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Abstract 

The clinical effectiveness of orthopedic devices to restore the function of joints has been well 

established yet there is a lack of development in associated infections. As the demand for 

orthopedic surgeries continues to rise, infection remains a growing problem and one of the 

main reasons for revision surgeries. Bacterial contamination of the surgical site followed by 

adhesion of bacteria onto the surface of orthopedic devices leads to the formation of a 

biofilm which is a common initiator for infection. As a result, infection in the orthopedic 

field is commonly defined as orthopedic device-related infections (ODRI). There are limited 

options to treat ODRI, with revision surgery being the most common standard of treatment 

involving multiple surgeries to replace the infected component, but this approach is very 

expensive and can reduce the quality of life for the patient. Although the use of antibiotic 

carriers such as poly(methyl methacrylate) (PMMA) bone cement and calcium sulfate have 

shown promise, their ability to control the amount and rate of drug release remains a 

challenge. In this study, I have investigated a novel approach in using induction heating (IH) 

to not only directly kill bacteria and inhibit biofilm formation but also achieve on-demand 

externally triggered release of antibiotics from a poly(ester amide) (PEA) coating. The PEA 

coating has a glass transition temperature (Tg) of 39 °C, just above physiological 

temperature. I demonstrated that by heating the PEA above its Tg, either by direct heating or 

IH, the release of antibiotics can be accelerated due to the increased mobility of the drug in 

the PEA film in its rubbery state. The use of an intermittent IH protocol paired with an 

antibiotic-loaded PEA coating leads to a synergistic reduction in biofilm formation and live 

bacteria on the surfaces of the coating. This new technology provides a promising new 

approach to potentially prevent and treat implant-associated orthopedic infections. 

 

Keywords 

Orthopedic device-related infection, antibiotic, bone and joint, local drug delivery, polymer 

coating, induction heating, biofilm, bacteria, implants. 



 

iii 

 

Summary for Lay Audience 

Orthopedic device-related infections (ODRI) have been a growing problem within the 

orthopedic field and are one of the major reasons for revision surgery. As the demand for hip 

and knee replacements continues to rise, infections near orthopedic devices will follow suit. 

Infections are often associated with bacteria that adhere to metallic surfaces. If left untreated, 

they can grow in size and complexity while acting as a protective environment for bacteria. 

Not only are these infections difficult to treat with antibiotics, but they can also lead to 

antibiotic-resistant bacteria if not properly treated. The most common treatment is a two-

stage revision surgery involving multiple surgeries to replace the infected component while 

being administered oral or intravenous antibiotics. However, this approach is expensive and 

reduces the quality of life of the patient. Another method to treat ODRI is the use of 

antibiotic carriers which act as vehicles to release antibiotics locally in the surgical site. 

Although these carriers have shown promise, controlling the amount and release rate of 

antibiotics from these carriers over the short and long term remains a challenge.  

 In this study, I developed a coating that can be loaded with antibiotics and coated 

onto the surface of a 3D-printed titanium disc. The coating can release antibiotic slowly at 

normal body temperatures and more rapidly at higher temperatures. Just above body 

temperature, the polymer coating changes from a glassy state to a rubbery state allowing the 

release of antibiotic from the surface of the polymer into the surrounding environment. 

Higher temperatures were achieved using a device that emits a high frequency alternating 

magnetic field, which causes the surface of the titanium disc to heat without direct contact or 

heating the surrounding environment (e.g., the tissue) locally. We demonstrate that by using 

this heating device paired with an antibiotic-loaded coating we can either prevent or disrupt 

the formation of bacteria on the surface of metallic orthopedic devices which is where the 

infections are taking place.   
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Chapter 1  

1 Introduction to orthopedic and trauma-related infections 

The clinical use of orthopedic implants (hip or knee replacements) and trauma-related 

devices (nails, plates, or screws) to restore the function of joints has been well established 

as a reliable and effective treatment.1–3 The demand for total knee and hip joint 

replacements and other orthopedic surgeries continues to rise. In Canada, the number of 

arthroplasties performed over the past five years has increased by 17%.4 In the United 

States (US), it is projected that by 2030 the demand for total hip arthroplasty (THA) 

procedures will grow by about 174% to 572,000 and total knee arthroplasty (TKA) 

procedures by around 673% to 3.48 million.5 

Although major advancements have been made in the effectiveness of orthopedic surgical 

devices related to stronger biomaterials and reducing biomechanical failure, there has 

been a lack of development in resolving infection associated with orthopedic devices.6 

Despite the best surgical management, prophylaxis, and the most stringent antiseptic 

protocols, infection is still an ongoing problem within the orthopedic field.7 When 

bacterial contamination of the surgical site from pathogens occurs it negatively impacts 

the clinical outcome of surgery in the short and long term for the patient. Infections in the 

orthopedic field are commonly defined as orthopedic device-related infections (ODRI).8 

This term encompasses different types of infections which include peri-prosthetic joint 

infections (PJI) and orthopedic surgical site infections (SSI). PJI is defined as an infection 

followed by total joint arthroplasty involving the joint prosthesis and adjacent tissues 

more commonly seen in hip and knee replacements.9 Orthopedic SSIs occur post-surgery 

when the orthopedic device is contaminated at the time of implantation or when bacteria 

travel within the bloodstream and enter the surgical site from other locations of the 

patient’s body. This is known as a process called hematogenous dissemination.10  

The current standard of treatment for a patient who is diagnosed with an ODRI is revision 

surgery.8 Although there are different methods for performing a revision surgery such as 

one and two-stage revision surgery, amputation, debridement antibiotics and implant 
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retention (DAIR). The main purpose is to remove the infected device and clear the 

infection with the hopes of re-implantation of a new orthopedic device. Despite the high 

reported success of revision surgeries, many studies have indicated that there is a large 

economic burden on the healthcare system and a poor quality of life for patients 

recovering from revision surgery.7,8,11,12 On average, patients that undergo revision 

surgery require a longer hospitalized recovery time of approximately nine days as 

compared to only 3.8 days after primary surgery.7,11,12 Inpatient costs for revision surgery 

are also 70.2% ($17,200) higher than the cost of primary surgery ($10,000) in Canada.4 

In Canada, nearly 10,000 hip and knee revision surgeries are performed each year with 

healthcare costs of around $160 million (CAD), while in the United States healthcare 

expenditures related to these revision surgeries are projected to reach $1.85 billion (USD) 

by 2030.11,13 Revision surgeries are also more complex than primary surgeries and can 

negatively affect the quality of life of the patient.7,12 Studies have also shown the 

potential for re-infection to be significantly greater than an initial infection after primary 

surgery. 14,15  

The development of current antibiotic eluting carries such as poly(methyl methylacrylate) 

(PMMA) bone cement and calcium sulfate and phosphate beads have helped the fight 

against ODRI by providing local antibiotic delivery to the infected site in conjunction 

with revision surgeries.16 In the past decade, the use of antibiotic carriers has gained 

considerable attention in the orthopedic field, but many studies have now shed light on 

their limitations in the ability to control drug release, disrupt biofilm formation and 

eradicate antibiotic-resistant bacteria.17 

1.1 Surgical implants and trauma-related devices  

In the orthopedic field, when a patient’s joint can no longer function as intended due to 

injury or disease, it can be replaced completely with a surgical implant via a process 

called arthroplasty. Hip and knee replacements are among the most common elective 

surgeries for patients and many studies have reported their clinical efficacy with 82% and 

58% of total knee and hip replacements lasting up to 25 years, respectively.18  
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While orthopedic trauma can be defined as severe injury to one or more organs or tissues 

in the musculoskeletal system it is often associated with joints, bones, muscles, and 

tendons. The most common causes of orthopedic traumas are car crashes and sports 

injuries.19 As a result, surgical treatment using trauma-related devices such as nails, 

plates, and screws is often necessary to restore the function of joints. For example, an 

open tibial fracture that is stabilized via an external fixation may use plates or an 

intramedullary nail.20  

Both surgical implants and trauma-related devices are commonly made from biomaterials 

that have high strength, tensile, compressive, and stiffness properties such as titanium 

alloys, stainless steel, cobalt-chromium, and alumina.21 This allows the devices to be load 

bearing, have low friction, and endure the high-stress environment within joints while 

lasting over the long term.22  

1.1.1 Prevalence and complications  

There have been significant improvements in reducing the risk of biomechanical failure 

of surgical implants and trauma-related devices. However, high susceptibility to infection 

of these surgical devices remains, with very few solutions that have been validated by 

randomized control trials.23 The incidence of infection varies from 0.7 – 4.2% for elective 

implant surgery and up to 30% in complex fractures for trauma surgeries.8 In elective 

implant surgery, the incidence of PJI has risen to 2.7% in the US and 1.6% in Canada.24 

For trauma-related surgeries, the rate of infection for internal fixation surgeries is 

approximately 1% but this number increases to a range of 15 – 55% in open fracture 

surgeries depending on the severity of the case.25–27  

Despite the use of stringent antiseptic protocols or surgical management to maintain 

sterility at the infection site, orthopedic device-related infections still occur. The standard 

approaches are not sufficient as bacteria can still enter the surgical site from other areas 

of the body or through blood.10  Once bacteria have attached to a biomaterial surface, they 

can begin to proliferate and construct a protective environment called a biofilm. It is this 

biofilm that causes most of the complications that are suffered by the patient resulting in 

an infection that eventually leads to revision surgery.28 
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1.1.2 Mechanism of biofilm development  

The first phase of biofilm development happens when free-floating bacteria, or 

planktonic bacteria, have invaded the surgical site and come into contact with metal 

substrates, in a process known as reversible adherence. The second phase is defined as an 

irreversible attachment, which is initiated by bacteria fixing themselves onto the metal 

substrate surface via structural proteins called adhesins. The bacteria then begin to 

aggregate and develop an extracellular matrix onto the metal substrates.29 In the third 

phase, an extracellular polymeric substance (EPS) made by bacteria can act as a scaffold 

for the biofilm to grow and undergo rapid cell division.30 In the late stages of 

development, the biofilm continues to grow until it fully matures with micro-colonies 

merging into a sizeable three-dimensional structure. In the final stages, the micro-

colonies and bacteria from the biofilm can detach to colonize other parts of the metal 

substrates that are unaffected to repeat the cycle.31 The types of bacteria that have been 

reported to be commonly associated with orthopedic device-related infections include 

Staphylococcus aureus (S. aureus) (20%-30%), coagulase-negative staphylococci 

(CoNS) (20%-40%), Streptococci (1%-10%), and Enterococci (3%-7%). However, the 

most notorious biofilm-forming bacterial species commonly associated with surgical 

implant and trauma-related devices are Staphylococci.8 

Fully matured biofilms are complex microbiome structures composed of extracellular 

polymeric secretions made up of proteins, lipids, and polysaccharides (Fig 1.1).32 

Provided with the ideal environmental conditions, biofilms can become very thick, 

ranging from 50 m to 400 m, and act as a barrier to the host’s innate immune system. 

In addition, they can exhibit quorum sensing to control and restrict gene expression and 

induce an oxidatively stressed microenvironment with a low metabolic activity where 

persister bacteria lay dormant.14 The bacteria within a biofilm are diverse in their 

phenotypes and genotypes adding another layer of protection against antimicrobial 

agents. If left untreated, a combination of these elements prevents systemic antibiotic 

therapy from being effective and allows for the continued biofilm growth and the 

development of antibiotic-resistant bacteria on the surfaces of metal implants and trauma-

related devices.9 
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Figure 1.1: Stages of biofilm development beginning with the irreversible 

attachment of planktonic bacteria onto the substrate surface. An extracellular 

matrix forms around the micro-colonies until it reaches maturity. The mature 

biofilm then releases planktonic bacteria to disperse repeating a new cycle.33 Figure 

readapted and reproduced with permission from Microbiology & Experimentation 

open access journal. 

