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Lay Abstract 

Antibiotic resistance is rapidly spreading worldwide, leading to a substantial loss of lives 

each year and imposing a significant economic burden. Bacteriophages, natural 

bactericidal viruses, are emerging as a promising solution due to their unique properties. 

This thesis focuses on the practical implementation of bacteriophages to address real-world 

challenges linked to antibiotic resistance. I worked on facilitating the process of selecting 

phages for personalized phage therapy through detecting phage-mediated release of 

bacteria encoded biomolecules. I also developed phage-loaded injectable hydrogels and 

phage-conjugated liquid infused coatings to combat bone and implant-related infections. 

Moreover, I have shown the promise of phage biocontrol beyond biomedical application 

by demonstrating its effectiveness in restoring a heavily biofouled sensor used for 

measuring dissolved oxygen, a critical water quality indicator.  
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Abstract 

The primary goal of this research is to engineer solutions facilitating the utilization of 

bacteriophages as naturally occurring bactericidal agents for combatting multidrug-

resistant (MDR) bacterial infections. Bacteriophages, which are bacterial viruses, represent 

self-replicating antibacterial agents known for their remarkable specificity in targeting 

bacterial cells. This specificity stands in sharp contrast to the indiscriminate and broad-

spectrum actions of many currently employed antimicrobials across various sectors. 

Specificity of bacteriophages is a double-sided sword, often requiring large-scale phage 

hunting and phage biobank screening. This, combined with the lack of a global phage 

biobank can significantly limit access to phage therapeutics. I have developed a rapid, high-

throughput platform focused on the detection of phage-mediated adenosine triphosphate 

(ATP) release via enzymatic ATP bioluminescence assay to identify highly lytic phages 

targeting MDR bacterial pathogens. I also used pullulan-trehalose sugar mixture to 

stabilize the ATP bioluminescence assay components at physiological temperatures. The 

sugar mixture also enhanced the desiccation tolerance of the ATP assay components along 

with phage, enabling the creation of all-inclusive shelf-stable tablets. The resulting tablets 

proved effectiveness and reliability  in tracking phage-mediated bacterial cell lysis, and the 

pullulan-trehalose encapsulation significantly enhanced both the signal and desiccation 

tolerance of the phage and assay components.  

Next, I developed a bi-functional phage delivering nanoclay-based injectable hydrogel that 

can serve as both antibacterial and osteoinductive therapeutic hydrogel for treating bone 

and implant associated infections. The in vitro results for phage-loaded injectable 

hydrogels confirmed strong antimicrobial action against bacterial biofilms, in both biofilm 

prevention and biofilm dispersion challenges. Continuing the phage biomaterials research, 

I also co-developed a combination of phage-collagen conjugated liquid infused coating on 

titanium implant that enhanced osteointegration and was remarkably effective against 

implant-associated infections as a prophylactic measure in vivo. Lastly, and as a proof of 

the utility of phage biocontrol beyond biomedical applications, I demonstrated biofilm 

removal and full signal regeneration for dissolved oxygen (DO) sensors using a phage 

cocktail. 
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Scanning Electron Microscopy images of excised titanium implants for Ti, LIS, and Phage-

LIS groups. e) Kaplan-Meier curve denoting the survival probabilities of each group of 

mice. f) Colony Forming Units (CFU) found in blood samples of mice at the endpoint. g) 

Bacteriophage's Plaque Forming Units (PFU) found in blood samples of mice treated with 
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with the DO sensor, the membranes were incubated with a PA culture for 4 days to form a 
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subsequently lysed to release the new phages into the environment to infect more bacterial 
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Figure 2. (A) Amount of PA biofilm grown in a microtiter plate for the duration of one to 
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(progeny phages), and 4) bacterial lysis (5) and release of new phage into the surrounding 
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and lakes and ground water can become contaminated through environmental factors such 

as heavy rainfalls or flooding or with waste from municipal wastewater, waste from 

industrial plants or factory farms due to treatment deficiencies. Bacteriophages can be used 
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water to houses and industry, the quality of treated drinking water delivered from water 
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resources. Using phages, we can monitor wastewater to catch contamination at the source. 

(4) The efficiency of wastewater treatment process in wastewater treatment plants can be 

monitored to prevent the release and spread of pathogenic bacteria through plant effluents.
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Chapter 1: Objectives and outline 

1.1 Thesis objectives 

This work aims to advance engineering strategies for harnessing bacteriophages as natural 

antibacterial agents for the treatment and prevention of bacterial infections. Initially, the 

thesis emphasizes the creation of comprehensive sugar-based tablets containing phages and 

Adenosine triphosphate (ATP) bioluminescence assay reagents, expediting the phage 

selection process for tailored bacterial eradication in personalized phage therapy. 

Subsequently, two distinct methodologies were explored to harness the potential of phages 

in addressing bone and implant-related infections. Firstly, nanoclay-based phage-loaded 

injectable hydrogels were developed, offering dual functionality in treating and preventing 

infections while simultaneously promoting bone formation. In the second approach, phage-

conjugated liquid-infused coatings were engineered for orthopedic implants, providing 

protection against bacterial infection and biofilm formation through the synergistic effects 

of anti-adhesion liquid-infused coatings and the antibacterial properties of phages. Finally, 

the study also explored the potential of phages in addressing biofouling in marine 

environments. This was demonstrated by the successful use of phage treatments to restore 

heavily biofouled Dissolved Oxygen (DO) sensors. These findings highlight the versatility 

of phage biocontrol which be expanded to a wide range of applications.  

This thesis follows a "sandwich" format, comprising six chapters. Chapter 1 includes the 

objectives and outline, and Chapter 2 provides an introduction to the conducted research. 

Chapters 3 to 6 comprise journal articles, which have either been published, submitted for 

publication, or are in the process of being prepared for submission. Chapter 7 contains the 

concluding remarks and future directions. Appendix I includes a first-author review paper 

depicting the potential of phage in designing detection tools for environmental monitoring. 

Appendix II comprises a second-author review paper focusing on strategies to prevent 

bacterial infection and biofilm formation on Titanium orthopedic implants.  
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Following objectives have been pursued in this thesis:  

1. Expediting the phage selection process with the creation of innovative sugar-based 

phage-ATP bioluminescence assay tablets. 

2. Introducing phage-loaded osteoinductive injectable hydrogels to combat bone and 

implant-related infections. 

3. Developing phage-conjugated liquid-infused surface (LIS) coatings for the 

prevention of biofouling on orthopedic implants, leveraging both phage bactericidal 

properties and LIS repellency. 

4. Extending the antimicrobial potential of phages from the biomedical sector to 

address biofouling challenges in marine environments. 

 

1.2 Thesis outline 

Chapter 1 ï Thesis outline and Objectives 

This chapter explains the objectives of the projects and a brief overview of research 

conducted in each subsequent chapter.  

Chapter 2 ï Introduction 

This chapter provides a concise overview of bacteriophages, delving into their distinctive 

characteristic for biocontrol and human therapeutics. Additionally, it explores the hurdles 

inherent in their application and provides potential solutions. 

Chapter 3 - High throughput platform technology for rapid target identification in 

personalized phage therapy.  

The phage selection process is a critical aspect of phage therapy, necessitated by the high 

specificity of phages in targeting bacterial cells. Adenosine triphosphate (ATP) serves as a 

universal energy source found in all living cells, including bacteria, and can be readily 

detected via a bioluminescence reaction in the presence of luciferin and luciferase enzymes. 

ATP offers a direct means of detecting lytic phages through phage-mediated cell lysis. In 
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this work, we stabilized all the components of the ATP bioluminescence assay, alongside 

each phage, within a sugar-based matrix. Sugars serve to prevent thermo-inactivation and 

desiccation tolerance of enzymes and phage. The all-inclusive desiccated tablets can also 

facilitate the storage and global transport of phages. 

Chapter 4 ï Phage-loaded Injectable hydrogel for treating bone and implant associated 

infection 

Injectable hydrogels are promising biomaterials for drug delivery, tissue engineering, and 

wound healing applications owing to their minimally invasive administration, matching 

irregular defects, and delivering cargo molecules such as growth factors, chemokines, and 

therapeutic drugs. Here, we propose developing multifunctional phage-loaded injectable 

hydrogels based on physical cross-linking of laponite nanoclay and carboxymethyl 

cellulose (CMC). This dual capability makes them promising candidates for addressing 

bone and implant-related infections while simultaneously promoting bone formation. 

Chapter 5 ï Phage-Conjugated Liquid-Infused Implants Prevent Mortality Against an 

Implant-Associated-Infection in a Mouse Mode 

In this context, we propose a synergistic approach by conjugating phage and collagen into 

a liquid-infused coating to deliver dual antibacterial functionality. This approach leverages 

the bacterial cell lysis capabilities of phages while harnessing the surface repellency of the 

liquid-infused coating to prevent bacterial attachment and colonization on the surface of 

orthopedic implants. These surfaces demonstrated promising results in both in vitro and in 

vivo mouse models. 

Chapter 6 ï Regenerating Heavily Biofouled Dissolved Oxygen Sensors using Bacterial 

Viruses 

We have shown the effectiveness of lytic bacteriophages, or bacterial viruses, as a non-

invasive approach to remove bacterial biofilms from the gas-permeable membrane of 

electrochemical dissolved oxygen sensors. Our findings reveal a near-complete restoration 

and signal recovery for the dissolved oxygen sensor, enabling the reuse of the biofouled 
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sensor without the need for harsh chemicals that could damage the delicate sensor 

membrane. 

Chapter 7 ï Conclusions and Future Direction 

This chapter provides concluding remarks by summarizing the primary contributions of 

this thesis and outlining areas for future research. 

Appendix I ï Bacteriophages as Engineering Nano Tools for Monitoring and Detection of 

Pathogen in Water and Wastewater 

In Appendix I, we explore the use of bacteriophages as a unique tool for developing 

detection and monitoring systems for environmental applications, with a specific focus on 

detecting pathogens in water and wastewater. Bacteriophages have garnered significant 

attention in the biomedical sector, but they remain relatively unknown to researchers in 

other fields. The information presented in this chapter provides valuable insights for a 

diverse audience interested in creating detection and monitoring methods that involve the 

application of phages. 

Appendix II ï Strategies to Prevent Bacterial Infections on Titanium-BASED Orthopedic 

and Dental Implants 

In Appendix II, we explored antibacterial strategies to prevent biofilm formation on 

titanium-based orthopedic and dental implants. These strategies fall into two main 

categories: anti-adhesion and bactericidal coatings, both aimed at combating biofouling and 

bacterial infections. We discussed various techniques for surface modification, including 

chemical and physical methods, as well as polymer-based coatings, to create surfaces that 

resist bacterial adhesion and colonization. Furthermore, we investigated the incorporation 

of different bactericidal agents, such as metallic coatings (e.g., Ag, Zinc, copper), 

antibiotics, bactericidal chemicals, polymers, and bacteriophages, into coating strategies 

designed to eliminate bacteria, reduce bacterial load, and decrease virulence. 
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Chapter 2: Introduction  

Preface: This chapter provides a concise background information regarding the global 

antibiotic resistance crisis, followed by introducing bacteriophages as natural bactericidal 

agents and their potential role in combating multidrug-resistant bacterial pathogens. It also 

introduces the utilization of phages for biocontrol and human therapeutics (phage therapy), 

discusses the challenges associated with their use, and explores potential solutions.  

I have published a review paper on the use of phage in biosensing (Appendix I). For 

information regarding applications of phage for bone and implant associated infections, 

please refer to the review paper in Appendix II , ñsection 4.3. bacteriophagesò. 

 

Citations: 

1. Bayat, F., Didar, T. F. & Hosseinidoust, Z. Emerging investigator series: 

bacteriophages as nano engineering tools for quality monitoring and pathogen 

detection in water and wastewater. Environ. Sci. Nano 8, 367ï389 (2021). 

 

- Contribution: I performed the literature review and wrote the original draft. The 

manuscript was revised and approved by Dr. Hosseinidoust and Dr. Didar. 

- Significance: This paper was selected for the Journal cover in recognition of the 

quality and significance of our research. 

- Parts of this review paper has been reproduced and cited in this chapter. 

 

 

2. Villegas M, Bayat F, Kramer T, Schwarz E, Wilson D, Hosseinidoust Z, et al. 

Strategies to Prevent Bacterial Infections on Titanium-Based Orthopedic and Dental 

Implants. ChemRxiv. Cambridge: Cambridge Open Engage; 2023; This content is 

a preprint and has not been peer reviewed. 

 

- Contribution: I contributed to Collecting relevant research papers, articles, and other 

sources, figure design, and writing. Notably, I authored the entire "3.3. 

Bacteriophages" section. 
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2.1 Antimicrobial resistance, a global challenge 

In the early 20th century, Alexander Fleming discovered the first antibiotic, penicillin, when 

mold of Penicillium notatum cleared Staphylococcus aureus (S. aureus) from his plate. In 

1943, penicillin became the first publicly available antibiotic, saving millions of lives 

during the second world war. The advancements that had paved the way to 

commercialization of penicillin, led to the rapid discovery of novel antibiotics over the next 

few decades.1 Despite the initial effectiveness of antibiotics, overuse and misuse of these 

medications led to emergence and spread of antibiotic resistance and once again bacterial 

infections became life-threatening. In 2019, a comprehensive analysis revealed that 

approximately 4.95 million deaths were associated with drug-resistant bacterial infections, 

with 1.27 million directly attributable to bacterial Antimicrobial Resistance (AMR). The 

Centers for Disease Control has identified six primary pathogens responsible for death 

linked with the AMR burden including Escherichia coli, Staphylococcus aureus, Klebsiella 

pneumoniae, Streptococcus pneumoniae, Acinetobacter baumannii, and Pseudomonas 

aeruginosa.2 Despite the critical situation where more and more bacterial pathogens are 

developing resistance towards antibiotics, the discovery of new antibiotics has become very 

slow and extremely costly during the past few decades due to various scientific, economic 

and regulatory obstacles and has not been able to keep up with the high rates of antibacterial 

resistance emergence and spread.3,4 Discovery of new antibiotics takes more than 10 years 

and the overall cost exceeds $1 billion.4 Considering all the above-mentioned hurdles to 

discover new antibiotics, researchers have been investigating alternative options to fight 

against the ongoing life-threatening bacterial AMR. Among different approaches to address 

the continuing crisis of AMR, natural bacteria targeting viruses, known as bacteriophages 

(or phage for short), have garnered considerable attention recently. The application of these 

bacteria targeting viruses as natural antibacterial agents to address the global challenge of 

bacterial AMR will be discussed in more detail throughout this chapter.  

 

2.2 Bacteriophages, natural bactericidal agents  

The alarming rates of antibiotic resistance spread around the world once again has turned 

bacterial infections into a major challenge, leading to increased rates of infection treatment 
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failures.5,6  Bacteriophages, also known as phages for short, are bacterial viruses which 

have been around as antibacterial agents to treat bacterial infections for almost 100 years. 

With increased prevalence of chronic bacterial infections due to spread of antimicrobial 

resistance as a global threat, phages have regained attention after being overshadowed for 

a long time by antibioticsô discovery in 1940s.7,8 These bacteria targeting viruses are the 

most abundant entities on the planet with a population 10 times larger than the bacterial 

population, meaning we have a ready to mine resource in the nature to select suitable phages 

for various applications.9,10 So far, a diverse spectrum of phages with different morphology 

and genetic material (DNA or RNA) from various families and genera have been identified. 

Phages are mainly categorized by the nature of their nucleic acid (genetic material) and 

capsid morphology. Figure 1 shows a few different families of phages. Two of the most 

extensively researched groups of phages include tailed phages, like T4 and T7, and 

filamentous phages, such as M13.11  

 

Figure 1. Phages classified based on morphology and genetic material (double stranded 

DNA: dsDNA, single stranded RNA: ssRNA, and single stranded DNA: ssDNA). (A) tailed 

phages, (B) icosahedral phage, (C) filamentous phage.11  
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Phages, similar to other viruses, are parasites which can replicate by hijacking the bacterial 

replications machinery by injecting their genetic material into bacteria. The overall process 

of phage infection includes adsorption, infection, and release. Phage infection can lead to 

the formation and release of new virions, called progeny phages, in a process called lytic 

life cycle. These phages are called lytic or virulent phages, are the most favorable options 

for applications of phage in biocontrol applications for offering immediate bactericidal 

actions. On the other hand, lysogenic or temperate phage infections can result in either 

inserting the phage's genome into the bacterial host chromosome, forming what is known 

as a prophage, remaining in a dormant state until environmental triggers induce it to enter 

the lytic cycle. Although release of progeny phages leads to bacterial cell death in most 

cases, the release of progeny phages from filamentous phages occurs without causing any 

major disruption to the bacterial cell wall, and this generally non-bactericidal phage 

infection is called chronic infection/cycle. Figure 2 presents different steps of phage 

infection for each of the describes life cycles. 11 
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Figure 2. Different phage replication cycles. (A) The lytic cycle starts by (1) phage 

adsorption, (2) phage genome insertion into bacterial cell, (3) synthesis of new virions 

(progeny phages), and 4) bacterial lysis (5) and release of new phage into the surrounding 

environment. (B) Lysogenic cycle starts with phage adsorption (1) and genome insertion 

(2); however, the phage genome is incorporated into the bacterial genome, forming a 

prophage (3) that is replicated through the bacterial reproduction cycle (4). The lysogenic 

cycle could be induced to start the lytic cycle which ultimately leads to cell lysis (shown 

by the dashed arrow). (C) The phage chronic lifestyle starts with phage adsorption (1) and 

genome insertion (2). After new virions (progeny phages) are synthesized inside the 

bacterial cell (3), they are released without lysing bacterial cells (4). Some chronic phages 

can also adopt a lysogenic lifestyle, in which the phage genome is incorporated into the 

bacterial genome forming a prophage (3ǋ) and is replicated through the bacterial 

reproduction cycle (4ǋ) until the chronic cycle is induced (shown by the dashed arrow).11  
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2.3 Bacteriophage applications for biocontrol and human therapy 

There is a direct relationship between the use of antimicrobials and the AMR spread. 

Antibiotics used in healthcare settings, animal husbandry, agriculture, aquaculture, and 

waste from industrial and domestic activities find their ways to the environment easily, and 

exacerbate the crisis of AMR worldwide.12,13 Besides, in many natural or artificial 

environments, bacterial species form complex and irreversible assemblies called biofilms, 

to protect themselves against the surrounding hazards and to survive in diverse 

environments.14 Biofilms are aggregates of bacterial cells embedded in a self-produced 

polymeric extracellular matrix (ECM) composed of exopolysaccharides (EPS),  

extracellular DNA and proteins15. It has been reported that biofilms show 10 to 1,000 times 

more resistance to antimicrobial treatments compared to planktonic bacteria and are 

extremely hard to eradicate. They could also perform as environmental reservoir of 

antimicrobial resistant genes (ARGs).14,16 The ability to control and eradicate opportunistic 

microorganisms is also important for a large number of industries.17ï19 For instance, 

microbial control in water is of great importance not only to prevent infectious disease 

transmission through contaminated water, but also to reduce the biofouling in water and 

wastewater treatment plants which leads to infrastructure corrosion and water filtration 

membranesô malfunction.20 Plant disease caused by pathogenic microorganisms, including 

more than 200 plant pathogenic bacteria, leads to 10% loss in global food production.21 

Phages as bacteria targeting viruses are natural antibacterial agents. Since the risk of 

antibiotic resistant bacteria as a global menace has raised, phages have regained attention 

globally to target bacterial pathogens in different settings.8 To date, the antibacterial 

potential of phages has been harnessed in diverse applications, spanning from human, 

livestock, and poultry therapeutics to the biocontrol of pathogenic bacteria in food, 

agriculture, aquaculture, water, and wastewater.20,22ï26  

2.3.1 Characteristics of bacteriophages 

Phages have distinctive characteristics that set them apart from other antibacterial agents in 

the treatment of bacterial infections. Apart from their abundance and extensive diversity, 

phages are regarded as self-sustaining antibacterial agents.  This is because their population 

can increase exponentially by infecting the target pathogen and replicating on-site by taking 
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advantage of bacterial reproduction machinery.27 They also offer high specificity in 

attacking bacterial species which helps protect the human microflora by selectively 

targeting troublesome bacteria.28 In contrast, antibiotics have a broader spectrum, affecting 

a wider range of bacterial cell, eradicating both detrimental and beneficial bacteria and 

subsequently disturbing the balance of human microbiota. The imbalanced microbiota has 

been known to cause detrimental health conditions including gastrointestinal diseases, 

obesity, cancer, etc. Additionally, there are also some reports of direct toxic effects of 

antibiotics on host cells and tissue.29 On the other hand, phages are safe and well tolerated 

as they are actually an important part of the microbiome and colonize different parts of 

human body, such as skin, oral cavity, gut, urinary tract and lungs.16 Phages exclusively 

target bacterial cells and to date there has been no report of mammalian cell infection by 

phage. Furthermore, serious adverse events following phage therapy have been reported to 

be non-existent or extremely rare.30,31 However, it is worth mentioning that the interactions 

of phage and human host is very complicated, not comprehensively understood by 

researchers and needs further exploration.32 In addition to the previously mentioned traits, 

certain phages have been documented as potent biofilm eradicators. They achieve this by 

generating endolysins and extracellular polymeric substance (EPS) depolymerases, which 

can disrupt the structural matrix of the biofilm. This disruption creates the potential to 

penetrate the biofilm's inner layers, ultimately enabling the elimination of concealed 

bacteria.33 

2.3.2 History and principles of phage therapy 

Phage therapy was initially introduced in 1900s and is defined as the use phages, bacteria 

targeting viruses, to fight against pathogenic bacteria responsible for infectious 

diseases.34,35 F®lix dôH®relle was the first scientist who used phages as therapeutics to treat  

children with severe dysentery (a gastrointestinal disease) in 1919, 20 years before the first 

clinical use of antibiotics.36 During the 1930s and early 1940s, phage therapeutics were 

being commercialized. d'Herelle started producing five phage therapeutic products in Paris 

at L'Oréal, while Eli Lilly Company in the United States attempted to produce seven phage 

therapeutic preparations. Unfortunately, the latter effort encountered substantial technical 

difficulties and was ultimately discontinued, largely due to the increasing use of antibiotic 
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drugs.10 Although the utilization of phage for treating bacterial infection was eclipsed in 

most parts of the world after the discovery and widespread use of antibiotics in the 1940s, 

it continued to persist in the Soviet Union and Eastern Europe in countries such as Poland 

and Georgia till today.10 The revival of interest in phage therapy in the Western world can 

be attributed to controlled animal studies published in English-language scientific literature 

during the 1980s. In recent years, Western European countries, including Belgium and 

