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Abstract 

The bone infection osteomyelitis (typically caused by Staphylococcus aureus) 

usually requires a multistep procedure – long term administration of high-dose 

systemic antibiotics combined with surgical debridement and bone grafting. 

However, the disease remains notoriously difficult-to-treat due to the poor 

penetration of systemic antibiotics into the necrotic bone, antibiotic resistance, 

and the steep decline in antibiotic discovery. Therefore, osteomyelitis 

treatment has a dual challenge: ensuring an effective and non-toxic dose of 

antimicrobial, while ensuring bone regeneration is stimulated. Thus, the overall 

aim of this thesis was to develop a one-step tissue engineering-based 

treatment strategy for osteomyelitis that combines local, controlled release of 

non-antibiotic antibacterials with a regenerative collagen-based scaffold to 

facilitate bone repair.  

In the study presented in Chapter 2 of this thesis, a number of non-antibiotic 

antibacterial agents (specifically chitosan, copper nanoparticles, silver 

nanoparticles, zinc nanoparticles, copper chloride salt, silver nitrate salt, and 

zinc chloride salt) were screened as potential agents for osteomyelitis infection 

treatment based on their antibacterial effect on three clinically relevant 

bacterial species (Staphylococcus aureus, Staphylococcus epidermidis, and 

Escherichia coli) while retaining viable numbers of mammalian cells. The 

results demonstrate that there is a fine balance between the two, and that in 

particular chitosan and the metal salts, copper chloride and zinc chloride, may 

have potential for osteomyelitis infection treatment due to their superior 

antibacterial activity potential while maintaining mammalian cell viability.  

In the study presented in Chapter 3 of this thesis, the optimal antibacterial 

metal salts identified from the screening process in Chapter 2 were 

incorporated into 3D collagen/chitosan-based scaffolds via both (i) direct 

incorporation and (ii) through a chitosan microparticle controlled delivery 

system, with the aim of minimising toxicity and prolonging bioactivity. The 

results demonstrated that the two scaffold types were effective in providing 

different metal salt release quantities and/or profiles which in turn influenced 

the antibacterial activity of the scaffolds against S. aureus. It was also found 
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that the scaffolds did not elicit a significant toxic effect towards mammalian 

cells, some scaffolds supported osteogenesis, and all copper-incorporated 

scaffolds enhanced angiogenesis. 

In the study presented in Chapter 4 of this thesis, a range of silver-doped 

hydroxyapatites were successfully produced and incorporated into collagen 

scaffolds. The results demonstrate that the composite silver-doped 

hydroxyapatite /collagen scaffolds demonstrate enhanced microarchitectural 

and mechanical properties vs. the collagen control, whilst also demonstrating 

potent antibacterial activity. Although the scaffolds showed toxicity towards 

mammalian cells in vitro, an assessment in an in vivo environment may reveal 

the true cytocompatibility of the scaffolds, as shown previously in the literature 

for similar scaffolds. Further fine-tuning of the dose of silver-doped 

hydroxyapatite or its bioactivity through e.g. size or shape changes may also 

be required to maximise the potential of this nascent system.  

In Chapter 5 a second multifunctional material – copper-doped bioactive glass 

– was tested as an alternative to silver-doped hydroxyapatite due to its 

potential to enhance both osteogenesis and angiogenesis while retaining 

antibacterial potency. In addition to promoting osteogenesis and angiogenesis 

in vitro, the scaffolds developed were capable of significant antibacterial 

activity. Most promisingly, when tested in an in vivo chick embryo ex ovo 

model, the copper-doped bioactive glass scaffolds were not only 

biocompatible, showing no signs of toxicity, but also demonstrated the same 

pattern of enhanced osteogenesis and angiogenesis as the in vitro studies. 

Collectively, the research in this thesis presents a number of potential single-

stage solutions for osteomyelitis treatment. Such strategies potentially reduce 

the need for antibiotics and bone grafting, reducing hospital stays and costs. 

In addition, the platform systems developed in Chapters 3 – 5 might be further 

modified and used for the controlled delivery of an array of antimicrobial and 

therapeutic metal ions depending on the intended application, making them 

attractive candidates for other indication beyond bone including soft tissue 

applications such as wound healing.  
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1.1 Overview 

The aim of this thesis was to explore new tissue engineering-based treatment 

strategies for the notoriously difficult-to-treat bone infection osteomyelitis. 

Osteomyelitis usually requires aggressive surgical debridement (which may 

need to be combined with bone grafting) followed by long-term systemic high-

dose antibiotics. In addition to the drawback of a multistep procedure, 

treatment success rates remain low due to the poor penetration of antibiotics 

into the necrotic bone region and antibiotic resistance. Thus, the aim is to 

develop a one-step treatment for osteomyelitis that combines local, controlled 

release of non-antibiotic antibacterials within a regenerative collagen-based 

scaffold. 

The aim of this chapter is to introduce the three main topics that underpin the 

thesis project – bone, osteomyelitis, and potential new treatment strategies for 

osteomyelitis. In the first section, Section 1.2, we introduce bone as an organ 

including the cellular components, bone formation or osteogenesis, and the 

stages of bone healing. Section 1.3 introduces osteomyelitis and includes 

information on disease progression, current treatment strategies, and 

treatment challenges. Following this, Section 1.4 introduces tissue 

engineering approaches for bone tissue repair and reviews a number of non-

antibiotic materials with antimicrobial potential. Finally, in Section 1.5 the 

overall objectives and specific aims of the thesis are outlined.  

1.2 Bone 

Bone is highly specialised connective tissue which functions as a support 

structure, a framework for movement, offers protection, can be a site of blood 

cell production (or hematopoiesis), and also is a source of inorganic ions which 

plays a major role in calcium homeostasis in the body [1].  

Bone is a tissue composed of organic and inorganic matrices. The stiffness is 

mainly attributed to the mineralised inorganic matrix, whilst the organic matrix 

offers a degree of toughness and elasticity. The organic matrix mainly consists 

of type I collagen (90% or 32% of the volumetric composition) with the 

remainder composed of proteoglycans (e.g. decorin and biglycan) and non-
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collagenous proteins (e.g. osteocalcin, osteonectin, osteopontin, fibronectin, 

bone sialoprotein, bone morphogenic proteins, and growth factors) [2], [3]. The 

remaining inorganic matrix is mainly composed of calcium and phosphate 

crystals in the form of hydroxyapatite (Ca10(PO4)6(OH)2). However, other ions 

such as sodium, potassium, zinc, and strontium are also present in the matrix 

[1], [3]. 

 

Figure 1.1 Haversian canal  
A schematic of bone showing the loosely-arranged cancellous/trabecular bone and 
densely packed cortical bone. A single harversian system containing an osteocyte 
trapped within concentric rings of mineralised matrix with blood vessels and lymphatic 
vessels highlighted [4]. 

Architecturally and functionally, bone is divided into two different forms: cortical 

(or compact) and cancellous (or spongy) bone. Cancellous bone is found 

within the core of the long bones, pelvic bones, ribs, skull, and the vertebrae. 

Cortical bone surrounds cancellous bone and functions mainly as a 

mechanical structure of densely packed Haversian systems, or osteons, which 

consist mainly of osteocytes entrapped within concentric rings of mineralised 

matrix with blood vessels, lymphatic vessels, and nerves running through the 

central canal (Figure 1.1). Cortical bone is also thought to be the organ’s 

strain-sensing centre which allows for remodelling in areas of increased or 

decreased loading. On the other hand, cancellous bone has a mainly 

metabolic function and is a loosely-arranged porous structure. 
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1.2.1 The cellular components in bone 

Bone tissue is lined and penetrated by four different cell types, namely 

osteoprogenitor cells, osteoblasts, osteocytes, and osteoclasts. Osteoblasts 

and osteocytes originate from osteoprogenitor cells – progenitor cells derived 

from mesenchymal stem cells (MSCs) produced in the bone marrow which are 

committed to the bone cell lineage. Inactive osteoprogenitor cells become 

flattened and are found on the inner layer of the periosteum, a thin fibrous 

membrane that envelopes all bones (except at joints) [1]. 

Osteoblasts make up approximately 5% of the bone cell population, are 

cuboidal in morphology, and are found along the surface of the bone. The main 

function of osteoblasts is the formation of new bone. To do so, the osteoblasts 

first produce an unmineralised matrix, called osteoid, which is rich in collagen 

type I (90%) and non-collagenous proteins such as osteocalcin and alkaline 

phosphatase (ALP) [5]. Calcium ions and phosphatase ions released from the 

ALP become immobilised on the proteoglycans where they join to the calcium 

ions and form hydroxyapatite crystals. Osteoblasts which are not producing 

bone can become quiescent flattened osteoblasts, termed bone lining cells. 

Osteoblasts that get trapped within the mineralised matrix can further 

differentiate into osteocytes.  

 

Figure 1.2 Location of bone cells within matrix 
Topographical relationship between the different cell types in bone namely 
osteoprogenitor cells, osteoblasts, bone lining cells, osteocytes, and osteoclasts [6]. 
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Osteocytes are dendritic cells that compromise ~95% of the bone cell 

population. The cell bodies are located inside the lacuna with numerous 

cytoplasmic projections extending out of the bony matrix through small tunnels 

called canaliculi [6]. The projections allow osteocytes to receive oxygen and 

nutrients and interact with other osteocytes and osteoblasts. Osteocytes also 

have a mechanosensory function which allows the bone to remodel and adapt 

to areas of increased or decreased loading by regulation of both osteoblast 

and osteoclast activity [3].  

Osteoclasts are large multinucleated cells which are derived from 

mononuclear cells of the haematopoietic stem cell lineage and function to 

destruct bone tissue [3], [7]. To do this, osteoclasts release hydrogen ions 

which create an acidic environment to degrade the hydroxyapatite crystals and 

enzymes to break down the remainder of the organic bone matrix. During bone 

remodelling, osteoclasts have also been shown to produce factors that control 

osteoblast function, termed coupling of bone formation [8].   