1.2 Current available treatments for ODRI  

1.2.1 Revision surgery and systemic antibiotic therapy  

Revision surgery is a very common modality and is considered a standard treatment in 

patients that suffer from persistent ODRI.34 The most common method for performing 

revision surgery is either a one-stage or two-stage revision surgery. A one-stage revision 

surgery involves the removal of the infected device and surgical debridement, which is 

the removal of infected tissue while preserving any healthy tissue to improve healing, and 

implantation of a new device. A two-stage revision surgery involves the same steps as a 

one-stage, however after surgical debridement, a temporary cement spacer loaded with an 

antibiotic is implanted to serve as a placeholder, and then the wound is closed and 

allowed to heal. At this time, patients often undergo systemic or local antibiotic therapy 

and are monitored closely to ensure that the infection is completely cleared within the 

surgical site. After eight weeks, or when the infection has been cleared, a new device is 

implanted. Clinically, two-stage revision surgery is the most common standard treatment 
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in ODRI and has a reported success rate of up to 80%.35 However, a more exhaustive 

review must be conducted, especially with more data from randomized controlled trials to 

understand the clinical outcomes of both one-stage and two-stage revision surgeries.35  

In some cases, two-stage revision surgery or systemic and local antibiotic therapy alone is 

ineffective in clearing the infection. Therefore, it is quite common for a combination of 

the two treatments to be used when treating ODRI.36 During the healing phase of two-

stage revision surgery, patients can receive systemic antibiotic therapy intravenously or 

orally to help treat the infection, the most common are Cefazolin, Vancomycin and 

Penicillin.37 However, these methods may not be entirely effective as antibiotics are often 

unable to eradicate an established mature biofilm and may potentially induce antibiotic 

resistance in bacteria.38 Systemic antibiotic treatment may require antibiotic 

concentrations that would exceed the toxic threshold for patients to resolve these types of 

infections.39 To address this challenge, following surgical debridement in two-stage 

revision surgery, the temporary cement spacer can be used as an antibiotic carrier, 

typically in the form of acrylic bone cement. Additionally, calcium sulfate or phosphate 

beads loaded with antibiotics can also help release antibiotics locally to assist in 

eradicating the infection during the healing phase before the implantation of a new 

device.35,36,39,40  

1.2.2 Antibiotic-eluting carriers  

Antibiotic-eluting carriers are drug delivery systems that exhibit antibacterial activity by 

eluting drugs continuously over time in the local environment of the orthopedic device to 

prevent biofilm formation and infection.41–43 The use of local antibiotic-eluting carriers 

has been well documented as a method for treating ODRI since the late 1970s.39,44 One of 

the first methods of local drug delivery was introduced by Buchholz and Engelbrecht, 

who employed PMMA bone cement spacers containing gentamycin utilized as temporary 

implant placeholders during the healing stage of two-stage revision surgery before the 

implantation of the new device.44 In the past decade, the use of antibiotic-eluting carriers 

has gained considerable attention in the orthopedic field. Currently, PMMA, calcium 

sulfate, and calcium phosphate are used as drug delivery materials in the treatment of 
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ODRI. However, new studies have shed light on limitations in their abilities to control 

drug release, disrupt biofilm formation, and eradicate antibiotic-resistant bacteria.45 

The initial use of PMMA was for structural support and fixation of implants to maintain 

stability or to maintain the joint space after removal of the primary device, in which case 

it is also referred to as a bone cement spacer (Fig 1.2).46 Antibiotics can be added to the 

pre-polymerized PMMA formulation, allowing for high local antibiotic concentrations in 

the surgical site post-operatively (Fig 1.3). Although PMMA is a widely used antibiotic 

carrier in the orthopedic field, it has several drawbacks. Antibiotics that are temperature 

sensitive cannot be combined with PMMA as it undergoes an exothermic polymerization 

reaction and can generate very high temperatures. Aminoglycosides are typically used 

with PMMA when compared to other antibiotics as they can withstand high 

temperatures.47 The amount of drug-loaded relative to PMMA is also limited. At most, 1 

g of antibiotic per 40 g of cement package is recommended based on the manufacturer’s 

instructions, so as to not compromise the mechanical strength of the cement.41,48 Studies 

have investigated the effects of adding more than the recommended antibiotic amount, 

concluding that improved drug release could be achieved but a decrease in compressive 

strength of the cement was observed.49 PMMA bone cement has also been found to be 

effective in killing bacteria only in the first few hours post-operatively and a release of 

sub-inhibitory antibiotic concentrations was obtained for several days thereafter.50 

Furthermore, as PMMA bone cement is non-biodegradable, in cases of septic loosening 

of the implant, the bone cement must be completely removed to clear infection as the 

surface of PMMA can be colonized by planktonic bacteria that could develop into a 

biofilm rather quickly.51 In trauma surgery for open tibial fractures, PMMA and 

antibiotic-coated nails have been regularly used but have the same reported limitations 

(Fig 1.2).52 However, there have been now many reports cautioning antibiotic choice 

when using PMMA bone cement as a carrier due to the emergence of aminoglycoside-

resistant bacteria.53 
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Figure 1.2: (A) Schematic of a total hip joint replacement using acrylic bone cement 

for implant fixation.54 Figure reproduced from London: IntechOpen open access 

journal. (B) An intramedullary nail (top) and the same intramedullary nail wrapped 

in PMMA bone cement mixed with gentamycin (bottom).55 Figure reproduced with 

permission from the author of reference 54. 

 

Figure 1.3: Readaptation of Athans et al.’s schematic of (A) combination of PMMA 

cement package and antibiotic powder. (B) Mixing of contents to create antibiotic-

loaded bone cement. (C) Placement of antibiotic-loaded bone cement into the socket 

of the hip joint. (D) Fixation of the hip implant using PMMA bone cement and drug 

elution is represented by yellow arrows.56 Figure reproduced with permission from 

reference 55. Copyright 2017, John Wiley and Sons. 
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In recent years, there has been a shift towards the clinical use of resorbable materials such 

as calcium sulfate and calcium phosphate as drug delivery systems.57 These carriers are 

commonly referred to as bone void filler beads and unlike PMMA can be completely 

absorbed within the body. The method of antibiotic encapsulation is like that of PMMA 

(Figure 1.4).58 These carriers can reside in the body for about 4 -13 weeks and can be 

combined with a much wider range of antibiotics. 45,50 During this period, they typically 

release their entire antibiotic load with an initial burst release in the first several days. 

Many studies have concluded that there is a much faster drug release using these carriers 

than PMMA bone cement and as a result a higher efficacy in treating ODRI.49,59 

However, drug release varies and is dependent on the amount of antibiotic-loaded in 

these carriers. The antibiotic can also affect the rate of degradation. Higher antibiotic 

concentrations within these beads result in longer elution periods but can compromise 

mechanical strength, resulting in an increased rate of degradation.59 Overall, obtaining the 

ideal amount of antibiotics in these carriers for both the short and long term to prevent 

and destroy biofilms and consistently elute inhibitory antibiotic concentrations remains a 

challenge.60 

 

Figure 1.4: A smooth paste of pharmaceutical-grade calcium sulfate alpha-

hemihydrate mixed with vancomycin is pressed into 4.8 mm diameter hemispherical 

cavities in a flexible mould. (B) Antibiotic-loaded calcium sulfate beads were 

removed from the flexible mould after leaving it undisturbed for 30 – 60 minutes to 

set.61 Figure reproduced with permission from PLoS One open access journal.  
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1.3 Antibacterial coatings  

1.3.1 Definition and examples of antibacterial coatings  

Antibacterial coatings have been explored in many different applications and have also 

been a key research area that has shaped the understanding of treating infection and the 

prevention of biofilm formation on orthopedic devices.62 Antibacterial coatings can work 

in two ways, either passively or actively. 

Passive antibacterial coatings can hinder the ability of bacterial attachment or kill bacteria 

upon contact. As a result, bacteria have a difficult time adhering to the surfaces of these 

coatings and decreasing the chance of biofilm formation. Different physical and chemical 

properties of these coatings have been used to reduce bacterial adhesion. For example, 

studies have used polymers such as poly (ethylene glycol) coated onto titanium (Ti) 

surfaces being able to inhibit bacterial adhesion.63,64 Harris and colleagues took this one 

step further and investigated S. aureus adhesion on non-functionalized and peptide-

functionalized poly(L-lysine)-grafted-poly(ethylene glycol) (PLL-g-PEG) coatings on Ti 

surfaces (Figure 1.5). 65 The authors concluded reduced surface adhesion of S. aureus to 

89-93%, however, upon functionalization of PLL-g-PEG with peptides RGD (Arg-Asp-

Gly) the coating was able to attach to fibroblasts and osteoblasts to a higher degree when 

compared to non-functionalized PLL-g-PEG while still reducing S. aureus adhesion to 

about 69%. Other strategies of passive antibacterial coatings include antifouling 

mechanisms which include coating biomedical devices with hydrophilic, hydrophobic, or 

zwitterionic polymers or surface modifications which include roughness, wettability, and 

topography against bacteria colonization which have all shown success.66 Additionally, 

the advantage of passive coatings is that they do not induce bacterial resistance, but the 

disadvantage is that their antibacterial efficacy varies and can be weak depending on the 

bacteria strain.67 
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Figure 1.5: Schematic diagram of PLL-g-PEG with a positively charged amino-

terminated side chain bound to a negatively charged titanium oxide surface via 

multiple-site electrostatic interactions. Figure reproduced with permission from 

reference 65. Copyright 2003, Elsevier. 

Active antibacterial or bactericidal coatings kill bacteria by releasing antibacterial agents 

such as antibiotics, organic, and inorganic antibacterial agents near or on the surface of 

biomaterials. The most common antibacterial agents are metals, particularly silver (Ag) 

as it is known to have antibacterial properties.68 Silver-containing coatings have been 

shown to readily release silver ions into the local environment, triggering the formation 

of reactive oxygen species that disrupt the cellular metabolism and cell membrane 

permeability of bacteria. Bai and colleagues compared the antibacterial and cytotoxicity 

of pure hydroxyapatite (HA) coatings and Ag-doped HA coatings on Ti surfaces at 

varying weight percentages of Ag showing enhanced antibacterial ability against S. 

aureus.69 Samples that had less than 3 wt% of Ag did not compromise the 

cytocompatibility of the coating. However, the safety and cytotoxicity of these coatings 

over the long term are necessary along with many other inorganic antibacterial 
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agents.70,71 Non-metals such as iodine have also been used as antibacterial agents.72 These 

coatings release free iodine and can penetrate bacterial cell walls and kill via iodination 

of lipids and oxidation of key proteins, leading to eventual cell death. Lastly, organic 

compounds have also been used as antibacterial agents particularly ammoniums and 

antibiotics such as vancomycin and gentamicin have been used in preventing bacterial 

adhesion.73–75  

The structure and components of a bacterial cell wall for gram-positive and gram-

negative bacteria are different. Gram-negative bacteria have a unique outer membrane 

structure called lipopolysaccharide (LPS) and it functions as a barrier and is negatively 

charged to help stabilize the bacteria cell membrane. Gram-positive bacteria instead have 

teichoic acids which function to provide flexibility to the bacterial cell membrane and 

attract cations such as calcium and potassium along with a thick peptidoglycan layer. As 

a result, the bacterial cell walls for both types of bacteria are anionic, and researchers 

have been able to use this to their advantage in developing antibacterial agents with 

qualities that can have electrostatic interactions that disrupt the cell membrane and 

ultimately kill bacteria.76 Ammonium compounds have been widely used in antibacterial 

coatings due to their mechanism of killing bacteria.77 Particularly quaternary ammonium 

compounds have been reported to be more potent cationic antimicrobials when compared 

to tertiary and primary amines. Lia and colleagues investigated tethering quaternary 

ammonium compounds onto hyperbranched polyurea coatings for the killing of 

Staphylococcus epidermidis (S. epidermidis).78 The authors observed contact killing of > 

99.99% as a result of the strong adhesion forces between the hyperbranched quaternary 

ammonium coating and bacteria disrupting bacterial membrane lipids leading to cell 

death. Another example is an investigation by He and colleagues where they used gemini 

quaternary ammonium salt (GQAS) waterborne polyurethanes to develop a dual-layered 

coating with an antibacterial upper layer and an anti-fouling sub-layer.79 The 

investigators had purposely chosen the order in layers due to the accumulation of dead 

cells and other proteins that could potentially mask the effects of the contact-active 

antibacterial coating. The design of the coating involved the use of a series of gemini 

waterborne polyurethanes synthesized using isophorone diisocyanate (IPDI), 

polyoxytetramethylene glycol (PTMG), PEG, L-lysine, and an L-lysine derivatized 
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diamine containing GQAS (EG-12). The gemini quaternary ammonium salt brushes were 

positioned above PEG and an anionic carboxylate layer (Fig 1.6). Their results showed a 

killing efficiency of 99.99% for both gram-positive and gram-negative bacteria.  