France, have approved the therapeutic applications of phage. In the United States, various 

organizations are in the process of developing phage therapeutics for clinical use, awaiting 

approval from the US Food and Drug Administration.10 Recent FDA-approved "expanded 

access" experimental phage treatments, often referred to as compassionate use, for severely 

ill human patients afflicted by antibiotic-resistant bacterial infections have attracted 

substantial attention.37  

There are two primary approaches to implementing phage therapy: standardized (general) 

and personalized phage therapy. In standardized phage therapy, a phage formula 

comprising a mix of different phages (e.g., phage cocktail) is developed that can address 

the need of a larger population of people infected with a specific bacterium. This approach 

is not restricted to a specific strain of bacteria.38 Considering the fact that most patients 

have different microbiomes, and each infection could be different from the other, this 

approach may not apply to most cases. The other treatment approach that has been shown 

to be more effective is called personalized phage therapy in which the phage formula (single 

or a cocktail of phages) is designed to target the patient's specific infection.39 For decades, 

phage therapy centers like the ones at the Eliava Institute in Tbilisi, Georgia, and in 

Wroclaw, Poland, have implemented a personalized approach to phage therapy. This 

individualized approach is now also being embraced in the United States through 

organizations like Adaptive Phage Therapeutics, Inc.10  

Although there are many benefits associated with high specificity of bacteriophage, this 

trait adds complexity to the process of selecting appropriate phages for therapeutic 

applications. The common steps involved in personalized phage therapy are shown in 

Figure 3. First, the resistant bacterial pathogen is identified and isolated from the patient 

in the hospital. Afterwards, the related phage library is screened to find the suitable 
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phage/phages to attack the target pathogen. It is worth mentioning that this process requires 

high levels of collaboration and communications between research institutes, industry and 

army research centers  as there is still no universal public phage libraries and different 

groups of phage researchers have their own local libraries.38 The selected phage is then 

propagated, purified and sterilized based on FDA guidelines. The phage intended to be used 

as therapeutics should have some specifications such as being strictly lytic, having no sign 

of toxic genes or virulence factors, low levels of chloroform, cesium (left from phage 

purification step), etc. Finally, the phage or phage cocktail is sent to its destination for being 

administered properly (topical, intravenous, transnasal, and oral). If the treatment results 

are not satisfactory, further steps may involve additional phage isolation or phage training 

(i.e., phage evolution and selection), designing phage cocktails and phage and antibiotic 

combinatory treatment. Throughout the treatment process, it is essential to maintain 

ongoing vigilance for the emergence of resistant bacterial isolates and any interference with 

the host's response to treatment.40 

 

Figure 3. Common framework for personalized phage therapy. Antibiotic resistant bacteria 

are isolated from the patient, screened through a phage library, and effective phages are 

identified. Subsequently, the selected phages are produced in high titers and purified to be 

free from endotoxins. In addition, all phages in the library should be lytic without carrying 

any toxic genes.  



Ph.D. Thesis ï Fereshteh Bayat; McMaster University - Biomedical Engineering  

14 

 

 

2.3.3 Different methods for phage susceptibility testing 

Due to high specificity of bacteriophages to bacterial species and even particular strains, 

customizing therapeutic phage cocktails for each patient to target the bacterial strains 

responsible for infection has been shown to be more effective than standardized phage 

cocktails.41 For therapeutic applications, strictly lytic bacteriophages are needed to lyse and 

destroy the bacterial cells. The use of lysogenic phages is not recommended for therapeutic 

applications due their lack of immediate bactericidal effects and their potential involvement 

in horizontal transfer of antibiotic resistance genes and spread of virulence factors.42,43 

There are also a few characteristics of phages that can be considered to maximize the 

therapeutic action of phage including high concentration of phage (known as phage titer), 

shorter latent period (the duration from phage attachment to release of progeny phages), 

large burst size (number of released phages per lytic cycle), and high stability for long term 

storage.44  

Plaque assay is the conventional and commonly used method to enumerate bacteriophage. 

In this methos, mixtures of phages and their corresponding bacterial host cells are mixed 

with molten soft agar and poured onto a nutrient-rich agar layer that supports bacterial 

growth. After overnight incubation (or longer for specific bacteria), the bacteria continue 

to grow until they reach the stationary phase, creating a continuous, opaque layer often 

referred to as a bacterial lawn. In areas where phages are present, the progeny phages 

released from phage infecting the nearby bacteria will create a zone observable by naked 

eye, commonly referred to as a "plaque," within the otherwise continuous bacterial lawn. 

These plaques are quantified, and the concentration or titer of phages is typically expressed 

as the number of plaque-forming units per milliliter (PFU/mL).45,46 Aside from phage 

concentration, the morphology and plaque shapes can provide additional information about 

phage virulency.  

There are various methods available for identifying the target phages to infect bacteria. 

These methods can be broadly classified into two categories: semi-solid medium assays 

and liquid assays.47 Spot test is the most common example of semi-solid medium method 
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in which small volume droplets of phage are spotted over bacterial lawn and incubated for 

extended periods at a temperature suitable for bacteria growth. Although spot test is the 

gold standard method used in microbiology to identify phage infection, it is time-

consuming, inefficient, and labor-intensive. However, it is still commonly used as an initial 

step of identifying target phages in the first round of phage library screening. Liquid assays 

to monitor bacteria lysis as a result of phage infection include tracking the bacteria culture 

turbidity (optical density) as a result of phage lysis28, and bacterial cellular respiration.47 

These methods provide the opportunity to monitor the bacterial growth kinetic under phage 

predation and detect the long term efficacy of phage action, and pick up any secondary rise 

of a phage resistance mutants. The main hurdle of monitoring optical density of a bacteria 

culture is that bacteria cell debris, aggregates and clumps of lysates can contribute to 

turbidity of the culture and affect the results negatively. In addition, it cannot differentiate 

between dead and viable bacteria.47 On the other hand, tracking the metabolic activity of 

bacteria under phage attack is not sensitive to aggregation and cell debris. In this method, 

a color change based on reduction of a redox-sensitive dye, such as tetrazolium, as result 

of bacterial cellular respiration is monitored. The drawbacks of this method are the 

irreversibility of the tetrazolium dye, which may not be able to detect lysis after growth, 

requiring additional compounds, and might be limited to aerobic bacteria.40,48 However, a 

drawback of growth kinetic monitoring using the above-mentioned liquid assays is that 

scaling up demands costly equipment, such as multiple high-throughput robotic plate 

readers.40 In addition to these approaches, detecting the enzymes released as a result of 

phage-mediated cell lysis such as adenylate kinase, adenosine triphosphate (ATP), or ɓ-

galactosidase have been reported for E. coli phages, mainly for biosensing purposes and 

not phage library screening.11,48 

 

2.3.4 Challenges of using phage for biocontrol and human therapeutics  

Despite many cases with successful treatment outcomes, the utilization of phages for 

biocontrol and therapeutic purposes is not without its challenges. The regulatory approval 

process for phage therapy has been complex and time-consuming due to the diversity of 

phages and phage cocktails, co-evolution of phage and its bacterial host, and complicated 
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in vivo behavior. The absence of well-controlled clinical trial data and the presence of 

intricate regulatory frameworks have led to compassionate use on a case-by-case basis for 

patients without a better treatment option.49 Large scale manufacturing of high purity 

phages (e.g. endotoxin <0.5 EU/ml for subcutaneous injections) under current good 

manufacturing practice might be challenging as well.50 Some additional challenges 

associated with phage therapy along with some potential solutions are detailed below.  

Limited spectrum of activity (high specificity).  As discussed in section 2.3.2, high 

specificity of phages can limit their spectrum of activity to infecting a single strain of a 

specific bacterial species. To expand the range of phage activity, it is possible to design 

phage cocktails capable of infecting different strains of the same bacterial species or even 

multiple bacterial species.51 Another common approach to tackle this challenge is 

personalized phage therapy, wherein phages or phage cocktails are carefully selected based 

on the specific infection of a patient through the screening of phage libraries. It is 

noteworthy that certain phages exhibit the ability to infect multiple species or genera 

(polyvalent phages), whereas many phages exhibit specificity towards a single strain or a 

limited number of strains within a bacterial species.52  

Phage activity is dependent on bacterial growth rate. Another critical factor to take into 

account is the bacterial growth rate, as it can significantly impact the efficiency of phage 

infectivity. Phages are essentially bacterial parasites; their replication depends on the 

bacterial replication machinery. As a result, the effectiveness of phage may differ in 

logarithmic and stationary growth phase of bacteria. It is recommended to examine the 

phage infectivity in both logarithmic and stationary states and, ideally, select phages that 

demonstrate effective performance in both stages of bacterial growth.40 

Phage resistance. One of the main hurdles of phage therapy is the development of bacterial 

resistance to phages.44 Utilizing a phage cocktail not only expands the range of phage 

infectivity but also acts as a potential preventive measure against the emergence of phage 

resistance. By having phages targeting different bacterial receptors, and having counter-

defense mechanisms towards phage resistance, the phage cocktail can effectively overcome 

or bypass the defense mechanisms employed by the target bacteria.53 Each phage can 
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employ slightly different infection mechanisms and as a result, bacteria may face a major 

challenge when attempting to prevent all the infection strategies employed by different 

phages. Additionally, phages often bind to crucial surface proteins as receptors. Phages 

carry binding proteins that identify and adhere to sites on the exterior of a bacterial cell. 

They can attach to bacterial structures like pili, flagella, porins, or efflux pumps. There have 

also been reports of phages binding to particular sugar components in lipopolysaccharide 

(LPS).8 The mutation or loss of these receptors may prevent phage attachment but can 

impose a fitness cost on the bacterium and they might experience a reduced fitness, a 

reduction in the expression of that virulence factor, and increased vulnerability to the 

immune system when they develop resistance to phages.54 This selective pressure against 

virulence factors can have several beneficial effects. For example, some virulence factors, 

like capsules, offer a degree of resistance to antibiotics, and hinder phagocytosis by 

macrophages.8 Moreover, selection against other virulence factors that can act as phage 

receptors, such as adhesins, pili, or secretion systems, may prevent bacterial attachment and 

the invasion of epithelial cells. Similarly, phages that use an antibiotic efflux pump for 

infection can drive a reduction in the expression of the efflux pump, making the bacteria 

more susceptible to antibiotics that were previously being pumped out.8 This leads us to the 

alternative approach for addressing phage resistance, which involves employing a 

combination therapy using both phages and antibiotics simultaneously.55 If selected 

carefully, phage treatment of antibiotic-resistant bacteria can potentially restore their 

sensitivity to the antibiotic through above-mentioned mechanisms.56 

Phage neutralization. Another challenge in the effective implementation of phage therapy 

is the risk of neutralization or elimination within the in vivo environment, attributed to 

factors such as extreme pH or immune responses.48 Phages can be delivered to infection 

site either in saline/buffer-based solutions, or immobilized/encapsulated into 

nano/biomaterials. While the latter is less common, incorporating biomaterials could 

provide opportunities for developing multifunctional biomaterials that can serve for more 

than just bactericidal purposes. There are a range of biomaterials and coatings that can be 

combined with phage as natural bactericidal agent to offer additional functionalities 

attributed to the implemented bio/nanomaterial. Bio/nano materials could offer unique 
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properties including promoting cell proliferation/adhesion, osteoinductive properties, 

hemostatic effects, controlled release profile, etc. Phages can be immobilized onto the 

surface of medical devices such as grafts and implants using physical or chemical 

immobilization techniques. Different types of nano-biomaterials in various shapes and 

forms including hydrogels, nanoparticles, nanovesicles, nanofibers, etc. can be used to 

encapsulate/immobilize phage.57ï59 These methods can retain the phage for longer at the 

site of infection by increasing its stability by protecting it against harsh pH conditions, 

enzymatic and immune system neutralization and clearance.57   

Complicated pharmacokinetics. There are significant complexities associated with 

pharmacokinetics (how the body processes phages) utilizing phage therapy to combat 

bacterial infections in both animals and humans. Pharmacokinetic obstacles are internal 

factors that impede a drug's ability to reach and sustain effective concentrations in specific 

target tissues for a sufficient duration. These obstacles are traditionally categorized into 

absorption (entry into the bloodstream), distribution (movement into various body tissues 

from the bloodstream), excretion (drug removal from the body), and metabolism 

(inactivation of drugs within the body). "Phage clearance," a collective term for excretion 

and metabolism, can present a significant challenge in the context of phage therapy. 

Shortcomings in phage absorption, dispersion, or overly rapid elimination or deactivation 

can impede the effectiveness of phage therapy.60 For phages to act as effective antibacterial 

agents, they must first reach the target bacteria in adequate quantities. The route of this 

movement can vary in complexity; it may be straightforward, as in some topical 

applications, or more intricate, especially in the context of systemic phage application 

targeting bacteria in non-blood tissues.60,61  When phages are administered through 

injections (parenteral) or orally, they primarily enter the bloodstream. The parenteral route 

is expected to be more efficient in terms of absorption, reducing the risk of phage loss 

compared to oral delivery. When administered orally, phages have to navigate the complex 

environment of the gastrointestinal tract. On the other hand, topical application minimizes 

losses in absorption and distribution, which enhances the antibacterial effectiveness of 

phages. Another method involves directly injecting phages into infection sites, further 

minimizing losses.62 
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2.4 Conclusion 

Phages are one of the promising antibacterial agents in the era of global spread of AMR. 

These abundant natural bacteria-targeting viruses are easily accessible in the environment, 

and can be identified and propagated by processing various types of environmental 

samples, such as water, sewage, soil, etc. Phages have unique characteristics such as high 

specificity, self-dosing, and are generally safe and well-tolerated by humans and animals. 

Although several successful phage therapy cases in treating a wide range of infections in 

different body parts have been reported so far, there are complexities associated with their 

utilizations and needs to be explored and circumvented. The intricate pharmacodynamics 

and pharmacokinetics of phages have posed challenges for regulatory approval and 

extended use; however, several phage therapy centers are implementing these viruses to 

save lives through compassionate use in patients with severe antibiotic resistance 

infections. Incorporating phages into different biomedical engineering designs could 

contribute effectively to enhancing their performance. Specifically, proposing new ways of 

stabilizing phages, encapsulating phage into biomaterials, and immobilizing them on the 

surface of biomedical devices are some of the aspects that can be engineered to facilitate 

their incorporation in real-life applications.  

In the following chapters, I have explored various applications of phages in biocontrol and 

therapeutics. My PhD research encompasses the following projects: the development of a 

novel approach for phage susceptibility testing using an ATP bioluminescence (Chapter 3), 

the creation of a phage-loaded injectable hydrogel for addressing bone and implant-

associated infections (Chapter 4), the utilization of phage-conjugated liquid-infused 

coatings on titanium implants (Chapter 5), and the eradication of biofilms from the surface 

of dissolved oxygen sensors (Chapter 6). In Appendix I, you will find my review paper 

discussing the general properties of phages and their potential application in biosensors for 

environmental monitoring. Appendix II delves into various antibacterial coatings for 

titanium implants, including the potential incorporation of phages as natural antibacterial 

agents.  
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Chapter 3: High throughput platform technology for rapid target identification in 

personalized phage therapy 

Preface: In this chapter, a tablet-based system has been developed to facilitate and 

accelerate the process of target phage identification for personalized phage therapy. In this 

method the ATP released as a result of phage-mediated cell lysis has been implemented to 

track the lytic activity of phages. In order to enhance the thermal stability of the ATP assay 

components, namely luciferase and its substrate luciferin, a sugar mix comprising pullulan 

and trehalose has been used. Finally, dry sugar-based tablets containing phage, ATP assay 

components, and phage have been developed to improve the shelf stability at room 

temperature and ease up the transportation process of the local phage libraries globally.  

Contribution: I conducted the experiments, analyzed the results, and wrote the original 

draft of the manuscript. Arwa Hilal contributed to phage propagation and enumeration and 

metabolic activity measurements using XTT assay. Mathura Thirugnanasampanthar has 

contributed to optimizing the XTT assay protocol used in this study. The SEM and TEM 

imaging was conducted at Canadian Center for Electron Microscopy (CCEM). Carmen 

Andrei helped with TEM imaging of the samples. Dr. Tohid Didar and Dr. Zeinab 

Hosseinidoust conceptualized and supervised the project. Dr. Zeinab Hosseinidoust revised 

the manuscript. Dr. Carlos D. M. Filipe provided scientific support. All the authors read 

and approved the final version.   
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3.1 Abstract 

As bacteriophages continue to gain regulatory approval for personalized human therapy 

against antibiotic-resistant infections, there is a clear need for transformative technologies 

that address century-old challenges, specifically for rapid target identification through 

multiple, large, decentralized therapeutic phages libraries. Combining materials technology 

and biochemistry, we designed a high throughput phage screening platform comprised of a 

library of shelf-stable, ready-to-use, portable, all-inclusive solid tablets. Each tablet 

encapsulates phage along with the biochemistry of detection, stabilized in a matrix of sugar 

polymers that confer heat stability to detection enzymes, increasing the generated 

bioluminescence signal by ~90 % and allowing for phage susceptibility screening in as low 

as 30 mins, as well as enhancing desiccation tolerance of all components, promising easier 

and cheaper transportation of this technology around the world and as a result, increased 

accessibility to therapeutic phage. High throughput screening was demonstrated using an 

in-house library of all-inclusive solid tablets to identify target phages for selecting 

multidrug-resistant clinical isolates of Pseudomonas aeruginosa within 30 mins. This 

technology is a paradigm shift from the century-old, slow, and labor-intensive plaque assay, 

offering the promise of enhanced accessibility and potentially lowering mortality rates for 

patients with antibiotic-resistant infections through rapid personalized phage therapy.  

 

Keywords: healthcare accessibility, antibiotic resistance, phage susceptibility, as, point-

of-care 
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3.2 Introduction  

The spread of antimicrobial resistance (AMR) is considered a major global challenge, 

claiming more than 700,000 lives per year, with a projected death toll of 10 million by 

2050.1 The looming global crisis of AMR and urgency to identify new therapeutics to fight 

against acute and chronic bacterial infections has garnered the attention of researchers, 

clinicians, and regulatory bodies towards bacteriophage therapy (i.e., the use of 

bacteriophages to fight bacterial infections). Bacteriophages, or phages for short, are 

viruses that exclusively infect bacteria in a highly targeted manner.2 This targeted killing 

action is in stark contrast to the indiscriminate sledge-hammer action of antibiotics and is a 

major advantage of phages over antibiotics, promising minimal disruption to our precious 

microbiota,3ï5 while simultaneously challenging decades of experience in development of 

antimicrobial therapies.  

Phage therapy relies on century-old methods that while adequate for phage research labs, 

fall short when a human life hangs in the balance. Design and administration of phage 

therapeutics requires a fundamental shift in the way we think about antimicrobial therapies 

as well as a collection of custom-designed tools and technologies that meet the standard of 

care in modern medicine. One of the challenges in clinical practice of phage therapy is that 

owing to the targeted action of phage, human phage therapy is most effective when 

implemented as a personalized therapy, as demonstrated by an increasing number of 

clinical case reports.5ï7 Personalized phage therapy begins with isolating bacteria deemed 

to be resistant to all available antibiotics and screening the antibiotic-resistant bacterial 

isolate against large libraries of therapeutic phage and/or libraries of environmental samples 

expected to contain phage (Figure 1A-i). These libraries can contain hundreds of phages 

and thus require susceptibility profiling technologies that can be implemented rapidly and 

in a high throughput format. The current gold standard in susceptibility testing, which has 

remained unchanged for over a century, is the spot test,8 a culture-based method which 

involves a long incubation period of overnight to several days (Figure 1A-ii ).9 Although 

widely used in research labs, the spot test method is laborious, slow, and not amenable to 

high throughput implementation. The second challenge is that a universal phage library is 
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nonexistent and patients, researchers and clinicians pursuing phage therapy depend on 

libraries maintained by local and, in very few cases, national or military research labs.3 

Successful implementation of personalized phage therapy therefore requires streamlined 

communication and sharing between curators of small and large phage libraries at the 

national and international level.10 We envision a platform technology that addresses both 

aforementioned challenges in personalized phage therapy, namely a reliable high 

throughput technology that can be implemented rapidly with shelf-stable and portable assay 

reagents that can be readily shipped around the world to be employed at the point of care 

with minimal infrastructure or training. To meet these design criteria, we re-imagined a 

therapeutic phage library in the physical format of stable and all-inclusive solid tablets, 

each tablet encapsulating a stock phage along with the biochemistry of detection (Figure 

1A-iii ).  

