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Abstract 

Orthopaedic implants are crucial in treating bone-related conditions. However, implant-

associated infections (IAIs) remain a significant challenge, often leading to implant failure and 

exacerbating antibiotic resistance. Baghdadite bioceramics (BAG, Ca3ZrSi2O9) have shown 

great promise due to their bioactivity and bone compatibility, but they inherently lack 

antibacterial properties. This research addresses this limitation by enhancing the antibacterial 

of BAG through chemical and physical modification achieved by doping BAG with 

biocompatible metal ions, magnesium-doped baghdadite (Mg-BAG) and bismuth-doped 

baghdadite (Bi-BAG) for scaffold and coating applications. This study demonstrates the 

synergistic chemistry and antibacterial activity of Mg-BAG and Bi-BAG against representative 

Gram-negative Pseudomonas aeruginosa and Gram-positive Staphylococcus aureus. 

Multifaceted antibacterial mechanisms are elucidated, including biomolecule alterations, 

generation of intracellular reactive oxygen species (ROS), and membrane depolarisation. 

Furthermore, this study presents pioneers using flame spray pyrolysis (FSP) technology to 

develop Bi-BAG coating nanostructured spike-like coatings on titanium substrates.  This is the 

first study to utilise FSP for creating multifunctional nanocoating with Bi-BAG spikes on 

orthopedic implants. This unique surface modification significantly enhances the synergy of 

antibacterial chemicals and topography properties while maintaining the biocompatibility of 

the titanium substrate. Furthermore, the bioactivity of the Bi-BAG coating promotes human 

osteoblast cells (HOBs) proliferation and mineralisation over seven days. The FSP technique 

ensures uniform coating, enhancing the overall biological activity of the implant. This research 

provides a promising non-antibiotic strategy to combat IAIs, offering multifunctional 

bioceramics that contribute to advancing next-generation biomaterials for orthopaedic 

applications.
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CHAPTER 1:  

INTRODUCTION 
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The global increase in ageing populations has led to a surge in bone diseases such as 

osteoarthritis and femoral head necrosis, driving the demand for effective bone repair and 

replacement solutions [1, 2]. Annually, over 200,000 bone transplants are operated worldwide 

to restore bone defects [3], with the global implant market predicted to grow at an annual rate 

exceeding 5%, reaching an estimated $145.6 billion by 2030 [4]. However, the restoration of 

bone defects caused by trauma, infection, osteoporosis, or resection of malignant tissue remains 

a big clinical problem. Allografts and autografts are examples of traditional methods that have 

big problems, such as limited availability of healthy tissue, morbidity at donor sites, and an 

increased risk of infection and disease transmission [4]. In recent years, bioceramic implants 

have emerged as a promising alternative due to their biocompatibility and ability to support 

bone regeneration through bioactivity [5].  Despite these advantages, the clinical application of 

bioceramics is still hindered by their lack of inherent antibacterial properties, 

which compromises their effectiveness in preventing implant-associated infections (IAIs).  

IAIs are a leading cause of premature implant failure, presenting a significant obstacle in 

orthopaedic treatment.  Orthopaedic implant infection rates range from 2-5% [4], increasing to 

a concerning 30% in the case of open fractures [4, 5], Common pathogens such as 

Pseudomonas aeruginosa (P. aeruginosa) and Staphylococcus aureus (S. aureus), are 

frequently implicated in IAIs, presenting a critical challenge for the success of orthopaedic 

implants [6, 7]. Tackling infections with antibiotics is increasingly problematic due to the 

alarming increase in antibiotic-resistant organisms. Conventional approaches such as device 

replacement and prolonged antibiotic treatment, unintentionally exacerbate the escalating 

problem of antibiotic resistance [8]. According to the World Health Organization (WHO), 

antibiotic resistance ranks among the top ten global threats, with fatalities related to this issue 

projected to grow from 700,000 to 10 million by 2050, surpassing cancer as the primary cause 

of death worldwide [6].  Thus, there is a critical need to design next-generation antimicrobial 
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synthetic bioceramics. There is, therefore, an urgent need to develop next-generation 

antimicrobial synthetic bioceramics that can effectively combat IAIs without relying on 

antibiotics. 

Among the potential bioceramics, baghdadite (BAG, Ca3ZrSi2O9), a calcium silicate-based 

ceramic, is gaining recognition as a promising synthetic bone substitute due to its excellent 

bioactivity, biodegradability and ability to promote the regeneration of complex, large bone 

defects [7-11]. Despite these advantages, BAG scaffolds are limited in their antibacterial 

activity. Current strategies to address this limitation are transition-metal ions such as copper 

ions (Cu2+), zinc ions (Zn2+), and silver ions (Ag+), which have demonstrated varying levels of 

effectiveness in combating a wide range of bacteria [12, 13]. For instance, Ag+ and Cu2+ 

coatings have been developed for implants to inhibit bacterial growth, disrupt bacterial cell 

membranes, interfere with essential cellular processes and inhibit biofilm formation [14]. 

However, the use of Ag+ and Cu2+ is limited by concerns about their toxicity [15] and the risk 

of contributing to antibiotic resistance [16], and the antibiotic resistance [15]. 

Magnesium ion (Mg2+) and bismuth ion (Bi3+), have been recognised for their antibacterial 

properties [17-21],  biocompatibility, and ability to stimulate bone regeneration, making them 

promising candidates for doping in bioceramics [22, 23]. These ions not only enhance 

antibacterial activity but also contribute to bone regeneration and compatibility, offering a 

multifaceted solution for IAIs challenges [22, 23].  In chapters 3 and 4, we aim to dope Bi3+ or 

Mg2+ into baghdadite bioceramic to produce the next generation of Mg2+ doped baghdadite 

(Mg-BAG) and Bi3+ doped baghdadite (Bi-BAG), with antibacterial activity against the 

commonly isolated orthopaedic pathogens. Mg-BAG and Bi-BAG offer an innovative, non-

antibiotic and cost-effective strategy for developing antibacterial bone prostheses. In addition, 

the surface roughness was known to play a significant role in modulating osteointegration and 
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bacterial adhesion [24-27]. Eventually, this study will explore the antibacterial performance at 

various roughness levels.  

Titanium (Ti), widely used in hip, knee, and dental implants, is the material of choice for 

orthopaedic applications due to its favourable properties, including low density, non-toxicity, 

and excellent biocompatibility [28]. However, titanium has poor bioactivity and lacks inherent 

antibacterial properties leading to potential implant loosening and postoperative infections 

[29]. To address these limitations, this study introduces the first application of flame spray 

pyrolysis (FSP) technology for the one-step sintering and coating of Bi-BAG onto titanium 

implants. This innovative approach offers a strategic method to combat implant-associated 

infections. The novelty of this work lies in the fabrication of nanostructured coatings with 

spike-like features on titanium surfaces. These coatings, characterised by increased surface area 

and unique morphology, significantly enhance antibacterial efficacy by preventing bacterial 

adhesion and proliferation. To address this limitation, this study presents the first application 

of flame technology for the one-step sintering and coating of Bi-BAG on Ti implants. This 

innovative approach offers a strategic method to combat implant-associated infections. The 

novelty of this work lies in the fabrication of nanostructured coatings with spike-like features 

on Ti surfaces. These coatings, characterised by increased surface area and unique morphology, 

significantly enhance antibacterial efficacy by preventing bacterial adhesion and proliferation.  

This study aims to develop Mg-BAG and Bi-BAG with two applications each focusing on 

developing advanced biomaterials for orthopaedic applications (Figure 1.1): 

(1) The first part focuses on Mg-BAG and Bi-BAG scaffolds with effective antibacterial 

activity against common orthopaedic pathogens, including Gram-negative P. aeruginosa and 

Gram-positive S. aureus. This section investigates the scaffolds’ multifaceted antibacterial 

mechanisms, including alterations to biomolecules, generation of intracellular reactive oxygen 
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species, and induction of membrane depolarisation, ultimately disrupting bacterial membrane 

integrity. 

(2) The second part of this research focuses on developing Bi-BAG nanocoatings with 

spike-like structures using flame technology, a novel and cost-effective one-step synthesis 

approach for bioceramics. This innovative technique ensures uniform, nanostructured coatings 

with enhanced surface topography, distinguishing it as a significant advancement in the field. 

The Bi-BAG nanocoating exhibits multifaceted antibacterial mechanisms, including the 

generation of intracellular reactive oxygen species (ROS) and membrane depolarisation. Using 

synchrotron ATR-FTIR microspectroscopy and proteomics, Bi-BAG coating disrupts bacterial 

metabolic processes and compromises biomolecular integrity through multiple antibacterial 

mechanisms. These combined actions provide robust antibacterial efficacy, addressing the 

critical challenge of implant-associated infections. Moreover, the Bi-BAG coating can enhance 

human osteoblast (HOB) proliferation and mineralisation, key markers for bone regeneration 

and implant integration.  

Mg-BAG and Bi-BAG present next-generation bioceramics for orthopaedic scaffolds and 

medical coatings with infection prevention and simultaneously promoting successful 

integration with host tissue. 
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GAPS IN KNOWLEDGE 

Despite advancements in orthopaedic implant technology, several critical knowledge gaps 

continue addressing infection-associated challenges. IAIs remain a significant concern due to 

the rising prevalence of antibiotic resistance. While bioceramics like baghdadite are valued for 

their bioactivity and compatibility with bone tissue, their potential antibacterial properties have 

been minimally investigated. Specifically, there is a limited understanding of how 

modifications to baghdadite, such as doping with biocompatible ions like Mg2+ and Bi3+, can 

influence bacterial inhibition mechanisms. This gap highlights the urgent need to develop 

strategies for enhancing the antibacterial activity of these materials as non-antibiotics for 

infection prevention The exact interactions between these dopants and bacterial cells, 

particularly their effects on cellular membranes, biomolecular pathways, and intracellular 

processes, remain unclear. Additionally, there is insufficient data on balancing antibacterial 

efficacy with maintaining the material’s biocompatibility, creating uncertainty in developing 

effective dosing strategies. 

Another notable gap exists in coating technology for orthopaedic implants. While FSP is 

recognised for producing high-quality nanostructured coatings, its application to bioceramics 

has not been sufficiently explored. Specifically, the potential of FSP to create uniform, 

functional coatings that achieve a balance between strong antibacterial properties and the 

promotion of osteoblast activity has not been systematically studied. Moreover, the 

antibacterial performance of Mg2+ and Bi3+ doped bioceramics against key orthopaedic 

pathogens, such as Gram-negative P. aeruginosa and Gram-positive S. aureus, remains poorly 

understood. The mechanisms these materials disrupt bacterial processes and their comparative 

efficacy against different bacterial strains have not been thoroughly characterised. Similarly, 

the interaction of these materials with bone cells, such as osteoblasts, under realistic biological 

conditions has not been adequately addressed, limiting their translation into clinical use. 
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These gaps highlight the need for in-depth studies to elucidate the antibacterial mechanisms of 

doped bioceramics, optimise advanced coating techniques like FSP, and evaluate the biological 

and antibacterial performance of these materials under conditions relevant to orthopaedic 

applications. 
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RESEARCH QUESTIONS, AIMS AND EXPECTED OUTCOMES 

Research Questions  

This research aims to develop advanced antibacterial bioceramics for scaffolds and coatings 

optimised for orthopaedic implants. Specific questions this thesis addresses are: 

• How do Mg²⁺ and Bi³⁺ dopants enhance the antibacterial properties of the BAG 

bioceramics scaffold? 

• What are the multifaceted antibacterial mechanisms of Mg-BAG and Bi-BAG scaffolds, 

including their effects on bacteria? 

• Can FSP effectively produce uniform coatings with spike-like features on titanium 

implants? 

• How effective are FSP coatings on titanium in preventing infection? 

• How do FSP coatings on titanium implants influence osteoblast adhesion, proliferation 

and mineralisation?  

 

Expected Outcomes 

• A comprehensive understanding of the antibacterial mechanisms of Mg2+ and Bi3+ dopants 

in baghdadite bioceramics, including their impact on bacterial disruption and inhibition. 

 

• A validated FSP technique for applying durable, nanostructured bioceramic coatings on 

orthopaedic titanium implants. 
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Figure 1.1. The flowchart illustrates the research framework of the thesis. 
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Abstract 

The urgency to address skeletal abnormalities and diseases through innovative approaches has 

led to a significant interdisciplinary convergence of engineering, 3D printing, and design in 

developing individualised bioceramic bioscaffolds. This review explores the recent 

advancements and future trajectory of non-antibiotic antibacterial bioceramics in bone tissue 

engineering, an importance given the escalating challenges of orthopaedic infections, antibiotic 

resistance, and emergent pathogens. Initially, the review provides an in-depth exploration of 

the complex interactions among bacteria, immune cells, and bioceramics in clinical contexts, 

highlighting the multifaceted nature of infection dynamics, including protein adsorption, 

immunological responses, bacterial adherence, and endotoxin release. Then, focus on the next-

generation bioceramics designed to offer multifunctionality, especially in delivering 

antibacterial properties independent of traditional antibiotics. A key highlight of this study is 

the exploration of smart antibacterial bioceramics, marking a revolutionary stride in medical 

implant technology. The review also aims to guide the ongoing development and clinical 

adoption of bioceramic materials, focusing on their dual capabilities in promoting bone 

regeneration and exhibiting antibacterial properties. These next-generation bioceramics 

represent a paradigm shift in medical implant technology, offering multifunctional benefits that 

transcend traditional approaches. 

Keywords: Bioceramics, implant-associated infection, antimicrobial, orthopaedic implant. 
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2.1 INTRODUCTION 

The reconstruction of extensive bone defects caused by trauma, infection, osteoporosis, or 

resection of malignant tissue remains a major challenge in clinical treatment. Allografts and 

autografts suffer serious drawbacks, such as limited availability of healthy tissue, morbidity at 

donor sites, and risks of infection and disease transmission. Metal and alloy implants possess 

the necessary mechanical strength but are excessively rigid, not resorbable, and perform poorly 

in biocompatibility and bioactivity, often leading to aseptic loosening, infection and other post-

surgery complications. An excellent alternative to have emerged in recent years is bioceramic 

implants, which are biocompatible and highly bioactive [30-32]. But despite their advantages, 

bioceramics available in the clinic are still lacking in natural bone’s resistance to bacterial 

infection, which significantly hampers their ability to prevent and combat implant-associated 

infections [33-37]. To fight against infection problems, bioceramics scaffolds with various 

antibacterial strategies are developed for bone repair and regeneration [38, 39].  

IAIs are some of the primary factors related to premature implant failure. Strategies to treat 

implant infections primarily rely on administering antibiotics and surgical intervention. More 

than 200,000 bone transplants are performed annually worldwide to repair bone defects [40], 

with the global implant market predicting more than five per cent annual growth and is 

expected to reach $145.6 billion in 2030 [41]. Implant-associated infections have been growing 

steadily, with a marked increase in cases reported over recent years. According to the WHO, 

antibiotic resistance is one of the top ten global public health concerns confronting humanity, 

and the fatalities related to this issue might grow from 700,000 to 10 million by 2050, 

surpassing cancer as the primary cause of death worldwide [42-44]. Biofilms are responsible 

for approximately 80% of these infections, presenting a considerable challenge to healthcare 

systems and patient outcomes [45]. Bacterial antibiotic resistance and the formation of biofilm 
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seriously reduce the efficacy of antibiotics[46, 47] as antimicrobials must cross the biofilm to 

effectively inhibit bacterial growth infections frequently. This escalating problem underscores 

the urgent need for innovative strategies to develop the next generation of bioceramic 

biomaterials with suitable chemical and topological features, which are considered the most 

crucial prerequisites for biofilm formation to prevent and combat implant-associated 

infections. The most critical considerations for designing and manufacturing bioceramics are 

their resistance to microbial colonisation and biofilm formation. Developing bioceramics with 

integrated antibacterial properties is crucial in addressing the escalating challenges of implant-

associated infections and antibiotic resistance, ultimately ensuring long-term success. 

The top five bacteria causing implant infection, critical in the context of osteomyelitis, include 

S. aureus, Staphylococcus epidermidis, P. aeruginosa, Enterobacter cloacae, and Escherichia 

coli [48]. S. aureus is notable for invading, colonising, and thriving within the bone, making it 

a particularly formidable pathogen in the case of osteomyelitis (Figure 2.1). Gram-positive and 

Gram-negative bacteria have distinct cell shapes, biochemistry, and biomolecular mechanisms 

that enable them to survive and grow on the implant surface [49]. Furthermore, they are 

difficult to remove and resist the immune system and frequently become a cause of 

opportunistic infections [50]. 

This review provides a comprehensive analysis of bioceramic-associated infections and the 

importance of developing the next generation of antibacterial bioceramics implants for 

orthopaedic reconstructive surgeries. An important focus will be the investigation of the 

complex interplay between various factors influencing bioceramic infection, such as protein 

adsorption, immune cell response, bacterial adhesion, and endotoxin release. Knowledge 

gained will inform the strategies to develop the next generation of antimicrobial bioceramics 

biomaterials to prevent implant infection. By providing a comprehensive understanding of 
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antibacterial mechanisms and strategies, we hope to pave the way for developing innovative 

solutions for preventing implant-associated infections and advancing next-generation 

bioceramics. 

 

 

Figure 2.1. Bacterial strategies in osteomyelitis. Bacteria have a variety of pathogenic 

pathways. Bacteria persistence is most likely caused by intracellular infection of osteoblasts, 

osteoclasts, and osteocytes, and macrophages promote bacterial dispersion and multiorgan 

failure. Bacteria can evade hosting immune cells by invading the osteocyte-lacuna canalicular 

network, most found within a sequestrum. Through diffusion constraints and metabolic variety, 

Bacteria biofilms on implant surfaces and necrotic bone confer immune cell and antibiotic 

resistance. Bacteria can be found in both long bones and soft tissue. In the centre of an abscess, 

bacteria cells are detected, surrounded by a fibrous pseudo capsule and dead and live immune 

cells.  
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2.2 ADVANCEMENTS AND CHALLENGES OF BIOCERAMICS FOR BONE TISSUE 

ENGINEERING 

The biocompatible, osteoconductive, and biodegradable properties of bioceramics and their 

composite biomaterials make them ideal biomaterials for use in bone tissue engineering [30, 

31]. Table 1 summarises the properties of bioceramics in bone tissue engineering. 

Table 2.1. Summary of the key aspects and significance of bioceramics 

Aspect  Significance Ref 

Nature of the 

bioactive bond 

Apatite formation on the surface of bioceramics is pivotal in 

indirect bonding. The hydroxycarbonate apatite crystals were bound 

to layers of collagen fibrils generated by osteoblasts at the interface. 

The chemical bonding of the hydroxycarbonate apatite layer to 

collagen formed a strong interface connection. Five surface reactions 

at the surface occur: cation exchange and Si-OH group formation, on 

which amorphous calcium phosphate phase deposits, crystallising to 

HCA, which binds to collagen. 

[51, 

52] 

Bioceramics 

are 

biocompatible 

Bioceramics closely mimic the composition of natural bone, 

promoting excellent compatibility with host tissue. They do not harm 

the natural tissues of the body and can be used for long-term 

implantation. Bioceramics provides a scaffold for bone cell 

attachment, migration, and proliferation, promoting new bone 

[23, 

53, 54] 
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formation. Some bioceramics can induce osteogenic differentiation 

of stem cells, further enhancing bone regeneration. 

Bioceramics 

can be 

designed to be 

resorbable 

Bioceramics can be designed with controlled degradation rates, 

enabling gradual replacement with native bone tissue as new bone 

forms.  

[30, 

55-57] 

Bioceramics 

can be 

combined with 

other 

biomaterials 

The incorporation of polymers (as composite) and metals (as 

coating), to create composite materials with enhanced properties for 

bone tissue engineering. 

[54] 

Bioceramics 

can be 

designed with 

different 

compositions 

and properties  

They are versatile and customisable for various bone tissue 

engineering applications 

[30, 

58] 

Bioceramics 

can be 

fabricated into 

Bioceramics are allowing for the creation of patient-specific implants 

that fit better and have improved stability using additive 

manufacturing techniques 

[22, 

59] 

[22] 
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various shapes 

and sizes 

TAntibacterial 

properties 

Some bioceramics exhibit antimicrobial properties, reducing the risk 

of infection in bone tissue engineering. 

[60, 

61] 

Cost-

effectiveness 

Bioceramics can be produced at a relatively low cost, making them a 

more accessible option for bone tissue engineering. 

[62, 

63] 

Bioceramics can be made from various materials, including bioactive glasses (BG), calcium 

phosphates, and silicate-based ceramics, each with various advantages depending on the 

application [10, 64]. This adaptability enables the development of bioceramics with customised 

characteristics to satisfy the needs of various clinical circumstances. Advances in material 

science and fabrication technologies, such as 3D printing have enabled the creation of 

bioceramic-based scaffolds with controlled porosity, mechanical strength, and degradation 

rates, allowing for better integration with the host tissue and improved tissue regeneration [65, 

66].  

Bioceramics infection represents an important drawback to their successful clinical application. 

One of the primary concerns is bacterial adhesion and colonisation on the surface of bioceramic 

implants, which can contribute to biofilm formation and difficult-to-treat persistent infections. 

In addition, the widespread usage of antibiotics raises concerns regarding the emergence of 

antibiotic-resistant bacteria creating difficulty for long-term infection control strategies [67]. 

Infections can also hinder the osseointegration of bioceramic implants and induce an adverse 

immune response, resulting in implant failure [68]. Furthermore, balancing the antimicrobial 

properties, mechanical properties, biocompatibility, and bioactivity of bioceramics can be 
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difficult because modifying one property can deleteriously affect the others. It is essential to 

overcome these obstacles to develop infection-resistant bioceramic implants with the desired 

biological and mechanical properties. 

Designing bioceramic materials with inherent antimicrobial properties, such as incorporating 

antimicrobial ions (e.g., silver (Ag), copper (Cu), or zinc (Zn)) or developing ceramics with 

specific surface topographies that discourage bacterial adhesion, is one approach. In the other 

approach, antimicrobial peptides or agents can be incorporated into the material so that they can 

be released in a controlled and sustained manner, providing local antibacterial activity without 

causing systemic adverse effects. Additionally, combining bioceramics with other biomaterials 

to create composites may enhance the equilibrium between antimicrobial properties and other 

desirable characteristics, such as mechanical strength and biocompatibility [69, 70]. Complex 

structures with customised surface properties that inhibit bacterial adhesion and biofilm 

formation can also be fabricated using advanced fabrication techniques, such as 3D printing. 

Researchers can address the challenges of infection-related complications in bioceramics by 

investigating these novel approaches. Figure 2.2 presents the evolution of bioceramics and the 

innovations and achievements in bioceramics-based scaffolds with diverse antibacterial 

properties aimed at addressing bone implant-associated infections and bone deformities. 

Various strategies, such as drug-induced, ion-mediated, physically activated, and combined 

antibacterial methods, are employed in these advanced scaffolds to enhance their effectiveness 

in promoting bone healing and preventing infections. The production methods of ceramics, such 

as 3D printing, significantly impact their antimicrobial properties. Firstly, The 3D printing 

process can influence the surface characteristics of the final products, thereby impacting their 

antimicrobial performance [71]. Secondly, the microstructure and surface characteristics, which 

are influenced by the manufacturing technique, are key determinants of the ability of 

bioceramics to resist microbial colonisation [72]. 
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Figure 2.2. Evolution and advancements of bioceramics.  a) A schematic overview of the 

fourth generations of bioceramics, illustrating their progressive development. b) The 

innovations and achievements in bioceramics-based scaffolds with diverse antibacterial 

properties for addressing bone implant-associated infections and bone deformities. These 

include scaffolds employing drug-induced, ion-mediated, physically activated, and combined 

antibacterial strategies to enhance their effectiveness in promoting bone healing and preventing 

infections. 
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The development of next-generation bioceramic scaffolds requires a multidisciplinary 

approach that combines cutting-edge techniques and methodologies (Figure 2.2 & Figure 2.3). 

This includes computer-assisted graded pore design for optimal scaffold architecture, advanced 

synthesis of ceramic powders to tailor material properties, and the utilisation of 3D printing 

technologies for precise and custom fabrication [73]. In addition, the incorporation of 

antibacterial agents and surface modifications can improve the  resistance of the scaffold to 

infection while promoting cell formation and tissue integration [74, 75]. In vivo studies are 

essential for evaluating the performance of these novel bioceramic scaffolds ensuring that they 

meet the desired biocompatibility (Figure 2.3). Calcium silicate-based bioceramics including 

mineral trioxide aggregate (MTA), have been evaluated in dental applications through 

subcutaneous implantation models, demonstrating encouraging outcomes against oral 

pathogens [76]. Similarly, Hydroxyapatite (HAp) bioceramics doped with antimicrobial ions 

like Ag+ and Zn2+ were tested in rat tibia osteomyelitis and rabbit femoral defect to determine 

whether they are effective at preventing infections and promoting bone regeneration [77]. By 

integrating these strategies, researchers can successfully design and develop bioceramic 

scaffolds for orthopaedic and dental implant applications, effectively addressing the ongoing 

challenges in these fields. 
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Figure 2.3. Advancements in bioceramic scaffold magnesium doped baghdadite fabrication 

and cellular response evaluation. a) A multi-panel figure showcasing the SLA-based 
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fabrication process of bioceramic scaffolds. b) the expression of osteogenic marker RUNX2 in 

cells cultured on different scaffold compositions. c) the comparative analysis of bone volume 

and histological integration between standard and magnesium-doped baghdadite scaffolds. 

(Adapted with permission from ref [22]). 

2.3 THE COMPLEX INTERACTIONS IN BIOCERAMIC-ASSOCIATED 

INFECTIONS: BACTERIA, BIOCERAMICS, AND IMMUNE CELLS 

Bacterial attachment to the surface of biomaterials is the initial step in the formation of biofilms 

[78]. When bacteria colonise a surface, they create colonies, eventually expanding into huge 

heterogeneous structures called biofilms. The stages of biofilm growth are bacterial adhesion, 

microcolony establishment, biofilm maturation, and biofilm dissipation (Figure 2.4). Biofilms 

protect microorganisms from environmental changes, antibiotic dosages, host immunity and 

assist horizontal gene transfer [79].   

The bacteria initiate intercellular communication within the biofilm and rapidly regulate gene 

expression, allowing for temporal adaptations like phenotypic diversity and low-nutrient 

survival [80]. Bacterial biofilms are difficult to remove, causing repeated infections that affect 

bioceramics performance, healing, and disease progression [81]. At the molecular level, 

biofilm formation begins with the binding of adhesins and cell wall proteins like fibronectin-

binding proteins (FnBPs) to substrates, resulting in the congregation of bacteria and the 

subsequent production of extracellular polymeric compounds [82]. Staphylococci possess a 

variety of surface-associated adhesins involved in both initial biofilm cell attachment and 

intercellular adhesion throughout biofilm maturation [83]. Covalently bound cell wall proteins, 

non-covalently binding proteins and non-protein components contribute to Staphylococcal 

adhesion and biofilm development [84]. S. aureus produces two fibronectin-binding proteins, 

FnBPA and FnBPB, encoded by the genes fnbA and fnbB [85]. The FnBPs feature an N-terminal 

region, and these domains are involved in the binding of fibrinogen and elastin. The binding of 
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FnBPs to fibronectin promotes bacterial invasion into epithelial, endothelial, and keratinocyte 

cells [86]. For instance, the S. aureus genome encodes more than twenty adhesins [87]. The 

pathophysiology of S. aureus infections is characterised by biofilm formation, which binds to 

a substrate and anchors it. Then, adhesins and cell wall proteins like FnBPs that bind fibronectin 

molecules cause S. aureus to congregate and form a biofilm. The maturation stage involves 

increased extracellular polymeric compounds produced by the biofilm matrix and increased S. 

aureus aggregation. For final dispersal, S. aureus cells return to the planktonic stage [88].   A 

previous study reported that a double knockout of fnbA and fnbB in S. aureus resulted in a loss 

of fibronectin binding and the ability to produce biofilms on microtiter plates and shear flow 

conditions. The complementation of fnbA or fnbB alone on a plasmid restored these 

characteristics and the capacity to agglutinate S. aureus [89]. 

Biofilms can be single or mixed species and exhibit distinct multicellular behaviours, making 

them difficult to eradicate and contributing to the problem of antibiotic resistance. These 

bacteria reproduce, mature, and thrive on the surface of bioceramics, where resources are 

plentiful resulting in an increase in antibiotic resistance in large microbial populations [90]. 

For instance, fluconazole and vancomycin sensitivity decreased in a polymicrobial biofilm, 

including Candida albicans and Staphylococcus epidermidis, respectively [91]. The 

extracellular polymeric matrix provides the biofilm with increased antibacterial resistance. This 

gel-like matrix inhibits phagocytosis, opsonisation, physical stress, and antibacterial diffusion 

[92]. As a result, microbes deep within the surface of gadgets continue to thrive. An ionically 

charged extracellular matrix can interact electrostatically and inhibit the action of various 

cationic antimicrobials, such as aminoglycosides [93]. Additionally, biofilms provide an 

isolated habitat for infections to share genetic information via plasmids. The spread of these 

plasmids between species exacerbates the problem of antibiotic resistance [94].  
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Therefore, to avoid the formation of biofilms, it is necessary to adhere closely to all aseptic 

surgery standards. Another method of reducing the chances of bacterial adherence is to develop 

novel materials or improve the surface of implanted medical devices to prevent them from 

attracting hazardous biofilm infections [94]. Multifunctional coatings on a zirconia surface, a 

nanostructured surface, and controlled antibiotic release can potentially make significant 

contributions towards this objective [95]. 

