
polymer. In addition, a thin layer of organic solvent-resistant film was placed in between the lid
and opening of the vial to reduce solvent evaporation during heating. Typically, PHB in
solutions at low polymer concentration (1 % w/v) dissolved completely within 1 h of heating and
stirring. At this point, the polymer solution looked clear and homogenous. The solution was
stored in the glass vial at room temperature until further use. Solutions with high polymer
concentration (5 % w/v) at room temperature was not as clear as the same solution being
heated. On the other hand, solution with low polymer content (1 % w/v) were clear regardless of

the processing temperature, as shown in Fig. 3.2.

Figure 3.2: PHB solutions at room temperature: 1% w/v (white lid) and 5 % w/v (green lid).

As chloroform is a volatile solvent, it is recommended to prepare a small quantity (10 ml) of

fresh polymer solution one day before electrospinning or solvent casting.
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3.2.2 Electrospun PHB Substrates

Two different electrospun PHB substrates were prepared and used extensively in this work:
one from a solution of 1 % w/v and the other of 5 % w/v PHB in chloroform. Electrospinning the
former resulted in beaded fiber mats, whereas the latter produced smooth fiber mats. The
schematic and images of electrospinning setup used in this experiment are shown in Figure 3.3,

3.4 and 3.5.

Power supplies

Collector

Syringe pump

Figure 3.3: Schematic of electrospinning system.

Figure 3.4: Electrospinning setup in chemical hood.
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Figure 3.5: Close-up view of electrospinning setup.

The electrospinning system consisted of a syringe loaded with polymer solution, a syringe
pump, a copper collector plate, a Peltier plate and two power supplies. The collector plate was
covered with a piece of aluminium foil (10 cm x 10 ¢cm) to aid the collection of the electrospun
fibers. The distance between the collector plate and the tip of the syringe was kept at 15 cm at all
times. A Peltier plate of 4 cm x 4 cm (430160-502, HT8 12, Laird Thermal Systems, Morrisville,
NC, USA) was placed on top of the syringe to increase the temperature of the polymer solution
(Fig. 3.5). This reduced the viscosity of the polymer solution thus facilitating the formation of
smooth fibers. The current supplied to the Peltier plate was kept at 1 A, which brought the
temperature of the syringe to approximately 50 °C. This temperature was confirmed by a
thermocouple fixed at the contact point between the syringe and the Peltier plate. The process of

electrospinning was done inside the chemical hood due to high volatility of chloroform. In
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addition, the syringe pump, syringe and Peltier plate were placed in an enclosed chamber (36cm

x 16.5 cm x 34cm) to avoid heat loss to the environment.

5 ml of PHB solution was fed into a 10-ml syringe fitted with a 21G needle. In order to
produce smooth fibers, the ideal pump rate and applied voltage for 5 % w/v PHB solution were
set to 0.5 ml/h and 10 kV. Higher flow rates caused dripping of the polymer solution while lower
flow rates resulted in polymer clogging the nozzle. Flow rates of 0.1, 0.25, 1 and 3 ml/h were
tested. To optimize the applied voltage, 5 kV and 15 kV were also tested. The fiber morphologies

that resulted from using these different parameters are shown in the Appendix (Fig. A1).

The 5% w/v polymer solution was electrospun for 6 h under the settings described above to
produce smooth fiber mats. However, electrospinning the 1 % w/v polymer solution took much
longer time to deposit significant amounts of material on the collector due to its lower polymer
content. To increase the efficiency of electrospinning the 1 % w/v polymer solution, the flow rate
was adjusted to 5 ml/h. Electrospinning could then be completed within 1 h. The product of
electrospinning at this flow rate still produced beaded fiber mats, which were confirmed by
scanning electron microscopy (SEM). Both electrospun PHB mats were found to be white and to
have a paper-like textue. The size of EB and EF polymer mats were approximately 20 cm? and

64 cm?, respectively (Fig. 3.6 and 3.7).
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Figure 3.6: EB mat Figure 3.7: EF mat

The fiber mats were trimmed with a pair of scissors to remove the uneven edges. They were
then sandwiched in layers of wax paper and cut into squares of 0.5 cm x 0.5 cm for further

experiments.
3.2.3 Solvent-cast Plasma Treated PHB Substrates

Solvent-cast plasma-treated PHB substrates were fabricated using 1 % w/v and 5 % w/v PHB
solutions in chloroform. These were used as comparison for the evaluation of phage attachment
and E. coli infection assays. The PHB substrates were prepared by pouring overnight PHB
solution, either 1 or 5 % w/v polymer concentration, on a polyester film layered in a 60 mm
(diameter) x 15mm (height) petri dish at room temperature. The films were then dried
overnight in a fume hood. The petri dishes were closed with their lids to avoid rapid

evaporation of the solvent, reducing the coffee ring effect'o3 on the casted films.

The resulting films were almost translucent. The thickness of LCSC film was approximately
40 um whereas that of HCSC film was approximately 60 um. Uneven edges of the films were

trimmed off and cut into equal squares of 0.5 cm in length. These films were then treated with
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oxygen plasma using Harrick Plasma Cleaner (PDC 001, Harrick Plasma, NY, USA) on both

sides of the films, for 1 min each, under high power (30W), at 30 min before experiment.

3.2.4 E. coli O157:H77 Cultures

Overnight Escherichia coli O157:H7 (ATCC 43888) cultures were prepared by inoculating
one colony of E. coli O157:H7 from a TSB Agar plate in 10 ml of TSB in a 50-ml shake flask
closed with an aerated stopper. The cultures were then incubated overnight in an incubator-

shaker (Ecotron, Infors HT, Montreal, Canada) at 37 °C and 250 rpm.

E. coli cultures were initiated by diluting 100-fold of E. coli O157:H7 overnight culture with
fresh TSB medium in a 50-mL shake flask containing 80% (volume) of headspace. These E. coli
cultures were incubated at 37 °C and 250 rpm in the incubator-shaker. The growth conditions of
were recorded by optical density at 600 nm (ODsoo) using a spectrophotometer (Ultrospec 50,
Biochrom, UK) hourly. A growth curve was plotted from the data and the log phase was
determined to start when the ODgoo reached 0.2. The time taken for E. coli O157:H7 ( ATCC
43888) to reach log phase growth was between 45 minutes to 1.5 hours, depending on the
volume of E. coli culture medium, as well as the environment in the incubator-shaker. These
cultures were used to amplify phages or to evaluate the performance of the substrates with

immobilized phages.

3.2.5 Phage Amplification

Wild type phage PPo1 were received from Dr. Tanji at the Tokyo Institute of Technology.
The reporter phage PPo1 was genetically modified to express the bioluminescent protein
Nanoluc by Melissa Harrison at the University of Alberta. The reporter phage stock titer was
2x109 plaque forming units per mL (pfu/ml) and stored at 4 °C in TSB. The bacterium
Escherichia. coli O157:H7 (ATCC 43888) was used as host and target bacterial strain to

demonstrate the efficacy of the phage and the materials produced in this study.
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Reporter phage stock of PPo1 was prepared through phage amplification in TSB. First, 100
uL of phage suspension at 10¢ pfu/ml were added to 5 ml of fresh log-phase E. coli culture. After
15 min at room temperature, the suspension was transferred to 250 ml of TSB medium and
incubated in an incubator-shaker (Ecotron, Infors HT, Montreal, Canada) at 37 °C and 250 rpm
for 6 h. The phage lysate was collected by filtering the media through a 0.22-pm filter
(GSWPo04700, MF-Millipore™ Membrane Filter, MilliporeSigma, Canada). To remove any
remaining bacteria cells or debris, the lysate was centrifuged in 50ml round bottom centrifuge
tubes (3119-0010, Fisher Scientific, Canada) with an ultracentrifuge (Sorvall RC 6 Plus, Thermo
Electron Corporation, Waltham, USA) at 42018 x rcf for 1.5 h. The supernatant was decanted
carefully with a pipette. Then, 1.5 ml of PBS buffer was added to the centrifuge tubes. The phage
pellets resuspended in PBS were stored in centrifuge tubes at 4 °C. A phage count was
performed the next day to determine the phage titer from the phage amplification, which was

approximately 2 x 10 pfu/mL after centrifugation.
3.2.6 Phage Immobilization on PHB Substrates

Phage immobilization was done by immersing small squares of PHB substrates (0.5 cm x
0.5 cm) in 2-ml centrifuge tubes containing 100 pL of PPo1 phage suspension (2 x 108 pfu/mL)

at 4 °C overnight (Fig. 3.8).