Plaque assay is the conventional and commonly used method to evaluate the phage 

infection of bacterial cells. In plaque assay, the formation of clear zones called plaques on 

a lawn of bacteria is monitored. As a result of phage lysing bacterial cells and release of 

progeny phages, these clear zones are formed9. However, this process is time-consuming, 

expensive, laborious, and not scalable for high throughput screening.  Liquid assays to 

monitor bacteria lysis as a result of phage infection include tracking the bacteria culture 

turbidity (optical density) as a result of phage lysis11, and phenotypic/metabolic analysis. 

The main hurdle of monitoring optical density of a bacteria culture is that bacteria cell 

debris can contribute to turbidity of the culture and affect the results negatively. The 

phenotypic/metabolic microarray assays have gained much attention recently and can be 

used to analyze properties related to phenotypes, namely cell growth and respiration.12 

However, these assays are detecting the phage-mediated bacterial cell lysis indirectly. We 

built our technology based on detection of released adenosine triphosphate (ATP) during 

phage-mediated bacteria lysis (Figure 1B) by overcoming two major barriers in 

biochemistry of detection. ATP can be readily detected with firefly luciferase, 13 which is 

a heat labile enzyme and quickly deactivated at temperatures above 30ºC.14 For human 

therapeutic applications, however, lytic activity of bacteriophages must be detected at 37ºC, 

which is optimal for metabolic activity of clinical bacterial isolates and thus for phage lytic 



Ph.D. Thesis ï Fereshteh Bayat; McMaster University - Biomedical Engineering  

28 

 

action. In addition, commercially available ATP detection assays require stagewise 

addition of reaction components, complicating high throughput implementation.  

To overcome these barriers in detection, we utilized materials technology and stabilized 

and encapsulated all reagents required for ATP detection along with each phage in a sugar-

based matrix that prevented thermo-inactivation of enzymes. Optimizing the biochemical 

rection in the presence of this matrix enabled realization of a hassle-free, one-pot 

biochemical reaction, stabilized in the form of a solid tablet that preserved the activity of 

enzymes at physiological temperatures and the activity of phage along with the enzymes 

under desiccation. The latter promises easier and cheaper transportation around the world 

and as a result, easier screening of decentralized phage libraries and increased accessibility 

to phage therapy. We demonstrated the utility of this platform technology for high 

throughput implementation by phage susceptibility screening of selected multidrug-

resistant clinical isolates of Pseudomonas aeruginosa from an in-house library. 

3.3 Results and discussion 

3.3.1 Phage-mediated bacteria lysis  

To develop a one-tablet assay based on detection of phage-mediated lysis, we selected three 

phages from our in-house phage library with different levels of bacteria lysis ability. 

Bacteriophages vB_Pae-Tbilisi32 (P32), JG004, and PP7 were propagated using the host 

bacterial strain, P. aeruginosa PAO1 (Pa). Transmission Electron micrographs of the three 

phages are shown in Figure 1C. P32 belongs to the Podoviridae family and has a very short 

tail (Figure 1C-i).15 JG004 is a tailed Myoviridae phage,16 with an isometric head and a 

contractile tail (Figure 1C-iii) . PP7 belongs to Leviviridae family and has an icosahedral 

capsid with an approximate diameter of 30 nm (Figure 1C-v).17 Figure 1C also depicts 

plaques generated by each of the three phages on Pa bacterial lawn, indicative of the ability 

of these phages to successfully infect and lyse Pa. A phage plaque is a clearing caused by 

phage-mediated killing of bacteria, usually cultured as a lawn on a semi-solid agar-

matrix.18,19 Plaque morphology can provide qualitative yet important information regarding 

phage characteristics. For example, larger plaques are usually indicative of a larger burst 

size (number of progeny phages released from the infection of a single bacterial cell)20 and 
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shorter latent period (period between phage adsorption and release of progeny virions).21 

As seen in Figure 1C-ii , P32 generates the largest plaque, followed by JG004 (Figure 1C-

iv), and then PP7 (Figure 1C-vi). To further characterize phage-mediated bacteria lysis, 

we generated kinetic kill curves which showed the change in metabolic activity of bacterial 

culture challenged with the three phages, using the XTT colorimetric assay (Figure 1D).  



Ph.D. Thesis ï Fereshteh Bayat; McMaster University - Biomedical Engineering  

30 

 

 

Figure 1. (A) Personalized phage therapy. The first step in personalized phage therapy is 

isolation of treatment-resistant bacterial strain from patient (i), followed by employing slow 

culture-based, spot test method to screen and select therapeutic phages (ii). We propose a 

single-tablet technology for rapid, high-throughput screening of therapeutic phages (iii). 

(B) Phage-mediated ATP release and detection. Phage-mediated lysis of bacterial cell starts 



Ph.D. Thesis ï Fereshteh Bayat; McMaster University - Biomedical Engineering  

31 

 

when a phage virion encounters the host cell and attaches to specific phage receptors (i), 

this is followed by phage genome insertion into the host bacteria (ii). This starts a cascade 

of events leading to hijacking of bacteria replication machinery for synthesis of new 

progeny phage(iii), which ultimately leads to host cell lysis (iv), and release of progeny 

virions along with a burst of ATP (v). ATP reacts with luciferin to form luciferin adenylate, 

which is oxidized by the luciferase enzyme in the presence of magnesium to form 

oxyluciferin, CO2 and adenosine monophosphate (AMP), which results in light emission 

(vi). (C) Transmission electron micrographs of P32 (i), JG004 (iii), and PP7 (v). Plaque 

formation on Pa lawns created by P32 (ii), JG004 (iv), and PP7 (vi). (D) Metabolic activity 

of uninfected and infected (MOI = 10, 1, 0.1, 0.01, 0.001) Pa cultures (n=3, mean ± SD). 

All reported values are the mean of three biological replicates and associated error bars 

shown as dashed lines represent standard deviation from the mean. 

 

Pa was infected at different MOIs (multiplicity of infection, commonly defined as the ratio 

of infectious virions to bacterial cells in a culture).22 For all experiments, starting 

concentration of bacteria was kept constant (~ 107 CFU/mL). Both P32 and JG004 (Figure 

1D-i, ii ) significantly suppressed bacterial growth, as indicated by a low metabolic activity. 

The decrease in bacterial metabolic activity was slower by at lower MOIs, as expected. It 

is noteworthy that although PP7 formed visible plaques on Pa lawns, it did not show 

effective bacterial growth suppression (Figure 1D-iii) . These trends agree with Pa kill 

curves based on optical density Pa (Figure S1) and highlight a very important bias of the 

current gold standard method in phage susceptibility testing, specifically as it pertains to 

phage application for therapy and biocontrol that a clearing on a bacterial lawn (plaque or 

spot test) does not necessarily signal the ability of a phage to control the population of 

bacteria in a liquid culture, and as some studies have indicated, in in vivo models.23 

It is important to note here that phages have three different lifecycles, namely lytic, 

lysogenic, and chronic (Figure S2). Through the lytic lifecycle (Figure S2A) a 

bacteriophage can lyse and destroy a bacterial cell in as short as ~20 minutes, leading to 

release of a range of biomolecules in addition to hundreds progeny phage.24 Regulatory 

agencies have historically only approved strictly lytic phages for human therapeutic use 

and environmental biocontrol because of outstanding concerns regarding horizontal gene 

transfer through the lysogenic lifecycle (Figure S2B, C).25 Keeping in mind that our aim 

was to screen phage libraries for phages with therapeutic potential, in this work we focused 

on detection of phages capable of bacterial lysis.  
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3.3.2 Increasing signal-to-noise ratio and end-point detection of phage-mediated 

bacteria lysis  

The next step towards realizing the high throughput, one-pot detection of phage-mediated 

bacteria lysis was to filter out the background signal. Phage stocks are obtained through the 

infection and lysis of bacterial cells leading to the release of progeny phages along with 

other intracellular components, including ATP. Therefore, we hypothesized that phage 

suspensions must be treated to reduce residual ATP molecules which can otherwise give 

rise to a strong background signal. The goal was to diminish the background bioluminescent 

signal at time zero, i.e., at the point of phage addition to the bacterial culture, which would 

in turn decrease the assay time and allow a signal to be discernable as soon as phage-

mediated lysis of bacterial cells occurs. Figure S3A shows the background 

bioluminescence signal in phage suspensions at different stages of purification (including 

sterile filtration with 0.2 ɛm filters, PEG purification, supernatant and filtrate of ultra-

filtration with 10 KDa and 3 KDa filters) and after diluting phage in culture media. After 

PEG purification, the ATP concentration decreased significantly; however, ultrafiltration 

with 3 KDa filters failed to reduce ATP levels. As shown in Figure S3B, simply diluting 

concentrated phage suspensions in cell media was found to be equally effective for reducing 

background ATP signal as the labor-intensive PEG purification technique. Based on these 

results, we used the dilution method to reduce background bioluminescence signal and 

recommend dilution for preparing large phage libraries. While the dilution method reduced 

the signal, it did not eliminate the signal and so the background bioluminescence signal due 

to residual ATP was deducted from the data for better visualization of the signal resulting 

from phage-induced ATP release.  

For end point detection of phage lysis, each phage was mixed with a culture of host bacteria 

at physiological temperature. Aliquots were collected periodically and added to ATP assay 

reagents in a stagewise manner at room temperature, before measuring the bioluminescence 

signal (Figure 2A). Exponentially growing bacteria were infected with phage at MOIs of 

10, 1, 0.1, 0.01, 0.001. Figures 2B-F show ATP release as a result of phage-mediated lysis, 

measured over a 3-hr period. At MOI~10, bioluminescence signal was detected within 30 

mins after the addition of P32 or JG004 to the bacterial culture (Figure 2B). At lower MOIs 

(lower phage to bacterial cell ratio), bioluminescence signal became detectable at later time 
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points. The phage with the weakest lytic activity, PP7, showed significant bioluminescence 

signal only at MOI=10 and after 60 to 120 mins, while at lower MOIs, the signal was not 

significantly different from the control, uninfected Pa, demonstrating the ability of the assay 

in endpoint format at physiological temperature to differentiate strong and week lytic 

activity. Another trend to note is that for P32 and JG004 phages at MOIs of 0.01 and 0.001 

(Figure 2E, F), the signal intensity at the end of 3 hrs was visibly higher than the same 

timepoint at MOI=10. This can be explained by the lower number of phages at the 

beginning of infection, which provides enough times for bacterial cells to grow and increase 

their population, leading to higher bacterial concentration which can be infected and release 

ATP at later timepoints. Figure 2G clearly shows the overall trend that the minimum time 

to detect a signal that is significantly higher than the control decreased with increase of 

phage to bacteria ratio or MOI. 

Another noteworthy trend and one that is of high significance for real-life application of 

phage is that even at very low phage to bacteria ratio of 1:1000 (MOI=0.001), signal 

intensity from phage infected samples is significantly different from uninfected samples 2 

hrs post-infection (Figure 2F). This shows the ability of the ATP detection biochemistry 

to discriminate between phage-mediated lysis and bacterial autolysis at very low phage to 

bacterial cell ratios. It is important to keep in mind that the concentration of phages curated 

in libraries is quantified in terms of plaque forming units, which reflects the number of 

infective particles capable of infecting the known host bacteria used to propagate the library 

phages at the stage of making the library. When screening for therapeutic phages against 

an unknown strain of bacteria (e.g., a multidrug resistant clinical or environmental isolate), 

the number of infective particles against this unknown strain may be orders of magnitude 

lower than the original host strain, a concept known as efficiency of plaquing.26 Therefore, 

demonstrating that any susceptibility profiling technique works at low MOI and thus low 

efficacy of plaquing, is critical for real-life applications.  



Ph.D. Thesis ï Fereshteh Bayat; McMaster University - Biomedical Engineering  

34 

 

 

Figure 2. (A) Workflow schematic. Bacterial cultures were infected with phage at different 

concentration (i) and incubated at 37ºC (ii), at different time intervals, ATP was measured 

at room temperature by adding ATP reagent solution which contains luciferin and luciferase 

as main components (iii), and bioluminescence signal was measured (iv). Concentration of 

ATP was calculated for bioluminescence signal measured from Pa infected with P32, 
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JG004, and PP7 at different MOIs: (B) MOI = 10, (C) MOI = 1, (D) MOI = 0.1, (E) MOI 

= 0.01, (F) MOI = 0.001. All reported values are the mean of three biological replicates and 

associated error bars represent standard deviation from the mean. Significance levels 

include *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. 

3.3.3 One-pot biochemistry for detection of phage lytic activity  

End-point detection of phage-mediated bacteria lysis involves periodic sampling of 

bacterial cultures, mixing with ATP reagents at room temperature, before measuring the 

bioluminescence signal. This technique is time-consuming and laborious, making it 

incompatible for high throughput screening applications. A one-pot format in which assay 

reagents are mixed with bacterial cultures at the start of phage infection cycle (Figure 3A-

i) is therefore a more desirable and practical approach when designing a high throughput 

screening technology. Figure 3A-ii  shows the bioluminescence kinetic curve for cultures 

infected with P32 and JG003 at MOI=10 in a one-pot format. Notably, a detectable signal 

appears ~30 mins post infection and peaks at 60 mins. Thereafter, the signal decays quickly 

until it becomes undetectable ~ 4 hrs post-infection. Signal detected from cultures infected 

with PP7, known to have weak lytic activity, was indistinguishable from uninfected cultures 

(Figure 3A-ii ). The major shortcoming of the one-pot biochemistry of ATP detection, 

however, was that the bioluminescence signal produced under these conditions started to 

decay after 1 hr (Figure 3A-ii ). The signal decay is a result of thermal inactivation of 

luciferin and luciferase at 37ºC, which can decrease assay fidelity, resulting in false 

negatives. 

Despite the heat deactivation of luciferase, our data show that the one-pot format not only 

discriminates between uninfected and infected cultures but can also differentiate between 

strong (P32), moderate (JG004), and weak (PP7) lytic activity of different phages even at 

lower concentration of phage (lower MOIs) (Figure 3B). This capability to resolve lytic 

activity makes our method as powerful as the gold standard plaque assay, which has 

remained unchallenged for over a century, while offering the obvious advantage of being 

amenable to high throughout format. A re-examination of Figure 1C (ii, iv, and vi) shows 

that the plaque morphology for each phage, which shows the combined effect of phage 

burst size and latent period and is thus a good indicator (although not the only indicator) 

for phage biocontrol efficacy, agrees with the trends observed in Figure 3A-ii and B.  
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Latent periods and burst size of phages are two of the phage characteristics which are 

commonly used to evaluate the phage virulency.27 P32 is reported to have a 20-minute 

latent period and a burst size of 210 progeny phages on P. aeruginosa. 15 JG004 is reported 

to have a 31-minute latent period and a burst size of 13 progeny phages P. aeruginosa. 16 

Latent period and burst size numbers may vary depending on host bacterial strain, stage of 

bacterial growth, and nutrient source; however, the general trend should hold. Figure 3A-

ii  shows 25-30 mins are required from the time of phage addition to the time to detect 

bioluminescence signal, which matches closely with the latent period of P32 and JG004.20 

As seen in Figure 3A-ii , the time to peak signal decreases as concentration of phage 

increases (higher MOIs) as expected. Additionally, the phage burst size appears to correlate 

with the intensity of peak signal, with P32 generating a stronger peak signal as compared 

to JG004 (Figure 3A-ii) . Taken altogether, these findings confirm the feasibility of the one-

pot chemistry for the detection of phage-mediated cell lysis and thus showing promise to 

form the basis of a high throughput susceptibility profiling technology.  

 

Figure 3. (A) One-pot ATP bioluminescence assay. Workflow schematic (i) which 

includes adding all ATP bioluminescence assay reagents (luciferin and luciferin as major 

components) and phage, followed by adding bacterial suspension and incubating the plate 

at 37ºC for real-time measurement of phage-induced ATP release. Kinetic ATP 

measurement for Pa infected with P32, JG004, and PP7 at MOI = 10 and uninfected Pa (ii). 

Time to peak signal for P32 and JG004 at different MOIs (iii) (B) Signal at peak for Pa 

A

B
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cultures infected with P32, JG004, and PP7 at different MOIs including (i) MOI=10, (ii) 

MOI=1, (iii) MOI=0.1, (iv) MOI=0.01, (v) MOI=0.001. All reported values are the mean 

of three biological replicates.  

3.3.4 Optimizing detection of phage-mediated lysis in a stabilizing sugar polymer 

matrix  

The next step towards a reliable susceptibility assay was to address the rapid enzyme 

deactivation at physiological temperatures. To address this challenge, we selected pullulan, 

based on previously reported thermo-protective effects towards biomolecules,29,30  and 

trehalose based on reported desiccation protection towards viruses.31,32 Pullulan and 

trehalose were added to a mixture of phage suspension and lyophilized ATP detection 

reagents and homogenized before the addition of bacteria (Figure 4A). As shown in Figure 

4D, a discernable signal appeared 25-30 mins after all assay components were mixed with 

the bacterial suspension. Time to signal detection in the presence of the sugar mixture was 

comparable to the sugar-free mixture (Figure 3B, C). This confirmed that the addition of 

sugar polymers did not interfere with the function of assay reagents or with phage 

infectivity. Moreover, addition of sugars did not significantly affect the peak 

bioluminescence signal, whereas the signal at 6 hours post infection in cultures infected 

with P32 (Figure 4B) and JG004 (Figure 4C) containing pullulan-trehalose mixture was 

~ 99% and 95% higher, respectively, than the negative control. In summary, addition of 

pullulan-trehalose to the mixture stabilized the assay signal and significantly reduced signal 

decay.  

We further demonstrated that the sugar mixture can be dried and cast into a tablet format, 

encasing all the assay components into a sugar matrix (Figure 4E). As shown in Figure 

S4, titer loss for phage encased in the sugar polymer matrix was less than one log for all 

three phages after a 30-day storage under ambient condition. In the absence of the sugar 

polymer matrix, phages showed weak desiccation tolerance, with PP7 being the least stable 

one with a 3-log reduction after being aged for 30 days, demonstrating a clear desiccation 

protective effect. We then evaluated the stability of all assay reagents in a dehydrated tablet 

form. ATP assay components were first mixed with pullulan-trehalose and then phage 

suspensions in a well plate and dried under nitrogen airflow. Following a week-long storage 

under vacuum, dried tablets were reconstituted. As shown in Figure 4E, the rate of rise in 
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bioluminescence signal from the reconstituted tablet assay was slower compared to the 

liquid assays. The rate of rise in signal intensity depends on the dissolution rate of the tablets 

in water, which in turn controls the release of phage and ATP reagents into the mixture. 

The slower rise of signal from the reconstituted tablet is a small trade-off for the portability, 

improved storage, and ease of use afforded by the solid tablet format (Figure 4D). Lastly, 

it should be noted that drying the ATP reagents and phage in the absence of sugar polymers 

led to complete loss of signal after the one-week storage period, as shown in Figure 4F, G. 

This clearly shows the importance of sugar polymers in preserving the phage and ATP 

assay components, which is particularly advantageous for ease of transportation and point-

of-use accessibility of our phage screening technology, especially in remote regions.  
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Figure 4. (A) Workflow schematic. Bacterial suspensions are added to 96 well plate 

containing phages mixed with ATP reagents in sugar mixture. Bioluminescence signal at 
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peak and assay end point of 6 hours for P32 (B) and JG004 (C) infected Pa cultures in the 

presence versus absence of sugar mixture in fresh liquid one-pot ATP assay. (D) 

Continuous measurement of bioluminescence signal for Pa infected with P32, JG004, and 

PP7 in fresh liquid sugar mix solutions. (E) Kinetic measurement of bioluminescence signal 

for Pa infected with P32, JG004, and PP7 in reconstituted one-week old tablets. (F) Kinetic 

measurement of bioluminescence signal for Pa infected with P32, JG004, and PP7 in 

rehydrated phage and enzymes dried in the absence of sugar polymers showing complete 

loss of signal after one week storage. (G) Same data as pert F but with a narrower y-axis 

scale, clearly showing the loss of signal. Error bars in B and C graphs show the statistical 

analysis based on unpaired t-test, associated error bars represent standard deviation from 

the mean. Significance levels include *P < 0.05 and **P < 0.01. Dashed line in D, E, and 

G show standard deviation from the mean for at least 3 replicates. 