1.2.2 Osteogenesis  

There are two mechanisms of bone formation – direct intramembranous 

ossification and indirect endochondral ossification [1]. Intramembranous 

ossification occurs during embryonic development in flat bones such as those 

of the skull and some facial bones and occurs due to the direct differentiation 

of MSCs into osteoblasts [9]. Endochondral ossification, on the other hand, 

which is responsible for the formation of the majority of bones, first involves 

the differentiation of MSCs into cartilage-forming chondrocytes, the production 

of cartilage, and subsequent replacement of cartilage tissue by bone (Figure 

1.3).  
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Figure 1.3 Endochondral ossification  
Stages of endochondral ossification adapted from [10]. (A) Condensation of MSCs. 
(B) Rapid proliferation of chondrocytes forming a dense avascular cartilage matrix. 
(C) Formation of hypertrophic cartilage at the centre. (D) Infiltration of blood vessels 
to hypertrophic region and differentiation into osteoblasts. (E) Lengthening of bone 
by continued proliferation of chondrocytes and osteoblasts. (F) Growth plates 
develop, secondary ossification occurs, and bone marrow forms. 

The chondrocytes proliferate rapidly and produce a dense cartilage matrix. 

Next, the chondrocytes in the centre stop dividing and become very enlarged, 

known as hypertrophic chondrocytes, and produce other extracellular matrix 

(ECM) proteins such as collagen type X and fibronectin, and primary 

ossification ensues. This area of cartilage then becomes vascularised and the 

hypertrophic chondrocytes undergo apoptosis leaving behind a core which will 

become the bone marrow. The cells which line the core differentiate into 

osteoblasts, eventually replacing the cartilage by bone.  In long bones, the 

area of primary ossification extends in both directions from the centre of the 

diaphysis towards the epiphysis, producing calcified bone and pushing the 

hypertrophic cartilage towards the ends of the bone. This produces a zone 

termed the epiphyseal growth plate which can continue to allow the growth 

and lengthening of bones until the end of puberty at around 18 years of age, 

known as secondary ossification. 

1.2.3 Bone healing 

The repair of bone can be by intramembranous (direct) and/or endochondral 

ossification (by callus formation). After an injury or trauma there is usually an 

initial tearing of the periosteum and bleeding [9]. A blood clot, or haematoma, 

then forms and initiates an inflammatory response which attracts immune cells 
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such as platelets, macrophages, lymphocytes, and monocytes which control 

infection and secrete cytokines and growth factors (e.g. bone morphogenetic 

proteins - BMPs and vascular endothelial growth factor - VEGF) which attract 

more inflammatory cells and mesenchymal stem cells from the periosteum, 

bone marrow, and surrounding tissues (Figure 1.4) [11]. 

 

Figure 1.4 Fracture repair of bone  
Stages of bone fracture repair from haematoma formation and callus and fibrous 
tissue formation to remodelled bone, adapted from [12]. 

Following the inflammatory response there is primary bone formation where 

an initial deposition of avascular matrix (callus formation) in a randomly 

orientated pattern, known as woven bone, is used as a scaffold for deposition 

and remodelling into a more organised lamellar bone structure (secondary 

bone formation). Structurally, woven bone consists of randomly orientated 

collagen fibrils which renders the area mechanically weak [9]. Replacement 

with lamellar bone is achieved through osteoblast/osteoclast remodelling [11]. 

1.3 Osteomyelitis 

Osteomyelitis is an infection localised to the skeletal system. Translated 

literally from Greek it means inflammation of the bone marrow (‘Osteo’ – bone, 

‘Myelos’ – marrow, and ‘Itis’ – inflammation). The infection can be restricted to 

a single portion of the bone or can involve several regions, such as the marrow, 
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cortex, and periosteum (Figure 1.5) [13]. Although it can be caused by a 

variety of pathogens, osteomyelitis is most commonly caused by the 

opportunistic gram positive bacteria Staphylococcus aureus (S. aureus) and 

Staphylococcus epidermidis (S. epidermidis) (approx. 75% of cases) [14].  

 
Figure 1.5 Progression of osteomyelitis 
An abscess develops from localized infection that constricts the blood flow to the area 
(A), resulting in avascular region of necrotic bone tissue called the sequestrum (B), 
followed by development of new bone surrounding the sequestrum, termed the 
involucrum, which may also have a sinus tract through which purulence can escape 
(C) [15] 

The pathology of osteomyelitis is characterized by severe inflammation, 

impairment of vasculature, and localized bone loss and destruction. In an 

attempt to overcome the infective microorganisms, leukocytes produce 

inflammatory cytokines and enzymes that breakdown the infected and 

surrounding tissue [16]. Purulence consisting of dead leukocytes and 

host/bacterial cells can fill intercellular spaces around the infection and form 

an abscess. In chronic infection, abscesses can impair blood flow and strip the 

periosteum creating an area of vascularized, necrotic bone called a 

sequestrum [17]. Vascular impairment makes the foci of chronic infection 

impervious to the immune system and systemic antibiotics. The sequestrum is 

indicative of a chronic infection and compromises the bone’s integrity. Often 

the formation of new bone – involucrum – occurs, which forms from remaining 

intact fragments of the periosteum and functions to provide axial support to 

weight bearing bones and prevent pathological fracture [18], [19]. Exudate or 
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purulence from the infection may escape through an opening in the bone 

called a sinus tract (Figure 1.5). 

1.3.1 Modes of bone infection 

There are many contributing factors that predispose a patient to developing 

osteomyelitis including age, diabetes, peripheral vascular disease, 

intravenous drug use, surgical implants, and those with immunodeficiencies 

due to disease or immunosuppressant drugs [18]. The causative organisms in 

osteomyelitis can originate from either a haematogenous or contiguously 

spread source, often referred to as endogenous or exogenous sources, 

respectively [20]. 

Haematogenous osteomyelitis is usually mono-microbial [21]. It most 

commonly occurs in patients lacking any prior risk factors or infection; 

however, it can also be caused by the seeding of circulating pathogens in the 

blood, which can arise from an existing infection. Haematogenous 

osteomyelitis represents just 20% of all osteomyelitis infections; however, the 

majority of osteomyelitis cases in children are haematogenous (85% of cases 

for patients under 17 years old) [20]. 

In contrast to haematogeneous osteomyelitis, contiguous spread of infection 

is most often poly-microbial and most commonly affects adults [22]–[24]. 

Contiguous spread osteomyelitis can originate from trauma, direct inoculation 

during operative procedures, or can spread from surrounding infected soft 

tissues. It is estimated that half of osteomyelitis cases in adults are due to 

trauma [25]. Trauma can result in either open or closed fractures (presence or 

absence of exposed bone). Damaged connective tissues, including skin, 

muscle, and bone, expose proteins such as collagen and fibronectin which 

bacteria readily bind to, increasing the chance of inoculation [26]. In a clinical 

study carried out by Merritt et al., up to 1 in 5 patients who acquired open 

fractures were reported to have developed infections [27]. People with soft 

tissue infections who develop underlying infection of the bone are most 

commonly over the age of 40 and have diabetes mellitus [28]. Osteomyelitis 

spreading from diabetic ulcers due to neuropathy and vascular insufficiency 

most commonly occurs in the bones of the feet; the toes, metatarsal heads, 
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and calcaneum [29]. According to Malhotra et al., and Lavery et al., 12-20% of 

those with diabetic foot ulcers develop an infection of the underlying bone [30], 

[31] and in severe cases of foot ulcers this prevalence can be higher than 66% 

[32]. 

1.3.2 Clinical presentation and diagnosis 

Diagnosing osteomyelitis is often a difficult challenge as there is a vast 

variation in clinical presentation. Early diagnosis is the key to the successful 

treatment of osteomyelitis. Schmidt et al. developed a diagnostic tool for 

osteomyelitis using a scoring system based on clinical, laboratory, and 

technical information [33]. The scoring system is based on: 1) Clinical history 

and risk factors; 2) clinical examination and laboratory test results: leukocyte 

counts and inflammatory markers such as erythrocyte sedimentation rate 

(ESR) and C-reactive protein (CRP); 3) Diagnostic imaging such as 

ultrasound, radiology, CT, or MRI; 4) microbiology analysis and 5) 

histopathology. Unfortunately, many of these individual diagnostic methods 

lack specificity and sensitivity and are associated with many issues, as 

Tiemann et al. outlines [34]. Lab test results involving leucocyte counts and 

inflammatory markers are often not reliable. For example, in a review by Scott 

et al., 41% of patients who presented with acute haematogenous osteomyelitis 

presented with a leucocyte count of less than 10,500, which is within the 

normal range of ~4,500 - 11,000 [35]. In up to 40% of osteomyelitis cases, 

microbiological tests produce false-negative results. This may be due to the 

difficulty in culturing the causative organism secondary to location, inability to 

undergo surgical intervention, or the fact that the patient may have been 

started on antibiotics prior to the collection of specimens for culture, thus 

altering the results of laboratory testing. In addition, diagnosing osteomyelitis 

through imaging methods is often delayed as bone necrosis is difficult to detect 

using plain radiograph until week 3 of infection, with a reported positive 

diagnosis rate of only 20% after 2 weeks [26].   
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1.3.3 Traditional treatment strategies 

Osteomyelitis therapy requires an interdisciplinary approach involving a 

combination of patient evaluation, antibiotic therapy, and surgical intervention 

[36]–[38]. Treatment can be difficult and is largely based on expert opinion as 

there is varying advice for the duration and route of treatment, and confusion 

exists regarding the superiority of intravenous/parenteral treatment to oral. 

Dedicated treatment guidelines for acute osteomyelitis are still awaited, 

however the treatment strategies described below are generally applied.  