Figure 3.8: Phage immobilization of EF mat in a centrifuge tube containing 100 uL of phage
suspension at a titer of 2 x 108 pfu/mL.
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3.2.7 Washing of Substrates with Immobilized Phages

On the day of an experiment, prior to their use, PHB substrates were removed from the
phage suspension and washed to remove any loosely bound phages. The PHB substrates were
transferred to sterile 15-ml test tubes containing 10 ml of PBS buffer. The test tubes were then
placed on a rotator (4630 3D Rotator, Lab Line Instruments, IA, USA) for 1 min, allowing the
washing liquid to flow freely in the test tubes. Next, the substrates were removed from the test
tubes and the buffer was recovered. The substrates were returned to the test tubes, to which 10
ml of sterile PBS buffer were added for a second washing step using the same procedure. In
total, four consecutive washing steps were performed using the same procedure, creating a total
of 40 ml of wash liquid (spent PBS buffer) for each PHB substrate. Fewer than 103 pfu/mL (for a
total of less than 4x104 pfu released) of non-immobilized phages were detected after the final

wash.
3.3 Characterization
3.3.1 Scanning Electron Microscopy

A Zeiss Sigma Field Emission Scanning Electron Microscope (FESEM; Carl Zeiss AG,
Germany) was used to study the surface features of the PHB samples as well as the diameter of
the electrospun fibers. PHB substrates of 0.5 cm x 0.5 cm were mounted on circular conductive
carbon adhesive tapes on aluminum sample holders. Prior to scanning electron microscopy
(SEM), all PHB substrates were coated with a thin film of carbon (10 nm in thickness) with a
Leica ACE 600 coater (Leica Microsystems GmbH, Germany) to avoid surface charges on the
samples during imaging. The electron high-tension voltage was 3 kV, which allowed obtaining

clear images without destroying the delicate samples.

37



3.3.2 Water Contact Angle Measurement

Contact angle measurements were performed to determine the hydrophilicity and surface
roughness of samples. For each experimental condition, three samples of 0.5 cm x 0.5 cm PHB
substrates were prepared. The samples were fixed on glass slides with double-sided tape (Fig.

3.9).

Figure 3.9: Electrospun samples prepared for WCA measurements. Triplicate are shown for
two different conditions tested.

The tests were done using the sessile drop method on a Video Contact Angle 2000 System
(AST Products Inc., Billerica, MA, USA) with deionized water. The measurements were recorded

30 sec after the water drop contacted the surface.
3.3.3 Double Agar Phage Plaque Assay

The double agar plaque assay was used to determine phage titer. First, 20 ml of hot 3 % w/v
agar TSB solution was poured on petri dishes (60 mm in diameter x 15 mm in height). Next, 100
ul of phage suspension and overnight E. coli culture were mixed with a warm (45 °C) 1.5 % w/v
agar TSB solution. The mixture was added on top of the hardened agar in the petri dishes. Once

the newly added agar solidified, the plates were incubated at 37 °C overnight to allow for the

apparition of plaques resulting from phage infection. A phage count was performed the next day
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by enumerating total plaques (plaque forming units; PFU) on the agar plates and converting to a

phage titer (PFU/ml) when required.
3.3.4 Phage Loading on PHB Substrates

In order to determine the phage loading on each substrate produced, phage loading tests
were performed. In these, the phage titer of the phage suspension used for immobilization,
along with its volume, were determined before and after immobilization. First, the mass of each
PHB substrate and two glass slides of 75 mm x 25 mm were measured and recorded. Then,
phages were immobilized on the substrate overnight with 100 ul of phage suspension at 109
PFU/ml at 4°C. After overnight immobilization, substrates were removed with a pair of forceps
and sandwiched between two glass slides to measure the mass of the phage-immobilized
substrate. 50 pl of the remaining lysate was serially diluted with PBS buffer and used in the
double agar plaque assay to determine the phage titer of the remaining lysate after
immobilization. The difference in phage titer was used to assess the amount of phages loaded on

the substrate.
3.3.5 Phages Release After Washing

The number of phages released from substrates after washing were enumerated using the
double agar plaque assay. 1 ml of wash liquid (spent PBS buffer) was collected from each wash
as described in section 3.2.8. After the wash, 100 pl of the collected wash liquid was serially
diluted with PBS buffer and then plated to determine the phage titer. This was converted to a

number of phages released from the substrate during washing.
3.3.6 Fluorescent Confocal Laser Scanning Microscopy

The fluorescent confocal microscopy was performed on phage-immobilized PHB fiber mats
(electrospun fiber, 0.5 cm x 0.5 cm) using a Zeiss Axio Imager M2m ( Carl Zeiss AG, Germany)

to study the distribution of phages after immobilization on the substrate. A fiber mat without
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phages was used as the control. Both fiber mats were dehydrated with dilutions of ethanol (1 ml
at 25%, 50%, 80%, and 100%) and fixed with 100 pl of glutaraldehyde solution. After that, 10 ul
of diluted solution of SYBR green I stain (Life Technologies, Carlsbad, USA) were dropped on
top of each mat. The mats were shielded from light for 30 min before rinsing with 1 ml of PBS
buffer to remove excess dye. Next, the mats were placed on a glass slide. A drop of antifading
agent (SlowFade Gold Antipode Mountant, Thermo Fisher Scientific Inc., MA, USA) was added
before placing the cover slide. The imaging was performed using a 258 nm filter with a mercury
lamp as light source. Images were taken at the edge and center of the substrate sample to

investigate edge effects on immobilization.
3.3.7 Helium Ion Microscopy

Helium Ion Microscopy (HIM) was used to study the attachment of immobilized phages on
individual fibers of electrospun substrates. 0.5 cm x 0.5 cm of PHB substrates were immobilized
with phages and used in this microscopy. PHB substrates without immobilized phages were
used as control. Both samples were mounted on circular studs with conductive carbon adhesive
tapes, similar to the preparation of SEM samples (Fig. 3.10). All substrates were dehydrated and

fixed following the protocol described in Section 3.3.6 prior to microscopy.

5

Figure 3.10: Phage-immobilized PHB substrates mounted on studs for Helium Ion
Microscopy.
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3.3.8 Phage Infection Dynamics

The purpose of this experiment was to show the infectivity of phage PPo1 after
immobilization, as well as, to compare performances of different phage-immobilized PHB
substrates. All four types of PHB substrates were immobilized with 100 pl of phage suspension
and washed, as described in the previous sections. On the day of an experiment, 10 ml of fresh
E. coli culture were prepared and incubated at 37 °C and 250 rpm in an incubator shaker until
the ODeoo of the cell culture reached 0.2 (corresponds to 108CFU/ml of cell culture). Then, a
phage-immobilized film (0.5 cm x 0.5 cm) was immersed in the E. coli suspension and
incubated at the same conditions (Fig. 3.11). ODsoo measurements were taken with a
spectrophotometer every hour for 5 h. Triplicates were performed for each experimental

condition. Pure E. coli cultures were used as control.

Figure 3.11: A phage immobilized EF mat (indicated by arrow) immersed in E. coli
suspension.