2.3.1 Host immune response to bioceramic-associated infections and bone regenerations 

The host immune system reacts to both germs and the biomaterial surface of an implant, 

identifying it as a foreign body [96]. This reaction activates the coagulation cascade, 

complement system, platelets, and immune cells, mainly neutrophils [97]. The constant release 

of ROS from bioceramics causes metabolic stress and depletion of oxidative resources, 

reducing neutrophils' ability to fight germs [98]. Several studies indicate innate immune cells 

as important anti-infective biomaterial targets. Innate immune cells adhere to biomaterials 

within hours, while lymphocytes do not [99].  The innate immune effectors against planktonic 

Staphylococci species are neutrophils and macrophages [100]. Their ability to directly kill 

microbes is necessary for infection clearance to be successful. The failure of the host to 

eliminate the bacterial burden is commonly related to mortality. Macrophages and neutrophils 

control the balance of inflammation and tissue repair required for biomaterial integration [101]. 

 



25 

 

 

Figure 2.4. The schematic illustration of stages of biofilm formation and main antibacterial 

modification methods. a) A model of biofilm formation with common characteristics, including 

bacterial adhesion, accumulation, maturation, and dispersal. Planktonic cells interact and 

adhere to the surface of the biomaterial. Bacteria cluster together and form microcolonies due 

to intercellular contacts mediated by adhesins and cell wall proteins. FnBPs build a bridge 

between fibronectin (Fn) molecules, promoting bacterium aggregation. Extracellular polymeric 

compounds are produced as part of the biofilm maturation process, during which the biofilm 

matrix gradually thickens, and larger bacterium aggregations called towers form. Biofilm 
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production is facilitated by the expression of the polysaccharide intercellular adhesin and the 

release of extracellular deoxyribonucleic acid (DNA) obtained from bacteria and dead host 

cells. b) Schematic representation of various antibacterial modification strategies for 

bioceramics. These strategies include: incorporating antibacterial activity through the use of 

unnatural polymers, which can be designed and engineered to target and disrupt bacterial cell 

walls or membranes; utilising light-induced reactive oxygen species (ROS) generation to 

damage bacterial cells and inhibit their growth; coating bioceramic surfaces with antibacterial 

agents, such as metal ions, to enhance their antimicrobial properties; and implementing 

intelligent controlled-release antibacterial coatings that can respond to specific stimuli, 

allowing for a targeted and sustained release of antimicrobial agents. These approaches aim to 

improve the antibacterial performance of bioceramics in various medical applications. 

2.3.1.1 Innate immunity in bioceramic infection defense and bone regeneration 

Neutrophils are activated immediately and are the first cell type to gather around a biomaterial 

in the innate immune system. These cells are responsible for eliminating cellular debris and 

pathogens by phagocytosis, reactive oxygen species production, degranulation, and the 

generation of pathogen-encapsulating neutrophil extracellular traps (NETs) [102]. The 

inflammatory response is maintained by neutrophils releasing IL-1 and chemokines (MCP-1 

and CXCL1) that attract monocytes. Neutrophils are vital in the fight against Staphylococci 

infection around the implant [103]. Many potent antimicrobial proteins and components are 

found in neutrophil intracellular granules, making them extremely effective in killing bacteria 

intracellularly. The fact that decreased neutrophil activity around the implant increases the risk 

of biomaterial infection highlights the importance of maintaining normal neutrophil function 

near the biomaterial [104]. Furthermore, the activation of neutrophils is enhanced by 

biomaterial-specific processes. First, extracellular matrix/blood proteins and complement 

factors coat the biomaterial, providing additional sites for neutrophil adherence and activation 

[105]. Second, accumulating evidence shows that surface properties of biomaterials affect 

neutrophil activity [106]. For example, in this process, the adsorption of blood/extracellular 
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matrix proteins and complement components activates neutrophils. They produce ROS, 

degradation enzymes, and NETosis in response to local trauma or pathogen-induced 

proinflammatory stimuli. This is due to metabolic fatigue, increased ROS generation and 

NETosis, and/or inflammasome activation linked to decreased bacterial uptake and death [107]. 

Neutrophils, on the other hand, produce NETs to extracellularly trap and kill germs, which is 

the final stage of an active neutrophil death process called NETosis [104, 108]. It is impacted 

in the presence of a biomaterial and is thought to be a major contributor to the destructive 

inflammation associated with non-immunocompatible biomaterials, resulting in impaired 

neutrophil phagocytosis and tissue healing. Therefore, anti-infective strategies should attempt 

to reduce neutrophil-mediated inflammation caused by unregulated ROS and NETs generation 

while restoring or increasing their anti-infective effects [104]. 

Macrophages, as professional phagocytes, provide a second line of defence against any 

bacterial problems in the region of the biomaterial [104, 109]. Macrophages release various 

cytokines and growth factors that tightly regulate the osteogenic function of mesenchymal stem 

cells [110]. Monocytes develop from myeloid progenitor cells, which differentiate into 

monoblasts, pro-monocytes, and ultimately monocytes. The presence of colony-stimulating 

factors released by stromal cells in the blood and tissues induces this cell development [111]. 

After biomaterial implantation, monocyte-derived inflammation macrophages are recruited 

and undergo phenotypic alterations to adapt to the local microenvironment. The major 

macrophage subtypes are M1 or M2 macrophage subtypes [112].  The M1 macrophage 

activated by strong inflammatory stimuli like toll-like receptor ligands or interferon-γ (IFN-

γ) is responsible for proinflammatory cytokine production, phagocytosis, and antigen 

presentation [113]. M2 macrophages develop in response to interleukin (IL) such as IL-4, IL-

13, or IL-10 stimulation and are principally important for moderating the inflammatory 

response and coordinating tissue regeneration [114]. However, the proinflammatory M1 
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signature of macrophages in response to bacterial infection [115]. Numerous effectors 

contribute to M1 macrophages' enhanced microbicidal activity and mostly involve the uptake 

of bacteria within the degradative phagolysosome. This process requires the formation of ROS 

and nitric oxide NO. Additionally, several genes involved in M1 polarisation are increased in 

response to bacterial infections, including those encoding the cytokines tumour necrosis factor 

(TNF)-, IL-6, IL-12, and IL-1, as well as chemokines CCL2, CCL5, and CXCL8 [115].  Finally, 

an M1 macrophage characteristic is its enhanced ability to educate adaptive immunity via 

antigen presentation [116]. Notably, bioceramics are critical regulators of macrophage 

immunomodulation via ion products such as SiO4
4-, Ca2+, and Mg2+ [117]. Macrophages 

activated with bioceramics secreted much more cytokines, chemokines, and proteases that 

govern inflammation and subsequent osteogenesis/angiogenesis. The paracrine route mediated 

by bioceramic-induced macrophage exosomes has not been fully understood in bioceramic-

mediated bone repair. 

Dendritic cells are significant because they play an essential role in initiating and regulating 

immune responses [118]. Dendritic cells are the primary antigen-presenting cells, linking the 

innate and adaptive immune systems. They capture process, and present antigens to T cells, 

triggering specific immune responses against pathogens. For instance, bioactive glass has been 

observed to influence the maturation and activation of dendritic cells positively [118, 119]. 

Strontium (Sr)-containing BG can promote dendritic cell maturation, leading to an increase in 

the expression of co-stimulatory molecules and pro-inflammatory mediators [120]. This 

enhanced response can improve the capacity of the host to manage infection and facilitate 

healing.  

Natural killer (NK) cells play an important role in bioceramics infection and immune response 

due to their ability to recognise and prevent infected cells without prior sensitisation. They are 
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part of the innate immune system and contribute to the initiation of the defence against 

infections. In the case of bioceramics-associated infections, NK cells can aid in limiting the 

dissemination of the infection and promoting a quicker resolution of the inflammatory 

response. Certain bioceramics, such as silicon-substituted calcium phosphate, have been 

demonstrated to stimulate NK cell activity, thereby increasing their cytotoxic potential against 

infected cells. This increased NK cell activity may contribute to a more effective immune 

response against pathogens, preventing further infection and promoting tissue integration and 

healing around implanted bioceramic materials 

2.3.1.2 Bioceramics and adaptive immunity: Modulating T and B lymphocyte responses for 

improved infection defence and bone regeneration 

T lymphocytes are a heterogeneous group of immune cells that include T helper cells, cytotoxic 

T cells, and regulatory T cells, each of which performs a distinct function in the immune 

response [121]. When implanted,  bioceramics interact with the host immune system, including 

T lymphocytes [122]. T lymphocytes play an essential role in adaptive immunity, which is 

essential for protecting the body from pathogens and promoting tissue repair [123]. 

Understanding the interaction between bioceramics and T lymphocytes can shed light on how 

these biomaterials influence the immune response and contribute to the prevention and control 

of implant-associated infections. 

Bioceramics can modulate T lymphocyte activation and proliferation, which influences the 

overall immune response against pathogens and plays a role in tissue regeneration. For 

instance, HAp promotes CD4+ T cell proliferation and Th1 cytokine secretion, such as 

interferon-gamma, thereby aiding in infection control [122, 124]. Moreover, bioceramics can 

affect the ratio of regulatory T cells to effector T cells, thereby preserving immune 

homoeostasis and preventing excessive inflammation [125, 126]. Understanding the 
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relationship between bioceramics and T lymphocytes can guide the development of 

bioceramics with enhanced antimicrobial and osteoinductive properties, thereby promoting a 

balanced and effective immune response against bioceramics-associated infections. 

B lymphocytes are critical because they are vital in the adaptive immune response to infections 

[123]. Antigens on pathogens can be recognised and bound by B cells, resulting in the 

production and secretion of antibodies. These antibodies can neutralise pathogens, stimulate 

immune cell phagocytosis, and activate the complement system, all contributing to pathogen 

clearance. Bioceramics, such as BG, can influence B cell function by augmenting antibody 

production and humoral immunity [97, 123]. This may result in enhanced pathogen clearance 

and contribute to the overall immune response of the host against bioceramics-associated 

infections. By producing specific antibodies that recognise and neutralise pathogens, B cells 

play a crucial role in the adaptive immune response. Some bioceramics can enhance the 

production of pathogen-specific antibodies by stimulating B cell activation and differentiation 

into antibody-secreting plasma cells [127]. This increased antibody production can aid in 

opsonising and neutralising bacteria, thereby facilitating their removal by phagocytic cells and 

preventing colonisation on bioceramic surfaces. In addition, the humoral immune response can 

contribute to the formation of immunological memory, which can offer long-term protection 

against recurrent infections. 

2.3.1.3 Bioceramic-mediated modulation of host immune response for enhanced bone 

regeneration 

Bioceramics can modulate the expression of numerous inflammatory cytokines and 

chemokines, influencing the immune response to infection and tissue repair of the host. For 

example, BG has been shown to stimulate the production of pro-inflammatory cytokines, 
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including IL-1 beta and TNF-α [128]. These cytokines enhance the capacity of the host to 

control infection by promoting inflammation and recruiting immune cells to the infection site. 

On the other hand, HAp has been shown to inhibit the release of pro-inflammatory cytokines 

while fostering the production of anti-inflammatory cytokines such as interleukin-10 (IL-10) 

[129]. This modulation aids in resolving inflammation and promoting tissue healing by 

fostering an environment more conducive to tissue repair and regeneration. The balanced 

expression of inflammatory and anti-inflammatory cytokines assures an efficient immune 

response to bioceramics-associated infections while minimising the risk of tissue damage 

caused by excessive inflammation. 

Bone infection disrupts the balance between bone-forming osteoblasts and bone-resorbing 

osteoclasts, resulting in pathological bone loss and impaired healing [130]. Under their 

osteoimmunomodulatory properties, bioceramics can assist in restoring this equilibrium and 

fostering bone regeneration. The regulation of cytokines and chemokines is a mechanism by 

which bioceramics modulate the osteoimmune environment. HAp can stimulate the production 

of anti-inflammatory cytokines, such as interleukin (IL)-10 and transforming growth factor-

beta (TGF-β) [131, 132], while inhibiting the production of pro-inflammatory cytokines, such 

as tumour necrosis factor-alpha (TNF-α) and interleukin-6 (IL-6) [133, 134]. This modification 

to the cytokine profile can reduce inflammation and promote bone healing. 

Moreover, bioceramics can affect immune cell differentiation and function. HAp, for instance, 

have been shown to promote the differentiation of anti-inflammatory M2 macrophages while 

inhibiting the differentiation of pro-inflammatory M1 macrophages [135, 136]. This 

modification of macrophage polarisation can contribute to an osteoimmune environment that 

is more conducive to bone regeneration. Such effects underscore the potential of bioceramics 
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to interact beneficially with the host immune system, enhancing both the biological integration 

and functional outcomes of bone implants. 

2.4 Antibacterial bioceramics strategies in bone tissue engineering   

Key points 

• Bioceramics doped with metal ions can prevent bacterial infections in medical implants. 

• Understanding the mechanisms by which metal ions disrupt bacterial growth is crucial 

for developing effective antibacterial materials. 

• Surface modification techniques, such as nanopatterning and coatings, can prevent 

bacterial adhesion and biofilm formation on implant materials. 

• Smart antibacterial bioceramics with stimulus-responsive mechanisms show promise 

for preventing implant-related infections.  

Antibacterial bioceramics are crucial in bone tissue engineering, ensuring successful implant 

integration and infection prevention. Various strategies have been developed to achieve this, 

including antibacterial adhesion, incorporation of metal ions, nanotechnology applications, and 

smart responses to bacterial presence. By employing these innovative approaches, researchers 

can create bioceramic materials with enhanced antimicrobial properties, promoting tissue 

regeneration and reducing the risk of infection. Ultimately, these advancements contribute to 

regenerative medicine and improve the clinical success of bioceramic-based implants. 

2.4.1 The antibacterial activity of ions released from doped bioceramics 

In comparison to other strategies for enhancing the antibacterial properties of bioceramics, 

metal-doped bioceramics have gained popularity for several reasons. First, metals ions such as 

Ag+, Cu2+ and Zn2+ display a broad spectrum of antimicrobial activities against various 

bacterial strains, including Gram-positive and Gram-negative species [137-140]. This broad-
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spectrum activity renders metal ions doped bioceramics highly effective against various 

infections. In addition, the combination of metal ions and bioceramics can produce synergistic 

antibacterial effects, thereby enhancing the antimicrobial performance of bioceramics [141]. 

This synergy produces an antibacterial action that is effective and long-lasting, preventing 

bacterial adhesion, colonisation, and biofilm formation on the surface of medical devices. For 

example, Zn2+ and Ag+ doped HAp coatings exhibited synergistic antibacterial activity against 

methicillin-resistant S. aureus (MRSA). Zn2+ and Ag+ combined effect was greater than their 

individual effects when administered separately. A further benefit is the regulated release of 

metal ions. Metal ions may be incorporated into bioceramics in various ways, allowing for the 

release of ions over time. This controlled release ensures a sustained antibacterial effect, 

thereby minimising the risk of bacterial resistance development and potential side effects. 

Figure 2.5 indicates that incorporating these elements into bioceramics may increase their 

biological activities. 

In certain instances, incorporating metal ions into bioceramics can enhance their mechanical 

properties, such as hardness, fracture toughness, and wear resistance. In orthopaedic 

applications, where the mechanical performance of the implant is crucial to its long-term 

stability and success, this can be advantageous. In addition, numerous metal ions, such as Ag+, 

Cu2+, and Zn2+ have demonstrated biocompatibility and pose minimal risk to human tissue. By 

doping bioceramics with these metal ions, the resultant material retains its biocompatibility 

ensuring its suitability for medical applications. Therefore, metal ions doped bioceramics offer 

many benefits over other antibacterial modification strategies. These advantages make them an 

appealing option for enhancing the antibacterial performance of bioceramic materials in a 

variety of medical applications. 
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Figure 2.5. Recent developments and mechanisms of antimicrobial toxicity of metal and metal 

ions in the field of metal-doped bioceramics for bone tissue engineering. a) Structure of Gram 

negative and Gram positive where different strategies target different components for 

antibacterial activity. b) Biological responses to metal ions on bioceramics matrices. c) 

different metal ions doped in bioactive glasses and bioceramics. 
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Table 2.2. Metals doped bioceramics for antibacterial activity 

Metal Bioceramics Antibacterial 

activity 

Mechanisms Application Ref 

 Silver  HA/chitosan 

nanocomposite 

coatings, 

coating 

Broad-spectrum 

against bacteria, 

fungi, and 

viruses 

Release of Ag+ ions that 

damage bacterial cell  

membranes and 

intracellular biomolecules 

induce oxidative stress 

and ROS production. 

Orthopedic and 

dental materials, 

bone-related 

implants, wound 

dressings 

[142, 

143] 

Copper  Calcium 

Phosphate and 

tricalcium 

phospahte 

Effective against 

E. coli, S. aureus 

Membrane permeability 

alteration, protein function 

disruption 

Bone graft 

substitutes, dental 

Implant coatings, 

bone 

regenerationmplant

s,  

[144, 

145] 

Zinc  Bioactive 

Glass, Zinc 

oxide 

nanocrystals, 

Zn-modified 

HA 

Gram-positive 

and Gram-

negative bacteria 

Inhibition of microbial 

adhesion interferes with 

bacterial cell membrane 

and intracellular processes 

and induces oxidative 

stress and ROS 

production.  

Bone repair, 

multifunctional 

bone implants, 

Coating for metal 

implants 

[146, 

147] 
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Bone repair, 

multifunctional bone 

implant 

Magnesium MgO nano-

layer, 

magnesium-

substituted HA 

Antibacterial 

and biofilm 

prevention 

Alkaline environment 

creation, competitive 

inhibition of calcium 

binding 

Orthopedic 

applications, 

implant coatings 

[18, 

148] 

Gallium HA P. aeruginosa, 

MRSA 

Iron metabolism 

interference, membrane 

damage 

Osteoconductive 

scaffolds, infection-

resistant surfaces 

[149, 

150] 

Cerium Zirconium 

Oxide 

Wide range of 

bacteria 

including multi 

drug resistant 

strains 

Oxidative stress induction, 

membrane disruption 

Prosthetic devices, 

antimicrobial films 

[151, 

152] 

Cobalt HA Various 

bacterial strains 

Co ion release leading to 

antibacterial activity, 

angiogenesis promotion 

Vascular stents, 

bone tissue 

scaffolds 

[153] 

Bismuth Calcium 

Phosphate 

Effective against 

a broad range of 

pathogens, 

including H. 

Bi ions disrupt enzyme 

activities and bind to 

bacterial proteins, 

inhibiting their functions 

Used in 

gastrointestinal 

devices, dental 

[20, 

154] 
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pylori and E. 

coli 

fillings, and as a 

radiopaque material 

Strontium Calcium 

Phosphate 

S. aureus,  Osteoinduction, ionic 

substitution affecting 

bacteria metabolism 

Dental applications, 

bone defect fillers 

[155, 

156] 

Manganese Bioactive 

glass, nano HA 

E. coli, Shigella 

dysenteriae, S. 

aureus 

Increase pH in medium, 

ROS production 

Bone implant [157, 

158] 

Irion Nano HA Shigella 

dysenteriae 

ROS production  [158] 

 

2.4.1.1 Antibacterial activity of copper ions 

Copper ions (Cu2+) is a very important element that plays a role in a lot of different enzymatic 

systems and helps make cytochrome oxidase and superoxide dismutase, two enzymes that are 

important for cellular respiration (antioxidant defence) depending on their oxidation state 

[159]. Firstly, Cu2+ is attracted to cysteine and has a strong affinity for thiols, which is the only 

thiol-containing amino acid in the body. However, when Cu2+ is bound to cysteine, it goes 

through a process of homeostasis. When Cu2+ binds to cysteine, it is reduced to Cu+, which 

makes cystine the oxidised dimer of cysteine [160, 161]. Second, Cu-catalysed reactions can 

oxidise biomolecules, such as reduced glutathione (GSH). GSH has a strong affinity for 

covalently linking Cu2+ and other bacterial proteins, such as cysteine-rich metallothioneins. 

These proteins have an unusually high number of cysteine residues in their sequence and most 

likely have a function in metal toxicity defence [162]. In addition, bacterial cells have copper 
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efflux pumps, such as the CopA, a P-type copper efflux ATPase that keeps the intracellular 

content of copper low. Other Cu-binding proteins include the CueO multi-Cu oxidase and the 

CusCFBA multicomponent efflux transport system, contributing to intracellular Cu 

homeostasis and bacterial cell defence [163, 164]. In summary, Cu is an important element, 

and bacteria can keep it balanced by avoiding its toxicity inside the body. Therefore, high 

concentrations of copper ions can damage important enzymes, like those that help bacteria get 

their energy from the main energy source in the respiratory electron transport chains, which are 

made up of cysteines. 

The precise mechanism of antimicrobial activity of Cu2+ remains unclear, but several lines of 

likely interconnected pathways have been proposed, and it is expected that a sequence of 

different pathways leads to bacterial cell death, including disruption of the cell membrane, 

intracellular alteration of biochemical processes, and induction of DNA damage. The first 

mechanism, the antibacterial properties of copper ions, have been shown to attach to bacterial 

cell walls, impairing the integrity and function of the cell membrane and related proteins. For 

example, copper and ion binding to phospholipids may modify the physicochemical properties 

of the membrane, reducing membrane fluidity and flexibility. Additionally, this may enhance 

oxidative stress at the membrane surface due to increased hydroxyl radicals and may disrupt 

the electron transfer chain by direct or indirect contact with the quinone pool [165]. A previous 

study showed that the release of copper ions from metallic surfaces results in severe membrane 

damage, as evidenced by the complete breakdown of the membrane into lipids in E. coli 

following treatment with a soluble copper salt. These findings show that oxidation of 

membrane lipids is the fundamental mechanism by which copper ions kill bacteria, either by 

disrupting and degrading the membrane or impeding cell growth and division upon uptake 

[166]. 
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2.4.1.2 Antibacterial activity of silver ions 

Ag+ is well known to be toxic to bacteria, viruses, fungi, and various other organisms while 

posing little or no toxicity to humans [167-169]. The most common mechanism of action for 

Ag compounds is widespread disruption of cellular functions as a result of direct damage to 

the cell membrane or intracellular biomolecules and induction of oxidative stress as a result of 

metal-mediated ROS production, culminating in the formation of free radicals and widespread 

cellular damage [170]. 

The electrostatic attraction between the negatively charged bacterial surface and the positively 

charged Ag+ to adhere to the cell wall and membrane is the primary mode of action of this 

metal ion. The charge interaction between the bacterial cell and the Ag+ can affect the cell 

surface zeta potential, increasing membrane permeability, depolarisation, and decreasing 

respiratory potential [170]. Finally, a complete loss of membrane integrity causes irreversible 

cell damage and death. Ag+ rapidly reacts with the sulfhydryl groups on the bacterial cell 

membrane, exchanging the terminal hydrogen atom to form a stable S–Ag bond and thus 

completely inhibiting the respiratory chain, electron transfer, protein secretion, and lipid 

biosynthesis. A recent study established that Ag+ primarily targets the bacterial membranes of 

E. coli and P. aeruginosa [171]. 

For example, The previous study showed Ag+ substituted HAp (Ag-HAp) bioceramics have 

superior osteoconductivity and high antibacterial activity and proposed a method for the 

antibacterial activity of such bioactive ceramics to be induced by the stern interface [172]. Due 

to the trace dopant Ag+ enrichment in the stern layer of the electric double layer at the 

negatively charged surface of Ag-HAp bioceramics, the concentration of Ag+ at the stern 

interface of Ag-HAp bioceramics is almost 5 times that in the bulk solution during this 
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antibacterial process. HAp with trace Ag+ generates a positive shift in the zeta potential and an 

increase in hydrophilicity, which may aid in inhibiting bacterial development. 

2.4.1.3 Antibacterial activity of strontium 

Strontium ion (Sr2+) is essential for the development of bioceramic applications involving bone 

regeneration and implant integration and is renowned for its osteoinductive and antibacterial 

properties. Substantial antibacterial activity has been observed in Sr2+ doped hardystonite (Sr-

HT), an exceptional coating, against formidable pathogens including Pseudomonas aeruginosa 

and MRSA, strains notorious for their resistance to antibiotics (Figure 2.6) [173]. By enhancing 

its antibacterial properties and stimulating bone repair and regeneration, HT becomes a 

valuable material for dental and orthopedic implants when Sr2+ is infused into it. Technological 

advancements encompass Sr2+ doped chromium oxide, which is renowned for its effectiveness 

against multidrug-resistant Escherichia coli [174]. The application of Sr and selenium co-

substituted HAp in bone tissue engineering is enhanced by the combination of the antimicrobial 

and bone regenerative properties of both elements [175]. Moreover, due to their increased 

surface area and irregularity, Sr2+ doped titanium dioxide nanorods show enhanced cellular 

responses and heightened antibacterial activity [176, 177]. Finally, amorphous Sr2+ calcium 

phosphate is identified as a substance capable of remineralising dental structures and enhancing 

resistance to cariogenic bacteria [178]. A multifaceted strategy is exemplified by the 

incorporation of Sr2+ into diverse bioceramics, which provides improved mechanical, chemical, 

and biological characteristics that are essential for medicinal applications. 
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Figure 2.6. Antibacterial efficacy Sr-HT.  a) illustrates the trajectory of bioceramic particles 

of various sizes and shapes within a plasma spray coating process, identifying optimal paths 

for Sr-HT and HAp particles. b) displays the results of tensile and shear tests for Sr-HT 

coatings, demonstrating the mechanical adhesion and integrity of the coatings. c) provides a 



42 

 

comparative analysis of the surface morphology and antibacterial activity of Sr-HT and HAp 

coatings against MRSA (Gram-positive) and P. aeruginosa (Gram-negative) bacteria, with 

fluorescent images indicating bacterial adhesion and viability. (Adapted with permission from 

ref [173]. 

2.4.1.4 Antibacterial activity of zinc ions 

Zn2+ interact with the negative charge of the bacterial membrane. A strong ionic connection 

between Zn2+ and the bacterial surface is created by reverse charges, causing electrostatic 

forces. Furthermore, binding Zn2+ to the bacterial membrane may increase membrane 

permeability,  causing pores in the bacterial surface, triggering membrane rupture and 

cytoplasmic leaking, resulting in cell death [179]. Zn2+ has a role in regulating bacterial cell 

proliferation, differentiation, and membrane structure conservation. Additionally, they 

participate as cofactors in many critical metabolic pathways, including the synthesis and 

breakdown of carbohydrates, lipids, and proteins [180, 181]. The positive effects of Zn2+ are 

dominant at low concentrations, whereas high amounts impede bacterial development. For 

example, an excess of Zn2+ may compete with other metals and induce a metal mismatch in 

various metal-binding proteins, resulting in protein dysfunction, enzymatic inactivation, or 

protein denaturation [182]. 

2.4.1.5 Antibacterial activity of iron ions 

Iron ions are a critical microelement for bacterial life and involve various biological processes, 

including DNA synthesis and energy metabolism. On the other hand, iron ions can be toxic to 

bacterial cells in high concentrations. In the biology process, iron is found in two oxidation 

states: oxidised Fe3+ and reduced Fe2+. Although bacteria can acquire Fe3+ from their 

environment, they rapidly convert it to Fe2+. In addition, Fe2+ produces a significant amount of 

•OH by speeding the Fenton and Haber-Weiss reactions [183]. These radicals contribute to 

oxidising the lipids of the membrane and damaging the proteins and DNA. In addition, free 
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radicals produced in this way, such as O2
-• and •OH, can rupture the cell envelope via an 

electrostatic, dipole-dipole, hydrogen bond, hydrophobic, and van der Waals forces. This 

results in the disarray and destruction of the cell membrane, resulting in the death of the 

bacterium [184]. 

2.4.1.6 Antibacterial activity of gallium ions 

Gallium ions (Ga3+) is a semimetal element that stimulates osteoblasts and promotes bone 

growth [185]. Ga3+ may substitute for Fe3+ ions in many metabolic reactions due to their high 

resemblance (i.e., same ionic radius, electronegativity, coordination number, etc.). With this 

capacity, gallium serves as a diagnostic and therapeutic agent for metabolic problems of both 

soft and hard tissues. Recent research has also shown that gallium ions have an antibacterial 

effect, which is based on the exchange of iron ions in the process of protein metabolism. Ga3+ 

can interfere with bacterial metabolism, DNA replication, and other critical cellular processes, 

ultimately leading to bacteria cell death. Ga also exhibits synergistic effects with other 

antibiotics, enhancing their antibacterial activity and reducing the development of antibiotic 

resistance. Moreover, Ga-based materials, such as Ga nanoparticles, can be synthesised and 

modified for various biomedical applications, including wound healing, implant coatings, and 

drug delivery systems. Despite the promising results, further studies are needed to investigate 

the antibacterial mechanisms of Ga and optimise its efficacy for clinical use. 

Gallium-doped HAp (Ga-HAp) is a biomaterial that is increasingly being used in antibacterial 

orthopaedic applications (Figure 2.7) [149]. By introducing gallium ions into HAp matrices, 

the biocompatibility and osteoconductivity of HAp are maintained while simultaneously 

providing strong antibacterial effects. Ga-HAp has exhibited a notable capacity to impede the 

growth and reproduction of several harmful bacteria, such as MRSA and Pseudomonas 

aeruginosa, which are frequently responsible for implant-associated illnesses. The antibacterial 
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effect of Ga3+ is due to its capacity to break the integrity of bacterial cell walls and hinder 

essential metabolic pathways. Furthermore, the ability of Ga to imitate calcium interferes with 

the iron metabolism in bacteria, enhancing its antibacterial effectiveness. The dual activity of 

Ga-HAp renders it highly suitable for bone tissue engineering applications that require 

infection prevention and bone regeneration. This composite material utilises a synergistic 

approach by combining the proven ability of HAp to regenerate bone with the effective 

antibacterial properties of gallium. This creates new opportunities for the advancement of 

biomedical implants. 