1.3.3.1 Systemic antibiotic treatments 

Ideally, in non-life-threatening osteomyelitis cases, antibiotic therapy should 

be withheld until the causative organism and susceptibility have been 

identified. The gold standard for diagnosis is bone biopsy [39].  Having found 

an organism to treat, the results of susceptibility testing can then inform the 

optimal agent, penetrance of the chosen agent into bone, and the route and 

duration of treatment. The most important susceptibility distinction is the 

oxacillin/methicillin susceptibility result, which defines whether methicillin 

susceptible or resistant S. aureus or S. epidermidis (MSSA/MSSE or 

MRSA/MRSE) is involved. Antibiotics are often administered intravenously for 

2-4 weeks, followed by oral therapy that can last an additional 8-10 weeks.  

However, due to the avascular nature of the bone, penetration of the antibiotics 

to the infected site can be poor. As such, high doses of antibiotics over long 

time periods are required, which can result in systemic toxicity.  

An indication of the success of the selected treatment method may be given 

by a reduction in the Erythrocyte Sedimentation Rate (ESR) and C-Reactive 

Protein (CRP) levels. The main treatment choices for both methicillin 

susceptible and resistant S. aureus and S. epidermidis all achieve therapeutic 

levels of bone penetration and are shown in Table 1.1 below [40], [41]. 

Rifamcin or fusidic acid may also be added in combination with the chosen 

antibiotic for the initial 2 weeks as they have been shown to be effective 

against slow growing bacteria present in biofilms and the antibiotic 

combinations have been shown to improve cure rates [42], [43].
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Table 1.1 Therapeutic options for the treatment of S. aureus and S. epidermidis osteomyelitis [15], [40], [41], [44]–[47] 

Recommended intravenous agents for the treatment of S. aureus and S. epidermidis osteomyelitis 

Agent (Class) Dose 
MSSA/ 
MRSA 

Interactions Side Effects Comments 

Flucloxacillin 
(penicillin) 

2 g q6h MSSA/MSSE Nil significant 
Rash, nausea, vomiting, 
diarrhea, cholestatic hepatitis 

First line treatment for 
MSSA/MSSE 

Nafcillin (penicillin) 2 g q4h MSSA/MSSE Tetracyclines, warfarin 
Phlebitis, rash, neutropenia, 
interstitial nephritis 

First line treatment for 
MSSA/MSSE 

Oxacillin (penicillin) 2 g q4h MSSA/MSSE Tetracyclines Phlebitis, rash, hepatitis 
First line treatment for 
MSSA/MSSE 

Cefazolin 
(cephalosporin) 

2 g q8h MSSA/MSSE 
Probenecid – increase in 
cephalosporin serum 
concentration, warfarin 

Phlebitis, rash, fever, 
eosinophilia 

Convenient for OPAT 

Ceftriaxone 
(cephalosporin) 

2 g q24h MSSA/MSSE 
Calcium containing solutions, 
probenecid (as above), warfarin, 
lansoprazole 

Pseudo-cholelithiasis, 
phlebitis, rash, fever 

Convenient for OPAT 

Vancomycin 
(glycopeptide) 

15 mg/kg 
q12h 

MRSA/MRSE 
Non-depolarizing muscle relaxants, 
nephrotoxic agents 

Nephrotoxicity, ototoxicity, 
thrombocytopenia, red man 
syndrome 

Target trough 15-20 mg/L, 
consider combination 
therapy, may be less 
effective against strains 
with MICs of 1-2 mcg/ml 

Teicoplanin 
(glycopeptide) 

12 mg/kg 
q24h 

MRSA/MRSE 
Nephrotoxic agents, ototoxic 
agents 

Thrombophlebitis, rash, 
neutropenia, eosinophilia, 
ototoxicity 

Target trough >20 mcg/mL 

Daptomycin (cyclic 
lipopeptide) 

6 mg/kg 
q24h 

MRSA/MRSE Statins 
CK elevation, eosinophilic 
pneumonia 

Monitor CK 

Convenient for OPAT 
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Oral treatment options for either MSSA/MSSE or MRSA/MRSE osteomyelitis (when susceptible) 

Levofloxacin 
(flouroquinolone) 

750 mg 
q24h 

MSSA/MSSE 
MRSA/MRSE 

QTc prolonging agents, 
warfarin 

Diarrhea, phototoxicity, QTc 
prolongation, tendon rupture, seizures 

Use combination therapy 

Trimethoprim-
sulfamethoxazole 
(anti-folate) 

DS 2 tabs 
q12h 

MSSA/MSSE 
MRSA/MRSE 

ACE inhibitors, 
azathioprine, 
cyclosporine, folinic acid, 
para-aminobenzoic acid, 
phenytoin, 
sulfonylureas, oral 
contraceptives, warfarin 

Nausea, vomiting, rash, hyperkalemia, 
bone marrow suppression 

Consider combination 
therapy 

Doxycycline 
(tetracycline) 

100 mg 
q12h 

MSSA/MSSE 
MRSA/MRSE 

Acitretin, barbiturates, 
bismuth salts, 
carbamazepine, digoxin, 
oral contraceptives, 
penicillins, warfarin 

GI intolerance, photosensitivity, dental 
deposition 

 

Minocycline 
(tetracycline) 

100 mg 
q12h 

MSSA/MSSE 
MRSA/MRSE 

Acitretin, barbiturates, 
bismuth salts, 
carbamazepine, digoxin, 
oral contraceptives, 
penicillins, warfarin 

Vertigo, ataxia, hypersensitivity 
pneumonitis, rash, GI intolerance, 
photosensitivity, dental deposition 

Consider combination 
therapy 

Linezolid 
(oxazolidinone) 

600 mg 
q12h 

MSSA/MSSE 
MRSA/MRSE 

SSRIs, MAOIs, tricyclic 
antidepressants, 
adrenergic agents, 
rifampicin 

Thrombocytopenia, anemia, optic 
neuropathy, peripheral neuropathy 

Reserve for use when 
alternatives not available. 
Monitor FBC. 

Clindamycin 
(lincosamide) 

600 mg 
q6h (IV) 
450 mg 
q6h (PO) 

MSSA/MSSE 
MRSA/MRSE 

Erythromycin,  kaolin-
pectin, loperamide, non-
depolarizing muscle 
relaxants 

Diarrhea, nausea, vomiting, anorexia, 
rash 

Check for inducible 
clindamycin resistance if 
erythromycin resistant 
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Rifampicin 
(rifamycin) 

300-450 
mg q12h or 
600 mg 
q24h 

MSSA/MSSE 
MRSA/MRSE 

Numerous – check 
interactions when 
prescribing 

Orange discoloration of urine, tears, 
sweat, hepatitis, GI intolerance, flu-like 
syndrome 

Use in combination therapy 
only as S. aureus resistance 
develops quickly to 
monotherapy. Particularly 
effective in treatment of 
biofilms and infected  
prosthetic material. 

Fusidic acid 
(fusidane) 

500 mg 
q6h 

MSSA/MSSE 
MRSA/MRSE 

Statins, ritonavir 
Phlebitis, nausea, vomiting, diarrhea, 
elevated bilirubin 

Use in combination therapy 
only as S. aureus resistance 
develops quickly to 
monotherapy 

Abbreviations: CK, creatine kinase; FBC, full blood count; GI, gastrointestinal; IV, intravenous; MAOI, monoamine oxidase inhibitor; MIC, 

minimum inhibitory concentration; MRSA, methicillin resistant Staphylococcus aureus; MRSE, methicillin resistant Staphylococcus epidermidis;  

MSSA, methicillin susceptible Staphylococcus aureus; MSSE, methicillin susceptible Staphylococcus epidermidis;  OPAT, outpatient parenteral 

antimicrobial therapy; PO, per os; SSRI, selective serotonin reuptake inhibitor. 
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1.3.3.2 Surgical intervention 

Whilst antibiotics can be successful at treating acute osteomyelitis, chronic 

infection also requires surgical intervention. Debridement of the bone aims to 

remove necrotic tissue and also reduce the bioburden of the infection in the 

area. It involves multiple debridement in a staged fashion and excision should 

obtain margins in normal healthy bleeding tissue [37], [48]. However, despite 

extensive tissue debridement, the vast dispersion of bacterial colonization 

throughout the bone and surrounding tissue makes it difficult to ensure the 

complete elimination of infection, and local and systemic antimicrobial 

treatment is also essential. Despite surgical debridement and antibiotic 

therapy, chronic osteomyelitis has a high rate of reoccurrence in adults (30% 

at 12 months) due to the poor penetration of antibiotics into necrotic bone and 

antibiotic resistance [36]. 

1.3.3.3 Dead space management  

Following debridement of the infected site, the void remaining is referred to as 

dead space. Dead space management typically involves harvesting 

autologous or autogenous bone grafts, most often from the pelvic iliac crest 

followed by implantation into the defect site. Autologous bone grafts remain 

the gold standard for promoting healing, with an estimated 2.2 million 

procedures per annum [49], [50]. Grafts of this kind have optimal biological 

performance in terms of osteogenicity, osteoinductivity and osteoconductivity 

[51]. However, the use of autologous bone grafts is limited by considerable 

donor site morbidity, postoperative pain and risk of infection, and the lack of 

available tissue. Allogenic bone grafts can also be employed, most commonly 

by transplantation of sterilised cadaveric bone; however; this is also restricted 

due to viral transmission and immune rejection issues [20], [52]. 