3.3.9 Bioluminescence Assay

To perform the bioluminescence assay, 15 ul of NanoGlo luciferase substrate (N1110,
Promega, Wisconsin, USA) was mixed with an equal volume of phage sample and placed on an

opaque white 96 well plate (CLS 3362, Corning Inc., New York, USA). A luminescent plate
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reader (Biotek, Winooski, VT, USA) was used to measure the bioluminescence of the samples,

reported as relative luminescence units (RLU).
3.3.10 E. coli Capture Test

An E. coli capture test was used to probe the question of which PHB substrate was able to
capture more E. coli cells, which is expected to correlate with the infectivity of phage-
immobilized substrates. First, the phage-immobilized PHB substrates were immersed in 1 ml of
log phase E. coli culture at an ODso, of 0.2 for 1 min, then transferred to 6 ml of sterile TSB in
50-ml conical flasks. The flasks were incubated at 37°C and 250 rpm for 3 h. 1-ml samples were
taken out for bioluminescence measurement every hour. Phage-immobilized films of each type

of PHB substrate without contact with E. coli were used as controls.
3.3.11 Bioluminescence Assay of EF Mat

A bioluminescence assay was performed for EF mats exposed to E. coli to determine the
limit of detection of the biosensor. 0.5 cm x 0.5 cm of phage-immobilized EF mats were
incubated with 10 ml of log phase E. coli dilutions at 102, 104, 10%and 108 CFU/ml in 50-ml
conical flasks. The flasks were incubated at 37°C and 250 rpm. 1-ml samples were taken from

the flasks for bioluminescence measurements every hour for 4 h.
3.3.12 Swab test of EF Mat

A swab test was carried out to investigate the application of phage-immobilized PHB fiber
mats for detection of E. coli O157:H7 in TSB medium and milk. First, the EF PHB samples were
cut into squares (0.5 cm x 0.5 cm), immobilized and washed as described in previous sections.
The samples were immersed in 1 ml dilutions of E. coli at 10?, 103, 105and 107 CFU/ml and
placed on a rotator (4630 3D Rotator, Lab Line Instruments, IA, USA). After 1 min contact time
with E. coli, the bacteria loaded samples were transferred to 1 ml sterile TSB contained in a 24-

well plate and incubated for 4 h at 37°C and 250 rpm (Fig. 3.12). 50-ul samples were taken out
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for bioluminescence measurement every hour. Phage-immobilized mats with no contact with E.

coli were used as controls. The experiment was done in triplicates.

Figure 3.12: A 24-well plate containing phage immobilized PHB substrates and TSB media.
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4. Results and Discussion

This chapter focuses on presenting and discussing the results obtained in this study. It
begins with the characterization of both porous electrospun PHB mats and flat PHB films by
scanning electron microscope and water contact angle measurement. Then, phage attachment to
different PHB substrates was examined through helium ion microscopy and fluorescent confocal
laser scanning microscopy. In addition, the phage loading on and phage release from various
PHB substrates were evaluated, followed by the analysis of E. coli infection dynamic assays and
E. coli capture tests. Finally, a bioluminescence assay was conducted with the most promising
material samples to validate the bacterial sensing property of the phage-immobilized PHB

substrates in detecting E. coli O157:H7.
4.1 PHB Sample Characterization

In this work, solutions composed of 1 % w/v or 5 % w/v PHB in chloroform were processed
through electrospinning and solvent casting to produce four entirely different substrates.
Electrospun mats produced from 1 % w/v PHB solution with beaded morphology are referred to
as ‘electrospun bead (EB) mats’, and electrospun mats produced from 5 % w/v PHB solution
with fibrous morphology are referred to as ‘electrospun fiber (EF) mats’, films made from 1 %
w/v PHB solution are referred to as ‘low concentration solvent-cast (LCSC) films’ and films
made from 5 % w/v PHB solution are referred to as ‘high concentration solvent-cast (HCSC)

films’. The characteristics of the samples used for experiments are summarized in Table 4.1.

Table 4.1: Mass and thickness of each PHB substrate used in the study. All samples were squares
of equal area (0.25 cm2).

PHB substrate Mass (mg) Thickness (um)
EB mat 0.52 + 0.06 43+ 6
EF mat 0.32 + 0.02 40+ 0
LSCS film 0.42 + 0.02 13+ 6
HSCS film 2.65 + 0.08 80 + 10
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The mass and thickness of the samples were different for each type of PHB substrate,
ranging from 0.32 to 2.65 mg and from 13 to 80 um, respectively. HSCS films had the highest
mass and were also the thickest. The lightest samples were obtained from EB mats. The thinnest

samples were LSCS films.

The surface morphology of the above-mentioned PHB samples was studied by scanning

electron microscopy (SEM; Fig. 4.1).

Figure 4.1: Scanning electron microscopy of a,e) EB mats, b,f) EF mats, ¢,g)LSCS film and d,h)
HSCS film.

Electrospinning of 1 % w/v PHB in chloroform formed non-homogenous fibers (0.48+ 0.2
um) with spindle-like beads (3.75+ 0.7 um) of various sizes separated by fine filaments (0.15+

0.03 um) (Fig. 4.1 a, EB mats). The images at higher magnification revealed that the surface of
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beads was rough (Fig. 4.1 €). On the other hand, electrospinning of 5 % w/v PHB produced
smooth fibers with a consistent diameter of 2.78+ 0.5 um (Fig. 4.1 b, EF mats). The fibers were
randomly aligned with voids found between them. Qualitatively, the void space was greater for
the EF mats than for the EB mats. Similar to the surface of the EB mats, high magnification of
SEM images showed the surface of EF mats had many indentations (Fig. 4.1 f). In contrast, both
plasma treated films produced from solvent casting (Fig. 4.1 ¢, d) were smooth and flat.
However, under higher magnification, nodules were seen from both films (Fig. 4.1 g, h). Larger,

irregular nodules were found on the HSCS film than the LCSC film.

The thickness of electrospun PHB samples differed, which can be attributed to the fact the
collection time for the different sample types differed due to the difference in solution
concentration. The time point to collect the mats was judged by mere observation, and
corresponded to a time when the electrospun mats were thick enough to be peeled off from the
collector plate. Therefore, the thickness of the PHB samples was not tightly controlled. For the
solvent-casted films, the HSCS film was significantly thicker than the LSCS film, due to higher

amount of polymer in the casting solution.

It is well known that, in electrospinning, polymer concentrations greater than the critical
entanglement concentration are required to achieve smooth fiber production®8. The critical
entanglement polymer concentration of PHB ranges from 5 to 14 % w/v, depending on the
molecular weight of the polymer9+104.195. 5 % w/v PHB solution was determined to be above the
critical entanglement polymer concentration, where homogeneous fiber mat was obtained from
electrospinning, as seen from the SEM images (Fig. 4.1 b). At the lower concentration of
polymer in solvent (1 % w/v), which is below the entanglement concentration, electrospinning
formed drops rather than continuous fibers as the repulsive charges dominated the system,
breaking the polymer jet into fragments of droplets, resulting in the formation of beads as

observed in Fig. 4.1 a, e. The formation of such beads is indicative of insufficient chain
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entanglements. The transition from non-uniform beaded fiber to homogenous fiber can be

observed by electrospinning 3 % w/v PHB solution (Appendix A.1).

The SEM images at higher magnification show the surface of electrospun beads and fibers
were rough and presented indentations, which typically result from rapid phase separation
during the electrospinning process as the solvent rapidly evaporates. During the evaporation,
the polymer-rich phase forms a part of the fiber matrix while the solvent-rich phase results in
the formation of surface indentations94. This phenomenon was also found on electrospun

polystyrene fiberso4.

On the other hand, nodules were observed from both solvent-cast films. It is postulated that

these nodules were the crystallized domains of PHB due to slow evaporation process°®.