2.4.2 Metal and ion doping in bioceramics: a strategic approach to antibacterial efficacy 

Understanding the antibacterial mechanisms of metals and metal ions is crucial for optimising 

their performance in clinical applications. In this section, we discuss four primary mechanisms 

of antibacterial properties associated with metals and metal ions: (1) generation of reactive 

oxide species, (2) protein dysfunction and loss of enzyme activity, (3) disruption of membrane 

function, and (4) genotoxicity. Figure 2.8 illustrates these mechanisms, providing a 

comprehensive overview of how metals and metal ions exert their antibacterial effects on 

bacteria. 

2.4.2.1 Generation of reactive oxide species 

Some metal ions have been demonstrated to induce intracellular ROS in various studies. For 

example, exogenous hydrogen peroxide or substances that catalyse the generation of 

superoxide (O2•-), such as paraquat, cause DNA damage and block some enzyme activity 

required for cell development in E. coli [186, 187]. Mutants lacking in ROS-scavenging 

enzymes and other cellular antioxidants commonly show altered sensitivity to ions of Cr, As, 

Tellurium (Te), Fe, and Cu [187]. Cu (II) or Te (IV) exposure reduces enzyme activity, causing 

DNA damage. Thus, metal toxicity may be owing to ROS-mediated cellular damage, and 
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different metal-catalysed oxidation processes may cause specific protein, membrane, or DNA 

damage [187]. The mechanisms that have been proposed to account for the increased ROS 

production include: 

 

Figure 2.7. Synthesis and antibacterial evaluation of Ga-HAp.a) depicts the sequential 

procedure for fabricating a composite material of HAp and gallium. This involves the initial 
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stage of blending the components, followed by agitation in an orbital shaker, and ultimately 

applying the mixture onto a substrate using plasma spraying. (b) illustrates the antimicrobial 

properties of Ga-HAp against MRSA and P. aeruginosa. It includes confocal microscopy 

pictures that display live/dead staining, as well as scanning electron microscopy images that 

disclose the surface morphology of the coatings. (c) demonstrates the interaction between HAp 

and Ga-HAp with cellular structures, emphasising the ability of the doped material to support 

bone growth. This is shown using fluorescent labelling to visualise the cell nuclei and actin 

filaments. (Adapted with permission from ref [149]). 

First, redox-active transition metals other than Fe, such as Cu, Cr, Co, V, and Ni, can catalyse 

Fenton chemistry [188]. Cu has been demonstrated to catalyse the formation of hydroxyl 

radicals, and other metals may do the same [189]. Because numerous variables influence the 

ability of these transition metals to engage in Fenton chemistry, determining whether these 

reactions occur in vivo and their rates is difficult [189]. On the other hand, in phosphate buffer 

at pH 7, Cu (I), Cr (I), and Co (I) catalyse Fenton chemistry faster than Fe(I), whereas Ni(I) 

catalyses this reaction at a slower rate [187, 190]. 

Second, transition metals may interfere with the coordination of Fe ions. The solvent-exposed 

[4Fe–4S] clusters of proteins appear to be the principal metal targets. However, most of these 

atoms are sheltered by coordination bonds, and only 20% are projected to be Fenton active. 

Metals can directly or indirectly destroy [4Fe–4S] clusters, releasing Fenton-active Fe ions into 

the cytoplasm and increasing ROS production [191]. Some Fenton-inactive metals (including 

Ag+, Hg2+, and Ga3+) create ROS, which may explain why bacteria require or upregulate ROS-

detoxification enzymes to tolerate hazardous concentrations of these elements [187, 192]. 
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Figure 2.8. Antibacterial mechanisms involve interconnected processes such as protein 

dysfunction, oxidative stress, membrane impairment, nutrient interference, and genotoxic 

effects. a) Antibacterial activity is multiple and often interconnected mechanisms. b) Metals 

and ions toxicity can cause protein dysfunction by inhibiting enzyme activity. c) The formation 

of extracellular and intracellular ROS and the depletion of antioxidants result in oxidative stress 

and the damage of lipids, proteins, and DNA. d) Metals and ions interact with the cell 

membrane via electrostatic interactions, impairing membrane function. e) The toxicity of some 

metals and ions can interfere with nutrient assimilation. f) Metals and metal ions can be 

genotoxic, interfering directly with proteins and DNA, impairing their function and disrupting 

cellular metabolism. 

Third, thiol-mediated reduction of various metal species, such as Fe (III) and Cu (III), produces 

ROS via intermediate radical chemistry [193]. Moreover, thiol-mediated reduction can create 

Fenton active metal species such as Cr (III), Cr (IV), and Cr(V) [194]. Fe (III), Cu (II), and Cr 

(VI) result in the generation of ROS via a sulphur radical intermediary. Reduced thiols, such 

as glutathione (GSH), are a critical antioxidant in the bacterial cell. GSH, on the other hand, 

can be depleted by oxidising thiophilic metals such as Ag, cadmium (Cd) (II), or (As) (III). 

Thus, the anti-oxidative defences of bacteria are weakened, and its vulnerability to subsequent 

metal-mediated ROS increases [195]. However, whether radicals are involved in ROS 

generation or microbial metal poisoning in vivo is unclear. 

2.4.2.2 Metals and ions causing protein dysfunction and loss of enzyme activity 

Recent research revealed that intracellular proteins are also targets of metal toxicity due to the 

abundance of amino acid-mediated binding sites, which primarily consist of reduced thiols 

from cysteine side chains, carboxy groups from aspartates and glutamates, and highly reactive 

primary amines from lysine side chains [195]. When metal ions bind to susceptible amino acids, 

they catalyse their oxidation, impair protein function, decrease protein stability, and mark the 

protein for degradation [196]. Another study showed that Ga3+ inhibit or kills bacteria by taking 

up another metal ion instead of the essential one due to their chemical similarities. Once inside 
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the cell, these ions disrupt metabolic pathways due to the inability of bacterial cells to reduce 

them, irreversibly impairing cell metabolism [197]. 

Some metals and ions can potentially cause site-specific damage to biological proteins. For 

example, hazardous concentrations of Cr(vi) rapidly increase protein carbonyl levels in S. 

cerevisiae within minutes [198]. In E. coli, just a few amino acid residues per protein are 

vulnerable to metal-catalysed oxidation [199]. Metal-catalysed oxidation of amino acid side 

chains produces carbonyl compounds employed as a marker of oxidative protein damage. In 

vivo, oxidation of amino acid side chains can reduce catalytic activity and cause protein 

degradation. Thus, metals could potentially cause site-specific damage to biological proteins, 

leading to metal poisoning. The most heavily oxidised proteins are cytosolic enzymes involved 

in glycolysis or subsequent catabolic reactions. A bacterial Fe–S dehydratase family is 

susceptible to metal-specific inactivation [187]. These elements harm Fe–S–containing 

dehydratases in vitro and inhibit them in vivo at doses that cause bacteriostasis [191]. This 

suggests the metals inflict little or no further damage to the proteins compared to proteins not 

repaired by proteins like cysteine desulphurase or SufA. However, in this case, the destruction 

of the [4Fe–4S] clusters in dehydratases occurs exclusively in aerobic conditions. Unlike soft 

metal cations, the metalloid oxyanion Te(iv) promotes indirect oxidation of Fe–S clusters, most 

likely via ROS intermediates [187]. 

2.4.2.3 Metals and metal ions induce the function of membranes 

Metal cations adsorb on polymers with strongly electronegative chemical groups in bacterial 

membranes and exert bactericidal toxicity [200]. Exposure to toxic metals such as Ag and Al 

dramatically alters the cytoplasmic membrane integrity of E. coli and S. aureus. Cell death can 

be attributed to membrane disruption or apparent cell wall separation. Other research suggests 

that certain metals, particularly Ag, harm the bacterial electron transport chain. Lipid 
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peroxidation has also been connected to the toxicity of Cu (II) and Cd (II) in bacteria and yeast, 

and it has been hypothesised that this is a deadly mode of action for antimicrobial metallic 

surfaces constructed of Cu and its alloys. This is consistent with the discovery that metal 

exposure increases the concentration of thiobarbituric acid reactive compounds in cell extracts. 

Consistent with this concept, introducing genetic alterations that enhance the unsaturated fatty 

acid content of cell membranes or feeding the growth medium with polyunsaturated fats leads 

to an increase in the level of TBARS after metal exposure. 

2.4.2.4 Genotoxicity 

Genotoxicity is a term that relates to the use of mutagens such as Cr (IV) and other cations that 

damage DNA [201]. For example, many studies have indicated that when E. coli is exposed to 

high quantities of iron, the bacteria DNA damage can be catalysed by Fe-mediated Fenton 

chemistry, resulting in lethal DNA damage [202]. Increased Fe concentrations in bacterial cells 

are caused by mutations that cause Fenton-active Fe to accumulate in the cell, which accelerates 

DNA damage and results in cell death [203].  

Metals and metal ions in high concentrations are toxic to prokaryotic cells due to their redox 

properties. For example, numerous studies have linked the antibacterial activity of Cu to its 

ability to transition between Cu+ and Cu2+, which can generate reactive oxygen species under 

aerobic conditions. Copper Fenton explains how H2O2 decomposes into •OH, leaving the 

catalytic metal oxidised. Additionally, Cu has been associated with extracellular DNA damage 

during cell lysis, which may limit post-mortem horizontal gene transfer of resistance via 

transformation [201]. However, Cu2+ prefers an oxidation state in solution. As a result, a 

reducing agent (•O2, NADPH oxidase from the respiratory chain, or intracellular thiols) is 

required to convert Cu2+ to Cu+ and continue the production of •OH. Warnes et al. showed that 

Cu toxicity for Enterococcus faecalis and Enterococcus faecium involves direct and indirect 
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copper ion action, ROS production, and respiratory chain and DNA repair failure. The authors 

contend that Fenton production of •OH is not the fundamental cause of DNA damage, but rather 

Cu (II)-induced denaturation of bacterial DNA. The same authors later validated the function 

of ROS in methicillin-resistant S. aureus DNA damage [204].  

2.4.3 Engineering surface topography for anti-biofouling: lessons for designing 

bioceramics 

Surface topography is typically altered through the use of anti-biofouling techniques that result 

in passive structuration [205]. As bacteria meet the surface structure, these strategies employ 

structural units such as polymer brushes or nanotubes placed over the surface, preventing them 

from adhering and breaking apart the membrane as they meet it. These approaches increase 

antifouling activity over longer periods, although they may not effectively eradicate an 

infection [95]. Additionally, surface alterations can have a broader biological impact. In 

addition to influencing bacterial adherence, the final topography of glass surfaces with various 

nanostructures affects bacteria metabolism [206, 207].  

Natural antibacterial activity based on mechanical interactions was first reported. For example, 

the wings of insects such as cicadas or dragonflies are nanopatterned with high-aspect-ratio 

cone-like nanopillars that are toxic to bacteria such as P. aeruginosa [208]. This may result 

from an evolutionary response to the environment, which prevents the production of biofilms 

that impair the aerodynamics of such insects. 

Studying bacterial adhesion to bioceramics is crucial for understanding and improving 

antibacterial activity because it provides insights into the initial stages of bacterial colonisation 

on implant surfaces. Bacterial adhesion is the first step in developing biofilms, which are 

complex communities of microorganisms embedded in a self-produced extracellular matrix. 
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Biofilms are highly resistant to antibiotics and the host immune system, making them 

challenging to treat and remove. By studying bacterial adhesion to bioceramics, we can identify 

factors that influence this process and develop strategies to minimise bacterial colonisation. 

This could include modifying the surface properties of bioceramics or incorporating 

antibacterial agents into their composition. Understanding bacterial adhesion to bioceramics is 

essential for designing next-generation implant materials with enhanced antibacterial 

properties, ultimately reducing the risk of implant-associated infections and improving patient 

outcomes. 

2.4.3.1 Surface properties influencing bacterial adhesion 

The chemical composition of the surface influences the microorganisms attached to it [209]. 

Because surface chemistry determines the ability of bacteria to adhere, maintaining a smooth 

substrate is crucial [210]. Additionally, bacterial adhesion was shown to be greatest on 

hydrophilic surfaces with positive surface charge characteristics, followed by hydrophobic 

substrates with negative surface charge characteristics, and lowest on hydrophilic substrates 

with negative surface charge characteristics [211]. The extremely hydrophobic or hydrophilic 

surfaces inhibited E. coli adherence [212]. This finding contradicts normal surface chemistry 

adhesion trends for hydrophilic bacteria, which show that bacterial adherence increases with 

increasing hydrophobicity and decreases with decreasing surface energy. The conflict could be 

caused by surface roughness and topography, which affect bacterial adhesion behaviour when 

surfaces interact with bacteria. 

A rough surface has more surface area, which makes it more favourable for bacteria to adhere 

[213]. However, the influence of surface roughness on adhesion appears to be related to the 

degree of roughness, surface topography, and material compositions [214]. Some previous 

research has been conducted on bioceramic materials; however, the findings remain 
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contentious. Wassmann et al. studied the adherence of S. epidermidis to the surface of a zirconia 

ceramic implant [215]. The findings demonstrate that altering the roughness of the surface does 

not influence the quantity of bacterial adherence. Dutra et al. investigated the influence of 

surface roughness on bacterial adherence to zirconia-stabilized yttria (Y-TZP) ceramics [216]. 

The authors discovered that the quantity of adhering bacteria remains constant when the surface 

roughness is reduced. Thus, surface roughness does not play a significant role in bacterial 

adherence, and a Y-TZP material exhibits a low susceptibility to bacterial adhesion. Kang et al. 

investigated the effect of several polishing procedures on the roughness and adherence of 

Streptococcus mitis on zirconia ceramic surfaces [217]. The results indicate that the quantity of 

adhering bacteria increases proportionately when the surface roughness rises. The previous 

studies on the sample surfaces have employed roughness values in the micron to the submicron 

range. A bioceramic surface with a roughness of nanoscale or submicron is unknown regarding 

bacterial adherence. The surface topography influences bacterial adherence, as shown in Figure 

2.9. Because S. aureus has low mobility and prefers low-lying topographies like valleys, 

grooves, and pits, a rough, rugged, high-amplitude groove-like surface topography 

significantly promotes initial S. aureus adhesion and biofilm growth [218, 219]. Defined micro-

scale features such as scratches, pits, and grooves will boost the bacterial-surface attachment 

strength [220]. In Figure 2.9, for example, samples A, B, and C have more bacterial adhesions 

than samples D, E, and F because they contain more micro-scale characteristics. Sample E (Ra 

1.51 nm), with a shallow unidirectional surface texture, has more sites for initial bacterial 

attachment than sample F (Ra 1.11 nm), with a homogeneous and damage-free surface, 

resulting in higher bacterial adherence. 

There have been inconsistent findings addressing the bacterial adhesion patterns about surface 

chemistry due to various factors. Firstly, the hydrophobicity of the substrate, the roughness and 

texture of the substrate, as well as the porosity and fibrousness of the material, can all affect 
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bacterial adhesion behaviour [211, 221-223]. Limiting the substrate roughness effect is 

necessary to deduce precise correlations between substrate chemistry and bacterial adherence. 

Second, variations in experimental assays used to determine bacterial adhesion, such as drop-

casting inoculation and the rinse phase, have been observed due to velocity gradient, gravity, 

and drying effects [211, 224, 225]. 

Achieving the balance between surface characteristics that inhibit bacterial adhesion while 

simultaneously promoting osteogenic cell functions represents a pivotal challenge in designing 

advanced bioceramics for orthopaedic applications. This balance is essential to prevent 

infection and ensure the successful integration of the implants with bone tissue. Current 

research efforts focus on engineering bioceramic surfaces with dual functionality. One effective 

strategy involves crafting a moderately rough surface topography incorporating precisely 

defined micro- and nano-scale features. These features are strategically designed to reduce 

bacterial attachment by minimising areas where bacteria can easily adhere while providing the 

necessary cues to enhance osteoblast adhesion, proliferation, and differentiation. This is 

achieved through careful modulation of the surface's mechanical strength and its chemical and 

physical properties. 

Furthermore, the quality of implant surfaces is defined by an intricate interplay of mechanical, 

topographical, and physicochemical properties. Alterations in one property can significantly 

impact the others, influencing the overall biological response to the implant [226]. For 

example, increasing the micro-scale roughness might enhance bone cell functions. Still, it could 

provide more niches for bacterial growth unless nano-scale modifications are simultaneously 

applied to counteract this effect. As a result, the physical and chemical properties of 

bioceramics can be tailored with high precision to achieve these multifaceted requirements. 

Advanced manufacturing techniques such as laser micromachining and chemical vapour 
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deposition are employed to fine-tune these properties, allowing for developing surfaces 

optimally designed to combat bacterial colonisation while supporting osteogenesis.  

2.4.3.2 Environmental factors influencing bacterial adhesion 

Environmental factors that influence bacterial adherence include temperature, bacterial density, 

chemical modification, antimicrobials existence, and associated flow characteristics [227]. 

Flow parameters are considered dominating elements because they have a major impact on the 

number of bacteria adhered to as well as the structure and function of the biofilm. Katsikogianni 

et al. demonstrated that flow conditions affected bacterial adherence to various substrates. The 

quantity of adhering bacteria reduced dramatically as the shear rate was increased from 150 

sec-1 to 1,500 sec-1 [228]. Mohamed et al. demonstrated that when the number of receptors per 

cell is increased, S. aureus adherence to collagen-coated coverslips increases between 50–300 

sec-1 and decreases above 500 sec-1 [229]. Therefore, bacterial attachment does not have an 

optimal flow rate because the delivery rate must be matched with the force acting on the 

enclosed bacteria. 
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Figure 2.9. The morphology and distribution of the attached S. aureus bacteria on the state 

variation from rough to smooth of Y-TZP bio-ceramic surfaces. a) the average surface 

roughness with A (205nm), B (89.29nm, C (19.07nm), D (4.21nm), E (1.51nm), F (1.11nm). 

b) the CFU results of the number of bacteria adhered to the sample surfaces. Sample A has the 

largest number of adhering bacteria, in samples B–E, the number of adhering bacteria gradually 

decreases, and sample F has the least number of adhering bacteria on the surface. c) The 

morphology and density of the bacteria adhering to the surface under SEM. Microorganisms 

almost totally cover the surface (Ra 205 nm). The protruded topographical characteristics of 

the surface layer (Ra 89.29 nm) are removed, and the places where the bacteria can be attached 

and fixed are fewer. The smooth region of the surface (Ra 19.07 nm) gradually grows as the 

original ground textures and flaws are removed. The surfaces (Ra 4.21 nm and 1.51 nm) the 

number and density of the bacteria adhering to the surface are reduced. The quantity and density 

of the adhering bacteria are the lowest because no texture remains on the surface, and the entire 

surface becomes exceedingly smooth (Adapted with permission from ref [195]). 

Adhesion can be affected by changes in pH and electrolyte concentrations of KCl and NaCl 

[230].  Bacteria adjust their activity and synthesis of proteins involved in various cellular 

activities in response to changes in internal and external pH. Studies have demonstrated that a 
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gradual increase in acidity is preferable to a quick increase caused by adding HCl [231]. This 

indicates that bacteria have systems in place that enable them to adjust to tiny changes in the 

pH of their surroundings. However, other biological functions do not adapt as readily to pH 

variations. The pH of the bone tissue environment is frequently below 7, whereas the pH of 

healthy tissues is typically in the range of 7.35 to 7.45, depending on the tissue [232]. HAp and 

biphasic calcium phosphate (BCP) are ceramic materials commonly used as bone substitutes. 

The porosity of these materials, as well as the decrease in pH in the surrounding area because 

of surgical trauma, may, however, predispose them to bacterial infections. Recent studies 

demonstrated that when the pH of the solution was reduced from 7.4 to 6.8, the adhesion of 

Staphylococci to both HAp and BCP surfaces was dramatically reduced [231, 232]. 

Furthermore, they discovered in this investigation that the pores in HAp and BCP ceramics 

were not large enough to allow the internalisation of Staphylococci. As a result, their anti-

adherent capabilities appeared to improve when the pH value was dropped, indicating that the 

bioceramics HAp and BCP are not impaired when used in orthopaedic applications. In addition, 

using tricalcium silicate-based cement such as MTA, a previous study demonstrated that the 

pH of MTA is 10.5 at the time of mixing and can increase to 12.9 after 3 hours of setting [231]. 

High pH affects the structure of endodontic bacterial cells by producing DNA breakdown and 

cellular protein damage, which results in a reduction in the survival of the bacterial cells. MTA 

has antibiofilm action; the pH increase during the setting process is primarily responsible for 

this. The generation of calcium hydroxide during the hydration reaction of MTA has the 

potential to cause the pH to rise. Therefore, MTA demonstrated antimicrobial action against a 

variety of different bacterial biofilms, including those formed by S. aureus, E. coli, P. 

aeruginosa, Porphyromonas gingivalis, and Candia albicans [233, 234]. 
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2.4.3.3 Proteins corona influencing bacterial adhesion 

Biomolecules such as extracellular matrix proteins adsorb onto the material surface when an 

implant is inserted into host tissue, generating a conditioned protein coating that promotes 

adherence of free-floating planktonic bacteria to the implant surface. Then, the adhering 

bacteria divide the number rapidly and release adhesive secretions, creating dense colonies of 

connected cells called biofilms [235, 236]. Notably, serum or tissue proteins such as albumin, 

fibrinogen, laminin, and denatured collagen enhance or inhibit bacterial adherence. These 

proteins attach to the surface of the substratum, adhering to the bacterial surface or remaining 

present in the liquid medium during the adhesion period. Most interactions between bacteria 

and proteins occur through specialised ligand-receptor interactions rather than broad bindings. 

Proteins can alter the adhesion behaviour of bacteria by modifying the physicochemical 

properties of the surface membrane of bacteria [237, 238].  

Fibronectin is a protein that increases adhesion-promoting bacterial adherence to biomaterial 

surfaces [239] especially Staphylococci [240]. There are two known Staphylococci binding 

sites in Fn: one in the N-terminal domain and the other towards the C-terminus. S. epidermidis 

has a greater affinity for the C-terminal segment and many bacteria have fibronectin-binding 

proteins that can bind to an increasing number of fibronectin sites [241, 242]. S. aureus 

generates surface proteins that may be important in initial host tissue attachment. The microbial 

surface components recognising adhesive matrix molecules bind specifically to extracellular 

matrix components. S. aureus has two FnBPs, FnBPA and FnBPB, encoded by the closely 

related genes fnbA and fnbB. Almost all clinical isolates of S. aureus have one of two genes. 

FnBPs are implicated in infection pathogenesis. Almost all clinical isolates of S. aureus have 

the surface proteins FnBPA and FnBPB. FnBPs are involved in the pathophysiology 

of infection [242]. 
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Bacterial adherence to biomaterials and host tissues is also mediated by fibrinogen. Fibrinogen 

increases bacterial adherence by connecting biomaterial surfaces with fibrinogen membrane 

receptors [243]. In vivo, bacteria that can specifically bind surface-adsorbed fibrinogen are 

reported to be more clinical orthopaedic device-associated infections [244]. Charville et al. 

found that S. aureus, S. epidermidis, and Escherichia coli adhered better to pre-adsorbed 

fibrinogen than to protein-free PVC substrates [245]. The greatest increase was seen in S. 

aureus, whose adherence to fibrinogen-coated substrates was five times that of uncoated 

controls. S. aureus adhesion to polyurethane surfaces with pre-adsorbed fibrinogen was 

reported by Baumgartner et al. Pei et al. showed that S. epidermidis adhesion to non-functional 

fibrinogen-coated control catheters was roughly half that of fibrinogen-coated catheters [246]. 

The observations suggest that certain fibrinogen-mediated interactions between bacterial cells 

and substrates improve bacterial adherence in the presence of fibrinogen. 

2.4.3.4 Hydrogels with surface-modified bioceramics for infectious bone repair 

Hydrogels and surface-modified bioceramics combined constitute a potentially effective 

strategy for tackling the difficulty associated with infectious bone repair [247]. Combining two 

complementary components can create multifunctional bioceramics with enhanced 

antimicrobial properties and improved bone regenerative capabilities. The ability of hydrogels 

to mimic the extracellular matrix can serve as effective carriers for the delivery of antimicrobial 

agents, such as antibiotics [248], antimicrobial peptides [249], or metal ions [250]. The 

hydrogel matrix can facilitate the controlled and localised release of these agents, helping to 

combat bacterial colonisation and biofilm formation at the site of infection. Furthermore, the 

hydrogel component can improve the handling properties and drug-loading capacity of the 

bioceramic scaffolds [251], overcoming some of the limitations associated with direct 

bioceramic implantation.  



60 

 

2.4.4 Smart antibacterial bioceramics with stimulus-responsive mechanisms: emerging 

innovations for medical implant applications 

Smart antibacterial bioceramics with stimulus-responsive mechanisms offer a promising and 

innovative way to address IAIs. Despite being in early development stages, these biomaterials 

have piqued the interest of the research community due to their potential to transform medical 

implant technology. However, there is a limited number of studies on smart antibacterial 

bioceramics, making this research a valuable addition to the field. 

Antibacterial stimuli-responsive bioceramics are designed to release antimicrobial agents in 

response to environmental cues such as temperature, pH, or the presence of bacteria [252]. This 

targeted release allows for more efficient and effective bacterial eradication while minimising 

the risk of antimicrobial resistance and adverse effects on surrounding healthy tissues. To 

optimise the performance of these smart materials, a comprehensive understanding of the 

interactions between the bioceramic matrix, antimicrobial agents, and environmental stimuli is 

necessary. 

Future research will focus on optimising the response time and sensitivity of smart antibacterial 

bioceramics to specific environmental cues, as well as ensuring their long-term stability and 

biocompatibility. These include incorporating smart polymers that respond to environmental 

changes, designing bioceramics with switchable surface properties to control bacterial 

adhesion and release, and creating coatings or surface treatments to detect and respond to 

particular bacterial species or infection biomarkers. 

To fully realise the potential of stimulus-responsive antibacterial bioceramics, many obstacles 

must be addressed despite the growing interest in this field. These obstacles include optimising 

the response time and sensitivity of the materials to specific stimuli, ensuring long-term 

stability and biocompatibility, and scaling up manufacturing processes for clinical use. In 
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addition, additional in vitro and in vivo studies are required to evaluate the safety, efficacy, and 

overall performance of these materials in various medical applications. 

In conclusion, smart antibacterial bioceramics with stimulus-responsive mechanisms represent 

an exciting and emerging research field with the potential to impact implantable biomaterials 

substantially. By addressing current challenges and advancing our understanding of these 

materials, researchers can create innovative solutions for infection prevention and treatment in 

medical implant applications, thereby improving patient outcomes and reducing healthcare 

costs. 

5. CHALLENGES AND FUTURE DIRECTIONS 

Developing biomaterials with enhanced antibacterial properties is critical to addressing the 

growing problem of implant-associated infections. However, the complexity of these 

biomaterials frequently creates significant challenges to their successful clinical translation 

[253]. Complex biomaterials, while often demonstrating superior antibacterial properties, can 

be challenging to manufacture on a large scale [254]. Incorporating multiple functions, such as 

customised surface topographies, controlled release of antimicrobial agents, and intrinsic 

antibacterial mechanisms, can greatly complicate the manufacturing process. This complexity 

can result in greater production costs, lower scalability, and challenges in promising consistent 

quality and accuracy, critical for successful clinical adoption. Moreover, incorporating these 

complex biomaterials into current clinical processes can be a challenging endeavour, 

demanding significant changes to established methods and practices [255]. Regulatory 

organisations frequently need significant testing and documentation to assure the safety, 

efficacy, and reliability of these complex biomaterials, which might cause delays in their 

clinical implementation [255]. 
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In contrast, simpler biomaterials are more likely to be adopted successfully in clinical 

applications [255]. Due to the simplicity of their production, they are more readily available 

and cost-effective. Regulatory agencies are more inclined to approve less complex biomaterials 

due to the ease with which their safety and effectiveness can be evaluated. 

Furthermore, integrating less complex bioceramics into established clinical workflows 

frequently results in insignificant disruption. Despite these challenges, developing improved 

antibacterial bioceramics is critical. The complexity of these materials must be carefully 

balanced with practical clinical translation considerations. Strategies that prioritise the balance 

of antibacterial efficacy and manufacturing simplicity, regulatory compliance, and clinical 

integration may be critical to successfully bringing these next-generation biomaterials to the 

centre of patient care. 

The traditional focus on antibacterial bioceramics in bone tissue engineering is now being 

expanded in various tissue interfaces, demonstrating the broad applicability and versatility. 