1.3.3.4 Local antibiotic delivery strategies 

The systemic administration of a sufficiently high dose of antibiotics to reach 

the necrotic region and clear the infection often results in toxicity. Therefore, a 

number of products have emerged in recent years that are focused on the local 

delivery of antibiotics to the site of infection whilst simultaneously regenerating 
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bone [53]. There are a range of products currently on the market (Table 1.2) 

which are typically classified according to the degree of biodegradability of the 

carrier and which vary with regard to material type, antibiotic type and the 

delivery method. Each technique ultimately aims to reduce the dependence 

on systemic antibiotics, decrease hospitalisation costs and, importantly, 

prevent late relapse, which is common in chronic osteomyelitis.  

Table 1.2 Commercially available antimicrobial products for use in the treatment of 
osteomyelitis [15] 

Collagen-based sponges 

Product Company Description Indications 

Collatamp® 

G/EG 
EUSA Pharma 

Resorbable collagen 

implant impregnated 

with gentamicin 

Prevent and treat surgical site 

infections through local 

antibiotic delivery 

GENTA-COLL® RESORBA 

Hemostyptic collagen 

sponge containing 

gentamicin 

Hemostasis in wounds when 

there is high risk of infection 

(including in OM) 

Septocoll E Biomet UK Ltd. 

Resorbable Equine 

collagen fleece 

containing 2 forms of 

gentamicin 

(Gentamicin sulfate; 

Rapid release and 

Gentamicin crobefate; 

Protracted release) 

Potentially/contaminated 

wounds. Revision operations 

in septic surgery 

Bone cement/beads 

Product Company Description Indications 

Septopal Biomet UK Ltd. 

PMMA chains loaded 

with gentamicin 

sulfate 

Local drug delivery after 

surgical debridement 

STIMULAN® Biocomposites® 

Calcium Sulfate (Can 

mix with Gentamicin, 

Vancomycin and 

Tobramycin) 

Complements dead space and 

infection management 

strategies (e.g. Infected non-

unions, OM and periprosthetic 

joint infection) 

PALACOS® Heraeus Medical 

Bone cement – 

available with 

Gentamicin 

Orthopaedic replacement 

procedures 

Non-biodegradable antibiotic delivery systems are based on the acrylic 

material polymethylmethacrylate (PMMA), either in the form of cement 

(PALACOS®) or beads (Septopal®). These can be combined with a number 
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of antibiotics and have been extensively used in surgery to locally deliver 

antibiotics in the treatment of various musculoskeletal infections. Notably, this 

treatment is limited due to toxicity and the requirement for a thermally stable 

antibiotic [54]. Additionally, these antibiotic-loaded cements tend to release a 

bolus of antibiotic within the first 24 hrs followed by minimal or no release 

thereafter. Research has shown that as little as 0.9% - 2.1% of the antibiotic 

incorporated into cement spacers is released over a 6-week period [55]. Thus, 

surgeons must be cautious in order to avoid reoccurrence of infection due to 

low antibiotic doses or even causing antibiotic resistance. Furthermore, PMMA 

products require removal, giving rise to the risk of re-infection. This drawback 

can be overcome by the use of biodegradable antimicrobial products.  

Biodegradable delivery systems using calcium sulphate beads and collagen 

sponges loaded with antibiotics have been in use for the past decade. These 

biodegradable delivery systems allow for the local delivery of antibiotics to the 

site of infection, whilst providing a scaffold for the repair and regeneration of 

bone.  Such products include STIMULAN® beads, which can be combined 

with a number of antibiotics, Collatamp® G/EG (EUSA Pharma) and GENTA-

COLL® (RESORBA). Although more large-scale randomised controlled 

studies are needed to fully elucidate the results, the literature reports good 

clinical success rates for gentamicin-loaded collagen fleeces [56]. In terms of 

orthopaedic wound healing, gentamicin-loaded collagen fleeces have shown 

more complete wound healing, shorter healing time, improved clinical 

outcome, and reduced convalescence time compared to empty defects [57]–

[59]. In terms of osteomyelitis treatment, gentamicin-loaded collagen fleeces 

have demonstrated a range of treatment success rates, from 74-94% [56], 

[60]–[62], and when compared to PMMA beads loaded with gentamicin they 

had significantly lower rate of re-operation [56], [63]. 
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1.3.4 Complications in osteomyelitis treatment 

1.3.4.1 Staphylococcal biofilm development 

The ability of bacteria to form biofilms is a natural mechanism. The stages of 

biofilm development are: attachment, accumulation, and dispersal (Figure 

1.6). A number of factors mediate attachment, including autolysin (atl), teichoic 

acids, and microbial surface components recognizing adhesive matrix 

molecules (MSCRAMMS) [64], which allow positioning of the premature 

biofilm. The presence of human serum proteins alone enhances the 

expression of MSCRAMMs that promote biofilm formation [65]. Once 

attached, the bacterial cells within the matrix multiply and accumulate, shaping 

the matrix surrounding them to include complexities such as water channels 

for nutrient and waste diffusion. It is thought that through quorum sensing 

governed by the accessory gene regulator (agr) system, bacteria are able to 

sense their environment and can disperse from the mature biofilm matrix and 

spread to other areas [66], [67]. 

 

Figure 1.6 Stages of biofilm development 
The first stage of biofilm formation in bone is attachment. Once attached, the bacteria 
begin to accumulate and produce a sticky matrix, which is the initial biofilm. This 
accumulation results in the formation of biofilm microcolonies, and development of 
mature biofilm. The biofilm may then finally break down and release the bacteria from 
within, causing dissemination throughout the host [15] 

In chronic osteomyelitis, the ability of staphylococci to persist and re-infect is 

partially attributed to the development of these biofilms. The presence of 

biofilms has been suggested as the main cause of clinical quiescence of 
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chronic osteomyelitis. Biofilms can provide protection from antibiotic arsenal, 

the host immune response, and shear stresses. The biofilms further enhance 

the survival of the staphylococci residing within them by functioning to seize 

and concentrate important environmental nutrients [23], [68]. 

As with most cases of chronic osteomyelitis, surgical intervention is usually 

required for removal of the sequestrum. The sequestrum has a decreased 

vascularity and oxygen tension, providing optimum conditions for bacterial 

attachment and biofilm formation. Debridement of the infected area would also 

include the removal of the sequestra as antibiotic therapy alone is unable to 

sufficiently penetrate the biofilm matrix and eradicate the infection within. 

Surgical revisions can result in infection relapse in up to 40% of cases, 

however if the sequestra remains present in the bone, it will facilitate spreading 

of the infection throughout the bone. Spreading of the infection will result 

eventually in radical debridement and possible limb amputation [69], [70]. 

1.3.4.2 Persistent small colony variant (SCV) staphylococci 

In conjunction with the biofilm matrix, which provides protection for the bacteria 

within it, alterations of the bacterial metabolic activity are also observed, which 

confers resistance to antibiotics. Persister cells and small colony variants 

(SCVs) are found within biofilms and have been investigated extensively in the 

staphylococcal species [71], [72]. SCVs have been described in osteomyelitis 

cases and have been deemed responsible for the recurrent infection 

associated with the disease due to their ability to survive intracellularly in a 

dormant state for many years, to then remerge as the parent strain and cause 

reinfection [73]. Invasion and persistence of S. aureus in naturally non-

phagocytic cells has been described in a range of cell types including 

endothelial cells and keratinocytes [74], [75]. This internalization has two 

possible outcomes: either the S. aureus invader activates production of the 

tumor necrosis factor related apoptosis inducing ligand (TRAIL), which in turn 

causes osteoblast apoptosis, or it can persist intracellularly as a SCV and 

cause recurrent infection months or years later [76], [77]. 
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1.3.4.3 Antibiotic resistance 

Antibiotic resistance is a global health threat that affects both developed and 

developing countries. It has quickly become a serious risk to public health with 

more than 70% of hospital acquired bacterial infections being resistant to one 

or more of the antibiotics that are generally used to eradicate them [78]. The 

World Health Organization (WHO) and the Centre for Disease: Control and 

Prevention (CDC) estimate that in both the EU and the USA, more than 23,000 

people die annually as a result of antimicrobial resistance, with S. aureus 

responsible for nearly 50% of those deaths. In addition, there has been a steep 

decline in antibiotic approval over the last 30 years, with only two antibiotics 

approved by the US Food and Drug Administration (FDA) between 2008 and 

2012 (Figure 1.7). Thus, research has been driven to investigate non-

antibiotic alternatives. 

 

Figure 1.7 Decline in antibiotic approvals by the FDA 
The steep decline in antibiotic approvals by the US Food and Drug Administration 
(FDA) from 1983 to 2012 [79]. 

Approximately 1% of bacteria are innately resistant to more than one class of 

antimicrobial agents [80], while the rest acquire resistance by a variety of 

mechanisms and adaptations (Figure 1.8): 

1) The bacteria can produce new enzymes that can destroy the antibiotic 

before it even enters the cell through acquired genes, such as β-

lactamases or penicillinase. 

2) If a specific binding site on the cell wall is the site of action for the 

antimicrobial, bacteria also have the ability to modify their cell wall – 
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upon acquiring specific genes – so that the antimicrobial no longer 

binds/enters the cell, e.g. methicillin resistance gene, mecA. 

3) If the antibacterial agent does enter the cell, bacteria that have 

developed efflux pumps can eliminate the antibacterial agent before it 

reaches its site of action within the cell [80]–[82]. 

 

Figure 1.8 Mechanisms of bacterial antibiotic resistance 
There are multiple mechanisms by which bacteria can incur antibiotic resistance 
including enzymatic degradation, modification of drug targets, and the activation of 
efflux pumps [83]. 

Through these mechanisms, the bacteria’s susceptibility to an antibiotic can 

be reduced or become completely resistant. Minimal new antibiotic discoveries 

combined with an alarming number of emerging cases of microbial resistance 

to ‘last resort’ antibiotics has forced research to focus on discovering and 

developing non-antibiotic antimicrobials. 
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1.4 Potential new treatment strategies for osteomyelitis  

In summary, there are numerous treatment challenges associated with 

osteomyelitis including dead space management, lack of local antibiotic 

penetration to the necrotic region, and the development of antibiotic 

resistance. Thus, in this thesis potential new treatment strategies for 

osteomyelitis are examined which combine a number of non-antibiotic 

antibacterials that might evade antimicrobial resistance, with tissue 

engineered scaffolds to act both as a local delivery vehicle for the 

antibacterials whilst potentially enhancing tissue regeneration.  