3.3.5 Screening the stabilized phage library against clinical bacterial isolates  

We selected two multidrug resistant clinical isolates of P. aeruginosa from an in-house 

library of isolates from Hamilton Health Sciences. The antibiotic resistance profile for these 

strains is shown in Figure S5.33 The two strains were given the designations C0335 and 

C0072 and were isolated from patients with urinary tract infection (Figure 5B-i) and arm 

wound infection (Figure 5C-i). We conducted susceptibility screening against our in-house 

phage library containing seventeen different phages using one week-old, all-inclusive 

tablets stored under ambient conditions. Results of the tablet-based, one-pot assay shows a 

significant, but slow rise in bioluminescence signal in 60 mins for C0072 infected with P32 

(Figure 5B-ii and iii ). As shown in Figure 5C-ii , for the clinical isolate C0335, the 

bioluminescence assay did not show any rise in signal with any of the phages in the library. 

However, a faint signal was observed for one of the phages (JG004) with a delay. Phage 

susceptibility was confirmed with a spot test (representative images shown in Figure 5B-

iv and C-iv), as well as optical density (Figure S6), and XTT kill curves (Figure S7). 

Isolate C0072 showed an obvious clearance with P32 (Figure 5B-iii ) but isolate C0335 did 

not show susceptibility to any of the phages in the library, although a very faint clearing 

was observed with JG004 (Figure 5C-iii ), which may correspond to the faint signal after 

180 min (Figure S8). The identified phage for C0335 is clearly very weak and thus not 

recommended for phage therapy/biocontrol applications. We calculated the efficiency of 

plaquing the identified phage on C0072 to be 0.77, confirming a high production 

efficiency.34 These data clearly demonstrate that aged tablets, stored under ambient 

conditions, could identify phages capable of infecting clinical bacterial isolates. The solid 
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tablet format of detection biochemistry, as well as the all-inclusive feature (detection 

biochemistry stabilized alongside each phage) enables point-of-use applications with 

minimal infrastructure and training. This highlights the compatibility of this engineered 

assay format for rapid screening of phage libraries against MDR isolates in clinical settings, 

even in remote and hard to access regions across the world.  

 

Figure 5. (A) proposed workflow for screening a bacterial isolate against a phage library 

using our platform technology, where the phage library is redesigned as solid, all-inclusive 

tablets, each containing phage along with the detection biochemistry. The microtiter plate 

can be stored at room temperature, or shipped to point of use and once the need arises to 

find phage targets for a bacterial isolate of interest, a drop of bacterial culture is added to 

each tablet resulting in a bioluminescence signal. (B) The urinary tract infection isolate 

C0335 (i) was screened against a week-old library of all-inclusive tablets. Bioluminescence 

signal was recorded every 5 mins (ii) and the peak signal is shown after 60 min for each 

well (iii), which corresponds to spot tests of representative P. aeruginosa phages (iv). (C) 

The arm infection isolate C0072 (i) was screened against a week-old library of all-inclusive 

tablets. Bioluminescence signal was recorded every 5 mins (ii) and the peak signal is shown 
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after 60 min for each well (iii), which corresponds to spot tests of representative P. 

aeruginosa phages (iv). Data points represent results for at least 3 technical replicates. 

 

3.4 Discussion 

Personalized phage therapy is the last hope for many patients suffering from infections 

resistant to all known antibiotics. However, access to phage therapy is challenged by the 

lack of a universal phage library. There have been efforts in curating phage libraries around 

the world, but due to the remarkable diversity in the phage world, the more realistic forecast 

is that we may always need to screen multiple decentralized libraries, likely curated in 

different parts of the world, each containing thousands of phages, to find suitable phage(s) 

against a resistant infection. This is challenged not only by the fact that there is not a clear 

library sharing mechanism and workflow (most these libraries are liquid lysates or frozen 

stocks), but also by the lack of rapid screening methods, which are laborious, time-

consuming, with an extremely slow response time. We address both the challenges and in 

doing so present a path towards routine practice of personalized phage therapy worldwide.  

We re-imagined phage libraries not in the form of liquid lysates in a fridge, or even frozen 

stocks in a deep freezer, but as solid tablets packed in microtiter plates, stored on a shelf, 

ready for rapid high throughput screening with a plate reader when needed, or to ship 

around the world with a momentôs notice. Each tablet contains a phage stock along with 

enzymes and ions needed to detect the burst of ATP release during phage-mediated bacteria 

lysis, all stabilized in a sugar polymer matrix that protects the enzymes against degradation 

at physiological temperatures needed for rapid phage susceptibility detection. The matrix 

also offers desiccation protection to phage and enzymes, making the tablets shelf stable and 

easy to store and ship around the world. In addition, the solid, all-inclusive tablet format 

eliminates the need for stage-wise addition of reagents, enabling high throughput screening. 

Our technology has obvious advantages over the status quo (culture techniques) for phage 

susceptibility profiling, namely a faster response time and compatibility with high 

throughput implementation, as well as environmental stability, eliminating the need for a 

cold chain or special packaging. All this makes the proposed phage susceptibility profiling 

technology suitable for point-of-use implementation with minimal infrastructure and 

training, which will be particularly impactful in remote, hard to access, and underdeveloped 



Ph.D. Thesis ï Fereshteh Bayat; McMaster University - Biomedical Engineering  

43 

 

regions. This addresses one of the major roadblocks for widespread practice of personalized 

phage therapy, which has been proven time and time again to save lives. Our technology 

goes beyond binary susceptibility profiling and can semi-quantitatively resolve phage 

ability for biocontrol. With personalized phage therapy being increasingly practiced as the 

last resort for treating antibiotic resistant infections, or work is a much-needed effort in 

developing powerful tools and technologies that address historic challenges in the field are 

essential to tackle the ever-rising tide of antibiotic resistance. 

 

3.5 Materials 

Pullulan (PI20 food grade, 200 kDa) from Hayashibara Co, Ltd., Okayama, Japan was 

kindly provided by Dr. Carlos Filipe, Department of Chemical Engineering, McMaster 

University. D-(+)-Trehalose dehydrate, and XTT tetrazolium sodium salt, menadione, and 

acetone were purchased from Sigma Aldrich. Phosphate-buffered saline (PBS) tablets were 

purchased from VWR (Mississauga, ON, CA). Luria Broth (LB) was purchased from 

Fisher Scientific (ON, CA). ATP bioluminescence Assay Kit CLS II was purchased from 

Millipore Sigma (Sigma-Aldrich, Oakville, ON). vB_Pae-Tbilisi32 or for short P32 and 

JG004 phages, and Pa strain were purchased from DSMZ (Germany), and PP7 phage from 

Université Laval (QC, Canada). Two clinical strains including C0072, isolated from 

patients with urinary tract infections, and C0335, isolated from arm infection site, were 

obtained from IIDR database at McMaster University. Antibiotic resistance profile for 

C0335 includes ampicillin, amoxicillin clavulanic acid, cefazolin, cephalothin, cefixime, 

nitrofurantoin, tetracycline, trimethoprim sulfamethoxazole, cefoxitin, ceftriaxone, and for 

C0072 includes ampicillin, amoxicillin clavulanic acid, cefazolin, cephalothin, cefixime, 

nitrofurantoin, tetracycline, trimethoprim sulfamethoxazole, cefoxitin, ceftriaxone.33 

3.6 Methods 

3.6.1 Bacterial culture and phage propagation  

Pa was stored at -80°C in 25% v/v glycerol. Overnight bacterial cultures were prepared by 

inoculating 3 mL of LB media with Pa glycerol stock. The inoculated media was incubated 
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at 37°C and 180 rpm for 16-18 hours to promote bacterial growth. Overnight cultures were 

subsequently diluted 1:100 in 50 mL of fresh LB media and incubated for 2-3 hours to 

allow bacterial cells to reach the mid-exponential growth phase. 10 µL of phage was 

introduced to bacterial cells at mid-exponential phase and the cultures were incubated for 

a further 6 hours to allow for phage lysis of bacterial cells. The lysate was centrifuged for 

20 min at 7000 rcf, and the supernatant was sterilized using a 0.2-µm-pore-sized filters and 

stored at 4°C. Phage concentration (number of plaque forming units per milliliter, PFU/mL) 

was determined using the overlay technique.35 Phage stock was serially diluted in LB media 

and plated on bacterial lawns to enumerate the number of infectious virions present in the 

stock. All phages used in this paper were sterile filtered unless otherwise stated. 

3.6.1.1 Efficiency of plating (EOP).  

Efficiency of plating measures the titer of phage infecting a non-host bacterial strain. Phage 

overlay assay was conducted in triplicates to obtain the PFUs on the test strain (C0072) and 

the host strain (Pa). EOP was calculated using the following formula.34 

EOP : 
     

      
 

Infection efficiency: 

EOP πȢυ (high production efficiency) 

0.1  EOP <0.5 (moderate production efficiency) 

0.001< EOP <0.1 (Low production efficiency) 

EOP  0.001 (inefficient) 

 

3.6.1.2 Phage purification  

The aqueous two-phase method was used to purify filter-sterilized phage suspension.36 

Briefly, sterile 20 (w/v)% Poly(ethylene glycol) containing 2.5 M NaCl solution was added 

to the phage stock suspension at a ratio of 1:6 v/v followed by overnight incubation at 4ºC. 

Phages in suspension was pelleted by centrifugation at 5000 rcf for 45 minutes and 

resuspended in 10 mL of RO Millipore water and subjected to mild agitation at 4ºC for at 

least 2 hours. PEG purified samples went through further purification using Amicon Ultra 

centrifugal filters (Millipore Sigma, Ultra-15, MWCO 10 KDa, and 3 KDa). ATP 
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background signal was measured at different stages of purification and compared with 

starting phage suspension to monitor the change in background signal. For all liquid phage 

infection assays, the initial titer of each phage was determined using the double agar layer 

method by three independent experiments. 

3.6.2 XTT metabolic assay  

XTT assay is commonly used to measure metabolic activity of cells using a tetrazolium salt 

which is a formazan compound in the presence of metabolically active cells followed by a 

detectable change of color. Assays were conducted in clear, flat-bottom, 96-well plates with 

total volume of 100 ɛL in each well. 12 ɛL of phage suspensions (~109-105 PFU/mL) were 

mixed with 38 ɛL bacteria at OD600 ~ 0.1 and added to wells at the final multiplicity of 

infection (MOI) of 10, 1, 0.1, 0.01, and 0.001 which indicates the ratio of phage to bacterial 

cells. XTT solution was prepared in LB media to contain 0.2 mg/mL of XTT and 0.1 mM 

menadione. 50 ɛL of the XTT solution was added to all wells, followed by the addition of 

50 ɛL of LB media as negative control, 12 ɛL media with 38 ɛL bacterial suspension as 

positive control, and 12 ɛL phage with 38 ɛL bacterial suspension as phage-infected 

sample. Absorbance was measured at 490 nm wavelength every 5 minutes for at least16 

hours using Synergy Neo2 BioTek plate reader set to 37ºC. The absorbance value from 

wells containing XTT solution with LB media was subtracted from bacteria-containing 

wells.  

3.6.3 Optical density assay (OD600)  

Overnight culture was added to fresh LB media at 1:100 v/v ratio and incubated until the 

sub-culture reached OD600 ~ 0.1. Assays were conducted in transparent flat bottom 96-well 

plate with total assay volume of 200 ɛL per well. 45 ÕL of Phage solutions (~109 to 105 

PFU/mL) with 155 µL of bacteria at OD600 ~ 0.1 (~ 3 107 CFU/mL) were added to specific 

wells at the final multiplicity of infection (MOI) of 10, 1, 0.1, 0.01, and 0.001. Control 

wells contained 155 ɛL bacteria and 45 ɛL media. Absorbance was measured at 600 nm 

wavelength using Synergy Neo2 BioTek plate reader. Data was collected every 5 minutes 

for at least 16 hours at 37ºC.  
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3.6.4 Transmission electron microscopy (TEM)  

Phages with concentration of 109 PFU/mL were absorbed onto plasma-cleaned carbon-

coated copper grids and negatively stained with 1% uranyl acetate. Stained grids were dried 

at room temperature and imaged using Talos L120C transmission electron microscope at 

the Canadian Centre for Electron Microscopy (CCEM), McMaster University (ON, CA).  

3.6.5 ATP Bioluminescence assay  

ATP assay reagent solution was by reconstituting the lyophilized ATP reagent solution 

using bioluminescence Assay Kit CLS II (Sigma-Aldrich, Oakville, ON) based on 

manufacturerôs instruction. For conducting ATP assay in pullulan-trehalose sugar solution, 

lyophilized ATP reagents of the ATP bioluminescence Assay Kit CLS II were reconstituted 

with the sterile sugar solution containing 10 wt% pullulan and 0.5 M trehalose, at the same 

liquid volume as manufacturerôs instruction. 

Assays were conducted in white flat bottom 96-well plate with total assay volume of 100 

ɛL per well.  Bioluminescence signal was detected from wells containing 50 ɛL of ATP 

reagent solution mixed with 50 ɛL of the sample (phage infected or uninfected bacterial 

suspension). 12 ɛL of phage suspensions with ~109 to 105 PFU/mL and 38 ɛL of bacteria 

at OD600 ~ 0.1 (~ 3 107 CFU/mL) was used for obtaining MOIs of 10, 1, 0.1, 0.01. 0.001.  

For end-point ATP bioluminescent assay, the ATP reagent solutions have been added at 

the end point to samples and the signal was measured at room temperature. The RLU signal 

was measured at times 0, 30-, 60-, 120-, and 180-minutes using Synergy Neo2 BioTek plate 

reader. The ATP standard curves were prepared per manufacturerôs instruction to calculate 

the ATP amounts.  

For one-pot ATP bioluminescent assay, 50 ɛL of ATP reagent solution was added to 

specified wells, followed by 12 ɛL of phage suspensions at different concentrations (109-

105 PFU/mL) and 38 ɛL bacterial sub-cultures at OD600=0.1 respectively, to obtain specific 

MOIs (10, 1, 0.1, 0.01, 0.001) within 100 ɛL assay volume. The plate containing ATP assay 

reagent solution, phage-infected and uninfected bacterial cultures was incubated inside 

Synergy Neo2 BioTek plate reader at 37ºC and the RLU signal was recorded every 5 

minutes in stationary state without any shaking to prevent damaging the sensitive ATP 
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assay enzymes. Wells with uninfected bacterial suspensions, and wells containing phage 

only were used as controls. The RLU values from phage-only wells were used to normalize 

the data. 

3.6.6 Stabilization in sugar polymer matrices  

Sugar solutions containing 10 wt% pullulan and 0.5 M trehalose was dissolved in milli-Q 

water and autoclaved to sterilize.  

3.6.6.1 Phage stability  

Phage suspensions were diluted in sugar solution to achieve a concentration of 109 

PFU/mL, and 100 ɛL of the phage suspension was added to 24-well plates and air-dried.  

Stability of phages incorporated within dried pullulan-trehalose matrix was tested. Phage 

titer was calculated 1-, 7-, and 30-days after storage at room temperature using the plaque 

overlay assay method.  

3.6.6.2 All -inclusive dried tablet-based ATP assay  

To stabilize the ATP reagents and the phage particles in a dried format, the plate containing 

phages (15 ɛL of 109 PFU/mL) and ATP reagent solution (50 ɛL) in sugars solution was 

added to specified wells. The plate was dried under nitrogen flow in a glove bag for at least 

4 hours, followed by storage under vacuum at ī0.08 MPa. The Stability of dried tablets 

containing ATP reagent solution and different phages in 96 well-plate was assessed after 

one week storage at room temperature. For conducting the assay, the dried tablet containing 

the ATP reagents and phage particles embedded in sugar polymer matrix were rehydrated 

using 50 ɛL of sterile milli-Q water, followed by addition of 50 ɛL bacteria sub-culture at 

OD600 = 0.1 (~ 3 107 CFU/mL), and reading the signal every 5 minutes at 37ºC. As a 

control, a plate containing phages and ATP reagent solution was prepared without addition 

of sugar polymers, and dried/stored under same conditions. The plate was rehydrated and 

tested following the same process used for assessing the phage-ATP reagent solution 

encased in sugar matrices.  
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3.8 Supplementary Information 

 

 

Figure S1. Optical density (OD600) or growth curve of PAO1 infected with P32 (A), JG004 

(B), and PP7 (C). P32 shows a strong performance in preventing bacterial growth by 

decreasing the culture turbidity even at lower MOIs (0.001). JG004 was also able to 

suppress the bacterial growth effectively, while PP7 shows week performance which 

aggravates by decreasing the initial concentration of phage (lower MOIs). 
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Figure S2. Schematics of Phage life cycles. (A) Lytic life cycle of phage starts with (i) 

phage recognition and attachment to bacterial cell receptors, (ii) genome insertion, (iii) 

taking control of bacterial replication machinery and producing new virions, and (iv) 

release of progeny phages by bacterial cell lysis. (B) In lysogenic life cycle, phage is 

adsorbed to cell receptors (i) and inserts its genome inside bacterial cell (ii); however, the 

phage genome is incorporated into the bacterial genome, forming a prophage (iii) that is 

replicated through the bacterial reproduction cycle (iv). The lysogenic cycle could be 

induced to start the lytic cycle with environmental triggers such as high temperature and 

UV exposure which can ultimately lead to cell lysis (as shown by the dashed arrow). (C) 

Similar to other phage life cycles, the chronic lifestyle (mostly seen in filamentous phages) 

starts with recognition and adsorption to bacterial cell receptors (i) and genome insertion 

(ii). By taking control of bacterial replication machinery, new virions are synthesized inside 

the bacterial cell (iii) and are released through budding or extrusion without lysing bacterial 

cells (iv). Similar to tailed phages, some chronic phages can also adopt a lysogenic lifestyle, 

in which the phage genome is incorporated into the bacterial genome forming a prophage 

(iiiǋ) and is replicated through the bacterial reproduction cycle and staying dormant (ivǋ) 

until the chronic cycle is induced by environmental stimuli (shown by the dashed arrow). 
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Figure S3. ATP background in phage solutions at different stages of purification (A) and 

after dilution in cell media (B). The effect of diluting phage samples is comparable to 

purifying phage suspensions. Depending on the availability, either diluted sterile filtered 

phages in cell media/buffer or purified phages can be used to reduce the effect of the 

background bioluminescence signal intensity. 

 

 

Figure S4. Stability of dried Pseudomonas phages A) P32, B) JG004, C) PP7 in ambient 

conditions in 10 wt% pullulan + 0.5 M trehalose in comparison with no sugars. Sugar 

polymers helped to retain higher infectivity after 30 days. 
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Strain Antibiotic resistance profile 
Source (body 

location) 

C0072 

ampicillin, amoxicillin clavulanic acid, cefazolin, cefalotin, cefixime, 

nitrofuratoin, tetracycline, trimethoprim sulfamethoxazole, cefoxitin, 

ceftriaxone 

urine 

C0335 

ampicillin, amoxicillin clavulanic acid, cefazolin, cefalotin, cefixime, 

nitrofuratoin, tetracycline, trimethoprim sulfamethoxazole, cefoxitin, 

ceftriaxone 

Arm 

Figure S5. Antibiotic resistance profile of the clinical isolates C0072 and C00335, isolated 

form patients with urinary tract and arm infections, respectively.1 

 

Figure S6. Optical density assay of C0335 (A) and C0072 (B) infected with P32, JG004, 

and PP7 at MOI ~ 10 compared to uninfected strains. None of the phages infect C0335, 

while C0072 is infected with P32 as turbidity of the culture decreases compared to 

uninfected C0072. 

 

 

Figure S7. Metabolic activity measurement of phage infected and uninfected C0335 (A) 

and C0072 (B) at MOI ~ 10. Metabolic activity of phage infected C0335 shows no 

significant changes compared to uninfected cultures, while metabolic activity of C0072 

decrease after 2 hours for C0072 infected with P32. 
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Figure S8. Zoomed in image of the phage library screening, showing a delayed increase in 

bioluminescence signal for C0035 infected with JG004 appearing after 2 hours. 
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Chapter 4: Phage-loaded Injectable hydrogel for treating bone and implant associated 

infection 

Preface: In this chapter, we report a phage loaded injectable hydrogel based on physical 

crosslinking of laponite nanoclay (silicate-based nano discs) and carboxy methyl cellulose 

(CMC) for treating bone and implant associated infections. The hydrogel showed 

compatibility with phage infectivity and enhanced the production of Alkaline phosphatase 

(ALP) enzyme, which is an osteogenic biomarker, providing an antibacterial hydrogel 

suitable for bone healing and osteointegration of orthopedic implants.  

Contribution: I conceptualized the project, conducted experiments, analyzed the data, and 

prepared the original draft under supervision of Dr. Tohid Didar and Dr. Zeinab 

Hosseinidoust. Sara Rahmani conducted in vitro mammalian cell culture and cytotoxicity 

assay. I conducted ALP assays. Lei Tian performed DLS and zeta potential analysis. 

Mathura Thirugnanasampanthar provided optimized XTT assay protocol and prepared the 

assay reagent solution. Fiorelle Aguilar contributed to phage propagation and purification. 

Martin Villegas developed Animal Utilization Protocol (AUP) and will contribute directly 

to animal studies in the next step. The SEM and TEM imaging was conducted at Canadian 

Centre for Electron Microscopy (CCEM), McMaster university. Chris Butcher and Carmen 

Andrei helped with SEM and TEM imaging, respectively.  

Citation: This work is in preparation for submission.  