Notably, recent advancements in research introduce antibacterial bioceramics into 

ophthalmology, a significant shift from their conventional use. The development of 

antibacterial glass-based sputtered coatings for ocular prostheses offers a novel approach to 

reducing infection risks associated with ocular implants [256]. This innovation highlights the 

adaptability of bioceramics to diverse biological environments and their potential to transform 

ocular prosthetic applications by enhancing safety and efficacy. Additionally, exploring 

bioactive glass and glass-ceramic for orbital implants further emphasises the expanding scope 

of bioceramic applications beyond skeletal repair towards improving outcomes in ocular 

rehabilitation [257]. These emerging applications highlight a pivotal evolution in the use of 

antibacterial bioceramics, from their foundational role in bone regeneration to their promising 

potential in addressing complex challenges in ophthalmic medicine. The versatility and 
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adaptability of bioceramics to various tissue interfaces offer great potential for enhancing 

patient care and clinical outcomes in numerous medical disciplines. 

6. CONCLUSIONS 

To tackle the increasing worldwide risks posed by drug-resistant pathogenic microbes, 

researchers have made significant efforts to create antimicrobial bioceramics that not only kill 

pathogenic microbes but also promote the adhesion and growth of healthy cells. This means 

the next-generation bioceramics for biomedical applications should simultaneously prevent 

microbial infection and promote tissue regeneration. Perfect bioceramics should have superior 

biocompatibility and antibacterial properties to suppress bacterial growth and secondary 

infections, as well as sufficient mechanical resistance for surgical insertion. Bioceramics have 

been promising biomaterials for various biomedical applications, such as orthopedic implants 

and tissue regeneration, for a long time. Bioceramics with metal ions have been successfully 

doped in recent research as prospective therapeutic agents for improved bone regeneration. The 

combinatory features of ion-doped bioceramics led to an increased interest in these materials 

for various biomedical applications including bone regeneration. Due to the continuous 

emergence of bacterial resistance, more research is devoted to developing novel antimicrobial 

agents. Antibiotic-resistant bacterial strains pose an increasing threat, necessitating the 

development of effective and long-lasting antibacterial materials. Metals have been used, 

and their antimicrobial properties have been extensively studied. Like antibiotics, metals have 

a distinct effect on bacterial and mammalian targets due to their divergent metal transport 

systems and metalloproteins. This enables the long-term use of metal-based bioceramics as 

antimicrobial agents with minimal adverse effects on the host. Identify the qualities of surfaces 

that bacteria feel, decipher the molecular mechanisms by which bacteria sense surfaces, and 

identify how to adjust surfaces.  Microbes interacting with surfaces remain a mystery in 
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physics, biochemistry, genetics, biomedical, and biotechnology. The chemical composition of 

the substance, the surface charge, the hydrophobicity, and simply the surface roughness or 

physical configuration all influence the adhesion of bacteria to a biomaterial surface. 

Additionally, their surface energy, the number of unoccupied binding sites, and 

hydrophobic/hydrophilic properties can be rapidly altered by serum protein adsorption or 

binding and the production of biofilms. Antibacterial properties of bioceramics prevent bacteria 

from adhering to implant surfaces, minimising infection risk. Multifunctional bioceramics offer 

many advantages and the capacity to fine-tune them, making them an indispensable component 

in biomedical applications. As discussed in this review, new approaches have the potential to 

understand bacteria surface interactions and guide applications for orthopaedic implants. 
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Abstract 

Baghdadite (BAG, Ca3ZrSi2O9), a calcium silicate compound with zirconium incorporation 

shows significant potential in medical implants. However, its susceptibility to infections poses 

a considerable challenge. To tackle this problem, doping biocompatible magnesium ions 

(Mg2+) into BAG to create Mg-BAG enhances antibacterial activity and prevents infection in 

orthopaedic implants. Mg-BAG demonstrates effectiveness against Gram-positive S. aureus 

and Gram-negative P. aeruginosa. This study found that the antibacterial activity of Mg-BAG 

is multifaced including causing the generation of ROS within cells and disrupting membrane 

potential, resulting in leakage of intracellular contents.  The synchrotron macro attenuated total 

reflectance Fourier transform infrared (ATR-FTIR) microspectroscopy shows the impact of 

Mg-BAG on bacteria, resulting in modifications to biomolecules such as lipids, protein 

structures and the stability of nucleic acids. The combined effect of Mg2+ and intracellular ROS 

formation contributes to the disruption of biomolecules and bacterial cell death. Mg-BAG is a 

promising next-generation bioceramic offering innovative non-antibiotic solutions for 

preventing infection.   
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3.1. INTRODUCTION 

Various synthetic materials (e.g. scaffolds) have been created to address the drawbacks of 

autografts and allografts. However, a significant obstacle hindering the success of these 

scaffolds is the risk of microbial infection, contributing to implant failure. Bacterial 

colonisation on implant surfaces often undermines their functionality. Infection rates are 

reported to be between 2% and 5% in the case of orthopaedic implants [258], increasing to a 

concerning 30% in the case of open fractures [258, 259]. IAIs are commonly linked to P. 

aeruginosa and S. aureus and pose a challenge to the success of orthopaedic implants [82, 260, 

261]. After revision surgery, there is a recurrence rate of around 33% for infections resulting in 

an increase in treatment cost range from $17,000 to $150,000 per patient [247]. Unfortunately, 

diagnosing an implant infection poses a challenge to success due to the difficulty in eliminating 

bacteria. Addressing infections with antibiotics proves to be problematic given the concerning 

rise of antibiotic-resistant organisms. Traditional approaches such as replacing devices and 

administering antibiotics for periods unintentionally worsen the growing issue of AMR [262]. 

The WHO predicts that by 2050, AMR could lead to 10 million deaths annually, surpassing the 

current cancer mortality rate and potentially costing the global economy $100 trillion if 

preventive measures are not implemented [263]. Thus, there is an urgent need to develop and 

design next-generation antimicrobial synthetic bioceramics for effective prevention and 

minimising the risk of IAIs. 

The increasing interest in BAG as a synthetic bone substitute can be attributed to its properties, 

such, as bioactivity, biodegradability and ability to support the healing of large bone defects 

[7-11]. However, its effectiveness in preventing bacterial growth is limited. Current strategies 

involve the use of transition-metal ions such as copper (Cu2+), zinc (Zn2+), and silver (Ag+), 

which show varying degrees of success, against bacteria [12, 13]. Some studies developed on 
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creating Ag+ and Cu2+ coatings for implants to inhibit bacterial growth, disrupt bacterial cell 

membranes, interfere with essential cellular processes and prevent biofilm formation [14]. 

However, the use of Ag+ and Cu2+ is limited by concerns about their toxicity [15]. and the 

potential for developing antibiotic resistance [16].  

Previous research has reported that incorporating Mg2+ into BAG can improve its mechanical 

strength and biological properties, benefiting bone tissue engineering [22]. Additionally, 

magnesium ions play a role in biological processes such as promoting bone formation 

(osteogenesis) and the development of blood vessels (angiogenesis), both vital for effective 

bone healing. By incorporating Mg2+ into BAG (Mg-BAG), the ability of the material to 

support in vitro and in vivo bone repair is significantly enhanced by promoting cell adhesion 

and growth and stimulating the mineralisation of the matrix for better integration with natural 

bone tissue [11, 22, 23, 264]. Furthermore, Mg2+ has reported bactericidal and bacteriostatic 

potential [17-21, 265].  Mg2+ work by disrupting membranes and interfering with their 

functions making them effective against bacteria. In addition, they offer cost-effective 

antibacterial properties and biocompatibility [17-21]. This study investigates the effectiveness 

of Mg-BAG in preventing infections.  

The surface topography of biomaterials is recognised to influence bone integration and the 

adhesion of bacteria [231, 260]. While implant surface micro-roughness has been shown to 

promote bone cell proliferation and osteogenic differentiation [24-27, 266, 267], it can also 

increase the risk of infections [268, 269]. In contrast, nano-roughness topographies may have 

the ability to eliminate microbes by disrupting their cell walls [270]. However, the relationship 

between surface roughness and cellular adhesion remains a topic of debate with studies have 

shown varying results.  
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This study aims to investigate the antimicrobial properties of Mg-BAG against commonly 

orthopaedic implant-related pathogens P. aeruginosa and S. aureus. We further explored the 

antimicrobial effect in response to the micron and sub-micron roughness Mg-BAG and the 

multifaceted antibacterial mechanisms involved in this response, including alterations to 

biomolecules, the generation of intracellular reactive oxygen species and membrane 

depolarisation, ultimately leading to disrupting bacterial membrane integrity.   

3.2. RESULTS AND DISCUSSION 

3.2.1. Fabrication and characterisation of magnesium-doped baghdadite 

We synthesised bioceramic BAG discs with the dimensions of 14mm diameter and × 2  mm 

height using a solid-state synthesis method, Mg2+ is a dopant, as described in Figure 3.1 and 

Figure 3.S1 [22, 23]. The approach enables precise control over the doping of Mg2+ into BAG 

via substituting Zr2+ or Ca2+ with divalent Mg2+. The successful doping of Mg2+ into BAG was 

demonstrated through spectroscopic techniques including Energy Dispersive X-ray 

Spectroscopy (EDS), X-ray photoelectron spectroscopy (XPS) and X-ray diffraction (XRD) 

analysis shown in Figure 3.2a, 2b & 2c. Elemental mapping of the Mg-BAG surface discovered 

a distribution of Ca, Zr, Si, O, and Mg. The uniform distribution of these elements across Mg-

BAG surfaces, confirmed through EDS analysis, provides evidence of the successful synthesis 

process that achieved homogenous doping of Mg throughout the surfaces. Additionally, 

detecting the Mg 1s peak in Mg-BAG indicates the successful integration of Mg2+. 



70 

 

 

Figure 3. Schematic of Mg-BAG fabrication. a) The synthesis process of Mg-BAG starts from 

mixing precursors in a ball mill, then sintering in a furnace and forming into discs using a 

hydraulic press. b) Molecular structure of Mg-BAG with the arrangement of Ca, Zr, Si, Mg. c) 

Representation of a disc-shaped Mg-BAG sample, detailing dimensions (diameter = 14mm, 

thickness = 2mm) and surface area (SA = 3.96 cm²). d) Comparison of microscale and 

nanoscale surface roughness on Mg-BAG and BAG, demonstrating the interaction with live 

and dead bacteria.  
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The microscale and sub-microscale topographies of the implant surface play a role in the initial 

bacterial attachment and the biofilm formation [271-273]. In this study, the sample surfaces 

were polished to a smooth finish. We used 3D profilometry to assess the surface texture of 

HAp, BAG and Mg-BAG, as illustrated in Figure 2d and detailed in Table 3.5.S1. The 

unpolished surfaces referred to as "rough," for HAp BAG and Mg-BAG showed areas at a scale 

with average roughness (Ra) values of 1.264 ± 0.051 µm 1.932 ± 0.268 µm and 1.640 ± 0.180 

µm respectively. On the other hand, the polished surface known as "smooth," had features at a 

scale with significantly lower Ra values of 0.115 ± 0.002 µm for HAp, 0.347 ± 0.017 µm for 

BAG and 0.223 ± 0.010 µm for Mg-BAG. 

3.2.2 Assessing the antibacterial activity of Mg-BAG.  

We evaluated the antibacterial performance of HAp, BAG and Mg-BAG, specifically targeting 

their impact on Gram-negative P. aeruginosa and Gram-positive S. aureus. These two 

pathogens are strongly associated with IAIs [260]. The BacLightTM Live/Dead fluorescent dye 

assay was used to evaluate the viability of cells based on the integrity of their membranes on 

surfaces [274]. Our results indicated that BAG displayed activity leading to roughly 12% of 

cells being dead while HAp showed no bactericidal effect against P. aeruginosa or S. aureus 

(Figure 3.3). In contrast, after a three-hour incubation, both Mg BAG showed a notable increase 

in dead cells compared to BAG and HAp, with approximately 75% of the population being 

affected for both bacterial strains (p < 0.001). Extending the incubation time to six hours did 

not increase the percentage of cells indicating that Mg-BAG can effectively inhibit most 

bacteria within the first three hours of exposure. Additionally, the roughness of the surface did 

not significantly impact the bactericidal properties of Mg-BAG.  
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Figure 3.2. Compositional and surface roughness analysis of HAp, BAG, and Mg-BAG. a) 

EDS mapping reveals the distribution of elements on the sample surfaces. b) XPS spectra 

provide insights into the elemental makeup and chemical states of Zr, Ca, Si and Mg. c) XRD 

patterns illustrate the diffraction angles and intensities associated with the crystalline phases, 

found in the samples. d) Detailed surface topography analysis conducted using 3D 

profilometry. n= 3 ± SD, **** p < 0.0001. 

To investigate if the antibacterial effects we observed were dependent on contact we conducted 

the disk diffusion assay (Figure 3.3c, Figure 3.5.S3, Table 3.5.S2) [275, 276]. The BAG 

bioceramic, regardless of being smooth or rough showed minimal inhibition zones (~0.7 ± 0.55 

mm) against P. aeruginosa and exhibited no inhibition zone against S. aureus. On the other 

hand, our engineered Mg-BAG demonstrated significant inhibition zones ranging from 3.33 ± 

1.52 to 4.00 ± 1.00 mm against both P. aeruginosa and S. aureus as detailed in Table 3.5.S2. 

These findings align with our previous observation that the antibacterial effectiveness of Mg 

BAG is not influenced by surface roughness. 

Although bacterial resistance to heavy metals such as Cd [277], Zn [278], Ag [279-281] and 

Cu [282] through efflux systems has been well-documented, and no resistance specifically to 

Mg2+ has been reported. This investigation revealed that the antibacterial activity of Mg-BAG 

could effectively kill both S. aureus and P. aeruginosa. Importantly, this effect was observed 

regardless of the surface roughness of the doped BAG samples. This outcome is promising 

because surface roughness is a property that facilitates bone integration [283], but also 

promotes bacterial attachment [284].  
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Figure 4. Evaluating the antibacterial efficacy of HAp, BAG and Mg-BAG, against P. 

aeruginosa and S. aureus. a) Live/Dead fluorescence micrographs depicting P. aeruginosa and 

S. aureus incubated on HAp, BAG, and Mg-BAG surfaces for 3 or 6 hours, providing visual 

evidence of antibacterial activity. Green and red fluorescent spots represent live and dead 

bacteria, respectively. The scale bar represents 20 µm. b) Quantitative analysis of bacterial cell 

viability derived from fluorescence micrographs, illustrating the comparative effectiveness of 

the samples. c) Zone of inhibition assay underscoring the antibacterial properties of Mg-BAG. 

n = 3 ± SD, **** p < 0.0001. 

The period right after bacteria attach is crucial, in determining if an infection will occur [285]. 

This early-stage action is critical in clinical scenarios where rapid infection prevention is 

required for successful implant integration [286]. The ions released from Mg-BAG interact 

with and disrupt processes within bacteria leading to damage and ultimately bacterial death. 

Bacteria cell surfaces are negatively charged due to components like the peptidoglycan layer, 

lipopolysaccharides and phosphate groups in the cell envelope. This charge facilitates the 

binding of metal ions [287, 288]. Research on how ions are released from Mg-BAG samples 

shows that Mg2+ are released from the surfaces of the doped glass, contributing to their 

combined antibacterial effect.  

Our previous research has shown that Mg-BAG is highly biocompatible and bioactive [22]. 

This combination of properties, along with antibacterial effectiveness, makes Mg-BAG 

bioceramics promising for use in applications. Additionally, their antibacterial properties could 

be especially beneficial for patients or situations with a risk of infection. 

3.2.3. Study antibacterial mechanisms of Mg-BAG  

Previous studies have demonstrated that Mg2+ can be used for antibacterial properties because 

it enhances the production of ROS, disrupts bacterial metabolic processes by engaging with the 

negatively charged components of the bacterial cell wall and membrane and creates an alkaline 

environment that hinders bacterial growth [17-19]. To investigate the ion release rate from Mg-
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BAG, we employed inductively coupled plasma mass spectrometry (ICP-MS) to quantify the 

ion concentrations for 3, 6 and 24 hours, as shown in Figure 3.4b. Interestingly, no significant 

differences were observed in ion release rate across surfaces. We observed Mg2+ concentration 

of 7.8 ppb/mm3 after 3 h, increasing to 10 ppb/mm3 at 6 h and then 11 ppb/mm3 at 24 h for Mg-

BAG samples.  

.  

Figure 3.4. The multifaceted antibacterial mechanisms of Mg-BAG bioceramics. a) Schematic 

representation of multi-target mechanisms of antibacterial action of Mg-BAG. b) 
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Quantification of Mg2+ release from rough and smooth surfaces of Mg-BAG over time. c) SEM 

images illustrate these altered morphologies of bacteria exposed to Mg-BAG, including 

wrinkled, uneven, and irregular shapes and swollen cells exhibiting signs of damage. d) 

Membrane potential of P. aeruginosa and S. aureus. E) CLSM micrographs of P. aeruginosa 

and S. aureus on doped bioceramics. Green fluorescence indicates a high degree of membrane 

polarisation. The scale bar represents 20 µm. n = 3 ± SD, ** p< 0.01. 

The study of the shapes of S. aureus and P. aeruginosa on modified bioceramics was conducted 

using microscopy (SEM) as shown in Figure 3.4c. Both bacterial strains showed changes in 

appearance on the smooth and rough surfaces of Mg-BAG. Specifically, the bacteria exhibited 

wrinkled, uneven, and irregular shapes when interacting with Mg-BAG. These alterations 

seemed to result in Mg2+ ions interacting with the negatively charged bacterial cell wall and 

membrane components, compromising their integrity and function. In contrast, bacteria 

exposed to HAp and BAG retained their original shapes, maintained their surface and preserved 

their membrane structure. 

To assess the mechanism behind the antibacterial effectiveness of Mg-BAG we examined the 

membrane potential of both bacteria after exposure to HAp, BAG and Mg BAG surfaces. This 

was done using the BacLightTM bacterial membrane potential kit. Ion pumps like the Na/K 

ATPase pump and the proton pumps (H+-ATPase) in bacteria are essential for maintaining the 

gradient across the cell membrane [289]. This gradient is crucial for functions such, as ATP 

production and nutrient absorption and contributes to a high membrane potential. Mg2+ can 

interfere, with the function of ion pumps by disrupting their normal operation. Mg2+ competes 

with ions like calcium ions (Ca2+) and potassium ions (K⁺) at binding sites in ATP-dependent 

pumps such as Na⁺/K⁺ ATPase. When Mg²⁺ binds to channels or pumps, it can change the 

shapes of these transport proteins reducing their effectiveness in maintaining ion gradients. 

Specifically, Mg2+ inhibits pumps that create proton gradients necessary for ATP production 

and energy generation.  
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Bacterial cells with functioning ion pumps preserve a membrane potential, indicated by a red 

fluorescence signal from the accumulation of the DiOC₂(3) dye in polarised cells. Conversely, 

when ion pumps are compromised by Mg2+ there is a membrane depolarisation, leading to a 

shift towards green fluorescence observed in cells exposed to Mg-BAG surfaces (Figures 3.4d 

and 3.4e). This shift signifies disrupted ion homeostasis further illustrating how Mg²⁺ impairs 

the integrity and function of bacterial membranes [290]. Thus, green fluorescence signifies 

bacteria with membranes, while red fluorescence indicates a membrane potential commonly 

observed in healthy, energised cells. Our results demonstrate depolarisation in bacteria exposed 

to Mg-BAG bioceramic, suggesting a disruption in membrane integrity. An analysis of bacterial 

samples adhering to BAG showed a red-to-green fluorescence ratio of approximately 1.4. In 

contrast, on the Mg-BAG, the ratio decreased to around 0.5, indicating a compromised 

membrane potential due to disrupted ion pumps. 

In the presence of ROS, the compound 2′− 7′- dichlorodihydrofluorescein diacetate (DCFH-

DA) undergoes oxidation into a highly fluorescent form known as 2′,7′-dichlorofluorescein 

(DCFH). This transformation enables the measurement of levels of ROS as illustrated in Figure 

3.5a. ROS are normally generated when Mg2+ interact with cellular components to initiate 

redox reactions, leading to the formation of ROS-like superoxide anions (O₂⁻), hydroxyl 

radicals (OH•) and hydrogen peroxide (H2O2) [291]. Our research findings indicated very low 

level ROS detected within P. aeruginosa and S. aureus cells growing on BAG surfaces (See 

Figures 3.5b and 3.5c). Remarkably, exposure to Mg-BAG surfaces resulted in a marked 3-4-

fold elevation of ROS production in both bacterial species, regardless of the roughness of the 

surface. This indicates that releasing Mg2+ ions from Mg-BAG surfaces induces ROS and Mg2+ 

can indirectly generate ROS through a redox reaction [292-294]. In the context of Mg2+, 

cellular enzymes, including NADPH oxidase, are activated and capable of accepting electrons 

to molecular oxygen (O2), leading to superoxide anion (O2⁻) generation. The Fenton reaction 
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can also occur with the involvement of Mg2+, in which hydrogen peroxide converts into highly 

reactive hydroxyl radicals [295]. These ROS can deliver oxidative stress to the bacterial cell, 

damaging lipids, proteins, and DNA, causing homeostasis dysregulation. It may cause leakage 

of cellular content and disequilibrium in ion gradients, inducing cell death. Therefore, the 

interaction between Mg2+ release, membrane disruption and ROS generation remarkably 

increases the antibacterial activity of these Mg-BAG surfaces, which strongly supports their 

applications as potent infective bacteria-controlling biomaterials. 

The localised alteration in pH occurs due to the release of Mg2+ ions from the material. When 

magnesium interacts with the environment, magnesium hydroxide is produced (Mg(OH)2) 

[296]. This process enhances the levels of alkalinity, leading to antibacterial properties [297]. 

Our research into properties uncovered a notable increase in pH levels in a solution containing 

Mg-BAG as shown in Figure 3.5.S4. This alkaline environment, created by releasing ions 

during the degradation of Mg-BAG, boosts the activity by disrupting their cellular functions 

that thrive in acidic conditions. The combined impact of the pH, Mg2+ release and ROS 

formation significantly improves the antibacterial potency of Mg-BAG. 

As membrane depolarisation can lead to loss of cell contents, we investigated the leakage of 

nucleic acids and proteins into the supernatant following incubation on Mg-BAg (Figure 3.6). 

The results show a significant increase in nucleic acids and proteins in the culture medium from 

bacteria exposed to Mg-BAG, compared to those on HAp and BAG. These findings highlight 

the significant impact of Mg-BAG surfaces on releasing nucleic acids and proteins from 

bacterial cells, indicating a disruption of cell envelope integrity. Interestingly, the actions of 

Mg-BAG are very similar to those of quaternary ammonium compounds (QACs), also cationic 

compounds that kill bacteria by interfering with the cell envelope and causing leakage of cell 

contents [298].  
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Figure 3.5. Intracellular ROS formation in P. aeruginosa and S. aureus. a) A schematic 

illustrating how the ROS detection assay works. The probe DCFH-DA enters the cells where 

intracellular esterases convert it into DCFH2 which stays inside the cell. When it interacts with 

ROS, DCFH2 is transformed into the fluorescent DCF allowing for the detection of ROS. b) 

Fluorescence measurements from CLSM images show the ROS produced in P. aeruginosa and 

S. aureus. Mg-BAG surfaces induce higher levels of ROS compared to HAp and BAG surfaces. 

The increase in ROS is likely due to the release of Mg2+ ions from the Mg-BAG stimulating 

reactions in the cells and causing stress. This ROS formation indicates oxidative damage in the 

bacterial cells. c) CLSM images of P. aeruginosa and S. aureus on the surface. Green 

fluorescence indicates the presence of ROS. The scale bar represents 30 µm. N = 3 ± SD, **** 

p < 0.0001. 
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Figure 3.6. Quantitative assessment of the leakage of intracellular components from bacterial 

cells following incubation on Mg-BAG. a) Measurement of protein leakage from P. aeruginosa 
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and S. aureus cells, reflecting the impact of these Mg-BAG on cellular membrane permeability 

and potential disruption of vital cellular processes. b) Evaluation of nucleic acid release from 

P. aeruginosa and S. aureus cells, indicating the extent of cellular membrane damage and the 

potential for compromised cellular integrity. 

3.2.4 Variation in lipids, proteins, and nucleic acids profiles observed using synchrotron 

ATR-FTIR microspectroscopy  

The potential enhancement of antibacterial activity by Mg-BAG may be due to a cooperative 

or synergistic effect arising from releasing metal ions during their contact with the 

microorganisms. Previous studies show that metal ions play a crucial role in the creation and 

breakdown of key macromolecules, including carbohydrates, lipids, proteins, and nucleic acids 

[299, 300]. Herein, we use Synchrotron-sourced macro attenuated total reflectance Fourier-

transform infrared (ATR-FTIR) microspectroscopy to elucidate the mechanisms behind the 

biomolecule changes induced by our Mg-BAG within bacterial cells (Figures 3.7a and 3.8a) 

[301-303]. By analysing three spectral regions containing crucial biomolecular information, 

including the ν(C-H) stretching modes representing lipid composition (3000-2850 cm-1), the 

amide I and II bands representing proteins (1700-1450 cm-1), and the vibrational modes related 

to nucleic acids and polysaccharides (1150-1000 cm-1). This approach provided valuable 

insights into the structural modifications induced by the Mg-BAG on bacterial cells. 

The resulting heat maps displayed variations in intensity within these spectral regions (Figures 

3.7b and 3.8b). Despite the normalisation of the maps, a noticeable decrease in intensity was 

observed in the C-H, amide II, and nucleic acid regions after exposure to Mg-BAG. 

Additionally, the score plots (Figures 3.7c and 3.8c) demonstrated distinct differences between 

the P. aeruginosa and S. aureus groups on BAG and Mg-BAG surfaces. We performed principal 

component analysis (PCA) to compare bacteria on undoped BAG and Mg-BAG surfaces 

(Figures 3.7d and 3.8d). The PCA score for the principal components, namely PC1, PC2, and 
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PC3, would represent the linear combination of variables that best distinguishes between the 

two groups. PC1 explains that most of the difference between the groups accounted for 95% of 

the difference between BAG and Mg-BAG. Similarly, for S. aureus, PC-1 accounted for 97% 

between BAG and Mg-BAG. This plot enabled the identification of absorption peaks 

representing noteworthy biomolecular differences, and the corresponding biomolecular 

compounds are summarised in Table 3.1. Within the lipid region, changes to the 

methyl/methylene groups of the phospholipids within the cell membrane were observed, as 

evidenced by the peaks at 2925 and 2852 cm-1. Most of the peaks in the PC-1 loadings were 

located in the amide bands, as indicated by the bands at 1954, 1637, 1514, 1452 and 1400 cm-

1. Changes in the 1236 and 1082 cm-1 bands demonstrated variations within the nucleic acid 

regions. These spectral changes suggest that biological damage has occurred at the molecular 

level. This damage can be attributed to various factors, including oxidative stress and exposure 

to surface interactions with antibacterial agents. The observed biomolecular changes align with 

the effects of ion release, ROS formation and membrane depolarisation.  

The lipid content, particularly phospholipids which are a dominant component of the bacterial 

membrane, is crucial for the structural integrity and function of the cell [304, 305]. These 

phospholipids can interact with metal cations with their reactive phosphoryl groups adjacent to 

carboxyl groups of unaltered lipids [306]. In addition, metal ions trigger the oxidation of 

susceptible amino acids, thereby reducing protein stability, impairing function, and marking 

them for degradation [184]. Changes in the spectra associated with protein peaks also make 

sense, considering the actions of oxidative stress upon cellular proteins. Proteins affected by 

oxidative stress can be unfolded, leaving them functionally inactive. This effect has 

repercussions for virtually all cellular metabolic processes, evidenced by the high rate of 

bacterial cell death. For example, the loss of membrane potential can be regarded as a direct 

repercussion of oxidative stress generated by the metal ions leached from Mg-BAG.  
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Furthermore, various metal ions have been known to enhance ROS levels, which leads to 

nucleic acid damage [184, 307]. Our study represents the first account of how Mg-BAG can 

cause changes in the lipids of P. aeruginosa and S. aureus, disrupt protein synthesis or stability, 

and interfere with the genetic material of the bacteria. 

 

Figure 3.7. Synchrotron-sourced macro-ATR-FTIR microscopy data identified biomolecular 

changes in P. aeruginosa after exposure to Mg-BAG. a) The average spectra from HCA. b) 

Synchrotron macro-ATR-FTIR maps. Scale bar present 5µm. c) The comparative principal 

component analysis (PCA) 3D score plots. d) PCA loading spectra for PC1.  



85 

 

Table 3.1. Summary of key wavenumbers for functional groups identified in the loading plots 

of P. aeruginosa and S. aureus. 

Bacterial cell Wavenumber 

(cm-1) 

Assignment Ref. 

P. aeruginosa 

and s. aureus 

~2925 

vas(C–H) from methylene (–CH2) groups of 

lipids 

[308, 

309] 

~2852 

vs(C–H) from methylene (–CH2) groups of 

lipids 

[308-

310] 

~1654 Amide I: α-helix 
[308, 

309] 

~1637 Amide I: antiparallel β-sheet 
[311, 

312] 

 

~1452 

~1514 

 

 

C–H stretching of CH2 and CH3 groups in 

cellular proteins, nucleic acids and lipids 

[308, 

309] 

~1452 

δas(CH3) of proteins (possibly in DNA and 

RNA) 

[308, 

309] 



86 

 

~1400 vs(COO-) associated with δs(CH3) of proteins 
[308, 

309] 

~1236  vas(PO2-) of DNA 
[313, 

314] 

 ~1080 

vs(PO2-) of the phosphodiester backbone of 

nucleic acids (DNA and RNA) and 

phospholipids 

[308, 

309] 

Our Mg-BAG bioceramics exhibit antibacterial activity due to the release of Mg2+, which 

disrupts bacterial cell membranes, impairing ion homeostasis and leading to increased 

intracellular ROS production, ultimately causing bacterial cell death. Unlike other metal-doped 

biomaterials, Mg-BAG avoids cytotoxicity ensuring excellent biocompatibility [22]. 

