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Immobilized phages may provide diverse opportunities to control and detect food-borne bacterial 

pathogens. Piezoelectric printing was used to immobilize phages AG6, AG10, AG11 and AG20 

on ColorLok paper for the development of bioactive packaging material. The individual phage-

based papers resulted in log10 reductions in count of 0.28, 2.68, 2.11 and 3.89 cfu/ml for 

Salmonella Typhimurium, Salmonella Enteritidis, Escherichia coli O157:H7 and Listeria 

monocytogenes, respectively. The printed phage-based paper stored at room temperature and 80-

85% RH was not stable after one month. Phage amplification assays for rapid detection of E. coli 

O157:H7 were developed using rV5 phage electrostatically immobilized on APTS modified 

magnetic silica beads.  Detection limits were 11-25 cfu/ml for a continuous phage amplification 

assay and 100-200 cfu/ml in a phage capture-amplification assay. Results were obtained within 

approximately 8 h. Immobilized phages have great potential to help ensure food safety. 
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CHAPTER 1: INTRODUCTION AND LITERATURE REVIEW 
 

1.1  Overview of foodborne illnesses 

 

Food-borne diseases are among the most important causes of morbidity and mortality worldwide 

(WHO, 2013) and are exacerbated by global trade in food and travel. The Public Health Agency 

of Canada (PHAC) estimates that there are 4 million episodes of domestically acquired food-

borne disease in Canada annually (Thomas et al., 2013); while the Centers for Disease Control 

and Prevention (CDC) indicate that there are about 48 million cases of food-borne illness each 

year in the US (Scallan et. al., 2011). In the European Union (EU) there were 69,553 reported 

cases of food-borne illness during 2011, resulting in 7,125 hospitalisations and 93 deaths (EFSA, 

2013).  

The effect of food-borne illness can range from mild to severe depending on host factors such as 

age and health. In some instances contracting food-borne diseases can result in long-term 

sequelae, such as haemolytic uremic syndrome, reactive arthritis and Guillain-Barré syndrome, 

or even death. It is therefore necessary to implement efficient control measures for food-borne 

pathogens in a “Farm to Fork” approach. The efforts to reduce food-borne illness would benefit 

particularly the most vulnerable individuals; young children, the elderly, pregnant women, and 

immunocompromised individuals. It is therefore imperative that effective control mechanisms 

are implemented as an integral part of any food safety system.  

According to a number of reports (Scallan et. al., 2011, EFSA, 2013, Thomas et al., 2013) non-

typhoidal Salmonella was reported as the primary, second and third most common cause of food 

related bacterial illness in the USA, EU, and Canada respectively. Listeria monocytogenes was 

responsible for the highest hospitalisation rates in the USA and the highest mortality rate in the 

EU. E. coli O157:H7 was reportedly responsible for the third highest hospitalisation rate in the 
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USA. Strategies for the control of Salmonella, L. monocytogenes and E. coli O157:H7 and 

detection of E. coli O157:H7 will be the focus of this research project. 

 

1.1.1 Salmonella 
Salmonella is among the top three bacterial pathogens implicated in food-borne illness 

worldwide (Scallan et. al. 2011, EFSA, 2013, Thomas et. al., 2013). According to Thomas et. al. 

(2013), 80% of non-typhoidal Salmonella infections in Canada were food-borne. These 

organisms are capable of being carried by many animals and are considered zoonotic organisms. 

Salmonella are categorised by their ability to cause typhoid or non-typhoidal illness.  

 

S. Enteritidis and S. Typhimurium are included within the non-typhoidal salmonellae. They have 

a broad host range and are generally implicated in enteric illness but with a low incidence of 

mortality. This is in contrast to typhoidal Salmonella that have narrower host ranges, cause 

systemic infections, and have a higher mortality rate. However, it has been reported that non-

typhoidal S. Enteritidis and S. Typhimurium can cause invasive infections in Africa; though this 

is a rare occurrence in developed countries. Pre-existing HIV infections have been implicated as 

a risk factor for salmonellosis (Feasey et al., 2012).  

 

Infections caused by S. Enteritidis have been associated with foods such as eggs, chicken, pork, 

beef, raw milk, sprouts, raw almonds, spices, fresh produce etc. Contamination of eggs can occur 

through transovarian transmission from the chicken resulting in the presence of the organism 

within the egg. Among humans the most common route of infection is by the faecal-oral route. 

The infectious dose for S. Enteritidis is approximately 10
3
 cfu/ml (PHAC, 2010). Symptoms 
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include fever, abdominal cramps, vomiting and diarrhea and may last between four to seven 

days. Bacteremia may result in some instances (Acheson and Hohmann, 2000; FDA, 2012). 

Salmonella are hardy organisms and are capable of surviving over a wide range of pH (4 to 9) 

(Jay et al., 2005). They are also capable of surviving temperatures up to 45ºC (Jay et al., 2005) 

and under dry conditions where they may persist in low moisture foods and in the environment 

for weeks to years depending on the prevailing conditions (Podolak et. al. 2010). They have 

exhibited high temperature resistance at lower water activities. Efforts to reduce cross 

contamination from high risk areas to sensitive or finished product areas should be enforced. The 

design of the processing facility, good manufacturing and hygienic practices, and limiting access 

to sensitive areas of production or processing are some of the control measures that have been 

implemented to limit contamination of food with Salmonella.  

 

1.1.2  E. coli O157:H7 
Escherichia coli are commensals in the human gut and many even confer beneficial effects to 

their host (FDA, 2012). However, several subgroups of E. coli have acquired virulence genes and 

are referred to as pathogenic E. coli. Presently there are six known groups of pathogenic E. coli: 

enteropathogenic E. coli (EPEC), enterotoxigenic E. coli (ETEC), enteroinvasive E. coli (EIEC), 

enteroaggregative E. coli (EAEC), enterohemorrhagic E. coli (EHEC), and diffusely adherent E. 

coli (DAEC). E. coli O157:H7 emerged as a human pathogen in 1982 and can be distinguished 

from other non-pathogenic E. coli strains by the presence of several virulence factors,  a 

pathogenicity island (LEE), Shiga toxins, and a plasmid, O157 (Lim et al., 2010). It is classified 

within the group enterohemorrhagic Escherichia coli (EHEC) and is noted for production of 

Shiga toxin (stx).  E. coli O157:H7 has been implicated in approximately 75% of the EHEC 
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infections worldwide and is therefore considered the most important stx producing strain (FDA, 

2012, WHO, 2011). The combined presence of the adhesin, intimin and shiga toxin 2 (stx2) 

genes are implicated with more severe manifestations of the disease in humans (Boerlin et al., 

1998). Healthy cattle and other animals function as reservoirs for this pathogen and faecal 

shedding releases this organism into the environment. This organism can survive and persist in 

the environment given suitable conditions for its growth (Chapman et. al., 1993, Hancock et al., 

1997, 1998). E. coli O157:H7 is implicated with foods such as raw milk, meat products, fresh 

produce including sprouts, and unpasteurised juices (WHO 2011, FDA, 2012).  The organism 

has a low infectious dose of approximately 10-100 cells (FDA, 2012). Symptoms include 

abdominal cramps, vomiting, and watery diarrhea, which may progress to bloody diarrhea. More 

severe complications of the disease are hemorrhagic colitis and hemolytic uremic syndrome. 

Since young children and older adults are most likely to be affected by this serious pathogen, it is 

necessary to utilise efficient methods for the detection and control of this organism. 

E. coli O157:H7 has the capacity to develop acid tolerance especially if previously exposed to 

weak acid environments and this attribute could enhance its survival in acidic food products 

(Leyer et. al. 1995).  

 

1.1.3 Listeria monocytogenes 
Listeria monocytogenes is ubiquitous in the environment and is the only Listeria species that is 

pathogenic for humans (Hof et al., 1994). It has been isolated from a wide range of foods such as 

unpasteurised milk and cheeses, poultry, meats, fruit, vegetables, ready-to-eat meats, and 

seafood. Although this organism is not responsible for a high incidence of foodborne illness, 

there is a high mortality rate among patients who contract listeriosis (Scallan et al., 2011, FDA, 



5 

 

2012). Both non-invasive and invasive Listeria infections have been reported (WHO, 2004, 

FDA, 2012). The former is responsible for gastrointestinal illness while invasive listeriosis leads 

to the more serious septicemia, meningitis and encephalitis (Farber and Peterkin, 1991); resulting 

in a high fatality rate of about 16% (Scallan et al., 2011).  Due to the widespread distribution of 

this organism in the environment, approximately 90% of healthy adults have anti-Listeria 

antibodies. Neonates, elderly, pregnant women and immunocompromised individuals are at 

higher risk for contracting listeriosis since this organism is an opportunistic pathogen (Hof et al., 

1994). Maternal listeriosis may be manifested by flu-like symptoms in the mother, and abortions 

or stillbirths may result in some cases; while septicemia or meningitis can occur if the neonate 

survives (Farber and Peterkin, 1991, FDA, 2012).  Adult infections of the central nervous system 

are manifested by symptoms of headaches, malaise, fever, vomiting, and meningitis and 

encephalitis usually occur particularly in the elderly. The infectious dose for this organism is 

thought to be up to 1000 cells (FDA, 2012).  

 

Serotypes 1/2a, 1/2b and 4b are the three of thirteen serotypes of L. monocytogenes that are most 

frequently associated with listeriosis outbreaks (Farber and Peterkin, 1991). Incubation times are 

less than three days for non-invasive infections while three days to three months may be required 

for manifestation of invasive infections. Virulence factors include internalin, phospholipase, 

hemolysin, and actin-activating protein (Lecuit 1997, Hof et al., 1994), which promotes invasion, 

intracellular survival, and the spread of L. monocytogenes. This organism can survive and 

replicate at a wide temperature range of approximately 1 to 45 °C (Jay et. al., 2005). Its tolerance 

of salt and low pH and ability to grow at refrigeration temperatures pose challenges for the food 

industry to control this hardy organism.  Control of L. monocytogenes requires a multi-faceted 
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approach such as combinations of low temperature storage, low pH and preservatives, such as 

nitrite and salt (McClure et al., 1991). 

 

1.2 Control of food-borne pathogens 
The need to extend the shelf life of foods has existed for centuries and many techniques for the 

preservation of foods have been adopted. Protection of foods from unwanted enzymatic and 

chemical reactions in addition to microbial contamination can result in the extension of the shelf 

life of food products (Vaclavik and Christian, 2008). Controlling bacterial levels would lead to a 

reduced likelihood of food spoilage and lower risk of contracting food-borne illness. Many 

traditional methods of controlling the presence of spoilage and pathogenic microorganisms are 

still currently used in addition to newer, alternative strategies. 

 

1.2.1 Traditional methods of control of bacteria in food production 
Some of the more common traditional methods of food preservation include cooking, 

dehydration, salting or pickling, smoking, refrigeration and freezing. Cooking requires heating of 

foods to temperatures high enough to kill many vegetative cells. Processes such as pasteurisation 

are designed to eradicate non-sporeforming pathogens, though more heat resistant bacteria can 

survive (Jay et al., 2005, Vaclavik and Christian, 2008). Spores can usually survive cooking and 

even the harsh heat treatment of canning. Germination of spores will occur when conducive 

conditions of temperature, pH and other intrinsic and extrinsic factors exist.  

Refrigeration or freezing of foods will reduce the metabolic activity of microorganisms and 

therefore lead to retardation of growth.  Cold storage of foods is usually preceded by another 

step, such as cooking, to reduce growth of microorganisms that may have survived the prior 
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treatment. Drying of foods is also used for preservation to reduce the water present for microbial 

growth. This is achieved by dehydration, evaporation, freezing, and also by the addition of salt or 

sugar.  Bacterial growth is retarded since bacteria require high water activities for growth and 

multiplication.  Chemical preservatives are also used to reduce the pH and to exert antibacterial 

effects. 

 

1.2.2 Alternative methods of control of bacteria in food production  
Consumer demands for natural, wholesome, healthy foods that have been minimally processed 

have gained momentum over the years. The food processing industry has therefore had to 

develop and implement different approaches to control microbial growth with reduced use of 

chemical preservation. The use of food preservation techniques to complement traditional 

methods which are effective for food safety purposes is therefore necessary. The development of 

more natural food preservation methods have therefore resulted. These include biocontrol, which 

is the use of an organism to control another unwanted species. Control can be accomplished by 

either the direct effect of an organism on the other or indirect control can be facilitated by their 

products or metabolites exerting an adverse effect on the other organism (Jay et. al. 2005; 

McIntyre et. al., 2007). 

 

Some biocontrol strategies include the use of lactic acid bacteria (LAB) and their metabolites, 

plant extracts such as essential oils and bacteriophages (Jay et. al., 2005, McIntyre et al., 2007). 

In the former case, lactic acid bacteria have been used for many years for the production of 

various fermented foods. Organic acids and various antimicrobial peptides, including 

bacteriocins, are produced by LAB (Cleveland et. al. 2001, Galvez et. al 2007). Bacteriocins are 



8 

 

active primarily against Gram-positive organisms by increasing bacterial cell membrane 

permeability and inhibition of cell wall synthesis, which eventually leads to cell death (Cleveland 

et. al. 2001). In addition to the benefits conferred by the metabolites of LAB, they are classified 

as important competitive exclusion (CE) organisms. Their activity would be particularly 

beneficial in food animal production for the control of pathogens. Since LAB are normal gut 

flora in different animal species, their presence could lead to competition with pathogens for 

attachment sites and nutrients and, in addition, they produce antimicrobial metabolites, which 

could result in inhibition of certain pathogenic bacteria (McIntyre et. al. 2007). Brashears et al., 

(2003) were able to successfully reduce the number of E. coli O157:H7 in vitro after using 

several LAB for CE. This emphasises that reduction of pathogens prior to processing would 

ultimately reduce the bacterial load introduced into the processing environment and the 

likelihood for cross contamination within the processing environment. 

 

Various plant extracts, spices and essential oils have also been used as natural food preservatives 

(McIntyre, 2007; Rahman, 2011). Various combinations of garlic, onion, ginger, coriander, 

pepper and lime juice were used to control multi-drug resistant strains of E. coli isolated from 

water (Rahman, 2011). These researchers observed that a combination of garlic, ginger and lime 

inhibited E. coli compared to no inhibition by most of the individual extracts. Essential oils have 

been used as natural preservatives to control L. monocytogenes and S. Enteritidis (Smith-Palmer 

et al., 2001). Significant reductions in count for both of these pathogens at 1% concentrations of 

bay, thyme, cinnamon, and clove oils in low fat cheese was observed. However, the use if these 

essential oils to control the pathogens in full fat cheese was not effective. These results suggest 

that components of the food, such as fat, may have a protective effect on bacteria present. 
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The application of bacteriophages has also been studied as a natural method for the control of 

pathogens. These viruses naturally infect bacteria only. Lytic phages, which are of importance 

for pathogen control, are able to replicate and release progeny phage upon lysis of their host 

bacteria. These progeny phages in turn can initiate another cycle of infection under suitable 

environmental conditions and in the presence of their host. Numerous studies have been 

conducted using different phage-host combinations at different temperatures and concentrations 

for the control of bacterial pathogens in human and animal studies, food processing and as 

biopesticides (Bigwood, 2009; Kudva et.al 1999; Higgins et.al., 2005; Hooton et. al., 2011; 

Svircev et. al., 2010). These researchers observed a reduction in host bacterial counts under 

various conditions, which affirms the benefits of phage technology for biocontrol. Reviews by 

Sharma and Goodridge (2013) and Brovko et al. (2012) have highlighted that various regulatory 

agencies have granted approval for the use of commercial phage preparations to control 

foodborne pathogens prior to animal slaughter, in food production, and for use on food contact 

surfaces, as well as for control of plant pathogens. These and other applications using phages for 

biocontrol will be discussed in more detail later in this thesis.  

 

1.3 Packaging and food safety 
Food packaging offers several benefits to the food industry. In addition to its practical use for 

storage, attractive marketing, and maintaining freshness, it also prevents contamination from 

external sources and can control exchange of gases such as oxygen, which is important for 

microbial growth (Vaclavik and Christian, 2008). Various food packaging options exist to 

enhance protection of foods from microbial spoilage or reduce the likelihood of harbouring 

pathogens. Vacuum packaging, modified atmosphere packaging, and aseptic packaging are 
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among popular packaging mechanisms used to control the environment within the package to 

reduce microbial growth and thus improve the safety of the product. Additionally, novel active 

packaging approaches have been developed to strengthen food safety. 

 

1.3.1 Bioactive packaging 
Cross contamination has been recognised to be one of the main causes for food-borne outbreaks 

in Europe (Podolak et. al. 2010). Post processing contamination can result in the introduction of 

pathogens into a product, which can survive and potentially proliferate during storage. Therefore 

efficient methods for control of pathogens by processing and during storage are necessary. 

Innovative packaging materials have been developed to incorporate antimicrobial compounds for 

the control of pathogens during the storage of food (Coma, 2008, Appendini, 2002). These 

bioactive packaging materials are particularly useful for foods subjected to minimal processing 

and can also offer protection from post-processing contamination. The benefits are that the active 

compounds are localised at the surface for greater efficacy. Additionally, the incorporation of 

antimicrobial compounds within the packing could reduce the likelihood of their inactivation 

during direct application due to interaction with the food matrix; thus leading to reduced efficacy 

of the bioactive (Coma, 2008). The potential of using smaller amounts of the antimicrobial agent 

with similar control capability is also another benefit of bioactive packaging, especially if there 

is an effect on organoleptic qualities of the food as is the case for essential oils. However, it may 

be necessary to receive regulatory approval from relevant food regulatory agencies since both 

Canada and the USA have regulations to control substances that become a part of the food. 
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The application of bioactive packaging depends on their specific mode of action. These include 

packages with sachets containing volatile antimicrobial agents or gases (Grower et al.  2004a, 

2004b, Cooksey et al. 2005). Also packaging material with bioactive compounds incorporated 

within the material, for example, films containing bacteriocins, organic acids, enzymes, essential 

oils or polymers with antimicrobial activity have been described (Cooksey et. al. 2005, Oussalah 

et. al. 2006, Seydim and Sarikus, 2006). Another method of delivering these bioactive 

compounds during food storage is the coating of the substance onto polymers within the 

packaging material or in some instances covalently linking the active compounds to the polymers 

(Coma 2008, Appendini and Hotchkiss 2002). 

 

The success of these bioactive packaging materials depends on several factors based on the 

substance used for exhibiting antimicrobial activity, such as diffusion or delivery of adequate 

amount of active compounds required for control purposes. Researchers were able to reduce the 

levels of S. Typhimurium and E. coli O157:H7 in artificially contaminated beef by the use of 

oregano, savory and cinnamon essential oils incorporated into alginate films (Oussalah et. al. 

2006). They observed between 1 to 2 log10 reduction in counts of E. coli O157:H7 after five days 

of storage and 0.91 and 0.88 log10 reduction in count after five days storage for S. Typhimurium. 

The ability of the essential oils to diffuse out of the film onto the product was necessary for the 

efficacy of this material. Another study was conducted where the bacteriocin nisin was added to 

a cellulose based polymer mixture and coated onto low density polyethylene film then used for 

the control of L. monocytogenes in vacuum packed hot dogs over a 60 day period (Grower et al.,  

2004a, 2004b, Cooksey et. al., 2005). They reported more than two log reduction in L. 

monocytogenes counts for three different concentrations of this bacteriocin between 2,500 – 
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10,000 IU/ml. They also observed a reduction in the activity of the nisin incorporated into 

packaging compared to that in solution. Development of novel active packaging can contribute to 

the safety of minimally processed food for consumers provided that adequate amounts of the 

active substance are delivered.  

 

The control of food-borne pathogens by bacteriophages has been well studied (Bigwood 2009, 

Hooton 2011, Leverentz 2003, 2004, O’Flynn 2004 etc.) and a “Letter of No Objection” for their 

use as a food processing aid has been issued by Health Canada and they have been given GRAS 

(generally recognized as safe) status by the USFDA. The potential therefore exists for 

bacteriophages to be utilised to produce bioactive packaging material as was explored with other 

natural antimicrobial compounds. Unlike bacteriocins, which target mainly Gram-positive 

bacteria, individual phages can be selected to target a range of bacterial pathogens. Additionally, 

phages can be used in fermented products to target pathogens without having an adverse effect 

on the fermentation compared to chemical preservatives, which have broad-spectrum activity. 

Plant extracts such as essential oils will have variability in the concentration of antimicrobial 

compounds for each batch depending on their source and plant species selected, while phages 

can be easily maintained and propagated for biocontrol applications. Research using phages as 

antimicrobial food packaging is still new and will be part of the focus of this study. 

 

Phage-based bioactive packaging can function as an additional tool for enhancing food safety by 

complementing already existing systems such as Good Manufacturing Practices (GMP’s), 

Hazard Analysis Critical Control Point (HACCP). This technology can be implemented as a part 

of a hurdle technology approach (Appendini and Hotchkiss, 2002). Combinations of pH, water 
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activity, redox potential, temperature and competing organisms are some of the main hurdles 

used to reduce the possibility of pathogenic organisms surviving in foods (Leistner, 2000). 

Phage-based packaging can function as another hurdle for control of microbial growth during 

food storage. 

 

1.4 Detection of food-borne pathogens 

 

Food safety systems such as Hazard Analysis Critical Control Point (HACCP) place an emphasis 

on preventative control measures for the production of safe food (McMeekin, 2003). An integral 

component of such a system relies on verification that the system is functioning effectively. 

Microbiological testing is a tool that can be used for verification of microbiological safety by 

suppliers and regulatory agencies. Environmental monitoring, testing of raw and finished product 

and investigation to determine a potential source of contamination are often conducted to 

complement HACCP based systems. The need for the use of detection methods that are simple, 

cost effective and offer high sensitivity, specificity and rapid turnaround time is therefore 

necessary.  

 

1.4.1 Conventional methods 
Conventional microbiological methods are relatively sensitive and can provide both qualitative 

and quantitative results (Velusamy et al., 2010). They provide the benefit of detecting only 

viable organisms and allow for the resuscitation of cells that have been injured by processing 

through the inclusion of a pre-enrichment step using non-selective media (Stephens, 2003). 

However, background competing organisms in addition to target cells will proliferate during this 

pre-enrichment step. A selective enrichment step is therefore necessary, which incorporates 
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various selective agents such as antibiotics, inorganic salts and dyes, temperature, pH and 

atmospheric conditions to allow selection of the target organism, while inhibiting non-target 

organisms (Stephens, 2003). Presumptive positive samples can be identified after selective test 

results are available. Subsequent to selective enrichment, a biochemical screening step is usually 

included to assess the ability of suspected target organisms to metabolize various sugars as is the 

case for Salmonella and Listeria detection. Detection of expressed virulence factors may also be 

included, for example, the production of haemolysins by L. monocytogenes (Health Canada, 

2011, USFDA, 2013 or screening for Shiga toxin production by EHEC (Warburton and 

Christensen, 2008, USFDA, 2013). Additional serological screening can provide species or strain 

identification. Since the time for all of these stages to be completed may be up to one week the 

use of conventional microbiological methods as a tool for verification of HACCP is impractical. 