 

Figure 1.6: Schematic illustration of the antibacterial upper layer and the anti-

fouling sub-layer and the chemical structure of the gemini quaternary ammonium 

salt waterborne polyurethanes film. Figure reproduced with permission from 

Scientific Reports open access journal.  

1.3.2 Definition and examples of antibiotic-eluting coatings  

In recent years, researchers have sought to develop smart degradable coatings and 

nanoparticles to prevent and treat the growth of biofilms on the metallic surfaces of 

medical devices non-invasively and in the presence of various factors associated with 

infection.80 Different mechanisms in smart coatings and nanoparticles to trigger drug 

release have been explored. The main triggers include pH, bacterial by-products, and 

temperature.  

Studies have investigated using low pH (4.0 – 5.0) as an active trigger for drug release. 

Pichavant and colleagues observed the controlled release of gentamicin sulfate using 

spherical nanoparticles chemically anchored to the surface of titanium (Ti) with the help 
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of the acidic pH in the local environment during infection.81 As a result of the acidic 

environment, this initiates the cleavage of the chemical bond between the nanoparticle 

and antibiotic, inducing drug release (Fig 1.7). The in vitro drug release result indicated 

that at an acidic pH of 4-5 a high initial release rate was observed, followed by a slower 

release rate over one week. However, at a pH of 7, there was no significant release of the 

drug observed. They reported significant inhibition of S. epidermis at 105 colony forming 

units (CFU) and a decrease in the minimum inhibitory concentration (MIC) at pH 6, 5, 

and 4.  

 

Figure 1.7: Schematic of the bioactive spherical nanoparticles anchored to Ti with 

gentamicin sulfate (GS) under neutral and acidic pH environments. Figure 

reproduced with permission from reference 80. Copyright 2012, Elsevier. 

Zhang and colleagues took a novel approach using an enzyme secreted by S. aureus to 

trigger drug release.82 They used vancomycin covalently conjugated to a tailor-made 

peptide, GSWELQGSGSC also known as SRP-1, that can be recognized and hydrolyzed 

by an enzyme that is secreted by S. aureus called serine protease-like protease (SplB) 

with enzymatic sites located at the Gln-Gly (Q-G) residues on a Ti surface (Fig 1.8). The 

results showed that Ti-SRP-Van, in the presence of excess SplB, an inhibitory rate of 

67% was observed compared to 36% that was observed with Ti-SRP-Van in a normal 

culture of S. aureus in a 24h period. The strong antimicrobial activity was further 

confirmed with the same conditions in a 48 h period with an inhibitory rate of 86% and 
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82%, respectively, indicating antibacterial activity that is time-dependent demonstrating 

an infection-dependent drug release mechanism from the coating.  

 

Figure 1.8: Schematic of the preparation of antibiotic-loaded coatings and their 

bacterial infection response in the presence of enzyme SplB cleaving vancomycin off 

the peptide. Figure reproduced with permission from reference 81. Copyright 2012, 

John Wiley and Sons.  

1.4 Inductive heating with an electromagnetic field  

Induction heating is defined as the process of electrically heating conductive materials 

such as metal alloys using an electromagnetic field that is generated near a coil. An 

induction heater can generate a high frequency alternating magnetic current, or an eddy 

current, which can penetrate the conductive material and produce an electric current from 

within.83 A conductive material such as a titanium disc placed within the center of the 

coil can generate heat without using an external heat source that is in contact with the 

sample, allowing objects to be heated in a matter of seconds.84 Induction heating 

applications span many fields including industrial processes such as welding and 

manufacturing and within the medical field such as sealing and cooking.85 

The medical use of induction heating has always been an interest in the field of cancer 

therapy.86 The clinical application of induction heating is better described as magnetic 

hyperthermia and its main goal is to non-invasively increase a tumour's temperature to 

kill cancer cells and act as an adjuvant to radiation and chemotherapy.87,88 With the 
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advent of magnetic nanoparticles this concept of induction heating has been taken one 

step further by researchers in the field of cancer therapy with the ability of these 

nanoparticles to be triggered by an external magnetic field for cell-targeting, drug 

delivery or thermal ablation all while being well tolerated by the body.88 The most 

common magnetic nanoparticles are iron oxides such as ferrous oxide (FeO), ferric oxide 

(Fe2O3), and ferrous ferric oxide (Fe3O4).
89 These magnetic nanoparticles can be further 

modified with improved selectivity and anti-tumour efficacy by attaching inorganic, 

organic or functionalized ligands for improved cell-targeting specificity or controlled 

drug delivery.90 An example of this mechanism is an in vitro breast cancer study, where 

researchers used superparamagnetic iron oxide nanoparticles (SPIONs) to target breast 

cancer cells over-expressing human epidermal growth factor receptor 2 (HER2).91 

Poly(acrylic acid) coated SPIONs with dye labelled anti-HER2 antibodies attached to the 

surface were used. The attached HER2 antibodies acted as a vehicle for the SPIONs to 

find and target high-specificity HER2 overexpressing tumour cells and were subsequently 

exposed to low magnetic field strength and a frequency of 400 kHz leading to a 

prominent decrease in breast cancer cell proliferation. SPIONs have also been extensively 

studied as a vehicle for drug delivery of doxorubicin (DOXO), one investigation loaded 

DOXO onto negatively charged polycarboxylic iron-oxide nanoparticles in the targeting 

of breast carcinoma cell lines.92 Whereas another study, researchers investigated DOXO-

loaded SPIONs by an emulsion solvent preparation and attaching a folate factor to the 

nanoparticles using a folate-conjugated alginate to help the nanoparticle to enter and stay 

within the tumour cells of lung cancer-bearing mice (Fig 1.9).93 Fernandes and colleagues 

investigated an iron oxide nanocube drug delivery vehicle coated with a thermo-

responsive polymer loaded with and without doxorubicin (DOXO), a chemotherapeutic 

agent, to target quiescent colorectal cancer stem cells (qCR-CSC).94 The authors 

concluded that magnetic hyperthermia initially caused qCR-CSCs to become stressed and 

induce cell division but at the same time, the increased temperature facilitated DOXO 

diffusion from the iron nanocubes into the cells making them more sensitive to DOXO. 

As a result, they were able to successfully eradicate qCR-CSC and avoid tumour relapse.  
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Figure 1.9: Schematic illustration of the DOXO-loaded SPION with an attached 

folate factor. Figure reproduced with permission from reference 91. Permission 

conveyed through Copyright Clearance Center, Inc. 

In the orthopedic field, non-contact heating of metallic substrates potentially allows for a 

non-invasive treatment approach compared to the conventional method of revision 

surgeries in treating ODRI.95,96 Due to the mechanism of induction heating, any metallic 

orthopedic device can be heated whereas the surrounding tissue will not experience any 

direct heating.97 The heat generated from within the metal device would result in an 

increased surface temperature where biofilms generally reside. However, the main 

reported limitations of induction heating in the orthopedic field have been tissue necrosis, 

the required duration of induction heating, and heating uniformity of complex shapes. 

The main concern is the viability of the tissue layer that is nearest to the surface of the 

metallic device that is being heated.84 Pijls and colleagues used the concept of induction 

heating and attempt to reduce bacterial load on the surface of titanium alloy cylinders.95 

In their in vitro study investigating the effects of induction heating (2000 watts (W) at 

27kHz) on planktonic bacteria they were able to observe a 5-log reduction for five 

different bacterial micro-organisms, including S. aureus, by heating at 60 °C for 1.5 

minutes.  

Another very relevant study by Chopra and colleagues used a very similar method of 

induction heating with a high frequency alternating magnetic field (AMF) > 100 kHz to 

target the biofilm.98 The authors observed that exposing a stainless-steel washer to 20 W 
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for a continuous 10 min attained a surface temperature of around 90 °C at the 6-min mark 

(Fig 2.0). Results from an in vitro antibacterial experiment showed disruption of the 

biofilm matrix within 1 min of AMF followed by a > 5-log reduction CFU of P. 

aeruginosa and S. aureus after 5 min of AMF exposure. In their in vivo experiments, the 

authors instead employed an intermittent exposure of an AMF to a metal ball implanted 

in the dorsal thigh muscle of a mouse model with minimal thermal damage to the muscle 

fibers, connective tissue, and vascular channels. However, it was observed that damage 

was localized to areas less than 2 mm around the entire implant and only 1 mm when 

exposed to a reduced AMF of 800 W for 15 seconds. Although induction heating alone 

can prevent biofilm formation or destroy an established biofilm it seems that a high 

amount of power and AMF is still required to effectively target the biofilm and in almost 

all studies these requirements cannot be translated clinically in the context of safety for 

the patient.  

 

Figure 1.10: (A) 20 W delivered to solenoid coil at a frequency of 500 kHz controlled 

by a laptop and (B) fibre-optic temperature measurements of the washer’s surface 

during 10 min AMF exposure. Figure reproduced with permission from Scientific 

Reports open access journal.  

1.5 Poly(ester amides)  

1.5.1 Background  

Poly(ester amides) (PEAs) are a class of emerging synthetic biodegradable polymers that 

contain both ester and amide linkages within their backbones (Fig. 2.1). The amide 
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linkages allow for enzymatic degradation, while ester linkages can undergo degradation 

through enzymatic and non-enzymatic hydrolysis.99 The popularity of PEAs is largely 

attributed to their tunable thermal, mechanical, and biocompatible properties.100 PEAs 

can be functionalized by the incorporation of amino acids and other pendant side chains 

to elicit specific properties for certain biomedical uses. PEAs also have a wide range of 

biomedical applications including biodegradable hydrogels as drug carriers, porous 3D 

tissue scaffolds, dental composites/adhesives, tissue regeneration in joints, and drug 

delivery systems.101–105 

 

Figure 1.11: General chemical structure of a poly(ester amide). 