1.4.1 Tissue engineering and scaffolds for orthopaedic 

applications 

Tissue engineering involves the combination of scaffolds, cells, and signals to 

repair and regenerate both the structure and function of biological tissues, 

often referred to as the ‘tissue engineering triad’ (Figure 1.9) [84]. In this thesis 

we mainly focus on the biomaterial scaffold aspect of the tissue engineering 

triad. Biomaterial scaffolds provide structural support for cells in a 3D 

environment and mimic the natural extracellular matrix. There are a number of 

requirements for tissue engineered scaffolds that are often application specific 

[2] including biocompatibility, biodegradability, scaffold architecture, and 

scaffold mechanical properties.  

 

Figure 1.9 Tissue engineering triad 
The tissue engineering triad – a combination of scaffolds, cells, and growth factors or 
signals for the growth and repair of functional tissue 
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In terms of biocompatibility, the tissue engineered construct must allow for cell 

infiltration, attachment, proliferation, new matrix production, and tissue 

remodelling. In addition, to negate the risk of implant rejection, the scaffold, 

including any of its degradation products, must not elicit an adverse immune 

response.  

The overall purpose of the scaffolds is to allow the body’s own cells (or donor 

cells) to replace it with healthy tissue. Thus, scaffold biodegradability is crucial. 

Ideally, the rate of tissue repair should match the rate of scaffold degradation 

and this can often be fine-tuned using crosslinking techniques, depending on 

material composition.  

The architecture of the implanted scaffold is also vital in successful tissue 

regeneration. An interconnected pore structure and high degrees of porosity 

are advantageous for cell infiltration and adequate transport of nutrients and 

waste products throughout the construct. Pore size is also important; an ideal 

pore size must be large enough to allow cell migration but small enough to 

allow a large area of surface attachment for cells. Porosity, interconnectivity, 

and pore size all play a role in avoiding core necrosis of implanted scaffolds 

due to lack of nutrient/waste transport and vascularisation, an issue faced by 

the majority of tissue engineered implants.  

The mechanical properties of the scaffold should be appropriate for the tissue 

type to be targeted for regeneration. Traditionally, it was thought that the 

mechanical properties of the scaffold should be appropriate for the site of 

implantation and must be able to withstand the natural biological loading of the 

area. However, it is now generally accepted that it is not the bulk stiffness of 

the scaffold that is of most importance. In fact, it is the local scaffold stiffness 

that plays a major role in tissue regeneration, providing cues for cellular 

attachment, proliferation, and differentiation [85], [86]. That being said, bulk 

mechanical robustness from the perspective of surgical handling is also 

essential.   

The Tissue Engineering Research Group (TERG) in RCSI have developed a 

series of highly porous collagen-based scaffolds for the regeneration of a 

variety of tissues including bone, cartilage, ocular, nerve, cardiovascular, and 
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respiratory tissues [87]–[91]. Collagen is an ideal scaffolding material as it is a 

natural, biodegradable material that facilitates cell attachment and migration, 

and, despite the fact that it is xenographic (bovine origin), it does not elicit a 

negative host immune response [2]. In bone, it makes up 89 % of the organic 

matrix and 32 % of the volumetric composition [2].  

 

Figure 1.10 Structure of collagen 
A triple helical molecule made up of chains of three amino acids, glycine, proline, and 
hydroxyproline [92] 

However, collagen has poor compressive strength in comparison to native 

bone. Therefore, in scaffolds for bone tissue engineering, collagen is often 

combined with other materials for structural integrity, such as hydroxyapatite 

or bioactive glass. The mechanical properties of collagen-based scaffolds can 

otherwise be enhanced through either physical or chemical crosslinking of the 

construct. 

1.4.1.1 Improving the mechanical properties of scaffolds for 

orthopaedic applications through crosslinking 

Collagen scaffolds lack mechanical strength. Thus, to control both the stiffness 

and stability or degradation of the scaffolds we propose the use of several 

methods of both physical and chemical crosslinking in this thesis. Crosslinks 

are formed between the amino acids of collagen molecules and increase the 

stiffness of the overall construct by preventing the motion between fibrils within 

the collagen fibres (Figure 1.10) [93]. 
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Dehydrothermal crosslinking 

Dehydrothermal (DHT) treatment is a physical crosslinking method which 

involves heating the scaffolds to a high temperature (105°C) for 24 hrs under 

a vacuum (0.05 bar). This process forms intermolecular crosslinks between 

the collagen molecules through a condensation reaction which removes the 

water from the collagen molecules by either conversion of carboxylic acids to 

esters (esterification) or by replacing the hydroxyl group in carboxylic acid by 

an amine (amide formation) (Figure 1.11). This method is advantageous for 

two reasons; it does not involve toxic chemical crosslinkers and it also 

functions to sterilise the scaffolds before use in cell culture [94], [95]. However, 

physical crosslinkers cannot achieve as high a yield of crosslinking as 

chemical crosslinkers [96]. 

 

Figure 1.11 Dehydrothermal (DHT) crosslinking reaction  
DHT crosslinking treatment produces a condensation reaction between a carboxylic 
acid group and an amine group in collagen to form a crosslink. Figure modified from 
[97]. 

EDAC/NHS crosslinking 

The chemical crosslinking method using EDAC/NHS or 1-Ethyl-3-(3-

dimethylaminopropyl)carbodiimide (EDAC) and N-Hydroxysuccinimide (NHS) 

is a commonly used method to crosslink collagen-based scaffolds. EDAC 

crosslinking forms ‘zero length’ crosslinks which are chemically the same as 

those formed during dehydrothermal crosslinking [97] (Figure 1.12). 

Favourably, EDAC does not add any potentially toxic long polymer chains into 

the collagen structure; however, this means it can only form crosslinks 

between collagen molecules that are adjacent to one another at a maximum 

distance of 1 nm apart. The EDAC/NHS reaction produces urea as a bi-

product of the reaction, which needs to be removed from the scaffold using 

several washing steps before use in cell culture or in vivo conditions. 
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Figure 1.12 EDAC crosslinking reaction  
EDAC and NHS crosslinking reaction – first a reaction between a carboxylic acid 
group and an NHS molecule occurs, followed by a reaction with a free amine group 
to produce a crosslink. Figure modified from [97]. 

Later in this thesis, chitosan (a naturally found polysaccharide) is also 

introduced into the collagen scaffold as both a scaffolding material combined 

with collagen and for its antimicrobial activities. However, although the 

chitosan molecule contains amino acid groups, it lacks carboxylic acid groups 

which make it unsuitable for both DHT and EDAC/NHS crosslinking methods 

which are commonly used in our lab [98]. Thus, we sought to investigate 

another crosslinking method which might be suitable for chitosan-chitosan, 

chitosan-collagen, or collagen-collagen crosslinking: glutaraldehyde 

crosslinking.  

Glutaraldehyde crosslinking 

Glutaraldehyde (GTA) is one of the most common crosslinking agents for 

biomedical materials. It can form covalent polymer crosslinks (relatively long 

chains) between the aldehyde groups on the glutaraldehyde and the amine 

groups present on collagen and/or chitosan [97] (Figure 1.13). There have 

been some reports in literature with regards to potential toxicity and 

calcification of glutaraldehyde crosslinked constructs; however, there are 
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conflicting views on this [97], [99], [100]. Glutaraldehyde is a versatile 

crosslinker that can also be used in vapour form to crosslink collagen and/or 

chitosan. This is advantageous for several reasons including reduced toxicity 

vs. immersion in liquid glutaraldehyde. This also negates leaching of bioactive 

ions or molecules loaded into the scaffold construct during crosslinking in liquid 

solvents [100], [101]. 

 

Figure 1.13 Glutaraldehyde crosslinking reaction with chitosan  
The aldehyde group on glutaraldehyde reacts with an amine group on either collagen 
or chitosan to form a crosslink. Figure modified from [98]. 

Thus, through a range of different crosslinking methods, we have the ability to 

modify the compressive strength and degradation characteristics of the 

collagen-based tissue engineered scaffolds developed in our lab. These 

scaffolds have shown immense tissue regenerative potential and are tuneable 

to be applied in a host of different areas, e.g. by adding hydroxyapatite for 

bone repair, elastin for vascular regeneration, or graphene for cardiac repair 

[88], [102], [103]. We next want to functionalise these scaffolds with non-

antibiotic antimicrobials for the treatment of infection, as an alternative to local 

antibiotic delivery strategies (described in Section 1.4.2). To do so, a range of 

non-antibiotic antibacterial materials were investigated, namely chitosan, 

copper, silver, and zinc. The potential of silver-doped hydroxyapatite and 

copper-doped bioactive glass were also investigated as bi-functional 

osteogenic and antibacterial agents. 
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1.4.2 Non-antibiotic antimicrobials  

There are a vast number of non-antibiotic materials that demonstrate 

antimicrobial activity. Some classifications include: peptides (e.g. LL-37 

released by the human innate immune system), natural extracts and essential 

oils (e.g. curcumin derived from turmeric or peppermint oil), polymeric 

materials (e.g. chitosan), and metals (e.g. copper, silver, and zinc). This thesis 

focuses on four material categories: chitosan (Section 1.4.2.1), metals 

(Section 1.4.2.2), and hydroxyapatite and bioactive glass doped with 

antimicrobial metal ions (Sections 1.4.2.3 and 1.4.2.4, respectively) 

1.4.2.1 Chitosan  

Chitosan is a natural positively charged linear polysaccharide which is similar 

in structure to cellulose and is biodegradable, biocompatible, non-toxic, 

generally recognised as safe (GRAS) by the US Food and Administration 

(FDA) in some applications. Most importantly from the perspective of this 

thesis, it displays antimicrobial activity [104]. Chitosan is derived from chitin, 

most often extracted from the exoskeletons of crab and shrimp (15-40% wt), 

but can also be derived from the mycelia of fungi [105]. Chitin is the second 

most abundant natural polysaccharide, after cellulose, and it is estimated that 

organisms produce up to 100 billion tonnes of chitin annually [106], [107]. 