4.2 Wettability

The wettability of PHB substrates is one of the factors affecting phage immobilisations4.107:108,
In order to obtain water contact angle (WCA) values, the sessile drop method was performed on
3 samples of each type of PHB substrate produced in this study. The WCA measurements and

representative images are shown in Fig. 4.2.
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Figure 4.2: Water contact angle (WCA) measurements of PHB substrates.
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Based on Fig. 4.2, there is a clear distinction in WCA values between the electrospun mats
and plasma treated thin films. The electrospun PHB mats had higher WCA, and thus were more
hydrophobic, than the cast thin films. The average WCA values of electrospun mats were 79.43°
and 90.40°, for EB and EF mats, respectively. On the other hand, the plasma treated PHB films
had WCA values around 41.59° and 44.03° for LCSC and HCSC, respectively. The static WCA
value of a hydrophobic surface is 65° or greater, while a hydrophillic surface has a WCA below
this valueto9. Therefore, both electrospun mats were considered hydrophobic while the thin films

were hydrophilic.

It was hypothesised that electrospun PHB mats would exhibit higher WCA due to their
rougher surface, as explained by Cassie’s law'°. According to the theory, air gaps occur between
solid surface areas in a porous medium, minimizing the contact area between water and the
solid. Therefore, as more air is trapped in a material with a rougher surface, the contact angle
greatly increases. Plasma treatment changes the surface wettability of PHB films from
hydrophobic to hydrophilic due to changes of chemical composition of the surface. Functional
groups such as carboxyl, hydroxyl, and peroxide groups have been shown to form on the
polymer surface through incorporation of oxygen after plasma treatments4. The addition of polar

components onto the surface significantly increases the surface energy 541,

PHB has been demonstrated to be a relatively hydrophobic polymer. Some of the reported
WCA values for pristine PHB surfaces range from 68° to 96.83°9454111, As for electrospun PHB
fiber mats, reported values in the literature were 115.5° and 117°941°1. The disparity between the
reported WCA values could be due to the types of solvent used in the tests. Solvents of different
volatility have different evaporation rates, thereby influencing the surface roughness of the

polymer products, whether the production process is solvent casting or electrospinning.
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4.3 Phage Loading

Phage loading on the PHB substrates per surface after overnight exposure was calculated to
estimate the upper limit of the density of immobilized phages. It was calculated from
measurements of the titer and volume of phage lysates before and after immobilization, using
the following formula.

CiVi — GV

Number of phages loaded per surface = 1

where C; represents initial phage titer of the lysate before immobilization, V; for initial
volume of phage lysate, Cr represents final titer of the lysate after immobilization, V; for final

volume of remaining phage lysate and A for surface area of PHB substrates.
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Figure 4.3: Number of phages loaded on substrates per surface, assuming no volume loss of
phage lysate during overnight immobilization. Triplicates were performed for these
experiments.

The number of phages loaded on the substrates per surface were 1.50 x 107 PFU/cm2 on EB

mat, 3.66 x 107 PFU/cm?2 on EF mat, 6.92 x 10 PFU/cm?2 on LCSC film and 1.47 x 107 PFU/cmz2
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on HCSC film. EF mat had most phages on the substrates, followed by EB mat, HCSC film and
LCSC film. However, the p-value of the data set (based on a two-way ANOVA test) was found to
be 0.965, meaning the values of phage loading on each PHB substrate were not significantly
different, which is likely caused by experimental error and the scale and sensitivity of the titer

measurements.
4.4 Phage Release after Immobilization

To quantify the number of phages released from PHB substrates after immobilization, the
phage-immobilized substrates were washed four times with 10 ml of PBS buffer. The buffer was

collected and the number of phages released was enumerated using the double agar plate assay.
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Figure 4.4: Phages released from PHB substrates during washing. Average values and
standard deviations are reported and were based on triplicate measurements.

For each substrate more phages were released with the first wash — ranging from 2.33 x
105 PFU for the LCSC film to 6.67 x 105 PFU for the EF mats. The number of phages released
gradually reduced with each washing step. The plasma treated films did not release any phages
after the third wash, whereas the electrospun mats continued to shed phages with additional

washing. At the fourth wash, the EB and EF mats still released approximately 8.33 PFU and 24.7
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PFU, respectively. P-value obtained from two-way ANOVA test was 0.002, which showed that

the group of data was significantly different.

The number of phages released after immobilization could affect the infectivity of phage-
immobilized substrates. It is postulated that some of the phages present in the electrospun
membranes were held by mechanical retention in the mesh network, in addition to adsorption
on the fibers and beads. During the washing steps, phages that are retained in the outer layer of
the electrospun membranes (but not adsorbed) may be released. However, phages that are
deeper within the interstitial spaces of the network may be trapped and not in contact with the
washing fluid due to the hydrophobic nature of PHB. Therefore, at least some of the phages
could remain in electrospun membranes (even after several washes) and could then be, slowly
released to the surroundings. On the other hand, phages attached on the plasma treated flat
films were presumably bounded by electrostatic attraction between the hydroxyl group and
phage capsid. In this case, unbound phages are thus expected to be washed away from the
surface of the PHB films, leaving only strongly attached phages, which would explain why no
phages were released by the third washing step. Through these tests, it can be hypothesized that
phages were not as readily released from the electrospun membranes as from the plasma treated

flat films.
4.5 Phage Attachment on PHB Substrates

A closer look at the attachment of phage PPo1 to PHB substrates was obtained via helium
ion microscope (HIM). The distribution of phages on the material are shown in Fig. 4.5. Control

samples without phages were included for reference.
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Figure 4.5: Imaging of phage particles immobilized on PHB substrates (EB mat, EF mat, LCSC
film and HCSC film) using helium ion microscopy. Images are shown for each substrate, and for
each substrate exposed to phages (phage-immobilized after 4 washing steps). Images were taken
at 4 different locations of PHB substrates. The images collected with the most number of phages
were presented.

Phages were observed on all PHB substrates. On EB mats (Fig. 4.5 e), phages were found on
both fibers and beads. Interestingly, there were more phages visible on the fibers than the beads.
For the phage-immobilized EF mat (Fig. 4.5 f), phages were observed on the fibers with no
preferred orientation. Only a single phage particle was found on LCSC film (Fig. 4.5 g) while
more phages were seen on HCSC film (Fig. 4.5 h). These images were not considered to be

quantitative as only small areas of sample were captured, but they can serve as a qualitative

assessment of the phage immobilization on the materials.

The attachment of phage PPo1, as shown in these HIM images (Fir. 4.5), was distributed
across the surfaces. Clustering of phages could be observed (Fig. 4.5 e, f, h), which is in line with
previous results as reported by Naidoo et al., who studied surface attachment isotherm of T4

bacteriophage on planar surfaces®. Unexpectedly, surface attachment of phages did not occur
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according to the idealized Langmuir isotherm, which assumes all adsorption sites have equal
sorption energies, resulting in homogenous surface attachment of phages. In fact, the
microscopy images suggest that the surfaces were highly heterogeneous. One possible
explanation was that initial attachment of phages could lower the surface energy for additional

phage attachment, thereby facilitating surface aggregation of phages5°.
4.6 Phage Distribution on PHB Substrates

The distribution of phages on the surface of a material is critical in assessing its performance
and understanding the mechanisms leading to phage immobilization and interactions with host

cells.

In this study, phages were immobilized on EF mat, then stained with SYBR green I and
visualized through fluorescence confocal laser scanning micrographs. Fig. 4.6 shows the
distribution of phages on the center (Fig. 4.6 a, b) and edge (Fig. 4.6 ¢, d) of the substrate. Under
the imaging conditions, stained phages appeared in green while the PHB polymer appeared in

blue (due to autofluorescence).
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Figure 4.6: Fluorescent confocal microscopy images of PHB electrospun mats incubated with
phage suspensions containing 109 PFU/ml. Imaging was made at the center (a, b) and edge (c,
d) of the PHB control mats (a, ¢) and the PHB mats with phages (b, d). Phages, stained with
SYBR green I, appear in green; PHB fibers appear in blue due to autofluorescence.