Reliable rapid testing is essential to demonstrate compliance with microbiological standards and 

to aid in troubleshooting if necessary. 

1.4.2 Rapid methods 
Rapid methods for the detection of microorganisms should be at least equivalent to conventional 

methods. It is anticipated that a significant reduction in the time for detection of target organisms 

should be realised. Additionally, the method should be specific for its target, even in the presence 

of competing microflora. Reliable detection of low levels of target is necessary, especially since 

many pathogens have low infectious doses. Rapid methods should also offer considerable ease of 

use and development of tests that do not require sophisticated instrumentation would be 

applicable as field tests. Detection methods with the capacity for automation and high throughput 

formats would be beneficial in high volume laboratory environments. 
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Currently immunoassays and nucleic acid based assays are the most widely used commercially 

available rapid detection methods. These assays owe their specificity to either targeted antigenic 

structures, or genetic profile and specific virulence determinants. However, both immunoassays 

and molecular assays require high levels of target, approximately 10
3
 - 10

5
 cfu/ml for detection 

(de Boer and Beumer 1999). Inevitably a pre-enrichment step is therefore necessary to increase 

the levels of the target organism to detectable levels. 

 

Immunoassays are based on antibody-antigen reactions. Antibodies are prepared by inoculating 

an animal with the target organism then allowing for an immune reaction. The produced 

polyclonal antibodies are a combination of antibodies targeting different antigen epitopes. 

Monoclonal antibodies recognise a single antigen epitope and are produced by fusion of specific 

B cells with myeloma cells to produce the specific monoclonal antibody on a large scale. 

(Lipman et al., 2005). Polyclonal or monoclonal antibodies are used depending on the specificity 

required (de Boer and Beumer, 1999). Although the antibody-antigen reaction is very specific 

there are several disadvantages. The process of antibody production is time consuming and 

costly and immunoassays are capable of detecting both viable and non-viable bacteria (Petty et 

al. 2007). Cross reactivity with other bacterial species is possible and food matrices may result in 

false positive results (Tokarskyy, 2008). 

 

Nucleic acid based assays for pathogen detection rely on the selection of a unique target 

sequence, which is critical to ensure the specificity of detection. This unique sequence may be 

derived from RNA or DNA and may be genus, species or strain specific and may be detected 

directly by DNA hybridisation assays or detection can be facilitated subsequent to amplification 
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of this sequence by thermocycling or isothermal amplification. Methods relying on nucleic acid 

amplification have led to an increased sensitivity of detection (de Boer and Beumer 1999; 

Mothershed and Whitney, 2006). 

1.4.2.1 Polymerase chain reaction 
Polymerase Chain Reaction (PCR) utilises thermocycling conditions for the amplification of 

target DNA sequences and is capable of producing more than a billion copies of the target 

sequence from one copy in a reaction (de Boer and Beumer 1999). The sample containing the 

target DNA sequence is subjected to high temperatures of approximately 95ºC, which results in 

denaturation of the double stranded DNA template into two single strands. The temperature is 

then lowered to approximately 55ºC and primers flanking the target sequence anneal to the single 

stranded DNA target sequence if present. Thermostable Taq polymerase is responsible for 

catalyzing the reaction to extend the primers utilising deoxynucleotides present in the reaction to 

synthesise a new DNA strand complementary to the original target sequence at a temperature of 

about 72ºC. The temperature is elevated again to approximately 95 ºC for another denaturation 

step and approximately 30 – 40 repeat cycles results in exponential amplification of the target 

sequence. A schematic representation of DNA amplification by PCR is depicted by Figure 1.1 

Detection of amplified sequences is achieved by gel electrophoresis in traditional PCR reactions. 

The advantages of PCR are the high specificity and sensitivity if the target of choice has been 

carefully selected. However, both viable and non-viable organisms may be detected since DNA 

can persist in foods after cell death. Additionally, various food components may inhibit the PCR 

reaction. The inclusion of a pre-enrichment step is therefore necessary for proliferation of the 

specific microbe, which also contributes to increased chances of detecting viable cells instead of 

non-viable cells. DNA intercalating dyes such as propidium monoazide (PMA) have been used 
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to differentiate between live and dead cells since they can traverse compromised cell membranes 

and bind to DNA; thus preventing amplification during PCR (Dwivedi and Jaykus, 2011). 

 

 

Figure 1.1  DNA amplification using Polymerase Chain Reaction. 

(http://www.aaranyak.org/pcr.html) 

 

Real-Time PCR is a modification of traditional PCR where the protocol is basically the same 

except for improvements in detection and reduction of post amplification manipulation. Instead 

of end point detection using gel electrophoresis, DNA specific fluorescent dyes bind to double 

stranded DNA and facilitate detection during the course of the reaction, thereby permitting the 

http://www.aaranyak.org/pcr.html
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reaction to be monitored in real time (Mothershed and Whitney, 2006). There is a reduced 

potential for contamination since reaction tubes do not need to be opened due to the automated 

detection. Data analysis using the provided software can identify any anomalies. High 

throughput is also a benefit of using real-time PCR. The combination of these benefits has led to 

the widespread use of real-time PCR for the detection of many pathogens (Mothershed and 

Whitney, 2006). 

1.4.2.2 Separation and concentration 
Rapid methods provide reduced times for detection, opportunities for automation, high 

throughput, and high specificity and sensitivity compared to conventional methods. However, an 

enrichment step is included in many instances to enhance sensitivity or reduce inhibition from 

the food matrix that will arise from direct detection (Benoit and Donahue, 2003). Efforts to 

specifically separate the targeted microorganisms from the food matrix and competing 

organisms, which can interfere with microbiological assays, are therefore necessary. Separation 

then concentration in smaller volumes will enhance the signal generated and minimise the 

inhibitory effect of food components (Sharpe, 2003). The benefit of increasing the sensitivity of 

the assay may then be achieved without enrichment (Benoit and Donahue, 2003). Some 

strategies involve dislodging microorganisms from the food sample by blending or stomaching, 

followed by a concentration step (Sharpe, 2003). Concentration and separation of 

microorganisms may be accomplished by physical methods such as filtration, centrifugation, 

ultrasound and aqueous polymer two-phase systems. Adsorption methods such as 

dielectrophoresis, antibody- or bacteriophage-based capture methods may also be utilized 

(Benoit and Donahue, 2003). 
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Immunomagnetic separation (IMS) facilitates the separation of target cells using magnetic 

particles coated with antibodies specific for the target cells. The antibody is responsible for the 

capture of target cells then a magnet is used to separate the magnetic beads/microorganism 

complex from the food matrix and after subsequent wash steps and resuspension in fresh media, 

detection can be accomplished by various means. IMS can be followed by cultural methods 

(Chapman, 1996, Shaw et. al. 1998, Fedio et al., 2011), PCR (Chapman and Ashton, 2001), real-

time PCR (Fedio et al., 2011) or other detection methods including phage-based detection 

(Favrin et. al., 2001, 2003, Goodridge et. al, 1999, Willford et. al. 2011). 

 

Bacteriophages are also specific for their host and can be used as agents to facilitate capture of 

target bacteria for separation and concentration. The ability of bacteriophages to replicate within 

the host cell can provide an amplified signal subsequent to capture. This approach has been used 

by Tolba et al., (2010), who immobilized genetically modified T4 phages onto magnetic beads 

for the capture of E.coli and subsequently detected the released progeny phages by real-time 

PCR. However, many bacteriophage detection assays have used other approaches. Rather, 

phages have been used in combination with IMS when they were used either for amplification or 

detection. Favrin et al. (2001, 2003) used IMS to capture Salmonella cells then used Salmonella-

specific phages for amplification. Willford et al. (2011) utilized IMS for capture of shiga toxin 

producing E. coli and labelled bacteriophages were used in a sandwich assay format for 

detection. Fluorescently labelled phage specific for E. coli O157:H7 were used for detection by 

epifluorescence and flow cytometry subsequent to separation by IMS (Goodridge et. al., 1999). 

Since phages may have narrow host ranges, which rarely cross interspecies barriers, they can be 

selected based on the specificity required to potentially provide similar or superior results as 
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IMS. Cross reactivity with competing microflora using IMS in combination with cultural 

methods was recognised by Chapman (1999) and Chapman and Ashton (2001), and led to an 

increase in the time needed to conduct confirmatory tests. Separation of bacteria from the food 

matrix using phages for capture will exhibit target specificity and, unlike IMS, interspecies cross 

reactivity will not result. Phages used for phage-based capture and separation will need to be 

selected based on the degree of sensitivity required, since phages often infect several strains 

within a particular bacterial species. In addition to intact phages being used for bacterial capture 

and separation, the proteins used by phages for recognition of target bacterial receptors could 

also be used. 

 

Bacteriophage host specificity results from the interaction of tail fibre proteins with bacterial cell 

surface receptors. Isolation and immobilization of phage tail fibres could also be used for 

species-specific bacterial capture. Genetically engineered Salmonella P22 phage tail fibre 

proteins immobilized on gold-coated substrates were used to capture S. Typhimurium followed 

by detection using surface plasmon resonance. The detection limit was 10
3
 cfu/ml. (Singh et al., 

2010). Also a commercial application, VIDAS® UP E. coli O157 (including H7) detection 

method uses recombinant phage tail fibre proteins for capture and subsequent fluorescent 

detection (Health Canada, 2011). Phage endolysin production within the bacterial cell facilitates 

cell lysis for release of progeny phages.  Endolysin cell wall binding domains (CBD) specifically 

recognize bacterial peptidoglycan and could be used to target Gram-positive bacteria since their 

peptidoglycans are accessible from the cell surface unlike Gram-negative bacteria, which have 

an outer cell membrane around the peptidoglycan. Recombinant CBD immobilized on magnetic 

beads were used for the capture of L. monocytogenes, which were then subjected to selective 
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enrichment followed by detection using cultural methods (Kretzer et al., 2007) or by direct 

detection in milk by cultural methods or real-time PCR (Walcher et al., 2010). These approaches 

prove that intact phages as well as tail and CBD proteins can be used for detection of target 

bacteria. 

1.5 Overview of bacteriophages 
Bacteriophages or phages are the most abundant type of viruses in existence with a minimum of 

5,136 phages already analyzed by electron microscopy (Ackermann, 2006). These viruses are 

specific for their bacterial hosts and are capable of infecting a wide range of bacteria. The 

morphology of these viruses is quite diverse; they can be cubic, helical, pleomorphic, or tailed, 

as depicted in Figure 1.2 (Ackermann, 2006). Structurally they are comprised of an outer protein 

or lipoprotein capsid, which protects their genomic material that may consist of either single- or 

double-stranded DNA or RNA. Similar to eukaryotic viruses some phages have an envelope 

surrounding the capsid. The tailed phages, which belong to the order Caudavirales are the 

predominant group in existence; accounting for approximately 96% of all phages isolated to date 

(Orlova, 2012). The three families within this order are Myoviridae phages, which possess 

sheathed, contractile tails; Siphoviridae possess long non-contractile tails and Podoviridae, 

which possess short tails. The former two families are the most abundant groups (Ackermann, 

2006; Orlova, 2012). 
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Figure 1.2 Different phage morphologies (Ackermann, 2006) 

 

 Bacteriophages are usually specific to particular strains or species of bacteria and less 

commonly for an entire bacterial genus (Carvalho et al., 2012; Hagens and Loessner, 2010). 

Phage infection of bacteria involves adsorption of the phage to the host bacterial cell via pre-

existing cell wall structures. These receptors may be bacterial pili, flagella, capsular 

polysaccharides, lipopolysaccharides or outer membrane proteins in the case of Gram-negative 

cells (Carvalho et al., 2012, Rakhuba et al., 2010). The receptors of choice are dependent on the 

phage and its host. Adsorption is the irreversible binding of the phage to the host cell wall after 

which the phage injects its genetic material into the cytoplasm of the bacterium. Phages may be 

either virulent or temperate and this determines their interaction with their host. Virulent phages 

have a lytic life cycle; therefore when the phage nucleic acid enters the bacterial cell it initiates 

degradation of host DNA and synthesis of phage genetic material (Guttman et. al., 2005). 

Development of progeny phage results and culminates in bacterial cell lysis and release of 
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mature progeny phages (Figure 1.3). Temperate phages can either follow the lytic cycle, similar 

to virulent or lytic phages, or alternatively their genome may be integrated within the bacterial 

host chromosome (Guttman et. al., 2005). The ability of temperate phages to integrate within 

bacterial genomes results in a stable relationship between the host and prophage. However, if 

unfavourable conditions occur the phage is induced and excised from the bacterial chromosome, 

which results in the lytic cycle being activated. In some instances the bacteriophage will also 

excise portions of the bacterial genome upon induction and will transfer this genetic information 

to the next host upon integration into the chromosome. This process of transduction can result in 

horizontal gene transfer, which increases bacterial diversity and could result in the transmission 

of virulence and antibiotic resistance genes (Wagner and Waldor, 2002). 

 

Figure 1.3  Lytic and lysogenic life cycles of bacteriophages (Brovko et al., 2012) 
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Sequencing has resulted in the discovery that bacterial genomes may contain between 10-20% 

prophages (Casjens, 2003). Many of these prophages seem to be defective and cannot be induced 

or are in a state of mutational decay. However, many of these prophages still carry functional 

genes and, although they would not be able to execute the lytic cycle, the genes that they encode 

may confer fitness factors or virulence factors on the bacterial host (Brüssow et. al. 2004). 

Bacteriophages are known to be responsible for the alteration of virulence of numerous 

pathogens including Escherichia coli, Salmonella enterica serovar Typhimurium, Clostridium 

botulinum, Corynebacterium diphtheria, Staphylococcus aureus, Shigella dysenteriae, and Vibrio 

cholera (Brüssow et. al. 2004; Wagner and Waldor, 2002).  The fitness and virulence factors to 

which phages contribute, confer increased ability for the host bacterium to adhere to, invade, and 

colonize cells, produce enzymes and toxins and evade host immune responses (Brüssow et. al. 

2004; Wagner and Waldor, 2002).  

 

Bacteriophages can therefore form a stable relationship with their host, thus promoting their 

fitness, as in the case of lysogenic phages or can result in bacterial death in the case of lytic 

phages. Lytic phages have therefore been recognised as antibacterial agents by many researchers. 

Many studies have been conducted on the use of bacteriophages as recognition elements for to 

detect or control their hosts (Favrin et al., 2001, Oda et al., 2004, Hooton et al., 2011, Boyacioglu 

et. al, 2013). Lysogenic phages have been used to insert specific genes into target bacteria 

(Hagens and Loessner, 2010); whereas lytic phages have been used for control and detection of 

bacteria and various phage proteins, such as endolysins, have been used for the capture or lysis 

of bacterial cells (Loessner, 2005). 
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1.5.1 Bacteriophages for biocontrol 
Virulent phages have been used for the control of their respective host bacteria, as has been 

shown by many studies (Kudva et al., 1999; Bigwood et. al, 2009; Higgins et al., 2005; Hooton 

et. al, 2011; Leverentz et al., 2003, 2004, O’Flynn, 2004, Anany et. al. 2011). Research has been 

conducted on the use of phages for therapy, control of plant pathogens, and control of food 

pathogens at the farm level and during processing. 

 

Bacteria and phage interactions are common in natural ecosystems and are also associated with 

many food systems, as was made evident by several studies (Greer, 2005, Hagens and Loessner 

2010). The use of bacteriophages in the food industry for biocontrol would therefore mimic 

natural ecosystems but with a more direct focus on specific food-borne pathogens. The main 

benefits for use of bacteriophages include their ability to self-replicate; thus retaining their ability 

to provide control during storage. Phage preparations are also relatively easy to prepare and are 

also cost effective (Greer, 2005). Also, their specificity prevents eradication of beneficial 

bacteria, as is inevitable with the use of processes such as pasteurisation, chemical preservation 

or antibiotic use. Since bacteriophages are specific for their bacterial hosts the infection of 

eukaryotic cells is not possible; thus making them safe for human consumption. However, it is 

necessary that any phage preparations used in food production should be subject to stringent 

quality control to avoid contamination with host bacteria or their toxins (Carvalho et al., 2012, 

Merabishvili, 2009). Also the use of non-pathogenic hosts for preparation of phage lysates would 

help prevent this problem. 

 

Phages can be used at all levels of food production for the control of bacterial pathogens: at the 

farm level, as a processing aid, and also during storage. Application of phages at the farm level 
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can control many food-borne pathogens that are zoonotic e.g. Salmonella, Campylobacter, and 

Shiga toxin producing E. coli. Additionally, phages can be incorporated into food products 

during processing to target host pathogens that may have survived or incorporation of 

bacteriophages into packaging could be used for biocontrol during food storage.  

 

Several researchers used S. Enteritidis for phage isolation and used a single isolated phage for the 

control of this same target host on artificially inoculated chicken carcasses (Higgins et. al., 

2005). They subsequently isolated naturally occurring Salmonella and applied them to turkey 

carcasses and used a phage cocktail for control of these strains of bacteria and also the laboratory 

strain. Phage concentrations of 10
8
 and 10

10
 pfu/ml were observed to be most successful when 

using the single phage preparation. A 70% to 90% reduction in counts of S. Enteritidis was 

reported using the single phage preparation. Use of a 72 phage cocktail was observed to give an 

83% to 93% reduction in counts of the lab and environmental Salmonella isolates using 10
6
 and 

10
7
 pfu/ml phage. The phages used for this experiment were not characterised and the host range 

was not known, however, lower titres of the phage cocktail were required to give results 

comparable to those obtained with the single phage preparation. 

 

Kudva et. al. (1999) used E. coli O157:H7 specific phages for the control of their host. Results 

indicated that three individual phage preparations were capable of an initial reduction of target 

bacteria within eight hours in broth but the bacterium had recovered following 24 hours 

incubation and had grown an additional four  log10 cycles compared to the initial inoculum. 

When a cocktail of the three phages was used, complete eradication of the host was observed 

within eight hours when the sample was subjected to aeration at 4ºC or 37ºC. There was no 
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reduction in E. coli O157:H7 counts in unaerated samples treated with the phage cocktail and 

incubated at 37ºC. However, addition of phages to unaerated samples stored at 4ºC resulted in 

complete eradication of the bacterium within five days. 

 

Another study was conducted using phage cocktails to control L. monocytogenes and E. coli 

O157:H7 using phages immobilized on cellulose membranes (Anany et. al, 2011). Ready-to-eat 

turkey was stored aerobically, or using modified atmosphere (MAP) or vacuum packaging after 

inoculation with L. monocytogenes in the presence and absence of phage cocktails. The most 

significant effect was during storage at 4ºC, when they noticed approximately 1.5 log10 cycle 

reduction in counts of L. monocytogenes during storage under aerobic conditions within 15 days. 

Similar results were observed for storage under MAP, but an approximately four log10 cycle 

reduction in counts of the organism was observed for samples stored under vacuum within 15 

days. Also ground beef stored aerobically at 4ºC and inoculated with E. coli O157:H7 and a 

phage cocktail active against this bacterium resulted in approximately a one log10 cycle reduction 

in E. coli within six days. 

 

Regulatory approval of phage preparations for use in foods has been granted and they are 

generally considered as processing aids (FDA, 2013). Several phage preparations have already 

been granted approval by regulatory agencies for various applications in food production. The 

Listeria six phage cocktail ListShield™, E. coli O157:H7 three phage EcoShield™ and 

Salmonella six phage SalmoFresh™ by Intralytics were granted a “Generally Regarded as Safe” 

(GRAS) status by the US Food and Drug Administration (US FDA) and United States 

Department of Agriculture (USDA) for addition to specific foods. ListShield™ was also 
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approved by the US Environmental Protection Agency for application on food surfaces (EPA 

registration #74234-1).  LISTEX™ P100, another single Listeria phage preparation by 

MICREOS Food Safety was issued a “Letter of No objection” for its use as a food processing aid 

by Health Canada and has received approval from USDA FSIS and granted GRAS status by US-

FDA (MICREOS 2010, 2011). SALMONELEX™ also from MICREOS Food Safety has also 

been approved by the Dutch Medicine Evaluation Board for “Temporary use exemption” for 

field trials. 

The main disadvantages of bacteriophage use for pathogen control include their narrow host 

range. Other concerns include the ability of bacteria to develop resistance and the need for high 

phage titres to control anticipated low levels of pathogens in food systems (Greer, 2005; Hagens 

and Loessner, 2010). Researchers have successfully used phage cocktails to increase the host 

range and to prevent development of phage resistance by bacteria by increasing the chances of 

phages targeting different surface receptors on the host cell (Kudva et. al, 1999; Leverentz et. al, 

2003; 2004; Anany et. al, 2011, Hooton et. al, 2011; Boyacioglu et. al, 2013). Industrial 

applications of bacteriophage would therefore make it necessary to optimise these natural 

antimicrobials to realize maximum benefits. Product and process specific investigations should 

be conducted to assess the effect of different phage concentrations, modes of application, storage 

conditions and strategies to prevent phage resistant bacteria prior to commercial use of phages. 

Additionally, phages used for biocontrol should not be capable of lysogeny since genetic 

material, which may confer virulence, could be transferred to host bacteria.  

 

Incorporation of phages in a hurdle approach to control bacterial pathogens is anticipated to be a 

feasible approach to facilitate production of safe foods. Some studies have used phage 
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preparations in combination with other methods for bacterial control. Leverentz et. al. (2003) 

used nisin and a phage cocktail to control L. monocytogenes on honeydew melon and apple 

slices. The combination treatment did not exert a significant synergistic effect. However, the 

potential for further development of this approach exists since at lower pH nisin was more active 

but the phage activity was reduced. However, as the storage time increased, the phage treatment 

was more effective than the nisin.  

Boyaciagolu et. al. (2013) also conducted experiments using the commercially available 

EcoShield 
TM

 phage cocktail under aerobic and modified atmosphere conditions to control E. coli 

O157:H7 on fresh cut leafy green vegetables. Significant reductions in E. coli counts were 

observed when samples were stored at both aerobically and under modified atmosphere. Also, a 

sodium hypochlorite and EcoShield 
TM

 phage cocktail preparation was used to control E. coli 

O157:H7 on lettuce and a synergistic effect was observed when both treatments were used 

together compared to phage alone or sodium hypochlorite alone (Ferguson et. al. 2013). The 

study by Anany et. al. (2011) used aerobic, modified atmosphere packaging (MAP), or vacuum 

packaging for storage of ready-to-eat turkey in combination with a phage cocktail. Results 

indicated higher reductions of L. monocytogenes when stored under vacuum compared to the 

other packaging options at 4°C.  