1.5.2 Thermal properties and biodegradability of PEAs 

When the surrounding temperature of a polymer increases, the polymer can be affected in 

several ways. One of the thermal properties of a polymer is its glass transition 

temperature (Tg) defined as the temperature where a polymer transitions from a glassy 

state into a viscous/rubbery state. Many polymers are amorphous and crystalline and have 

both a Tg and melting temperature (Tm), with the Tm being defined as the temperature 

where the crystalline domains of the polymer melt,  Tg will always be lower than the 

Tm.106 PEAs are attractive, as their thermal properties can be tuned depending on the 

chemical composition of the backbone. The incorporation of rigid monomers into the 

backbone has been shown to increase the Tg of PEAs.107 

Unlike many polyesters, PEAs tend to degrade not by bulk degradation, but rather by 

surface erosion, which is favorable in terms of retaining the structure and properties of 

the implanted material. In addition, a PEA amino acid-based composition limits the 

potential for degraded particles to induce systemic toxicity within the body.108 Generally, 

PEAs have some commonalities in chemical composition with peptides and proteins.109 
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As a result, PEAs have been reported to be well tolerated in different applications such as 

intra-articular drug delivery in the form of particles and ocular implants in the form of 

microfibrils.103,110,111 Overall, the tunable properties of PEAs allow for a multitude of 

biomedical applications, especially in drug delivery systems.109 According to the best of 

our knowledge and literature reviews, no studies have investigated the combined use of 

induction heating and the Tg of a PEA to trigger drug release.  

1.6 Thesis objectives  

To the best of our knowledge, the use of a thermo-responsive polymer coating with 

induction heating has not yet been used to trigger the release of drugs. Thus, the main 

objective of this thesis is to develop a drug-eluting polymer coating for metal implants 

that can be thermally triggered by high-frequency alternating electromagnetic fields to 

release antibiotics rapidly at elevated temperatures to prevent and disrupt biofilm 

formation and infection in a controlled manner. It is anticipated that this antibiotic release 

may provide an additive or even synergistic effect in combination with the inductive 

heating of the implant surface.  
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Chapter 2  

2 Thermo-responsive antibiotic-eluting coatings for 
treating infection near orthopedic implants  

2.1 Introduction  

Infection in the orthopedic field has become one of the major complications associated 

with orthopedic implants (hip, knee, and shoulder replacement) and trauma-related 

devices (nails, plates, and screws).1,2 Orthopedic infection can occur through various 

mechanisms such as hospital-acquired infections, bacterial contamination of the surgical 

site, or bacteria entering the surgical site from other locations of the patient’s body.3,4 It is 

often associated with the metal surfaces of joint replacement or fracture fixation devices 

such as implants or plates, which are recognized by the body as foreign in which case it is 

referred to as orthopedic device-related infections (ODRI).5 Unfortunately, infections 

associated with joint replacement surgeries are growing with an estimated 2.7% of all 

surgeries performed resulting in infection.6 Upon diagnosis of an ODRI, the current 

standard of treatment is revision surgery.5 Despite its high reported success, there is a 

large and growing economic burden on the healthcare system coupled with a poorer 

quality of life for patients recovering from revision surgery.1,2,7,8 In the US, healthcare 

expenditures related to hip and knee revision surgeries are projected to reach $1.85 

billion (USD) by 2030 and on average, patients undergoing revision surgery require a 

longer hospitalized recovery time of approximately nine days as compared to only 3.8 

days after primary surgery.3,7,8  

The main cause of ODRI is the initial interaction of planktonic bacteria with the surfaces 

of metal substrates known as reversible adherence. After some time, bacteria can fix 

themselves onto these surfaces and undergo irreversible attachment which initiates 

biofilm development.9 Fully matured biofilms are very complex structures, act as a 

barrier to the host’s immune system, and can become very thick and difficult to remove if 

left untreated.10 As a result, there are limited clinical options for the treatment of ODRIs 

besides revision surgery.11,12 For example, systemic antibiotic therapy can be used as a 

treatment but is often used alongside revision surgery and never stand-alone. Due to the 
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structure of the biofilm, antibiotics are unable to penetrate let alone eradicate an 

established mature biofilm and may potentially induce antibiotic-resistant bacteria. It 

would also require antibiotic concentrations that far exceed patients' toxic threshold.13,14 

To enhance the efficacy of revision surgery to treat ODRI, systemic and local antibiotic 

therapies are often used. While intravenous or oral delivery of antibiotics suffers from the 

limitations described above, another approach has been to incorporate antibiotics into 

poly(methyl methacrylate) (PMMA) bone cement-based spacers as part of the two-stage 

revision surgery procedure.11,15,16 However, PMMA bone cement is not biodegradable, 

and many studies have reported that the eluted antibiotic concentrations are effective only 

in the first few postoperative hours, followed by the release of sub-inhibitory antibiotic 

concentrations for several days thereafter.17–22 A substantial portion of the drug is never 

released. Furthermore, the antibiotics must retain their chemical stability during the high 

local temperatures generated during the curing of bone cement, so only selected 

antibiotics such as vancomycin and gentamicin can be used.23 These limitations have 

caused a shift towards the clinical use of resorbable materials such as calcium sulfate and 

calcium phosphate beads as antibiotic carriers. These carriers can release their antibiotic 

load more rapidly and completely and can be used with a wider range of antibiotics.19,24 

However, several studies have reported instances where drug release from these carriers 

may be too fast. 18,25 Other studies have reported varying antibiotic elution kinetics 

dependent on the amount of antibiotic-loaded into these carriers, which can affect the rate 

of degradation and antibiotic concentration levels over the short and long term.19,24,26,27 

Thus, new delivery systems with prolonged and ideally controlled release of antibiotics 

are needed to treat ODRI.  

Another approach that has been explored to prevent the growth of bacteria on a wide 

range of surfaces is the development of antibacterial or antibiotic-eluting coatings. 

Antibacterial coatings can work either passively by reducing bacterial adhesion or 

actively by releasing antibacterial agents that kill bacteria near the surface of the 

material.28 For example, the use of chitosan has been explored for antibacterial coatings 

due to its antimicrobial properties, low toxicity, and the fact that it is well tolerated in 

vivo.29 Chitosan possesses strong antibacterial activity because it can disrupt bacterial cell 

walls through electrostatic interactions between its polycationic structure and the anionic 
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structures of the bacterial cell wall. Chitosan has also been conjugated with antibacterial 

compounds such as enzymes (lysozyme and proteases), antibiotics (rifampicin and 

tobramycin), and metals to enhance its antibacterial properties on surfaces.30 Cationic 

antibacterial quaternary ammonium compounds (QACs) have also been extensively 

investigated for the development of antibacterial surfaces. They also act through 

electrostatic interactions with bacteria, resulting in membrane disruption and the leakage 

of cytoplasmic material of bacteria.31,32 Furthermore, silver (Ag) has also been 

extensively investigated as an antibacterial agent in coatings for both consumer products 

and medical applications.33,34 Ag-based coatings work by several mechanisms. Ag cations 

can penetrate the bacterial cell wall and form reactive oxygen species that disrupt 

bacterial metabolic pathways, DNA replication, and cellular respiration.35 Ag 

nanoparticles have been explored for implanted devices where the particles have been 

immobilized onto the surfaces of the devices by blending them with polymers to form 

composite coatings.36,37 However, there are still concerns about toxicity with silver-based 

nanoparticle coatings. Smaller Ag nanoparticles associated with orthopedic devices may 

be taken up by mammalian cells and there have been reports of cytotoxicity of Ag ions 

against osteoblasts and osteoclasts.35,38 Therefore, further research is required to evaluate 

the effects of circulating Ag nanoparticles in vivo and the controlled release of 

nanoparticles from coatings over the short and long term.38 To address the limitations of 

current materials, researchers are now shifting to develop smart degradable coatings and 

nanoparticles that can be triggered to release drugs on demand or upon a change in the 

local environment that are associated with infection, such as changes in pH, bacterial by-

products, or elevated temperature, yet ODRI remains a challenge.39 

Inspired by the use of induction heating (IH) in the field of cancer therapy, researchers 

have begun to explore the potential for IH to treat ODRI through the killing of planktonic 

bacteria and the disruption of biofilms.40–43 IH involves the use of a high frequency 

alternating magnetic field (AMF), to generate an electric current (eddy current) within a 

conductive material such as Ti or steel.44 The flow of the eddy current through the 

resistance of the material results in rapid Joule heating without any external heat source 

or contact with the heating device and with minimal heating of surrounding tissues.42,45 In 

the orthopedic field, non-contact heating of metal substrates potentially allows for a non-
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invasive approach to resolving ODRI. However, based on the reported studies, IH alone 

is unlikely to be sufficient to completely irradicate an infection even at high temperatures 

ranging from 80 – 90 °C.41,43,45,46 The main limitations of IH that relate to the orthopedic 

field have been tissue necrosis, the high power and length of IH exposure, and the heating 

uniformity of objects with complex shapes. In particular, the viability of the tissue layer 

that is nearest to the surface of the metallic device that is being heated is a concern, 

although several studies have suggested that tissues can recover post-heating.47 

Intermittent heating can also potentially be used to minimize tissue necrosis.45 

Furthermore, studies have suggested that IH may enhance the sensitivity of bacteria to 

antibiotics,43,46–48 providing a potential avenue to reduce the time and intensity of thermal 

treatment while enhancing bacterial killing. 

Described here is a new approach using IH to directly kill bacteria and inhibit biofilm 

formation and achieve on-demand externally triggered release of antibiotics (Figure 2.1). 

The design involves the use of a poly(ester amide) (PEA) coating with a glass transition 

temperature (Tg) of 39 °C. In addition to the ability to readily tune the properties of PEAs 

through the incorporation of specific monomers,49–51 they have been reported to be well 

tolerated in vivo with a wide range of biomedical applications including in hydrogel and 

particle-based drug delivery systems,52–54 scaffolds for tissue regeneration,55–57 and ocular 

implants.58 It is demonstrated that in the absence of direct heating or IH, the PEA coating 

erodes and releases rifampicin over a period of  > 100 days, whereas with heating above 

the PEAs Tg, this release can be greatly accelerated due to increased mobility of the drug 

in the PEA film in its rubbery state. Additionally, the use of an intermittent IH protocol 

achieves substantial rifampicin release within a one-hour heating cycle. Against S. 

aureus, IH and the thermally triggered release of rifampicin lead to synergistic reductions 

in biofilm formation and live bacteria on the surface.  
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Figure 2.1: Schematic showing a thermo-responsive drug-eluting PEA coating 

triggered by IH using an alternating magnetic field. The heating of the PEA above 

its Tg results in increased drug mobility and the release of rifampicin from the 

surface. 

2.2 Experimental  

2.2.1 General experimental details  

A PEA composed of phenylalanine, 1,4-butanediol, and sebacic acid (PBSe) and a 

control PEA composed of phenylalanine, butanediol, and terephthaloyl chloride (PBTe) 

were synthesized and characterized as previously reported (Figures A1-A3).51,55 The 

batch of PBSe polymer used had a number average molar mass (Mn) of 79 kg/mol, and a 

dispersity (Đ) of 2.5, while PBTe had an Mn of 18 kg/mol and Đ of 2.8. Rifampicin was 

purchased from Ontario Chemicals Inc. (Guelph, ON, Canada). Dimethyl sulfoxide 

(DMSO) (reagent grade), dichloromethane (DCM) (glass distilled), dimethylformamide 

(DMF) (glass distilled) and high-performance liquid chromatography (HPLC) grade 

acetonitrile (99.8%) were purchased from Caledon (Halton Hills, ON, Canada). Glacial 

acetic acid (reagent grade) was purchased from Caledon Laboratories Limited 

(Georgetown, ON, Canada). Phosphate-buffered saline (PBS) was made with deionized 

(DI) water from a MilliQ system, to create PBS, pH 7.4. Tryptic soy broth, D-(+)-glucose 

powder (bioreagent suitable for cell culture), chloramphenicol (Cm) (Bioreagent suitable 

for plant cell culture), and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide 
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(MTT) was purchased from Millipore-Sigma (Oakville, ON) and were used as purchased 

without further purification. UV-visible spectroscopy was performed using a Varian Cary 

300 UV-visible spectrophotometer purchased from Varian (Palo Alto, California, USA).  

2.2.2 Coating preparation  

In this study, polymer-antibiotic blends were prepared using weight percentages of 2.5, 5, 

and 10% (w/w) of rifampicin relative to the polymer. Rifampicin and the PEA were co-

dissolved in DMF at a total concentration of 16.25 mg/mL (polymer + drug), with the 

ratios adjusted depending on the desired percentage of drug.  