Therefore, Mg-Bag balances human osteoblast cells (HOBs) and antibacterial activity. They 

can also enhance the viability of MG63 cells (Figure 3.5.S5). That indicates no adverse effects 

on cell viability. This dual functionality makes Mg-BAG particularly advantageous in bone 

tissue engineering, where it can act as both a preventing infection agent and a regenerative 

scaffold. 
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Figure 3.8. Synchrotron-sourced macro-ATR-FTIR microscopy data identified biomolecular 

changes in S. aureus after exposure to Mg-BAG. a) The average spectra from HCA. b) 

Synchrotron macro-ATR-FTIR. Scale bar present 5µm. c) The comparative principal 

component analysis (PCA) 3D score plots. d) PCA loading spectra for PC1.  

These findings suggest that Mg-BAG is a promising multifunctional implant technology that 

can enhance the success rate of bone regeneration therapies by simultaneously promoting tissue 

integration and preventing infections. Balancing antibacterial activity with bone regenerative 

properties opens new avenues for designing Mg-BAG-coated implants or scaffolds that could 

significantly reduce infection risks and improve patient outcomes. 
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3.3 CONCLUSION 

In this study, we have successfully engineered the baghdadite by doping it with Mg2+ to impart 

antibacterial properties to the material. Our finding demonstrates the synergistic and broad-

spectrum antibacterial activity of Mg-BAG against both clinically relevant pathogens Gram-

negative P. aeruginosa and Gram-positive S. aureus. We have elucidated the multifaceted 

antibacterial mechanisms by analysing cell morphology, ROS formation, membrane potential, 

leakage of cell contents and biomolecular changes. This study represents a breakthrough in our 

understanding of Mg-BAG, highlighting their potential as next-generation multifunctional 

bioceramics for bone regeneration applications. However, the lack of pre-conditioning to 

simulate protein adsorption at the implant surface is a limitation; future studies will include in 

vivo models and a broader panel of clinically relevant bacteria to fully assess Bi-BAG’s 

translational potential 

3.4 EXPERIMENTAL SECTION 

Fabrication and Characterizations of Mg-BAG: HAp, BAG, and Mg-BAG discs were prepared 

following steps presented in a previous study using a solid-state synthesis route [22, 23]. The 

powders were mixed for 1 h at 100 rpm for BAG and 5h at 200 rpm for Mg-BAG using a 

planetary ball mill (PM400 Retsch, Germany). After homogenisation, the obtained mixture was 

calcined in an electric furnace (RHF, Carbolite UK) at 1300oC of Mg-BAG for 1350 °C of 

BAG. For the preparation of the discs, the calcined powders were ground in the planetary ball 

mill for 3 h at 150 rpm, then uniaxially pressed at 30 MPa to obtain disc-shaped green bodies. 

These were then sintered in an electric furnace (RHF, Carbolite UK) at 1300oC of Mg-BAG 

and 1350 °C of BAG to obtain disc samples.  Surface topography evaluation was conducted 

using optical 3D profilometry. The average roughness (Ra) was used in this study. The 
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elemental distribution diagrams were obtained through energy dispersive XPS (A Thermo 

Scientific K-alpha and analysed with CasaXPS software). 

Cultures and conditions: HAp, BAG, and Mg-BAG were tested for antibacterial activity 

against two bacterial strains: P. aeruginosa (ATCC 15692) and S. aureus (ATCC 25923). 

Bacterial strains were recovered from glycerol stocks stored at -80°C and streaked for purity 

on tryptone soy agar (TSA). One isolated colony of each species was transferred aseptically 

from TSA to 5 mL of tryptone soy broth (TSB) and cultured at 37 °C until the late log phase 

(approximately 6-8 h). Baghdadite and doped baghdadite samples were aseptically placed in 

sterile 24-well plates and immersed in 0.5mL of the 105 CFU/mL bacterial suspensions, then 

incubated for 3 or 6 h.  

Live/Dead® BacLight™ viability assay: CLSM was used to visualise and quantify the 

proportions of live and dead cells using the LIVE/DEAD® BacLight Bacterial Viability Kit 

(Molecular Probes, Invitrogen, USA), which contains SYTO9 and propidium iodide 

fluorescent dyes. SYTO9 enters all cells, binding to nucleic acids and fluorescing green. 

Propidium iodide (PI) only enters cells with disrupted membranes and has a stronger affinity 

for nucleic acids than SYTO9. PI fluoresces red and indicates dead or viable cells [315]. 

SYTO9 and PI were prepared in equal proportions at 1.5 µL/mL in phosphate-buffered saline 

(PBS), and 1 mL of the solution was used to immerse each sample for 15 minutes in the dark 

at room temperature. After staining, samples were imaged with a Zeiss_LSM880 (Zeiss, 

Oberkochen, Germany) CLSM. Using a dual emission filter, the CLSM was set up to image 

both live cells in green (Syto9, Ex/Em 480/500 nm) and dead cells in red (PI, Ex/Em 490/635 

nm).  

Colony enumeration: The colony forming unit (CFU) determination and log reduction data 

were performed.  Following incubation, sample discs were vortexed in PBS for 15 seconds, 
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then sonicated for 5 minutes before being vortexed for another 15 seconds and serially (1:10) 

diluted. In triplicate, serially diluted samples (10 µL) were dropped onto TSA plates and 

incubated for 18 hours at 37 °C. Viability assays were performed by standard plate counts, and 

the quantity of CFU per sample was calculated using the number of colonies counted, the 

aliquot size and the dilution factor. A log reduction value was calculated for the 2 sample types 

(BAG, Mg-BAG) compared to a HAp control.  

Zone of Inhibition: Bacterial lawn plates were prepared by transferring 100 µL aliquots of 

bacterial cell suspension (at 1x105 CFU/mL) onto a TSA plate and then evenly spreading it 

across the surface. Untreated and doped baghdadite discs were aseptically placed in defined 

quadrants of the plate and left to incubate overnight at 37 °C. The following day, the inhibition 

zones were measured by recording the radius from the centre of the disc to the perimeter of the 

clear zone of inhibition.  

SEM characterisation of bacterial morphology on the surface: SEM was used to observe the 

morphological changes according to previous studies [316]. Disc samples were cultured with 

bacteria (approx. 1 x 105 cfu/ml) and incubated in TSB medium at 37oC for 3 h and 6 h. After 

incubation, all discs were washed twice with PBS (pH 7.4) to remove unattached cells. The 

bacterial cells were fixed in 4% glutaraldehyde for 1 h at room temperature. The samples were 

dehydrated in sequential graded ethanol (30%, 50%, 70%, 90%, 100%). Finally, all samples 

were coated with 2nm platinum. Samples were then observed in a FEI Inspect F50 (FEI 

Company, Oregon, USA) at 5kV with a working distance of 5 mm.  

Ions release analysis: To assess the release of Mg ions from the Mg-BAG samples, we 

immersed the samples in 0.5 mL of TSB media at 37°C for 3 and 6 hours. After incubation, the 

supernatants were collected and centrifuged to remove debris or particles. The supernatants 

were then treated with HNO3 to dissolve any remaining solids and diluted to a concentration 
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of less than 5% to avoid matrix effects during ICP-MS analysis. The concentration of Mg2+ in 

the supernatants was measured using ICP-MS with a Varian 720-ES system from the United 

States. Standard solutions of known concentrations were prepared to calibrate the instrument 

before the analysis. The concentration of Mg ions in the samples was determined using the 

standard curve generated from the standards. 

The ROS level determination: To investigate the ROS levels in target bacteria, we used an 

intercellular ROS formation assessed using a DCFDA/H2DCFDA- Cellular ROS Assay Kit 

(ab113851, Abcam, USA). Following incubation with HAp, BAG and Mg-BAG samples, 

bacteria were incubated with DCFH-DA (50 µM) in the dark for 30 minutes according to the 

manufacturer's instructions. The samples were then immediately imaged with a Zeiss_LSM880 

CLSM using Ex/Em of 485/535 nm. Images were taken at three random locations per sample. 

The fluorescence intensity of each image was then determined using ImageJ v1.53a (NIH, 

Maryland, USA). The ROS level was calculated based on the fluorescence intensity of the DCF, 

which is converted to a highly fluorescent compound by ROS. Higher fluorescence intensity 

indicates higher ROS levels in the bacterial cells. 

Determination of cell membrane potentials: Following incubation, the membrane potential of 

bacterial cells was measured using the BacLight Bacterial Membrane Potential Kit (Invitrogen, 

ThermoFisher, Massachusetts, USA). The staining procedure was carried out according to the 

instructions of the manufacturer. The samples were immediately imaged using a 

Zeiss_LSM880 CLSM, Ex/Em 482/497 nm. 3 micrographs were taken randomly, and the 

images were imported into ImageJ v1.53a. Fluorescence intensity was measured in the green 

and red channels, and a red-to-green ratio was calculated using the acquired intensities.  

Leakage of intracellular nucleic acids and proteins: Following incubation on the baghdadite 

and doped baghdadite samples for 3h and 6h, we measured the optical density of the 
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supernatant at 260nm to quantify the nucleic acid content. The BCA (bicinchoninic acid) assay 

is commonly used for measuring protein concentration. To use this assay, a standard curve is 

first generated using known concentrations of a protein standard, such as bovine serum albumin 

(BSA). Protein samples and the BCA working reagent are added to a 96-well microplate. After 

incubating the plate for a specific amount of time at 37OC, the absorbance of each well is 

measured at a specific wavelength using a microplate reader. The protein concentration in the 

sample is determined by comparing the absorbance of the sample to the standard curve. Using 

a microplate reader to measure the absorbance of the samples allows for quick and accurate 

determination of the protein concentration in each well of the plate. 

Synchrotron macro-ATR-FTIR: To study the biochemical changes in bacterial cells exposed to 

BAG and Mg-BAG samples, we used synchrotron ATR-FTIR microspectroscopy at Australian 

Synchrotron. Bacterial cells were grown and treated according to the previous experimental 

design for 6 hours with the smooth group of BAG, Mg-BAG samples, after which they were 

collected and deposited onto the ATR crystal of the synchrotron microscope. ATR-FTIR spectra 

were then collected across the 3400-1000 cm-1 spectral range, allowing for the identification 

and quantification of various molecular vibrations and functional groups. The resulting spectra 

were then analysed using various chemometric methods, such as hierarchical clustering 

analysis (HCA), second derivative spectroscopy, and principal component analysis (PCA), to 

identify changes in the biochemical composition of the bacteria. HCA was used for quality 

control and to identify outlier spectra, while second-derivative spectroscopy enhanced the 

resolution of overlapping peaks. PCA was used to explore the treatment groups' clustering 

patterns and chemical composition differences. 

Statistical analyses: Statistical significance was evaluated using one-way analysis of variance 

(ANOVA) with Tukey's multiple comparisons test. p-value < 0.05 was considered statistically 
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significant. All experiments were performed in triplicate and data are presented as mean and 

standard deviation (SD). 

3.5 Supporting information 

3.5.1 Experimental section 

pH Measurement: Sterilized discs of HAp, BAG, and Mg-BAG were prepared and placed 

individually in 24-well plates. Each disc was immersed in 1 mL of TSB medium. The pH of 

the TSB medium was measured at three-time points: 0 hours (immediately after immersion), 3 

hours, and 6 hours. At each time point, the TSB medium from each well was thoroughly mixed 

to ensure uniformity, and the pH was recorded using a Thermo Fisher Scientific pH meter 

calibrated with standard pH buffers (pH 4.0, 7.0, and 10.0) before each measurement. All 

measurements were performed in triplicate for each group. The average pH values and standard 

deviations were calculated for each time point and plotted to compare the pH changes over 

time. 

MTT Assay for Cell Viability: Cell viability was evaluated at 1 and 3 days using the MTT assay. 

The culture medium was replaced with 200 µL of MTT reagent (0.5 mg/mL in serum-free 

medium), followed by incubation at 37°C for 4 hours. After the incubation period, the MTT 

solution was carefully removed, and the formazan crystals produced by metabolically active 

cells were dissolved in 200 µL of dimethyl sulfoxide (DMSO). The optical density (OD) of the 

dissolved formazan was measured at 570 nm using a microplate reader to quantify cell viability. 

Media without cells served as a negative control. Each experiment was performed in triplicate, 

and the results were reported as mean ± standard deviation (SD). 

Confocal microscopy for cell morphology: Cell morphology and cytoskeletal organisation 

were visualised using CLSM. At the selected time points (1 and 3 days), cells were fixed with 

4% paraformaldehyde for 20 minutes at room temperature. The discs were then permeabilised 
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with 0.1% Triton X-100 for 10 minutes. The actin cytoskeleton was stained using Alexa Fluor 

488-phalloidin (Thermo Scientific) for 90 minutes, and nuclei were counterstained with DAPI 

(Thermo Scientific) for 10 minutes. After staining, the samples were washed thoroughly with 

phosphate-buffered saline (PBS) to remove excess dyes. Confocal microscopy imaging was 

performed using a laser scanning microscope equipped with the appropriate filters. Alexa Fluor 

488-phalloidin was excited with a 488 nm laser, and emission was captured in the green 

fluorescence channel (approximately 500–550 nm). DAPI was excited with a 405 nm laser, and 

emission was captured in the blue fluorescence channel (approximately 450–490 nm). Images 

were acquired at a resolution sufficient to visualise the cytoskeletal and nuclear structures, and 

representative images were collected for each group. 

3.5.2 Result 

 

Figure 3.5.S1. Schematic diagram of the preparation and evaluation of the antibacterial activity 

of HAp, BAG and Mg-BAG. 



95 

 

 

Figure 3.5.S2. Antibacterial efficacy of HAp, BAG, Mg-BAG against P. aeruginosa and S. 

aureus. Quantitative analysis of zone of inhibition assay. n = 3 ± SD, **** p < 0.0001. 
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Figure 3.5.S3. Zone inhibition of HAp, BAG, Mg-BAG against P. aeruginosa and S. aureus. 

Quantitative analysis of zone of inhibition assay. n = 3 ± SD, **** p < 0.0001. 

 

Figure 3.5.S4. pH variability over time for different bioceramics. The pH changes at 0, 3, and 

6 hours for HAp, BAG and Mg-BAG. 

Table 3.5.S1. Summary of the rough measurement (µm) of HAp, BAG, Mg-BAG  

Rough surface HA 1.264± 0.051 

BAG 1.932± 0.268 

Mg-BAG 1.640± 0.180 

Smooth surface HA 0.115± 0.002 

BAG 0.347± 0.017 

Mg-BAG 0.223± 0.010 

Table 3.5.S2. Summary of zone inhibition (mm) of P. aeruginosa and S. aureus exposed to 

HA, BAG, Mg-BAG  

 

Bacteria 

 

Surface HA BAG Mg-BAG 

P. aeruginosa 

Rough ND 1.33 ± 0.57 4.00 ± 1.00 

Smooth ND 1.66 ± 0.57 4.33 ± 1.15 

S. aureus 

Rough ND ND 3.33 ± 1.52 

Smooth ND ND 4.00 ± 1.73 
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Figure 3.5.S5. Mg-BAG enhances MG63 cells viability. a) Absorbance values were observed 

after culturing cells onto HAp, BAG, and Mg-BAG for 1 day and 3 days. b) Cells on the surface 

of HAp, BAG, and Mg-BAG discs after 3 days of incubation, stained with phalloidin for the 

F-actin (Alexa Fluor 568, green) and DAPI for the nucleus (blue). 
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Abstract 

Chapter 4 focuses on studying the antibacterial activity and mechanisms of bismuth-doped 

baghdadite (Bi-BAG). Bismuth (Bi³⁺) was selected due to its well-documented broad-spectrum 

antibacterial activity and biocompatibility. Additionally, previous studies have shown that 

bismuth-doped baghdadite can enhance the radiopacity and human osteoblast cells, which is 

advantageous for postoperative imaging and implant monitoring. Therefore, this chapter 

investigates the antibacterial activity and mechanisms and biological responses of Bi-BAG, 

aiming to establish a multifunctional bioceramic with improved antimicrobial performance in 

infection prevention orthopaedic applications. This study investigates the multifunctional 

properties of bismuth-doped baghdadite (Bi-BAG) for its potent antibacterial activity against 

Gram-negative P. aeruginosa and Gram-positive S. aureus for preventing orthopaedic implant 

infection. Our pioneering biomaterial boasts antimicrobial activity without the incorporation 

of antibiotics, thus demonstrating significant promise in addressing the rising issue of antibiotic 

resistance. This work elucidates the multifaceted mechanisms of action of Bi-BAG, including 

its ability to disrupt bacterial membranes, generate intracellular ROS, and induce significant 

biochemical alterations in bacterial cells. Using advanced Synchrotron techniques such as 

macro-ATR-FTIR microspectroscopy, we analysed the biomolecular changes in bacteria 

exposed to Bi-BAG, while electron microscopy provided insights into morphological damage. 

Bi-BAG consistently showed higher bactericidal activity than BAG and HAp. Bi-BAG shows 

great promise as a biomaterial for infection prevention in biomedical implant applications. 
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4.1 INTRODUCTION 

The development of synthetic materials, such as scaffolds, aims to overcome the limitations of 

autografts and allografts [317]. BAG, a calcium silicate-based ceramic, retains 

biocompatibility and offers multifunctional properties, making it suitable for various 

applications in tissue engineering and regenerative medicine [318]. Recent studies have 

demonstrated that Bi-BAG structure enhances its radiopacity mechanical properties and 

bioactivity compared to unmodified BAG [23]. However, the antibacterial activity of this 

material has yet to be investigated. Tackling infection using antibiotics is problematic given the 

rise in AMR [319]. The alarming rise in AMR often referred to as "superbugs," has drastically 

reduced the efficacy of these treatments. To combat this problem, developing next-generation 

antimicrobial bioceramics holds immense promise for effectively preventing and mitigating 

the risk of implant-associated infections. Therefore, further research must explore the 

antibacterial properties of Bi-BAG to overcome existing limitations while addressing the 

pressing infection control issue.  

Infection rates fluctuate between 2-5% for routine implants [258]. However, they escalate to 

an alarming 30% in instances of open fractures [258, 259]. Treatment of implant-associated 

infections frequently necessitates revision surgery, which, although essential, bears a high 

recurrence rate (approximately 33%) and imposes a considerable financial burden ranging from 

$17,000 to $150,000 per patient [247]. Traditional treatment modalities, including implant 

replacement and extended antibiotic administration, further exacerbate the troubling uptick in 

AMR [262]. The WHO has issued an unequivocal warning: AMR could potentially claim 10 

million lives annually by 2050, thereby exceeding current cancer mortality rates and inflicting 

a catastrophic $100 trillion hit on the global economy [263]. Recent statistics suggest that AMR 
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is already on track to be accountable for nearly 10 million deaths by 2030, underscoring the 

pressing need to confront this crisis [320]. 

These infections, commonly instigated by Gram-negative P. aeruginosa and Gram-positive S. 

aureus, constitute a significant threat to the success of implants and the well-being of patients 

[82, 260, 261]. Both pose significant challenges due to their ability to form biofilms on implant 

surfaces. Biofilms offer a protective environment for bacteria, enhancing their resistance to 

antibiotics and the host immune response, which complicates treatment and increases the risk 

of chronic infection. P. aeruginosa is resistant to multiple antibiotics and can thrive in various 

environments, making it a formidable pathogen in implant-related infections. Similarly, S. 

aureus is a leading cause of implant-associated infections due to its virulence and resistance to 

conventional antibiotic therapies. 

Bi3+ recognised antimicrobial properties, when combined into a composite with BAG, can 

enhance its functionality by imparting strong antibacterial activity against pathogens 

commonly associated with implant-related infections. Bismuth compounds have garnered 

significant attention for their antibacterial properties in treating infections caused by 

Helicobacter pylori and other pathogenic bacteria [321]. The mechanisms through which 

bismuth exerts its antibacterial effects are multifaceted, involving interference with bacterial 

enzyme function, and modulation of biofilm formation. The sustained efficacy of bismuth 

drugs is notable, as there have been no reported resistant strains, which is attributed to their 

ability to target multiple pathways within the bacteria [322]. In this work, we aim to enhance 

baghdadite bioceramics by doping BAG with Bi3+ to produce Bi-BAG with antibacterial 

activity. 

Minimising bacterial attachment to the surface using control roughness could reduce the 

spreading of pathogens. Bacterial attachment occurs on a rougher surface compared to its 
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adhesion on a smooth surface [25]. On the other hand, bacteria have been found to colonise 

smooth surfaces, such as electropolished stainless steel [25]. Hence, surface roughness alone 

does not appear to predict bacterial attachment and surface topography needs to be considered 

next. This study investigates the antibacterial activity of bacteria on surfaces with micron and 

submicron scales. 

In this study, we explore the antibacterial activity of Bi-BAG against P. aeruginosa and S. 

aureus for orthopaedic implant applications (Figure 4.1).  The investigation researches the 

multifaceted antibacterial mechanisms of Bi-BAG, including reactive oxygen species 

generation within bacterial cells, membrane potential, and leakage of intracellular components. 

Furthermore, synchrotron-sourced macro-attenuated ATR-FTIR microspectroscopy is 

employed to analyse biomolecular changes in bacteria exposed to Bi-BAG, providing insights 

into its multi-target actions on bacterial components.  
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Figure 4.1. The schematic representation of Bi-BAG fabrication. a) The synthesis of Bi-BAG 

commences with the precursors within a ball mill, sintering in a furnace and ultimately being 

transformed into discs via a hydraulic press. b) The molecular architecture of Bi-BAG is 

depicted, showcasing the spatial arrangement of Ca, Zr, Si, Bi and O atoms. c) A disc-shaped 

Bi-BAG sample, with dimensions being specified (diameter = 14mm, thickness = 2mm) and 

an accompanying surface area (SA = 3.96 cm²) is calculated. d) A comparative analysis of 

micro- and nano-roughness surface between Bi-BAG interactions with bacteria on the surface.  
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4.2. RESULTS AND DISCUSSION 

4.2.1 Bi-BAG compositions and surface roughness 

In this study, Bi-BAG were synthesised using a solid-state method, and their structural and 

surface properties were thoroughly analysed using various spectroscopic techniques, including 

energy dispersive XRD, EDS and XPS. XRD confirms the crystalline phases of Bi-BAG 

compared to its baghdadite (Figure 4.2a). Elemental mapping of the Bi-BAG surface exhibited 

an even distribution of Ca, Zr, Si, O, and Bi (Figure 4.2b). The successful doping of Bi³⁺ into 

the BAG structure was further confirmed by the detection of characteristic Bi peaks in the EDS 

spectra, the clear elemental mapping of Bi, Ca, Zr, Si, and O, which showed a uniform 

distribution of these elements across the Bi-BAG surfaces (Figure 4.2c), provides evidence of 

the successful synthesis process achieving homogenous doping of Bi3+ throughout the surfaces. 

In addition, XPS illustrates successful Bi incorporation, with distinct Bi 4f peaks observed in 

the Bi-BAG samples (Figure 4.2d). This was in addition to the characteristic peaks for Ca, Zr, 

and Si, which were present in both BAG and Bi-BAG.  

A detailed analysis of surface topography using 3D profilometry revealed notable differences 

in surface roughness between rough and smooth Bi-BAG and BAG samples (Figures 4.2e and 

4.2f). Rough surfaces exhibited a micron scale, while smooth surfaces were a sub-micron scale. 

Quantitative surface roughness measurements confirmed that the rough surfaces had 

significantly higher irregularity than smooth ones (p<0.0001), in both Bi-BAG and BAG. This 

increased surface roughness is expected to play a key role in improving the biological 

performance of the material, as rougher surfaces have been shown to enhance cell adhesion 

and proliferation [323], critical factors for successful tissue integration in bone regeneration 

applications. 
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The combined results suggest that Bi-BAG, with its enhanced surface chemistry due to Bi³⁺ 

doping and the modifiable surface roughness, could offer superior performance compared to 

undoped BAG. Incorporating Bi potentially improves the antibacterial properties and provides 

the opportunity to tailor surface characteristics to optimise tissue interactions. These findings 

have important implications for designing next-generation biomaterials, particularly in 

antibacterial surfaces and tissue engineering, where surface composition and topography are 

crucial for ensuring biocompatibility, preventing infection, and promoting tissue regeneration. 

In summary, the successful doping of Bi³⁺ into BAG, along with the observed surface 

topography variations, suggests that Bi-BAG may have enhanced antibacterial activity and 

improved biological performance compared to conventional BAG. The ability to modulate 

surface roughness further allows for the customisation of the material for specific biomedical 

applications, such as implants, where antibacterial properties and tissue integration are critical 

for long-term success. 

4.2.2 Antibacterial activity of Bi-doped BAG 

The time shortly after the initial bacterial attachment represents a decisive period determining 

whether an infection will occur [29]. We evaluated the antibacterial activity of Bi-BAG against 

both P. aeruginosa and S. aureus, which are two pathogens that are strongly associated with 

IAIs for 3 hours and 6 hours [260]. The BacLightTM Live/Dead fluorescent dye assay assessed 

bacterial cell viability. Our findings revealed that after 3 h of bacterial incubation, unmodified 

BAG exhibited a moderate degree of antibacterial activity, resulting in approximately 12% 

dead cells. We compared this with HAp, a commonly used rough implant coating that promotes 

osteointegration [324], which did not possess any bactericidal effect against P. aeruginosa and 

S. aureus (Figure 4.3a & 4.3b). Conversely, Bi-BAG demonstrated a significant increase (p < 

0.001) in dead cells compared to BAG and HAp, accounting for approximately 70-80% of the 
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bacterial population for both bacterial species. Increasing the incubation duration to 6 h did not 

increase the proportion of dead cells, indicating Bi-BAG can eradicate most viable bacteria 

during the first 3 h of exposure. Furthermore, surface roughness did not have a significant 

influence on the bactericidal activity of Bi-BAG.  

 

Figure 4.2. Chemical and structural characterisation of Bi-BAG. a) XRD measurements of the 

crystalline phases of Bi-BAG compared to its baghdadite (BAG). b & c) Scanning electron 
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microscopy energy-dispersive X-ray spectroscopy. The scale bar is 20 µm. d) XPS 

measurements of the elemental composition and the chemical states of bismuth, calcium, 

zirconium and silicon embedded in the Bi-BAG.  e & f) A surface topography analysis was 

conducted using 3D profilometry, which quantified the surface roughness features. n = 3 ± SD, 

**** P < 0.0001. The scale bar represents 20 µm. 

To determine whether the observed antibacterial effects were contact-dependent, we employed 

a disk diffusion assay [275, 276] to evaluate the influence of leached compounds (Figure 4.3c 

& 4.3d). The BAG bioceramic, whether smooth or rough, exhibited negligible inhibition zones 

(~0.7 ± 0.55 mm) against P. aeruginosa, and demonstrated no inhibition zone against S. aureus. 

However, our engineered Bi-BAG displayed considerable inhibition zones (ranging from 3.33± 

1.52 to 5± 1.00 mm) against P. aeruginosa and S. aureus. Comparison of the inhibition zones 

between rough and smooth surfaces yielded no significant difference, aligning with our 

fluorescence-based measurements.  

Although bacterial resistance to heavy metals such as Cd [277], Zn [278], Ag [279-281], and 

Cu [282] through efflux systems has been well-documented, to date, we are not aware of any 

reports that document resistance specifically to Bi3+. This study revealed that the antibacterial 

activity of Bi-BAG is broad-spectrum, killing both Gram-negative P. aeruginosa and Gram-

positive S. aureus pathogens. Importantly, this effect was observed regardless of the surface 

roughness of the doped BAG samples. This outcome is promising because surface roughness 

is a property that facilitates bone integration [283], but also promotes bacterial attachment 

[284]. Hence, any increase in bacterial attachment elicited by rough-doped bioceramics can be 

counterbalanced by the synergy of the antibacterial action of the leached ions.  

Our previous studies showed that Bi-BAG possesses excellent biocompatibility with human 

osteoblast cells [22, 23]. Therefore, the combination of biocompatibility and antibacterial 

activity makes Bi-BAG bioceramics promising materials for orthopaedic applications. They 
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could be used to fabricate implants or scaffolds for bone tissue engineering. Furthermore, the 

antibacterial properties could make these materials particularly useful in high-risk patients or 

in situations where there is a high risk of infection. 

4.2.3 The influence of Bi-BAG on morphology and intracellular ROS 

The understanding of antibacterial mechanisms is a critical element in the development of 

antimicrobial materials, allowing for precise tailoring of performance based on physical and 

chemical characteristics. Toward this understanding, we used SEM analysis (Figure 4.4a) to 

evaluate morphological changes in both bacterial species after 6 h incubation with Bi-BAG.  

We noted distinct morphological changes on S. aureus and P. aeruginosa on both smooth and 

rough surfaces of Bi-BAG. Specifically, we identified the wrinkled and rough appearance of 

the cells, indicating a broad envelope-wide disturbance, thus explaining one contributor to cell 

death. This observation was independent of surface roughness, further supporting our previous 

results demonstrating an equivalent antibacterial effect for both surface topographies.  