Chibeu et al., (2013) utilized a hurdle approach for the control of L. monocytogenes in ready-to-

eat meats using commercially available Listex™ P100 phage solution in combination with 

chemical preservatives. The turkey deli meat contained potassium lactate while the deli roast 

beef contained potassium lactate and sodium diacetate.  Artificially inoculated samples were 

vacuum packed and stored for 28 days. A synergistic effect of potassium lactate and Listex™ 

P100 phage treatment was observed for the turkey stored at 4ºC. 
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Further research is necessary to assess the conditions that are conducive for bacteriophages to be 

utilised as part of a hurdle approach for control of spoilage and pathogenic microorganisms for 

each unique phage-host combination and food system. 

 

1.5.2 Bacteriophages for detection 
The host specificity of bacteriophages provides potential for their use to detect bacterial 

pathogens. Phages have a high affinity for their host target similar to antibodies. Bacteriophage 

assays facilitate detection based on several parameters. Methods for the detection of bacteria 

based on the production of progeny phages (Tolba et al., 2010), release of intracellular 

compounds following phage lysis (Minikh et al., 2010, Restaino et al., 1998), or phage labelling 

(Oda et al., 2004), among others have been described and phage-based methods for detection of 

bacteria have been reviewed (Mandeville et al, 2003; Griffiths, 2010) 

The sensitivity of the detection methods varies depending on the approach used. Goodridge et al. 

(1999) developed a method for the detection of E. coli O157:H7 from ground beef and milk. IMS 

was used for bacterial capture followed by addition of fluorescently-labelled phages, which were 

detected by epifluorescence or flow cytometry. Enrichment times of six and ten hours, 

respectively, were used with a detection limit of 2.2 cfu/g for ground beef and between 10 to 100 

cfu/ml for milk using flow cytometry. Loessner et al. (1996) detected L. monocytogenes within 2 

hours after infection by a reporter phage containing lux genes with a detection limit of 10
2
-

10
3
cfu/g. Other studies were conducted using IMS in combination with bacteriophages to detect 

S. Enteritidis (Favrin et. al, 2001). The initial experiment was conducted in broth using antibody-

coated beads to capture target cells, which were then infected by specific bacteriophages. By 

applying a magnetic force, the bacterial cells with attached phage could be removed from 
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suspension; leaving behind the unadsorbed phage. The resulting progeny phages were added to 

fresh S. Enteritidis that were used for amplification purposes.  Optical density measurements 

indicated a detection limit of less than 10
4
 cfu/ml within four to five hours. This same approach 

was applied to the detection of S. Enteritidis and E. coli O157:H7 in artificially contaminated 

ground beef, skimmed milk powder and chicken rinses (Favrin et. al, 2001). This assay had a 

sensitivity of 3 cfu of S. Enteritidis per 25 g for all of the foods tested and 2 cfu/g for E. coli 

O157:H7 in ground beef within 20 hours, which included pre-enrichment and assay time. Other 

researchers attempted to develop a field based test for the detection of five Shiga toxin producing 

E. coli strains (Willford et. al. 2011). They developed a swab, which contained the reagents 

required for the test. The test was based on the capture of the target cells using IMS and, after 

washing, horse radish peroxidise-labelled phages specific for the target bacterium were added. 

After another washing step the substrate was added and detection was either colorimetric or 

luminescent and measured visually or by a luminometer depending on the substrate used. The 

sensitivity of this assay was 10
5
 to 10

6
 cfu/ml in broth without an enrichment step. Addition of an 

eight-hour enrichment step to the assay resulted in a detection limit of 1 cfu/g, 10
0
 cfu/100cm

2
 

and 10
2
 cfu/100ml for E. coli in spinach, on a beef surface and in water, respectively.   

 

The use of bacteriophages for pathogen detection presents several unique advantages. The low 

cost and ease of production of bacterial host-specific phages compared to the expensive and 

time-consuming process for monoclonal antibody production. Also the phage infection cycle is 

rapid and one cycle can be completed within 20 – 60 minutes (Anany, 2010) with the release of 

progeny phages or intracellular metabolites, which can be used for detection. Several infection 

cycles could be allowed to enhance the sensitivity of the assay. Detection of progeny phages by 



32 

 

molecular detection methods results in a “double amplification” process. The first amplification 

step will result in the release of high numbers of progeny phages subsequent to the infection of 

target bacteria, which can then be further amplified by PCR or isothermal DNA amplification 

methods targeting the phage genome. Lengthy pre-enrichment times would not be necessary as is 

presently required for detection by immunoassays or nucleic acid based assays. However, a short 

pre-enrichment step may be beneficial to resuscitate injured bacteria since metabolically active 

cells would be necessary for phage-based detection methods. Bacteriophages could also be used 

for separation of the target organism from the food matrix.  

 

1.6 Immobilization of bacteriophages 
Immobilization of biological molecules has increased their applications in agriculture, the food 

industry as well as clinical settings. Some strategies include microbial cell entrapment for 

probiotic stability during storage (Lopez-Rubio et al., 2009), plant growth promotion (Young et. 

al., 2006), and bioremediation (Klein et. al., 2009). Also development of detection methods have 

been facilitated by enzyme entrapment (Esimbekova, 2009), DNA microarray construction 

(Heise and Beir, 2006) and antibody protein microarray construction (Peluso, 2003).  Some of 

these approaches may also be explored as potential phage immobilization strategies. 

 

Immobilization of bacteriophages could facilitate large scale, high throughput commercial 

technologies for the detection and control of their bacterial hosts.  Immunoassays and microarray 

technologies are a result of the successful immobilization of antibodies and DNA on various 

substrates thus providing a range of products for detection of diverse targets. Similarly the 

development of bioactive packaging incorporating different antimicrobial compounds has been 
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used to control food-borne pathogens. Immobilization of bacteriophages can provide rapid, 

detection of specific bacteria and the development of phage based packaging material to control 

food-borne pathogens. 

 

Antibodies and bacteriophages share some similarities. They are both specific for their target, 

biologically active and susceptible to environmental extremes. Antibodies have been 

immobilized on various solid supports and this has led to their commercial availability for 

detection of different microorganisms. Some of these commercially available technologies have 

been approved by regulatory agencies as validated methods for detection (US-FDA BAM, HPB, 

USDA-FSIS). Therefore some of the technologies used for immobilization of antibodies may 

also have comparable or better success if adopted for bacteriophage immobilization. 

Immobilization of phages could potentially enable their incorporation in test strips, microarray-

like and IMS-like applications to facilitate capture of target bacteria and their detection.  

 

Phages can be potentially inactivated by cleaners or rinses, which are used during processing 

(Hagens and Loessner, 2010) therefore incorporation of phages in bioactive packaging may 

prevent this occurrence.  Additionally, widespread phage use in the processing environment 

would increase the possibility that bacterial resistance could arise by natural adaptation due to 

the persistence of both the target bacteria and phage. Routine handling of liquid phage 

preparations could increase the possibility of introducing contamination into these solutions. 

Consumer perception of the use of viruses in food may hinder the progress of commercial 

applications of phages for biocontrol. However, using phages immobilized on packaging 

material can offer the potential for control of food-borne pathogens without being incorporated 



34 

 

in the food product. The use of phage-based packaging material is expected to result in low 

levels of phage released into the product unless the host bacteria is present, which could result in 

the amplification of phages subsequent to host infection. Phage amplification would likely be 

dependent on the storage temperature of the food and whether the host bacteria were 

metabolically active. Productive phage infection on psychrotropic bacteria was observed at 

refrigeration temperatures although extended latent periods and decreased burst sizes may be 

likely.  However phages against mesophilic hosts may exhibit limited replication during low 

temperature storage in comparison to optimum host conditions (Gill, 2010).    

  

1.6.1 Phage immobilization strategies 
Development of technologies using immobilized phages for the control and detection of bacterial 

pathogens will rely on their ability to form stable, effective biosorbents. Several parameters will 

have to be met to ensure the success of these phage-based products. Bacteriophages are 

susceptible to drying conditions though the protective effect of various polysaccharides against 

desiccation has been demonstrated (Anany et. al 2011). Phages are also susceptible to 

temperature and pH extremes and chemical inactivation.  Ma et al. (2008) microencapsulated 

Salmonella phage Felix 01 in chitosan-alginate microspheres to provide protection for the phages 

at low pH and in the presence of bile salts. Also, depending on the application, the choice of 

solid support may require a high surface area to ensure a high density of phages to promote the 

efficacy of the biosorbent as was mentioned by Bennett et al. (1997).  Several studies have 

investigated various options for immobilizing bacteriophages, some of which are outlined in 

Table 1. 
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Table 1.1  Phage immobilization strategies 

 

Phage Immobilization 

strategy 

Solid support Reference 

Physical adsorption  Polystyrene dipsticks, 

microtitre plates 

Bennett et al., 1997 

Physical adsorption  Hydrogel-coated Foley 

catheters 

Curtain and Donlan, 

2006 

Electrostatic interaction Polyvinylamine (PVAm)-

coated regenerated cellulose 

Anany et al., 2011 

Electrostatic interaction Aminopropyltriethoxysilane 

(APTS)-modified silica 

particles 

Cademartiri et al., 2010 

Covalent interaction Silanized glass support Handa et al., 2008 

Covalent interaction Gold surface plasmon 

resonance chip 

Naidoo et al., 2012 

Contact Printing and coating Paper Jabrane et al, 2009, 2011 

Encapsulation Alginate microbeads Ma et al., 2008 

Encapsulation Polyester microspheres Puapermpoonsiri et al., 

2009 

Electrospinning Electrospun fibres Salalha et al., 2006 

Electrospinning Electrospun fibres Korehei and Kadla, 2013 

Covalent interaction Monolithic cryogels Noppe et al., 2007 

Genetic modification  of 

phage  

Streptavidin-coated magnetic 

beads and microcrystalline 

cellulose beads 

 

Tolba et al.,  2010 

Chemical immobilization Streptavidin-coated magnetic 

beads 

Sun et al., 2001 

 

The choice of the phage immobilization method is dependent on the application. Phage 

immobilization for biocontrol in packaging material will require that phages be protected from 

desiccation and phage entrapment strategies could contribute to the stability of developed 

biosorbents. Similar conditions may be necessary for phage based detection methods utilizing 

dipstick and microtitre plate formats. In all instances, the tail fibres of the phages should be 

accessible for interaction with the surface receptors of their host bacteria.  
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Physical adsorption of phages to surfaces is a commonly utilized strategy for immobilization. 

This approach is simple to perform, requires minimal use of chemicals or harsh conditions, 

which could inactivate the phages. However, orientation of phages may be random unless 

surface and/or phage modification is performed. Chemical immobilization of phages cannot 

guarantee oriented immobilization unless specific capsid proteins are identified and used as a 

target for coupling to the substrate. Genetic phage modification could have a similar outcome. 

The two latter approaches will require individual phage-substrate constructs. Immobilization 

strategies that could be used with diverse phages would enable a wider range of phages to be 

used for detection and control applications.  

1.6.1.1 Phage entrapment 
The applications of phages in animal production and clinical environments for phage therapy and 

use of phage-based materials for food packaging or wound management would expose phages to 

adverse environmental conditions. The entrapment of bacteriophages within different polymer 

matrices can be used to offer stability to phages under such conditions. Microencapsulation, 

electrospinning and coating of phages are some of the technologies that have been used to 

formulate various phage products of potential use for control of pathogenic bacteria. 

 

Microencapsulation of pharmaceutical agents, bioactive compounds and pesticides has facilitated 

controlled delivery under optimum conditions. Microencapsulation technology has been applied 

to foods to protect vitamins, probiotics, fatty acids, and antioxidants to potentially improve 

stability or sensory qualities (Champagne and Fustier, 2007). Protection from gastric acid could 

also be provided followed by their controlled release in the intestine. This technology was used 

for oral delivery of eukaryotic viruses and can also offer protection to bacteriophages from 
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unfavourable conditions (Wang and Sabour, 2010). Phage entrapment in these polymer matrices 

could provide protection from drying, pH extremes and provide stability in a simple format. It is 

important however, that the material used for encapsulation should be compatible with the 

phages to prevent their inactivation.  

 

One study developed a technique for microencapsulation of Staphylococcus aureus and 

Pseudomonas aeruginosa phages for delivery by inhalation for the potential treatment of lung 

infections (Puapermpoonsiri et. al., 2008). The microencapsulation process utilised 

dichloromethane as the solvent for microencapsulation and the researchers observed that this 

organic solvent had adverse effects on phage survival. Optimising this procedure by adding the 

phage into a secondary emulsion to reduce phage exposure to the solvent layer resulted in 

enhanced phage survival. 

Ma et. al. (2008) reported that phage Felix O1 was not significantly affected by their 

microencapsulation process since biocompatible polymers and mild conditions were used to 

encapsulate the phages. A phage reduction of 2.58 log10 pfu/ml was observed at pH 2.4 within 

one hour and complete inactivation of the encapsulated phage occurred after two hours in 

simulated gastric fluid. Exposure of Felix O1 to 1% and 2% bile salts led to no reduction in 

phage levels within three hours. However, free phages suffered a 1.29 and 1.67  log10 pfu/ml 

reduction in one and three hours, respectively. Wet phage microspheres were not subject to 

drying and remained stable for six weeks when stored in sealed tubes at 4ºC but microspheres 

subjected to room temperature drying encountered more than a 90% phage reduction during 

storage at both 4ºC and 22ºC after six weeks. 
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Electrospinning is the process of forming nanofibres from specific polymer solutions in an 

electrical field using specialised equipment (Salalha et. al. 2006; Klein, 2009). The nanofibres 

can be used to form a protective barrier around biologically active compounds to protect against 

inactivation under adverse environments and allow their delivery under optimum conditions. 

This technology has been used for entrapment of Bifidobacteria and the entrapped bacterium 

showed a significant difference in viability at 4ºC storage with non-entrapped Bifidobacteria 

exhibiting an approximately 5 log10 reduction in count; compared to almost no reduction in 

numbers of entrapped Bifidobacteria (Lopez-Rubio et al. 2009). Also another research group 

successfully entrapped E. coli and S. aureus and T4, T7 and  bacteriophages, however there 

was a drastic reduction in the viability of the E. coli and bacteriophages by 81%, 99%, 98% and 

6%, respectively (Salalha et al., 2006). Different electrospinning techniques have been shown to 

significantly improve the survival rate of T4 phage (Korehei and Kadla, 2013). The effect of 

suspension, emulsion and coaxial electrospinning was investigated and a 5, 2 and 0  log10 

reduction in phage titre, respectively, was observed. Coaxial electrospinning allows for the 

extrusion of two layers simultaneously where the phages were in the core solution while the 

outer polymer layer provided a protective effect on the phages during the electrospinning 

process. The freeze-dried, electrospun fibres were observed to be stable at 4ºC and -20ºC. 

Successful phage release from the fibres generated by the coaxial electrospinning process was 

also demonstrated compared to the emulsion electrospinning. Electrospinning experiments 

conducted by Salalha et al., (2006) resulted in poor phage survival, possibly due to phage 

dehydration as was also observed by Korehei and Kadla (2013). Careful optimisation of such 

technologies is therefore necessary to minimise the effect of solvents, high shear forces, 
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temperatures, dehydrating conditions, pH and ionic strength extremes on phages if they are to be 

successfully entrapped for use in applications such as phage therapy and bioactive packaging. 

 

1.6.1.2 Oriented phage immobilization  
The immobilization of phages for detection would require that their receptors for the specific 

targets are available for attachment while maintaining a stable biosorbent that would not easily 

detach from its support. This prerequisite would prevent interference with the signal and promote 

maximum capture of the target. Biosorbents containing oriented phages can also be used for 

biocontrol. However, if it were not for anticipated consumer perception, it is not critical that 

immobilization strategies should prevent phage detachment. Rather it may be desirable that 

phages are able to diffuse into the food matrix to increase the likelihood of encountering their 

host bacterium. Biosorbent construction strategies previously used involve physical adsorption, 

electrostatic or chemical immobilization and genetic engineering of phages for oriented 

attachment to desired surfaces (Bennett et al., 1997, Sun et al., 2001, Tolba et al., 2010, Anany et 

al, 2011).  

 

Bennett et al. (1997) allowed Salmonella phage to physically adsorb to polystyrene dipsticks that 

had unmodified surfaces and to microtitre plates that had either unmodified surfaces or surfaces 

modified with amine, ionic or hydrophobic groups. The sensitivity of their PCR detection assay 

for Salmonella was approximately 10
7
 cfu/ml. This research group noted that the biosorbents 

were able to capture target cells from background competing organisms however, capture of 

Salmonella was only observed at high cell concentrations. They attributed the low capture 
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efficiency of target bacteria to the low surface area of biosorbent and incorrect orientation of 

phages.  

 

Sun et. al. (2001) constructed a phage-based biosorbent by biotinylating Salmonella Enteritidis 

phage SJ2 then immobilizing the modified phages onto streptavidin-coated paramagnetic beads. 

They were able to detect 10
6
 cfu/ml S. Enteritidis using this biosorbent. The capture efficiency 

was approximately five times that of physically adsorbed phages to the streptavidin-coated 

beads. However, capture efficiency was only 19.3% using 10
6
 cfu/ml S. Enteritidis. It is possible 

that both the head and tails of the phages were biotinylated, thus resulting in non-specific 

immobilization on the magnetic beads and therefore poor capture efficiency. 

 

Tolba et al. (2010) constructed genetically modified T4 phages to display either biotin carrier 

protein or cellulose binding module on their capsids. This approach allowed the modified phages 

to be immobilized by their heads onto streptavidin-coated beads or microcrystalline cellulose, 

respectively. High capture efficiency of approximately 70% of E. coli B cells was evident for 

biosorbents based on phages modified with biotin carboxyl carrier protein (BCCP). However, the 

latent periods and burst sizes of the modified phages were significantly reduced compared to the 

wild type T4. Additionally, these researchers were able to develop a detection method using 

immobilized BCCP-T4 phages to detect down to 800 cfu/ml of E. coli B within two hours. 

 

Further research was conducted to develop phage biosorbents containing oriented phages by 

Anany et al. (2011). This study identified inherent charge differences between the heads and tails 

of phages; providing the opportunity to utilise electrostatic interaction with positively charged 
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surfaces for oriented immobilization of Listeria monocytogenes and E. coli O157:H7 phages. 

Regenerated cellulose membranes modified with polyvinyl amine with varying surface positive 

charges were used and their interaction with the negatively charged phage heads resulted in 

oriented phage immobilization. The immobilized phages were used to control the respective host 

bacteria in ready-to-eat meat and raw ground beef at different temperatures using various 

packaging conditions. 

 

Oriented immobilization by electrostatic absorption was also conducted in another study using 

modified silica particles and four different phages (Cademartiri et. al., 2010). Similar to the 

previous study, the charge differences between the heads and tails of the phages were used for 

immobilization. Silica particles were modified with either aminopropyltriethoxysilane (APTS), 

monotriethoxysilyl-poly(ethylene glycol) (PEG-silane) or N-(trimethoxysilylpropyl) 

ethylenediamine triacetic acid (EDTA-silane). The silica surfaces then attained a positive, neutral 

or negative charge. The results demonstrated that adsorption of the phages increased by 2 to 3.6  

log10 pfu with an increase in APTS amine modification of the particles. Additionally, after an 

observed saturation of the surface with phages, the efficiency of immobilization decreased; 

possibly due to the formation of multiple layers of phage that were randomly orientated. 

 

These studies demonstrate that it is necessary to develop phage-based biosorbents with a high 

surface area, and high capture efficiency that allow correct orientation of phages while 

maintaining phage infectivity and stability. Non-specific immobilization of phages can result in 

non-infective phages by reducing accessibility of the tail fibers to interact with their target 

(Bennett et. al. 1997). Additionally genetic engineering of phages (Tolba et al., 2010) can only 
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be done for fully characterised phages and must be conducted on each individual phage to be 

used for detection or control. This would be a costly and time-consuming approach. Also the 

compact nature of phage genomes limits the ability to conduct genetic engineering (Hagens, 

2007). Universal immobilization strategies are therefore necessary to benefit from the wide range 

of phages that are available.   

This present study aims to use this charge difference between the negatively-charged phage 

heads and positively charged surfaces as an immobilization strategy.  

 

1.7 Research objectives 
Many studies have shown that bacteriophages are able to control their host bacteria in food 

(Anany et al., 2011, Boyaciagolu et al., 2013, Chibeu et al., 2013). Phages are capable of 

surviving at temperatures used for food storage and at a suitable range of pH and under different 

atmospheric conditions. However, each phage-host combination would need to be evaluated 

separately under the desired conditions to determine phage efficacy. Since bacteria have the 

ability to initiate stress responses to counteract adverse conditions created by preservation 

measures, a hurdle approach for the control of bacterial pathogens is necessary.  Bacteriophages 

can be included as one of the multiple hurdles necessary for control of food-borne pathogens. 

Their incorporation into packaging material may offer an opportunity fo biocontrol during 

storage. A universal approach for incorporating diverse phages into the packaging material on a 

commercial scale is necessary. Biological substances such as DNA have become commercially 

available in formats such as microarrays by printing technologies. This study explores printing of 

different phages as a simple tool for the development of phage based packaging material on 

paper substrates. The ability of this antimicrobial packaging material to remain infective and 
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stable during storage is critical for biocontrol to be realised. The development of a unique 

antimicrobial packaging material, which can be modified based on the food application, is a 

focus of the present study. 

 

The applications of bacteriophages are multifaceted and their host specificity permits detection 

of specific species or strains of bacteria. Currently available rapid methods are limited by lengthy 

pre-enrichment times to increase the sensitivity of the assay or to reduce background signal. 

Phages have a characteristic high affinity for their target and short replication cycles within their 

host culminating in the release of progeny phages and intracellular metabolites. These attributes 

provide a means to separate and concentrate target bacteria as well as opportunities for signal 

amplification to improve detection of target pathogens with increased sensitivity and reduced 

time to obtain results. This strategy is similar to IMS and will require oriented phage 

immobilization on high surface area supports, such as magnetic particles, to facilitate maximum 

capture efficiency. A phage-amplification detection assay will provide indirect bacterial 

detection by detecting progeny phages after removal of initially added phages. Phage 

immobilization will facilitate removal of exogenous phages instead of virucide dependent phage 

removal. The sensitivity of the assay will be improved by detection using molecular methods for 

a double amplification effect.  