An aliquot of 500 L was drop-casted onto a 3D-printed Ti-6Al-4V alloy disc, 2 cm in 

diameter and 3 mm in thickness. After the solution was spread uniformly across the 

surface, the discs were dried in a vacuum oven at 50 C overnight. The coating thickness 

was measured using a digital micrometer (Mitutoyo Digital Micrometer, H-2780, Japan) 

by calculating the difference between coated and non-coated 3D-printed Ti alloy discs. 

Pipetting 500 L of the 2.5% (w/w) stock solution onto Ti discs led to an 8.4  1.3 m 

thick coating. 

2.2.3 Thermal analysis of rifampicin-PEA blends  

Rifampicin-PEA solutions in DMF were prepared as described in the coating preparation 

section. The solution was then dropped cast onto a glass petri dish and dried in a vacuum 

oven at 50 C overnight resulting in a thin film. The films are then washed with deionized 

water and lyophilized. Thermal analysis was performed using a Q2000 Differential 

Scanning Calorimeter (DSC) (TA Instruments, New Castle, DE, USA). The 

heating/cooling rate was 10 °C/min from 0 to +200 °C, and the data was obtained from 

the second heating cycle. 

2.2.4 Scanning electron microscope (SEM)  

SEM was performed using a Zeiss LEO 1530 instrument, operating at 2.0 kV and a 

working distance of 6 mm. Dried coating samples were mounted onto stubs covered in 

carbon tape and coated with a 10 nm layer of osmium, using an SPI Supplies, OC-60A 
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plasma coater. Micrographs of the surface of the coatings were taken at different 

magnifications.  

2.2.5 In vitro release of rifampicin  

The coatings were prepared as described above. Each disc was suspended in 20 mL of 

PBS. To measure release in the absence of thermal triggering, the samples were 

incubated in an oven at 37 °C for 100 days with aliquots (3 mL) of the medium, taken  

daily for 20 days and then every 5 days to measure the release of rifampicin. On days 20, 

50, and 75 all the media was replaced with fresh PBS.  

To assess the effect of temperature on the rifampicin release rate, samples were also 

incubated in baths with set temperatures from 50 – 80 °C, in increments of 10 °C, for 3 h 

with 3 mL aliquots taken for measurement and with all the media replaced with fresh 

PBS every 30 min. The drug released was assessed in the PBS solution using UV-visible 

spectroscopy at a wavelength of 332 nm based on an extinction coefficient of 18123 L 

mol-1 cm-1 for rifampicin in the same buffer system. Each sample and condition was 

studied in triplicate and the results are presented as the mean  standard deviation. 

2.2.6 In vitro degradation of coating in PBS  

Rifampicin-PEA coatings (5% w/w drug) were prepared by adding 10 mL of the PEA-

rifampicin solution in DMF (30 mg/mL) to pre-weighed 5-dram vials and then drying the 

coatings overnight in a vacuum oven at 50 °C. To measure coating mass loss over time at 

physiological temperature, the samples were incubated in a 37 °C oven for 105 d. Every 

15 d, triplicate samples were removed, PBS was discarded, and the coatings were washed 

using deionized water. They were then dried to constant mass in a vacuum oven at 37 °C 

and then weighed to determine mass loss.  

To assess the effect of temperature on the degradation, the samples were incubated at set 

temperatures from 50 – 80 °C, in increments of  10 °C, for 3 h. Triplicate samples were 

removed every hour, washed, dried, and weighed as described above. The percent coating 

mass remaining was calculated as (mass at the measurement time/initial mass)*100%. 
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Each condition was evaluated in triplicate and the results are presented as the mean  

standard deviation. 

2.2.7 Induction heater design  

A solenoid coil (40 mm ID and 10 cm in length) and a zero-voltage flyback transformer 

were developed to expose a Ti disc sample to a high-frequency alternating magnetic field 

(AMF) (Figure 2.2). An induction frequency of 123 kHz was transmitted through the coil 

controlled by an Arduino. To monitor the surface temperature of the Ti disc a 3D-printed 

mount was constructed to hold a K-type thermocouple positioned in contact directly 

against the surface of the Ti disc and co-axially aligned with the solenoid coil (Figure 

2.3). The instantaneous power delivered to the induction heater unit was controlled in 

real-time by pulse-width modulation via a proportional-integral-derivative (PID) control 

loop. The parameters associated with the PID loop were optimized, ensuring that the 

desired temperature was reached within about 40 s, with minimal overshoot (± 0.5 °C). 

Additionally, a 3D-printed dish made from polyethylene terephthalate glycol (PETG) was 

used as a sample holder for the Ti disc that could be seated at the center of the solenoid 

coil below the thermocouple.  

                     

Figure 2.2: A) Frontal view of the induction device setup showing a solenoid coil (40 

mm ID) wrapped around a 3D-printed PETG cylinder holding in place the PETG 

sample holder with the K-type thermocouple co-axially aligned with the Ti disc 

sample. B) The position of the Ti disc sample within the PETG sample holder. 
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Figure 2.3: A) Top view of the custom-made inductive heating device and B) 

Exploded view of a 3D-printed Ti disc sample at the center of a PETG sample 

holder with a K-type thermocouple in contact with the surface of the Ti disc and 

thermometer to measure the surrounding medium temperature. 

2.2.8 Rifampicin release triggered by induction heating  

For all IH experiments, a PBSe-rifampicin blend of 2.5% (w/w) and a coating thickness 

of 8.4  1.3 m was used. Coated discs were placed within the PETG sample holder and 

suspended in 5 mL of PBS with the K-type thermocouple positioned in direct contact 

with the sample’s surface. Samples were exposed to an AMF with cycles of 6 min on and 

6 min off over a period of one hour to evaluate the relationship between AMF exposure 

and drug release.  

After various set time points, the PBS was collected for analysis and the sample was re-

suspended with new fresh PBS. The solution was analyzed for rifampicin as described in 

the section on in vitro release of rifampicin. A set maximum temperature of 50 °C was 

used for all IH experiments as it allowed the surrounding medium not to exceed 40 °C. 

This was validated using a thermometer that was placed in the media within the PETG 

sample holder adjacent to the sample (Figure 2.3). Samples were also exposed to a 

constant AMF at a control temperature of 37 °C. During IH experiments, power and 

temperature control were monitored and recorded via Arduino software.  
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2.2.9 Fibrinogen adsorption  

Fibrinogen from human plasma (50 – 70% protein) was purchased from Millipore-Sigma 

(Oakville, ON), aliquoted, and stored at -20 °C. Before coating, the aliquots were thawed, 

diluted to 25 g/mL in 0.9% NaCl, and sterilized by filtration through a 0.22 m low 

binding protein syringe filter. Ti discs were placed in six-well plates and coated with 

fibrinogen via immersion in 3 mL of the fibrinogen solution for 30 min incubating at 37 

°C. Then, the discs were removed and dried at room temperature overnight in a glass 

petri dish.  

2.2.10 Biofilm culture and growth conditions  

S. aureus (ATCC 6538) was grown using a tryptic soy agar (TSA) plate incubated for 18 

h at 37 °C, followed by the inoculation of a single colony in tryptic soy broth (TSB) for 

bacterial culture. The S. aureus was maintained over the long term in a glycerol stock 

incubated at -80 °C. 

The sample groups included PBSe coatings without IH or rifampicin, PBSe coatings with 

IH and no rifampicin, rifampicin-loaded PBSe coatings and no IH, and rifampicin-loaded 

PBSe coatings with IH. Coatings were prepared by drop-casting 500 L of a 2.5% (w/w) 

stock solution of rifampicin-PBSe with a coating thickness of 8.4  1.3 m. Biofilms 

were grown in TSB supplemented with 1% glucose. This media was inoculated with S. 

aureus using an inoculation loop and incubated for 24 h at 37 ± 0.5 °C. The inoculated 

media was diluted to a bacterial concentration of approximately 108 colony-forming units 

per mL (CFU/mL), validated with the optical density of the stock measured at 600 nm 

using a spectrophotometer. The stock was further diluted with sterile TSB + 1% glucose 

to give a working bacterial concentration of approximately 105 CFU/mL. Coated and 

uncoated Ti discs were sterilized using the biosafety cabinet UV light for 1 h on each side 

and then were immersed in 10 mL of the inoculated media for 2 h, allowing for bacterial 

adherence. Afterwards, the excess media was discarded, and discs were incubated in 10 

mL of fresh media for 48 h at 37 °C. 



40 

 

2.2.11 Effect of different combinations of IH and antibiotics on S. 
aureus biofilm growth and the bacterial viability  

Coated Ti discs were prepared via drop-casting 500 L of a 2.5% (w/w) stock solution 

with a coating thickness of 8.4  1.3 m and sterilized as described in the section on 

biofilm culture and growth conditions. S. aureus was cultured in TSB + 1% glucose and 

with sample surfaces immersed in the suspension as described in the same section. 

Immediately after the 2 h incubation period for bacterial adherence, discs were 

transferred to the PETG sample holder and immersed in 5 mL of fresh TSB and 1% 

glucose. Samples were then exposed to an AMF intermittently, 6 min on and off, for a 

total period of  60 min. A maximum set temperature of 50 °C was used to prevent the 

surrounding medium in the sample holder from exceeding 40 °C. Upon completion of 

intermittent AMF exposure, the discs and 5 mL of media were transferred into a new 

small polystyrene petri dish containing 5 mL of fresh media for an added total of 10 mL 

and then incubated for 24 h at 37 °C. After 24 h, the disc and 5 mL of media were again 

transferred to the PETG sample holder, the induction heating process was repeated as 

above, and then the disc and media were transferred back to the petri dish and incubated 

for an additional 24 h. 

Biofilm formation was assessed using crystal violet (CV) staining.59,60 After the 

incubation period, excess media was removed, and the discs were gently rinsed in fresh 

PBS three times. The biofilms were fixed by incubation for 1 h at 60 °C and then stained 

by immersion of the discs in 5 mL of 0.1% CV for 2 h in a 6-well polystyrene plate. The 

excess stain solution was removed, and the samples were gently rinsed with sterile 

distilled water. The stained biofilms were then destained using 33% acetic acid and the 

optical density of the acetic acid solution was measured at 595 nm using a Tecan Infinite 

M1000 Pro plate reader using Costar 96-well UV plates (#3635) with UV transparent flat 

bottoms. Each treatment group was evaluated in triplicates with the results calculated into 

percent biofilm formation.  

The viability of the S. aureus after the different treatments was also quantified. After the 

completion of each treatment, the Ti discs were placed in 50 mL centrifuge tubes and the 

established biofilms were disrupted using a Fisher Scientific Ultrasonic Bath FS20H 



41 

 

(Hampton, NH, USA) for 20 minutes at 40 kHz. The Ti discs were removed and then the 

sonicated suspension was centrifuged for 15 min at 5000 rpm in a VWR Clinical 200 

Centrifuge (Radnor, PA, USA). The suspension was subsequently vortexed and then 

serially diluted 10-fold into 15 mL centrifuge tubes. 10 L of each dilution were spot 

plated onto TSA plates and allowed to absorb for 30 min. The TSA plates were then 

inverted and incubated at 37 °C for 24 h. The plates prepared from dilutions that resulted 

in 3 – 50 CFUs were counted and after taking dilutions into account the CFU reduction 

for each treatment was calculated. Each treatment was analyzed in triplicate and the mean 

 standard deviation is reported.  