As can be seen, more phages were located at the center, rather that at the edge, of the
film (Fig. 4.6 b, d). This phenomenon may be due to detachment of phages from the edge of
fibrous mats during washing step prior to staining or during handling. It is very probable that
phages that penetrated the films more deeply were not captured by the confocal imaging.
Unfortunately, the depth of the image was limited due to interferences from the overlapping

fiber network.
4.7 Phage Activity on PHB Substrates

The comparison of the E. coli infection dynamics in the presence of the different substrates
with immobilized phages provides information on both the ability of the substrates to
immobilize phages and the activity of these immobilized phages. PPo1 phages were immobilized
on PHB substrates of equal dimensions (0.25 cm?) by exposing the latter to 100 pul of 109

PFU/ml phage suspension. The substrates were then washed with 10ml of PBS for four times, to
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remove unbound phages and placed in cultures of E. coli O157: H7 to measure infectivity of the

phages immobilized on PHB substrates.
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Figure 4.7: Phage-immobilized PHB substrates (0.25 cm2) were incubated with E. coli O157:
H7 for 5 h. The results are presented with standard deviations from triplicates. Arrow
indicates the time point where substrates were added to the culture.

In these experiments, cultures of E. coli in the absence of phages were monitored as
control. Figure 4.7 shows that the optical density of the uninfected E. coli culture steadily
increased over time, indicating growth of bacteria during the incubation period. The phage-
immobilized substrates were immersed in the cultures when these entered exponential growth
to maximise phage replication. The optical density (ODso) of all cultures exposed to phage-
immobilized substrates briefly increased then gradually decreased as the infection proceeded
and cells lysed. Exposure to the phage-immobilized EF mat resulted in complete lysis of the E.
coli populations within 3 h. The other materials, in order of shortest to longest time to reach
complete lysis were the EB mat, HCSC film and LCSC film. A two-way ANOVA test was
performed to measure the statistical significance of the result. The difference between each

substrates was found to be significant (p-value<0.05).
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As anticipated, phage-loaded EF mat demonstrated higher infectivity than the EB mat. The
infectivity of both phage-immobilized electrospun mats was also greater than that of solvent-

cast films (Fig. 4.7).
4.8 E. coli Detection in Cultures

To study the interaction between bacteria and immobilized phages, the E. coli capture
efficiency tests were performed by first immersing PHB substrates with immobilized PPo1
phages modified to express the bioluminescent protein Nanoluc into a suspension of E. coli cells
in the exponential phase. After 1 min of exposure to the culture, the substrates were then
transferred and incubated in sterile TSB medium for 3 h, and the bioluminescence of the liquid

medium was measured hourly.
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Figure 4.8: Detection of the presence of E. coli cells in a culture by PHB substrates with
immobilized phage PPo1 modified to express Nanoluc, as measured by bioluminescence.
Triplicate measurements were performed, and average values and standard deviations are
shown (in some cases the size of the error bars is smaller than the data points). Control
condition is the average measurement of 4 samples consisting of only PHB substrate (no
phage), one for each type of PHB substrate.

In these experiments, Nluc proteins released upon infection of E. coli O157:H?7 cells by the

modified PPo1 phage are reacted using the Nluc assay to produce the bioluminescent signal. The
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Nluc gene is injected into the host when a reporter phage PPo1 infects the host cells. As phages
replicate within the bacterium, Nluc proteins are produced. Therefore, substrates containing the
most bacteria will be able to produce the most Nluc proteins, thereby creating the strongest

bioluminescence signal.

As can be seen in Figure 4.8, the strongest bioluminescence was observed for the EF mat,
which was apparent from the early stages of the experiment and which led to a signal 3-orders of
magnitude greater than the control after 3h. The EB mat came second, with a signal 1-order of
magnitude stronger than the control after 3h. The bioluminescence signals obtained from
plasma-treated films were very weak, being on the same order as that of control samples. The
HCSC film showed a small increment in bioluminescence after 3 h, while the signal from the
LCSC film remained fairly constant throughout the experiment. A p-value < 0.05 was found by
two-way ANOVA test, meaning the experimental result was significantly different from each

group of sample.

From these results, it can be seen that more bacteria were captured and infected by the
electrospun PHB mats with immobilized phage than the solvent-cast films with immobilized
phages, contributing to a higher bioluminescence signal. The porous fibrous structure of
electrospun fibers is interconnected, promoting bacteria cell adhesion thus increasing the
frequency of phage-host cell binding. On the other hand, since the plasma-treated films were
flatter, their morphology and limited surface area decrease the likelihood of frequent phage-host
encounters. Also, as E. coli cells are charged and thus have electrostatic repulsion between each

other, close packing of bacteria on the surface of the plasma-treated films was unlikelys7.
4.9 Performance of Phage-based Material for E. coli O157:H7 Detection

Initially, small squares of EF mats on which Nanoluc reporter phage PP0o1 were immobilized
were used as biosensors to detect E. coli O157:H7 in pure TSB media. The design of this
experiment is similar to studies in which non-immobilized reporter phages are tested for
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bacterial sensing; this allows us to compare our finding to the results reported in literature. The
electrospun mats were chosen based on their superior performance, as shown in the E. coli
infection and E. coli detection tests (Fig. 4.7, 4.8), in which the phage-immobilized EF mats
demonstrated higher infectivity and released higher bioluminescence signals than the other

substrates.

In the first step, phage-immobilized EF mats were incubated in a 24-well plate with 1 ml of
E. coli cultures at cell counts ranging from 102 CFU/ml to 108 CFU/ml. To quantify detection
limit of the sensor, bioluminescence measurements were taken from the resulting lysates every

hour (Fig. 4.9).
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Figure 4.9: Bioluminescence of phage-immobilized EF mats exposed to E. coli cultures at
various cell counts. No pre-enrichment step was performed prior to incubation. Control is the
substrate without E. coli. Results were obtained from triplicates and the error reported is
based on standard deviations.

The control consisted of the same phage-immobilized substrates immersed in pure TSB
media without E. coli. It was designed to report the intensity of bioluminescence present from

the material itself. The initial bioluminescence was the results of added phage lysate and auto-
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bioluminescence of TSB medium. Following the incubation with the phage-immobilized
substrates, the bioluminescence intensity of the cultures increased gradually and reached a
plateau at different incubation times. Higher signals were observed for wells with higher initial
bacterial cell counts. In all cases, infection of E. coli O157:H7 cells by reporter phages
immobilized on EF mats significantly increased the bioluminescence intensity, even for the
lowest host cell counts, even after only 1 h. Thus, the detection limit of the phage-immobilized

substrates was found to be equal to or less than 102 CFU/ml within 1 hour.

In order to determine if detection could be performed in a different context from the use of
flat mats of material, the phage-immobilized PHB substrates were shaped to be used as a swab
test based diagnostic tool for the detection of E. coli O157:H?7. To do so, the experimental
method was adapted with slight modifications. First, the range of cell counts was changed to 10
CFU/ml to 107 CFU/ml to assess the detection range of the phage-based swab test. Next, instead
of immersing the phage-immobilized PHB substrates in 10 ml of E. coli cultures, the substrates
were immersed in 1 ml of E. coli dilutions for 1 min (for E. coli cell capture), then immediately
transferred to 1 ml of sterile TSB medium to initiate the phage infection cycle. The short contact
time of phage-to-sample was chosen to utilize rapid detection of the reporter phage-based

biosensor.