 

This study utilises electrostatic interaction between positively charged magnetic particles and the 

phage capsids, which are expected to have a net negative charge. This will increase the 

possibility of oriented phage immobilization for the development of a novel rapid detection 
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method for E. coli O157:H7. This research has been conducted as a proof of concept that phages 

can be utilised instead of antibodies for rapid, specific and sensitive pathogen detection. 

 

The objectives of this study were to: 

1. Develop bioactive paper-based packaging material for the control of food-borne 

pathogens using morphologically different phages immobilized by different printing and 

coating methods. 

2. Determine the stability of the developed phage-based packaging material and its ability to 

retain infectivity. 

3. Construct a phage-based biosorbent using magnetic silica particles for oriented phage 

immobilization. 

4. Develop a rapid detection method for E. coli O157:H7 using phage immobilized on silica 

beads in a phage amplification assay in combination with real time PCR. 

This study was done in collaboration with researchers at L'Université du Québec à Trois-

Rivières and McMaster University to aid in development of printing technology and for the 

modification of the magnetic silica particles.  
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CHAPTER 2:  IMMOBILIZATION OF BACTERIOPHAGES ON PAPER TO DEVELOP 

BIOACTIVE FOOD PACKAGING FOR THE CONTROL OF FOOD- BORNE 

PATHOGENS 

 

2.1 ABSTRACT 

 

Post-processing contamination of foods can result in survival and proliferation of food-borne 

pathogens during food storage. Lytic bacteriophages possess antibacterial properties by infecting 

host specific bacteria, which results in bacterial cell lysis and the release of progeny phages. 

Development of phage-based bioactive packaging would be considered as a robust and 

economically feasible approach for commercial applications of phage in food. 

Blade coating, gravure, and inkjet printing techniques have been investigated as universal 

methods to immobilize phages onto paper for the development of bioactive packaging material in 

this study. Hydrogel, polyvinylamine and ColorLok cationic coated papers were used to retain 

phages on the paper surface to enable contact with surface receptors of host bacteria. The 

infectivity and stability of the developed phage-based paper was determined.  

Thermal printing and drying processes on uncoated Whatman paper negatively impacted the 

survival of the phages compared to the non-thermal piezoelectric inkjet printing. After piezo 

printing on Whatman paper, phage AG11 was able to reduce Salmonella Enteritidis counts by 

0.33 log10 cfu/ml compared to reduction in counts of 0.24, 0.24 and 0.002  log10 cfu/ml for S. 

Typhimurium, Escherichia coli O157:H7 and Listeria monocytogenes using phages AG6, AG10 

and AG20, respectively. Piezoelectric printed ColorLok bioactive paper was the most successful 

immobilization approach resulting in reductions of S. Enteritidis, E. coli O157:H7 and L. 

monocytogenes in broth media by 2.68, 2.11 and 3.89 log10 cfu/ml using phages AG11, AG10 

and AG20, respectively. However, the printed phage-based paper was not stable after one-month 
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storage at room temperate and 80-85% relative humidity. But increased volumes of phage bio-

ink on the paper facilitated by pipetting increased stability. Piezoelectric inkjet printing could be 

a viable method to provide efficient, stable, commercial scale phage-based bioactive packaging.  

Delivery of an increased amount of phages together with addition of glycerol to the bio-inks and 

storage under conditions to prevent phage desiccation will enhance the stability of this novel 

product. 

2.2 Introduction 
 

Lytic bacteriophages naturally infect bacteria with subsequent cell lysis and production of 

progeny phages that can initiate another cycle of infection. They are highly specific and only 

target their respective hosts, leaving natural flora or lactic acid bacteria unaffected unlike other 

control strategies.  Although research has also been conducted on the use of bioactive 

compounds such as bacteriocins, organic acids and essential oils in food packaging material for 

control of food-borne pathogens (Cooksey et al. 2005, Oussalah et al. 2006), the research focus 

on bacteriophages for biocontrol (Higgins et al., 2005, Hooton, 2011, Ferguson et al., 2013) in 

the food industry is currently limited to the use of liquid phage preparations 

(http://www.intralytix.com, http://www.micreosfoodsafety.com). However, immobilization of 

phages within packaging material would also provide control of pathogens during food storage, 

but may reduce the likelihood for the development of phage resistance in the food processing 

environment or dilution and/or inactivation of phage preparations by sanitizers (Cademartiri et 

al., 2010). Subsequently they can be used to control their target bacterial hosts during storage in 

combination with vacuum, or modified atmosphere packaging and other hurdles.  
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Paper is an abundant, cost effective, natural and renewable material; various small molecules 

such as antigens can be added easily by saturating, printing and coating (Pelton, 2009). Cellulose 

based materials are widely used in food packaging as wrapping material, bags, primary 

containers etc. (Vaclavik and Christian, 2008) and could also be used for bioactive packaging 

material. 

 

Previous studies found that phages may have a net negative charge on their capsids and positive 

charge on their tails (Archer and Liu, 2009, Cademartiri et al., 2010). Since cationic polymers 

easily adsorb to paper (Pelton, 2009) where they provide a surface coating to reduce the porosity 

of the paper but, because of the charge distribution on phage heads and tails, they may also be 

useful for oriented immobilization of the phages at the paper surface. 

 

Noncontact printing technology has been utilised for printing of oligonucleotide microarrays by 

spraying of the ink onto the print surface (Heise and Beir, 2006); thereby reducing the possibility 

of contamination that would result by using contact printing technologies where the spotting pins 

directly contact the surface. Use of printing technology is a lucrative approach to develop 

commercial applications of biomolecules and could facilitate development of phage-based 

packaging materials.  

 

Printing technologies such as thermal and piezoelectric inkjet printing have been used to print 

biological materials (Di Risio and Yan, 2010). Piezoelectric inkjet printing was used for printing 

fibroblast cells, (Di Biase, 2011), horseradish peroxidise (Di Risio and Yan, 2007, 2008), E. coli 

cells (Flickinger et al., 2008), horseradish peroxidise (HRP)-labelled immunoglobulin (Lonini et 
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al., 2008), DNA microarray (Blanchard et al. 1996) and thermal inkjet printing was used for 

insulin (Watanabe et al., 2003), mammalian cells (Xu et al., 2005), M13 phage (Li et al., 2009) 

and DNA (Goldmann and Gonzalez, 2000) among other printing endeavours.  

 

Li et al. (2009) conducted preliminary research on thermal inkjet printing of M13 phage and only 

1% of the phages survived. Phage printing subsequent to entrapment in epoxide-amine hydrogel 

resulted in phage inactivation. Gravure printing and blade coating of T4 phage was conducted by 

Jabrane et al., (2009, 2011) and phage survival was observed. Phage susceptibility to dryness 

was demonstrated and decreased paper porosity was observed to improve phage infectivity. 

Other factors such as decreased ink viscosity and increased phage coating were observed to 

improve phage infectivity. 

 

Printing or coating technologies for the immobilization of bacteriophages should enable the 

phages to remain intact and without significant loss in infectivity. The developed inks and the 

immobilization technologies used should not have an adverse effect on the phages and the 

incorporation of humectants into the inks may potentially contribute to long term immobilized 

phage survival since it was demonstrated that they are susceptible to drying effects (Anany, 

2011). Additionally, the storage conditions used for the developed phage-based paper should 

contribute to the long-term survival of the phages in packaging material. 

 

The research conducted and presented in this chapter will address printing and coating of phages 

onto paper for the development of phage-based packaging material. Gravure printing, blade 

coating, thermal and piezoelectric inkjet printing are the technologies used for immobilization of 
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phages of different morphologies from the Leviviridae, Siphoviridae and Myoviridae families. 

Different ink compositions and paper types are used for immobilizing the bacteriophages onto 

the paper. 

 

2.3 Materials and Methods 

2.3.1 Bacteriophages and Bacteria 
All phages and bacteria were obtained from the Canadian Research Institute for Food Safety 

(CRIFS) culture collection (Table 1). All bacterial host cultures were stored in 25% glycerol at 

−80ºC. Working cultures were streaked onto Tryptic Soy Agar (TSA, BD Diagnostics, 

Mississauga, ON) and Liquid cultures were prepared by subculturing into Tryptic Soy Broth 

(TSB, BD Diagnostics). The bacterial cultures were sub-cultured from −80ºC stock cultures on a 

monthly basis.  

 

Phage 

 

Abbreviation 

 

Family 

 

Host 

Host CRIFS Culture 

Collection #  

StyM-AG6 AG6 Myoviridae S. Typhimurium, DTI04 C1077 

SenS-AG11 AG11 Siphoviridae S. Enteritidis C417 

LmoM-AG20 AG20 Myoviridae L. monocytogenes P7, C1301 

EcoM-AGl0 AG10 Myoviridae 

E. coli O157:H7, 

ATCC 43888 

C899 

T4 - Myoviridae E. coli B ATCC 11303 

MS2 - Leviviridae E. coli Famp - 

 

Table 2.1 Bacteriophages used for printing and coating, and their respective hosts 
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2.3.2 Bacteriophage propagation 
A modification of the protocol described by Sambrook and Russell (2001) was used for phage 

propagation. Phages were added to overnight cultures (16-18 h incubation time) of their 

respective hosts at a multiplicity of infection (MOI) of 1-10. Phages were allowed to adsorb to 

the host cells for approximately 15 min. Molten semisolid TSA (0.5% agar) tempered to 

approximately 50 - 55ºC and 5 ml was added per plate. This mixture was added to the surface of 

TSA plates to form a double-layer agar plate. Plates were allowed to solidify then incubated 

upright at 25ºC for 16 – 24 h. Five to ten plates were used for propagation. Phage buffer  (0.74g 

CaCl, 2.5g MgSO4.7H2O, 0.05g gelatin, enzymatic, 1M Tris.HCl, pH7.5 (6ml) in a final volume 

of 1 l double deionised water) was added to plates showing confluent lysis at 4 ml per plate. The 

top agar and buffer mixture was scraped off into a sterile tube and another 1ml phage buffer was 

added to each plate to wash off any remaining semisolid TSA and the resulting suspension 

collected into the sterile tube. The tube was placed on ice for at least 15 min. This semisolid agar 

layer/buffer mixture was centrifuged at 7,000 g for 20 min to precipitate the agar and bacterial 

cells. The supernatant was removed and filter sterilised through a 0.45m pore size, syringe filter 

(Fisher Scientific). Phage lysates were titred using the overlay method described below then 

stored at 4ºC. 

For large scale propagation, one litre of sterile TSB was inoculated with 5 ml fresh overnight 

culture of host bacteria and incubated for approximately 2h at 37ºC (OD600 about 0.2, which is 

approximately 10
8
 cfu/ml). Bacteriophage stock lysate was added at 1ml/l and incubated 

overnight at 25ºC then centrifuged at 7,000 g for 20 min. The supernatant was then filter-

sterilised with a Corning 0.45m sterile bottle top filter unit (Fisher Scientific). Phage lysates 

were titred using the overlay technique according to Sambrook and Russell (2001) then stored at 

4ºC. 
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2.3.3 Overlay method to determine bacteriphage titre 
Host bacteria were incubated overnight at 37ºC in TSB. One hundred microlitres of host bacteria 

were added to 5 ml semisolid TSA then carefully pipetted onto a TSA plate and left for 15 min to 

solidify. Ten-fold dilutions of phage lysate were made and 10 l were spotted on the surface of 

the bacterial lawn. Plates were incubated overnight in an upright position at 25ºC. The number of 

plaques was counted after incubation and the titre determined by the following equation: 

             
                 

                               
 

 

2.3.4 Gravure Printing and Blade Coating of phages 
Morphologically different phages (AG 11, AG20, MS2 and T4), were immobilized on paper by 

gravure printing and blade coating using equipment at L'Université du Québec à Trois-Rivières. 

Following application of the phages, the paper was dried, cut and then stored at approximately 

80 - 85% relative humidity (RH) in an air-tight container.  

 

2.3.4.1 Gravure printing  

Gravure printing was performed with an IGT Global Standard Tester 2 printability unit (IGT 

Testing Systems, Arlington Heights, IL), at Innofibre, Cégep of Trois-Rivières (QC). Gravure 

printing experiments were performed on lightweight coated (LWC) commercial paper provided 

by Centre International de Couchage (CIC), Trois-Rivières (QC) with a basis weight or 

grammage of 35 g/m
2
 with a clay and calcium carbonate coating according to the protocol used 

for printing T4 (Jabrane et al., 2009). A bio-ink solution was formulated containing a 1:1 ratio of 

phage and 4% carboxy-methylcellulose sodium salt, medium viscosity (Sigma-Aldrich,Canada 

Co., Oakville, ON) to give a viscosity of 50 mPa·s. Phages AG11, AG20, MS2 and T4 were used 
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for printing. An IGT gravure disc from IGT Testing Systems numbered 402.151.412 was used. It 

was engraved with 40 lines/cm, screen angle of 53° and contained 4 engravings at cell depths 65 

μm, 70 μm, 75 μm and, 80 μm, corresponding to cell volumes of 14 ml/m
2
, 17 ml/m

2
, 20 ml/m

2
, 

and 25 ml/m
2
, respectively. Printing was conducted at a velocity of 0.2 m/s and printing pressure 

equivalent to applied pneumatic force of 600 N onto paper (50 × 300 mm). 

2.3.4.2  Blade coating 
Blade coating was performed with a Cylindrical Laboratory Coater, CLC-7000 (Simutech 

Group, Toronto, ON), at Innofibre. This instrument is designed to reproduce the complete 

coating process on a laboratory scale at speeds (up to 800 m/min) comparable to pilot machines. 

Blade coating was done on a softwood mechanical pulp base paper of 47g/m² basis weight. The 

bioactive basis weight after coating was 1g/m². The bioactive coating solution was formulated 

with the phages suspended in 5% pork type A gelatin (Fisher Scientific) and 3% CMC solution 

(viscosity of 100 mPa.s at 45°C) prior to coating at a speed of 400 m/min. CLC-7000 built-in 

high intensity 36 kW infrared lamps were used to dry the phage-coated papers for 30 sec. The 

temperature of the phage-coated paper after drying was 66°C as measured by an 

OMEGASCOPE OS532 infrared thermometer with laser sight (OMEGA Engineering Inc., 

Laval, QC). 

 

2.3.5 Inkjet printing of bacteriophages 
Bacteriophages AG6, AG10, AG11, and AG20 were printed onto uncoated Whatman No.1 paper 

and hydrogel and polyvinylamine (PVAm)-coated cationic paper and commercially available 

cationic ColorLok paper by thermal and piezoelectric inkjet printing. Paper samples were then 

left to dry on a clean bench, and then stored in an air tight container at 80 - 86% RH and room 
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temperature for one day prior to analysis. Printing experiments were conducted using equipment 

at McMaster University, Hamilton, ON. 

 

2.3.5.1 Cationic paper coating for inkjet printing  
Two cationic coated papers were prepared at McMaster University using Hydrogel (0.5%) and 

0.5% PVAm (MW, 45,000, BASF, Mississauga, ON). The PVAm solution was prepared and 

Whatman No. 1 paper was immersion coated by soaking the paper for 10 min and then washed 

by dipping into distilled water. The coated paper was gently placed on blotting paper and left to 

dry in air overnight. Hydrogel-coated paper was prepared using two hydrogel solutions 

containing 20% by wt poly oligoethylene glycol methacrylate-co-adipic acid dihydrazide-co-

dimethylamino ethyl acrylate (OEGMA-co-ADH-co-DMAEA) and 20% by wt poly(OEGMA-

co-aldehyde). Both solutions were diluted to 1% in PBS prior to use for paper coating. Whatman 

paper was immersed in each of the 2 solutions for 10 min and dried for about 15 min in air on 

blotting paper between the immersion applications. 

 

2.3.5.2 Thermal Inkjet printing 
Inkjet printing was done onto Whatman No.1 paper sheets. A Canon Pixma MP280 (Canon 

Canada Inc., Toronto, ON) thermal inkjet printer, with commercially available ink cartridges 

(Canon PG-210 ink cartridge, Black) was used. The bio-ink was formulated using 10
9
 pfu/ml of 

the phages and Triton X100, 2 mM (Fisher Scientific).  The cartridge was opened and the seal 

between the small main ink compartment and the ink reservoir was broken. The ink cartridge 

was emptied and rinsed thoroughly with water. The clean cartridge was dried with air. About 0.8 

ml of phage bio-ink were added to the cartridge using a pipette before installing it in the printer. 
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The printer was set to print in grayscale with high quality. For double layer printing the cartridge 

was topped with additional ink between the printing of the first and second layers to ensure the 

ink would not run out while printing. Approximately 236 drops/cm were printed for high quality 

prints at about 25 pl per drop. 

 

2.3.5.3 Piezoelectric Inkjet printing  
Inkjet printing was done onto Whatman No. 1 paper sheets, Whatman No.1 paper coated with 

0.5% PVAm, Whatman No.1 coated with 20 wt% poly(OEGMA-co-ADH-co-DMAEA) in 1% 

PBS and 20 wt% poly(OEGMA-co-aldehyde), and HP FSC-Certified Multipurpose Paper with 

Colorlok technology (Hewlett-Packard, Mississauga, ON). Printing was conducted using a 

Dimatix Materials Printer DMP 2800 (Fujifilm Dimatix Inc., Santa Clara, CA, USA). The bio-

ink contained the same phages that were used for thermal inkjet printing (10
9
 pfu/ml) suspended 

in 30% glycerol and 2 mM Triton X-100. Approximately 500 drops/cm were printed at about 10 

pl per drop with printing parameters - firing voltage: 40V; firing frequency: 5 kHz; drop space: 

20 μm; meniscus vacuum: 11.43 cm H2O (in Water Column). All jets were set to fire. Nozzle 

cleaning cycles were performed approximately every 120 sec. 

Bio-inks formulated for piezoelectric inkjet printing were printed for approximately 15 min 

directly into a Petri dish for each phage. The titres of the bio-inks before printing and that 

collected after printing were compared to determine any possible shearing effects during 

printing. 

The bio-inks used for piezoelectric inkjet printing were also pipetted onto ColorLok paper circles 

(2.5cm diameter) at 100 l per paper circle as a control to determine potential shearing effects by 

piezo printing. This volume provided approximately four times the amount delivered by 
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piezoelectric inkjet printing. The paper was left to dry for 1 to 2 h in a horizontal laminar flow 

clean bench and then stored at 80 - 85% RH. 

 

2.3.6 Determination of Infectivity of bioactive paper and phage diffusion from 

paper 
The infectivity of the phage-based paper was determined by the overlay technique and/or in 

liquid media. The bioactive paper was cut into circles (2.5 cm diameter) and transferred using 

sterile forceps to the surface of semisolid agar inoculated with the relevant bacterium. The 

medium was incubated in an upright position overnight at 25ºC for E. coli B, L. monocytogenes 

and Salmonella and 37ºC for E. coli famp. Plates were visually examined for zones of growth 

inhibition around the periphery of the paper containing phage after the incubation period. The 

diameters of the zones of inhibition were measured using Image J software 

(http://rsb.info.nih.gov/ij/).  

Infectivity of the phage incorporated in the paper was determined quantitatively using the 

following method. The host bacterium was incubated for 18 h at 37ºC and diluted to achieve a 

final count of 10
3
 cfu/ml in Phosphate Buffered Saline (PBS), (Fisher Scientific). A paper disk 

(2.5 cm diameter) containing the phage was added to 9 ml of the bacterial suspension and 

incubated for 18 – 24 h without shaking. The count of the target bacterium in the broth was 

determined by plating ten-fold serial dilutions in phosphate buffered saline onto MacConkey 

Agar (BD Diagnostics, Mississauga, ON), Oxford Agar (Oxoid, Nepean, ON) and XLD (BD 

Diagnostics) for enumerating E. coli, L. monocytogenes and Salmonella, respectively. Modified 

Brilliant Green Agar (Oxoid) was also used for enumerating surviving Salmonella in the 

presence of inkjet printed phage-based paper. The appropriate medium was inoculated with 100 

l of the appropriate dilution of the culture containing phage-based paper, and spread across the 
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agar surface using a sterile spreader. Plates were retained in an upright position until the 

inoculum was absorbed by the agar then they were inverted and incubated for 18 – 24 h at 37ºC. 

Positive controls were prepared using paper without phages. After the incubation period, the 

plates were examined for typical colonies of each host bacterium on the selective plates. 

Bioactive paper samples were also stored in 5 ml phage buffer for approximately 24-48 h for 

gravure printed and blade coated papers or for six hours for inkjet printed papers prior to 

investigating the ability of phages to diffuse from the paper. 

Diffusion of phages from the bioactive paper was determined by adding the bioactive paper to 5 

ml of sterile distilled water and the phage titre was determined by the overlay technique as 

previously described. 

 

2.3.7 Stability of bioactive paper 
The printed or coated phage-based paper was stored at room temperature (approximately 21ºC – 

25ºC) in an air-tight container. Saturated barium chloride was used to create a relative humidity 

(RH) of 80 - 86%. Additionally, samples processed by inkjet printing were also stored in Petri 

dishes at room temperature under normal atmospheric conditions (50% RH approximately). 

Phage infectivity was determined by the overlay technique and/or in broth with respective host 

bacteria after 1 month for inkjet printed paper or monthly up to 2 months for gravure printed 

paper and blade coated paper according to the procedure described in the previous section. The 

stability of ColorLok phage-based paper printed by piezoelectric inkjet printing was determined 

from 2 separate printing experiments. The estimated number of infective phages deposited on the 

paper by printing or pipetting was determined by theoretical and experimental estimates outlined 

below. 
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2.3.8 Theoretical and experimental estimates of number of phages particles 

on the printed and pipetted bioactive paper 
The number of infective phage particles deposited on the paper was determined theoretically and 

experimentally. The approximate amount of bio-ink delivered by printing and the initial phage 

titres were known, therefore estimated phage amounts on the paper were calculated. 

Experimental estimates were conducted by investigating the effect of different free phage 

concentrations on the host bacteria then comparing the inhibitory effect with that obtained for the 

phage-based paper. Additionally, phage AG11, which is the only sequenced phage used in this 

study, was printed onto ColorLok paper then the DNA was extracted and quantified by qPCR. 

The number of infective phages on the 2.5 cm diameter phage-based paper was determined by 

investigating the effect of 6 different free phage concentrations for each phage on 10
3
 cfu/ml of 

the respective host bacterium.  Ten-fold dilutions of free phages in phage buffer (10
3
 – 10

8
 

pfu/ml) were each added to 10
3
 cfu/ml of the respective host bacterium in TSB then incubated at 

25ºC for 18-24 h. The surviving bacteria were counted after plating ten-fold serial dilutions of 

the broth onto selective media as outlined above. The host bacterial counts from the free phage 

and immobilized phage experiments were compared to estimate the number of infective phage 

particles present on the paper. 