2.2.12 Fluorescence microscopy of GFP-labeled S. aureus on 
coated discs  

To visualize the effects of rifampicin-PEA coatings with and without IH on S. aureus 

biofilms, green fluorescent protein (GFP) expressing S. aureus was used. The S. aureus 

(ACC 6538) strain was transformed by electroporation with the plasmid pCG44 to enable 

GFP expression.61,62 The plasmid was maintained in S. aureus by culture in the presence 

of Cm at a final concentration of 10 g/mL. TSB  + 1% glucose + Cm were inoculated 

with the new GFP S. aureus for 24 h at 37 °C. The inoculated media was then diluted to a 

working bacterial concentration of approximately 105 CFU/mL. Discs were then exposed 

to the same conditions as described in the induction heating conditions for biofilm 

studies. Upon completion, the discs were gently rinsed with PBS and taken for 

microscopy. Imaging was performed using a Nikon Eclipse Ti2E Inverted Deconvolution 

Microscope from Nikon Instruments Canada Inc (Mississauga, ON, Canada) at a 

magnification of 20X.  

2.2.13 Live/dead analysis of S. aureus on coated discs  

To visualize the viability of S. aureus biofilms, after a 48 h incubation period, a 

LIVE/DEAD BacLight Bacterial Viability Kit for microscopy (L7007) was purchased 

from Thermofisher Scientific (Waltham, MA, USA). Bacteria cells were stained with 

propidium iodide (PI) to detect dead cell populations of S. aureus and SYTO 9 to detect 

viable cells. The stain mix was prepared according to the manufacturer’s instructions and 
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added directly onto the surfaces of all samples and incubated at room temperature for 10 

min in the dark. Live controls were allowed to grow undisturbed for the 48 h period and 

dead controls were heat shocked at 150 °C for 10 min. All treatment samples are then 

observed under the same microscope and analyzed with the exposure time intensity set 

according to the live and dead controls.  

2.2.14 Mammalian cell viability  

RAW 264.7 (ATCC TIB-71TM) immortalized murine macrophages were cultured in 

Dulbecco’s Modified Eagle Medium (DMEM) containing 10% fetal bovine serum (FBS) 

and supplemented with antibiotics penicillin and streptomycin, 100 units/mL each (Life 

Technologies, Burlington, Canada) at 37 °C in the presence of 5% CO2. Cells were split 

using a tissue culture scraper according to the manufacturer’s instructions when they 

reached ~75% confluence. Ti discs coated with only PBSe as described in the coating 

preparation section and uncoated Ti discs were sterilized by irradiation using a biosafety 

cabinet UV light for 1 h on each side.  

Cells were then seeded at a density of 184,000 cells (300 L) onto each Ti disc in a six-

well polystyrene plate and incubated for 3 h to allow initial adherence. An additional 3 

mL of culture media is added to each well and samples were incubated for 24 h. Wells of 

the six-well polystyrene plate was used as a positive control and culture media alone was 

used as a negative control. After 24 h, PBSe-coated Ti discs were subjected to a 1 h IH 

protocol (alternating 6 min on, 6 min off at a set maximum temperature of 50 °C). Upon 

completion of the IH cycle, the medium was aspirated and replaced with 3 mL of 0.5 

mg/mL of MTT in the culture media and the cells were incubated for 3 h. The MTT 

solution was then carefully aspirated, and 1 mL of DMSO was added to each well to 

solubilize the purple crystals. The absorbance of each well at 570 nm was then read in a 

plate reader (Tecan Infinite M1000 Pro) to quantify the relative metabolic activities of the 

RAW macrophages. Triplicates of all treatments were performed, and the results 

presented as the mean  standard deviation.  
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2.2.15 Statistical analysis  

Quantitative differences between sample groups were reported as the mean  standard 

deviation (SD), and statistical analyses were performed using a one-way ANOVA with a 

Tukey’s post-hoc test (Figure 2.10 & 2.13). Differences were considered statistically 

significant at p < 0.05.  

2.3 Results and discussion  

2.3.1 Preparation and characterization of PEA coatings  

As a PEA with a thermal transition just above physiological temperature, PBSe 

composed of L-phenylalanine, 1,4-butanediol, and sebacic acid was selected (Scheme 

2.1A). It has previously been reported to have a Tg of about 40 °C. As a control polymer 

to evaluate the effect of heating without passing through a glass transition, PBTe was 

chosen.54 This PEA, composed of L-phenylalanine, 1,4-butanediol, and terephthalic acid 

(Scheme 2.1B), has been reported to have a Tg of about 100 °C.51 PBSe and PBTe were 

prepared as previously reported.51,55 To prepare the PEA-rifampicin blend coatings, DMF 

was used as it is a common solvent for the PEA and rifampicin. Drop-casting was 

employed, involving deposition of the polymer-drug solution onto the surface of a 3D-

printed Ti-6Al-4V alloy disc, that had been sterilized using ethanol, followed by 

incubation overnight in a vacuum oven at 50 °C. The resulting polymer-drug layer on the 

Ti surface was attached via mechanical adhesion after solvent evaporation where the 

coating had anchored itself into the pores and depressions of the 3D-printed Ti-6Al-4V 

alloy disc. With a stock solution of 2.5% (w/w drug) a film thickness of 8.4  1.3 m is 

obtained and can be tailored depending on the desired percentage of drug or polymer. 
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Scheme 2.1: Chemical structure of A) PBSe and B) PBTe.  

The thermal properties of the rifampicin-PEA blend coatings were evaluated by DSC and 

were found to vary within a few degrees after incorporation of the drug. While PBSe had 

a Tg of 39 °C, the incorporation of 2.5, 5 and 10% (w/w) of rifampicin relative to 

polymer resulted in small increases in Tg to 41, 43, and 45 °C, respectively (Figure 2.4). 

The incorporation of 5 and 10% (w/w) of rifampicin into PBTe resulted in an increase in 

Tg from 95 °C for the pure polymer to 97 °C and 98 °C for 5 and 10% rifampicin. 

Rifampicin alone did not show any sign of a melting point or glass transition below 200 

°C as indicated by the DSC curve, however, it is reported that the melting point of 

crystalline rifampicin is in the approximate range of 185-195 °C (Figure A4).63 
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Figure 2.4: DSC thermographs of pure PBSe and PBTe and their formulations with 

rifampicin. The incorporation of antibiotic led to modest increases in the Tg. 

2.3.2 In vitro release of rifampicin in the absence of the thermal 
triggering  

First, the release of rifampicin at a physiological temperature of 37 °C from PEA coatings 

on Ti discs was studied (Figure 2.5). Each of the 2.5, 5 and 10% (w/w) rifampicin-PBSe 

coatings underwent an initial burst release, ranging from around 5% for the 2.5% 

coatings to almost 30% for the 10% coating, within the first 5 days. This initial release 

likely corresponded to the drug that was at or near the surface and therefore could be 

released without substantial PEA degradation. This initial release was followed by a 

slower release of rifampicin, with about 17% of rifampicin released from the 2.5% 

coating and 53% released from the 10% coating over 100 days (Figure 2.5). These results 

indicate that sustained release of rifampicin from PEA coatings can be achieved, 

providing a depot of remaining drug that can potentially be triggered for release for 

multiple months after implantation. 
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Figure 2.5: Release of rifampicin from PEA containing A) 5% (w/w) and B) 10% 

(w/w) drug on Ti discs suspended in PBS at varying temperatures. More rapid 

release of drug occurred for the PBSe coatings but not for the PBTe coatings at 

elevated temperatures. Error bars correspond to the standard deviations on 

triplicate samples. 

The slow degradation of the PBSe coatings was also demonstrated by mass loss and SEM 

for 5% (w/w) rifampicin coatings incubated at 37 °C  for more than 100 days. A 15% 

reduction in coating mass was observed over 15 days (Figure 2.6A). During the next 90 

days, only a further 5% mass loss occurred, confirming the slow degradation of PBSe. 

SEM of PBSe-rifampicin coatings, before incubation, showed that the surface of the 

coating was smooth and quite homogenous (Figure 2.7A). After 60 days, the surface 

became rougher, suggesting that some erosion of the polymer surface had occurred 

(Figure 2.7B). After 105 days, substantial erosion of the surface was observed (Figure 

2.7C). Samples incubated at 80 °C for three hours showed no visible surface degradation 

of the PBSe coating, however, many holes covered the coating's surface and can be 

recognized as the location of rifampicin being released before heating (Figure 2.7D). 
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Figure 2.6: Degradation, based on mass loss, of PBSe coatings containing 5% (w/w) 

of rifampicin incubated in PBS at A) 37 °C for 105 days or B) temperatures ranging 

from 50 – 80 °C for 3 h. The coatings remained largely intact with minimal mass 

loss during each of these experiments. Error bars correspond to the standard 

deviations on triplicate samples. 

 

Figure 2.7: Scanning electron micrographs of the surface of PBSe-rifampicin 

coatings (5% (w/w) drug) A) Prior to incubation; C) After incubation at 37 °C for 

60 days; C) After incubation at 37 °C for 105 days; D) After incubation at 80 °C for 

3h. 
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2.3.3 Thermally triggered rifampicin release  

Next, the ability to trigger the accelerated release of rifampicin above the Tg of the PEA 

was demonstrated. The rifampicin-PEA coatings were incubated in PBS at temperatures 

from 50 - 80 °C. At 80 °C, more than 70% of rifampicin was released from the 5% 

coating (Figure 2.8A) while almost 90% of the rifampicin was released from the 10% 

(w/w) rifampicin coating within 3 h (Figure 2.8B). Even at 60 °C, more than 30% of the 

rifampicin was released from both the 5 and 10% coatings, with the release slower at 50 

°C. Most physicochemical processes, including drug release, are expected to be faster at 

higher temperatures. Therefore, to demonstrate that the accelerated release of rifampicin 

from the PBSe coatings was indeed due to the Tg of the polymer, the release rates of 

rifampicin from the control PBTe coatings with Tg values of ~100 °C were also evaluated 

at 50 – 80 °C. At each temperature, 10% or less of the loaded rifampicin was released 

from these coatings, thereby demonstrating the important role of the PBSe glass 

transition in facilitating drug release. Furthermore, to confirm that the accelerated drug 

release from the PBSe coatings at elevated temperatures was not simply a result of 

accelerated PEA degradation, mass loss from the coatings was examined. The mass loss 

ranged from 5 – 14% over 3 h from 50 – 80 °C (Figure 2.6B). Compared to 37 °C over 

100 days, there was more drug release but less mass loss from the PBSe coatings at 50 – 

80 °C over 3 h, confirming that the drug release was not rate-limited by polymer 

degradation at the elevated temperatures. Furthermore, SEM micrographs of the surface 

of PBSe-rifampicin coatings incubated at 80 °C for 3 h showed minimal polymer 

degradation but small pores were present, possibly due to loss of the drug from these 

areas of the surface (Figure 2.7D).  
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Figure 2.8: Release of rifampicin from PEA coatings containing A) 5% (w/w) and B) 

10% (w/w) drug on Ti discs suspended in PBS at varying temperatures. More rapid 

release of drug occurred for the PBSe coatings but not for the PBTe coatings at 

elevated temperatures. Error bars correspond to the standard deviations on 

triplicate samples. 