The first iteration of these experiments was conducted using E. coli cultures in pure TSB
medium (Fig. 4.10). Next, to measure the ability of the phage-immobilized PHB fibers to detect
E. coli O157: H7 in a complex food-based medium, the experiments were performed with milk

(obtained from local grocery stores) artificially contaminated with controlled amounts of E. coli

0157:H7 (Fig. 4.11).
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Figure 4.10: Bioluminescence of phage-immobilized electrospun PHB fiber swabs exposed
for 1 min to pure TSB medium containing various cell counts of E. coli cultures, and
incubated in TSB medium at 37°C. Control is the substrate without E. coli. Results were
obtained from triplicates and the error reported is based on standard deviations.
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Figure 4.11: Bioluminescence of phage-immobilized electrospun PHB fiber swabs exposed for
1 min to contaminated milk containing various cell counts of E. coli cultures, and incubated in
TSB medium at 37°C. Control is the substrate without E. coli. Results were obtained from
triplicates and the error reported is based on standard deviations.

60



Exponentially growing E. coli cells were captured and infected by reporter phages
immobilized on EF mats to evaluate the minimum number of cells required to generate a
detectable signal thus establish the detection limit. A detectable signal can be produced from an
infection between phage-immobilized substrates and 105 CFU/ml E. coli within 1 h (Fig. 4.10).
When available cells per assay (in 1 ml) were below 103, a low level of bioluminescence signal

were generated within 3 h.

In contrast to earlier finding (Fig. 4.9), the detection limits of phage-immobilized PHB
substrates towards E. coli O157:H7 through swab tests (Fig. 4.10, 4.11) were significant higher.
The difference can be justified in part by the short contact time (1 min) which may not be
enough for detection, as well as limited number of E. coli cells transferred to PHB substrates
during the 1-min contact time. Bioluminescence signals generated from phage amplification
upon infecting the target host cells were governed by multiplicity of infection (MOI). When low
amounts of E. coli cells were loaded on the PHB substrates, the MOI was greater, resulting in
faster wipe-out of the E. coli population. It can thus be reasonably assumed that, in such a case,
the rate of host lysis outpaces the rate of bacterial replication. Hence, very low amount of Nluc
proteins were produced in the phage lysate at the lower cell counts (10 CFU/ml and 103
CFU/ml). Further testing would be required to explore the optimal working range and exposure

time of the phage-immobilized sensors.

4.10 Phage Attachment on PHB Substrates

In phage immobilization, the density of phages attached to the substrate is one of the major
concerns as higher phage loading usually translates into higher bactericide activity, if the phages
retain their infectivity after immobilization49. Several factors, such as method of immobilization,
surface morphology and wettability, can influence the density of phages attached and their

activity.
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The method of phage immobilization — which could be divided into physical adsorption and
chemical immobilization — plays an important role in the properties of the resulting material.
Each approach has its own merits and flaws. In the literature, physical adsorption has been
shown to result in low surface coverage and heterogeneous surface distribution of the adsorbed
phages 4960, This was also observed in the present study through HIM micrographs (Fig. 4.5e,
f,h). On the other hand, higher phage packing density has been achieved through covalently
binding phages to the substrates8:59.108.112. However, immobilized phages in this manner have
been shown to have reduced burst size and longer latent period*:s. As a first attempt to
immobilize the reporter phage PPo1 on a PHB substrate, physical adsorption was chosen in this
work due to its simplicity and its low impact on phage particles. Successful physical adsorption
of phages was performed by Bennett et al. in 1997'4. In that study, the authors loaded phages on
a polystyrene strip to selectively separate Salmonella from suspensions of various
enterobacteriaceae!4. 10 years later, the same method was used by Nanduri to successfully
immobilize phages on the gold surface of a quartz crystal microbalance sensor4°.

The wettability of a substrate also affects phage attachment. Singh et al. showed that phage
density was greater on the dextrose- and sucrose-covered gold surfaces than on bare gold
surface'8. The researchers claimed that the sugars rendered the surface highly hydrophilic and
thus facilitated phage adsorption©8. In another study, plasma treatment was applied on PHB,
increasing the hydrophilicity of the polymers4. Treated surfaces with immobilized phages were
able to wipe out E.coli populations faster than untreated surfaces with immobilized phagess4.
Surprisingly, surface roughness was reported to be less important in phage binding. The
findings from Tawil et al. showed that modification of surfaces with structurally different thiols
had a more profound impact on phage binding than the surface roughness48. In contrast to
earlier findings, in our work, phage-immobilized electrospun mats retained higher infectivity
than solvent-cast films (Fig 4.7), suggesting higher phage loading on the more hydrophobic

electrospun mats than the hydrophilic films (Fig 4.2). Presumably, the microstructures of
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electrospun mats increase the surface area of phage-loading substrate, allowing more phages
attachment to occur, and the void space within the material, enabling phage entrapment. This is
in line with observations reported from studies of other electrospun materials, where higher
surface area of material led to higher biosensor sensitivity78-83 and increased loading of particles

as compared to flat filmsus.

The activity of immobilized phages is also of utmost importance in maintaining the
functionality of phage-immobilized surfaces. Activity is generally tied to the integrality of the
phage particles and the orientation of the immobilized phages4+®. The orientation of immobilized
tailed phages can generally be considered tail-up, horizontal, or tail-down48. Lysis can only occur
when phages are in the tail-up position, as this position renders the phage tail proteins
responsible for host recognition available for interaction with host cells, triggering infection4s.
In our work, all phage-immobilized substrates maintained their infectivity towards E. coli
0O157:H7 (Fig. 4.7), suggesting a large portion of the immobilized phages were oriented in the
tail-up position. In addition, the infection dynamics of the phage-immobilized electrospun mats
had similar trends to those of solvent-cast films reported by Wang et al.54, suggesting similar
infective profile of immobilized phages, albeit at different rates. However, it is noted that the
phages used in both studies were different and may result in different attachment efficiencies

due to the amino groups exposed on the capsid surface being different on different phages4s.

In the present study, results from SEM and HIM (Fig. 4.1, Fig. 4.5), host capture (Fig. 4.8)
and infection dynamics (Fig. 4.7) suggest the electrospun fiber mats had the highest phage

loading and retain a high level of phage activity compared the three other substrates.

4.11 Comparison of Efficiency of Phage-loaded Substrates

As discussed in the previous section, reporter phage PPo1 were immobilized on the PHB
substrates through different mechanisms. Phages bounded to electrospun substrates likely did
so through electrostatic bonding and entrapment in mesh networks while electrostatic binding
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was the dominant mechanism for phages binding to plasma treated films. Although both
mechanisms were based on physical attachment and the phage loading were relatively similar
among the substrates, phages immobilized on electrospun PHB were more effective at infecting
E. coli cells than those immobilized on plasma treated films (Fig. 4.7, 4.8), suggesting higher

frequency of phage encounter with host bacteria.

As expected, electrospun membranes outperformed other substrates when considering
phage immobilization and infection of host cells. The phage-immobilized EF mats caused
population wide lysis within 3 h, faster than any other PHB substrates in the study (Fig. 4.7).
Not only that, it also managed to capture more E. coli cells, which resulted in the highest
bioluminescence signals reported, as compared to other substrates (Fig. 4.8). Therefore, we
hypothesize the superior performance of electrospun membranes is due to higher number of
phages retained in the mesh network of fibers after the washing cycle (Fig. 4.4). One reason may
be the phages were shielded by the hydrophobic PHB fibers thus limiting their contact with the

washing liquid.

In these tests, the performance of EB mat followed very closely those obtained with EF mat
— both significantly higher than the plasma treated films (Fig. 4.3, 4.7 and 4.8). Although EB
mat also display mesh networks similar to those of EF mat, it is hypothesized that the fibers and
reduced void fractions produced in EB mat may block the penetration of biological entities,
eventually behaving as surface barriers. As compared to EF mat, the EB mat had surfaces
densely populated with much smaller fibers and reduced void spaces (Fig. 4.1 a, b). In addition,
there were more phages attached around the fibers than the beads, which may also be evidence

of lower phage attachment (Fig. 4.5).