Phage-loaded Injectable hydrogel for treating bone and implant associated infection, 

Fereshteh Bayat, Martin Villegas, Sara Rahmani, Lei Tian, Mathura 

Thirugnanasampanthar, Fiorelle Aguilar, Zeinab Hosseinidoust, Tohid F. Didar, 

Manuscript in preparation for submission.  
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4.1.  Abstract 

Injectable hydrogels loaded with antibacterial agents offer a minimally invasive approach 

for tackling recurrent bone and implant-associated infections. Pseudomonas aeruginosa (P. 

aeruginosa), a prominent Gram-negative multi-drug resistant (MDR) bacterial pathogen, 

plays a significant role in refractory bacterial infections related to bone diseases. 

Bacteriophages, commonly known as phages, are natural bactericidal agents that have 

demonstrated successful outcomes in the treatment of various bone-related infections, 

including osteomyelitis. This study introduces a shear-thinning injectable hydrogel loaded 

with phages, composed of laponite nanoclay and carboxymethyl cellulose (CMC), designed 

for the treatment of bone and implant-associated infections. The laponite and CMC interact 

through hydrogen bonding and electrostatic interactions, forming biocompatible shear-

thinning physically crosslinked hydrogels. To enhance the bactericidal effectiveness of 

phage therapy, we have selected a binary cocktail of P. aeruginosa phages. These phage-

loaded hydrogels have demonstrated exceptional antibacterial performance in both in vitro 

biofilm prevention and biofilm dispersion assays. Metabolic activity assays and bacterial 

load assessments (CFU counts) have revealed a highly effective inhibition of bacterial 

growth. This was evidenced by a remarkable reduction in bacterial cell activity by more 

than 99% and a substantial decrease in bacterial load of at least 5 logarithmic units in the 

in vitro setting. Moreover, the laponite-cellulose hydrogel loaded with phages exhibited not 

only effective antibacterial performance driven by phage activity but also an approximately 

50% increase in the production of alkaline phosphatase (ALP) enzyme, a key early 

biomarker for osteogenic differentiation, in SaOS-2 cell line. 

 

Keywords: Injectable, AMR, Phage, Bone, Implant, Bacterial infection, osteomyelitis  
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4.2.  Introduction  

Difficult to treat bone infections, also known as osteomyelitis, can develop in non-injured 

bone (e.g., septic arthritis), fractured bone, diabetic foot, and implanted devices such as 

peri-prosthetic joint infection.1 Despite proper medical and surgical procedures in place for 

osteomyelitis  treatment, the rate of infection relapse is around 20-30%, resulting in 

elevated mortality and morbidity rates, as well as a substantial economic burden on 

healthcare systems.2 Furthermore, as the prevalence of antibiotic resistance escalates 

among both Gram-positive and Gram-negative pathogenic bacteria, the management of 

bone and implant-related infections is evolving into a significant global challenge.3,4 

Staphylococcus aureus and Pseudomonas aeruginosa are the most common gram positive 

and gram negative bacterial pathogens causing orthopedic infection.1,5  

Bacteriophages, or phages for short, are bacterial viruses which have been around as 

antibacterial agents to treat bacterial infections for almost 100 years. With increased 

prevalence of chronic bacterial infections due to spread of antimicrobial resistance (AMR) 

as a global threat, phages have regained attention after being overshadowed for a long time 

by antibioticsô discovery in 1940s.6,7 Phages can attack bacterial cells and replicate 

themselves on-site by taking advantage of bacterial reproduction machinery.8 This unique 

self-dosing characteristic sets phage apart from the rest of antibacterial agents as phages 

can be implemented as self-sustained antibacterial agents. Another intriguing aspect of 

bacteriophages is their specificity in attacking bacterial species down to strain levels which 

mitigates the damage to the human microflora as opposed to antibiotics which can affect 

both good and troublesome bacteria.9 There have been several successful cases of phage 

therapy in treating bone-related infections including osteomyelitis, bone and joint 

infections, implant associated infections, and fracture-based infections.10ï13 

Bioactive injectable hydrogels, capable of passing through small size needles, are intriguing 

candidates for regeneration of small non-load bearing infected bone defects, and implant 

associated infections.14 They can also be used as local cell-, protein- and drug-delivery 

systems with no to minimal surgical procedures required. Additionally, injectable 

hydrogels have the potential of efficiently filling the irregular tissue defects and cavities. 
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Injectable hydrogels can be designed to cross-link in situ or cross-link before injection with 

shear-thinning or shape memory properties.14 Some of the challenges regarding on-site 

gelation include non-uniform hydrogel formation with the liquid precursor solution 

penetrating into the surrounding tissue and gelation kinetics control which is also 

influenced by specific physiological conditions of the treated site.15 Physically cross-linked 

shear-thinning hydrogel have the potential of addressing these challenges by showing 

viscos flow under shear stress (shear thinning property), and recovery of the structure 

following the stress release.16  

Phages can get cleared by the immune system or degrade by enzymes and proteins present 

in body.17ï19 Phage-loaded hydrogels present numerous advantages, such as protecting 

phages from harsh pH condition, enzymatic degradation, host immune cell responses, and 

mammalian cell infiltration.20ï23 When designing phage-loaded biomaterials, it is 

imperative to prioritize phage compatibility in the selection and processing of biomaterials 

and minimize any interference with phage infectivity.24 Specifically with hydrogels, any 

harsh chemical procedure, long term exposure to high temperatures and UV light would 

potentially damage the phages.25 Hydrogels seem to be ideal carrier for phage delivery, as 

long as the crosslinking strategy is phage friendly and does not inactivate or interfere with 

the phage infection process. 

Nanoclays as non-toxic, biologically active, and environmentally friendly components have 

been extensively studied for biomedical applications. In particular, disk-shaped laponite 

nanoclay with (Na+
0.7[(Si8Mg5.5Li 0.3) O20(OH)4]

ī0.7  formulation with 20ï50 nm diameter 

and 1ï2 nm thickness have been used as an important bioactive gel forming component in 

many different hydrogel.26 These nanoparticles have dual charge distribution by having 

permanently negative charge on the surface and a positive charge along the edges, making 

them capable of forming house of card structures when dispersed in water at high enough 

concentration.26 The applications of these hydrogels extends from drug delivery systems,27ï

29 to bone cements and musculoskeletal injury treatment,30,31 tissue engineering,26 and as 

hemostatic biomaterials for hemorrhage control.32 Laponite specifically can interact with 

polymers through hydrogen bonding, electrostatic and hydrophobic interactions to form 

biocompatible physically crosslinked hydrogels. Laponite has proven to be osteoinductive 
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in a growth factor-free manner.33 The degradation products of nanosilicate include 

magnesium, orthosilicic acid  and Lithium which are non-toxic as well as beneficial for 

bone tissue engineering.33 Implementing laponite-based hydrogels for treating bone-

associated diseases has been extensively studied due to osteogenic potential of laponite 

degradation products.26,34,35 On the other hand, cellulose-based hydrogels have been widely 

used in skin, bone and cartilage tissue engineering applications.36 Carboxy methyl cellulose 

(CMC) is commercialized and widely used cellulose ether, offering non-toxicity, 

biocompatibility, and biodegradability. CMC is an anionic biopolymer which has been used 

as an important component of biomaterials used for bone tissue regeneration.36ï40  

Here, we have developed a bi-functional phage-loaded injectable hydrogel based on 

physical cross-linking of CMC and laponite nano-discs for bone-infection treatment. The 

physically cross-linked hydrogel has shown to be biocompatible and to preserve the phage 

infectivity, meaning not to interfere with bactericidal effect of phage. Furthermore, when 

the hydrogel degrades, it promotes the bone healing process in vitro by stimulating the 

production of alkaline phosphatase (ALP) enzyme in bone-like SaOS-2 cell lines. 

Additionally, our phage-loaded hydrogels effectively reduce bacterial load and successfully 

disperse/prevent the P. aeruginosa biofilms. 

4.3.  Results and discussion 

4.3.1 Hydrogel polymer interactions  

Laponite is a two-dimensional phyllosilicate composed of stacked tetrahedral and 

octahedral sheets in a 2:1 ratio. A positive charge is created a the edges by a charge 

imbalance caused by Magnesium/lithium atoms in the octahedral layer, while the surface 

is negatively charged due to the presence of silicate tetrahedral41 (Figure 1a). The 

anisotropic charge distribution on the surface and edges of laponite can result in reversible 

electrostatic interactions between nanoclay particles. At higher concentrations, these 

interactions can lead to the formation of structures commonly referred to as "house of 

cards". (Figure 1b). Due to these opposite charges, and presence of hydroxyl and silanol 

groups on its crystals, laponite can interact with other anionic, cationic, and neutral 
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polymers by electrostatic, covalent and hydrogen bonding.42,43 Biopolymers and nanoclay 

can have a fairly complicated interactions, but it is well-known that electrostatic and 

hydrogen bonds play a significant role in these interactions due to the presence of the 

opposite charges on the surface and edges of the nanoclay particles and the hydroxyl groups 

in nanoclay and most biopolymers.26  

To create the nanocomposite injectable hydrogel, disc-shaped Laponite solutions were 

formed in milli-Q water using a vortexer and then mixed vigorously with CMC stock 

solutions to prevent clump formation. From this point, laponite nanoclay is referred to as 

NC. The hydrogels were formulated at constant concentration of 1 w/v% CMC and three 

different laponite nanoclay concentrations of 1.5, 2, 2.5 w/v%, and the final hydrogel 

formulations were simply labeled as 1.5% NC, 2%NC, and 2.5%NC. Right after mixing 

the components, the CMC polymer chains physically cross-links with laponite nano-discs. 

Hydrogen bonds between silanol groups of laponite (Si-O) and hydroxyl groups (-OH) of 

CMC.43,44 As previously mentioned, there are electrostatic interactions among NCs as well. 

CMC is also an anionic biopolymer that can electrostatically interact with positive edges of 

the NC. As a result, CMC can get absorbed to the surface of NC and also interact with the 

positive edges through both hydrogen and electrostatic bonds.43  Figure 1c shows a 

schematic representation of NC interacting with each other and CMC polymer chains 

through electrostatic and hydrogen bonding, to form a physically cross-linked injectable 

hydrogel. The phage loaded NC-CMC injectable hydrogel can then be implemented to 

different types of osteomyelitis affecting non-injured bone, fractured bone, diabetic foot, 

and bone implant associated infections (Figure 1d).  

The interactions between carboxymethyl cellulose (CMC) and nanoclay (NC) were 

investigated using dynamic light scattering (DLS) analysis. In the presence of low 

concentrations of NC (0.2 w/v%) with fully dispersed NC particles in Milli-Q water, 

varying concentrations of CMC were introduced to the solution and vigorously mixed. The 

DLS results, illustrated in Figure S1, demonstrated that the hydrodynamic size of 0.2 w/v% 

NC was initially 60 nm. With the addition of 0.1, 0.2, 0.3, and 0.5 w/v% CMC, the 

hydrodynamic size progressively increased to 137 nm, 293 nm, 632 nm, and 1370 nm, 

respectively. Simultaneously, the standard deviation exhibited a notable increase, 
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indicating the nonuniform formation of NC and CMC aggregates. Furthermore, the 

solutions containing 0.2 w/v% NC, 0.2 w/v% CMC, and a combination of 0.2 w/v% NC 

and 0.2 w/v% CMC displayed zeta potentials of -31, -28, and -50 mV, respectively (see 

Figure S1). This suggests that the mixing of CMC and NC leads to the adsorption of CMC 

polymer chains onto the surface of NC through hydrogen bonding. Additionally, the anionic 

negatively charged CMC interacts with the positively charged edges of the NC, 

contributing to the observed variations in zeta potential.  
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Figure 1. Molecular Structure of Laponite Nanoparticles and the Formation Mechanism of 

a Multifunctional Phage-Loaded Injectable Hydrogel with Antibacterial Properties. a) 

Molecular structure of a single Laponite nanoparticle, composed of tetrahedral and 

octahedral layers of lithium magnesium silicates. b) Schematic representation of the self-

interaction of Laponite nanoparticles in water, leading to the formation of a "house of cards" 

structure at higher concentrations. c) Illustration of the interactions between Laponite and 

carboxymethyl cellulose (CMC), involving hydrogen bonds and electrostatic interactions. 
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d) The application of phage-loaded Laponite-CMC injectable hydrogels for the treatment 

of osteomyelitis." 

4.3.2 Physical characterization of hydrogel  

Free-standing injectable hydrogels were prepared by simple mixing of the NC and CMC in 

milli -q water, which led to instant interaction between NC and CMC due to the electrostatic 

and hydrogen bonding (Figure 2a, b, d). The hydrogels were easily injected through 

needles as seen in Figure 2c due to the reversible electrostatic and hydrogen bonds. To 

characterize the microstructure of the hydrogels using Scanning Electron Microscopy 

(SEM), samples were freeze dried (Figure 2e). As seen in SEM micrographs (Figure 2f), 

the 2.5%NC hydrogel formed uniform pore size distribution with irregular pore shape. SEM 

images of the 1.5 and 2%NC hydrogels showed similar microstructure, with slightly larger 

feature sizes (Figure S2). Swelling test was conducted using PBS (pH 7.4) at 37°C on 

freeze dried samples, which showed high swelling ratios (3500-4500 g/g%) for all 

formulations. The dried aerogels absorbed PBS to their full capacity after 2 hours, and the 

amount of swelling ratio stayed constant for the rest of measurements till 24 hours. The 

Swelling ratio showed to be increasing by lowering the NC concentration from 2.5 to 1.5 

w/v%, and there was no significant difference between 2.5%NC and 2%NC formulations 

(Figure S3). The Fourier transform infrared (FTIR) spectroscopy of laponite, CMC and 

NC-CMC aerogel is shown in Figure 2g. In the Laponite spectrum, the broad band shown 

at around 3427 cm-1 is due to ïOH stretching vibration of the surface hydroxyl groups, and 

1631 cm-1 is attributed to H-OH flexion (absorbed water).45 The bands seen at 973 and 641  

cmï1 of laponite spectrum can be attributed to bending and asymmetric stretching of SiïO 

and vibration of MgïO bonds.45 In the FTIR spectrum of CMC, the characteristic picks 

seen at 3281 cm-1, 2891 cm-1, 1319 cm-1, and 1020 cm-1 are attributed to -OH, CH 

stretching, CH bending, C-O bonds, respectively.46 The bonds at 1595 cm-1, 1441 cm-1 are 

also indicators of symmetric and asymmetric C=O stretching vibrations of carboxylate ions, 

respectively. In the NC-CMC spectrum, the broadening and displacement of 3427 cm-1 to 

3395 cm-1 and the displacement of the H-OH flexion pick from 1631 cmī1 to 1595 cmī1 

can be attributed to intramolecular hydrogen bonding interactions between laponite and 

CMC.45 Similarly, the Si-O band has been displaced from 973 to 983 cm-1and also 
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broadened, along with displacement of asymmetric C=O stretching vibrations of 

carboxylate ions and C-O bonds,  when comparing the laponite spectrum to laponite-CMC 

hydrogel, indicating the interactions between SiïO groups in laponite and the C-O, C=O 

groups in CMC.  

4.3.3 Rheological Characterization of hydrogels  

Quantitative measurements of viscosity and storage and loss moduli are crucial in 

determining the shear-thinning behavior and injectability of the hydrogel. The storage (Gᾳ) 

and loss (Gᾴ) moduli of a material in response to oscillatory shear measures its ability to 

either absorb (solid-like behavior) or dissipate the energy (liquid-like behavior), 

respectively. The amplitude sweep results revealed that in all hydrogel formulations, Gᾳ 

exceeded Gᾴ, indicating the formation of a hydrogel network with solid-like behavior, 

resulting in the creation of a free-standing hydrogel (Figure S4). The region were Gᾳ and 

Gᾴ are independent of applied stress is called linear viscoelastic (LVE) region.47,48As 

expected, the elevation of NC concentrations resulted in an increased storage modulus. The 

resulting Gᾳ were 446.47 Ñ 41 Pa, 573.6 Ñ 60 Pa, and 977.2 Ñ 88.4 Pa for the 1.5%, 2%, and 

2.5% NC hydrogels, respectively. The Gᾴ of the hydrogels were significantly smaller than 

the Gᾳ (Figure 2h). A strain of 0.2%, within the linear viscoelastic (LVE) region of all 

hydrogels during the amplitude sweep, was selected and used for the frequency sweep test. 

This rheology test is used to investigate the viscoelastic properties of a hydrogel over a 

range of low to high frequencies to evaluate how the hydrogel respond to different rates of 

deformation or stress. As seen in (Figure 2i), across the frequency range of 0.01-100 Hz, 

Gᾳ consistently exceeded Gᾴ, signifying a solid-like behavior maintained at all frequencies. 

This behavior suggests strong interactions between polymer chains and NC particles within 

the hydrogel network by maintaining its solid-like behavior (Gᾳ>Gᾴ) across low to high 

frequency range. As the oscillation frequency increased, both Gᾳ and Gᾳᾳ showed an increase 

(frequency dependency), a phenomenon that has been reported to occur when there are 

physical entanglements within the hydrogel network.49 This is due to the presence of a 

dynamic network structure formed by non-covalent interactions, such as hydrogen bonds 

or electrostatic forces between hydrogel components and polymer chains. 
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Figure 2. Physical Characterization of NC-CMC Hydrogel. a) Schematic of phage-loaded 

injectable hydrogel formation by mixing CMC and NC. b) Image of the physically cross-

linked hydrogel. c) Injectability of the NC-CMC hydrogel. d) Free-standing hydrogel, e) 

Freeze dried hydrogel. f) SEM images of the 2.5%NC-CMC hydrogel. g) FTIR spectrum 

of CMC, NC, and NC-CMC hydrogel. h) Storage (Gᾳ) and loss (Gᾴ) moduli of NC-CMC 

hydrogels. i) frequency sweep in the range of 1-100 Hz at 0.2% strain at 25°C. j) Viscosity 

versus shear rate for 0, 1.5, 2, 2.5% NC-at constant 1%CMC hydrogels at 25°C k) Yield 



Ph.D. Thesis ï Fereshteh Bayat; McMaster University - Biomedical Engineering  

66 

 

stress of NC-CMC hydrogels at 38°C. l) Recovery test of the hydrogels by applying 

consecutive cyclic low (0.2%) and high (500%) strains up to 6 cycles at 38°C.  

When a material is exposed to shear stress, monitoring the viscosity changes can show the 

ability of the material to resist deformation.47 In shear-thinning hydrogels, viscosity 

decreases upon shear stress application due to the presence of reversible cross-linking 

mechanisms. As seen in Figure 2j , in all hydrogel formulations 1.5, 2 and 2.5% NC (all 

made at constant 1w/v% CMC), the viscosity decreased by increasing the shear rate, 

indicating the presence of shear-thinning behavior. By increasing NC amounts, relatively 

higher viscosities were observed due to the presence of more electrostatic and hydrogen 

bonding between NC and CMC polymer chains. In 0%NC (which is 1w/v% CMC) sample, 

the viscosity stayed constant and did not change with shear rate increase, indicating a 

Newtonian fluid behavior. The 0%NC (1%CMC) sample also showed significantly lower 

viscosity compared to NC-CMC hydrogels. The stress sweep test shows in which applied 

stress hydrogel transitions from a linear, elastic behavior to a more nonlinear, viscoelastic 

behavior. Th stress sweep result is presented in Figure S5. The point at which the hydrogel 

transitions from a linear to a nonlinear region is commonly referred to as the yield stress. 

Beyond this threshold, the hydrogel may begin to flow or exhibit plastic deformation. The 

results of the stress sweep test conducted at a constant frequency of 10 Hz indicated an 

increase in the yield stress, with values measured at 138.5 Pa, 167.2 Pa, and 244.9 Pa for 

the 1.5%, 2%, and 2.5% NC hydrogels, respectively (Figure 2k). This could be due to 

increased interactions between NC and CMC at higher NC concentration. Another 

significant feature of shear-thinning hydrogels is their capacity for rapid recovery after 

injection, which can be assessed by subjecting them to cyclic low and high strains and 

monitoring changes in Gᾳ and Gᾳᾳ over time. As seen in Figure 2l, at lower strain levels 

within LVE region (0.2%), Gᾳ surpasses Gᾳᾳ, indicating the presence of a solid-like 

structure. However, when subjected to a high strain outside the LVE region (500%), the 

hydrogel network becomes compromised, with Gᾳᾳ surpassing Gᾳ, resulting in a loss of 

structural integrity. By lowering the applied strain to 0.2% again, there is a swift recovery 

of the hydrogel network as shown by immediate increase of Gᾳ to levels higher than Gᾳᾳ. 

These successive low and high strain cycles demonstrate the remarkable capacity of the 

hydrogel to recover after complete disintegration, a crucial attribute for shear-thinning 
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injectable hydrogels. In summary, the system containing 2.5% NC displayed the highest 

yield strength and elasticity. It's worth noting that NC concentrations exceeding 2.5% were 

not assessed due to the excessively high viscosity of the mixture, which made it impractical 

to achieve uniform hydrogels. 