Overall, the results support that the acceleration in rifampicin release can be attributed to 

heating the coating above the Tg of PBSe. As the temperature of the PBSe coating is 

raised, the polymer chains become mobile, allowing the drug to diffuse through the 

coating to the surface, where it can then dissolve into solution. On the other hand, PBTe 

coatings remained below the polymer’s Tg, where the polymer chains are rigid.   

2.3.4 Drug release induced by IH  

A custom-made inductive heating device was developed that allowed a Ti disc to be 

placed in a PETG sample holder such that the disc is positioned at the center of a 

solenoid coil (Figure 2.3). The sample holder could be filled with 5 mL of media and the 

temperature of the disc and media were monitored separately using a K-type 

thermocouple and a thermometer, respectively (Figure 2.2). Different IH protocols were 

considered with the aim of triggering rifampicin release while minimizing potential 

damage to surrounding cells and tissues. Studies have shown that the use of continuous 

AMF or highly hyperthermic conditions can cause necrosis of tissue, fat, or bone that 

surrounds the surface of the metal substrate.64–66 However, using an intermittent AMF has 
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been shown to generally overcome this limitation depending on the induction frequency 

and power. For example, Chopra and colleagues concluded that their in vivo results using 

intermittent heating of a metal ball implanted in the dorsal thigh muscle of a mouse 

model at 190 W for 220 seconds and 800 W for 15 seconds reaching temperatures of 

around 60 °C resulted in minimal thermal damage to muscle fibers, connective tissue, and 

vascular channels localized to less than 2 mm around the implants.43 High thermal doses 

are very common in orthopedic surgery during processes such as drilling and cement 

fixation.45,67,68 While studies have shown that temperatures ranging from 60 – 80 °C 

result in tissue necrosis, the same studies also report on the ability of tissue recovery post-

heating.43,45,47,69,70 Müller et al. reported that temperatures of 40 – 60 °C achieved via IH 

of an intramedullary nickel-titanium implant resulted in no signs of bone or tissue 

necrosis that surrounded the implant.45 Based on these studies, we decided to limit the 

surface temperature of the Ti disc to 50 °C. We found that it was possible to perform five 

cycles (6 min on, 6 min off) or six cycles (5 min on, 5 min off) up to 50 °C over a period 

of 1 h without the surrounding bath temperature exceeding 40 °C, showing that it was 

possible to achieve selective heating at the metal surface while minimizing potential 

impacts on surrounding cells and tissues. After each heating cycle, the discs remained at 

50 °C for 1-2 min, and then slowly decreased in temperature reaching around 45 °C after 

3 min. 

As designed, cycles of IH leading to heating of the coating above the polymer Tg 

accelerated drug release. PBSe coatings (8.4  1.3 m thickness) containing 2.5% (w/w) 

rifampicin released only 8% of the drug at the end of 60 min over a constant AMF at a set 

temperature of 37 °C. On the other hand, five cycles of intermittent IH with a set limit of 

50 °C (6 min on, 6 min off) led to 26% rifampicin release over 60 min. Six shorter 

intermittent cycles at 50 °C (5 min on, 5 min off) resulted in a slower release of 

rifampicin with 21% released in 60 min (Figure 2.9). It appears that extending the 

duration of AMF can increase the release of rifampicin. However, the more rapid release 

of rifampicin in a shorter amount of time from these coatings compared to those studies 

in the direct heating experiment (Figure 2.8) can likely be attributed to thickness, as it 

may be easier for the drug to diffuse to the surface of the coating in a thinner coating. As 
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for the drug release experiments performed with direct heating of the solution, the 

mechanism of accelerated drug release is proposed to involve the heating of PBSe above 

its Tg, facilitating the diffusion of the drug to the coating surface, where it can be 

released. However, the key advantages of IH are that it can be performed remotely, using 

only an alternating magnetic field and that the heating can be applied selectively to the 

metals surface, allowing temperatures well above physiological temperature to be 

achieved at the site of the coating (e.g., 50 °C), while maintaining the temperature of the 

surroundings close to normal physiological temperature. 

 

Figure 2.9: Release of rifampicin from inductively heated PBSe coatings on Ti discs 

using two different heat cycling procedures and compared to the same coatings 

without inductive heating, held at 37 °C. Error bars correspond to the standard 

deviations on triplicate samples. 

2.3.5 Biofilm growth and S. aureus viability on Ti discs  

The abilities of the PBSe coatings to inhibit S. aureus biofilm formation were 

investigated both with and without IH. S. aureus was selected because it is often 

associated with prosthetic joint infections.71 Biofilms were grown on PBSe-coated Ti 

discs in TSB supplemented with 1% glucose for 48 h at 37 °C and then they were 

quantified by crystal violet staining. The incorporation of 2.5% (w/w) of rifampicin into 
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the PEA coating without IH reduced biofilm formation to 36% compared to the same 

PEA coating alone (Figure 2.10A). IH alone, performed at 2 h and 24 h on PBSe-coated 

Ti discs resulted in a 50% reduction in biofilm formation compared to the control. Thus, 

neither IH nor antibiotic alone under these conditions was able to sufficiently reduce 

biofilm formation. However, the use of IH with rifampicin-loaded PBSe coatings resulted 

in a 96% reduction in biofilm formation compared to the control, showing a potential 

synergistic effect. 

 

Figure 2.10: Biofilm formation as measured by the crystal violet assay for S. aureus 

seeded on A) PBSe coatings with different combinations of antibiotic and IH; B) 

combinations of antibiotic and IH following treatment of PBSe coatings with 

fibrinogen, compared to no fibrinogen treatment. All treatments led to the 

suppression of biofilm formation, with a combination of antibiotic and IH providing 

a large, synergistic effect both in the presence and absence of fibrinogen. All 

samples are normalized to untreated PBSe without IH or antibiotic (100% biofilm). 

All sample groups were statistically significantly different (p < 0.05, N=3).  

The effect of fibrinogen adsorption on the antibiofilm properties of the coatings and IH 

treatment was also investigated. Human plasma fibrinogen is a soluble glycoprotein 

found in high concentrations (2 – 3 mg/mL) in human plasma.72 It has been reported in 

many studies to be among the most relevant proteins that adsorb to the surfaces of 

medical devices rapidly after implantation and is subsequently involved in the adhesion 

of cells, including platelets and leukocytes to biomaterial surfaces72,73. Therefore, it was 

of interest to evaluate whether fibrinogen adsorption onto the PEA coating would impact 
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the anti-biofilm behavior of the coatings. The coatings were first treated by immersion in 

a solution of fibrinogen (25 μg/mL), and then biofilm formation was quantified using 

crystal violet after different treatment combinations involving antibiotic and IH. 

Adsorption of fibrinogen led to a ~20% reduction in biofilm formation compared to the 

PBSe surface without fibrinogen (Figure 2.10B). These results are consistent with a 

previous report, where the treatment of poly(ethylene terephthalate) and 

polytetrafluoroethylene surfaces with fibrinogen solutions of similar concentrations led to 

a substantial reduction of surface adhesivity compared to uncoated surfaces or those 

coated with lower concentrations of fibrinogen.72 As for the untreated PBSe coatings, the 

incorporation of rifampicin or application of IH led to further reductions in biofilm 

formation by 50% and 74% compared to the control respectively. Furthermore, the 

combination of fibrinogen, rifampicin, and IH led to a 97% reduction in biofilm 

formation. Overall, these results indicate that the adsorption of fibrinogen, expected to 

occur upon implantation of a PBSe coated device in vivo, should not adversely affect the 

coating’s anti-biofilm properties, but rather enhance them.   

Biofilm studies were also performed using GFP-labeled S. aureus. Inverted fluorescence 

microscopy images showed similar trends to those observed with crystal violet staining. 

On the PBSe control coating, it was evident that an established mature biofilm had been 

formed containing many GFP-expressing bacteria (Figure 2.11A). With IH treatment 

alone, many GFP-expressing bacteria were still observed, indicating that while the 

treatment was capable of suppressing biofilm formation, many live bacteria remained 

(Figure 2.11B). In particular, the live S. aureus colonies may be closer to the surface of 

the PEA coating and further from the selectively heated Ti surface. Many GFP-

expressing bacteria were also observed on PEA coatings containing rifampicin but 

without IH treatment, although less than on the control PEA coating (Figure 2.11C). 

Thus, neither treatment alone was sufficient. However, using a rifampicin-loaded PBSe 

coating with IH, very few GFP-expressing S.aureus colonies were observed (Figure 

2.11D). Thus, these results were in agreement with the results of the crystal violet biofilm 

staining. 
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Figure 2.11: Fluorescence microscopy of GFP-expressing S. aureus on Ti discs with 

A) PBSe coating alone; B) PBSe coating with IH treatment at 2 h and 24 h; C) PBSe 

coating containing 2.5% (w/w) of rifampicin; D) PBSe coating containing 2.5% 

(w/w) rifampicin and treated with IH at 2 and 24 h. Rifampicin-loaded PBSe 

coatings treated with IH led to the greatest suppression of GFP-expressing bacteria.   

Furthermore, the viability of the bacteria remaining at 48 h after the different treatments 

was evaluated. The biofilms were disrupted, and the resulting suspensions were plated on 

agar to quantify the CFUs. The use of IH or antibiotic alone was able to inhibit growth to 

approximately 95.9 and 96.3% respectively (Table 1). However, PEA coatings with 

rifampicin in combination with IH resulted in more than a 3-log reduction in S. aureus 

CFUs, showing that the combined treatment was much more effective than either 

treatment alone. Thus, despite the growth of some biofilm as indicated by the crystal 

violet staining, at the end of the treatment, a very small fraction of the bacteria remained 

viable.  
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Treatment  Inhibition Growth %  

PBSe, IH  95.9%  0.3 

PBSe, Antibiotic  96.3%  0.1 

PBSe, Antibiotic, IH  > 99.9% 

Table 1: Quantification of the bacterial biofilm for each treatment in a 48 h biofilm 

and CFU/mL calculation followed by a percent calculation of inhibited growth. 

 

Figure 2.12: Fluorescence microscopy analysis of live and dead S. aureus on PBSe 

coated Ti discs with IH treatment at 2 h and 24 h, PBSe coating containing 2.5% 

(w/w) of rifampicin, and PBSe coating containing 2.5% (w/w) rifampicin and 

treated with IH at 2 and 24 h. Rifampicin-loaded PBSe coatings treated with IH led 

to the lowest population of live bacteria and the highest population of dead bacteria 

ratio. 
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To investigate the effectiveness of each treatment concerning the number of live and dead 

bacteria on the surfaces of each sample, live/dead analyses were performed after 48 h for 

the different treatments. Many live bacteria were found on the PBSe surface with no 

treatment (Figure 2.12). On the coating treated with two cycles of intermittent IH (PBSe, 

IH), substantial numbers of both live and dead bacteria were observed in the biofilm. 

Fewer live bacteria were observed on the rifampicin-loaded coating without IH (PBSe, 

Antibiotic). Although these two individual treatments led to similar levels of biofilm 

quantified by crystal violet, the reduction in live bacteria when the antibiotic was 

incorporated may result from the killing of bacteria in the later stages of the experiment, 

after some biofilm had formed. Lastly, the use of a rifampicin-loaded PBSe coating and 

two cycles of intermittent IH (PBSe, Antibiotic, IH) yielded the fewest live bacteria, 

along with some dead bacteria on the surface (Figure 2.12).  