Chitin is extremely cost effective as it is harvested from the shells of crab and 

shrimp which are considered a waste product from the fishing industry. It is a 

white, hard, inelastic and hydrophobic polysaccharide that is insoluble in water 

and many organic solvents. Thus, chitin is processed further into chitosan. 

First, both the calcium carbonate and proteins must be removed to produce 

pure chitin using usually hydrochloric acid (HCL) followed by sodium hydroxide 

(NaOH) at an elevated temperature. Demineralisation and deproteinisation 

can also be carried out using microorganisms and enzymes to digest the 

mineral and proteins [108]. 
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Figure 1.14 Chitosan 
Example source (crustacean shells), appearance of chitosan powder, and chemical 
structure of chitin and chitosan adapted from [107], [109]. 

Next, the purified chitin is deacetylated (DA) to varying degrees into chitosan 

using either chemical (alkali deacetylation using NaOH) or enzymatic 

processes (chitin deacetylase), which can also alter the molecular weight 

(MW) of chitosan [108]. Chitosan at a DA% lower than 50% mol. becomes 

soluble in dilute acids such as acetic acid, lactic acid, and HCL. Finally, 

chitosan can be further processed for tissue engineering purposes and cast 

into films, freeze-dried into scaffolds, electrospun, and also sprayed into 

microparticles to regenerate a variety of biological tissues [110]–[113]. 

In addition to being biodegradable, biocompatible, non-toxic, widely abundant, 

and cost effective, chitosan also displays broad-spectrum antimicrobial activity 

against a variety of bacteria and fungi [114]–[116]. There are two main factors 

that are suggested to increase the antimicrobial activity of chitosan: increasing 

degree of deacetylation (%DD) due to the increase in positive charge density 

[116] and reduction in molecular weight [115]. The mechanism of action is 

debated, but it is attributed to the fact that chitosan is a positive charged and 

highly viscous molecule that can alter cell wall permeability and nutrient 

transport or even essentially suffocate the cell by encapsulation [114]–[116]. 

Chitosan also has excellent metal binding properties as it is a chelating agent 

and it is often combined with metal ions to increase its antimicrobial activity 

[117], [118].  
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In this thesis, chitosan is screened for its antimicrobial activity and effect of 

mammalian cells (Chapter 2) and it is incorporated into 3D collagen-based 

scaffolds in Chapter 3. 

1.4.2.2 Metals as antimicrobials  

A number of metals have been shown to possess antimicrobial properties 

including copper (Cu), silver (Ag), and zinc (Zn). In contrast to antibiotics, 

metals are cost effective, do not pose the risk of decomposition, and they can 

usually be processed at high temperatures and pressures [119]. Metals have 

even been shown to be potential antimicrobial agents against drug resistant 

bacteria including methicillin-resistant S. aureus (MRSA) and methicillin-

resistant S. epidermidis (MRSE) [120]. The specific mechanism by which each 

of these metals destroy microbes is only partially known. Most share several 

common mechanisms, including ions penetrating the cells and inactivating 

essential microbial enzymes, while other effects induced by metals include 

production of reactive oxygen species (ROS), inhibition of the transport of 

essential ions, prevention of protein synthesis, or causing damage to the cell 

membrane function [121]. Nanoparticles of these metals possess stronger 

antimicrobial activity than larger particles due to an increased surface area 

(and thus increased ion release from the surface) and also demonstrate 

increased biocompatibility [122]. It is believed that the ions released from 

metals are mainly responsible for the antimicrobial ability, and not the 

nanoparticles themselves [123]. In addition to their nanoparticle form, metals 

are also available as salts. Metal salts are ionic compounds made up of a 

negatively charged anion and a positively charged cation that dissociate in 

solution. Therefore, the salt forms of the metals should provide potent 

antimicrobial activity as they quickly release their ions upon dissolution in 

water [123]. In this thesis, copper, silver, and zinc are screened for their 

antimicrobial activity and effect of mammalian cells (Chapter 2) and they are 

incorporated into 3D collagen-based scaffolds in Chapter 3.  
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Copper 

Copper is a well-known antimicrobial metal that shows activity against gram-

positive and gram-negative bacteria and fungi  [124]. It is effective in both its 

bulk and salt forms, with copper chloride being one of the most popular copper 

salts used in antimicrobial applications [125], [126] (Figure 1.15). In terms of 

the mechanism of action of copper against bacterial cells, it is thought to confer 

antibacterial activity through three main mechanisms: (1) Accumulation of ions 

on the bacterial inner membrane that disrupt membrane permeability; (2) 

generation of reactive oxygen species (ROS) which cause damage to cellular 

structures; and (3) disruption of deoxyribonucleic acid (DNA) replication [127], 

[128]. 

 

Figure 1.15 Copper element, bulk appearance, copper chloride chemical 
structure 

Copper as an antibacterial agent is most widely used in agriculture as a 

pesticide in the wine making industry and in organic crop cultivation [129], 

[130]. Copper has also been investigated as a surfacing material in healthcare 

settings in place of stainless steel, where the bacterial load on surfaces such 

as copper bed rails can have a reduced microbial burden by 99% [131], [132] 

(Figure 1.16). 

 

Figure 1.16 Commercial products on the market containing copper for 
antimicrobial activity 
Copper-containing hospital bed handles to reduce bacterial bioburden, copper 
sulphate as a pesticide in the wine making industry, and copper-containing socks for 
diabetic feet [133]–[135]. 
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As copper is an essential ion in humans and crucial in many bodily functions 

including immunity and collagen and bone formation [136], many researchers 

are examining the beneficial effects of copper on mammalian cells. Research 

has shown that copper, in addition to showing antimicrobial activity, can 

stimulate both angiogenesis and vasculogenisis, two essential processes in 

tissue repair and regeneration [137], [138]. 

Silver 

Silver is the most-widely explored metal in controlling bacterial growth, both in 

research and application. Silver has been shown to be an effective 

antimicrobial in both its bulk and salt forms [139], with silver nitrate being one 

of the most popular silver salts used in antimicrobial applications. Silver, in its 

various forms, has been shown to be effective against gram-positive and 

gram-negative bacteria and fungi [122]. It has also been shown to be effective 

against some drug-resistant bacteria alone [140], [141], and it has shown a 

synergistic effect when used in combination with antibiotics [142]–[144]. The 

mechanism of action of silver has been mainly attributed to: (1) the 

destabilisation of the bacterial cell inner membrane, which results in a loss of 

potassium ions and a decrease in adenosine triphosphate (ATP) levels due to 

bonding with phospholipids; (2) interaction with molecules, nucleic acids and 

enzymes within the cell to disrupt normal metabolism and function and (3) the 

production of reactive oxygen species (ROS) [145]–[147]. 

 

Figure 1.17 Silver element, bulk appearance, and silver nitrate chemical 
structure 

Clinically, silver is currently being used in products including topical creams, 

wound dressings, and urinary catheters [148]–[150] (Figure 1.18). For 

example, Silvadene Cream® or Flamazine® (Silver sulfadiazine) is widely 

available on the market, included in the ‘WHO Model List of Essential 

Medicines (EML)’, and indicated to prevent sepsis on 2nd-3rd degree burns 
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[151]. However, a 2013 Cochraine review reported toxic side effects such as 

sloughing of the wound surface and poor wound healing, in comparison to 

hydrogel or silver-impregnated dressings such as Acticoat® [152]. Acticoat® 

is a woven wound dressing which contains nanocrystaline silver used as a 

barrier for microbial infection [148]. Acticoat® is an attractive option as it has 

been shown to be effective in reducing wound bioburden and also has a 

reduced frequency of dressing changes [153]. Additionally, the use of silver 

ions in urinary catheters has also yielded promising results – a number of large 

studies and reviews report a significant decline in urinary tract infection 

occurrence and cost saving as a result [154]–[156].  

 

Figure 1.18 Commercial products on the market containing silver for 
antimicrobial activity 
Antibacterial silver-containing wound dressing Acticaot®, Flamazine® or silver 
sulfadiazine cream for topical application, and Bardex® silver-containing infection 
control urinary catheter [150], [157], [158]. 

Beyond its antibacterial activity, there is little reported in the literature with 

regards to silver’s affect(s) on osteogenesis or angiogenesis. One recent study 

reports that AgNPs do not impair the ability of hMSCs to be differentiated down 

an osteogenic lineage when cultured with osteogenic supplements [159], and 

a second recent study reports that silver nanoparticle based coatings direct 

hMSCs down an adipogenic lineage [160]. 

Zinc 

Zinc is another commonly used non-antibiotic antimicrobial metal used daily in 

both bulk nanoparticle form and in salt form (zinc chloride most common) 

[161]. Zinc shows broad-spectrum antimicrobial activity and is effective against 

gram-positive and gram-negative bacteria and fungi [162]. In terms of 

antibacterial activity, zinc behaves similarly to silver: it disrupts the inner cell 
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membrane function of bacteria, reacts with nucleic acids and enzymes, and 

also produces reactive oxygen species (ROS) [161], [162]. 