4.3.4 In vitro  bacterial assays  

Due to high specificity of phages, the utilization of purposefully designed phage cocktails 

has shown to enhance bacterial eradication and treatment efficacy.50 Phage cocktails 

broaden the spectrum of phage antibacterial activity, allowing them to target a wider range 

of bacterial strains, and they may also mitigate the risk of phage resistance emergence.51,52 

As a proof of concept, we examined the bactericidal activity of six distinct P. aeruginosa 

phages, namely P32, JG004, PO4, PP7, and E79, against the P. aeruginosa laboratory strain, 

PAO1. These phages were tested both individually and in binary combinations. Based on 

turbidity monitoring (OD600 assay) of phage infected and uninfected bacterial cultures (kill 

curves) shown in Figure S6, by infecting the bacterial strain with individual phages, phage 

resistant mutants rise after ~8 hours. However, some binary phage infections showed 

promising results in terms of bacterial eradication performance. The Four phage pairs 

including P32-JG004, P32-E79, PO4-JG004, PO4-E79, were able to successfully eradicate 

bacteria and prevent phage-resistant mutants arise for up to 24 hours in vitro. The results 

of this experiment underscore the potential for enhancing the effectiveness of phage therapy 

through the deliberate formulation of phage cocktails. As a proof of concept, the 

combination of two specific phages, P32 and JG004, was selected for the development of 

phage-loaded injectable hydrogels for the subsequent experiments. In all phage-loaded 

hydrogel formulations, the term 'phage' refers to the P32-JG004 combination. 

Figure 3a displays electron micrographs of phages, using transmission electron 

microscopy (TEM), and PAO1 bacterial cells, visualized through scanning electron 

microscopy (SEM). To assess this phage pair's efficacy, PAO1 cultures were exposed to 

varying phage concentrations. The ratio between the number of phages and the number of 

bacterial cells is referred to as the Multiplicity of Infection (MOI). Figure 3b illustrates 

that the P32-JG004 pair at MOI=0.1 effectively suppressed bacterial growth, whereas the 

use of individual P32 and JG004 phages led to the emergence of resistant mutants after 8-
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10 hours. At all other examined MOIs (10, 1, 0.01, 0.001, 0.0001), a noticeable and 

effective reduction in bacterial growth was observed when compared to the control and 

single-phage infections (Figure S7). Injectable bactericidal hydrogels were created by 

incorporating a phage cocktail (composed of a 50:50 ratio of P32 and JG004) into the NC-

CMC hydrogel. The resultant hydrogel contained a final phage concentration of 

approximately ~109 PFU/ml (Plaque Forming Units per milliliter). When this phage-loaded 

hydrogel was injected onto a bacterial lawn and incubated at 37°C overnight, a clear zone 

of bacterial clearance was observed around the injected hydrogel, demonstrating its 

effectiveness in eliminating bacterial cells. (Figure 3c).  

 

Figure 3. In vitro bacterial assays. a) Transmission electron microscopy (TEM) images of 

phages (P32 and JG004) and scanning electron microscopy (SEM) images of P. aeruginosa 

(PAO1). b) Kill curves depicting the effects of individual and binary phage infections on 

PAO1 bacterial cells (OD600 assay). c) Schematic representation of phage-loaded injectable 
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hydrogel preparation, along with an image illustrating the antibacterial effect of the 

hydrogel after being injected onto bacterial lawn. The cleared zone surrounding the injected 

hydrogel signifies bacterial growth inhibition. d) Schematic illustrating the steps of the 

bacterial prevention assay (a prophylactic measure). e) Biofilm prevention performance is 

analyzed after 24 hours of incubation by measuring CFU counts. f) representative images 

of MacConkey agar plates after culturing 100 µL supernatants from each well containing 

hydrogel with phage and control no phage hydrogel. g) Metabolic activity of bacterial cells 

in both the supernatant and adhered biomass of each well within a 24-well plate using the 

XTT assay (a tetrazolium salt undergoes reduction to an orange soluble formazan dye in 

response to cellular metabolic activity). h) The assay protocol for biofilm dispersion i) CFU 

counts of biofilm dispersion assay. j)  Representative images of MacConkey agar plates 

after culturing 100 µL supernatants from each well containing hydrogel with phage and 

control no phage hydrogel. k) Metabolic activity of bacterial cells in supernatant and 

adhered biomass using XTT assay in biofilm dispersion assay. (****p < 0.0001, **p < 

0.01, *p < 0.05) 

 

The effectiveness of phage-loaded hydrogels in preventing and dispersing biofilms was 

assessed through various liquid bacterial assays, including colony-forming unit (CFU) 

counts, assessment of metabolic activity via the XTT assay (tetrazolium sodium salt) in 

both the supernatant and adhered biomass, as well as turbidity measurements (OD600 assay) 

of the supernatant within each well. In biofilm prevention assay, hydrogels were placed 

within sterile untreated flat bottom 24-well plate and bacterial cells were seeded at an initial 

concentration of 105 CFU/mL in each well (Figure 3d). The plate was incubated at 37°C 

at 120 rpm shaking for 24 hours to allow bacterial biofilm growth. Bacterial concentrations 

were assessed for each condition by creating serial dilutions of the supernatant from each 

well and then culturing on McConkey (a selective medium for gram-negative bacteria) agar 

plates. Figure 3e presents the concentration of viable bacterial cells in Log (CFU/mL) for 

each condition. A comparison between the PAO1 blank control (no hydrogel) and the 

2%NC hydrogel without phage reveals that the hydrogel did not exhibit any bactericidal 

effect, as the number of viable bacterial cells remained the same. In contrast, phage-loaded 

hydrogels with various formulations (1.5%, 2%, and 2.5% NC) reduced the bacterial load 

by approximately 5 logs when compared to the control PAO1 blank and the hydrogel 

without phage. By spreading 100 µL of the supernatant from each well onto MacConkey 

agar plates and incubating them overnight, it was observed that phage-loaded hydrogels led 

to the growth of only a few colonies. In contrast, the hydrogel without phage was densely 

covered with bacteria, as illustrated in the representative plate images in Figure 3f. The 
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metabolic activity of bacterial cells in both the supernatant and adhered biomass from each 

well was assessed using the XTT assay, a cell proliferation assay employed to measure 

cellular metabolic activity as an indicator of cell viability. XTT is a tetrazolium salt that 

undergoes reduction to an orange soluble formazan dye in response to cellular metabolic 

activity. An increase in the metabolic activity of bacterial cells leads to the reduction of 

tetrazolium salt into formazan dye, resulting in increased absorbance.53,54 After introducing 

100 µL of the XTT solution to an equal volume of the supernatant from each well (resulting 

in a total volume of 200 µL) and incubating for one hour at 37°C, the metabolic activity of 

bacterial cells was assessed to compare hydrogels loaded with a phage cocktail to hydrogels 

without phages. To measure the metabolic activity of bacterial cells within the adhered 

biomass, all the supernatant solution was removed from each well without disturbing the 

adhered biomass. Subsequently, 1000 µL of XTT solution was added to each well (without 

removing the hydrogel), and the plate was incubated for one hour at 37°C. Subsequently, 

200 µL of the solution was transferred to a 96-well plate, and the absorbance was measured 

at 490 nm. The absorbance values were significantly reduced for phage-loaded hydrogels 

compared to hydrogels without phages in both the supernatant and adhered biomass. These 

results affirm the successful antibacterial performance of the phage-loaded hydrogels in 

preventing the formation of bacterial biofilms (Figure 3g). The turbidity of the supernatant 

was also measured for each well and as shown in Figure S8. Phage-loaded hydrogels 

resulted in lower absorbance numbers (OD600), that the presence of phages effectively 

prevented bacterial growth and biofilm formation.  

For biofilm dispersion assay, PAO1 was seeded into the wells of a 24-well plate and 

allowed to grow biofilms for 24 hours at 37°C with agitation at 120 rpm. After the 24 hours 

of biofilm growth, half of the supernatant from each well was carefully removed. 

Subsequently, hydrogels were introduced into the wells, and the volume of supernatant that 

was previously removed was replaced with fresh growth media. The plates were then 

incubated for an additional 24 hours to assess the hydrogelôs dispersion abilities (Figure 

3h). Similar trends were observed in the biofilm dispersion assay. The results from the CFU 

count assay indicated a remarkable decrease in bacterial load (approximately 6 logs) in 

biofilms treated with phage-loaded hydrogels when compared to the PAO1 blank control 

and hydrogels without phages (Figure 3i). Representative images of the overnight growth 
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of 100 µL of the supernatant from each condition, which was spread on MacConkey agar 

plates, are presented in Figure 3j. The introduction of phage-loaded hydrogels resulted in 

a substantial reduction in bacterial load, with only a few bacterial colonies observed. In 

contrast, the supernatant from wells with hydrogels lacking phages was able to completely 

cover the plate. The XTT assay results demonstrated a significant decrease in bacterial 

metabolic activity in both the supernatant and adhered biomass of the phage-loaded 

hydrogels when compared to hydrogels without phages (Figure 3k). Turbidity 

measurements of the supernatant in each well validated the findings from CFU counts and 

the XTT assay by revealing lower absorbance values in the presence of phage-loaded 

hydrogels (Figure S9). Representative images of the wells of biofilm prevention/dispersion 

experiments after conducting XTT assay are shown in Figure S10.  

An intriguing characteristic of phages as bactericidal agents is their self-dosing ability. 

They can replicate on-site by utilizing bacterial reproduction machinery to multiply. In both 

the biofilm prevention and dispersion assays, the concentration of phages was determined 

by serially diluting and plating the supernatant from samples of phage-loaded hydrogels on 

a PAO1 bacterial lawn. The phage population increased to approximately ~109 and ~1011 

PFU/mL in the biofilm prevention and biofilm dispersion assays, respectively (see Figure 

S11). The final concentration of phages in the biofilm dispersion assay was notably higher 

than in the biofilm prevention assay, as the bacterial cell density in each well was greater 

due to the pre-existing 24-hour biofilm growth when the hydrogels were introduced. 

4.3.5 In vitro cell culture.  

In vitro cell culture studies were conducted on phage-loaded injectable hydrogels using the 

SaOS-2 osteoblast cell line. The cytocompatibility of the hydrogels was evaluated through 

an indirect approach, wherein seeded cells were exposed to standard complete media and 

complete media containing extracts from phage-loaded hydrogels. These hydrogel extracts 

were derived from hydrogels incubated in standard complete media for 5 and 7 days. As 

depicted in Figure 4a, the hydrogels exhibited biocompatibility, with no signs of 

cytotoxicity. Cells exposed to extracts from hydrogels with a longer incubation period (7 
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days) also displayed enhanced cell proliferation compared to cells cultured in regular 

complete medium. 

 

Figure 4. In vitro cell culture. a) Indirect cytotoxicity assay conducted after 48 hours of 

incubating SaOS-2 cells with extracts of hydrogels immersed in complete media for 5 and 

7 days at 37°C in 5% CO2, in comparison to cells grown in fresh complete cell culture 

media as a control. None of the hydrogels exhibited any cytotoxic effects on the SaOS-2 

cell line. b) ALP assay performed after incubating cells with hydrogels for 3 days, revealing 

significantly higher levels of ALP induction in cells incubated with hydrogels when 

compared to control cells cultured in complete cell culture media alone. (****p < 0.0001, 

***p < 0.001, **p < 0.01, *p < 0.05) 

Osteomyelitis, a severe form of bone infection, is renowned for causing localized bone loss 

and destruction. The prevalence of antibiotic-resistant infections and biofilm formation has 

significantly reduced the success rate of treatment in such cases.50 To improve the 

management of osteomyelitis, the creation of a biomaterial with dual functionality for 

infection control and bone regeneration is imperative. As previously mentioned, the 

hydrogel utilized in this study incorporates laponite and CMC, both of which have shown 

promise in promoting bone formation in various research studies.26,33ï40 The SaOS-2 cells 

used in this study are human osteosarcoma cells exhibiting osteoblastic characteristics, 

including the expression of alkaline phosphatase (ALP), osteonectin, and a response to 

mineralization activation.55 ALP serves as an early marker of osteogenic differentiation in 

osteoblast cells. It is expressed on the extracellular matrix and stimulates bone 

mineralization by releasing phosphorus.40 "In this study, we assessed the ALP activity after 

culturing SaOS-2 cells in the presence of hydrogels for 3 days. The ALP activity increased 
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by 34%, 48%, and 50% in the presence of 1.5%, 2%, and 2.5% NC hydrogels, respectively 

(Figure 4b).  

4.4.  Conclusion 

In this study, we successfully developed an injectable hydrogel for delivering phages to 

infected bone tissue. This hydrogel was created by simply blending NC and CMC, resulting 

in physical cross-linking driven by electrostatic and hydrogen bonds. The presence of 

reversible electrostatic and hydrogen bonds conferred shear-thinning behavior and self-

healing properties to the injectable hydrogel, as demonstrated by rheological assessments. 

The hydrogels were loaded with a binary P. aeruginosa phage cocktail, which exhibited 

significantly stronger antibacterial performance compared to individual phages. The phage-

loaded hydrogels demonstrated excellent antibiofilm performance in both biofilm 

prevention and dispersion assays. Furthermore, these biocompatible hydrogels displayed 

enhanced osteogenic activity in SaOS-2 osteoblast cells, underscoring their considerable 

potential for promoting bone healing and osteointegration. In summary, the phage-loaded 

NC-CMC injectable hydrogel, with its dual functionality of antibiofouling and bone healing 

properties, holds promising potential for the treatment of bone and implant-associated 

infections. 

 

4.5.  Materials 

Carboxy methyl cellulose (CMC) with average Molecular weight of ~250,000 and degree 

of substitution 0.9 was purchased from Millipore Sigma (Oakville, ON, Canada). Laponite 

XLG Nanoclay (NC) was generously provided by BYK Additives Inc., USA. Phosphate-

buffered saline (PBS) tablets were purchased from VWR (Mississauga, ON, CA). Luria 

Broth (LB) was purchased from Fisher Scientific (ON, CA). vB_Pae-Tbilisi32 or for short 

P32 and JG004 phages, and Pseudomonas aeruginosa (PAO1) strain were purchased from 

DSMZ (Germany). E79, PO4 and PP7 phage from Université Laval (QC, Canada). XTT 

tetrazolium sodium salt, menadione, and acetone were purchased from Sigma Aldrich. 

Phosphate-buffered saline (PBS) tablets were purchased from VWR (Mississauga, ON, 

CA). Luria Broth (LB) was purchased from Fisher Scientific (ON, CA). Alkaline 
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Phosphatase Assay Kit (ab138887) and PrestoBlueÊ HS Cell Viability Reagent 

(Invitrogen P50200) were purchased from Abcam (Abcam.com) and Fisher Scientific (ON, 

CA), respectively. 

4.6.  Methods 

4.6.1 Hydrogel preparation  

Solutions of CMC and Laponite were prepared in milli-q water under vigorous agitation. 

CMC required a heating process at 50°C for at least 5 hours to obtain homogenized 

solutions, while laponite formed transparent solutions after a few minutes of stirring at 

room temperature. Laponite nanoclay particles (NC) were stirred at 700 rpm and after 2 

minutes, CMC solutions was added to it, followed by a vertexing for 5 minutes to obtain a 

homogenized hydrogel. The concentration of CMC was kept constant at 1 w/v% and NC 

concentrations increased to obtain hydrogels with 1.5, 2, 2.5w/v % NC. All hydrogel 

formulations were aged for 48 hours at room temperature after preparation.  

Phage loaded hydrogels were prepared the same way described above by mixing Laponite, 

CMC and phage cocktail to obtain the final concentration of phages at ~ρπ PFU/mL. The 

original phage cocktail was prepared by mixing equal volumes of both phages at ρπ 

PFU/mL to obtain 5 ρπ PFU/mL in the final mixed solution. 

4.6.2 Rheological analysis  

Rheological properties were assessed using a Discovery HR-2 hybrid rheometer (TA 

Instruments, USA) with a cone-plate geometry with 40 mm diameter, 1°cone angle, and 50 

µm truncation gap. To prevent evaporation, mineral oil was applied around the 

circumference of the plates in all measurements to obtain consistent results. The hydrogels 

were equilibrated for 2 minutes prior testing under steady shear of 0.2% strain at 10 Hz to 

remove the mechanical history of handling the hydrogel. Frequency sweeps were conducted 

from 0.01 to 100 Hz at 25°C, and strain sweeps were performed from 0.01% to 1000% 

strain at 10 Hz at 37°C by 10 points per decade measurements. The recovery test was 

performed at 10 Hz 37°C under 500% strain for 60 seconds, a value outside the linear 

viscoelastic region, followed by applying a 0.2% strain for 120 seconds. The low and high 
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strain cycle was repeated 6 times for a cyclic strain test to assess the ability of the hydrogel 

to recover itself. The flow ramp was performed at shear rates from 0 to 50 ί  over 150 

seconds at 25°C.  

4.6.3 Swelling and degradation experiments 

Freeze dried hydrogels (n=4) inside a cell strainer were submerged in PBS and incubated 

at 37°C. Samples were removed at different time intervals, including 2, 4, 6, 8 and 24 hours. 

Before weighing the samples, the excess water was removed carefully using a Kim wipe. 

The swelling ratio was measured using the formula: Swelling ratio = (Ww-Wd)/Wd 100. 

Ww represent the swollen weight after incubation in PBS, and Wd is the original dry weight. 

4.6.4 Scanning Electron Microscopy (SEM)  

Bacterial cells were grown on steel coupons overnight and fixed using 30% glutaraldehyde 

for 30 min at 4 °C. Fixed samples were dehydrated by sequentially immersing in ethanol 

gradient solutions (10%, 30%, 50%, 70%, 90%, 100%) for 10 min. Samples were then dried 

using a Leica EM CPD300 critical point dryer (Leica Mikrosysteme GmbH, Austria). Dried 

samples were coated with 20 nm of gold using a Polaron Model E5100 sputter coater 

(Polaron Equipment Ltd., UK). SEM images were taken using a Tecan VEGA II LSU SEM 

(Tecan USA, PA, USA). In order to prepare hydrogels for SEM imaging, hydrogel samples 

were freeze dried for 24 hours, sputter coated with a 15 nm gold layer and fixed on SEM 

stubs using double sided carbon tape. The samples were then imaged using a JEOL 6610LV 

SEM instrument at the Canadian Centre for Electron Microscopy (CCEM), McMaster 

University (ON, CA).  

4.6.5 Transmission Electron Microscopy (TEM)  

First, carbon-coated copper grids were plasma treated shortly to help spread the liquid on 

it properly. Afterwards, phages with an initial concentration of 109 PFU/mL were absorbed 

onto the prepared carbon coated copper grids and negatively stained with 1% uranyl acetate. 

Stained grids were dried at room temperature and imaged using Talos L120C transmission 

electron microscope at the Canadian Centre for Electron Microscopy (CCEM), McMaster 

University (ON, CA). 
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Transmission election microscopy (TEM) images of the phages were obtained using Talos 

L120C transmission electron microscope at the Canadian Centre for Electron Microscopy 

(CCEM), McMaster University (ON, CA).  

4.6.6 Fourier Transform Infrared Spectroscopy (FTIR)  

FTIR spectra were obtained for laponite XLG powder (NC), CMC powder and powdered 

lyophilized hydrogel (1%CMC-2%NC) in the range of 4000-400 cm-1, at 2 cm-1 resolution 

with 32 scans (Bruker instrument, model Vertex70)  

4.6.7 Dynamic Light Scattering (DLS) 

 DLS measurements were performed at a backscattering angle of 173° and a laser 

wavelength of 633 nm. First, the hydrodynamic size of 0.2% NC was assessed using DLS. 

In order to analyze the interaction between CMC and NC, 0.1, 0.2, 0.3, and 0.5% CMC was 

introduced to the 0.2% NC dispersions, and the measurements were conducted after 60 

seconds of high-speed vortex. Fresh samples were prepared for every measurement. Zeta 

potential and DLS measurements were performed using Malvern Zetasizer Nano. 

4.6.8 Bacterial culture and phage propagation 

 Overnight cultures of bacteria were prepared by streaking a frozen glycerol stock of 

Pseudomonas aeruginosa PAO1 strain (stored at -80°C) and inoculating LB media, 

followed by incubation under 180 rpm at 37°C for 14-16 hours. Pseudomonas aeruginosa 

phages including JG004 (JG004), vB_Pa2-Tbilisi32 (P32), PO4, PP7, and E79 were 

propagated on their host (PAO1), by introducing a single plaque of each phage to a bacterial 

subculture at mid-exponential phase of growth (OD600 = 0.3) and incubating at 37°C at 180 

rpm for 6 hours. Crude phage lysates were then pelleted down at 7000 rcf, at 4°C for 15 

minutes, the solution on top was decanted to a new tube, and the pellet containing bacterial 

debris was discarded. The phage containing solutions were then sterile filtered using 0.45 

µm and 0.22 µm syringe filters consecutively. To further concentrate the phage solutions 

in some cases 100 KDa, and 30 KDa Amicon ultra filters were used.  
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4.6.9 Phage cocktail design 

Phage Cocktail designs were conducted by measuring turbidity of phage infected cultures 

compared to un-infected cultures using OD600 assay. Binary combinations of phages 

(including P32-JG004, P32-PO4, P32-PP7, P32-E79, PO4-JG004, PO4-PP7, PO4-E79, 

JG004-PP7, PP7-E79) were introduced to PAO1 cultures at OD600 ~0.1 at MOI=10 

(multiplicity of infection or phage to bacteria ratio), at total volume of 200 µL in a sterile 

flat bottom transparent 96 well plate. The plate was incubated for 24 hours at 37°C under 

orbital shaking inside a Synergy Neo2 BioTek plate reader and absorbance was recorded 

every 5 minutes at 600 nm. Phage pairs which successfully suppressed the bacterial growth 

and had absorbance values similar to media controls were introduced as effective 

combinations. The selected phage pair (P32-JG004) were further analyzed by repeating the 

above explained experiments at different MOIs including 10, 1, 0.1, 0.01, 0.001. The final 

OD600 results were graphed using GraphPad Prism 10 software. 