Overall, these results agree with previous studies where only a combination of heating 

and solution antibiotic treatment were able to achieve highly effective killing of biofilm 

bacteria. In our study, a relatively low temperature of 50 °C was used in comparison with 

other studies investigating the effects of IH alone.41,43,46,74 Previous studies using IH 

alone have found that temperatures between 60 – 90 °C for a duration of 1 – 10 min were 

required to kill a substantial fraction of biofilm bacteria.43,74 Our lower temperature was 

selected to minimize potential damage to surrounding tissues, but our results are in 

general agreement with the previous studies, indicating that heating at 50 °C alone is 

insufficient to prevent biofilm formation. Previous studies have combined IH with 

antibiotics in solution and showed that IH can increase the sensitivity of biofilm bacteria 

to antibiotics.74 For example, Pijls et al. found that IH at 60 °C provided an increase in 

the activity of vancomycin, rifampicin, and N-acetylcysteine cocktail against S. aureus 

biofilms.74 Chopra et al. found that 3 min of IH (reaching ~70 °C) made P. aeruginosa 

biofilms susceptible to otherwise non-inhibitory concentrations of ciprofloxacin.43 The 

increased susceptibility of bacteria to antibiotics at elevated temperatures is proposed to 

arise from thermal stimulation of bacterial metabolic activity, which makes the bacteria 

more sensitive to antibiotics.47 However, the preceding studies did not suggest an 

approach to selectively deliver antibiotics to the bacteria or the biofilm and overcome 

known challenges such as achieving a sufficient concentration of antibiotic within or near 
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the biofilm. Our study is the first to use heat to not only kill bacteria directly and increase 

their susceptibility to antibiotics but also to locally trigger the delivery of antibiotics right 

at the site of the biofilm. 

2.3.6 Mammalian cell viability  

It was also important to evaluate the effects of the IH on mammalian cells close to the Ti 

disc surface. RAW 264.7 macrophages are monocyte/macrophage-like cells originating 

from the Abelson leukemia virus-transformed cell line derived from BALB/c mice and 

have been reported as an appropriate model of macrophages.75 Macrophages were 

selected because upon implantation of any biomaterial in the body, they are one of the 

first groups of cells that interact with the foreign body and play an important role in the 

immunological response.76 It has been shown that following implantation of a material, 

the standard sequence of immune events includes protein adsorption on the biomaterial 

surface, macrophage recruitment and adhesion onto the biomaterial surface, followed by 

the release of chemokines recruiting additional macrophages and other immune cells that 

help to induce acute inflammation.77,78 As a result, it was important to evaluate whether 

intermittent heating at 50 °C would reduce metabolic activity or kill macrophages seated 

onto PEA coatings. Several studies have reported that fever temperatures of 38 °C or 

higher can increase macrophage activity and that macrophage function is responsive to 

thermal signals, however, temperatures outside the range of a high fever have yet to be 

clarified.79,80 We found that macrophages on the Ti disc exhibited 79% metabolic activity 

compared to the tissue-cultured well control surface, whereas these cells on PEA coating 

had 61% metabolic activity (Figure 2.13). After exposure to a 1 h cycle at 50 °C, the 

metabolic activity of the macrophages is reduced to approximately half (29%) when 

compared to the PEA coating without IH. These results show that there is a significant 

reduction in the metabolic activity of macrophages, likely indicating the presence of dead 

macrophages after the IH cycle. It is important to note that these results are indicative of 

mammalian cells that are closest or in direct contact with the heated Ti disc via IH, which 

reaches 50 C, and the effects on more distant cells, where the temperature is much less 

elevated (e.g., 40 C) would be expected to be much less. Furthermore, the presence of 

remaining metabolically active cells even after the IH treatment suggests the potential for 
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the cells to regenerate after the treatment. Compared to the thermal energy generated in 

cortical bone drilling or polymerization of acrylic bone cement, the set temperature we 

have chosen is reasonably safe.45,67,68,70 

 

Figure 2.13 The metabolic activity of macrophages was measured using an MTT 

assay to determine the viability of adhered macrophages on PEA coated and 

uncoated samples and subjected to one cycle of intermittent IH at 50 °C. All samples 

are normalized to the positive control, tissue-cultured well surface (100% metabolic 

activity). All sample groups were statistically significantly different (p < 0.05, N=3). 

2.3.7 Conclusions 

PEA coatings containing rifampicin were successfully prepared on 3D-printed Ti discs 

and exhibited Tg values just above 37 °C. In the absence of direct heating or IH, the PBSe 

coatings slowly eroded and released rifampicin over 100 days but at temperatures above 

the PBSe Tg accelerated drug release was observed. Five six-minute cycles of intermittent 

IH to a maximum of 50 °C over a period of 1 h resulted in 26% release, while the 

surrounding medium did not exceed 40 °C. Both heating and rifampicin individually 

reduced S. aureus biofilm formation but the use of rifampicin-loaded PEA coatings in 

combination with two 1 h IH treatments over a 48 h period reduced biofilm formation by 

96%, showing a potential synergistic effect. The anti-biofilm properties were maintained 

even with the adsorption of fibrinogen to the surface of PEA coatings. In addition, 

>99.9% of the bacteria on the surface was killed during the 48 h treatment. These results 
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demonstrate a novel PEA-based implant coating as an antibiotic carrier with externally 

triggerable antibiotic release to ODRI.  Future work will involve further studies of the 

antibacterial properties of these coatings, their compatibility with mammalian cells, and 

their in vivo behavior. 
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Chapter 3  

3 Summary and future work 

This thesis addresses unmet needs related to treating and preventing ODRI with the 

proposal of an antibiotic-loaded PEA-based coating that can be triggered externally and 

on-demand via an alternating electromagnetic field using IH.   

In Chapter 2, the synthesis and characterization of the polymer PBSe was described, 

demonstrating the successful preparation of a PEA with a Tg of 39°C, just above a 

physiological temperature. PBSe was co-dissolved with rifampicin at varying weight 

percentages in the range of 2.5 – 10%, resulting in Tg values of 41 – 45 °C.  In the 

absence of heating, rifampicin-loaded PBSe coatings eroded and released the drug very 

slowly, with 17% released over 100 days for the 2.5% coating. On the other hand, 

incubation of these coatings at higher temperatures above the Tg of PBSe resulted in an 

accelerated release of rifampicin with little to no degradation of the polymer. The IH 

process was optimized to enable five 6 min heating cycles with a maximum temperature 

of 50 °C to be performed over 1 h without the surrounding bath temperature exceeding 40 

°C. Rifampicin release was accelerated under these conditions with 26% of the drug 

released over the 1 h treatment. Crystal violet staining and fluorescence microscopy of S. 

aureus biofilms on PBSe-coated titanium discs indicated that the use of antibiotic or IH 

individually can reduce biofilm formation to 36%, and 50%, respectively. However, the 

use of intermittent IH and rifampicin-loaded PBSe coatings resulted in less than 5% 

biofilm formation compared to the control, showing a potential synergistic effect. This 

effect still held after the adsorption of fibrinogen onto PBSe-coatings. Furthermore, the 

bacteria viability post 48 h for all treatments was found to show that the use of IH or 

antibiotic alone inhibited growth to approximately 96 and 97% respectively. However,  

the combination of a rifampicin-loaded PBSe coating and intermittent IH resulted in a 3-

log reduction of 99.98% in S. aureus CFUs. These conditions were also tested against 

macrophages using an MTT assay. The data demonstrated adherence and normal 

metabolic activity of macrophages on PBSe-coated and uncoated Ti discs. When PBSe 

coatings were subjected to the 1 h protocol (max 50 °C), the metabolic activity of 
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macrophages was reduced to 29% compared to the same coating in the absence of IH 

demonstrating the potential feasibility of using these conditions in vivo.   

While this novel thermo-responsive antibiotic-eluting PEA coating is promising and 

shows great potential in the orthopedic field, further research is still needed. The next 

steps will be to evaluate antibiotic-loaded PEA coatings in vivo both in the absence and 

presence of IH and investigate whether the approach can treat or prevent ODRI. Pre-

clinical studies generally involve the use of small animal models, such as mice or rats, 

and will be a good starting point to determine if the coating is well-tolerating and if 

adjustments to the IH protocol are required. For example, changes that could be explored 

include the use of shorter intervals but with more power resulting in a higher set 

temperature, longer breaks in between IH, or several cycles of IH compared to the two 

cycles of IH in a 48 h period that was used in most of the studies described in Chapter 2. 

Although we can effectively heat the surface of a Ti disc using our IH protocol and 

device, an improved protocol and design of the IH device will be needed to safely 

accommodate a small animal model.   

The decision to employ a drop-casting method was taken so that the exact amount of drug 

released from PEA coatings could be calculated. In future studies using hip, knee, or 

shoulder implants it may be necessary to use an alternative coating method that is more 

efficient in creating a uniform layer for complex shapes. One method that was not 

mentioned in this study but that I tested was spray coating. Rifampicin-PEA coatings 

could be co-dissolved using dichloromethane, an organic solvent that readily evaporates 

at room temperature. Using a thin layer chromatography reagent sprayer connected to an 

air pump and a 250 mL round bottom flask with 10 mL of a stock solution of rifampicin-

PEA a uniform coating could be achieved on the Ti discs. This spray-coating method can 

also be employed in future studies to spray complex hip or knee implant shapes. Dip 

coating would be another possibility. 

The mechanical properties of the antibiotic-loaded PEA coating should also be explored 

in a future study. Examination of how well the PEA coating adheres to the surfaces of 

different biomaterials such as chromium cobalt or stainless may also prove useful. There 
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have been numerous studies detailing the use of PEAs as hydrogels and other implanted 

materials such as particles, but for the purpose of coating an orthopedic device, the 

mechanical properties should still be investigated.1–4 Examining its Young’s modulus, 

tensile and compressive strength along with how the coating is affected during 

mechanical movement of a hip and knee implant may also help provide insight on how 

well the coating adheres over the long-term. Additionally, upon implantation of PEA-

coated orthopedic devices, it will be important to evaluate how the coating will influence 

bone cell adherence and if there are any limitations involved with the fixation of the 

orthopedic devices and bone growth surrounding the device.  

The design of the PEA coating had also taken into consideration antibiotic-resistant 

bacteria as part of one of the main problems of ODRI. The main issue that has been 

reported in many studies is the continued and regular use of antibiotics such as 

vancomycin and gentamicin combined with the same antibiotic carriers (PMMA bone 

cement and calcium sulfate).5–12 The repeated use of these antibiotics can induce resistant 

bacteria and ultimately exacerbate infection rates in the orthopedic field.13–15 Many 

studies have begun combining various antibiotics to combat antibiotic-resistant 

bacteria.16,17 In addition to the work described in Chapter 2, I performed preliminary 

studies to investigate using a combination of vancomycin and rifampicin in PEA coatings 

to combat this problem. I found that although I was able to successfully use both 

antibiotics within the PEA coatings and achieve rapid release at high temperatures, the Tg 

was reduced below physiological temperature. This may or may not be a problem, and 

polymers generally undergo a gradual reduction in viscosity around the Tg. At higher 

temperatures, there was an initial burst release of vancomycin as it readily dissolved in 

PBS, followed by a slower release of rifampicin from PEA coatings. It may be necessary 

to tweak the thermal properties of PBSe to achieve a higher Tg. This can be done by 

incorporating different monomers with more rigid structures.  
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Appendices  

Appendix 1 – Supporting information for Chapter 2: Thermo-
responsive Antibiotic-Eluting Coatings for Treating Infection 
near Orthopedic Implants 

 

Figure A1. 1H-NMR spectrum of PBSe (DMSO-d6, 400 MHz). 

 

Figure A2. 1H-NMR spectrum of PBTe (DMSO-d6, 400 MHz). 
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Figure A3. Overlay of SEC traces for PBSe and control PBTe 

 

 

 

Figure A4. DSC thermograph of rifampicin  
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