 

Figure 1.19 Zinc element, bulk appearance, and zinc chloride chemical 
structure 

Zinc oxide is on the US Food and Drug Administration’s (FDA) Generally 

Recognised as Safe (GRAS) list (21CFR182.8991) for food supplementation 

[163]. It is widely known that zinc deficiency can impair wound healing [164], 

[165]. To combat this, researchers have found that the topical application of 

zinc oxide can improve wound healing; however, zinc sulphate topical 

application or oral zinc supplementation has been unable to show the same 

[166]. Zinc oxide is commonly used in topical creams and cosmetics such as 

Sudocrem®, toothpaste, and suncream [167]–[169] (Figure 1.20). 

 

Figure 1.20 Commercial products on the market containing zinc for 
antimicrobial activity and wound healing 
Zinc-containing topical creams Neosporin® and Sudocrem® for antimicrobial activity 
[170], [171] and zinc-containing toothpaste and topical cream for sun protection [172], 
[173]. 

In addition to showing antimicrobial activity, zinc plays a central role in a 

multitude of cellular processes and is essential in immunity and DNA synthesis 

[174]. In terms of osteogenesis, zinc has been shown to promote osteoblast 

proliferation and differentiation and to enhance bone formation [175]–[177]. 
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1.4.2.3 Doped-hydroxyapatite   

The inorganic matrix of bone is mainly made up of hydroxyapatite crystals 

(calcium phosphate, Ca10(PO4)6(OH)2) – 60-70% of the weight or 40% of the 

total bone volume [178], [179]. Hydroxyapatite is widely used in bone tissue 

engineering as it is an osteoconductive material that shows good 

biocompatibility and biodegradability [2], [180], [181]. The favourable 

biocompatibility is attributed to the fact that each of the ions which compose 

these calcium phosphate-based ceramics are commonly found in 

physiological fluid [182].  

Clinically, hydroxyapatite is used either on its own in powdered form added 

directly into the bone defect as a paste, or as a coating on medical devices to 

enhance osseous ingrowth and prevent loosening [183]–[187] (Figure 1.21). 

However, bioactive glass and calcium phosphate-based cements such as 

hydroxyapatite are in fact much stiffer and more brittle than normal bone. Thus, 

similar to the composition of native bone, they are often combined with 

polymers (e.g., collagen) for added elasticity and toughness in scaffolds for 

bone tissue engineering. The addition of hydroxyapatite to tissue engineered 

scaffolds for bone regeneration has also been shown to increase the stiffness 

of the constructs, which not only provides greater ease in surgical handling, 

but also has been shown to increase osteogenic potential and healing capacity 

[86], [102], [188]. 

 

Figure 1.21 Commercially available hydroxyapatite-containing products for 
enhanced osteogenesis 
Corail® hydroxyapatite-coated hip implant for osteointegration, Bio-Oss® bone graft 
substitute (bovine xenogeneic hydroxyapatite), and Pro Osteon bone graft substitute 
(hydroxyapatite and calcium carbonate) [184], [185], [187]. 
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The crystals of hydroxyapatite can also be doped with metal ions for desirable 

effects such as osteogenesis (e.g. strontium) [189], angiogenesis (e.g. cobalt) 

[190], and antibacterial activity (e.g. silver or zinc) [191], [192], although these 

remain in research phase. In this thesis, silver-doped hydroxyapatite is 

investigated as a potential bi-functional antimicrobial and osteogenic material 

incorporated into collagen scaffolds (Chapter 4). 

1.4.2.4 Doped-bioactive glass   

Bioglass is an osteoinductive, biocompatible, biodegradable, and FDA 

approved material that was first developed by Hench et. al. in 1969 [193]. 

Bioactive glass is usually fabricated from a combination of calcium, 

phosphorous, silica, and sodium in different ratios. The term Bioglass® was 

trademarked by the University of Florida and only refers to a specific 

composition, namely ‘45S5’ (45% Silica and a 5:1 molar ratio between calcium 

and phosphorus) [194]. Upon implantation in the body, bioactive glass reacts 

with body fluid and a layer of hydroxyapatite forms on the surface, which can 

form firm bonds with bone and soft tissue (Figure 1.22) [138], [193]. Growth 

factors, blood proteins, and collagen are thought to readily bind to the apatite 

layer and cellular attachment follows [195]. Osteoprogenitor cells are then 

differentiated into osteoblastic cells due to the hydroxyapatite stimulus and 

bone formation occurs. 

 

Figure 1.22 Bioactive glass reaction with body fluid 
Formation of calcium phosphate (hydroxyapatite) layer on the surface of bioactive 
glass in body fluid [196] 

Bioactive glass is commonly used clinically to heal bone defects in facial 

reconstruction, dentistry, in benign bone tumour treatment, and osteomyelitis 

treatment. Bioactive glass can be used in the form of plates and granules in a 



60 

 

range of sizes and shapes, all with favourable postoperative bone defect 

healing results [197] (Figure 1.23).  

 

Figure 1.23 Commercially available bioactive glass products for enhanced 
osteogenesis 
NanoFUSE bioactive matrix (demineralised bone combined with 45S5 Bioglass®) 
and BonAlive granules (S53P4 bioactive glass) and putty (S53P4 bioactive glass, 
PEG, and glycerol) for enhanced osteogenesis [198], [199]. 

Like hydroxyapatite, elements can be substituted into the silica network for 

enhanced bioactivity including stimulation of angiogenesis [190], bone 

formation [200], and – most importantly in this application – antimicrobial 

activity [137], [138], [201], although these remain in research phase also. In 

this thesis, copper-doped bioactive glass is investigated as a potential multi-

functional antimicrobial, angiogenic, and osteogenic material incorporated into 

collagen scaffolds (Chapter 5). 
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1.5 Thesis Objectives/Aims  

The primary goal of the research presented in this thesis was to develop a 

series of collagen-based non-antibiotic antimicrobial scaffolds for the 

treatment of osteomyelitis. To achieve this, we sought to screen a number of 

reported non-antibiotic antimicrobial materials and incorporate them into 

collagen-based scaffolds and analyse their effect on antibacterial activity and 

osteogenesis. To accomplish this, the specific objectives of the thesis were as 

follows:  

1) To screen a set of non-antibiotic antibacterial materials (chitosan, 

copper, silver, and zinc) and examine their antibacterial activity, while 

minimising mammalian cell toxicity (Chapter 2) 

2) To incorporate the antimicrobials selected from the screening process 

in Chapter 2 into 3D collagen-based scaffold platforms at bioactive 

concentrations. The antimicrobials were incorporated via both direct 

incorporation and through a microparticle delivery system and the in 

vitro ability of the scaffold to support cell viability, osteogenesis, and 

angiogenesis (Chapter 3) 

3) To fabricate antimicrobial silver-doped hydroxyapatite and incorporate 

it into 3D collagen-based scaffolds, examine its effect on scaffold 

structural/mechanical properties, and assess the scaffold’s antibacterial 

activity and the in vitro ability of the scaffold to support cell viability and 

osteogenesis (Chapter 4) 

4) To fabricate 3D antimicrobial collagen- copper-doped bioactive glass 

scaffolds, examine the effect of bioactive glass incorporation on 

scaffold structural and mechanical properties, and assess the scaffold’s 

antibacterial activity, and the in vitro ability of the scaffold to support cell 

viability and osteogenesis. In addition, the most favourable scaffolds 

were assessed for their effect on angiogenesis and osteogenesis in a 

chick embryo in vivo model new to our laboratory (Chapter 5)  
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Chapter 2 Effect of non-antibiotic antimicrobial 

materials on bacterial and mammalian cells in a 

2D environment  
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2.1 Introduction 

Minimal new antibiotic discoveries combined with an alarming number of 

emerging cases of microbial resistance to ‘last resort’ antibiotics is threatening 

our ability to treat infections such as osteomyelitis and has driven research to 

focus on discovering and developing non-antibiotic antimicrobials.  

There are a vast number of non-antibiotic materials that demonstrate 

antimicrobial activity including peptides (e.g. LL-37 released by the human 

innate immune system), natural extracts and essential oils (e.g. curcumin 

derived from turmeric or peppermint oil), polymeric materials (e.g. chitosan), 

and metals (e.g. copper, silver, and zinc). Chitosan is a natural polysaccharide 

that is widely-abundant, cost-effective, biodegradable, biocompatible, and 

shows antimicrobial activity. Chitosan’s antimicrobial activity is suggested to 

be affected by the degree of deacetylation (%DD) and the molecular weight 

[115], [116]. 

Metals have been widely-used throughout history as antimicrobial materials. 

The most popular metals examined are copper (Cu), silver (Ag), and zinc (Zn) 

in either their bulk-form or in salt form. For bulk metals, reducing particle size 

generally increases antimicrobial activity due to an increased surface area 

[122] as metals owe the majority of their antimicrobial ability to the ions 

released from their surface [123]. As metal salts are ionic compounds that 

dissociate in solution, they may provide potent antimicrobial activity as they 

quickly release their ions upon dissolution in water [123]. In this chapter, the 

aim is to compare and contrast metals in their bulk nanoparticle and salt forms 

in terms of antibacterial activity and their effect on the viability of mammalian 

cells. In terms of the mechanism of action of metals against bacterial cells, 

copper, silver, and zinc are all thought to confer antibacterial activity through 

three main mechanisms: 1) Accumulation of ions on the bacterial inner 

membrane, disrupting membrane permeability and decreasing ATP levels due 

to phospholipid binding; 2) production of reactive oxygen species (ROS) which 

cause damage to internal cellular structures including nucleic acids and 

enzymes; and 3) disruption in DNA replication [26], [127], [128], [145]–[147], 

[162]. There has been a rapid increase in the use of silver as an antibacterial 
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agent recently. It is being utilised in topical creams, medical device coatings 

and bandages, and antibacterial textiles and glass [149], [157], [202], [203]. 