The flat films were plasma treated, according to method reported by Wang et al.54. Although
phages were successfully immobilized through hydroxyl bonding on the surface and exhibit

antimicrobial activity, the available phage attachment sites were limited. In addition,
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electrostatic repulsion between the charged E. coli cells also likely prevented close packing of
cells on the surface of filmss7. These combined factors could explain the disparity between the

performance of plasma-treated films and electrospun substrates in this study.
4.12 Immobilized Reporter Phages for the Detection of E. coli O157:H7

Reporter phages have been used in previous studies to detect E. coli in a bioluminescence
based assay39. However, only certain types of E. coli may pose health risks to the public.
Therefore, it is crucial to utilize phages that target specific host strains and leave the benign
bacterial population undetected. There is limited literature on phage immobilization or even
bioluminescent reporter phages targeting specific E. coli strains. Only one study reports the use
of a phage-immobilized paper dip assay for the detection of E. coli O157: H7, where the bioactive
paper strips were used in conjunction with quantitative real-time PCR to determine the presence
of the target bacterium in broth and food matrices®s. The detection limit of the device was 10 to
50 CFU/ml with a total assay time of 8 h. The list of studies reporting the use of reporter phages
towards the detection of E. coli O157:H7 is summarized in Table 4.2. To our knowledge, this is
the first time where reporter phages were immobilized on polymer substrates for sensing E. coli

O157:H7.

Table 4.2 Bioluminescent reporter phages for the detection of E. coli O157: H7.

Bioreceptor Detection limit Time (h) References
T7 Less than 10 CFU/ml 3 38
phiVio 5-6 cells 7-9 37
Phage lambda, L28 2 CFU/ml 3 34
PPo1 1 CFU/ml 6 36

Comparing to these other studies, the detection limit of this phage-immobilized sensor was
higher, however, the sensor had a faster response time. Lysogenic bacteriophage phiV1o has
been used for the detection of E. coli O157:H7 and achieved a detection limit of 5-6 cells3”.

However, the incubation took 7-9 hours to generate positive signals. In another study, the tailed
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lytic phage T7 was used to detect E. coli cells in drinking water. The reporter phage detected less

than 10 CFU/ml E. coli in 3 h of assay timess.

Plasma treated films were previously demonstrated to improve phage binding through
electrostatic interactions between the hydroxyl groups and phage capsidss4. However, the
wettability of plasma-treated polymers has been reported to deteriorate overtime. The
functional segments on the polymer surface could rearrange to minimize the interfacial energy.
As a result, the WCA of modified PHB could increase over time and even revert to its
hydrophobic nature. The effect of oxygen plasma on PHB films is thought to last for
approximately 1 month''. Unlike the time-limited surface treatment, it was shown in this study

that electrospun PHB could also function as phage loading substrate through its structure.

Phages immobilized on electrospun mats also displayed a distinctive prolonged phage
release compared to the rapid release seen for plasma-treated films. The sustained phage release
of the electrospun mats could be advantageous in antimicrobial surface application, where
prolonged released of phages is preferred. The small pore sizes of electrospun mats could
potentially function as a physical barrier against bacteria entry. Therefore, the phage-
immobilized electrospun mats will have a broader scope of application than the flat films.
However, despite the advantageous electrospun membranes presented in this work,
electrospinning is a more complex process than solvent casting: it requires the material to have

certain molecular weight and purity in order to produce smooth fibers.

In this study, the phage-immobilized EF mats were used as swab tests to detect the presence
of pathogens. As a biosensor, the device possesses several advantages. First, PHB is
biodegradable, making the lifecycle of the sensor environmental friendly. Next, PHB is easily
accessible. It can be processed through biomass which makes them a cheaper alternative as
compared to metal substrates for biosensor application. The swab test is efficient as it uses small

size (0.25 cm?) of the fabricated phage-immobilized PHB substrate and small amounts of
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sample (1 ml). Furthermore, the reporter phage Nluc PPo1 targets a specific, pathogenic strain
of E. coli, leaving the remainder of the microbial population unharmed. The sensor is able to
release strong bioluminescence signals upon detecting host cells, leading to a rapid, efficient

detection platform.
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5. Conclusion
5.1 Summary

Overall, this research focused on designing a reporter phage-based biosensor for the
detection of E. coli O157:H7 on food products and surfaces. PHB was chosen as the polymer
substrate for the support of reporter phage due to its biocompatibility, biodegradability and
availability. Phage PPo1, which targets the pathogenic bacterium of interest, was genetically
modified to produce the bioluminescent protein Nanoluc and immobilized on PHB substrates.
Upon encountering E. coli O157:H7, the reporter phage hijacks the bacterial host machinery,
producing phage progeny and releasing the Nanoluc protein, which can then be detected

through bioluminescence assays.

In this work, PHB was processed through either electrospinning or solvent casting to
produce suitable substrates for the biosensor. It was shown that PHB could be processed into a
fibrous mats by electrospinning a solution of 5 % w/v polymer in chloroform, whereas a more
beaded morphology could be achieved when a 1 % w/v solution was used. In addition, thin films
of PHB were fabricated through solvent casting and underwent plasma treatment, according to
methods introduced by Wang et al.54. The findings from SEM suggested that EF mats were
porous. The electrospun mats also had the highest water contact angle measurement in the

wettability test, indicative of a more hydrophobic material.

The reporter phages were immobilized on each of the four different substrates produced
(two electrospun PHB mats and two solvent-cast PHB films), and the resulting phage-
immobilized substrates were characterized. The loading of phages on the materials’ surfaces and
the release of phages after washing of the surfaces showed that EF mats had the highest phage
loading per superficial surface area and reduced phage release after the immobilization, as
compared to other substrates. E. coli infection dynamics were recorded when phage-
immobilized substrates of similar superficial area were immersed in suspensions of E. coli
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0157:H7. These experiments showed that the phage-immobilized EF mats were more effective at
infecting the bacteria, implying higher equivalent multiplicity of infection than the three other
substrates. In addition, the E. coli capture efficiency of phage-immobilized EF mats was
superior to that of other substrates, resulting in strong bioluminescence signals upon exposure
to E. coli cultures. Based on the results of the SEM, it is possible that EF mats provide a large
surface area per volume and a mesh network that enable phage anchoring without affecting

phage-bacterium interactions.

Further analysis was done on phage-immobilized EF mats, which showed the most
promising result in retaining phage infectivity after immobilization. The samples were studied in
detail through fluorescent confocal laser scanning microscopy and helium ion microscopy to
understand phage attachment on the fibrous mats. Through the micrographs, phages were seen
as clusters located on and around the fibrous structure of PHB, which confirmed the observation

done by Naidoo et als9.

Next, the bacterial sensing capability of phage-immobilized EF mats was assessed using the
bioluminescence assay following exposure to E. coli cultures. PHB samples of 0.25 cm? with
immobilized reporter phages were immersed in TSB medium and, subsequently, artificially
contaminated milk containing various concentrations of E. coli for 1 min before being incubated
in sterile TSB broth. Bioluminescence measurements were made on samples taken every hour to
quantify the detection limit of the sensor. The immobilized phages on electrospun PHB detected

E. coli cells at a concentration of 103 CFU/ml within 2 hours in milk, a complex medium.

In summary, this work presents a method to improve phage immobilization on PHB
substrates through the production of surface microstructures using electrospinning. Taken
together, these findings highlight the use of electrospun PHB as a substrate for reporter phage-
based biosensor. The electrospun PHB fiber mats, which are biocompatible, possess high surface

area, improve phage immobilization without compromising phage infectivity. This is important
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as phage infectivity determines the overall efficiency of many phage applications, be it as

antimicrobials or biosensors.
5.2 Significance

The efficiency of any device that harnesses the power of immobilized phages depends on the
number and activity of immobilized phages on the device. The basic requirement for designing
such devices is to have optimum phage density and activity; hence there is much room for
improvements towards making the device better. That being said, the finding from this research,
which highlights electrospun polymeric fibrous mats as a better alternative for phage
immobilization, makes valuable contributions towards the use of immobilized phages in many

applications.