4.6.10 In vitro antibacterial assessment  

In order to evaluate the biofilm prevention ability of the phage loaded hydrogels, 

quadruplicates of phage cocktail-loaded hydrogels with 3 different formulations (1.5%NC, 

2%NC, 2.5%NC+phage) with a final concentration of 109 PFU/mL of phage cocktail 

containing P32,JG004 (1:1 v/v) and a hydrogel formulation without phage (2%NC-no 

phage) as a negative control were placed in a sterile untreated flat bottom 24 well plate. LB 

media only wells and PAO1 only wells were also used controls. Hydrogel volume was kept 

constant at 400 µL for all conditions. Having added 1 mL of bacterial cultures of PAO1 at 

105 CFU/mL to each well, bacterial biofilms were grown for 24 hours under 120 rpm 

agitation at 37°C. At the end of 24 hours biofilm growth, optical density of 200 µL of the 

supernatant was measured at 600 nm (OD600) in a 96 well plate, comparing the turbidity of 

the samples. Afterwards, CFU counts of the supernatant was calculated by taking samples 

from the wells containing hydrogels with and without phage and serially diluted in sterile 

PBS solution (10 folds serial dilutions) and plating on MacConkey agar (selective for gram 

negative bacteria) plates to obtain CFU/mL. The metabolic activity of the planktonic 

bacterial cells was also measured by adding 100 µL of solution from each well and added 

to 100 µL of XTT solution in a 96 well plate and incubated for an hour. The absorbance 
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was then recorded at 490 nm using Synergy Neo2 BioTek plate reader. The metabolic 

activity of the adhered biomass was also evaluated by carefully removing all the planktonic 

bacteria and adding 1500 of XTT solution, followed by one hour incubation in the dark 

under 120 rpm agitation at 37°C. The absorbance was recorded for all samples by adding 

200 µL of the XTT containing solutions from each well to a 96 well plate and recording 

the absorbance at 490 nm.  

For assessing the biofilm dispersing ability of the injectable hydrogels, 24-hour biofilms 

were first seeded inside a sterile 24 well plate under 120 rpm agitation at 37°C in a total 

volume of 1000 µL per well by initial concentration of PAO1 at 105 CFU/mL. Having 

removed 500 µL from each well at the end of 24-hour incubations, and replacing it with 

500 µL of fresh media, different hydrogel formulations with and without phage cocktails, 

were introduced to each well in quadruplicates. The plates were then incubated for another 

24 hours, followed by measuring the turbidity of the supernatant (OD600), metabolic activity 

of the supernatant and the adhered biomass using XTT assay, CFU counts, and turbidity 

measurements as discussed above. Synergy Neo2 BioTek plate reader was used to record 

absorbance data in both XTT and OD600 assays.  

4.6.11 In vitro  cell studies 

The cytotoxicity of the phage-loaded NC-CMC hydrogels was evaluated using an indirect 

method. First, hydrogels with three different Lapointe concentrations (1.5, 2, 2.5% NC) 

loaded with a mixture of P32-JG004 phages at a final concentration of 109 PFU/ml were 

emersed in 700ul SaOS-2 growth medium (McCoyôs 5A medium supplemented with fetal 

bovine serum (FBS)) and intubated at 37°C in 5% CO2 for 3, 5, and 7 days. In the 

meanwhile, SaOS-2 cells were seeded at a density of 2 ×105 cells per well into each well 

of a tissue culture treated 24-well plate. The SaOS-2 cells were exposed to hydrogel extracts 

by replacing the complete media in cell seeded wells with 700 µL of the extract form each 

hydrogel group. The cells were incubated for an additional 48 hours in elution media 

containing hydrogel extracts. The cells exposed to fresh complete media were regarded as 

a control group. After 48h of incubation, cytotoxicity assay was conducted using 

PrestoBlueÊ HS Cell Viability Reagent (Invitrogen P50200) according to the 

manufacturerôs instructions. Briefly, having removed the medium from each well of the 24-



Ph.D. Thesis ï Fereshteh Bayat; McMaster University - Biomedical Engineering  

79 

 

well plate containing cells, a 10-fold dilution of the cell viability reagent in cell culture 

medium was added to each well. The plate was incubated for 3 h at 37°C in 5% CO2. After 

incubation, 200 µL of the solution was added to black well plates (Greiner Bio-One 

655086) and fluorescence measurements were taken at excitation and emission 

wavelengths of 560±5 nm and 590±5 nm, respectively using Synergy Neo2 BioTek plate 

reader. To assess the ALP activity of cells exposed to hydrogels, SaOS-2 cells were seeded 

at a density of 2 ×105 cells per well into each well of a tissue culture treated 24-well plate. 

Hydrogels with 1.5, 2, 2.5% NC loaded with phage cocktail (P32, JG004) were placed onto 

seeded wells, and incubated for 3 days. The ALP activity was measured at the end of 

incubation in the supernatant of each sample using Alkaline Phosphatase Assay Kit 

(ab138887, Abcam.com), based on manufacturerôs instructions. All measurements were 

performed in quadruplicates. 
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4.8.  Supplementary Information 

 

 

Figure S1. DLS and zeta potential measurements 
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Figure S2. SEM images of 1.5% and 2%NC hydrogel formulations 

 

Figure S3. Swelling ratio of freeze dried 1.5, 2, 2.5 %NC hydrogels at different time 

intervals recorded up to 24 hours. 
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Figure S4. Strain sweep at 10Hz for hydrogels containing 1.5, 2, and 2.5% NC at 38°C.   

 

Figure S5. Stress sweep at 10Hz for hydrogels containing 1.5, 2, and 2.5% NC at 38°C.   
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Figure S6. Kill curves of individual and binary phage cocktails. OD600 assay results of 

infecting PAO1 bacterial strain with single P. aeruginosa phages including P32, JG004, 

PO4, E79 and PP7 and binary combinations of P32-JG004, P32-PO4, P32-E79 and P32-

PP7, PO4-JG004, PO4-E79, PO4-PP7, JG004-PP7 and E79-PP7 in comparison to 

uninfected PAO1 (gray graph). Dashed line shows standard deviation from the mean of 

n=6 samples. 
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Figure S7. Kill curves of P32 and JG004 phages combination at MOIs of 10, 1, 0.1, 0.01, 

0.001, 0.0001 using OD600 assay 
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Figure S8. Turbidity measurement of the supernatant in biofilm prevention assay 

 

Figure S9. Turbidity measurement of the supernatant in biofilm dispersion assay 
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Figure S10. Representative images of wells for metabolic activity measurements using 

XTT assay. The metabolic activity of adhered biomass and the supernatant solution in each 

well was measured for both biofilm dispersion and prevention. Color change in wells 

containing hydrogels after removing the supernatant and adding the XTT reaction solution 

to measure the metabolic activity of adhered biofilm after 24 hours treatment with phage 

loaded hydrogels in comparison with POA1 and no phage containing hydrogel (A). Color 

change correlated to metabolic activity of cells in the supernatant of the wells containing 

phage compared to POA1 and no phage containing hydrogel after mixing the supernatant 

and XTT reaction solution 1:1 volume ratio (B).  

 

Figure S11.  Concentration of phage at the end of biofilm prevention and dispersion 
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Chapter 5: Phage-Conjugated Liquid-Infused Implants Prevent Mortality Against an 

Implant -Associated-Infection in a Mouse Mode 

Preface: In this chapter, a phage-conjugated liquid infused coating was developed to 

prevent bacterial infection and biofilm formation on the surface of orthopedic implants. 

The developed coating harnesses a dual functionality, combining the anti-adhesion 

properties of a liquid-infused surface with the bactericidal effects of phages. The 

biocompatibility and efficacy of this coating were tested in both in vitro and in vivo mouse 

model. 

Contribution:  This work was an equal collaboration between me and Martin Villegas. Martin 

Villegas developed the Liquid Infused Coatings, conducted in vitro mammalian cell culture and 

in vivo animal studies with help of Sara Rahmani and two undergraduate students, Taylor 

Kramer and Elise Schwarz. I helped with sample preparation, propagated, and purified 

different phages, conducted all the bacterial cultures, in vitro bacterial and phage assays. I 

analyzed the samples collected from animals and conducted bacterial assays on them with help 

from Mathura Thirugnanasampanthar. Martin Villegas wrote the original draft with input 
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manuscript. The project was conceptualized by Dr. Tohid Didar and conducted under 

supervision of Dr. Tohid Didar and Dr. Zeinab Hosseinidoust. Dr. David Wilson provided 

scientific support from a clinical perspective.  
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5.1.  Abstract 

Implant-associated infections (IAIs) continue to be one of the top medical complications in 

modern medicine. Eradicating an IAI can be difficult due to the bacteriaôs ability to form a 

biofilm on the medical device. A biofilm is a surface-bound bacterial community 

encapsulated in an extracellular matrix, which promotes bacterial attachment and creates a 

protective barrier against antibiotics and the immune system. If the infection is not treated 

promptly, severe complications can arise, including implant failure, tissue trauma, chronic 

infections, or sepsis. Resent strategies have been developed to prevent medical implant 

infections. Here, we developed a bacteriophage conjugated liquid-infused surface (LIS) 

coating capable of repelling and killing bacteria. Furthermore, this coating contained a 

collagen layer, which promoted bone cell adhesion and proliferation. The fabricated coating 

was tested in vivo, in a sepsis mouse model using the highly pathogenic Pseudomonas 

aeruginosa bacteria. Mice containing the bacteriophage liquid-infused (Phage-LIS) coated 

implants had zero mortalities compared to groups containing untreated titanium implants 

(90% mortalities) or liquid-infused coated implants (70% mortalities). We envision a 

modular coating using therapeutic bacteriophages within a repellant LIS coating to prevent 

IAIs, along with biomolecules to promote tissue integration dependent on the application. 

 

Keywords: Titanium implant, Liquid infused, LIS, AMR, Phage, Antibacterial, Coating, 

Sepsis, mouse model 
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5.2.  Introduction  

Titanium and titanium alloys continue to be some of the most sought-after materials for 

medical implants due to their unique material properties. Titanium provides high resistance 

to degradation, fatigue, and wear while providing high moduli and strength.1,2 Furthermore, 

titanium alloys, especially grade 5 and grade 23, provide high corrosion resistance and 

display no cytotoxic characteristics.3 For these reasons, titanium-based medical implants 

have been used in various applications, from orthopedic and dental implants to 

cardiovascular stents and mechanical heart valves.4 Despite implant material or application, 

implant-associated infections (IAIs) remain one of the top medical complications in modern 

medicine. IAIs are the highest cause of implant failure in orthopedics,5,6 and dental 

applications,7 requiring lengthy hospital stays, prolonged antibiotic regimens, and multiple 

surgeries to eradicate the infection. Even when the probability for an IAI is low, as is with 

cardiac implants (1-6%), the risk for complications or mortality is substantial (27.5%),8 

accounting for a higher medical and financial burden to the individual and the medical 

institution. If an IAI is not diagnosed and treated promptly, severe complications can occur, 

including the possibility of sepsis. Sepsis is a clinical syndrome where an infection causes 

a dysregulated immune response.9 Moreover, sepsis can quickly result in septic shock, 

which is characterized by failure of the circulatory system, which may result in multi-organ 

failure and mortality.10  

Eradicating an established implant-associated infection can be complicated due to biofilm 

formation on the implantôs surface. A biofilm is a self-secreted polymeric layer that protects 

surface-bound bacteria colonies.11 The secreted extracellular matrix (ECM) is composed of 

extracellular DNA, polysaccharides, and glycoproteins, among other molecules, which 

promote cell adhesion, bacteria cell-to-cell communication (quorum sensing), and protects 

the bacterial cells from systemic antibiotics and the host's immune system.11ï14 In fact, it 

has been shown that bacteria in biofilms are 1000 times more resistant to antibiotics 

compared to planktonic bacteria.15 Figure 1a. displays an oversimplified schematic of the 

evolution of biofilm formation. First, planktonic bacteria colonize the surface, where it 

proliferates, matures, and produces ECM. The ECM can then promote additional bacterial 

attachment, and in some cases, multi -species biofilms can be formed, increasing the 



Ph.D. Thesis ï Fereshteh Bayat; McMaster University - Biomedical Engineering  

93 

 

infection's complexity. Finally, bacteria can be expelled from the biofilm to create new 

colonies, thus repeating the cycle. Another complication caused by biofilms is that even if 

the infection is treated successfully, the leftover biofilm on a medical implant can facilitate 

the re-colonization of the surface by persisted cells causing an infection relapse.13,16 

Implant-associated infection prevention continues to be a highly researched topic, leading 

scientists to formulate protective coatings on medical implants. There are two main 

methods for how these coatings operate. The first one kills the bacteria directly on the 

implant or in the peri-implant space, while the second category prevents bacterial 

attachment to the implant. Among the latter category, liquid-infused surface (LIS) research 

has become prominent due to its exceptional antifouling capabilities.17ï26 Liquid-infused 

surfaces, inspired by the Nepenthes pitcher plant, are surfaces containing a thin lubricating 

layer tethered through chemical and physical forces. The lubricating layer is chosen to be 

immiscible with the liquids that need repelling, thus creating a protective layer that prevents 

direct contact with the underlying substrate. Although LIS is a promising antifouling 

technology, LIS alone cannot indiscriminate between bacteria or the host cells, preventing 

important interactions required for proper host-implant integration. To circumvent this 

problem, our group has developed a plethora of multifunction LIS coatings, including LISs 

capable of preventing blood coagulation while promoting endothelialization in medical 

catheters;21ï23,25,27 LIS combined with antibiotics for a multi-stage protective layer;28 and 

LIS conjugated with chitosan to enhance bone cell adhesion and proliferation on titanium 

implants.29   

In this work, we set out to create a new generation of biofunctional liquid-infused coatings 

for medical implant materials. Here, we created a bacteriophage and collagen-conjugated 

LIS (Phage-LIS) coating on medical-grade titanium to promote cell attachment and 

proliferation while at the same time possessing the ability to repel and lyse bacteria. Figure 

1b. displays the protective functions of the proposed coating. Here, the liquid-infused layer 

provides a non-adhesive film that prevents bacterial attachment, while the bacteriophage-

collagen layer can kill the bacteria upon contact. Furthermore, the collagen layer increases 

the surface area for bacteriophage attachment and provides anchor points for proper 

adhesion and integration with the host's cells. Bacteriophages, also known as phages, were 
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chosen as the antibacterial agent due to their high stability, specificity, and self-dosing 

ability by reproducing themselves on site upon infecting bacterial pathogens.30,31 

Even though phages were discovered in 1915,32 their medical and research value has been 

greatly overshadowed by the discovery of antibiotics in the 1940s.33,34 However, with the 

rise in antibiotic resistance and the creation of bacterial super-bugs,35,36 bacteriophages 

have emerged as promising alternatives to antibiotics. Bacteriophages are mainly classified 

into two categories. The first is lytic or virulent phages due to their fast lytic action. Soon 

after a bacterium has been infected, the injected genome takes control of the bacteria's 

reproduction system to replicate itself, and newly formed phages lyse the bacteria from 

within, thus releasing the progeny phages into the environment. The second category of 

phages is known as temperate or lysogenic phages. Upon infection, lysogenic phages 

incorporate their genome into the bacterial genome, which stays dormant for a prolonged 

period. Upon an external trigger, the phage's genome awakens and transforms into the lytic 

life cycle to reproduce and release new progeny phages.37 Because of this distinction, lytic 

phages are preferred for therapeutic applications, creating an immediate antibacterial effect 

and reducing the probability of horizontal gene transfer of virulence factor by temperate 

phages.38  

The created Phage-LIS coating was optimized against Pseudomonas aeruginosa, the most 

common and hard to treat gram-negative bacterial pathogen in implant-associated 

infections.39ï41 The coating displayed an active liquid-infused layer through low sliding 

angles while promoting osteoblast-like cell adhesion and proliferation and showed no 

cytotoxicity. Moreover, the Phage-LIS coating reduced bacteria by 99.94% compared to 

infected untreated titanium surfaces in vitro. The Phage-LIS coatings were also tested in 

vivo in a sepsis mouse model. The treated samples prevented the mortality of mice with 

phage-treated implants. In contrast, the groups with untreated titanium implants or LIS 

implants displayed a 90% and 70% mortality rate after seven days, respectively. 

We conceptualize a modular coating with the superior antifouling properties of LIS and the 

integration of cocktail bacteriophages to protect the implanted surface. Moreover, the 

multifunctional LIS can include modulatory molecules to promote proper biocompatibility 
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and integration with the host. These modular coatings can be adapted depending on the 

application and have the potential to be applied to other biomaterials where infection 

prevention is required. 

5.3.  Results and discussion 

To create the phage-collagen liquid-infused coating (Phage-LIS), the titanium discs were 

first sanded, cleaned, and autoclaved, as discussed in the methods section. It is worth noting 

that after the sterilization process, the titanium samples were handled with sterile tools 

inside a biosafety cabinet (BSC) because phage-coated samples cannot be re-sterilized. 

Titanium discs were placed in sterile Petri dishes and oxygen-plasma treated to hydroxylate 

the surfaces. Immediately after, the samples were placed inside a vacuum chamber 

alongside Trichloro (1H,1H,2H,2H perfluorooctyl) silane (TPFS), and (3-

Glycidyloxypropyl) trimethoxysilane (GPTMS) for the chemical vapor deposition (CVD) 

of the mixed silanes onto the surface (Figure 1c). In these silanes, the chlorine and methoxy 

groups are hydrolyzed into hydroxyl groups, which can covalently bond to hydroxylated 

surfaces via a condensation reaction.42 The epoxy group of GPTMS is then capable of 

reacting with amine groups found on bacteriophages and collagen. On the other hand, the 

fluorine groups of the fluorosilane (FS) were used to render the surface hydrophobic and 

increase the affinity to the fluorinated lubricant Perfluoroperhydrophenanthrene (PFPP). 

After the CVD process, the silanized titanium discs were placed inside 48-well plates and 

submerged in a mixture containing the bacteriophages, collagen, and additional GPTMS 

linker molecules for 4 hours. Then, the samples were washed thoroughly with phosphate 

buffer saline (PBS) and stored at 4  in PBS until needed. A quality control step was 

implemented since the bacteriophage-coated surfaces cannot be re-sterilized. Here, the 

coated samples were submerged in antibiotic-free cell media and placed in a cell incubator 

for 24 hours. After 24 hours, the samples were checked under the microscope for 

microorganisms. After testing, the samples were allowed to air dry inside the BSC and then 

lubricated with PFPP to produce a liquid-infused interface.  
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Figure 1. Implant Infection Prevention, Device Fabrication, and Wettability. a) 

Biofilm formation scheme. b) Infection Prevention scheme displaying bacterial cell 

repulsion, lubricant penetration, and cell lysis due to bacteriophage infection and 

propagation mechanism. c) The surface fabrication process displays the surface's 

hydroxylation, mixed silane deposition, and collagen-bacteriophage layer addition. Finally, 

the coated surfaces are lubricated with a fluorinated lubricant to form a liquid-infused layer. 

d) Water contact angle between pristine titanium (Ti), Ti after fluorosilanization (FS), and 

Ti with the addition of collagen, fluorosilane, and bacteriophages (Phage-FS). e) Water 

sliding angle for the coated titanium surfaces, both bare or lubricated with PFPP. Part d) 

and e) were analyzed using an ANOVA, n=4 for part d) and n=5 independent samples for 

part e). '***' represent a p-value of P < 0.001, and '*' represent a p-value of P < 0.05 

5.3.1 Liquid -Infused Layer Testing 

Contact angle and sliding angle experiments were conducted to test the integrity of the 

liquid-infused coating. The water contact angle was used as a rapid test to check if the 

fluorosilane layer rendered the coating hydrophobic. The results in Figure 1d. did align 

with our hypothesis. Here, untreated samples (Ti) had low contact angles that can be 
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characterized as being hydrophilic (less than 90 deg.).43 On the other hand, fluorosilanized 

titanium (FS) obtained water contact angles of ~120 deg, reflecting a strong hydrophobic 

surface. Moreover, the optimized coating composed of the mixed silane layer and the 

collagen-phage layer (Phage-FS) remained hydrophobic despite collagen and phage being 

hydrophilic in nature.44ï47 Since the Phage-FS was hydrophobic, the water sliding angles 

were tested to evaluate the LIS characteristics (Figure 1e.). At first glance, water droplets 

on non-lubricated surfaces tend to pin on the surfaces and thus remain immobile even after 

reaching high tilting angles. Notably, droplets pinned on angles exceeding 90 degrees to 

the horizontal plane were given a maximum angle of 90 degrees. As expected, lubricated 

samples lacking the proper affinity to the lubricant caused the droplets to pin on the surface 

(Ti-lub). This predictable behavior is caused by the higher affinity between the Ti substrate 

and water, causing the droplet to displace the lubricant and reach the Ti surface.43 

Conversely, surfaces that were properly fluorosilanized and lubricated resulted in low 

sliding angles (< 5°), confirming a stable liquid-infused coating on the liquid-infused 

titanium (LIS) and the titanium coated with the phage-collagen liquid-infused layer (Phage-

LIS). These results mirror the outcomes observed in our previous studies,28,29,48 despite the 

differences in coating composition or variations in coating deposition methods. 