The proposed antibacterial mechanism of Bi-BAG is illustrated in Figure 4.4b.  Bi³⁺ ions 

disrupt bacterial membranes and generate ROS within the bacterial cells. The interaction of 

Bi³⁺ ions with the bacterial membrane initiates oxidative stress, damaging essential cellular 

components such as proteins, lipids, and DNA, ultimately resulting in cell death. Quantitative 

analysis (Figure 4.4c) confirmed the time-dependent release of Bi3+ from Bi-BAG and its 

penetration into both bacterial strains.  The concentration of Bi3+ within the bacteria increased 

significantly over time, with the highest concentration observed after 24 h of incubation. In 

addition, in Gram-positive and Gram-negative bacteria, the anionic nature of the cell surface 

determined by peptidoglycan, lipopolysaccharides and phosphate heads of the lipid bilayer 

promotes the binding of metal cations [30, 31]. This result indicates that while a statistically 

significant increase in Bi3+ release was observed between 3 and 6 hours (Figure 4.4c), 
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measurable levels of Bi³⁺ were maintained in the medium up to 24 hours. 
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Figure 5. Bi-BAG enhances the antibacterial activity against P. aeruginosa and S. aureus. a) 

Confocal micrographs showing Live/Dead assay results for P. aeruginosa and S. aureus on 

rough and smooth surfaces of BAG and Bi-BAG materials after 3 and 6 hours of incubation. 

Green fluorescence (Syto9) represents live cells, and red fluorescence (PI) represents dead 

cells. b) Quantification of dead cells (%) obtained from confocal micrographs. c) Zone of 

inhibition assay. d) Quantitative measurements of the inhibition zone (mm) for P. aeruginosa 

and S. aureus. e) Log reduction in colony forming units (CFUs) of P. aeruginosa and S. aureus 

after 3 and 6 hours of surface exposure.  n = 3 ± SD, **** P < 0.0001. 

We employed the DCFH-DA staining assay to measure the intracellular oxidative stress 

induced by Bi-BAG (Figure 4.4d). Initially, DCFH-DA is a non-fluorescent compound that 

enters cells and is converted into DCFH by intracellular esterase. In the presence of ROS, 

DCFH oxidises to the highly fluorescent compound DCF, allowing ROS levels to be quantified. 

Our findings revealed no substantial intracellular ROS in P. aeruginosa and S. aureus cells 

cultured on BAG surfaces (Figures 4.4e and 4.4f). However, when exposed to Bi-BAG, 

regardless of the surface roughness, we observed a remarkable 3 to 4-fold increase in ROS 

generation in both P. aeruginosa and S. aureus cells. This suggests that metal ion release from 

Bi-BAG surfaces stimulates intracellular ROS production, resulting in oxidative stress and 

subsequent bacterial damage. It is well documented that metal ions increase intracellular ROS 

generation [28], which can subsequently damage various cell components. One example is 

oxidative damage to lipids, which creates lipid peroxides that can influence membrane 

permeability and disrupt ion channels and homeostasis [29]. The downstream effect of this can 

be loss of cell contents and disruption of electrochemical gradients. 
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Figure 4.4. Antibacterial mechanisms of Bi-BAG against P. aeruginosa and S. aureus 

involving Bi3+ release and intracellular ROS generation. a) SEM images showing the 

morphology changes of P. aeruginosa and S. aureus after 24 h of incubation with Bi-BAG. b) 

A schematic depicting Bi³⁺ ions causing intracellular ROS production, damaging bacterial 
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components, and multiple events contributing to cell death. c) Quantification of Bi3+ release 

from Bi-BAG after 3 h, 6 h, and 24 h. d) The ROS detection mechanism using DCFH-DA kits 

is schematically illustrated. ROS generated inside bacterial cells oxidises the reagent to 

fluorescent DCF, enabling the visualisation of oxidative stress. e) Confocal microscopy images 

showing ROS generation (green fluorescence) in P. aeruginosa and S. aureus after 3 h and 6 h 

incubation with Bi-BAG. f) Quantification of ROS fluorescence intensity. n = 3 ± SD, * P < 

0.05, ** P < 0.01, **** p < 0.0001. 

The results of this study provide strong evidence that doping baghdadite with Bi³⁺ ions 

significantly enhances its antibacterial properties against both P. aeruginosa and S. aureus. The 

SEM analysis indicates that Bi-BAG disrupts bacterial cell membranes more effectively than 

BAG. The ROS data corroborates these findings, as the increased ROS production in Bi-BAG 

leads to oxidative stress and bacterial death. These findings have significant implications for 

the development of bioceramic materials in biomedical applications, particularly in the 

prevention of implant-associated infections. By enhancing the antibacterial properties of 

baghdadite through Bi³⁺ doping, Bi-BAG emerges as a promising material for use in 

orthopaedic implants for infection prevention. The ability to tailor surface roughness to 

optimise antibacterial efficacy without relying on external antibiotic use presents a valuable 

strategy for mitigating the growing threat of AMR. 

4.2.4 The influence of Bi-BAG on membrane polarisation and leakage of intracellular 

contents 

The mechanism of antibacterial activity of Bi-BAG was further evaluated by examining its 

effects on bacterial membrane polarisation, protein leakage, and nucleic acid leakage. We 

measured the membrane potential of both pathogens following incubation on the BAG and Bi-

BAG, using the BacLightTM bacterial membrane potential kit. Healthy cells with functional ion 

pumps have a high membrane potential due to the continuous maintenance of an 

electrochemical gradient between the cytoplasm and the extracellular environment. This 
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enables the visualisation of membrane polarisation through a red-shifted signal in healthy cells. 

In contrast, cells with compromised membranes exhibit a fluorescent shift towards the green 

spectrum (Figure 4.5a) [30]. The ratio of red to green signal intensities is a quantitative measure 

of net membrane depolarisation. Our results reveal significant membrane depolarisation in 

bacteria exposed to Bi-BAG bioceramic, indicating a disruption in membrane integrity. 

Analysis of the bacterial samples adhered to BAG determined that the ratio of red to green 

fluorescence was approximately 1.3. In contrast, the red-to-green ratio was lowered to 

approximately 0.5 in samples incubated on Bi-BAG. This is indicative of a compromised 

membrane potential resulting from disrupted ion pumps. 

As membrane depolarisation can lead to loss of cell contents, we investigated the leakage of 

nucleic acids and proteins into the supernatant following incubation on Bi-BAG (Figure 4.5b 

& 4.5c). We noted a significant increase (P < 0.0001) in both nucleic acids and proteins in the 

culture medium from bacteria exposed to Bi-BAG, in comparison to those on undoped 

baghdadite, independent of the surface roughness. These findings highlight the significant 

impact of Bi-BAG surfaces on releasing nucleic acids and proteins from bacterial cells, further 

supporting the disruption of cell envelope integrity. Interestingly, the actions of Bi-BAG are 

very similar to those of quaternary ammonium compounds (QACs), which are also cationic 

compounds that kill bacteria by interfering with the cell envelope and causing leakage of cell 

contents [31].  
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Figure 6. Effect of Bi-BAG on bacterial membrane potential and leakage of cell contents. a) 

Fluorescence micrographs and quantification of P. aeruginosa and S. aureus incubated on 
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BAG and Bi-BAG, showing membrane damage using a LIVE/DEAD BacLightTM Bacterial 

membrane potential. Scale bar = 10 μm.  The fluorescence ratio (red/green) indicates the extent 

of membrane damage.  *** indicate significant differences p < 0.001. b) Quantifying protein 

leakage from P. aeruginosa and S. aureus after 0 h, 3 h, and 6 h incubation with BAG and Bi-

BAG. c) Quantification of nucleic acid leakage from P. aeruginosa and S. aureus after 0 h, 3 

h, and 6 h of incubation with BAG and Bi-BAG. Data are presented as mean ± SD (n = 3). 

**** indicate significant differences p < 0.0001. 

4.2.5 Bi-BAG multi-targets biomolecules including lipids, proteins and nucleic acids 

This study used Synchrotron Macro ATR-FTIR microspectroscopy to analyse the biochemical 

changes in P. aeruginosa and S. aureus upon exposure to BAG and Bi-BAG surfaces. The aim 

was to evaluate the impact of Bi-BAG on the bacterial biomolecule alternation and to 

understand the mechanisms of Bi-BAG enhanced antibacterial activity. 

In P. aeruginosa, the heatmaps (Figure 4.6a) revealed significant differences between bacteria 

exposed to BAG and Bi-BAG. In the C-H (3000–2800 cm-1), amide II (1705–1600 cm-1), and 

polysaccharide (1200–1000 cm-1) regions, Bi-BAG-treated bacteria showed notably lower 

absorbance compared to those on BAG, indicating a disruption of lipid, protein, and 

carbohydrate components of the bacterial cell membrane. The reduction in the Polysaccharide 

region suggests degradation or damage to the bacterial cell wall, primarily composed of 

peptidoglycans and polysaccharides. The PCA (Figure 4.6b) further highlighted the differences 

between BAG and Bi-BAG-treated bacteria. The PCA 3D plot shows distinct clustering of the 

spectra for P. aeruginosa exposed to the two materials, with 94% of the variation captured in 

the first principal component. This separation indicates significant biochemical alterations 

induced by Bi-BAG. The PCA loadings plot (Figure 4.6c) identified key wavenumbers that 

contributed to this differentiation, notably in the C-H stretching (~2913 cm-1), Amide II (~1643 

cm⁻¹), and polysaccharide (~1082 cm⁻¹) regions. These findings confirm that Bi-BAG causes 

substantial disruption of the bacterial membrane and intracellular components. 
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Similarly, in S. aureus, the heatmaps (Figure 4.6d) showed significant reductions in the same 

biochemical regions when exposed to Bi-BAG. The lower absorbance in the C-H, Amide II, 

and Polysaccharide regions indicates that Bi-BAG disrupts the lipid membrane, protein 

structures, and polysaccharide components of S. aureus more effectively than BAG. The 

polysaccharide region, associated with bacterial cell wall integrity, exhibited particularly low 

absorbance on Bi-BAG surfaces, suggesting that Bi-BAG severely compromises the cell wall 

structure of S. aureus. 

The PCA 3D plot for S. aureus (Figure 4.6e) confirmed these observations, showing a clear 

distinction between the biochemical profiles of bacteria exposed to BAG and Bi-BAG, with 

97% of the variation captured by the first principal component. The PCA loadings plot (Figure 

6F) identified significant differences in the C-H (~2963 cm-1), Amide II (~1550 cm-1), and 

polysaccharide (~1082 cm-1) regions, corroborating the biochemical damage caused by Bi-

BAG (Figure 4.6F). 

The results from Synchrotron macro-ATR-FTIR microspectroscopy demonstrate that Bi-BAG 

significantly alters the biomolecule composition of both P. aeruginosa and S. aureus. The 

decreased absorbance in the lipid (C-H), protein (Amide II), and carbohydrate (Polysaccharide) 

regions for both bacterial strains suggest that Bi³⁺ doping disrupts multiple components of 

bacterial cell structure, leading to cell membrane damage, protein denaturation, and 

degradation of polysaccharides. These changes align with the antibacterial mechanisms above, 

including intracellular ROS formation, membrane disruption and interference with bacterial 

cell wall synthesis. 
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Figure 4.6. Synchrotron cacro ATR-FTIR microspectroscopy analysis of biochemical changes 

in P. aeruginosa and S. aureus exposed to BAG and Bi-BAG surfaces. a & d) Heatmaps of 

absorbance in the C-H (3000–2800 cm⁻¹), Amide II (1705–1600 cm⁻¹), and Polysaccharide 

(1200–1000 cm⁻¹) regions for P. aeruginosa, and S. aureus, respectively. The scale bar 

represents 20 µm. b & e) Principal Component Analysis (PCA) 3D plots comparing the spectral 

differences. c & f) Loading plots of PCA components, showing key wavenumbers that 

contributed to separating bacterial spectral data on BAG and Bi-BAG.  

The PCA results support these findings by showing a distinct separation between the spectra 

of bacteria exposed to BAG and Bi-BAG. This clear distinction confirms that Bi-BAG induces 

significantly more biochemical changes in bacterial cells than BAG which likely accounts for 

its enhanced antibacterial efficacy. 

Overall, these findings highlight the potential of Bi-BAG as an antibacterial material for 

biomedical applications, particularly in preventing infections on implant surfaces. The ability 

to disrupt essential biochemical pathways in Gram-negative and Gram-positive bacteria 

underscores its broad-spectrum antibacterial activity, making it a promising alternative to 

conventional antibiotic-loaded materials. 

4.2.6 Bi-BAG enhanced HOBs and anti-inflammatory 

To evaluate the biocompatibility of Bi-BAG, this study was conducted to understand cellular 

interactions, viability, and immunomodulation. Confocal imaging was used to analyse the 

morphology and cytoskeletal organisation of HOBs cells on rough and smooth surfaces of the 

materials, providing insights into cell attachment and proliferation. Confocal microscopy 

(Figure 4.7a) showed HOBs cell morphology on HAp, BAG, and Bi-BAG surfaces. HOBs 

cells cultured on Bi-BAG demonstrated enhanced attachment and well-organized actin 

cytoskeletal structures compared to those on BAG and HAp. On both rough and smooth 

surfaces, Bi-BAG facilitated denser cell coverage, with elongated cell morphology indicative 

of favourable cell-material interactions. This can be attributed to Bi-BAG improves surface 

chemistry, facilitating better cell-material interactions. 
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Figure 7. Confocal microscopy and biological assay analysis of HOBs cells and macrophages. 

a) Confocal micrograph of HOBs cells stained with DAPI (blue) to visualise nuclei and 
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Phalloidin to label the F-actin cytoskeleton demonstrating cell morphology and organisation. 

b) MTT assay results indicating the viability of HOBs cells under different conditions. c) Anti-

inflammatory response of macrophages quantified by ELISA Kit with specific inflammatory 

markers.  

The MTT assay was employed to quantify metabolic activity as an indicator of cell viability, 

assessing the materials' bioactivity over time. The MTT assay (Figure 4.7b) quantified the 

metabolic activity of HOBs cells on surfaces over 1, 3, and 7 days. Bi-BAG consistently 

demonstrated the highest cell viability, with significantly higher optical density (OD 570 nm) 

values compared to BAG and HAp (p < 0.001). This trend was observed across all time points, 

with the most pronounced difference on day 7. These results indicate that Bi-BAG promotes 

cellular metabolic activity and proliferation more effectively than HAp and BAG. BAG also 

showed moderate improvement in cell viability over HAp, further supporting the role of 

material composition in enhancing bioactivity. Therefore, Bi-BAG is more bioactive material 

than undoped BAG and HAp. 

Furthermore, macrophage cytokine profiling was performed to investigate the 

immunomodulatory potential of Bi-BAG for minimising inflammation and promoting tissue 

integration. The cytokine assay (Figure 4.7c) measured the secretion of IL-10 (anti-

inflammatory cytokine), TNF-α, and IL-6 (pro-inflammatory cytokines) by macrophages 

cultured on HAp, BAG and Bi-BAG compared to tissue culture plate as a control (TCP). Bi-

BAG significantly increased IL-10 levels compared to BAG and HAp (p < 0.001), highlighting 

its anti-inflammatory potential. Conversely, Bi-BAG significantly reduced the secretion of 

TNF-α and IL-6 (p < 0.001), indicating its ability to suppress inflammation. Cytokine profiling 

provided critical insights into the immunomodulatory potential of the materials. Bi-BAG's 

ability to enhance IL-10 secretion while suppressing TNF-α and IL-6 suggests that it can create 

an anti-inflammatory environment conducive to healing and integration. These cytokine shifts 

are consistent with Bi3+ mediated blockade of the NF-κB axis coupled with STAT3-dominated 
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IL-10 induction [325, 326]. This property is particularly advantageous for implant applications, 

where excessive inflammation can hinder tissue integration and long-term success. 

4.3 CONCLUSION 

The relatively similar antibacterial profiles of Mg-BAG and Bi-BAG suggest that the 

baghdadite ceramic itself may contribute to antimicrobial activity, potentially through ionic 

dissolution products such as Ca2+, Si4+, and Zr4+. These may act synergistically with the doped 

ions (Mg2+ or Bi3+), creating a hostile microenvironment for bacteria. This study demonstrates 

that Bi-BAG is a potent antibacterial material, effectively inhibiting P. aeruginosa and S. 

aureus, two major pathogens responsible for implant-associated infections. Combining Bi³⁺ ion 

release, ROS generation, and bacterial membrane disruption positions Bi-BAG as a promising 

alternative to BAG. Synchrotron-based ATR-FTIR microspectroscopy provided valuable 

insights into the biochemical alterations in bacterial cells, while electron microscopy confirmed 

the extensive morphological damage induced by Bi-BAG. Importantly, the antibacterial 

activity of Bi-BAG is independent of surface roughness, further enhancing its potential for 

clinical applications. Additionally, this study demonstrates that Bi-BAG supports the 

attachment, proliferation, and viability of HOB cells and promotes an anti-inflammatory effect. 

These findings indicate that Bi-BAG prevents bacterial infections, enhances HOBs, and 

reduces inflammation. Bi-BAG emerges as promising for improving implant success. 

4.4 MATERIAL AND METHODS 

4.4.1 Fabrication and Characterisations of Bi-BAG  

BAG and Bi-BAG discs were prepared following the steps presented in previous studies [23]. 

In brief, BAG and Bi-BAG were prepared using a solid-state synthesis route. The powders 

were mixed for 1 h at 100 rpm for BAG using a planetary ball mill (PM400 Retsch, Germany). 

After homogenisation, the obtained mixture was calcined in an electric furnace (RHF, Carbolite 
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UK) at 1350 °C of BAG and Bi-BAG for 3 h. For the preparation of the discs, the calcined 

powders were ground in the planetary ball mill for 3 h at 150 rpm, then uniaxially pressed at 

300 MPa to obtain disc-shaped green bodies. These were then sintered in an electric furnace 

(RHF, Carbolite UK) at 1350°C of BAG and Bi-BAG for 3 h to obtain disc samples.  Surface 

topography evaluation was conducted using optical 3D profilometry. The average roughness 

(Ra) was used in this study. The elemental analysis was carried out by using scanning electron 

microscope energy dispersive X-ray (SEM-EDS) and  X-ray photoelectron spectroscopy (XPS) 

(A Thermo Scientific K-alpha and analysed with CasaXPS software). 

4.4.2 Cultures and conditions 

BAG and Bi-BAG were tested for antibacterial activity against two bacterial strains: 

Pseudomonas aeruginosa (ATCC 15692) and Staphylococcus aureus (ATCC 25923). Bacterial 

strains were recovered from glycerol stocks stored at -80°C and streaked for purity on tryptone 

soy agar (TSA). One isolated colony of each species was transferred aseptically from TSA to 

5 mL of tryptone soy broth (TSB) and cultured at 37 °C until the late log phase (approximately 

6-8 h). Baghdadite and doped baghdadite samples were aseptically placed in sterile 24-well 

plates and immersed in 0.5mL of the 105 CFU/mL bacterial suspensions, then incubated for 3 

or 6 h.  

4.4.3 Live/Dead® BacLight™ viability assay 

Confocal laser scanning microscopy (CLSM) was used to visualise and quantify the 

proportions of live and dead cells using the LIVE/DEAD® BacLight Bacterial Viability Kit 

(Molecular Probes, Invitrogen, USA), which contains SYTO9 and propidium iodide 

fluorescent dyes. SYTO9 enters all cells, binding to nucleic acids and fluorescing green. 

Propidium iodide (PI) only enters cells with disrupted membranes and has a stronger affinity 

for nucleic acids than SYTO9. PI fluoresces red and indicates dead or viable cells [42]. SYTO9 
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and PI were prepared in equal proportions at 1.5 µL/mL in phosphate-buffered saline (PBS), 

and 1 mL of the solution was used to immerse each sample for 15 minutes in the dark at room 

temperature. Samples were immediately imaged with a Zeiss LSM880 (Zeiss, Oberkochen, 

Germany) CLSM. Using a dual emission filter, the CLSM was set up to image both live cells 

in green (Syto9, Ex/Em 480/500 nm) and dead cells in red (PI, Ex/Em 490/635 nm).  

4.4.4 Colony enumeration 

The colony forming unit (CFU) determination and log reduction data (Figure S4, Supporting 

Information) were performed.  Following incubation, sample discs were vortexed in PBS for 

15 seconds, then sonicated for 5 minutes before being vortexed for another 15 seconds and 

serially (1:10) diluted. In triplicate, serially diluted samples (10 µL) were dropped onto TSA 

plates and incubated for 18 hours at 37 °C. Viability assays were performed by standard plate 

counts, and the quantity of CFU per sample was calculated using the number of colonies 

counted, the aliquot size and the dilution factor. A log reduction value was calculated for the 3 

sample types (BAG and Bi-BAG), in comparison to a HAp control.  

4.4.5 Zone of Inhibition 

Bacterial lawn plates were prepared by transferring 100 µL aliquots of bacterial cell suspension 

(at 1x106 CFU/mL) onto a TSA plate and then evenly spreading it across the surface. Untreated 

and doped baghdadite discs were aseptically placed in defined quadrants of the plate and left 

to incubate overnight at 37 °C. The following day, the inhibition zones were measured by 

recording the radius from the centre of the disc to the perimeter of the clear zone of inhibition.  

4.4.6 SEM characterisation of bacterial morphology on the surface 

SEM was used to observe the morphological changes according to previous studies [43]. Disc 

samples were cultured with bacteria (approx. 1 x 106 CFU/ml) and incubated in TSB medium 
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at 37°C for 3 h and 6 h. After incubation, all discs were washed twice with PBS (pH 7.4) to 

remove unattached cells. The bacterial cells were fixed in 4% glutaraldehyde for 1 h at room 

temperature. The samples were dehydrated in sequential graded ethanol (30%, 50%, 70%, 90%, 

100%). Finally, all samples were coated with 2nm platinum. Samples were then observed in a 

FEI Inspect F50 (FEI Company, Oregon, USA) at 5kV with a working distance of 5 mm.  

4.4.7 Ion release analysis  

To assess the release of Bi3+ ions from the BAG and Bi-BAG samples, we immersed the 

samples in 0.5 mL of TSB media at 37°C for 3 and 6 hours. After incubation, the supernatants 

were collected and centrifuged to remove debris or particles. The supernatants were then treated 

with HNO3 to dissolve any remaining solids and diluted to a concentration of less than 5% to 

avoid matrix effects during ICP-MS analysis. The concentration of Bi3+ in the supernatants was 

measured using inductively coupled plasma-mass spectrometry (ICP-MS) with a Varian 720-

ES system from the United States. Standard solutions of known concentrations were prepared 

to calibrate the instrument before the analysis. The concentration of Bi3+ ions in the samples 

was determined using the standard curve generated from the standards. 

4.4.8 Quantification of intracellular reactive oxygen species (ROS) 

To investigate the presence of ROS in target bacteria, we used an intercellular ROS formation 

assay utilising DCFDA/H2DCFDA- Cellular ROS Assay Kit (ab113851, Abcam, USA). 

Following incubation with BAG and Bi-BAG samples, bacteria were incubated with DCFH-

DA (50 µM) in the dark for 30 minutes according to the manufacturer's instructions. The 

samples were immediately imaged with a Zeiss LSM880 CLSM using Ex/Em of 485/535 nm. 

Images were taken at three random locations per sample. The fluorescence intensity of each 

image was then determined using ImageJ v1.53a (NIH, Maryland, USA). The ROS level was 

calculated based on the fluorescence intensity of the DCF, which is converted to a highly 
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fluorescent compound by ROS. Higher fluorescence intensity indicates higher ROS levels in 

the bacterial cells. 

4.4.9 Evaluation of membrane depolarisation 

Following incubation, the membrane potential of bacterial cells was measured using the 

BacLight Bacterial Membrane Potential Kit (Invitrogen, ThermoFisher, Massachusetts, USA). 

The staining procedure was carried out according to the manufacturer’s instructions. The 

samples were immediately imaged using a Zeiss LSM880 CLSM, Ex/Em 482/497 nm. 3 

micrographs were taken randomly, and the images were imported into ImageJ v1.53a. 

Fluorescence intensity was measured in the green and red channels, and a red-to-green ratio 

was calculated using the acquired intensities.  

4.4.10 Leakage of intracellular nucleic acids and proteins 

Following incubation on the BAG and Bi-BAG samples for 3h and 6h, we collect supernatant 

and centrifuge 13000 rpm for 5 minutes to remove the bacterial cells. Then, we measured the 

optical density of the supernatant at 260nm to quantify the nucleic acid content. The BCA 

(bicinchoninic acid) assay is commonly used for measuring protein concentration. To use this 

assay, a standard curve is first generated using known concentrations of a protein standard, 

such as bovine serum albumin (BSA). Protein samples are then added to a 96-well microplate, 

along with the BCA working reagent. After incubating the plate for 30 minutes at 37°C, the 

absorbance of each well is measured at 562 nm using a microplate reader. The protein 

concentration in the sample is determined by comparing the absorbance of the sample to the 

standard curve. Using a microplate reader to measure the absorbance of the samples allows for 

quick and accurate determination of the protein concentration in each well of the plate. 
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4.4.11 Synchrotron-sourced macro-ATR-FTIR 

To investigate the biomolecular changes in bacterial cells exposed to BAG and Bi-BAG, 

synchrotron ATR-FTIR microspectroscopy was performed at the Australian Synchrotron, 

Victoria. Bacterial cells were cultured and treated according to the previously established 

experimental design, using the smooth group of BAG and Bi-BAG samples for a 6-hour 

exposure. Post-treatment, the bacterial cells were collected and carefully deposited onto the 

ATR crystal of the synchrotron microscope. ATR-FTIR spectra were acquired across the 

spectral range of 3400–1000 cm⁻¹, enabling the detection and quantification of molecular 

vibrations and functional groups. The collected spectra were subjected to detailed chemometric 

analysis, including HCA, second-derivative spectroscopy, and PCA. HCA was applied for 

quality control and the identification of outlier spectra. Second-derivative spectroscopy 

improved the resolution of overlapping spectral peaks, facilitating more precise interpretation. 

PCA was employed to explore clustering patterns and differences in the chemical composition 

between the treatment groups, providing insights into the biomolecular effects of BAG and Bi-

BAG on bacterial cells. 

4.4.12. HOBs viability on HAp, BAG and Bi-BAG 

HAp, BAG, and Bi-BAG discs were sterilised using ultraviolet (UV) light for 20 minutes. The 

sterilised discs were placed individually into 24-well plates, with each group containing three 

replicates. HOBs were seeded onto the surface of each disc at a density of 3x104 cells per disc 

in 90 μL of cell suspension. The plates were incubated at 37°C for 90 minutes for initial cell 

attachment. After the attachment period, each disc was carefully transferred to a new well to 

avoid interference from unattached cells. Subsequently, 1 mL of culture medium was added to 

each well, and the samples were incubated under standard conditions (37°C, 5% CO₂) for 1, 3, 

or 7 days. Then, MTT and CLSM assays were carried out. 
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HOBs cells were fixed with 4% paraformaldehyde for 20 minutes. The coatings were then 

incubated with 0.1% Triton-X (Sigma) for 10 min. Next, it was incubated with Alexa 488-

phalloidin (Thermo Scientific) for 90 min. Subsequently, DAPI (Thermo Scientific) was 

applied and incubated for 10 min. The coatings were then washed with 2 mL of PBS afterwards. 

CLSM was used to image phalloidin and DAPI stained samples using ZEISS LM800 and 

analysed with ZEN (blue) and Imaris software. 

4.4.13 MTT assay for cell viability 

At each time point (1, 3, and 7 days), cell viability was assessed using the MTT assay. The 

culture medium was replaced with 200 μL of MTT reagent (0.5 mg/mL in serum-free medium), 

and the discs were incubated at 37°C for 4 hours. After incubation, the MTT solution was 

carefully aspirated, and the formazan crystals formed by metabolically active cells were 

dissolved by adding 200 μL of dimethyl sulfoxide (DMSO). The optical density (OD) of the 

resulting solution was measured at 570 nm using a microplate reader to quantify cell viability. 

Media without cells served as the negative control. All experiments were conducted in 

triplicate, and the data were reported as mean ± standard deviation (SD). 

4.4.14 Anti-inflammatory assay 

Macrophage experiments were conducted using THP-1 cells differentiated into macrophages. 

THP-1 cells were cultured in RPMI-1640 medium supplemented with 10% FBS and 1% PS. 

Differentiation was induced by treating the cells with 100 ng/mL of phorbol 12-myristate 13-

acetate (PMA) for 24 hours. After differentiation, macrophages were washed with PBS and 

seeded onto sterilised discs in 24-well plates at a density of 5x 104 cells per well. 

The macrophages were incubated on the discs for 24 hours, after which the culture supernatants 

were collected and analysed for cytokine levels. The concentrations of IL-10, TNF-α, and IL-

6 were measured using enzyme-linked immunosorbent assay (ELISA) kits (Invitrogen, Thermo 
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Fisher Scientific) according to the manufacturer’s instructions. Absorbance was measured at 

450 nm using a microplate reader, and cytokine concentrations were calculated using standard 

curves. All experiments were performed in triplicate, and results were expressed as mean ± SD. 

4.2.15 Statistical analyses 

Statistical significance was evaluated using one-way analysis of variance (ANOVA) with 

Tukey's multiple comparisons test. P-value < 0.05 was considered statistically significant. All 

experiments were performed in triplicate and data are presented as mean and standard deviation 

(SD). 

4.5 Supporting information 
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Figure 4.5.S1. Live/Dead fluorescence micrographs depicting P. aeruginosa (a) and S. aureus 

(b) incubated on HAp surfaces for 3 or 6 hours, providing visual evidence of no antibacterial 

activity. The scale bar represents 20 µm. 
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Figure 4.5.S2. Comparisons of the average EMSC-corrected 2nd derivative spectra of P. 

aeruginosa and S. aureus on BAG and Bi-BAG. 