The experimental estimate of the amount of AG11 printed onto ColorLok paper was determined 

by extraction of the phage DNA from the paper.  The amount of DNA present on the paper was 

determined by the Nanodrop 1000 spectrophotometer (Thermo Scientific, Wilmington, Denver) 

and qPCR.  DNA of AG11 phages printed on the paper (2.5 cm
 
diameter) were extracted using 

Plant/Fungi DNA Isolation Kit according to manufacturer’s instructions (Norgen, Biotek Corp., 

Thorold, ON). Briefly, phage AG11 was treated with lysis and binding solution while on the 

paper then the lysate was collected on the spin column, washed, eluted, collected and stored at 
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4ºC. Quantitative real-time PCR (qPCR) was used to detect and estimate the amount of DNA 

present on the paper samples. Six replicates were conducted. 

Primers flanking a unique sequence in AG11 were designed using Primer 3 plus Software 

(Bioinformatics) and synthesised by Laboratory Services, University of Guelph. The primer 

sequences were:  

Forward Primer: AAAGCGCATCAGAACATGAA  

Reverse Primer: GCGCAGGTATTCGAGTTGA 

 

The reaction mixture (20 l total volume) contained 10l SYBR Select Master Mix (Applied 

Biosystems, Life Technologies, Burlington, ON) and 0.5M of each primer (4 l) and 6 l of 

extracted AG11 template. The qPCR conditions consisted of 95ºC for 15 sec and 60ºC for 1 min 

for 40 cycles with a final melt cycle and the qPCR was performed using a ViiA7 (Life 

Technologies).  

2.3.9 Statistical Analysis 
The experiments were conducted as three independent studies and each analysis was performed 

in triplicate. Log10 transformation of the bacterial counts was performed for statistical analysis, 

which was conducted by univariate ANOVA tests using IBM SPSS statistics, version 21 

software. Differences between means were considered as significant at P  0.05. 
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2.4 Results 

2.4.1 Gravure printing and blade coating of phages 
The infectivity of the phages in the developed inks and on the printed and coated paper was 

determined. The titres of the phages before and after resuspension in the inks were compared. 

The results showed that there was no adverse effect of the inks used in the coating and printing 

on the phage activity (Table 2.2). 

 

Phage Original phage 

titre (pfu/ml) 

Phage titre in Blade 

Coating Ink (pfu/ml) 

Phage titre in Gravure 

Printing Ink (pfu/ml) 

MS2 5.0×10
9
 3.0×10

8
 8.0×10

8
 

AG11 1.0×10
11

 4.0×10
9
 5.0×10

11
 

AG20 5.0×10
8
 5.5×10

7
 2.0×10

7
 

T4 1.0×10
10

 4.0×10
9
 1.3×10

10
 

 

Table 2.2  Comparison of phage titres before and after suspension in bio-inks. Blade coating bio-

inks were composed of phage, gelatin and CMC while gravure printing bio-inks were 

composed of phage and CMC. 

2.4.1.1 Determination of infectivity of bioactive paper and phage diffusion 

from paper 
Infectivity of printed and coated phage-based paper was determined by observation of inhibition 

zones by the overlay method and quantitative assessment of the growth of host bacteria in broth.  

Gravure printed phage AG11 was the only phage that demonstrated infectivity by the overlay 

method after blade coating and gravure printing (Table 2.3, Fig 2.1). The AG11 phage bioactive 

papers reduced counts of S. Enteritidis by 1.16 log10 cfu/ml for the gravure printed papers and by 

0.76 log10 cfu/ml for papers produced by blade coating (Figs 2.2, 2.3).  

Bacterial growth was observed on paper surfaces and in broth cultures without host bacteria 

(negative controls), indicating contamination of paper during and/or subsequent to printing and 

coating.  
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Phage in 

Bioactive paper 

 

Gravure Print Treatment  

(Lysis measurement/mm) 

 

Blade coating Treatment  

(Lysis measurement/mm) 

 Initial  1 month 2 months Initial 1 month 2 months 

AG11 31.4 34.6 30.3 - - - 

AG20 - - - - - - 

MS2 - - - - - - 

T4 - - - - - - 
- Indicates no zones of lysis observed (phage not infective) 

 

Table 2.3  Infectivity of printed and coated phage bioactive paper. Gravure and blade coated 

bioactive paper was placed on lawn of host bacterium and incubated for 18 – 24 h at 

25ºC. The diameter of clear zones of lysis around the bioactive paper were measured. 

The activity was assessed after initial printing and coating then monthly for 2 months 

after storage at room temperature at approximately 80% RH.  

 

 

 

Figure 2.1 Infectivity of the gravure printed and blade coated AG11 phage-based paper 

determined by the overlay method after 24 h incubation at 25ºC. A: Gravure printed 

AG11, B: Blade coated AG11. The diameters of zones of lysis were measured to 

determine the infectivity of bioactive paper.  

 

 

Phage titres after overnight storage of phage-based paper in buffer solution indicated that only 

gravure printed Salmonella phage AG11 diffused out of the bioactive paper (Table 2.4). Phage 

titres in buffer for all the other papers were below the 100 pfu/ml detection limit of the assay. 



61 

 

 

Phage 

Phage titre (pfu/ml) – 24 h Phage titre (pfu/ml) – 48 h 

Gravure Printing Blade coating Gravure Printing Blade coating 

AG11 2.5×10
5
 ND 10

5
 ND 

AG20 ND ND ND ND 

MS2 ND ND ND ND 

T4 ND ND ND ND 

Control ND ND ND ND 

ND- Not detected (below the detection limit of 100 pfu/ml) 

Table 2.4. Phage diffusion from printed and coated bioactive paper. Phage-based paper was 

stored in 5 ml of phage buffer for 24-48 h at room temperature then the phage titres 

in the buffer were determined to investigate if phages diffused from the paper. 

 

 

Figure 2.2. Infectivity of the gravure printed bioactive paper in broth. Bioactive paper was added 

to TSB culture of 10
3
cfu/ml of respective host bacteria and incubated for 18-24 h at 

25ºC. Bacterial counts after incubation with bioactive paper were compared to a 

control containing paper without phage. 
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Figure 2.3. Infectivity of the blade coated bioactive paper in broth. Bioactive paper was added to 

TSB culture of 10
3
 cfu/ml of respective host bacteria and incubated for 18-24 h at 

25ºC. Bacterial counts after incubation with bioactive paper were compared to a 

control containing paper without phage. 

 

2.4.2 Thermal and Piezoelectric inkjet printing 

2.4.2.1 Ink formulation and inkjet printing  
The effect of inks containing two different concentrations of glycerol (30% and 50%) on the 

infectivity of the phages was determined after five hours of exposure (Figs. 2.4 and 2.5). There 

was no significant difference (P >0.05) between the two glycerol concentrations on infectivity of 

phages AG6 and AG11. However, titres of phages AG10 and AG20 declined by about 2 log10 

pfu/ml after five hours exposure to glycerol at both concentrations. The 30% glycerol 

concentration was selected for future piezo printing experiments.  
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Figure 2.4 The effect of bio-ink containing 30% glycerol for piezoelectric inkjet printing on 

phage titre. Phages were resuspended in bio-inks and the titre was determined 

initially and after 1, 2 and 5 h. 

 

 

Figure 2.5 The effect of bio-ink containing 50% glycerol for piezoelectric inkjet printing on 

phage titre. Phages were resuspended in bio-inks and the titre was determined 

initially and after 1, 2 and 5 h. 
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Figure 2.6 The effect of piezoelectric printing on phages. Phage bio-ink solutions were printed 

for approximately 15 min directly into a Petri dish. The phage titres were determined 

before and after printing. 

 

Phages were printed and the bio-ink was collected after printing to determine potential shearing 

effects by piezoelectric printing. Results indicated that there was no significant difference 

between the phage titres before and after printing (P 0.05) (Fig 2.6). 

 

2.4.2.2 Determination of Infectivity of bioactive paper and phage diffusion 

from the paper 
Phage infectivity was determined semi-quantitatively by the overlay technique and quantitatively 

after thermal and piezo inkjet printing on uncoated Whatman No.1 paper. The infectivity of all of 

the phages, except AG11 was negatively affected by thermal inkjet printing as was evident by 

smaller or no zones of inhibition produced by the printed phage (Table 2.5). Paper containing 

phage AG6 produced barely noticeable zones of lysis when the phage was applied using both 

print techniques. In comparison application of paper containing phage AG11 paper prior to 

growth of the host bacterium on solid medium resulted in larger zones of inhibition compared to 
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the other phages for both print methods while paper containing AG20 phage showed no 

infectivity (no zones of lysis) when applied by both printing methods.  

 

 

 

Phage 

Piezoelectric IJ Printing Thermal IJ Printing 

Storage in 

buffer 

50% RH 

Storage 

80%RH 

Storage 

Storage in 

buffer 

50% RH 

Storage 

80%RH 

Storage 

Diameter of 

Lysis /mm 

Diameter of 

lysis /mm 

Diameter 

of lysis/mm 

Diameter 

of lysis/mm 

Diameter of 

lysis/mm 

Diameter 

of lysis/mm 

AG6 +/- +/- +/- +/- +/- +/- 

AG10 26 27 27 26 +/-  26 

AG11 28 28 29 27 27 28 

AG20 - - - - - - 

 

- No inhibition observed 

+/- Marginal (barely visible) inhibition observed which could not be accurately measured. 

Table 2.5  Infectivity of piezoelectric and thermal inkjet printed phage-based paper. Phage-based 

paper was stored in phage buffer or dry at normal atmospheric conditions (about 50% 

RH) or at about 80% RH for approximately 6 h. Infectivity of phage-based paper was 

subsequently assessed by the overlay method 

 

After bioactive paper was placed in phage buffer for approximately six hours, only phage AG11 

was observed to diffuse from uncoated Whatman No.1 paper after application by both thermal 

and piezoelectric inkjet printing (Table 2.6). Approximately 1% of AG11 phages printed by 

piezo and 0.002% of phages immobilized by thermal printing leached from the paper. 
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Phage 

Phage titre of diffused phages (pfu/ml) 

Piezoelectric IJ Printing Thermal IJ Printing (pfu/ml) 

AG6 ND ND 

AG10 ND ND 

AG11 1.2x10
4
 2.0x10

2
 

AG20 ND ND 

ND-Not detected 

Table 2.6  Phage diffusion from phage-based paper after inkjet printing. Phage-based paper was 

stored in 5 ml of phage buffer for about 6 h at room temperature then the phage titres 

in the buffer were determined to investigate if phages diffused from the paper.  

 

 

 

Figure 2.7 Infectivity of phage-based Whatman paper in broth culture. Phages were printed on 

Whatman no. 1 paper by thermal and piezoelectric inkjet printing. Papers were added 

to broth cultures containing 10
3
 cfu/ml of respective host bacteria and incubated for 

18-24 h to determine the efficacy of each phage-based paper. 

 

Quantitative results from the broth experiment indicated the efficacy of the bioactive paper for 

the control of their hosts. However, phage-based Whatman paper did not result in significant 
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reductions of host bacteria after phage application by either inkjet printing technique (P 0.05; 

Fig 2.7). A reduction in count of 0.33 log10 cfu/ml of S. Enteritidis was the highest achieved and 

this was produced following deposition of phage AG11 onto paper by piezoelectric printing (P = 

0.055). Application of the other phages to paper by this technique resulted in reductions in 

counts of 0.24, 0.24 and 0.002 log10 cfu/ml for phage/host combinations of S. 

Typhimurium/AG6, E. coli O157:H7/AG10 and L. monocytogenes/AG20, respectively. 

 

Phages were also printed on cationic PVAm, Hydrogel and ColorLok coated papers by 

piezoelectric inkjet printing. The phage-based ColorLok papers resulted in significant reductions 

in counts of 0.69 log10 cfu/ml for S. Typhimurium by phage AG6 (Fig 2.8), 2.28 log10 cfu/ml for 

E. coli O157:H7 by phage AG10 (Fig 2.9) and 2.35 log10 cfu/ml for S. Enteritidis by phage 

AG11 (Fig 2.10) (P 0.05). The AG10 phage-based hydrogel paper achieved a reduction in 

count of 1.58 log10 cfu/ml for E. coli O157:H7 (Fig 2.9). However, no significant reduction in 

count for L. monocytogenes was observed using any of the AG20 phage-based papers (P 0.05) 

(Fig 2.11). 
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Figure 2.8 Infectivity of AG6 phage-based paper in broth culture. AG6 phage was printed on 

Whatman paper and cationic-coated papers (PVAm, Hydrogel, ColorLok) by 

piezoelectric inkjet printing. Paper discs were added to broth cultures containing 10
3
 

cfu/ml of S. Typhimurium and incubated for 18-24 h to determine the biocontrol 

effect of each phage-based paper.  

 

 

Figure 2.9 Infectivity of AG10 phage-based paper in broth culture. AG10 phage was printed on 

Whatman paper and cationic-coated papers (PVAm, Hydrogel, ColorLok) by 

piezoelectric inkjet printing. Paper discs were added to broth cultures containing 10
3
 

cfu/ml of E. coli O157:H7 and incubated for 18-24 h to determine the biocontrol 

effect of each phage-based paper.  
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Figure 2.10 Infectivity of AG11 phage-based paper in broth culture. AG11 phage was printed on 

Whatman paper and cationic-coated papers (PVAm, Hydrogel, ColorLok) by 

piezoelectric inkjet printing. Paper discs were added to broth cultures containing 10
3
 

cfu/ml of S. Enteritidis and incubated for 18-24 h to determine the biocontrol effect 

of each phage-based paper.  

 

 

Figure 2.11 Infectivity of AG20 phage-based paper in broth culture. AG20 phage was printed on 

Whatman paper and cationic-coated papers (PVAm, Hydrogel, ColorLok) by 

piezoelectric inkjet printing. Paper discs were added to broth cultures containing 10
3
 

cfu/ml of L .monocytogenes and incubated for 18-24 h to determine the biocontrol 

effect of each phage-based paper. 
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2.4.2.3 Piezoelectric printing on cationic ColorLok paper 
Phage printed on ColorLok paper produced higher reductions in counts of their host bacteria than 

phage printed on the other types of paper tested (Figs. 2.8, 2.9, 2.10, 2.11). Thus, ColorLok paper 

was used to study the effect of piezoelectric inkjet printing on phage infectivity. Significant 

differences in bacterial growth were observed between cultures incubated with ColorLok paper 

containing no phage and three of the printed phages, AG10, AG11 and AG20. Significant 

reductions in count (P 0.05) of 2.68 log10 cfu/ml for E. coli O157:H7, 2.11 log10 cfu/ml for S. 

Enteritidis and 3.89 log10 cfu/ml for L. monocytogenes were observed when cultures were grown 

in the presence of printed paper containing phage AG10, AG11 and AG20, respectively (Fig. 

2.12). Phage AG6 was only capable of reducing counts by 0.28 log10 cfu/ml for S. Typhimurium. 

The effect of delivery of higher phage titres on the paper was investigated. The Dimatix printer 

was estimated to deliver 25 l to each 4.9 cm
2
 area of paper. When 100 l of the ink containing 

phage was delivered onto the same paper type by pipette to cover the same surface area, similar 

reductions in count were obtained; being 2.74 log10 cfu/ml for E. coli O157:H7, 3.01 log10 cfu/ml 

of S. Enteritidis and 4.03 log10 cfu/ml for L. monocytogenes and no reduction was observed using 

AG6 phage-based paper (Fig. 2.13).  
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Figure 2.12 Infectivity of printed ColorLok phage-based paper in broth culture. Phages AG6, 

AG10, AG11, AG20 were printed on ColorLok paper by piezoelectric inkjet 

printing. Paper discs were added to broth cultures containing 10
3
 cfu/ml of S. 

Typhimurium, E. coli O157:H7, S. Enteritidis or L. monocytogenes and incubated 

for 18-24 h to determine the biocontrol effect of each phage-based paper. 
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Figure 2.13 Infectivity of pipetted ColorLok phage-based paper in broth culture. Phages AG6, 

AG10, AG11, AG20 were pipetted on ColorLok paper. Paper discs were added to 

broth cultures containing 10
3
 cfu/ml of S. Typhimurium, E. coli O157:H7, S. 

Enteritidis or L. monocytogenes and incubated for 18-24 h to determine the 

biocontrol effect of each phage-based paper. 

 

Stability of phage-based paper is critical for the successful incorporation of phages into 

packaging material. To assess stability of the phage deposited onto ColorLok paper, the phage-

containing papers were stored for one month at 20 - 25ºC and 80 - 85% RH on 2 separate 

occasions. The phage printed on ColorLok paper was not stable, since no reduction in counts of 

the relevant host bacterium was observed when they were grown in the presence of the stored 

paper (Fig. 2.14). However, based on the average counts from the 2 separate experiments, the 

paper containing phage deposited by pipetting retained some infectivity after storage and resulted 

in reductions in count of 2.45 log10 cfu/ml for E.coli O157:H7, 2.16 log10 cfu/ml for S. Enteritidis 

and 1.62 log10 cfu/ml L. monocytogenes using paper containing AG10, AG11 and AG20 phage, 
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respectively (Fig. 2.15). A reduction in count of 0.23 log10 cfu/ml for S. Typhimurium was 

observed with papers containing AG6. 

 

 

Figure 2.14 Infectivity of stored ColorLok printed phage-based paper in broth culture. Phages 

AG6, AG10, AG11, AG20 were printed on ColorLok paper by piezoelectric inkjet 

printing. Phage-based paper was stored for 1 month at room temperature at 80-85% 

RH. Papers were then added to broth cultures containing 10
3
 cfu/ml of S. 

Typhimurium, E. coli O157:H7, S. Enteritidis or L. monocytogenes and incubated 

for 18-24 h to determine the biocontrol effect of each phage-based paper. 
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Figure 2.15 Infectivity of stored ColorLok pipetted phage-based paper in broth culture. Phages 

AG6, AG10, AG11, AG20 were pipetted on ColorLok paper then phage-based 

paper was stored for 1 month at room temperature at 80-85% RH. Papers were then 

added to broth cultures containing 10
3
 cfu/ml of S. Typhimurium, E. coli O157:H7, 

S. Enteritidis or L. monocytogenes and incubated for 18-24 h to determine the 

biocontrol effect of each phage-based paper. 

 

2.4.2.4 Theoretical estimate of phages delivered to ColorLok paper by 

piezoelectric printing and pipetting 
The Dimatix piezoelectric inkjet printer nozzle delivered 10 pl drop volumes. It was estimated 

that the printer deposited 500 drops/cm
2
.  Thus, for the paper size used in these experiments (2.5 

cm diameter) it can be calculated that 24.5 l of ink were deposited on the paper surface. As the 

initial phage titres in the ink are known, the number of phage present in 24.5 l and 100 l can 

be calculated (Tables 2.7 & 2.8). 
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Phage 

Initial phage  

 titre pfu/ml 

Bio-ink phage 

 titre pfu/ml 

Phage Titre 

pfu/24.5l 

Phage Titre 

 /cm
2
 

AG6 4.50E+09 3.00E+08 7.35E+06 1.50E+06 

AG10 5.00E+08 7.00E+07 1.72E+06 3.50E+05 

AG11 1.00E+09 3.50E+08 8.58E+06 1.75E+06 

AG20 1.00E+09 3.00E+08 7.35E+06 1.50E+06 

  

Table 2.7  Estimate of number of phage particles delivered by piezoelectric inkjet printing on  

 ColorLok paper 

 

 

  

Phage 

 Initial phage  

 Titre pfu/ml 

Bio-ink phage 

 titre pfu/ml 

Phage Titre 

pfu/100l 

Phage Titre 

 /cm
2
 

AG6 4.50E+09 3.00E+08 3.00E+07 6.12E+06 

AG10 5.00E+08 7.00E+07 7.00E+06 1.43E+06 

AG11 1.00E+09 3.50E+08 3.50E+07 7.14E+06 

AG20 1.00E+09 3.00E+08 3.00E+07 6.12E+06 

 

Table 2.8  Estimate of number of phage particles delivered by pipetting on ColorLok paper 

 

2.4.2.5 Experimental estimate of phages printed by piezoelectric printing onto 

ColorLok paper  
Phage AG11 was printed onto ColorLok paper and subsequently the DNA was extracted and the 

approximate amount of AG11 DNA on the paper was determined by real-time PCR. Results 

obtained from the Nanodrop 1000 spectrophotometer (Thermo Scientific) indicated that 

approximately 351.1g/l of DNA was extracted from the 4.9 cm
2 

paper sample. From the real-

time PCR analysis an estimated 6.63 log10 pfu/cm
2
 of AG11 was deposited on the paper, which is 

comparable to the estimated value (Table  2.7).  

 

The approximate amount of infective phages on the phage-based paper was determined by 

comparing bacterial counts achieved in the presence of the phage-printed paper (Figs. 2.12, 2.13, 

2.14, 2.15) with those obtained in the presence of free phage (Figs. 2.16, 2.17, 2.18, 2.19). E. coli 
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O157:H7, S. Enteritidis and L. monocytogenes counts in the presence of printed phages and 

tested within one day of preparation were similar to those obtained with 10
6
-10

7
 pfu/ml of free 

AG10, 10
4
-10

5
 pfu/ml of free AG11 and 10

5
-10

6 
pfu/ml of free AG20. Similar results were 

obtained for the pipetted phages. 

 

The printed phage-based paper was not infective after one month storage at room temperature at 

80 – 86% RH (Fig. 2.14). However, the paper on which phages were deposited by pipette 

retained infectivity for 3 of the 4 phages. Log10 reductions in count of E. coli O157:H7 and S. 

Enteritidis by phage-based papers produced by pipetting indicated approximately 10
6
-10

7
 pfu/ml 

of infective AG10 and 10
3
-10

4
 pfu/ml of infective AG11. Results for pipetted AG20 phage after 

storage were not reproducible for the two experimental replicates conducted since one 

experimental replicate indicated no host reduction and the second replicate demonstrated L. 

monocytogenes reduction similar to the initially pipetted phage suspension, which resulted in a 

reduction in counts of 3.17 log10 cfu/ml, which correlated to approximately 10
5
-10

6 
pfu/ml of 

infective AG20.  
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Figure 2.16 The effect of different concentrations of free AG6 phage on counts of S. 

Typhimurium (initial inoculum level of 10
3
cfu/ml) after 18 – 24 h at 25ºC.  

 

 

 

Figure 2.17 The effect of different concentrations of free AG10 phage on counts of E. coli 

O157:H7 (initial inoculum level of 10
3
cfu/ml) after 18 – 24 hat 25ºC 
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Figure 2.18 The effect of different concentrations of free AG11 phage on counts of S. Enteritidis 

(initial inoculum level of 10
3
cfu/ml) after 18 – 24 h at 25ºC. 