To test the feasibility of a Phage-LIS, P. aeruginosa strains PAO1 and bioluminescent 

PAO1 (PAO1-lux) were screened to find strong lytic phages. Figure S1a shows that PAO1-

lux was infected by JG004 and E79 phages, but was not infected by P32, P04, or PP7 

phages. JG004 and E79 phages were tested independently and in combination at different 

Multiplicity of Infection (MOI) to evaluate their efficiency at impairing bacterial growth 

and to test if their combination had complementary antibacterial effects. The MOI 

represents the ratio between bacteriophage and bacteria, where a larger number indicates a 

higher phage concentration compared to bacterial concentration. Figures S1d-f. show that 

both JG004 and E79 were able to suppress bacterial growth for at least 12 hours, even at 

low MOIs, when used individually. However, the bacteria population increases thereafter, 

due to rise of resistant mutants. Furthermore, the combination of JG004 and E79 did not 

improve the outcome (Figure S1f), showing similar growth curves as when tested 

individually (Figure S1d-e), therefore implying a non-complementary bacteriophage set.  

Similar tests were performed on the non-bioluminescent PAO1 bacteria strain, which was 
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susceptible to five different phages (Figure S1b).  The PAO1 bacteria strain and the P32 

and E79 phage combination were chosen after extensive testing. The results in Figure 2h 

show that both P32 and E79 effectively reduced bacterial growth for at least 12 hours when 

tested individually at the very low MOI of 0.001. However, the P32-E79 combination 

showed exceptional bacterial growth suppression for at least 24 hours of incubation (Figure 

2h, red line). These results infer complementary bacteriophage pair, reducing the bacteriaôs 

viability and the rise of resistant mutants. Notably, the phage pair (P32-E79) cannot be 

tested against PAO1-lux as this strain was not infected with P32. The high specificity 

shown by these phages demonstrated that even similar bacterial strains may have subtle 

genetic variations between strains from different labs. This limited our options in designing 

a phage cocktail against the bioluminescent strain. It is worth mentioning that in real life 

phage therapy cases, isolated pathogens are screened against a larger library of phages 

(phage banks) to find the suitable phages for the target pathogen. For the reasons stated 

above, even though PAO1-lux was initially used to optimize the bacterial load of the mouse 

sepsis model (described below), the PAO1-lux strain was not adopted for further testing 

due to the lack of synergistic phage pairing. Once the phages were chosen, the titanium 

discs were coated and tested in vitro against mammalian and bacteria cells.  

The engineered Phage-LIS coating was tested against osteoblast-like SaOS-2 cells to assess 

the potential use in orthopedic and dental applications, where bone integration is 

essential.29,49ï51 Figure 2a-b shows a representative image of cells on the fabricated 

coatings. Here, untreated titanium showed the highest number of cells on the surface, 

followed by Phage-collagen (Phage-FS and Phage-LIS) coated surfaces. Lastly, 

fluorosilanized and LIS titanium contained the fewest cells (Figure 2b). When evaluating 

the cell morphology, LIS-coated titanium showed cells clumping on the surface, indicating 

poor cell adhesion.29,52 Conversely, the cells growing on titanium or Phage-LIS coated 

samples were seen spreading and creating a monolayer, indicative of a healthy cell 

population. 29,52 Further testing was performed on LIS, Phage-LIS, and Ti (control) surfaces 

to evaluate if the coating had any cytotoxic effects or if it impaired the production of 

alkaline phosphatase (ALP). Alkaline phosphatase is an enzyme produced by osteoblasts 

cells in the process of bone mineralization.53 Figures 2c and 2d show that neither the LIS 

nor the Phage-LIS significantly affected cell viability or ALP production compared to 
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untreated titanium surfaces. Altogether, these results indicate that the Phage-LIS coating 

did not adversely affect mammalian cells. Moreover, the collagen-phage layer increased 

cell adhesion and proliferation compared to LIS-coated titanium, which aligns with the 

observations seen in our previous projects.29 

Bacteriophage infectivity was tested on the coated titanium discs using a diffusion assay on 

PAO1 bacterial lawns (Figure S1c). The results showed that the phage-coated Ti samples 

had lytic activity in the presence and absence of the PFPP lubricant, indicating that the 

phage remained viable through the coating process and that phage-bacteria interactions 

were possible. Further testing was performed using a liquid assay to evaluate the bacteria 

colony forming units (CFU) and phage plaque forming units (PFU) after a 6 and 24-hour 

incubation. First, liquid-infused titanium, Phage-LIS coated, and untreated samples were 

placed in a 48-well plate and submerged in 400 µL of PAO1 (107 CFU/mL) containing 

solution. The well plate was set in a shaking incubator at 120 rpm and 37°C. After the 

incubation periods, the solution and the samples were tested for CFU and PFU, and the 

results are displayed in Figure 2e-g. The CFU found on the surfaces indicated that LIS and 

Phage-LIS coated samples reduced the bacterial burden on the surface compared to 

untreated Ti discs. After the 6-hour incubation, Phage-LIS had a 99.6% bacteria reduction 

compared to untreated Ti surfaces. After 24 hours, LIS had a 0.7 log reduction compared 

to untreated Ti samples, while Phage-LIS had a 3.2 log reduction on the surface of the 

samples. Not surprisingly, the bacteria's CFU was also reduced in the solutions containing 

the Phage-LIS samples (99.96% reduction compared to Ti), while no CFU reduction was 

seen in solutions containing LIS-treated when compared to untreated Ti controls. These 

results highlight the benefit of having a phage layer to protect the implant material and the 

nearby space. The plaque forming units were also quantified from the Phage-LIS treated 

discs and the solution. Interestingly, the phage availability increased from 106.5 PFU on the 

surface of the treated Ti discs to ~1011 PFU of phage found in the solution after 6 hours. 

This drastic increase in antibacterial agents is one of the most remarkable characteristics 

seen with bacteriophages otherwise not found with conventional antibacterial agents. This 

means even a thin layer of phage coated on an implant surface could lead to replication and 

release of a large population of phages on site. In other words, antibiotic,54ï56 metallic,57ï59 

or antimicrobial peptide60,61 protective coatings are limited by the initial concentration, 
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while phages can increase in concentration if the phage successfully infects bacteria. 

Therefore, providing on demand bactericidal effect and having self-dosing properties. To 

further test the engineered Phage-LIS coating, an infectious murine model was created to 

assess the coating's ability to prevent severe morbidity or fatality in a sepsis model. 

 

Figure 2. In vitro  surface testing with mammalian and bacteria cells. a) Image 

representation of SaOS-2 cell population and morphology after a 3-day incubation period. 
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b) SaOS-2 Cell count after a 3-day incubation period. n=4 independent surface for all 

surfaces. c) Cell cytotoxicity assay after a 3-day incubation period of SaOS-2 cells. n= 5 

independent surfaces. d) Alkaline phosphatase activity after a 3-day incubation of SaOS-2 

cells. n= 4 independent surfaces n=4). e) Colony Forming Units (CFU) of P. aeruginosa on 

the surface of Ti and treated Ti samples. f) Planktonic CFU of P. aeruginosa left in a 

solution containing Ti and treated Ti samples (n=4). g) Plaque Forming Units (PFU) of 

phage-coated samples on the surface and in solution (n=4). h) Optical density growth curve 

of PAO1 bacteria with bacteriophages P32, E79 and synergistic combination of P32-E79. 

Parts b), c), d), e), and f) ANOVA were analyzed using an ANOVA, and part g) was 

analyzed using a student t-test. '****' represent a p-value of P < 0.0001, '***' represent a 

p-value of P < 0.001, '**' represent a p-value of P < 0.01, and '*' represent a p-value of P < 

0.05, ns denotes a no statistical difference. 

 

5.3.2 Establishing a Mouse Sepsis Model 

A simple subcutaneous sepsis model was created before examining the engineered Phage-

LIS coating in vivo. During the model development, 30 mice, 15 male (M) and 15 female 

(F), were infected with the bioluminescent PAO1-lux strain to monitor the infection 

progression. The mice were divided into six groups: PBS (control) and infected groups with 

bacterial loads ranging from 103 to 107 CFU. Furthermore, the groups were assorted such 

that each group had five mice (3M/2F or 2M/3F). During the surgery, the mice went under 

anesthesia, shaved, and their dorsal section was prepared for a surgical incision. The 

surgical incision was created roughly 2 cm below the scapulae, and then, a subcutaneous 

pocket was created through blunt dissection. A sterile and untreated titanium disc was 

inserted into the subcutaneous pocket, along with 10 µL of PBS or a predetermined 

bacterial concentration. Then, the wound was closed with autoclips, and the mice were set 

in a recovery cage before returning to their home cage. The mice were monitored daily for 

signs of sickness based on the categories displayed in Table S1. In addition, the mice were 

monitored every other day using an IVIS CT bioluminescent imaging equipment, which 

started the day after the surgery. Figure 3 displays the observations seen between the tested 

groups. Figure 3a shows a representative bioluminescent image for the female mice 

infected with 106 and 107 CFU. Here, it can be seen that two mice (infected with 107 CFU) 

reached the endpoint before their second imaging on day three post-surgery. Furthermore, 

two of the remaining three mice (infected with 106 CFU) reached the endpoint by day eight 
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post-surgery. Interestingly, mice infected with 105 CFU or lower had a 100% survival rate. 

Conversely, mice infected with 106 and 107 CFU reached a 40% survival rate on days 8 and 

2, respectively. It is worth noting that the symbol ó#ô in Figures 3c-3f represent the number 

of mortalities on each day, while Figure 3b shows the combined survival rates for each 

group. When analyzing the overall health differences between groups, some interesting 

trends appeared. First, mice infected with 105 CFU or lower displayed no physical or 

behavioral changes compared to control mice injected with PBS (Figure 3f). Second, mice 

infected with 104 CFU or lower did not have a significant drop in weight post-surgery, with 

most groups showing an increase in weight (Figure 3d, 3e). Furthermore, most mice groups 

recovered any weight loss within 2-3 days after surgery for groups infected with 105 CFU 

or lower. Contrariwise, mice infected with 106 and 107 had the largest weight loss, with 

most failing to recover to their original weight. When looking at the bioluminescent signal 

(Figure 3c), all groups showed a significantly higher signal on the first-day post-surgery 

than the PBS control group. Generally, the bacteria signal plateaued until days 5-7, when 

the signal started decreasing. This decrease in signal was likely caused by the activation of 

the adaptive immune response and overall decrease in bacteria. Apart from the mice 

infected with 106 and 107 CFU, all groups reached a bioluminescent signal comparable to 

the background noise by day 7-13. Based on these observations, we concluded that mice 

infected with 105 CFU or lower did not present any significant health issues, with all of 

these groups fully recovering nearly a week post-infection. In contrast, mice infected with 

106 and 107 CFU showed relatively high bioluminescent signals throughout the 14-day 

experiment and reached a 60% mortality rate. The main difference between 106 and 107 

CFU infected groups was in the onset of sickness and mortality, which was much sooner 

for the 107 CFU-infected group than the group infected with 106 CFU. Interestingly, the 

mortality rate was twice as high for female mice compared to male mice between 106 and 

107 CFU-infected groups. Even though this mortality rate was significant, it could be 

explained by size difference, in other words, female mice might be more vulnerable to such 

high bacterial loads, since they weigh ~33% less than male mice. However, further testing 

should be performed to describe this phenomenon since sex hormones do have an impact 

on the regulation of the immune system. For example, a study performed by Sakr et al., 

concluded that even though the prevalence of severe sepsis was lower in females compared 



Ph.D. Thesis ï Fereshteh Bayat; McMaster University - Biomedical Engineering  

103 

 

to male patients, females had a higher mortality rate in the ICU.62 Furthermore, multiple 

sclerosis studies have shown a direct link between sex hormones and the regulation of the 

immune system in the progressions of this disease,63 therefore, there is a plausibility that 

sex hormones also impact the immune system in the progression of sepsis. Despite these 

sex difference, we chose to test our engineered coatings in both sexes, against a higher 

bacterial load (108 CFU) to have a higher mortality rate compared to the 60% mortality 

seen with 106 and 107 CFU bacterial loads. 

 

Figure 3. In  vivo Optimization of Bacterial Load for Sepsis Model. Mice were implanted 

with a bare titanium surface, and bioluminescent PAO1-lux bacteria were introduced into 

the subcutaneous cavity with the following concentrations: 1x107, 1x106, 1x105, 1x104, 

1x103 CFU, and PBS as control. a) Representative bioluminescent imaging of female mice 
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with bacteria concentrations 1x107 CFU for LL and RR and 1x106 CFU for mice labeled 

0, L, and R. Missing mice represent mice that have reached the endpoint. b) Kaplan-Meier 

curve denoting the survival probabilities of each group of mice. c) Bioluminescent signal 

from mice with different bacterial loads. d) Average weight for male mice with different 

bacterial loads. e) Average weight for female mice with different bacterial loads. f) Average 

health score was given to mice for their appearance and attitude during their daily survey, 

as explained in Table S1, located in the supporting information section. Note: a score of 3 

or lower in either category represented a mouse reaching the endpoint. The '#' symbol 

denotes the number of mice reaching the endpoint at different times. Part b) was analyzed 

using a Log-rank test. ó**ô represents a p-value of P < 0.01. 

5.3.3 Bacteriophage-LIS Testing in Mouse Sepsis Model 

With the mouse sepsis model established, the Phage-LIS coating was tested and compared 

against LIS and untreated titanium controls. For this experiment, 30 mice were divided 

equally between the 3 groups. In order to reduce the number of mice used, uninfected 

controls were not repeated in this experiment, therefore abiding by the 3Rs principles of 

animal studies.64 The same surgical protocols were used for this experiment as in the 

previous section, where the mice were anesthetized, surgically prepared, and operated on 

to create a subcutaneous pocket. Titanium discs (either untreated or treated with either LIS 

or Phage-LIS coating) were then inserted in the subcutaneous space, and 10 µL of non-

bioluminescent PAO1 bacteria (108 CFU) was pipetted into the subcutaneous cavity. 

Finally, the incision was closed with autoclips, and the mice were placed in a recovery cage 

for the anesthesia to wear off before returning to their home cage. The results from this 

experiment are summarized in Figure 4. The results demonstrated increased morbidity and 

higher mortality rates (Figure 4e) compared to those previously seen (Figure 3b). After 

seven days, the mortality rates for untreated Ti and LIS groups were 90% and 70%, 

respectively. Conversely, mice with Phage-LIS treated discs had a 100% survival rate 

(Figure 4e). When analyzing the data in more detail, most of the early mortalities occurred 

in female mice, which occurred on the first-day post-infection (purple ó#ô in Figure 4 bi-

cii). At the end of the seven days, the Ti group had a single male survivor, while the LIS 

group had three male survivors. Even though the survivorôs weight and health scores did 

not recover fully for the Ti and LIS groups, these scores plateaued, indicating that their 

adaptive immune system was preventing the progression of the infection. The experiment 

was terminated after only seven days, mainly due to the creation of skin lesions, as seen in 
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Figure 4, column a. These wounds carried the risk of wound reopening, which would have 

resulted in implant loss and the introduction of other pathogens. Interestingly, none of the 

male mice containing the Phage-LIS implants exhibited these wounds. However, a few 

Phage-LIS treated female mice displayed similar but smaller necrotic wound patterns. The 

skin lesions differences between male and female mice (Phage-LIS group) may have 

occurred due to anatomical differences related to skin thickness and available immune cell 

within the skin tissue.65,66 Although the male-female differences in wound healing were not 

further explored in this study, these differences should be further investigated to create 

more robust animal models or extract information relevant to human studies. 

After reaching the endpoint, the mice were harvested, and their blood, liver, spleen, and 

titanium implants were collected for further analysis. Interestingly, the blood of Phage-LIS 

bacteria showed no bacteria on all collected samples, while some mice in the untreated Ti 

and LIS groups displayed active bacteria in the blood (Figure 4f). Furthermore, the blood 

samples collected from Phage-LIS samples had a bacteriophage concentration of ~ 103 

PFU/mL, indicating that the phage was present at the implant site and circulating 

throughout the body. Not surprisingly, the bacteriophages were also present in other tissue, 

including the liver and spleen, although at lower concentrations than the phage on the 

titanium discs (Figure S2d). Scanning electron microscopy (SEM) images from the 

recovered titanium implants showed that Phage-LIS or LIS samples had little to no bacteria 

present on the implant compared to untreated Ti (Figure 4 column d). Moreover, the SEM 

images reveal low tissue deposition and traces of what once were live cells on the untreated 

Ti surfaces. On the other hand, both LIS and Phage-LIS titanium discs show the availability 

of tissue and cells on the surface of the recovered implants. When quantifying the bacteria 

found on the recovered titanium coupons or on the collected organs, it was discovered that 

there was no significant difference in bacteria quantity between groups (Figure S2a-c). 

However, the factors influencing these results must be discussed to weigh the CFU values 

fully. First, the difference in endpoints needs to be accounted for. While many of the mice 

in the Ti and LIS groups reached endpoint 1-3 days after infection, their bacteria population 

grew to the same level as those found on Phage-LIS samples after 7 days. This meant that 

the phage initially suppressed the bacteria growth, giving the adaptive immune system a 

fighting chance and preventing early mortality. Secondly, it must be understood that the 
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bacterial colonies retrieved from the phage samples (blood, liver, spleen, and Phage-LIS 

titanium) displayed phage-infected colonies, as seen in the plates in Figure S3. Even 

though the phage-infected colonies are being reported here, it must be noted that these 

colonies did not survive after a few days on the agar plates. This revelation highlighted a 

limitation in our quantification tools, and a different metric should have been chosen to 

compare bacteria virulence other than quantifying bacteria populations. Lastly, even though 

the reported CFUs might not be an accurate metric for cell population (due to the continuous 

lysis of bacterial cells), there also exists the possibility that bacteria mutations occurred, 

rendering both P32 and E79 phages ineffective. These mutations could account for an 

increased colony population, but these mutations may also change the virulence of the 

bacteria, as seen in other studies.67,68 This point reiterates the need to use a more 

comprehensive testing set when comparing similar bacteria populations.  

Another explanation for the high bacterial concentration in Phage-LIS group is the 

possibility that bacteria could diffuse to deeper parts of the tissue and not be exposed to 

phages circulating in the blood system. In other words, the phage could be obstructed by 

physical obstacles to reach to all the present bacteria in deeper tissue and organs in a sepsis 

model. Where failure in phage-bacteria interactions represent an obstacle in phage 

therapy,69 as is with other bactericidal agents.  It is worth mentioning that here we have 

developed a sepsis model to evaluate our phage-LIS coating performance at extreme 

conditions, and the presence of phage has led to decrease the mortality rate significantly, 

although there is still high concentration of bacteria present in the organs and on the 

coupons. There is a high chance that these bacteria have reduced virulence and produce 

lower amounts of toxins as reported in other phage therapy studies, which needs to be 

further evaluated. As is, this Phage-LIS coating is designed as preventative strategy, in real 

life cases, more phages can be administrated intravenously,70 percutaneously, or via other 

administration routes such as intraperitoneal injection subcutaneous injection and 

intramuscular injection.71 Moreover, adjunct antibiotic therapy can be used to complete the 

treatment as commonly reported in many cases.72ï75 Taking these point into account, there 

also exists the possibility that sepsis progression was nullified by the phage therapy, despite 

showing a high CFU numbers. This could be explained because phage, and phage proteins 
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have been shown to downregulate the immune response and reduce proinflammatory 

markers caused by bacterial endotoxins.71 

 

 

Figure 4. In vivo Results for Titanium and Coated Titanium Surfaces. Mice were 

implanted with either bare titanium, liquid infused (LIS), or Phage-LIS coated surface, and 

PAO1 bacteria was introduced into the subcutaneous cavity at a concentration of 1x108 

CFU. a) Representative images of wounds created by the bacteria seven days post-

infection. b) Average weight for male and female mice for Ti, LIS, and Phage-LIS groups. 

c) Average health scores given to mice for their appearance and attitude during their daily 

survey, as explained in Table S1, located in the supporting information section. Note: a 

score of 3 or lower in either category represented a mouse reaching the endpoint. d) 

Scanning Electron Microscopy images of excised titanium implants for Ti, LIS, and Phage-

LIS groups. e) Kaplan-Meier curve denoting the survival probabilities of each group of 

mice. f) Colony Forming Units (CFU) found in blood samples of mice at the endpoint. g) 

Bacteriophage's Plaque Forming Units (PFU) found in blood samples of mice treated with 

phage-LIS coated implants at the endpoint. Note: the '#' symbol in figures b-c) denotes the 

number of mice reaching the endpoint at different time points. Part e) was analyzed using 

a Log-rank test, and part f) was analyzed using an ANOVA. '**' represents a p-value of P 

< 0.01 and n.s. for no statistical difference. 

 

5.4. Conclusion 

In this study we introduced a new generation of multifunctional liquid-infused coatings by 

adding bacteriophages and collagen into the LIS layer. The bacteriophages remained 

infective within the LIS coating, decreasing the bacteriaôs concentration on coated titanium 






































































































































































































































