Table 4.5.S1. Summary of zone inhibition (mm) of P. aeruginosa and S. aureus exposed to 

HA, BAG and Bi-BAG 

 Surface HAp BAG Bi-BAG 
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Bacteria 

 

P. aeruginosa 

Rough ND 1.33 ± 0.57 4.66 ± 0.57 

Smooth ND 1.66 ± 0.57 5.00 ± 1.00 

S. aureus 

Rough ND ND 4.00 ± 1.00 

Smooth ND ND 4.33 ± 1.15 
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Abstract 

Orthopaedic devices and implants frequently fail due to bacterial infections. In this study, we 

present a novel approach to enhance the antibacterial properties of orthopaedic implants by 

leveraging Bi-BAG bioceramics and flame spray pyrolysis technology (FSP). This research is 

the first to employ FSP technology for creating nanocoating and surface modification with Bi-

BAG spikes-like, significantly increasing the surface area and enhancing the antibacterial 

efficacy. The Bi-BAG coating effectively inhibits the growth of common orthopaedic 

pathogens; Gram-negative P. aeruginosa and Gram-positive S. aureus, while maintaining the 

biocompatibility of the titanium substrate. Moreover, the innovative FSP technology ensures a 

uniform coating. This research may inform the development of a new generation of orthopaedic 

implants that could help reduce the incidence of post-operative infections and improve patient 

outcomes. 
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5.1 INTRODUCTION 

Orthopaedic implants are crucial in restoring mobility and improving the quality of life for 

patients with bone-related diseases and injuries [327]. As the global population ages, the 

prevalence of bone diseases such as osteoarthritis and femoral head necrosis is surging, 

increasing the demand for effective bone repair and replacement solutions [328]. However, the 

risk of IAIs remains a significant concern, often leading to severe complications, prolonged 

antibiotic treatments and implant failure, resulting in elevated medical expenses and perhaps 

higher mortality rates [329-331]. The likelihood of infection after internal fixation is between 

0.4% and 16.1% depending on the type of fracture [332]. Bacteria have diversified strategies 

to adhere to natural and synthetic surfaces with higher survival rates [333]. Among these, P. 

aeruginosa and S. aureus are members of the six nosocomial pathogens including Enterococcus 

faecium, S. aureus, Klebsiella pneumoniae, Acinetobacter baumannii, P. aeruginosa, and 

Enterobacter (ESCAPE) group, six nosocomial pathogens characterised by multidrug 

resistance and virulence, posing a significant threat to orthopaedic implants [334].  

Traditional approaches, such as replacing the implant and using antibiotics over extended 

periods, can exacerbate AMR. According to the WHO, AMR could surpass cancer by causing 

up to 10 million deaths annually by 2050, with a potential economic impact of $100 trillion 

[318]. Alarmingly, recent data suggests that AMR-related deaths could reach 10 million deaths 

by 2030 [320].  Therefore, there is an urgent need to explore new strategies for next-generation 

biomaterials that balance biocompatibility with antibacterial properties without relying on 

antibiotics. 

Titanium (Ti) stands out as a preferred material for implants owing to its low density, non-

toxicity, and excellent biocompatibility, widely used in hip, knee, and dental implants [28]. 

However, its use is hindered by poor bioactivity and antibacterial properties, leading to 
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potential implant loosening and postoperative infections [29]. To address these challenges, we 

developed a multifunctional bioceramics coating using Bi-BAG with enhanced antibacterial 

properties. This coating integrates nanotechnology with physical and chemical antibacterial 

mechanisms to effectively prevent bacterial colonisation and reduce the risk of IAIs. BAG, 

Ca3ZrSi2O9, a calcium zirconium silicate, has shown excellent biocompatibility and 

osteoconductive properties in pre-clinical studies in sheep over a duration of up to six months, 

making it a promising bioceramic for orthopaedic applications [264]. In a previous study, we 

demonstrated that Bi-BAG significantly enhanced the function of primary human bone-derived 

cells and improved radiopacity, indicating its potential for treating bone defects [23]. Unlike 

silver or copper, which can exhibit cytotoxicity at higher concentrations [335, 336], Bi3+ 

demonstrates a broader antibacterial spectrum, making it a safer choice for orthopaedic 

implants [337, 338]. Bi3+ provide a broader antibacterial spectrum and may thus be a safer 

choice for orthopaedic implants [334, 335]. Bi3+ disrupts bacterial membranes, interferes with 

bacterial metabolism, and generates ROS making them a strong additive for combating IAIs 

[336][339]. To apply this innovative material to titanium surfaces, we employed FSP 

technology. We selected it for its ability to produce uniform, high-quality coatings in a single 

step, making it both scalable and efficient for biomedical applications [340, 341]. Furthermore, 

FSP enables precise control over particle size and morphology, ensuring consistent 

nanostructured coatings. Inspired by the mechano-biocidal properties observed in nature, we 

designed the Bi-BAG coating to feature a nanospike reminiscent of antibacterial structures 

observed in nature found on insect wings, such as those of cicadas and dragonflies [271, 342]. 

These natural surfaces exhibit remarkable antibacterial activity through physical mechanisms, 

where nanoscale spikes mechanically disrupt bacterial membranes.  
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Figure 5.1. Illustration of the flame spray pyrolysis technology coating method to create 

bismuth-doped baghdadite (Bi-BAG) nanospike-coated on titanium. a) Details the step-by-step 

process of forming nanostructured spikes on the titanium surface, from the precursor solution 

mixture to nucleation, leading to forming primary particles, which then grow, aggregate, and 

sinter to form dense, spike-like films. b) Demonstrates the enhanced antibacterial activity of 

the nanospike coating against Gram-negative P. aeruginosa and Gram-positive S. aureus, 

highlighting the mechanisms of bacterial membrane damage, depolarisation, cytoplasmic 

leakage, and cell death induced by reactive oxygen species (ROS) and disruption of metabolic 

processes. c) Shows the promotion of human osteoblast cell growth and mineralisation by the 

Bi-BAG coated surface. 

A key novelty of our study is the development of a nanocoating with spike-like features on 

titanium surfaces, a technique shown to significantly enhance antibacterial efficacy (Figure 

5.1). The use of FSP to apply this Bi-BAG coating represents a first in the field, enabling the 
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formation of nanocoating with surface modifications, including spikes that increase surface 

area and bolster antibacterial performance. Our research also provides a comprehensive 

understanding of the multifaceted antibacterial mechanisms of the Bi-BAG coating. These 

mechanisms include the generation of intracellular ROS, induction of membrane 

depolarisation, and disruption of metabolic pathways and various biomolecules within bacterial 

cells. By applying FSP for Bi-BAG application and elucidating these multiple modes of 

antibacterial action, this work lays the foundation for next-generation orthopaedic implant 

materials that support infection prevention and better integration with host tissue, ultimately 

aiming to improve patient outcomes. 

5.2. RESULTS 

5.2.1 Surface characterisation of Bi-BAG coating titanium surface using flame technology 

In this study, we prepared a nanocoating with spike-like using a custom-built FSP system 

described in our previous studies [341, 343, 344]. The materials were deposited directly on Ti 

discs in one minute at a height above a burner of 8 cm (see details in the experimental section). 

The structural and compositional analysis of the Bi-BAG spike-like nanocoated titanium 

surface revealed a unique architecture and chemical composition. SEM imaging (Figure 5.2a 

& 5.2b) demonstrated that the spike-like exhibit a uniform and dense distribution across the 

titanium surface, with an average height of approximately 200 nm. The results also highlighted 

the sharp and pointed morphology of the nanospikes (~50nm). TEM (Fig. 5.2c & 5.2d) 

provided detailed insights into the internal structure of the spike-like. The lattice fringes 

observed in the HRTEM image (Fig. 5.2e & 5.2f)) indicated a well-ordered crystalline phase 

with a measured lattice d-spacing of 0.2 nm. The high-resolution image also confirmed the 

continuity and integrity of the Bi-BAG coating, ensuring uniform functionalisation across the 

titanium substrate. Elemental mapping using EDS (Fig. 5.2f) demonstrated the homogeneous 

distribution of key bioactive elements, including Ca, Si, Zr, O, and Bi.  
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The surface chemistry was investigated using XPS. Survey XPS spectra (Figure S5.1) 

confirmed the presence of anticipated elements, including calcium (Ca), phosphorus (P), 

silicon (Si), zirconium (Zr), and bismuth (Bi), as well as oxygen (O), carbon (C), and titanium 

(Ti) from the substrate, on the surface of the materials. The XPS analysis provided atomic ratios 

of these elements at the surface. 

5.2.2 Flame technology coating Bi-BAG shows antibacterial activity against Gram-

negative and Gram-positive bacteria. 

To comprehensively evaluate the antibacterial activity of the Bi-BAG spike-like coating, we 

conducted live/dead assays and plate counting against Gram-negative P. aeruginosa and Gram-

positive S. aureus, two prominent pathogens strongly implicated in IAIs [260, 345]. The initial 

period following bacterial attachment is critical in determining the possibility of infection, 

emphasising the importance of rapid infection prevention for successful implant integration in 

clinical settings [286, 346]. CLSM images in Figure. 5.3a revealed substantial differences in 

bacterial viability with live bacteria appearing green (SYTO9) and dead bacteria fluorescing 

red (PI). The Bi-BAG coating significantly enhnaced antibacterial activity, evidenced by the 

predominance of red fluorescence compared to HAp and BAG at both 6 h and 24 h.  

Quantitative analysis of the antibacterial rate (Figure. 5.3b) confirmed Bi-BAG the superiority 

of the Bi-BAG coating. The results showed that Bi-BAG coating achieved an antibacterial 

activity of approximately 80% against both pathogens within the first 6 hours, and this efficacy 

remained substantial by 24 hours. In contrast, the BAG coating exhibited markedly lower 

efficacy, registering 18% and 10% antibacterial activities against P. aeruginosa and S. aureus, 

respectively, at 6 hours, declining further to 10% for P. aeruginosa and 2% for S. aureus by 24 

hours.  Meanwhile, the HAp coating displayed no significant antibacterial effect against either 

bacterial strain throughout our study. 
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Figure 5.2. Nanoscale characterisation of Bi-BAG coatings. a) SEM image of Bi-BAG 

nanorods. b) Cross-sectional SEM view showing the dense coating structure. c) TEM image 

of a single Bi-BAG nanorod. d) High-resolution TEM image of the nanorod with lattice 

fringes. e) Magnified view from d) highlighting the crystalline structure. f) Elemental 

mapping for Ca, Si, Zr, O, and Bi, confirming the presence and distribution of these elements 

in the nanorods. g-k) XPS spectra for Si 2p, Zr 3d, O 1s, Bi 4f, and Ca 2p, demonstrating the 

chemical states of the elements within the Bi-BAG structure. 

 



140 

 

The log reduction in bacterial viability (Figure. 5.3c) further confirmed these findings. For P. 

aeruginosa, Bi-BAG coatings achieved a log reduction of approximately 1 at both 6 and 24 

hours, while BAG demonstrated a reduction below 0.5, and HAp exhibited negligible 

antibacterial activity (p < 0.0001). Similarly, Bi-BAG coatings significantly reduced the 

viability of S. aureus compared to HAP and BAG.  

5.2.3 Bi-BAG coating impact on bacterial morphology and membrane integrity  

The SEM images in Figure. 5.4a reveals distinct morphological changes of P. aeruginosa and 

S. aureus on different surfaces at 6h and 24h intervals. On the HAp and BAG coatings, the 

bacteria largely maintained their normal morphology, displaying plump, clearly defined rod 

and cocci shapes, respectively. In contrast, on the Bi-BAG coating, the bacteria exhibited a 

wrinkled and shrunken appearance, indicating membrane damage and cell death 

To assess bacterial membrane integrity, we used a fluorescent dye FM4-64 that binds 

specifically to lipid bilayers [354]. In Figure 5.4b, confocal laser scanning microscopy (CLSM) 

images show reduced fluorescence intensity and irregular cell outlines on the Bi-BAG coating 

surface, suggesting compromised membranes. In contrast, bacteria on the HAp and BAG 

surfaces exhibited higher fluorescence intensity and more regular shapes, indicating intact 

membranes. These findings were further corroborated by confocal microscopy findings, where 

the Bi-BAG samples displayed reduced fluorescence intensity, suggestive of impaired 

membrane function.  

Focused ion beam-scanning electron microscopy (FIB-SEM) cross-sectional images (Figure 

5.4c) revealed bacterial interactions with Bi-BAG coatings. While BAG coatings exhibited 

spike-like nanostructures, the bacteria showed limited membrane deformation and penetration 

into these surfaces. In contrast, Bi-BAG demonstrated strong interactions with bacterial cells, 

evident from significant membrane disruption, deep bacterial penetration into the spike-like 
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nanocoating, and noticeable structural deformation of the bacteria. Arrows in the FIB-SEM 

images highlight Bi-BAG spikes to effectively penetrate bacterial membranes. 

 

Figure 5.3. Antibacterial activity of Bi-BAG coating using flame technology against gram-

negative and positive bacteria for 6h and 24 h. a) Confocal images showing the antibacterial 

activity of Bi-BAG coating against P. aeruginosa and S. aureus. b) Quantitative antibacterial 

activity of Bi-BAG coating. c) Log reduction showing the reduction of bacteria after exposure 

to Bi-BAG coating. 
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Figure 8. Morphology and membrane integrity of bacteria on different surfaces at 24h 

intervals. a) SEM images show the wrinkled and shrunken appearance of bacteria on Bi-BAG 

surface, compared to the smooth and intact bacteria on HAp and BAG surfaces. b) Confocal 

microscope Eryscan high-resolution images with FM4-64 fluorescence staining show the 
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compromised bacterial membranes in the Bi-BAG samples, indicated by the reduced 

fluorescence intensity and irregular shape. c) FIB-SEM analysis cross-section of bacteria 

interact with Bi-BAG spike-like nanocoating. 

5.2.4 Intracellular oxidative stress, membrane potential reduction and ATP depletion in 

bacteria by Bi-BAG 

To elucidate the antibacterial mechanisms of Bi-BAG, we assessed ROS formation in bacterial 

cells after exposure to Bi-BAG coating [347]. Confocal images (Figure 5.5a) indicate that Bi-

BAG treated cells exhibit higher fluorescence intensity compared with cells treated with HAP 

and BAG, suggesting elevated ROS levels in the Bi-BAG group. To further assess the 

antibacterial mechanisms of the Bi-BAG coating, we examined its effects on bacterial 

membrane potential.  Disruptions in membrane potential can lead to cellular dysfunction and 

ultimately cell death [348]. Moreover, membrane potential and ROS production are closely 

interconnected, as ROS can damage cell membranes and alter membrane potential [349]. The 

Bi-BAG treated cells showed lower fluorescence intensity for polarised membranes (and higher 

intensity for depolarised membranes), compared with those treated with depolarisation in the 

Bi-BAG group (Figure 5.5b). HAp or BAG, indicating membrane depolarisation in the Bi-

BAG group (Figure 5.5b). The findings suggest that Bi-BAG disrupts the membrane potential, 

which is essential for maintaining cellular homeostasis and ATP synthesis.   

Next, we assessed the Bi-BAG coating on bacterial ATP levels to further elucidate its 

antibacterial effects. ATP is a ket molecule in cellular energy metabolism, playing an essential 

role in growth, replication, and stress response [350]. Additionally, a complex relationship 

exists between ROS production and ATP levels, given that ROS can damage the cellular 

machinery required for ATP synthesis [351]. The Bi-BAG coating showed lower 

bioluminescence intensity than HAp and BAG treated -bacteria cells, indicating reduced ATP 

levels in the Bi-BAG group (Figure 5.5c). Furthermore, the intensity decreased with time in 
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Bi-BAG treated suggesting that the coating impairs metabolic activity necessary for bacterial 

survival and proliferation. 

In summary, the data in Figure 5.5 strongly support the hypothesis that the Bi-BAG coating 

exerts a potent antibacterial effect through multiple mechanisms, including the induction of 

oxidative stress, disruption of membrane potential, and impairment of bacterial metabolism. 

These findings provide a comprehensive understanding of the antibacterial action of the Bi--

BAG coating and highlight its potential as an effective coating for orthopaedic implants. 

5.2.5 Synchrotron macro ATR-FTIR microspectroscopy analysis reveals the effect of Bi-

BAG coating on bacterial biomolecules 

We utilised synchrotron macro ATR-FTIR microspectroscopy to investigate the molecular 

mechanisms underlying the antibacterial activity of the Bi-BAG coating. This technique offers 

high sensitivity and spatial resolution, enabling detailed analysis of biomolecule changes 

within individual bacterial cells [352]. The Synchrotron ATR-FTIR measurements provided 

comprehensive spectral data on the biomolecular alterations in P. aeruginosa and S. aureus 

when exposed to the Bi-BAG coating (Figure. 5.6a & 5.7a PCA highlight the stark contrast 

between the bacterial cells in conventional BAG and those on Bi-BAG surfaces. Particularly, 

PC-1 accounts for the majority of variance, reflecting a robust differentiation attributable to the 

impact of Bi-BAG coating (Figure. 5.6b & 5.6c, Figure 5.7b & 5.7c). The PCA loading spectra 

identified specific absorption peaks that correspond to the observed biomolecular shifts, 

substantiating the influence of the Bi-BAG coating on bacterial viability at the molecular level. 

Specifically, the spectral analyses indicated significant changes in the biomolecular signatures 

of lipids, proteins, and nucleic acids, all of which are essential to the structural and functional 

integrity of bacterial cells.  
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Figure 5.5. Evaluating the antibacterial mechanisms of Bi-BAG coatings on bacterial viability. 

a) Visualisation of ROS production is shown by the intensity of green fluorescence, where a 

higher intensity corresponds to elevated ROS levels in bacterial cells. b) The membrane 

potential disruption. c) The ATP synthesis within the bacterial cells is depicted with a decrease 

indicating a drop in metabolic activity. 

For the spectral intensity within the lipid region (3000-2850 cm-1), there was a marked decrease 

following exposure to the Bi-BAG coating, suggesting a destabilisation of the bacterial 

membrane’s lipid bilayer (Figure. 5.6d and 5.7d). This observation was further supported by 

changes in the characteristic peaks of methyl and methylene groups (2925 cm-1 and 2852 cm-

1), respectively, implying a disruption of membrane integrity which could be attributed to the 

interaction with released metal ions and the oxidative stress imposed by the coating. 

For proteins, a noticeable shift in the amide I and II bands (1700-1450 cm-1) was observed, 

suggesting a structural alteration likely caused by the oxidative modification of amino acids. 

Such stress on proteins unfolding or misfolding ultimately hinders bacterial metabolism and 

leads to cell death. Specifically, the peaks at 1654 cm-1 and 1637 cm-1, which correspond to α-

helix and β-sheet structures, respectively, showed significant variation, reflecting the 

impairment of protein synthesis or stability due to the Bi-BAG treatment.  
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Figure 5.6. Synchrotron-sourced macro-ATR-FTIR microscopy data identified biomolecular 

changes of P. aeruginosa after exposure to Bi-BAG coating. a) Synchrotron macro-ATR-FTIR 

maps, b) PCA score plot, c) PCA loading spectra P. aeruginosa BAG.   
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Figure 5.7. Synchrotron-sourced macro-ATR-FTIR microscopy data identified biomolecular 

changes of S. aureus after exposure to Bi-BAG coating. a) Synchrotron macro-ATR-FTIR 

maps, b) PCA score plot, c) PCA loading spectra S. aureus BAG.  
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In the spectral region associated with nucleic acids (1150-1000 cm-1), both bacterial strains 

exhibited alterations in the bands corresponding to the phosphate backbone (1236 cm-1 and 

1080 cm-1). These changes may indicate direct interference with genetic material replication or 

repair mechanisms. Therefore, the antibacterial action of Bi-BAG not only disrupts bacterial 

membrane integrity but also affects critical macromolecules, ultimately compromising the 

overall viability and functionality of bacterial cells 

5.2.6 Proteomic analysis of antibacterial mechanisms against P. aeruginosa and S. aureus 

To investigate the antibacterial mechanism of Bi-BAG-coated titanium, we performed a 

proteomic analysis of P. aeruginosa and S. aureus [353, 354].  In P. aeruginosa, proteomic 

profiling revealed substantial changes in protein expression after exposure to Bi-BAG. Volcano 

plot analysis (Figure. 5.8a) identified 155 proteins as significantly upregulated and 211 proteins 

as downregulated (p < 0.05, fold change >2). Hierarchical clustering (Figure. 5.8b) further 

highlighted the distinct proteomic profiles between the Bi-BAG treated and control groups.  

Gene Ontology (GO) enrichment analysis offered functional insights into these alterations. The 

biological processes (Figure 5.8d) showed significant enrichment in membrane transport and 

oxidative stress responses, suggesting potential disruptions in nutrient uptake and stress 

adaptation. The molecular function analysis (Figure. 5.8e) revealed enrichment in ATP binding, 

transmembrane transporter activity, and oxidoreductase activity, reflecting impaired energy 

metabolism and transport mechanisms. Finally, cellular component analysis (Figure. 5.8f) 

highlighted altered proteins localised to the cell membrane, cytoplasm, and extracellular 

region, emphasising the detrimental impact of the Bi-BAG coating on bacterial integrity 

Protein-protein interaction network analysis (Figure. 5.8c) revealed interconnected pathways 

involving key proteins. Several proteins were downregulated, including the efflux pump 

membrane transporter (MexA) (responsible for substance efflux and resistance); the type IV 



150 

 

pilus ATPase PilU (which drives pilus assembly); and ATP synthase subunit c (AtpE, critical 

for ATP production). These decreases suggest compromised efflux, attachment, and energy 

synthesis.  Additional affected proteins include Methionine import ATP-binding protein MetN2 

(involved in nutrient acquisition), and Na⁺/H⁺  antiporter NhaB (crucial for ion homeostasis), 

indicating impaired bacterial adaptation.  

Conversely, certain proteins were upregulated, reflecting stress response mechanisms. 

Examples include the AAA+ ATPase domain-containing protein ClpX (involved in proteolysis 

and stress response), and HlyC/CorC family transporter (CorA) (linked to ion transport).  In 

addition, the metal-pseud opaline receptor CntO, associated with mental stress, was elevated, 

suggesting an attempt by the bacteria to mitigate toxicity caused by the Bi-BAG coating.  

Proteomic analysis revealed significant alterations in protein expression profiles in S. aureus 

following exposure to Bi-BAG coatings (Figure. 5.9a). 110 proteins were upregulated, and 90 

were downregulated (p < 0.05, fold change >2). Hierarchical clustering (Figure. 5.9b) 

demonstrated distinct expression profiles between treated and untreated samples, providing 

mechanistic insights into the antibacterial effects of Bi-BAG. Among the key upregulated 

proteins were Type VII Secretion System Protein EssB, a critical factor for bacterial virulence 

and stress response, and Efflux RND Transporter Permease Subunit, which facilitates toxin and 

antibiotic efflux, reflecting bacterial adaptation under Bi-BAG-induced stress.  

Diacylglycerol Kinase, an enzyme involved in lipid signalling and membrane repair, and 

Chaperone Protein DnaJ, an ATP-dependent protein aiding in stress recovery, were also 

significantly elevated. These responses indicate bacterial efforts to counteract the oxidative 

damage imposed caused by Bi-BAG coating 
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Figure 5.8. The identified proteomic changes of P. aeruginosa explain the antibacterial 

mechanism of Bi-BAG. a) Volcano plot showing the distribution of upregulated and 

downregulated proteins after Bi-BAG treatment (p < 0.05) and fold change (>2-fold). b) 

Heatmap depicting hierarchical clustering of differentially expressed proteins, categorised into 

functional groups. c) Protein-protein interaction (PPI) network analysis of differentially 

expressed proteins. d) Gene ontology (GO) enrichment analysis of biological processes. e GO 

enrichment analysis of molecular functions. f GO analysis of cellular components. 



152 

 

Conversely, critical proteins essential for bacterial survival were significantly downregulated. 

For instance, penicillin-binding protein 2, crucial for peptidoglycan synthesis, was suppressed, 

compromising cell wall integrity. Similarly, reducing cell division protein FtsA, which plays a 

key role in bacterial septum formation, impaired cell division. Downregulation of L-lactate 

Permease, a transporter involved in metabolic processes, and Quinol Oxidase Subunits, 

components of the electron transport chain, further reaffirm the broad metabolic impact of Bi-

BAG on S. aureus. 

GO enrichment analysis (Figures. 9d–f) revealed that Bi-BAG treatment disrupted critical 

biological processes such as cell division and peptidoglycan biosynthesis while enhancing 

pathways related to response to oxidative stress and membrane transport. Molecular functions 

associated with ATP-dependent processes and membrane-associated proteins were notably 

affected, highlighting the structural and functional destabilisation.  

These proteomic findings are consistent with additional experimental results. Elevated ROS 

levels (Figure. 5.5a), membrane depolarisation (Figure. 5.5b), and ATP depletion (Figure. 5.5c) 

aligned with the observed downregulation of energy production pathways. Moreover, SEM 

imaging (Figure. 5.4a) revealed significant morphological changes, including wrinkled and 

shrunken bacterial cells, indicative of compromised membranes. CLSM images (Figure. 5.4b) 

showed reduced fluorescence intensity of membrane dyes, confirming membrane damage. 

Collectively, these data suggest that Bi-BAG exerts its antibacterial effects through 

multifaceted mechanisms, including oxidative stress induction, membrane disruption, and 

metabolic impairment.  
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Figure 5.9. The identified proteomic changes of S. aureus explain the antibacterial mechanism 

of Bi-BAG. a) Volcano plot showing the distribution of upregulated and downregulated 

proteins after Bi-BAG treatment (p < 0.05) and fold change (>2-fold). b) Heatmap depicting 

hierarchical clustering of differentially expressed proteins, categorised into functional groups. 

c) Protein-protein interaction network analysis of differentially expressed proteins. d) Gene 

ontology (GO) enrichment analysis of biological processes. e GO enrichment analysis of 

molecular functions. f GO analysis of cellular components. 
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5.2.7. Bi-BAG coating using flame technology promotes enhanced proliferation and 

mineralisation of human osteoblast cells 

We conducted cell proliferation and mineralisation tests on HAP, BAG, and Bi-BAG coating 

using human osteoblast cells responsible for forming bone. Osteoblasts achieve this by 

secreting osteoid proteins, which subsequently mineralize to form bone. Mineralization is a 

critical step in the bone regeneration process. As shown in Figures 5.10a- 5.10c, human 

osteoblast cells cultured on Bi-BAG coating showed increased proliferation compared to HAp 

and BAG at both 1 and 4 days. Furthermore, Bi-BAG had the highest level of mineralisation, 

followed by BAG and HAp, as indicated by the increased Alizarin Red S staining (Figure. 

5.10d & 5.10e). These results suggest that the Bi-BAG coating effectively promotes the 

deposition of calcium phosphate crystals, which are essential building blocks of bone 

formation.  

5.3. Discussion 

Previous studies relied on multi-step processes, including mixing precursor powders,  high 

temperatures calcination, and subsequent pressing and sintering, to produce Bi-BAG 

bioceramic [23]. Our study introduces a new approach by employing FSP technology for the 

one-step synthesis and direct deposition of Bi-BAG bioceramic coatings with nano spikes 

morphology onto titanium substrates (Figure. 5.1 & 5.2). These coatings exhibit strong 

antibacterial activity, addressing one of the most critical challenges in orthopaedic implants. 

[22]. The single-step process allows for the rapid and efficient synthesis of Bi-BAG, directly 

depositing the bioceramics coating onto the substrate, while significantly reducing the number 

of processing steps. This streamlined approach decreases the time and energy required for 

fabrication. In addition, FSP enables precise control over the coating’s morphology and 

composition, ensuring uniform particle size, consistent doping, morphology, and 

reproducibility. This versatility of FSP, combined with the demonstrated antibacterial activity 
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and biocompatibility of Bi-BAG, positions it as a transformative technology in the field of 

implant surface modifications.  

 

Figure 5.10.  Bi-BAG coating using flame technology enhances human HOBs proliferation 

and mineralisation. a) CLMS images of HOBs cells grown on HAp, BAG, and Bi-BAG coated 
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titanium discs for 4 days. b) Schematic of the experimental setup for the MTT assay and human 

osteoblast-like cell culture on coated titanium discs. c) Quantitative MTT assay results at 1 and 

4 days show no significant difference in cell viability between the coatings. d) Alizarin Red S 

staining quantification indicating higher mineralisation for Bi-BAG coated surfaces, marked 

by an asterisk to denote statistical significance. e) Representative images of Alizarin Red S 

staining of cells cultured on different surfaces, with Bi-BAG demonstrating enhanced mineral 

deposition. 

We demonstrate that bactericidal surfaces with sharp nanospikes can synergize with Bi3+ ions 

released by BI-BAG. This synergy can effectively prevent surface contamination by pathogens 

right from the early stages of attachment and remains effective for up to 24 hours. The 

application of nanospike coatings on titanium for orthopaedic implants has gained significant 

attention due to their ability to mimic natural structures, such as dragon and cicada wings. 