 

 
 

Figure 2.19 The effect of different concentrations of free AG20 phage on counts of L. 

monocytogenes (initial inoculum level of 10
3
cfu/ml) after 18 – 24 h at 25ºC. 
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2.5 Discussion 
Currently the US FDA and Health Canada have approved several phage preparations for use at 

various stages in food processing. However, the full potential of phages for biocontrol is still to 

be realised. Using phages immobilized within packaging material can provide a convenient, and 

cost effective method to control pathogens during food storage. 

 

Phage-based packaging material was developed during this study using an immobilization 

approach that can be used for any phage and does not require chemical or genetic phage 

modification. Rather the printing technology used would provide the opportunity to produce 

phage-based antibacterial packaging on a commercial scale. This research project explored the 

use of different printing and coating technologies to immobilize morphologically different 

phages on various paper substrates to develop food packaging material. Immobilization of 

phages from the Leviviridae, Siphoviridae and Myoviridae families was performed by blade 

coating and gravure printing. However, the titre of MS2, the Leviviridae phage, was observed to 

decline rapidly within three months of storage at 4ºC. Since this reduced activity was not 

representative of the stability of the phages in our culture collection the immobilization of this 

phage by inkjet printing was not investigated. Since tailed phages are the most predominant 

group of phages in existence, with the Siphoviridae and Myoviridae being the most abundant 

(Ackermann, 2006), bacteriophages from these two families were used for inkjet printing. 

Successful immobilization of phages by printing or coating requires that these processes should 

not have a negative impact on phage survival, either by the formulated inks or by the 

technologies employed.  Blade coating is commonly used for commercial application of paper 

coatings while gravure printing is used for high quality print applications. These technologies 
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could potentially be modified for application of phages to paper surfaces.  Inkjet printing 

technologies were also explored as another universal phage immobilization method. 

 

Both blade coating and gravure printing were anticipated to provide high throughput production 

of phage-based packaging. However, only one phage, Salmonella AG11, was stable under the 

conditions required for these coating and printing techniques. The fact that a higher AG11 phage 

titre was initially used could be a contributory factor for the demonstrated stability compared to 

the other phages. It is also possible that thermal inactivation of the other phages occurred during 

the blade coating process since a holding temperature of 45ºC was used for the Bioink prior to 

coating and also a temperature of 66ºC for 30 sec was used for drying of the phage coating. 

Previously phage AG11 was observed to withstand the highest storage temperature of 42ºC for 

24 h with less than 1 log10 pfu/ml reduction in titre (Anany, 2010). This heat resistance may have 

contributed to the ability of phage AG11 to survive these printing and coating processes. The 

porosity of the paper used for printing could also be another factor preventing phage infectivity 

from being observed for all of the phages except AG11, since entrapment of phages within the 

paper would prevent phages from being able to adsorb to their host bacterium. Blade coating and 

gravure printing of T4 phages on paper with different air permeabilities led to similar 

observations by Jabrane et al. (2011). Infectivity of the phage-based paper printed using inkjet 

printing also indicated that the phages were probably negatively affected by thermal inkjet 

printing, except for phage AG11.  

 

The estimated amount of phages deposited onto the paper by double layer thermal inkjet printing 

was approximately 100-fold more than that deposited by the piezoelectric method. This is due to 
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the lower dilution factor of the thermal inkjet bio-ink used and also since the drop size of piezo 

printing is 10 pl compared to 25 pl for thermal printing. Based on the higher volume of phages 

delivered to the paper it was expected that thermal inkjet printed phage-based paper would 

exhibit a significantly increased infectivity compared to phages that were subjected to piezo 

printing, however, the opposite was observed. Thermal inkjet printing was successfully used for 

printing of enzymes (Di Risio and Yan, 2007, 2008, Lonini et al., 2008), cells (Xu et al., 2005) 

and other biomolecules. However, high temperatures of 300ºC for milliseconds are used for ink 

ejection during this printing process (Kipphan, 2001). It is possible that the phage activity was 

negatively affected by heating of the bio-ink for this printing technique or a combination of 

thermal inactivation and entrapment of phages in the pores of the uncoated Whatman paper may 

have resulted in reduced infectivity. Piezolelectric inkjet printing was therefore identified as 

having the greater commercial potential. 

Modification of inks, equipment and the printing process was necessary to ensure successful 

printing of the phages. The biological inks used for inkjet printing in this experiment were 

formulated to provide optimum ink ejection during printing, while promoting phage survival. 

Trition X-100 is a non-ionic surfactant, which does not have a significant effect on enzyme 

activity (Di Risio and Yan, 2010) and glycerol is compatible with proteins (Hossain et al., 2009). 

Glycerol was also added to the bio-ink for its humectant properties to reduce the susceptibility of 

the phages to desiccation during storage. Bio-inks composed of 30% and 50% glycerol were 

observed to have a similar effect on the phages, though reductions in the titre of AG10, the E. 

coli O157:H7 phage and AG20, the L. monocytogenes phage, occurred within 5 hours. However, 

it was anticipated that this could be a transient effect since the inks were expected to diffuse into 

the paper substrate and allow phages to be retained on the paper surface when using coated paper 
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with small pore sizes; potentially having a reduced effect on the phages. Future experiments 

demonstrated that when phages AG10 and AG20 were printed they were able to reduce counts of 

their host bacterium by 2.68 and 3.89 log10 cfu/ml, respectively; hence permanent inactivation of 

the phages did not occur. 

 

Food contamination is likely to occur on the surface of food unless they are ground, when 

contamination will be found throughout the product. Direct contact of phage-based packaging 

material with food would therefore result in infection of the host bacterium, if present, followed 

by phage replication and lysis of the host cells with the release of progeny phages into the food, 

where they can potentially diffuse and initiate other infection cycles. Additionally, if phages 

diffuse out of the packaging material they would not require host infection to disperse throughout 

the food. Based on the results of both gravure printed and inkjet printed phages, it was observed 

that about 1% of the Siphoviridae phage AG11 was able to diffuse out of the uncoated Whatman 

paper, unlike the other phages. The reason for this phage being the only one able to diffuse out 

from the paper is not clear. Experiments to observe phage diffusion from the paper were only 

conducted during initial printing on Whatman paper and were not conducted with coated papers. 

It is uncertain whether there could be additional interaction of the phages with other cationic 

papers, which influences their ability to diffuse out of the paper. Additional, studies would have 

to be conducted with the packaging materials to determine the likelihood of phage diffusion into 

the food product. It is anticipated that low levels of phages may be released into the product 

unless infection of the host bacterium occurs.  Although some consumers may be willing to pay 

more for phage treated foods based on their socioeconomic status and consumer awareness of the 

technology (Yeboah et al., 2012), the presence of phages in the packaging rather than their direct 
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application to the food product may be more acceptable to consumers who may be sceptical of 

the use of phages in foods.  

 

Infectivity testing of the inkjet printed Whatman phage-based paper indicated no significant 

reduction of host bacteria. This may possibly be attributed to penetration of the phages within the 

11 m diameter pores of this absorbent paper and possible electrostatic interaction of the 

positively charged tail fibres with the negatively charged cellulose fibres.  

Piezoelectric printing of horseradish peroxidase on coated and increased sizing of papers 

contributed to biological inks being retained at the paper surface (Di Risio and Yan, 2008). Also, 

Jabrane et al. (2009) observed that the use of cationic-coated paper for gravure printing of T4 

phages resulted in enhanced phage infectivity. Similar observations were made during this 

experiment when the phage printed on cationic ColorLok paper resulted in higher bacterial 

reductions compared to phage printed onto the uncoated Whatman paper. This observation is 

most likely due to the phages being retained at the paper surface, therefore facilitating interaction 

with host bacterium compared with the other types of paper. Cationic hydrogel treated paper 

containing phage AG10 was the only other bioactive paper that resulted in significant reductions 

in count of the host bacterium. Washing off excess PVAm and hydrogel polymers after coating 

the Whatman No. 1 paper may have contributed to these papers having an uneven surface 

distribution of the polymers and to being more porous than the ColorLok. 

 

Oriented phage immobilized on the paper is critical for adsorption to host cell receptors. 

Measurement of the infectivity of the phage-based paper compared to the infectivity of similar 

concentrations of free phages could give an indication of the number of phages that are randomly 
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oriented or entrapped in the paper pores following immobilization. The DNA of AG11 phage 

printed on ColorLok paper was extracted and the quantity of printed phages was determined by 

qPCR.  Results obtained were comparable with estimates of numbers of phage particles 

deposited on the surface of the paper based on initial titres in the ink. Also different dilutions of 

free phage were added to 10
3
 cfu/ml of the appropriate host to estimate the effect of the phages. 

The resulting host bacterial count after addition of free phages was used to estimate the 

infectivity of the phage-based paper.  Theoretical estimates of the amount of printed phages 

correlated with the estimated number of infective AG10 and AG20 phages. The slightly lower 

infectivity of phage AG11 could probably be attributed to experimental variability or differences 

in the phage-host interactions. Additionally, it was observed that free phage AG6 was unable to 

significantly reduce populations of its host, S. Typhimurium, even when 10
8
 pfu/ml of phage 

were used. These results could explain previous results where AG6 phage-based paper did not 

result in significant reduction of its host.  A higher frequency of development of resistant host 

bacteria was observed with AG6 phage and its host, S. Typhimurium compared to other tested 

Salmonella phages and their hosts (Anany, 2010). This phage would therefore not be ideal for 

use in biocontrol and is not reflective of the effect of the printing immobilization processes. 

 

Phage-based packaging material is anticipated to provide control of food-borne pathogens during 

storage; therefore the stability of the developed paper is crucial. However, the paper printed with 

phage was not stable after one-month storage. An increase of approximately four times the 

amount of bio-ink pipetted onto the paper did not result in a significantly higher amount of 

phages delivered to the paper compared to printing. However, the increased amount of glycerol 

in the ink prevented the paper from drying completely, which may have contributed to the 
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increased stability of this pipetted phage-based paper after one month with activity slightly lower 

than that of freshly printed phage-based paper. This was true for all phages except AG20. Non-

reproducible results were obtained between the two experimental replicates using pipetted AG20 

phages, for which one experiment demonstrated no reduction in counts of L. monocytogenes 

while the other experiment resulted in reduction in counts of 3.17 log10 cfu/ml. It is possible that 

non-homogenous phage delivery to the paper may have caused these results.  

Previous studies have established that use of high titres of phages was more successful for 

biocontrol and also phage cocktails decreased the possibility of development of phage resistance 

(Kudva et al., 1999, Hooton et al., 2011). Additionally, the phages used for biocontrol should be 

stable under different conditions such as temperature, low pH, and elevated salt concentrations. 

Phages AG11 and AG20 have demonstrated activity at lower temperatures though AG11 

exhibited activity over a wider range of pH (4.5 – 7) and was unaffected by 5% NaCl (Anany, 

2010).  

 

Optimizing inkjet printing parameters is necessary for successful phage printing. The nozzle of 

the piezoelectric printer was prone to clogging and there was a possibility that shear forces may 

be exerted on the phages. Frequent wash steps were therefore necessary during phage printing to 

prevent clogging and the piezoelectric printing process was very slow compared to the thermal 

inkjet printing. Printing of a 12 cm x 18 cm paper surface area required approximately 20 min 

using the laboratory scale piezo printer. However, the likelihood of increased printing efficiency 

of commercial piezoelectric printers needs to be determined. Alternatively, other non-contact, 

non-thermal coating or printing technologies may potentially improve the efficiency of 

production of commercial phage-based packaging.  
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Reduction in contamination of the phage-based paper was observed during this experiment by 

the use of inkjet printing compared to blade coating and gravure printing. Inkjet printing of 

phages involves the spraying of the bio-ink onto the paper surface. However, blade coating and 

gravure printing techniques require direct contact of printing cylinders with the paper surface and 

therefore increases the chances of contamination being introduced, as was evident during our 

study. Good manufacturing practices should be implemented for the production of biologically 

active packaging materials and non-contact printing techniques would contribute to reduced 

contamination. 

 

Conclusion 

This study indicates that piezoelectric inkjet printing provides an effective universal 

immobilization strategy for the commercial production of phage-based antimicrobial packaging 

materials. However, other non-contact, non-thermal printing or coating strategies may also have 

potential. The choice of printing substrate is critical for retaining phages on the surface of the 

packaging material to facilitate control of their hosts. The potential exists for using other 

materials for phage printing, for example, other cationic, coated paper-based materials and edible 

films, which are currently used as sausage casings, and other films used for food packaging. 

Although the printed phage-based paper was not stable, this study establishes that delivery of an 

increased number of phages to the paper in combination with humectants, such as glycerol, 

should improve stability. Printing of phage preparations with high titres and phage cocktails is 

also expected to provide more effective packaging material. 
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Future studies are needed to confirm the efficacy of the developed phage-based packaging in 

actual food systems using lower incubation temperatures to reflect typical food storage 

conditions.  
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CHAPTER 3 - IMMOBILIZATION OF BACTERIOPHAGES ON SILICA BEADS FOR 

THE DETECTION OF ESCHERICHIA COLI O157:H7 

 

3.1 Abstract 

 

Rapid detection of Escherichia coli O157:H7 is necessary due to the potentially debilitating 

nature of the infection. Bacteriophages can be used for detection based on their specific host 

recognition and their rapid propagation. Phage amplification detection methods rely on the 

infection of the host bacterium and subsequent detection of progeny phages. An initial 

amplification step resulting from release of progeny phages may be followed by a second 

amplification step using molecular assays for the development of specific, sensitive and rapid 

detection methods. 

Phage rV5 targeting E. coli O157:H7 was immobilized on APTS magnetic beads by electrostatic 

interaction and then used to capture and infect target bacteria as part of a phage amplification 

detection assay. Removal of the immobilized phages after incubation and prior to detection by 

quantitative real-time PCR increases the sensitivity of the reaction since only progeny phages 

should be detected to give an indirect indication of the presence of E. coli O157:H7.  

The efficiency of phage immobilization increased with higher zeta potential of the (3-

aminopropyl) triethoxysilane  beads. Phage immobilization using phage titres of 10
5
 pfu/ml 

resulted in approximately 99% immobilization efficiency. Detection limits for E. coli O157:H7 

were 11-25 cfu/ml and 100-200 cfu/ml using a phage amplification method and a phage 

magnetic separation method within approximately 8 h. Comparison of assay incubation times of 

2.5 h and 5 h using immobilized rV5 indicated that the 5 h incubation was more sensitive. 

Detection of 10
2
 cfu/ml of E. coli O157:H7 using free rV5 was possible with a 2.5 h incubation 

period. These methods are promising for rapid detection of E. coli O157:H7 using 
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electrostatically immobilized phages and can be further applied for the detection of other 

bacterial pathogens. 

 

3.2 Introduction 
 

E. coli O157:H7 is the serotype of Shiga toxin producing Escherichia coli implicated most 

frequently in outbreaks (FDA, 2012). Immunocompromised individuals such as young children 

and the elderly are most susceptible and an infectious dose of 10-100 cells has been reported. 

Severe complications of this disease can result in hemolytic uremic syndrome (HUS) and kidney 

damage and even death. Early detection of this organism, if present in food and water, is critical 

for public health. 

 

Current rapid detection methods for the detection of E. coli O157:H7 such as nucleic acid 

detection methods and immunoassays require lengthy pre-enrichment to enhance the method 

sensitivity or for recovery of injured bacterial cells. Presumptive positive results can be obtained 

within 8 to 24 h. However, confirmation is necessary, which requires about another three days. 

Capture and separation techniques using specific antibodies for immunomagnetic separation 

(IMS) have been used for recovery of low levels of E. coli O157:H7 present in foods followed by 

detection using conventional methods, or molecular methods (Warburton and Christensen, 2008, 

Fedio et al., 2011). Also VIDAS® UP E. coli O157 (including H7) is a commercially available 

detection method that uses recombinant phage tail fibre proteins for capture, followed by a 

detection method based on fluorescence (Health Canada, 2011).  
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Phage-based methods for bacterial detection offer the advantage of high affinity capture of only 

viable host bacteria. Infection and replication within their host is followed by rapid release of 

progeny phages or release of intracellular compounds, which can then be detected to provide an 

indirect indication of the presence of the bacterial host (Griffiths, 2010). Previously, detection 

methods included phages for capture coupled with PCR detection of the host cells (Bennett et al., 

1997), lysis followed by detection of ATP using luciferase/luciferin (Minikh et al., 2010), 

detection of progeny phages by real time PCR (Sergueev et al., 2010, Tolba et al., 2010), 

antibody capture followed by phage infection and turbidimetric detection (Favrin et al., 2001), 

and visual and luminescent detection (Willford et al., 2011) have been used. 

Immobilization of phages on test strips, beads or other substrates could expand their commercial 

use. Immobilized phages can be used to capture and separate bacterial targets from interfering 

background flora and PCR-inhibiting food materials. Additionally, the use of immobilized 

phages in phage amplification detection assays could contribute to increased sensitivity, since 

high numbers of exogenous phages are typically present when free phages are used for detection. 

This could contribute to high background noise; therefore their removal by addition of virucide 

has been used to enhance the sensitivity of the assay so that only progeny phages are detected 

(Griffiths, 2010). This approach would require precise timing between introduction of phage into 

the assay and subsequent infection of the host. An alternative approach using immobilized 

phages could easily allow the removal of non-infective phage particles. This approach would 

require oriented immobilization of the specific phages onto surfaces such as magnetic beads, 

which would provide a high surface area and increase capture efficiency. 
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Oriented phage immobilization would result in tail fibres being free to interact with host cell 

surface receptors. Inherent charge differences between phage capsids and tails can potentially 

result in oriented phage immobilization (Cademartiri et al., 2010). Positively charged support 

surfaces may contribute to this oriented immobilization via electrostatic interaction. Phages 

immobilized on positively charged (3-aminopropyl)triethoxysilane (APTS) modified silica beads 

retained their infectivity, which confirms that oriented phage immobilization was possible 

through electrostatic interaction (Cademartiri et al., 2010).  

Biomolecules such as DNA, antibodies and proteins have been coupled to silica nano particles 

for applications in detection (Wang, 2008). Modification of the surfaces of silica particles with 

specific functional groups facilitates immobilization of biomolecules either by covalent or 

electrostatic interactions. The ionic strength and pH of the storage solution and concentration of 

modifying agent could have an effect on the zeta potential of the nanoparticles and should be 

evaluated to optimise the stability (Wang, 2008). 

 

The research presented in this chapter focuses on phage immobilization on APTS modified 

magnetic silica beads for the development of rapid phage amplification detection methods for E. 

coli O157:H7. Two different phage amplification detection methods were studied. The first 

method uses phage-coated beads added to bacteria, which are then incubated together for the 

entire 5 h incubation period. The second method uses a capture step to separate and concentrate 

the bacteria. The progeny phages were detected by qPCR or overlay after bead removal for both 

methods.  
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3.3 Materials and Methods 

3.3.1 Bacteriophage and bacteria 
Bacteriophage rV5 and its host E. coli O157:H7 1960264 were obtained from Dr Roger Johnson, 

Public Health Agency of Canada, Laboratory for Foodborne Zoonoses, Guelph, ON. The 

bacterial host was stored in 25% glycerol at -80ºC. Working cultures were streaked onto Tryptic 

Soy Agar (TSA, Fisher Scientific, Whitby, ON) and stored at 4ºC. Fresh cultures were obtained 

from the -80ºC stock cultures on a monthly basis. Liquid cultures were prepared by sub-culturing 

into Tryptic Soy Broth (TSB, Fisher Scientific). Phage propagation was conducted in a liquid 

medium to provide high volumes for phage purification.  

 

3.3.2 Propagation and purification of bacteriophage 
One litre of sterile TSB was inoculated with 5 ml of an 18 h culture of E. coli O157:H7 and 

incubated for approximately 2 h at 37ºC, when the absorbance at 600 nm (OD600nm) was about 

0.2, which corresponds to a count of approximately 10
8
 cfu/ml. One millilitre of bacteriophage 

rV5 stock lysate was then added and incubated overnight at 25ºC. The resulting suspension was 

centrifuged at 7,000 g for 20 min in a Beckman Coulter, Avanti J-20XPI centrifuge (Beckman 

Coulter Inc., Mississauga, ON). The supernatant was then filter sterilised using a Corning 

0.45m sterile bottle top filter unit (Fisher Scientific). Phage lysates were titred using the overlay 

method (described in the following section) then stored at 4ºC. 

Phage purification was performed using polyethylene glycol (PEG) precipitation and cesium 

chloride purification using a modified protocol described by Sambrook and Russell (2001). 

Pancreatic DNase 1 and RNase A (Qiagen, Toronto, ON) were added to filter sterilised phage 

lysate to final concentrations of 10 g/ml, each.  Phages were precipitated by adding 1M sodium 

chloride and 10% PEG 8000 (Fisher Scientific) and left to stir using a magnetic stirrer at 4ºC 
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overnight. The suspension was centrifuged at 14,000 g for 20 min at 4ºC.  Supernatants were 

discarded and the phage pellets were carefully collected from the walls of the centrifuge bottles 

by washing with phage buffer. Additional waste material was pelleted after adding chloroform 

followed by centrifugation at 3,000 g for 10 min at 4ºC. The aqueous suspension was transferred 

to another clean tube. Cesium chloride (1.5 g/ml) was added to the phage suspension in a 

Beckman Optiseal (for 90Ti rotor) ultracentrifuge tube (Beckman Coulter Inc.). The mixture was 

centrifuged at 214,000 g for 24 h at 4ºC in a Beckman Coulter, Optima L-90K ultracentrifuge 

using a Beckman 90Ti rotor (Beckman Coulter Inc.). An opalescent band was visible within the 

upper third of the tube and was collected using an 18 gauge needle (Pierce Biotechnology Inc., 

Rockford, IL, USA). The phage particles were dialysed using a Slide-A-Lyzer dialysis cassette, 

10,000 MWCO (Pierce Biotechnology Inc.) using four 500 ml changes of phage buffer (0.74 g 

CaCl, 2.5 g MgSO4.7H2O, 0.05 g gelatin, 1M Tris.HCl, pH 7.5 (6ml) in a final volume of 1 l 

double deionised water) with each buffer change occurring at 12 h intervals. The purified phage 

was collected and titred using the overlay method, stored at 4ºC and used for the majority of the 

experiments. 

An initial immobilization experiment was conducted using phages purified by Amicon Ultra-15 

centrifugal filter devices 10K MWCO (Millipore Corporation, Bedford, MA, USA). Ten 

milliliters of crude phage lysate were centrifuged at 5,000 g for 20 min and the retentate was 

resuspended in 1 ml of phage buffer, titred and stored at 4ºC. 