Though the scope of this research is limited to the development of a biosensor incorporating
one phage targeting one foodborne pathogen, the importance of this research can be extended
due to the abundance of phages that can target different bacterial hosts. For example,
immobilized phages can be used for the detection of pathogens and contaminants in food,
liquid, environmental and medical settings. Moreover, they have been used to treat localized
infections that are hard to cure with normal antibiotics*¢. In addition, electrospun PHB
membranes have been heavily investigated to serve as wound bandage and scaffolding due to its
biodegradability and biocompatibility. Products that combine these two technologies may be

good candidates for medical purposes.

Other potential applications for immobilized phages include surface disinfection and
prevention of biofilm and bacterial growth. Similar to immobilized phages used in wound
bandages that provide localized topical treatment, the same technology could work for biofilms
as well. Biofilms are collectives of one or more types of microorganisms in which cells stick to
each other and surfaces. Bacteria embedded in biofilm are less susceptible to antibiotic
treatment and can lead to serious infections. Engineered phages which express an enzyme that
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disrupts the biofilm matrix could be attached to electrospun membranes to be used in

prevention or treatment”.

5.3 Future Research

The collected results from this research provide a different perspective on phage
immobilization on polymer, emphasizing the importance of the substrate’s surface morphology.
It was shown that electrospun PHB substrates were able to increase efficiency of phage

attachment without further modification.

However, in order to realize the full potential of biosensors based on immobilized phages, a
few issues should be addressed. First, dehydration, which has damaging effects on immobilized
phages, should be addressed. Phages, as bioentities, are robust and can be produced in large
amounts with very little investment; however, they can be inactivated upon desiccation8. As
water is drawn from phages, osmotic pressure in/out of the phages increase, ultimately
destroying them. Micrographs of desiccated phages show detached tails or deformed capsids,
which were the main cause of phage losing infectivity*8. Leung et al. managed to preserve free
phages encapsulated in polysaccharides'9. The polysaccharides such as trehalose and pullulan,
were reported to stabilize the structures of phages and maintain the shape of the capsid after
dessication. If this result could be replicated, it could improve the practicality of phage-based
biosensors. In this way, the biosensors could be transferred easily and have a longer shelf life. A

preliminary work on long-term stabilization of phages is shown in the Appendices.

Another concern of phage immobilization is the packing density and orientation of phages
on the surface. Several studies have underlined the importance of oriented phages to achieve
higher packing density without hindering the tail movement. However, the phages used in the
studies were often model phages such as T4 or T7, which were not targeting specific strains of
pathogenic hostss4120121 Tn this study, micrograph images showed a clustering effect of phages
scattered around the PHB fibers, leaving lots of space for increased packing density. Surface
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modification such as cationic polymer modification could bind more phages on the fibers,
possibly increasing the packing density of phages, leading to an increased efficiency of

biosensor.

In conclusion, electrospun PHB were shown to improve phage immobilization, as compared
to plasma-treated flat films. The phage-immobilized substrates were shown to function as swab
test towards E. coli O157:H7 detection. More research is required to realize the full potential of
this phage-based device. Interest in phage studies is having a renaissance as they represent a
powerful alternative to antibiotics. Given the abundance of phages in the environment, thorough
understanding of phages enables us to lend a helping hand from nature in detecting foodborne
pathogens such as E. coli O157:H7 on food products; ultimately, eliminating disease and

sickness and improving the safety of our food production chains.
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APPENDICES

A. Additional Results
A1. Optimization of Electrospinning

Electrospinning has been used to produce micro- to nano-scaled fiber mats. In order to
produce the desired fiber morphology, a few electrospinning parameters were studied and

optimised, which included temperature, applied voltage and polymer concentration.

Temperature of the polymer solution was the first studied electrospinning parameter. At
room temperature, PHB had low solubility in chloroform and therefore tend to precipitate out
from the solvent. This often resulted in clogged nozzle and therefore the electrospinning process
had to be arrested. In order to ensure smooth flow of polymer solution, the temperature of
polymer solution was kept around 50°C, similar to the value reported by other

literatures94.100,105,

Once the polymer solution was kept warm to ensure smooth flow of solution during
electrospinning, the applied voltage and polymer concentration were further explored to fine
tune the fiber morphology. Polymer solution of 1, 3 and 5 % w/v concentrations were subjected
to 5, 10 and 15 kV of applied voltages under the same flow rate of 0.5 ml/h. The electrospun

PHB samples produced from the mentioned parameters are shown in Fig. A1.
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Figure A1: SEM images of electrospun PHB solution under different conditions.

As shown in Fig. A1, no sample was collected from 1 and 5 % w/v polymer solutions under 5
kV. 1 % w/v polymer solution were fairly insensitive to changes in applied voltage. The solution
produced electrospun mats with beaded fibers, regardless of the voltage applied. For 3 % w/v
polymer solution, in general, fibers with inconsistent diameter were produced. However, as the

applied voltage increased from 5 kV to 15 kV, the spindle like structure gradually disappeared,
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resulting in smoother diameter. Fiber structures were obtained from 5 % w/v polymer
concentration under 10 and 15 kV. Increasing applied voltage from 10 kV to 15 kV was shown to

produce finer fibers with lower diameter.
A2, Dehydration of Phages

Generally, phages were stored at 4 °C as lysate or in deep frozen condition to preserve the
virion infectivity. However, to increase the practicality of immobilized-phage based applications,
as well as to ease the storage and transportation of phages, infectivity of dehydrated phage PPo1
Nluc was studied in this experiment. Whey protein isolate (WPI) was used to protect the viral

particles during the drying process.

Whey protein isolate (as prepared in the reference!22) was added to phage lysate and then
drop casted and allowed to air-dry overnight at room temperature to form phage films. The
phage films were formed by pipetting 100pl of the phage/protectant/deionized water (DI)
solution into individual wells of a 24-well plate. The phage titer per film was 5.7 x 109 PFU. The
films were stored under ambient conditions for various lengths of time. To quantify the
infectivity of encapsulated phages in dried films, the films were dissolved in 1ml of CM buffer
(prepared as in reference!’9) through repeated pipetting. The film solution was serially diluted in

CM buffer and used in double agar overlay technique to enumerate phage counts.

The change in infectivity of dried phage PPo1 Nluc was shown in Figure A2.
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Figure A2: Change of phage titer within 4 weeks of storage at ambient condition. Time (0) is
defined as the initial titer of phages in whey protein isolate before drying. Phages encapsulated
in whey protein isolate suffered 3 log reduction in phage infectivity after 4 weeks of storage
time. Phages encapsulated in deionized water experienced 4 log reduction after 1 day and
gradually lost almost all of the activity after 2 weeks.
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Appendix B: Permission to Reproduce

e Figure 1.1, which was published by Centers for Disease Control and Prevention, US are
not subject to copyright law protections. Permission is not required for use of public
domain items.

e Permission to reproduce Figure 2.1, which was published by Franklin L. Nobrega et al. in
“Targeting mechanisms of tailed bacteriophages” has been granted by Springer Nature
(License # 4702621220722).

e Permission to reproduce Figure 2.2, which was published by Farooq et al. in “Bacterial
biosensing: Recent advances in phage-based bioassays and biosensors” has been granted
by Elsevier (License # 4702621465241).

e Figure 2.3, which was published by Zhou et al. in “Non-Covalent Functionalization of
Carbon Nanotubes for Electrochemical Biosensor Development” has been licensed under
a Creative Commons Attribution license (Attribution 2.0 Generic,
https://creativecommons.org/licenses/by/2.0/ca/)
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