These structures not only promote better integration with bone tissue but also prevent bacterial 

colonisation without antibiotics [342, 355-357]. colonization without relying on antibiotics 

[339, 363–365].  Although HAp and BAG coatings also feature nano spikes, their antibacterial 

activity is significantly lower than Bi-BAG (Figure 5.3). This highlights the critical role of 

bismuth in the observed antibacterial effects. The nano spikes in the Bi-BAG coating enhance 

antibacterial performance by increasing the surface area for Bi3+ release and facilitating closer 

interaction between the bismuth and bacterial cells. It is important to note that the nanospikes 

alone, without bismuth, do not exert a strong bactericidal effect. This may be attributed to 

several factors, such as the specific dimensions and arrangement of the nanospikes, the 

bacterial species tested, and the overall surface properties of the coating.  A plausible 

explanation is that the Bi-BAG coating acts as a nano-injector, facilitating the penetration of 

bismuth ions into bacterial cells and enhancing their intracellular antibacterial effects. 

The synergistic antibacterial mechanism of Bi³⁺ ions and nano spikes highlights their 

complementary effects in significantly enhancing bactericidal activity. The physical disruption 
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caused by the nanospikes, which mimic the mechano-bactericidal structures of natural surfaces 

like cicada wings, is observed in SEM images (Figure. 5.4a). These images reveal wrinkled 

and shrunken bacterial cells on Bi-BAG-coated surfaces, in contrast to the intact morphology 

of bacteria on HAp and BAG surfaces. This physical damage compromises membrane integrity, 

further supported by FM4-64-stained CLSM images (Figure. 5.4b), which show reduced 

fluorescence intensity and irregular membrane shapes on Bi-BAG-treated surfaces. In addition, 

Bi-BAG spike-like nanostructures function similarly to nanoneedles. These nanoneedles 

mechanically penetrate bacterial membranes and act as conduits for delivering Bi3+ directly 

into bacterial cells. This dual mechanism of sharp nanostructures for mechanical damage and 

Bi3+ release for chemical damage explains why Bi-BAG exhibits significantly stronger 

bacterial interaction than HAp and BAG (Figure 5.4c). 

Bi-BAG disrupts bacterial metabolic processes by generating ROS, impairing proteins, lipids, 

and nucleic acids. Confocal microscopy images (Figure 5.5a) reveal significantly higher ROS 

production in Bi-BAG-treated bacterial cells than those treated with HAP and BAG. Proteomic 

analysis further substantiates these findings, showing the downregulation of ATP synthase 

subunit c (AtpE), essential for ATP production, and efflux pump transporter MexA, crucial for 

bacterial survival and resistance (Figure. 8c). These changes indicate that Bi-BAG interferes 

with energy metabolism and nutrient efflux, critical for bacterial adaptation and growth.  

The multifaceted antibacterial mechanisms of Bi-BAG are demonstrated by synchrotron ATR-

FTIR spectra, which show significant alterations in the lipid (3000–2850 cm-1), protein (1700–

1450 cm-1), and nucleic acid (1150–1000 cm-1) regions for both P. aeruginosa and S. aureus 

(Figures. 5.6a & 5.6b, 5.7a & 5.7b). These biochemical disruptions were especially evident in 

the destabilisation of the lipid bilayer, as evidenced by changes in the methyl and methylene 
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group peaks at 2925 cm-1 and 2852 cm-1, and in protein structural alterations, such as shifts in 

the amide I and II bands (1654 cm-1 and 1637 cm-1). 

Proteomic analysis revealed that Bi-BAG-treated S. aureus exhibited downregulation of key 

proteins, including penicillin-binding protein 2, which is essential for peptidoglycan synthesis, 

and cell division protein FtsA, critical for septum formation during cell division (Figure. 5.9c). 

This disruption in structural and metabolic proteins aligns with observed membrane 

depolarisation (Figure. 5.5b) and ATP depletion (Figure. 5.5c), indicating a collapse of bacterial 

homeostasis. The upregulation of stress response proteins, such as AAA+ ATPase ClpX and 

Type VII secretion system protein EssB, reflects bacterial attempts to counteract the damage, 

however, these attempts are insufficient against the multifaceted assault of Bi3+ ions and spike-

like.  

The biocompatibility of Bi-BAG coatings is a critical aspect of their multifunctionality, 

demonstrating an optimal balance between antibacterial efficacy and the promotion of bone 

cell activity. This balance is achieved through a carefully engineered design that leverages the 

distinct biological responses of bacteria and mammalian cells to Bi³⁺ ions and the nanocoating. 

While the coating effectively disrupts bacterial cells, it simultaneously supports the 

proliferation and mineralisation of bone cells, as shown in human osteoblast experiments. MTT 

assay results (Figure. 5.10b) reveal no cytotoxic effects on osteoblasts cultured on Bi-BAG 

coatings, while Alizarin Red S staining (Figures. 5.10c, 5.10d) indicates significantly enhanced 

mineralisation compared to HAp and BAG coatings. These findings confirm the dual 

functionality of Bi-BAG coatings, which effectively combat bacterial infections without 

compromising bone regeneration. 

The selectivity of Bi-BAG coatings in killing bacteria while enhancing HOBs is attributed to 

the fundamental differences in their cellular structures. Gram-negative bacteria possess an 
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outer membrane rich in lipopolysaccharide (LPS), a periplasmic space containing a thin 

peptidoglycan layer [358]. Gram-positive bacteria lack an outer membrane but contain a much 

thicker peptidoglycan wall interlaced with teichoic acids [359]. The LPS phosphate groups 

make them highly susceptible to the mechanical and chemical stress induced by nano spikes 

and Bi³⁺ ions. The sharp nano spikes physically disrupt bacterial membranes, while Bi³⁺ ions 

generate ROS that damage bacterial proteins, lipids, and nucleic acids. This multifaceted 

antibacterial mechanism is highly effective against both Gram-negative and Gram-positive 

bacteria. In contrast, bone cells possess robust cellular machinery, thicker lipid bilayers, and 

advanced repair mechanisms that allow them to withstand moderate levels of ROS and 

maintain homeostasis. This structural and functional resilience allows bone cells to thrive on 

Bi-BAG coatings, supporting their proliferation and activity while targeting bacterial cells. 

This is supported by previous research showing that Bi-BAG promotes the differentiation and 

proliferation of osteoblast cells [23]. Bi-BAG coating has the potential to serve as innovative 

materials for bone grafts (scaffolds) and coating for tissue engineering applications. The 

promotion of osteoblast activity by Bi-BAG coatings is further attributed to the bioactivity of 

Bi3+ and BAG, which enhance bone cell attachment and proliferation.  Baghdadite's inherent 

osteoconductive properties facilitate cell anchorage, while the controlled release of Bi3+ 

stimulates osteogenic pathways without inducing cytotoxicity. This dual action is essential for 

orthopaedic implants, where the surface must prevent bacterial colonisation while fostering 

integration with host bone tissue. The enhanced mineralisation observed in osteoblasts cultured 

on Bi-BAG coatings highlights their potential to accelerate bone healing and regeneration, 

addressing a critical challenge in implant design. 

Balancing antibacterial activity with biocompatibility is a pivotal consideration in the 

engineering of multifunctional coatings. The Bi-BAG coating achieves this balance by fine-
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tuning the size, distribution, and concentration of nano spikes and Bi3+ ions to ensure selective 

bacterial targeting while preserving and enhancing bone cell functions. This design strategy 

minimises potential adverse effects, such as excessive ROS production that could harm 

mammalian cells. By leveraging the differential susceptibilities of bacteria and bone cells, Bi-

BAG coatings provide a novel and effective solution for orthopaedic implants, reducing the 

risk of implant-associated infections and promoting successful osseointegration. These 

findings highlight the importance of integrating biological and material science principles in 

developing next-generation biomaterials for clinical applications. 

The successful application of Bi-BAG coatings has significant implications for the future of 

orthopaedic implant technologies. By providing a robust barrier against bacterial colonisation 

and promoting tissue integration, Bi-BAG coatings can substantially reduce the rate of surgical 

revisions due to infections, decrease healthcare costs, and improve patient outcomes. Our 

research contributes a transformative approach to orthopaedic biomaterials, positioning Bi-

BAG coatings as a leading solution for next-generation applications.  

5.4. Conclusion 

This study highlights the potential of FSP technology to revolutionise the fabrication of 

bioactive and antibacterial coatings, offering an innovative solution to the enduring challenge 

of implant-associated infections. The synergy between Bi3+ and spike-like nanocoating 

enhances the antibacterial activity of Bi-BAG coatings by combining physical membrane 

disruption with chemical metabolic impairment. Morphological, biochemical, and proteomic 

evidence strongly supports the effectiveness of Bi-BAG coatings as an advanced strategy for 

preventing implant-associated infections. In addition to addressing bacterial colonisation, this 

multifunctional coating promotes osteogenesis, offering a dual-action approach to improving 

orthopaedic implant outcomes. Future research will focus on pre-clinical in vivo studies to 
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validate the safety and efficacy of Bi-BAG coatings for clinical applications, to redefine the 

standard for orthopaedic implants. This multifunctional coating addresses the critical challenge 

of bacterial colonisation while simultaneously promoting osteogenesis, providing a dual-action 

strategy for improving orthopaedic implant outcomes. Future studies will focus on pre-clinical 

studies in vivo to validate the efficacy and safety of Bi-BAG coatings for clinical use and to 

validate the efficacy and safety of Bi-BAG coatings aiming to revolutionise the standard for 

orthopaedic implants. Future research will focus on pre-clinical in vivo studies, to revolutionise 

the standard for orthopaedic implants. 

5. 5. Materials and methods 

Materials. All the chemical reagents and solvents for the material synthesis were used as 

received without further purification. Ultrapure deionised water (resistivity 18.2 M cm-1) was 

used in preparing aqueous solutions in all experiments. Titanium substrates were cut into disks 

with a diameter of 1 cm. The disks were cleaned with deionised (DI) water, then ethanol and 

DI water sequentially. 

HAp, BAG and Bi-BAG fabrication. The materials were prepared using a custom-built flame 

spray pyrolysis (FSP) system as described in our previous studies[341, 343, 344]. Particularly, 

calcium naphthenate in mineral spirits (4% Ca), tributyl phosphate (>99%, Sigma-Aldrich), 

zirconium(IV) isopropoxide solution (70 wt.% in 1-propanol, Sigma-Aldrich), and were 

dissolved in a 1:1 (vol) mixture of toluene (anhydrous 99.8%, Sigma-Aldrich) and 2-

ethylhexanoic acid (99%, Sigma-Aldrich) to obtain concentrations of 0.2 M for metal precursor 

concentration with nominal stoichiometric ratios to form Ca5P3 (HAP), Ca3ZrSi2 (BAG), and 

15 at.% Bi-doped BAG. The solutions were fed at 5 mL min−1 through the FSP system by 

syringe pumps and atomised with oxygen flow (5 L min−1, BOC grade 2.5) at a constant 

pressure drop of 4.5 bar. The resulting spray was ignited with a surrounding annular set of 
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premixed methane/oxygen flame (CH4-flamelet 1.8 L min−1, O2-flamelet 2.0 L min−1, 

COREGAS grade 4.5). The materials were deposited directly on Ti disks in one minute at a 

high above a burner of 8 cm.  

Material Characterization. XRD patterns were measured directly with the samples coated on 

Ti substrate by a D2 Phaser Bruker system with Cu Kα radiation of average wavelength 1.54056 

Å at a scan rate of 1.17 min−1. The morphology of the films was investigated using a field-

emission scanning electron microscope (FESEM) Zeiss Ultra Plus operating at 3 kV without 

coating. 

XPS analysis was performed using a calibrated ESCALAB250Xi spectrometer (Thermo 

Scientific, UK) with a monochromated Al Kα source at a power of 120 W (13.8 kV × 8.7 mA). 

The base pressure in the main vacuum chamber during analysis was typically between 10−9 and 

10−8mbar. Survey spectra were acquired at a pass energy of 160 eV. To obtain more detailed 

information about the chemical structure, oxidation states, and so forth, high-resolution spectra 

were recorded at 20 eV pass energy (yielding a typical peak width for polymers of ≈1 eV). 

Spectra were collected at normal emission. The data was analysed using CasaXPS software 

version 2.3.25 PR1.0. Adventitious C 1s (284.8 eV) peak was used to calibrate the spectra. 

Preparation and testing of antibacterial coatings. HAp, BAG and Bi-BAG coating were tested 

for antibacterial activity against two bacterial strains: Pseudomonas aeruginosa (ATCC 

15692), Staphylococcus aureus (ATCC 25923). Bacterial strains were recovered from glycerol 

stocks stored at -80°C and streaked for purity on tryptone soy agar (TSA). One isolated colony 

of each species was transferred aseptically from TSA to 5 mL of tryptone soy broth (TSB) and 

cultured at 37 °C until the late log phase (approximately 6-8 h). Baghdadite and doped 

baghdadite samples were aseptically placed in sterile 24-well plates and immersed in 0.5mL of 

the 106 CFU/mL bacterial suspensions, then incubated for 6 h or 24 h. 
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Live/Dead® BacLight™ viability assay. CLSM was used to visualise and quantify the 

proportions of live and dead cells using the LIVE/DEAD® BacLightTM Bacterial Viability Kit 

(Molecular Probes, Invitrogen, USA), which contains SYTO9 and propidium iodide 

fluorescent dyes [356]. SYTO9 enters all cells, binding to nucleic acids and fluorescing green. 

Propidium iodide (PI) only enters cells with disrupted membranes and has a stronger affinity 

for nucleic acids than SYTO9. PI fluoresces red and indicates dead or viable cells. SYTO9 and 

PI were prepared in equal proportions at 1.5 µL/mL in phosphate-buffered saline (PBS), and 1 

mL of the solution was used to immerse each sample for 15 minutes in the dark at room 

temperature. Samples were immediately imaged with a Zeiss_LSM880 (Zeiss, Oberkochen, 

Germany) CLSM immediately after staining. Using a dual emission filter, the CLSM was set 

up to image both live cells in green (Syto9, Ex/Em 480/500 nm) and dead cells in red (PI, 

Ex/Em 490/635 nm).  

Colony enumeration. The colony forming unit (CFU) determination and log reduction data 

were performed.  Following incubation, sample discs were vortexed in PBS for 15 seconds, 

then sonicated for 5 minutes before being vortexed for another 15 seconds and serially (1:10) 

diluted. In triplicate, serially diluted samples (10 µL) were dropped onto TSA plates and 

incubated for 18 hours at 37 °C. Viability assays were performed by standard plate counts, and 

the quantity of CFU per sample was calculated using the number of colonies counted, the 

aliquot size and the dilution factor.  

SEM characterisation of bacterial morphology on the surface. SEM was used to observe the 

morphological changes according to previous studies [316]. Disc samples were cultured with 

bacteria (approx. 1 x 106 CFU/ml) and incubated in TSB medium at 37oC for 6 h and 24 h. 

After incubation, all discs were washed twice with PBS (pH 7.4) to remove unattached cells. 

The bacterial cells were fixed in 4% glutaraldehyde for 1 h at room temperature. The samples 
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were dehydrated in sequential graded ethanol (30%, 50%, 70%, 90%, 100%). Finally, all 

samples were coated with 2nm platinum. Samples were then observed in a FEI Inspect F50 

(FEI Company, Oregon, USA) at 5kV with a working distance of 5 mm.  

FIB-SEM imaging. The bacteria incubated with HAp, BAG, and Bi-BAG are like live and dead 

assays. Following incubation, the discs were gently rinsed with phosphate-Imaging using a 

Focused Ion Beam-Scanning Electron Microscope (FIB-SEM, FEI Helios NanoLab, Adelaide 

Microscope). The system was calibrated for both electron and ion beam operation before 

starting. The ion beam was used to mill the surface of the disc, exposing cross-sectional views 

of bacterial cells interacting with the coating. The milling current and dwell time were 

optimised to prevent thermal damage and ensure precision. High-resolution SEM images of 

the bacterial cross-sections were captured at 5 kV and 10 µA with a working distance of 5 mm. 

The interaction between bacterial membranes and the spike-like nanostructures on the disc 

surface was observed and documented. 

The ROS level determination. To investigate the ROS levels in target bacteria, we used an 

intercellular ROS formation was assessed using a DCFDA/H2DCFDA- Cellular ROS Assay 

Kit (ab113851, Abcam, USA). Following incubation with HAP, BAG, and Bi-BAG samples, 

bacteria were incubated with DCFH-DA (50 µM) in the dark for 30 minutes according to the 

manufacturer's instructions. The samples were then immediately imaged with a Zeiss_LSM880 

CLSM using Ex/Em of 485/535 nm. Images were taken at three random locations per sample. 

The fluorescence intensity of each image was then determined using ImageJ v1.53a (NIH, 

Maryland, USA). The ROS level was calculated based on the fluorescence intensity of the DCF, 

which is converted to a highly fluorescent compound by ROS. Higher fluorescence intensity 

indicates higher ROS levels in the bacterial cells. 
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Determination of cell membrane potentials. following incubation, the membrane potential of 

bacterial cells was measured using the BacLight Bacterial Membrane Potential Kit (Invitrogen, 

ThermoFisher, Massachusetts, USA). The staining procedure was carried out according to the 

manufacturer's instructions. The samples were then immediately imaged using a 

Zeiss_LSM880 CLSM, using Ex/Em 482/497 nm. 3 micrographs were taken randomly, and 

the images were imported into ImageJ v1.53a. Fluorescence intensity was measured in the 

green and red channels, and a red-to-green ratio was calculated using the acquired intensities.  

Synchrotron macro-ATR-FTIR. To study the biochemical changes in bacterial cells exposed to 

HAp, BAG and Bi-BAG samples, we used synchrotron ATR-FTIR microspectroscopy at the 

Australian Synchrotron. Bacterial cells were grown and treated according to the previous 

experimental design for 6 hours with the smooth group of HAp, BAG, and Bi-BAG samples, 

after which they were collected and deposited onto the ATR crystal of the synchrotron 

microscope. ATR-FTIR spectra were then collected across the spectral range of 3400-1000 cm-

1, allowing for the identification and quantification of various molecular vibrations and 

functional groups. The resulting spectra were then analysed using various chemometric 

methods, such as hierarchical clustering analysis (HCA), second derivative spectroscopy, and 

principal component analysis (PCA), to identify changes in the biochemical composition of the 

bacteria. HCA was used for quality control and to identify outlier spectra, while second 

derivative spectroscopy enhanced the resolution of overlapping peaks. PCA was used to 

explore the clustering patterns and chemical composition differences among the treatment 

groups. 

Proteomic analysis of bacterial interaction with Bi-BAG:  P. aeruginosa and S. aureus (were 

incubated with Bi-BAG discs for 24 hours at 37°C in TSB. Post-incubation, the bacterial cells 

were washed three times with PBS to remove any unbound material. Bacterial cells were 
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detached from the discs using a bath sonicator for 2 minutes, followed by vortexing for 15 

minutes to ensure complete detachment. The cells were then collected by centrifugation at 

4,000 g for 10 minutes and prepared for proteomic analysis. The S-Trap™ microspin column 

digestion protocol was employed for protein alkylation and digestion. The bacterial cell pellets 

were lysed in sodium dodecyl sulfate lysis buffer (5% SDS, 50 mM Tris, 20 mM dithiothreitol) 

at 70°C for 60 minutes. To block cysteine residues, 40 mM iodoacetamide 

(Viodoacetamide:Vsample = 1:25) was added, and the samples were incubated in the dark for 

30 minutes at room temperature. Proteins were digested using trypsin at a 1:50 ratio 

(trypsin:protein) and incubated overnight at 37°C. Digested proteins were eluted using S-Trap 

microspin columns according to the manufacturer’s protocol. Samples were analysed using 

liquid chromatography-tandem mass spectrometry (LC-MS/MS) in data-dependent acquisition 

mode for library generation and data-independent acquisition (DIA) mode for quantification. 

The LC-MS/MS system was calibrated and operated following standard protocols. Label-free 

quantification was performed using Spectronaut software, which generated MSstats output 

reports. 

Proteomic data were processed using MSstats v3.18.5.71, employing the Turkey median-polish 

summary approach and run-level quantile normalisation. The analysis utilised the three most 

important peptide features for each protein, normalised at the run level. A robust linear mixed-

effects model was applied to calculate the relative frequencies of the label-free data. 

Gene Ontology (GO) enrichment pathway analysis was performed using ShinyGO v0.81 to 

identify cellular components, molecular functions, and biological processes affected by Bi-

BAG and HAp treatment. GO terms were identified based on significantly enriched pathways, 

with results categorised into functional groups to highlight the biological impact of Bi-BAG 

and HAp on bacterial cells. 
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Confocal microscopy for cell morphology: HOBs were seeded onto HAp, BAG, and Bi-BAG-

coated titanium discs at a density of 3×104 cells per disc and incubated at 37°C with 5% CO₂ 

for 24 hours. After incubation, the cells were fixed with 4% paraformaldehyde for 20 minutes 

at room temperature. The samples were then permeabilised with 0.1% Triton X-100 for 10 

minutes. The actin cytoskeleton was stained using Alexa Fluor 488-phalloidin (Thermo 

Scientific) for 90 minutes, followed by counterstaining of the nuclei with DAPI (Thermo 

Scientific) for 10 minutes. After staining, the samples were washed thoroughly with PBS and 

mounted for imaging. CLSM was performed using lasers set at 488 nm for Alexa Fluor 488 

and 405 nm for DAPI.  

MTT assay for cell viability: To evaluate cell viability, HOBs were seeded onto the HAp, BAG, 

and Bi-BAG-coated titanium discs in a 24-well plate at a density of 1×104 cells per disc. The 

cells were incubated for 1 and 4 days under standard culture conditions (37°C, 5% CO2). The 

culture medium was replaced with 200 μL of MTT reagent (0.5 mg/mL in serum-free medium), 

and the samples were incubated for 4 hours at 37°C. Following incubation, the MTT reagent 

was carefully removed, and the formazan crystals formed by viable cells were dissolved using 

200 μL of DMSO. The optical density (OD) of the solution was measured at 570 nm using a 

microplate reader. Media without cells served as the negative control. Each group was tested 

in triplicate, and the results were reported as mean ± SD. 

Alizarin red staining for mineralisation: To assess mineralisation, HOBs were cultured on 

HAp, BAG, and Bi-BAG-coated titanium discs for 14 days in osteogenic medium containing 

10 mM β-glycerophosphate, 50 µg/mL ascorbic acid, and 10 nM dexamethasone. At the end of 

the incubation period, the cells were fixed with 4% paraformaldehyde for 20 minutes and 

washed with PBS. The fixed samples were stained with 2% Alizarin Red S solution (pH 4.2) 

for 30 minutes at room temperature to detect calcium deposits. Excess stain was removed by 
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washing the samples with distilled water, and the stained area was quantified using image 

analysis software. Representative images of the stained samples were captured under a light 

microscope, and the percentage of Alizarin Red-stained area was calculated for each group. 

Statistical analyses. Statistical significance was evaluated using one-way analysis of variance 

(ANOVA) with Tukey's multiple comparisons test. p-value < 0.05 was considered statistically 

significant. All experiments were performed in triplicate and data are presented as mean and 

standard deviation (SD). 
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CONCLUDING REMARK AND FUTURE PERSPECTIVE 
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Conclusions  

This thesis has demonstrated the potential of Mg2+ and Bi3+ doped BAG bioceramics as next-

generation orthopaedic implants, addressing the dual challenges of infection prevention and 

bone regeneration. Comprehensive analysis revealed that Mg-BAG and Bi-BAG materials 

exhibit antibacterial activity against clinically significant pathogens such as P. aeruginosa and 

S. aureus. This efficacy is linked to ROS generation, membrane depolarisation, and disruption 

of intracellular biomolecules. Furthermore, osteoblast proliferation and mineralisation studies 

confirmed that these coatings actively supported bone cell functions, reinforcing their 

suitability for orthopaedic applications. The study also optimised FSP technology for 

fabricating uniform nanospike-structured Bi-BAG coatings on titanium implants. These 

coatings significantly increased surface area and enhanced antibacterial performance without 

compromising biocompatibility. Studies on osteoblast proliferation and mineralisation 

confirmed that these coatings actively supported bone cell functions, further solidifying their 

suitability for orthopaedic applications. By providing a non-antibiotic approach to IAIs while 

promoting osseointegration, this work represents a significant advancement in developing 

multifunctional bioceramics for orthopaedic implants. Future efforts will focus on pre-clinical 

in vivo studies to validate the efficacy and safety of these materials, paving the way for their 

clinical application and transforming the standards for orthopaedic implant design. 

In chapter 2, this study reviewed the advancements and challenges of bioceramics for 

orthopaedic applications, focusing on their antibacterial properties. This chapter provided a 

foundation for understanding how metal ion doping and surface modifications can enhance 

antibacterial efficacy and bioactivity, addressing critical gaps in the design of next-generation 

bioceramics. 
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In chapter 3, we successfully developed and characterised Mg-BAG. This chapter 

demonstrated its broad-spectrum antibacterial activity against P. aeruginosa and S. aureus. The 

antibacterial mechanisms studies revealed that Mg-BAG induces intracellular ROS generation, 

membrane depolarisation, and biomolecular disruptions, highlighting its potential as a 

multifunctional material for preventing implant-associated infections. 

In chapter 4, we explored bismuth-doped baghdadite (Bi-BAG), demonstrating its remarkable 

antibacterial efficacy and unique multi-action mechanisms. Using advanced synchrotron ATR-

FTIR and proteomic analyses, we elucidated how Bi-BAG disrupts bacterial membrane 

integrity, induces oxidative stress, and interferes with biomolecular pathways. These findings 

established Bi-BAG as a promising candidate for infection-resistant orthopaedic implants. 

Additionally, Bi-BAG enhanced cellular attachment, proliferation, and metabolic activity, 

supporting its excellent biocompatibility, critical for bone regeneration and implant integration. 

Bi-BAG has the capability of antibacterial activity, supporting osteoblast activity while 

mitigating inflammatory responses, underscores Bi-BAG's potential for preventing implant-

associated infections and for enhancing tissue integration and healing. Overall, these findings 

position Bi-BAG as a highly promising multifunctional biomaterial for orthopaedic implants. 

In Chapter 5, we explored the application of Bi-BAG coatings fabricated using flame spray 

technology, a versatile and scalable method for producing uniform and durable coatings. The 

findings demonstrated that Bi-BAG coatings exhibit both physical and chemical antibacterial 

mechanisms, making them highly effective in combating implant-associated infections. The 

physical antibacterial mechanism was attributed to the spike-like nanostructures formed on the 

Bi-BAG surface during the flame spray process. These structures act as nanoneedles, 

physically piercing bacterial membranes, resulting in significant structural deformation and 

leakage of intracellular contents. Focused ion beam-scanning electron microscopy (FIB-SEM) 
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revealed extensive bacterial membrane disruption and penetration, underscoring the 

mechanical effectiveness of the nanostructured surface. The chemical antibacterial mechanism 

of Bi-BAG coatings was driven by the sustained release of Bi³⁺ ions. These ions induce 

oxidative stress in bacteria, disrupting critical biomolecular pathways and destabilizing the 

lipid bilayer of bacterial membranes. Advanced synchrotron ATR-FTIR and proteomic 

analyses further confirmed alterations in bacterial biochemical profiles, highlighting the 

disruption of proteins and nucleic acids essential for bacterial survival. Bi-BAG coatings also 

demonstrated excellent stability under physiological conditions, maintaining their antibacterial 

efficacy over prolonged periods. Importantly, the flame spray technology allowed for fine 

control over the coating thickness and surface roughness, optimizing both antibacterial 

properties and biocompatibility. 

Future Perspective 

While this thesis has achieved substantial progress, several areas for further exploration remain 

to optimise the application of Mg-BAG and Bi-BAG materials. Future studies should prioritise 

long-term in vivo investigations to validate the clinical applicability of these materials under 

complex physiological conditions. Key focus areas include evaluating their interactions with 

host immune responses, mechanical stresses, and bone healing processes to fully understand 

their potential in real-world scenarios. 

Broadening the spectrum of pathogens studied is another important direction. Investigating the 

antibacterial performance of these materials against multi-drug-resistant strains and a wider 

range of clinically relevant bacteria will help confirm their versatility and robustness. 

Moreover, gaining deeper mechanistic insights into the selective action of Bi-BAG coatings, 

specifically their ability to target bacteria without harming bone cells, could inform the 

development of even more targeted and effective therapeutic materials.  
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Future research should focus on developing personalised smart 3D-printed scaffolds tailored 

to precisely fit bone defects and capable of releasing antibacterial agents in the presence of 

bacteria. This targeted approach can ensure effective treatment while minimising side effects 

and reducing the risk of bacterial resistance.  Designing scaffolds with stimulus-responsive 

mechanisms that adapt to the microenvironment presents another promising avenue.  This 

could include the integration of smart polymers or microfluidic systems that respond to 

environmental cues such as temperature, pH, or biomarkers, allowing for controlled and 

localised delivery of therapeutic agents.  

Comprehensive preclinical studies in animal models will be crucial to evaluate the long-term 

safety and efficacy of these scaffolds, particularly for large bone defect repair.  This research 

could pave the cover for human clinical trials, leading to the widespread use of these innovative 

biomaterials in orthopaedic practice. Such research could pave the way for human clinical trials 

and ultimately lead to the widespread adoption of these innovative biomaterials in orthopaedic 

practice.  

This research provides a strong foundation for advancing bioceramics as transformative 

solutions for orthopaedic applications, particularly in an era of rising antibiotic resistance. By 

addressing critical challenges such as infection control and bone regeneration, these efforts 

contribute to the development of next-generation biomaterials that hold the promise of 

significantly improving patient outcomes in orthopaedic medicine. 
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