 

3.3.3 Overlay method to determine bacteriophage titre 

Host bacterial cells were grown overnight at 37ºC in TSB. Approximately 100 l of host 

bacterial suspension were added to 5 ml semisolid TSA then carefully pipetted onto a TSA plate. 
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This bacterial lawn was allowed to solidify then ten-fold dilutions of phage lysate were made and 

spotted on the surface of the lawn. Plates were incubated overnight at 37ºC in an upright 

position. The number of plaques was counted after incubation and the titre determined. 

 

3.3.4 Amine surface modification of silica beads 
Magnetic silica beads S 1.0 (1 μm) were purchased from Boca Scientific Inc. (Boca Raton, FL). 

(3-aminopropyl)triethoxylsilane (APTS) (Sigma Aldrich, Oakville, ON) was used as received. 

Before the surface modification, magnetic silica beads (100 mg) were first separated from the 

storage solution by centrifugation at 4,000 rpm for 2 min, washed three times with 5 ml 

deionized water by multiple centrifugation steps, then dried at 110°C under nitrogen for 1 h.   

The beads were re-dispersed in tetrahydrofuran (THF) containing (3-

aminopropyl)triethoxylsilane (20% w/v, 5 ml). The bead suspension was sonicated at room 

temperature for 2 h. The beads were separated from the reaction mixture by centrifugation and 

were heated at 100°C for 1 h under nitrogen. The modified beads were washed with 5 ml THF by 

centrifugation and dried at 50°C under vacuum for 10 h to remove residual THF.  Dry APTS 

modified beads were stored at 4ºC until used for phage immobilization. 

 

The zeta potential of the amine modified magnetic silica beads was measured in a Zeta PALS 

instrument (Brookhaven Instruments Corp., Holtsville, NY) at 25°C. The mean zeta potential 

was calculated as the average of 10 measurements; each consisting of 15 scans. The samples for 

zeta potential measurement were prepared by dispersing beads in an aqueous solution containing 

2 mM NaCl or in SM phage buffer at pH 6.67.  
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3.3.5 Immobilization of rV5 phage on APTS-surface modified silica beads  
Initially, APTS-modified beads were resuspended in SM buffer (pH 6.5) to a concentration of 10 

mg beads/ml and stored at 4ºC until used for detection assays. Twenty microliters of this bead 

suspension were then added to 100 l of rV5 phage (10
6
 pfu/ml) and 900 l SM buffer (pH 6.5) 

to achieve a final titre of 10
5
 pfu/ml rV5 for immobilization. However, following optimization, 

the protocol was changed as follows: Dry APTS modified beads were resuspended in SM buffer 

(pH 6.5) to a final concentration of 20 mg/ml. They were then washed six times just prior to use 

with 1 ml of pH 6.5 SM buffer for each wash, using a magnet to capture the beads between 

washes. Beads were resuspended in SM buffer to maintain the bead concentration at 20 mg/ml. 

The washed beads (60 l) were added to phage rV5 and SM buffer, as mentioned previously, to 

achieve a final titre of 10
5
 pfu/ml. The phage and bead mixture was allowed to slowly rotate at 

4ºC for 22 h using an Orbitron Rotator II (Boekel Industries Inc., Feasterville, PA). After 

immobilization, five wash steps were conducted with phage buffer (approximately pH 7.4) to 

remove unbound rV5 phages from the beads using a magnetic particle separator, Dynal MPC-S 

(Life Technologies, Burlington, ON). The washed beads containing immobilized rv5 phages 

(phage-coated magnetic beads) were resuspended in 1 ml of phage buffer and used for the 

detection of E. coli O157:H7. The immobilization efficiency of rV5 on the silica beads was 

calculated by: 
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3.3.6 Transmission Electron Microscopy 

The washed, phage-coated magnetic beads were resuspended in 20 l phage buffer. 

Transmission Electron Microscopy (TEM) was conducted according to a published protocol 

(Cademartiri et al., 2010). Approximately 5 l silica beads were applied to 200-mesh copper 

grids coated with formvar then viewed using a LEO 912AB electron microscope at 100 kV (Carl 

Zeiss Canada Ltd., Toronto, ON). No staining was done. 

 

3.3.7 Infectivity of phage-coated magnetic beads 
The infectivity of the beads was determined by the overlay method as previously described. The 

beads were concentrated at the bottom of a microfuge tube using the magnetic particle separator, 

and approximately 30 l of phage-coated magnetic beads were spotted onto a fresh lawn of host 

bacteria. A 30 l aliquot of free rV5 phage (10
5
 pfu/ml) was also spotted onto the lawn of 

bacteria to gauge the infectivity of the phage-coated magnetic beads. The infectivity of the 

immobilized phage was determined using a scale to indicate the extent of lysis, where: 5+ = 

complete lysis; 4+ 75% lysis; 3+ 50-75% lysis; 2+  25-50% lysis; 1+ < 25% lysis. 

 

3.3.8 Detection of E. coli O157:H7 
Two different phage amplification detection methodologies were used for the detection of E. coli 

O157:H7 using rV5 phage-coated magnetic beads. The first method is a phage amplification 

detection assay using phage-coated magnetic beads added to the bacterial suspension and 

incubated for the entire 5 h incubation period. The second method included a capture step (20 

min) to remove and concentrate E. coli cells prior to amplification of the specific phage nucleic 

acid sequence (phage magnetic separation). Detection of progeny phages in supernatants after 

incubation was conducted by quantitative, real-time PCR (qPCR) for both methods. 
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3.3.8.1 Phage amplification detection assay 
Different dilutions of E. coli O157:H7 were prepared in PBS to produce suspensions with counts 

in the range 1 - 10
3 

cfu/ml. An aliquot (900 l) of each bacterial dilution was dispensed into 

separate microcentrifuge tubes and 100 l of phage-coated magnetic beads were added. The 

suspensions were centrifuged at 370 g for 2 min and incubated without shaking at 25ºC for 1 h. 

After incubation, the microcentrifuge tubes were placed on a C24 Incubator Shaker (New 

Brunswick Scientific Co, Inc., Edison, New Jersey) rotating at approximately 100 rpm and 

incubated for an additional 4 h at 25ºC. The beads were then captured using the Dynal MPC-S 

magnetic separator and the supernatant was removed. Bacteriophage titres in the supernatants 

were determined using the overlay technique and qPCR was also conducted to detect the rV5 

progeny phages. This experiment was further optimized by tripling the amount of beads used for 

the assay and changing the incubation temperature to 37ºC. A shorter incubation time of 2.5 h 

was also investigated. 

A similar experiment was conducted at 37ºC using 10
3
 and 10

4
 pfu/ml free rV5 phage and 10

3
, 

10
2 

and 10 cfu/ml of the host bacterium as a control to estimate the infectivity of the phage-

coated magnetic beads. A 100 l aliquot of a suspension containing either 10
4
 or 10

5
 pfu/ml of 

free rV5 was added to 900 l of the respective bacterial dilution to achieve a final concentration 

of 10
3
 and 10

4
 pfu/ml, respectively, of free rV5 phage. These suspensions were then incubated 

for 2.5 h or 5 h at 37ºC.  Bacteriophage titres in the supernatants were determined using the 

overlay technique after the incubation period. 
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3.3.8.2 Phage magnetic separation assay 
Different dilutions of E. coli O157:H7 were prepared to produce suspensions with counts in the 

range 1 - 10
3 

cfu/ml. Aliquots (500 l) of phage-coated magnetic beads were dispensed into 

separate microcentrifuge tubes and serial dilutions were performed in PBS to achieve a target E. 

coli O157:H7 populations of approximately 5 to 10
3
 cfu/ml. The mixture was incubated without 

shaking for 20 min at 25ºC. After the incubation period the beads were captured using the Dynal 

MPC-S magnetic separator and the supernatant was removed and replaced with 1ml of sterile 

TSB. The phage-coated magnetic beads were dispersed in the TSB in microcentrifuge tubes, 

which were then placed on a New Brunswick Scientific C24 Incubator Shaker (Edison, New 

Jersey) with rotation set at 100 rpm and incubated for an additional 4.5 h at 25ºC. After the 

incubation period, the beads were magnetically captured and the supernatant was removed. 

Bacteriophage titres in the supernatants were determined using both the overlay technique and 

qPCR to detect progeny rV5 phages. The effects of increasing the incubation temperature to 

37ºC and reducing the incubation time to 2.5 h were also investigated. 

 

3.3.8.2.1 Bacteria capture by phage-coated magnetic beads in phage magnetic 

separation assay 
Initial E. coli O157:H7 counts were determined by plating dilutions of the target organism onto 

TSA prior to incubation at 37ºC with the phage-coated magnetic beads. E. coli O157:H7 counts 

were also determined in the supernatants following removal of the phage-coated magnetic beads 

after 20 min. The capture efficiency of the phage-coated magnetic beads was determined by the 

equation: 

 
Efficiency = (Initial E. coli O157:H7 counts - E. coli O157:H7 counts after 20min incubation)  × 100 

Initial E. coli O157:H7 counts 
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3.3.9 Real-time PCR 
Primers (F1 – GTTCCCTGTTGGAACCATTG and R1 – GCCCACACACAAGAAGAACA) 

were selected to amplify a 96 bp unique target sequence in the phage rV5 genome. These primers 

were synthesised by Laboratory Services, University of Guelph, Guelph, ON. The reagents used 

were SYBR Select Mastermix (Applied Biosystems, Life Technologies, Burlington, ON) and 

500 nM of each primer. The total reaction volume was 20 l and included 6 l of the crude 

supernatant obtained after incubation with host bacterium. Real-time PCR was conducted using 

either an ABI Prism 7900HT (Life Technologies) or a Vii A7 Instrument in fast mode (Life 

Technologies). An initial hold step for 10 min at 95ºC was followed by denaturation at 95ºC for 

15 sec and combined annealing and elongation at 60ºC for 1 min. A total of 40 cycles were 

conducted. Cycle threshold (Ct) values obtained when amplification curves crossed the threshold 

limit were compared to the standard curve that was generated using different dilutions of rV5 

and used to quantify progeny phages. The phage titres of the supernatants were also determined 

in parallel using the overlay method.  

 

3.3.10 Statistical Analysis 
The individual experiments were performed in triplicate, unless stated, and each analysis 

conducted in duplicate for both qPCR and phage titre measurements. Three independent 

experiments were performed for phage amplification detection assays conducted at 37ºC and two 

independent experiments were performed for phage magnetic separation assays. Log10 

transformation of the phage titres was performed for statistical analysis. Univariate ANOVA and 

Dunnett two-sided tests were conducted using IBM SPSS Statistics, version 21 software. 

Differences between means were considered as significant at P  0.05. 
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3.4 Results 

3.4.1 Silica beads stability and phage immobilization 
Magnetic silica beads were modified with APTS prior to use for phage immobilization. The zeta 

potential, which is a measure of the electrostatic potential of the bead surface, was measured for 

each batch after modification and periodically while beads were stored in SM buffer. The zeta 

potential of the beads were similar to the initially measured value when the beads were used 

within approximately one to two weeks of their preparation but was observed to decrease over 

time during storage (Table 3.1). 

 

 

Batch Storage Time  Zeta potential/mV 

1 Initial 22.3 

  7 wk 22 

  8.5 wk 5 to 8 

      

2 Initial 25.27 

  2 wk 17 

 

Table 3.1 Zeta potential measurements of APTS modified beads stored in SM buffer at 4ºC.   

 

After overnight immobilization the beads were washed to remove unbound phages and TEM was 

conducted. Phages were observed to be immobilized on the beads with tails visibly protruding 

from the surface of the beads (Fig. 3.1). 
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 Figure 3.1 TEM images of A- APTS modified magnetic silica beads (no phage) B, C - APTS 

  modified magnetic silica beads with immobilized rV5 after washing (arrows  

  pointing to tails). 

 

Phages purified by Centricon and CsCl methods were diluted ten-fold and phage concentrations 

of 10 – 10
10

 pfu/ml were detectable by qPCR.  An inverse relationship was observed between the 

phage titres log10 pfu/ml and Ct values. The results were used to generate a standard curve for 

quantification of phage DNA during the detection assay. (Figs. 3.2, 3.3) 

 

Figure 3.2  Detection of different titres of Centricon-purified rV5 using an ABI Prism 7900HT 

real time PCR Instrument. 
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Figure 3.3 Detection of different titres of cesium chloride purified rV5 using a ViiA7 real time 

PCR Instrument. 

 

Two different titres of Centricon-purified rV5 (10
5
 and 10

9
 pfu/ml) were used for immobilization 

onto APTS modified magnetic silica beads. After immobilization, the washes were collected and 

qPCR was used to detect the phage genome in the combined washes for each experiment. 

Estimated log10 pfu/ml values were obtained by comparison with standard curves generated 

using different titres of rV5 (Fig. 3.2). Results indicated that there was a significant difference (P 

 0.05) between the Ct values obtained from the broth control and the washes from the bead 

samples (using 10
9
 pfu/ml for immobilization) indicating high levels of phages in the washes 

(Table 3.2). Most of the unbound phages were removed during the first five washes. However, 

high levels of phages (10
4
 pfu/ml approximately) were still washed from the beads by the 

thirtieth wash and a significant difference between the Ct values obtained from the control and 

wash 30 was still observed.  This is indicative that even thirty washes were not enough for the 

removal of non-specifically bound phages. Spotting of the washed rV5 beads onto a lawn of host 
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bacterial cells indicated that the beads prepared using 10
9
 pfu/ml for immobilization were highly 

infective since approximately 75% lysis was observed. 

When a phage suspension containing 10
5
 pfu/ml was used for phage immobilization no 

significant difference (P  0.05) was observed for the Ct values obtained from the control and the 

washes for the bead samples indicating low levels of phages in all of the washes (Table 3.3). 

Five washes were therefore sufficient for the removal of most of the non-specifically bound 

phages. Additionally these phage-coated magnetic beads were infective and approximately 25-

50% lysis was observed after 5 washes. 

 

 

# Washes 

Average 

Ct 

Estimated rV5 log 

(pfu/ml) in supernatant 

Infectivity of 

beads 

5 18.92 7.17 4+ 

10 25.48 4.83 4+ 

20 25.23 4.92 4+ 

30 26.00 4.64 4+ 

Control 34.24 1.70 N/A 

 

Table 3.2  Effect of phage titre on phage immobilization efficiency and phage-coated beads 

infectivity. High titre 10
9
 pfu/ml of Centricon-purified rV5 was used for 

immobilization on APTS modified beads then washed. Phages removed after washing 

of phage-coated magnetic beads was detected by qPCR. Infectivity of the washed 

beads was determined by spotting. Bead infectivity determined by degree of lysis: 5+ 

= complete lysis, 4+ 75% lysis, 3+50-75% lysis, 2+  25-50% lysis, 1+ < 25% 

lysis. 
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# Washes 

Average  

Ct 

Estimated rV5 log  

(pfu/ml) in supernatant 

 Infectivity of 

beads 

5 34.37 1.65 2+ 

10 34.37 1.65 + 

20 32.70 2.25 - 

30 35.51 1.25 - 

Control 34.24 1.70  N/A 

 

Table 3.3 Effect of phage titre on phage immobilization efficiency and phage-coated beads 

infectivity. A titre 10
5
 pfu/ml of Centricon-purified rV5 was used for immobilization 

on APTS modified beads then washed. Phages removed after washing of phage-

coated magnetic beads was detected by qPCR. Infectivity of the washed beads was 

determined by spotting. 

 

3.4.2 E. coli O157:H7 detection using immobilized phages 

3.4.2.1 Phage amplification detection assay using immobilized phage 

Detection of different levels of E. coli O157:H7 was investigated by adding 100 l washed, 

phage-coated beads to 900 l of the respective bacterial dilution and incubating for 5 h at either 

25ºC in initial experiments or 37ºC for latter experiments. After incubation the beads containing 

immobilized phages that were not responsible for infection were removed from the supernatant 

using a magnet. Progeny phages were detected by qPCR and by the overlay technique.  

When APTS modified beads were used close to the date of preparation the zeta potential was 

similar to the originally measured high values. However, a decrease in zeta potential occurred 

over storage time and this affected phage immobilization and, consequently, the sensitivity of 

detection. At a low zeta potential of 7 mV for the APTS modified beads, approximately 10 

washes were necessary to remove the high numbers of weakly bound phages. The assay was not 

sensitive enough to detect 10
3
 cfu/ml E. coli O157:H7 (Table 3.4). 
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Estimated bacteria  

Count (cfu/ml) 

rV5 Titre in  

supernatant (pfu/ml) 

 Mean Ct 

value  Ct Std Dev 

1000 1.5E+02 32.37 0.30 

100 1.0E+02 31.80 0.60 

10 1.0E+02 31.66 0.74 

1 5.0E+01 31.31 0.10 

Control 2.0E+02 32.27 0.33 

Immobilized phage dilution – 3.0E+05 pfu/ml  

Infectivity of phage beads – 3+  

 

Table 3.4  Performance of the E. coli O157:H7 phage amplification detection assay when phage 

was immobilized on APTS modified beads with a zeta potential of 7 mV. Phage-

coated magnetic beads were added to different concentrations of bacteria and 

incubated at 25ºC for 5 h. Progeny phages in supernatants were detected by overlay 

and qPCR. 

 

When the zeta potential of the APTS modified beads was 19.8 – 22.3 mV only 5 washes were 

necessary to remove unbound phages resulting in a higher phage immobilization efficiency of 

approximately 99% (Table 3.5). When these phage-coated magnetic beads were used for the 

assay a marked difference in the ability to detect E. coli O157:H7 was observed. Phage 

amplification was observed after the 5 h incubation as demonstrated by lower Ct values and 

slightly higher phage titres when 100-200 cfu/ml of bacteria was used for detection.  The 

detection limit was therefore estimated as 100-200 cfu/ml after incubation at 25ºC. When three 

times the amount of beads was used in combination with incubation at 37ºC an increase in 

phages titres was observed for all bacterial dilutions used in comparison to the control and a 

decrease in the Ct values was also observed compared to the control. Separate statistical analyses 

of individual experimental replicates of the phages titres and the Ct values from three separate 

experiments indicated a detection limit of about 26-50 cfu/ml (P 0.05) based on the phage titres 

and 11-25 cfu/ml based on the Ct values since significantly different results were observed at 
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these bacterial dilutions compared to the control (Table 3.6). The detection limit of 11-25 cfu/ml 

will be considered for this assay based on the expected higher sensitivity of qPCR compared to 

phage enumeration by the overlay assay. Phages were also observed to be dislodged from the 

phage-coated magnetic beads in the control sample based on overlay assay results. 

 

Estimated Bacteria 

count (cfu/ml) 

  rV5 titre 

pfu/ml 

  

Ct Mean 

  

Ct Stdev 

1000-2000 1.50E+04 32.24 0.51 

100-200 7.50E+02 34.95 0.65 

51-100 5.50E+02 36.15 0.85 

26-50 5.50E+02 35.82 0.48 

11-25 3.50E+02 35.72 0.62 

5-10 5.50E+02 36.56 0.65 

Control 4.17E+02 36.03 0.33 

Immobilized Phage dilution – 5.5E+05 pfu/ml 

% Immobilization efficiency – 98.87 

Infectivity of phage beads – 4+ 

 

Table 3.5 Performance of the E. coli O157:H7 phage amplification detection assay when phage 

was immobilized on APTS modified beads with a zeta potential of 19.8 – 22.3 mV. 

Phage-coated magnetic beads were added to different concentrations of bacteria and 

incubated at 25ºC for 5 h. Progeny phages in supernatants were detected by overlay 

and qPCR. 
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Estimated bacteria  

Count (cfu/ml) 

rV5 Titre Log 

pfu/ml 

 

log (pfu/ml) 

stdev 

  

Ct Mean 

  

Ct Stdev 

1000-2000 8.30 0.37 14.09 1.78 

100-200 6.06 0.93 13.18 1.39 

51-100 5.05 0.99 21.56 5.71 

26-50 4.22 1.06 19.95 3.89 

11 - 25 2.92 0.38 29.63 4.84 

5-10 3.11 0.50 31.01 5.95 

Control 2.71 0.27 37.10 2.03 

Immobilized Phage dilution – 5.33E+05 pfu/ml 

% Immobilization efficiency – 98.82 

Infectivity of phage beads – 3+ 

 

Table 3.6 Performance of the E. coli O157:H7 phage amplification detection assay when 

increased bead concentration and a higher incubation temperature were used. Zeta 

potential of APTS modified beads was approximately 19.8 – 22.3 mV. Phage-coated 

magnetic beads were added to different concentrations of bacteria and incubated at 

37ºC for 5 h. Progeny phages in supernatants were detected by overlay and qPCR. 

Results are the average of 3 separate experiments. 

 

3.4.2.2 Phage magnetic separation assay 

Bacterial cell capture using 100 l phage-coated magnetic beads ranged from no capture to 

approximately 19% cell capture in a few instances, therefore the amount of beads used for the 

assay was increased for future experiments.  Detection of E. coli O157:H7 was conducted by 

adding dilutions of the bacterium to a larger amount of washed beads (500 l). An initial 

incubation of 20 min for bacterial capture was followed by separation of the beads into fresh 

TSB to facilitate phage amplification for an additional 4.5 h. The levels of progeny phages 

released at concentrations of bacteria below 25 cfu/ml were undetectable by qPCR (Table 3.7). A 

Ct value of approximately 38 is indicative of approximately 10 pfu/ml or less of rV5, therefore a 

statistically significant Ct value between test and control samples corresponds to 100-200 cfu/ml 
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(P  0.05). The detection limit of 100-200 cfu/ml is based on results from 2 separate 

experiments. Phages were also observed to be dislodged from the phage-coated magnetic beads 

in the control sample based on overlay results. 

 

Estimated bacteria  

Count (cfu/ml) 

rV5 Titre 

log pfu/ml 

Log pfu/ml 

stdev 

  

Ct 

Mean 

  

Ct Stdev 

1000-2000 4.60 0.55 15.04 3.29 

100-200 3.71 0.34 30.01 0.98 

51-100 3.06 0.49 37.91 0.44 

26-50 2.81 0.50 38.09 0.41 

11-25 2.24 1.65 UD NA 

5-10 3.11 0.39 UD NA 

Control 3.26 0.25 UD NA 

Immobilized Phage dilution – 5.33E+05 pfu/ml  

% Immobilization efficiency – 98.82 

% capture efficiency - 22.39 

Infectivity of phage beads – 3+  
UD – Undetected NA – Not applicable 

 

Table 3.7  Performance of the E. coli O157:H7 phage magnetic separation detection assay when 

increased bead concentration and a higher incubation temperature were used. Zeta 

potential of APTS modified beads was approximately 19.8 – 22.3 mV. Phage-coated 

magnetic beads were added to different concentrations of bacteria and incubated at 

37ºC for a 20 min capture and 4.5 h amplification. Progeny phages in supernatants 

were detected by overlay and qPCR. Results are the average of two separate 

experiments. 

 

3.4.2.3 Effect of incubation time for E. coli O157:H7 detection using 

immobilized phages 
The possibility of using a shorter incubation time of 2.5 h compared to the 5 h incubation used 

previously was investigated. Only the highest bacterial concentration (10
3
 cfu/ml) was used for 

this assay. Phage titres determined by the overlay assay indicated similar titres between the 
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control and test sample after 2.5 h incubation for both the phage amplification assay and the 

phage magnetic separation assay. This is indicative of phages being dislodged from the beads 

without phage amplification. 

However, a significant difference in progeny phage titres was observed between the control 

sample containing only initially added phages and the sample containing both phage and bacteria 

for both of the assays after 5 h incubation (Figs. 3.4, 3.5). A 4 log10 pfu/ml increase in phage 

numbers was observed for the phage amplification procedure and a 2 log10 pfu/ml increase was 

observed for the phage magnetic separation procedure. 

 

 
 

Figure 3.4 Effect of 2.5 h and 5 h incubation time for detection of E. coli O157:H7 using 

immobilized phage in a phage amplification assay.  Phage-coated magnetic beads 

were added to 10
3
 cfu/ml bacteria and incubated at 37ºC for 2.5 h and 5 h. Progeny 

phages in supernatants were determined by the overlay assay. 
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Figure 3.5 Effect of 2.5 h and 5 h incubation time for detection of E. coli O157:H7 using 

immobilized phage in phage magnetic separation phage amplification assay. Phage-

coated magnetic beads were added to 10
3
 cfu/ml of bacteria and incubated at 37ºC 

for a 20 min capture followed by a 2 h or 4.5 h incubation period to allow phage 

propagation. Progeny phages in supernatants were detected by the overlay assay. 

 

3.4.2.4 Phage amplification detection assay using free phage 
The effect of phage titre on different concentrations of bacteria was investigated to determine the 

infectivity of the phage-coated beads after 2.5 h or 5 h incubation at 37ºC. Two free phage titres, 

10
3
 and 10

4
 pfu/ml, were used, since approximately 10

4 
pfu/ml of phage were present in the 

assay when phage-coated magnetic beads were used. The detection limit using 10
3
 pfu/ml of 

initially added free phages was 10
3
 cfu/ml of bacteria after 2.5 h incubation since progeny phage 

titres were 4.5 log10 pfu/ml compared to the initially added phage titre of 3.3 log10 pfu/ml in the 

control (Fig. 3.6). No significant difference in phage titres was observed between the other 

bacterial concentrations and the control sample (P 0.05). After 5 h incubation the detection limit 

was 10
2
 cfu/ml of bacteria with progeny phage titres of 4.3 log pfu/ml compared to the initially 

added phage titre of 3.3 log pfu/ml in the control. 
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Similar detection limits was observed in the assay using 10
4
 pfu/ml of initially added free phages 

although higher progeny phage titres were observed (Fig. 3.7). The detection limit was 10
3
 

cfu/ml of bacteria after 2.5 h incubation and yielded progeny phage titres of 5.4 log10 pfu/ml 

compared to 4.3 log10 pfu/ml phages in the control. The detection limit was 10
2
 cfu/ml of E. coli 

O157 after 5 h incubation and yielded progeny phage titres of 5.85 log10 pfu/ml compared to 4.3 

log10 pfu/ml phages in the control. Titres of 10
1
 pfu/ml were not detected due to the high levels 

of initially added phages. 

 

Figure 3.6 Effect of 10
3
 pfu/ml free rV5 phages on 10

3
, 10

2 
and 10

 
cfu/ml of E. coli O157:H7 

after 2.5 h and 5 h incubation. Free phages were added to each bacterial 

concentration and incubated for 2.5 h or 5 h at 37ºC then the progeny phage titres 

were determined. 
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Figure 3.7 Effect of 10
4
 pfu/ml free rV5 phages on 10

3
, 10

2 
and 10

 
cfu/ml of E. coli O157:H7 

after 2.5 h and 5 h incubation. Free phages were added to each bacterial 

concentration and incubated for 2.5 h or 5 h at 37ºC then the progeny phage titres 

were determined. 

 

3.5 Discussion 

 

Rapid detection of E. coli O157:H7 is important for timely intervention by producers and/or 

regulatory agencies to protect the public health. Detection methods based on phage amplification 

using immobilized bacteriophages may offer rapid, specific and sensitive detection of the target 

bacterium.  A phage (rV5) targeting E. coli O157:H7 was immobilized on APTS magnetic beads, 

which were then used to capture and infect target bacteria. Critical factors necessary to develop 

the current phage-based E. coli O157:H7 detection methods are stable phage-bead interactions, 

high phage density on the beads and oriented phage immobilization. 

Phage immobilization could potentially be affected by the presence of host proteins or other 

debris in solution by competition for binding on the beads, therefore affecting the final phage 
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density. Phages used for immobilization were purified by CsCl gradient to remove any 

intracellular or extracellular remnants of the host bacterial cells, which may interfere with 

adsorption of the phages to the beads. Several researchers observed remnants of host flagella in 

phage suspensions used for immobilization on surfaces of surface plasmon resonance (SPR) 

biosensors (Naidoo et al., 2012). They observed that a higher density of phages was immobilized 

on the SPR surfaces after size exclusion chromatography purification compared to 

immobilization using crude phage lysates.  

Oriented immobilization of phages to silica beads by their capsids would leave tail receptors 

available to interact with surface receptors of bacteria, while non-specific adsorption of phages to 

the beads would result in inactivity. Cademartiri et al. (2010) used electrostatic interaction as a 

method for phage immobilization, since they hypothesised that the phages may have inherent 

charge differences between the head and tails. These researchers observed that an increase in the 

positive charge of APTS-modified silica particles facilitated immobilization of infective phages 

by electrostatic interaction. Differences in number of phages bound to the APTS particles were 

observed among the four phages used, which was probably due to the density of charged 

functional groups on the phages.  

The pH used for immobilization of the phages would be a critical factor to facilitate electrostatic 

interaction since protonation and deprotonation of the amine and carboxylic groups of the phage 

particles and amine groups of the APTS substrate would be affected. Phage buffer of pH 6.5 was 

used in our experiments to facilitate protonation of amine groups on the APTS substrate without 

affecting the biological activity of the phages.  Since the isoelectric point (pI) of phage rV5 head 

proteins was predicted to be 5.8 (Kropinski et al., 2013), deprotonation of carboxylic groups on 

the phage capsid was expected, which should encourage electrostatic interaction with the 



114 

 

substrate. However, the pIs of different tail proteins were predicted to be 5.2 – 5.7, which could 

suggest an equal possibility of immobilization by the phage capsid or tails. The possibility of 

oriented phage immobilization by electrostatic interaction for bacterial detection was 

investigated prior to the availability of this published information. 

  

Confirmation of the surface charge of the beads was conducted by zeta potential measurements 

after APTS modification and periodically during storage in phage buffer. The zeta potential of 

the APTS modified beads was observed to decrease over time when they were stored in SM 

buffer prior to use. Decrease of the zeta potential indicates instability of the APTS-bead coating 

and a decrease in the electrostatic potential at the bead surface, which could lead to reduced 

phage immobilization.  This assumption was confirmed since beads with a low zeta potential 

required approximately 10 washes for removal of unbound phages. Also E. coli O157:H7 

detection even at higher (10
3
 cfu/ml) concentrations was not observed; most likely due to the low 

phage density on the beads, which limits their ability to capture bacteria. Correlation between the 

zeta potential and phage immobilization was observed since higher immobilization efficiency 

resulted at higher zeta potentials of the APTS-modified silica magnetic beads and only 5 wash 

steps were sufficient to remove unbound phages. Since low levels of phages were removed with 

5 washes this is indicative of a high immobilization efficiency. Dry beads were therefore 

subsequently stored at 4ºC for future experiments until a resolution could be found to improve 

their stability and limit the effects of reduced surface charge of the beads during storage.  

 

Further optimization of this assay was necessary for the development of the phage-based 

detection assay for E. coli O157:H7. The phage:beads ratio used for bacterial detection is 
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important to ensure phage amplification and not result in “lysis from without” at low bacterial 

concentrations. When the amount of beads that were used initially for phage immobilization was 

increased, an increase in the sensitivity of the assay was observed and the detection limit was 

further decreased when the assay temperature was increased from 25 ºC to 37 ºC. Approximately 

99% phage immobilization efficiency was determined but the phage orientation and therefore the 

amount of infective phages immobilized on the beads are not known. It may be feasible to 

further increase the phage titre used for immobilization to increase the phage density on the 

beads. This approach could potentially reduce the detection time of this assay if increased phage 

infection is facilitated, especially since phage amplification occurred even at lower bacterial 

concentrations.  Tolba et al., (2010) observed oriented phage immobilization efficiencies in the 

range from 60 – 84% when 10
5
 to 10

9
 pfu/ml of genetically modified T4 were immobilized onto 

streptavidin-coated magnetic beads and detection of 800 cfu/ml of E. coli was possible with a 2 h 

total assay time. Their assay was more sensitive than the results presented in this current study 

within a similar time even though an increased latent period and reduced burst size of the 

modified T4 phages were observed. A higher density of oriented phages, which resulted in 

approximately 70% bacterial cell capture, likely contributed to the sensitivity of the assay.  

 

Optimization of the phage concentration required for immobilization should result in a 

monolayer on the surface of the beads. High phage titres in combination with a low amount of 

beads could result in multilayers of phages due to insufficient space for binding, which would 

also require excessive washing for their removal. A high titre of 10
9
 pfu/ml of rV5 and 20 l of 

beads was used for immobilization and approximately 30 washes were necessary for removal of 

non-specifically bound phages. It is likely that more phages would have been released from the 
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beads into the broth during the assay and would have contributed to the signal, therefore 

decreasing the sensitivity of the assay. These beads were not used for detection. A lower phage 

titre of 10
5
 pfu/ml rV5 immobilized on 20 l of beads was chosen instead. Only five wash steps 

were required and fewer phages were removed indicating a higher immobilization efficiency. 

The resultant phage-coated magnetic beads were infective. A detection limit ranging from 

approximately 10
2
 to 10

3 
cfu/ml was observed during separate experiments at 25ºC. However, 

the results were not reproducible so the amount of beads used for the assay was increased and the 

incubation temperature was also increased from 25ºC to 37ºC. 

A significant improvement in the limit of detection from 10
2
 – 10

3
 cfu/ml to 11 - 25 cfu/ml for 

the assay was observed when the bead concentration was increased and a higher incubation 

temperature was used. The standard deviations were high for both assays possibly due to the 

differences in initial bacterial counts, differences in the number of infective immobilized phages, 

and variable adsorption rates for immobilized phages, all of which may have affected the amount 

of progeny phages released. Also control samples, which contained only phage-coated magnetic 

beads resuspended in TSB, were observed to contain approximately 10
2
 pfu/ml of rV5. This 

observation is indicative of phages being dislodged from the beads during the incubation period, 

which will contribute to an increased signal in the test samples. It is anticipated that this will be a 

constant background noise for the test samples and if the signal exceeds this value then the 

presence of the target organism is indicated. Alternatively, immobilization strategies such as 

covalent phage immobilization to reduce the possibility of phages being dislodged from the 

beads can also be considered to reduce this background. 
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The phage amplification detection assay was conducted using free and immobilized rV5 after 2.5 

h incubation to determine the potential of detecting different concentrations of E. coli O157:H7 

in less than the previous time of 5 h required for the assay. This approach was also used to 

determine the infectivity of immobilized phages. Since approximately 10
4
 pfu/ml of immobilized 

rV5 were added to the individual detection reactions approximately 10
3
 - 10

4
 pfu/ml of infective 

phages were anticipated to be present in the assay reaction. Based on this estimate, two different 

concentrations of free phages were used (10
3
 and 10

4
 pfu/ml) for detection. The results indicated 

that only 10
3 

cfu/ml of bacteria could be detected after 2.5 h incubation for both phage titres, 

while the detection limit was 10
2 

cfu/ml after 5 h incubation. The sensitivity of this assay was 

low due to the high numbers of exogenous phages present. However, based on these results, the 

use of immobilized phages should theoretically allow the detection of 10 cfu/ml by facilitating 

the removal of the exogenous phages and increasing the signal. These results were compared to 

those obtained using immobilized phages after 2.5 h incubation. 

 

It was estimated that the amount of infective, immobilized phages used for individual detection 

reactions may be less than 10
3
 pfu/ml. Phage amplification was observed in the presence of free 

phage at levels of 10
3 

pfu/ml and bacterial cell populations of 10
3 

cfu/ml after 2.5 h incubation; 

while no amplification was observed after 2.5 h using approximately 10
4 

pfu/ml immobilized 

phages for the detection of bacteria present at 10
3 

cfu/ml. These results suggest that either phage 

inactivation due to non-specific adsorption may be possible or that adsorption of the immobilized 

phages to the bacteria is slower than that of free phages, possibly due to steric constraints. 

Increased phage density on the beads may increase the infectivity of the beads and potentially the 

sensitivity of the assays.  
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High sensitivity within a short time and specificity is desirable for rapid detection. However, 

phage rV5 has a host range, which encompasses many E. coli species other than E. coli O157:H7 

(Kropinski et al., 2013). Additionally, since phage immobilization and washing of non- 

specifically bound phages had to be conducted prior to each experiment the approximate 8 h 

assay time was increased to about 10 h. If stable phage-coated magnetic beads with an increased 

phage density were produced, extended storage times may be possible and phage immobilization 

and wash steps currently necessary prior to each experiment would be eliminated. It may then be 

possible to substantially reduce the total assay time even though all of the immobilized phages 

may not be infective.  

 

Although our assay requires further optimization it still offers a higher degree of sensitivity than 

another phage amplification detection assay using free phages for the detection of Yersinia pestis 

(Sergueev et al., 2010). The sensitivity of that assay was 10
3
 cfu/ml in 4 h after qPCR detection 

of the phage genome. Higher sensitivity would not be possible due to the high numbers of 

initially added phages (10
5
 pfu/ml). Sensitivity of other phage detection assays using 

immobilized phages for capture were 10
7
 cfu/ml using PCR for bacterial detection after capture 

(Bennett et al., 1997), 10
6
 cfu/ml for detection of bioluminescent S. Enteritidis (Sun et al., 2000) 

and 10
7
 cfu/ml for E. coli detection by surface plasmon resonance (Naidoo et al., 2012). Another 

E. coli O157:H7 detection assay using IMS prior to bacterial detection required a 5 h pre-

enrichment combined with qPCR or cultural methods for detection of approximately 2 cfu/g in 

60-80% of the actual positive samples (Fedio et al., 2011). Although the assays presented in this 

study require further optimization they demonstrated higher sensitivity than the previously 
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published assays, probably due to the high surface area provided by the beads and removal of 

exogenous phages prior to a double amplification of analyte signal. 

 

Conclusion 

Detection of E. coli O157:H7 by phage amplification methods has the potential to provide 

specific, sensitive and rapid results. This study has demonstrated that bacteriophages remain 

infective after electrostatic immobilization on positively charged APTS beads. This high surface 

area biosorbent was used for the successful detection of E. coli O157:H7 in broth within 8 h with 

a detection limit of 11-25 cfu/ml and 100-200 cfu/ml, respectively, for phage amplification and 

phage magnetic separation methods.  

Although numerous aspects of this assay have been successfully optimised it is still necessary to 

conduct future research to further improve the sensitivity and detection time for these E. coli 

O157:H7 detection assays. It may be possible to use phages with narrower host ranges to further 

increase the specificity of detection. Also other pathogens could potentially be detected using 

immobilized phages with this approach. Future research to verify the efficacy of these assays for 

the detection of E. coli O157:H7 and other pathogens in food is necessary. 
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CHAPTER 4 – CONCLUSIONS AND FUTURE RESEARCH 

 

4.1 Thesis Summary and Conclusions 
 

Effective control of food-borne pathogens and their rapid detection in foods are necessary to 

ensure safe foods for consumers. Lytic bacteriophages are capable of targeting their bacterial 

hosts with a high degree of specificity resulting in cell lysis and progeny phage production. This 

natural phenomenon can be utilized for the control and detection of target bacterial pathogens. 

Phage immobilization can reduce the possibility of wastage of phage solutions, development of 

bacterial resistance in the food environment or phage inactivation by sanitizers and cleaning 

agents during application of liquid phage preparations. Additionally, application of liquid phage 

preparations can also cause phages to become trapped within the food matrix. Immobilization 

may also facilitate phage contact with host cells on food surfaces. Use of immobilized phages in 

bacterial pathogen detection can offer development of high surface area biosorbents for bacterial 

capture and increased sensitivity for phage amplification detection assays.  

The specific focus of this study was to develop universal phage immobilization strategies for the 

development of antimicrobial phage-based packaging material and rapid detection methods 

targeting food-borne pathogens. 

 

Successful phage immobilization strategies for the development of phage-based packaging 

materials were achieved by printing and coating of morphologically different phages targeting 

non-pathogenic E. coli, E. coli O157:H7, S. Enteritidis, S. Typhimurium and L. monocytogenes. 

Piezoelectric inkjet printing of phages onto cationic, ColorLok paper resulted in phage-based 

paper that reduced host bacterial counts by approximately 2-3 log10 cfu/ml when the paper was 
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used within one day of preparation. However, the resultant phage-based paper was not infective 

after storage for one month at room temperature in 80-86% RH. Delivery of four times the 

amount of bioink onto the cationic, ColorLok paper by pipetting resulted in retained phage 

infectivity for 3 of the 4 phages under the same storage conditions mentioned previously. The 

phage density was not expected to increase significantly, however, the increase amount of 

glycerol present in the bioink prevented drying of the paper even after the one-month storage. 

Factors such as thermal inactivation, paper porosity, cationic paper coating and humectant use 

contributed to the retention of phage infectivity on paper.  

 

Since various regulatory agencies have granted approval for the use of various phage products in 

food production (Brovko et al., 2012), approval of their incorporation into packaging material is 

anticipated even if low levels of phages migrate into the food. Consumer awareness of the 

benefits of phages for the control of bacterial pathogens is necessary to facilitate their 

commercial application in food products. Consumer concerns should be alleviated since 

negligible amounts of phages are expected to diffuse from the packaging material. 

   

Immobilization of rV5 phages by electrostatic interaction on APTS modified magnetic silica 

beads facilitated highly efficient phage immobilization, and these beads were then used to 

develop a rapid detection method for E. coli O157:H7. The developed phage-coated magnetic 

beads were used for the successful rapid detection of E. coli O157:H7 using two separate double 

amplification methods (phage amplification followed by quantitative real time PCR). A detection 

limit of 11-25 cfu/ml was achieved by a phage amplification assay and 100-200 cfu/ml using a 

phage magnetic separation assay without pre-enrichment within 8 h. Some of the factors 
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observed to contribute to the efficiency of the assay included the stability of the APTS surface 

modified magnetic beads, optimal phage:bead concentration, high efficiency of oriented phage 

immobilization and optimal incubation temperature and time. 

 

Electrostatic immobilization is a pH dependent process since protonation of the amine functional 

groups of the substrate is necessary and the corresponding deprotonation of carboxylic groups of 

the phage capsids are required for oriented phage immobilization. Therefore the inherent charge 

differences between the heads and tails of the phage would affect the overall efficiency of 

immobilization at a specific pH.  

The assays developed by this study provide comparable or better detection limits compared to 

other phage detection assays using immobilized phages (Sun et al., 2000, Naidoo et al., 2012) 

and can provide results in similar or less time needed to generate presumptive results by other 

approved rapid detection methods (Health Canada, 2011, 2012). The lengthy pre-enrichment 

necessary for immunoassays and molecular methods to enhance sensitivity and specificity was 

not required for these assays. However, further improvements in detection time and specificity 

can be achieved with further research. 

 

4.2 Future research 
The immobilization of bacteriophages for both control and detection of bacterial pathogens were 

successfully achieved during this study as the first stage of research in broth cultures under 

permissive assay conditions that were conducive for growth for the host bacterium. The final 

application of these immobilization strategies would require future research in model food 

systems with further optimization to enhance their efficacy. 
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Food trials using the developed bioactive packaging at refrigeration temperatures would 

determine the actual efficacy of the developed phage-based bioactive packaging. Also bioactive 

packaging material should be stable for an extended time period and storage of these materials 

prior to food packaging and during food storage are necessary.  However, since stability studies 

indicated that the phage-based paper was not stable at room temperature under an elevated RH of 

80-86%, it is necessary to either increase the humectant concentration in the bioinks used for 

printing and/or explore the possible use of other humectants. Phages should not be negatively 

affected by the humectants used at the selected concentration. Also increased phage densities of 

the bioactive packaging and the possible use of phage cocktails may further increase the efficacy 

of the developed product. The stability of the selected phages at different temperatures, pH, salt 

concentrations and in the presence of other chemical preservatives and atmospheric conditions 

should be evaluated to determine the possibility of their use in a hurdle approach to control food-

borne pathogens. Production of bioactive packaging on a commercial scale would also require 

improved non-thermal printing and coating technologies for high throughput production of the 

phage based materials, since a lengthy printing process was necessary using the laboratory scale 

piezoelectric printer. Printing and coating of phages onto other substrates used for food 

packaging such as films, meat casings and other paper with low porosity could extend their 

potential applications. This method of phage immobilization to develop phage-based packaging 

could be extended to include many other phages. 

Further improvement of the current detection methods used for E. coli O157:H7 detection would 

require the development of more stable surface-modified magnetic beads to facilitate 

electrostatic immobilization. Surface modifications other than that obtained using APTS could 

possibly be explored since the APTS modified beads were not stable for extended storage time. 
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Also immobilization at higher phage densities may contribute to an increased bacterial capture 

by the phage-coated beads, which could also result in a reduced number of infection cycles 

required and therefore reduced assay time. Use of E. coli O157:H7 specific phages would 

contribute to an increased specificity of the detection assay. The selected phages should ideally 

exhibit short adsorption time, short latent periods and high burst sizes to facilitate the 

development of assays with high specificity and sensitivity, which could be completed in a 

relatively short time; especially since an infection cycle is expected to be completed within 20 – 

60 min. This approach of electrostatic phage immobilization can potentially be used for other 

phages for the detection of other bacterial pathogens of importance for food safety as well as in 

clinical settings. 

 

The research conducted in this study has successfully resulted in the development of universal 

phage immobilization strategies for both the control and detection of food-borne bacterial 

pathogens in broth. Both approaches have the potential of becoming commercially viable 

dependant on their successful application in food systems. 
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