However, beyond its antibacterial activity, there is little reported in the literature 

with regards to silver’s affect(s) on osteogenesis or angiogenesis. On the other 

hand, copper and zinc are both essential ions of the human body, regulating 

immunity, DNA synthesis, collagen, and bone formation [136], [174]. 

Additionally, copper has been shown to stimulate angiogenesis and 

vasculogenesis and both copper and zinc can stimulate osteogenesis [137], 

[138], [175]–[177]. 

In order to assess the antibacterial potential of new materials, a screening 

process must be employed which is simple, reproducible, both time and cost 

effective, and that allows for high throughput screening of a number of 

antibacterial materials at a range of concentrations [204]. For antibacterial 

agent screening, the most commonly utilised in vitro methods for such are agar 

diffusion and broth dilution methods. Agar diffusion methods are semi-

quantitative at best, but give a good initial idea as to whether a material 

displays antibacterial activity, or not. Broth dilution methods are fully 

quantitative methods whose outputs can allow us to determine the minimum 

inhibitory concentration (MIC) of the antibacterial substance. The MIC of 

compounds being examined may be reported in the existing literature, 

however there is no standardised methodology used across publications and 

there is often much variety in terms of bacterial strains, inoculum preparation 

and size, growth media choice, and incubation conditions, thus, a screening 

process is necessary [204]. The use of 2D screening is also advantageous to 

allow for quick and cost-effective screening for mammalian cell viability. This 

is because of the disadvantage with the majority of antibacterial materials, 

including antibiotics, is that there is a trade-off between bacteria-killing ability 

and toxic effects in the body, so the dosage level is critical [205]–[209].  

The overall aim of the study presented in this chapter was to identify the 

optimal dosage concentration of chitosan, copper, silver, and zinc that will 

effectively kill bacteria, while maintaining acceptable mammalian cell viability 

in a 2D environment. This will inform the studies in Chapter 3 where the 
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materials will be incorporated into a 3D scaffold at biologically relevant 

concentrations. Thus, the specific objectives of this chapter were to:  

1) Characterise the bacterial strains to be used throughout the thesis 

2) Investigate chitosan as a potential treatment agent for osteomyelitis by 

identifying the optimal molecular weight and concentration of chitosan 

to maximise antibacterial activity and mammalian cell viability 

3) Investigate a series of metals as potential treatment agents for 

osteomyelitis by identifying the optimal concentrations of the metal 

nanoparticles (copper, silver, and zinc oxide) and metal salts (copper 

chloride, silver nitrate, and zinc chloride) to maximise antibacterial 

activity and mammalian cell viability in vitro 

4) Investigate and compare the ion release from the metal nanoparticles 

and their metal salts 

5) Select the most effective antibacterial materials to incorporate into 3D 

scaffolds in biologically relevant concentrations in Chapter 3 
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2.2 Materials and methods 

Staphylococcus aureus (S. aureus), Staphylococcus epidermidis (S. 

epidermidis), and Escherichia coli (E. coli) were the bacteria species chosen 

in this chapter. It was decided to include the gram-negative bacteria E. coli in 

the study as – although it is only responsible for a small proportion of 

osteomyelitis infections – if a material is deemed to be effective against both 

gram-positive and gram-negative bacteria it would demonstrate the potential 

for use in a wide range of other infection applications. The specific strains of 

bacteria used were S. aureus Newman, S. epidermidis HB, and E. coli 

CFT073, all of which are clinical isolates from osteomyelitis infections or 

bacteraemia received from Prof. Timothy Foster and Dr. Stephen Smith, Trinity 

College Dublin.  

An antibacterial agent is deemed either bacteriostatic, if it prevents the growth 

of bacteria, or bactericidal, if it kills bacteria. The minimum inhibitory 

concentration (MIC) of an antibacterial agent is the concentration required to 

stop the growth of bacteria. The minimum bactericidal concentration (MBC) is 

the concentration required to kill bacteria. Low MIC and MBC concentrations 

are desirable as there is typically a trade-off between bacteria killing and 

mammalian cell toxicity. A bacteria concentration of 5x105 colony forming units 

per ml (CFU/ml) is used throughout the thesis as an initial inoculation number 

for assays as specified by the Clinical and Laboratory Standards Institute 

(CLSI) [210].  

MC3T3-E1 cells are a well-studied pre-osteoblast cell line, originally derived 

from mouse (C57BL/6) calvaria , that have the ability to differentiate into both 

osteoblasts and osteocytes [211]–[213]. Only MC3T3-E1 subclones 4 and 14 

have been shown to mineralise the collagenous extracellular matrix [214]. 

MC3T3-E1 subclone 4 cells have been used in this thesis as they have been 

shown previously to have the highest osteogenic potential, showing 

upregulated bone markers such as osteocalcin (OCN), bone sialoprotein 

(BSP), alkaline phosphatase (ALP), and parathyroid hormone 

(PTH)/parathyroid hormone-related protein (PTHrP) [214]–[216]. Although 

MC3T3-E1 cells are an immortalised cell line, as with many cell lines, there 
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are limitations to the number of passages the cells can undergo before 

irreversible changes in cell behaviour and morphology. One study has 

reported that passaging MC3T3-E1 cells >65 times in comparison to those 

which are <20 changes the cell morphology, reduces osteoblast function, and 

reduces osteoblast differentiation [217]. Another study which looked at the 

same cells but at a number of different passages found that the mineralisation 

capacity of MC3T3-E1s diminishes at passages >34 [215]. Thus, throughout 

this thesis, the MC3T3-E1 cells used have not been passaged further than 

passage 30 (P30). 

2.2.1 Characterisation of the bacteria strains to be used throughout the 

thesis 

The relationship between the optical density (OD) of a bacterial suspension 

and the number of colony forming units per ml (CFU/ml) was evaluated in order 

to relate the opacity of the bacterial sample to the number of colony forming 

units. This was then used throughout the rest of the thesis to rapidly convert 

from OD to CFU/ml [218], [219]. A 1 ml vial of either S. aureus, S. epidermidis, 

or E. coli was added to a conical flask with 50 ml Brain Heart Infusion (BHI) 

broth (Sigma Aldrich Ireland, product #53286). The flask was incubated at 

37°C in a shaking incubator at 225 rpm. At regular time intervals, a sample 

was removed from the flask and the optical density was measured using a 

spectrophotometer (Victor3 1420-012, Perkin Elmer, USA). The number of 

CFU/ml in the sample was then determined by using the using the Miles and 

Misra method [220]. Briefly, the sample was serially diluted (1:10 dilutions) 

until an estimated solution of 1 CFU/ml was obtained (approx. 8 dilutions). 10 

µl of the dilutions were plated on BHI agar plates (Sigma Aldrich Ireland, 

product #70138) divided into sections and the plates were inverted and 

incubated for 18-24 hrs (Figure 2.1). The sections with the highest countable 

number of colonies between 2-20 were counted (considered statistically 

robust). The number of colony forming units per ml can then be calculated by 

multiplication. This was repeated in triplicate for the three bacteria species.  
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Figure 2.1 Schematic of protocol to characterise S. aureus, S. epidermidis, and 
E. coli. 
A small volume of bacterial culture suspension was removed at regular time intervals 
and the optical density was measured using a spectrophotometer. Bacterial colonies 
were counted after incubation for 24 hrs at 37°C. 

2.2.2 Identification of the optimal concentration of chitosan to maximise 

antibacterial activity and osteoblast viability  

In order to identify the optimum concentration of chitosan required to maximise 

the ratio between mammalian viability/bacteria killing, the effect of a range of 

concentrations of chitosan on the viability of osteoblasts and the bacteria S. 

aureus, S. epidermidis, and E. coli were examined. The effect of changing the 

molecular weight of chitosan was also examined, as it has been suggested in 

the literature to affect its antibacterial activity [115]. Note: Chitosan was 

dissolved in 1% (v/v) acetic acid (Sigma Aldrich Ireland, CAS #64-19-7) 

throughout the thesis.  

2.2.2.1 Antibacterial activity of chitosan  

First, it was investigated whether low molecular weight chitosan (50,000-

190,000 Da) (Sigma Aldrich Ireland, product #448869) or medium molecular 

weight chitosan (190,000-310,000 Da) (Sigma Aldrich Ireland, product 

#448877) would have higher antibacterial activity. Briefly, melted BHI agar was 
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mixed with either low or medium molecular weight chitosan and poured into 

Petri-dishes and allowed to set at room temperature to produce composite 

chitosan/BHI agar. Next, 5x105 CFU/ml of S. aureus Newman was spread on 

the surface of the agar and the plate was incubated, inverted, at 37°C for 18-

24 hrs [221]. The number of colony forming units on the low and medium 

molecular weight chitosan/BHI agar plates were compared (Figure 2.2). From 

this, low molecular weight chitosan was selected for all further experiments.  

 

Figure 2.2 Schematic of protocol to compare toxicity of low vs. medium 
molecular weight chitosan against S. aureus 
Either low or medium molecular weight chitosan (at a number of different 
concentrations) was combined with liquid agar and allowed to set. The plates were 
lawned with S. aureus and inspected for bacterial growth after an overnight 
incubation.  

Secondly, the minimum inhibitory concentration (MIC) of low molecular weight 

chitosan and whether it was bacteriostatic (prevents the growth of bacteria) or 

bactericidal (kills bacteria) at these concentrations was investigated. To 

determine the MIC of low molecular weight chitosan, a solution of chitosan 

was serially diluted (1:2) from 7.5 mg/ml to 0.23 mg/ml and 0.5 ml of the 

solutions were mixed with 0.5 ml of BHI broth and added to 15 ml falcon tubes. 

The solutions were inoculated with 5x105 CFU of S. aureus, S. epidermidis, or 

E. coli and incubated at 37°C for 18-24 hrs (Figure 2.3). This was repeated in 
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triplicate for the three bacteria species. To determine whether chitosan 

demonstrates bacteriostatic or bactericidal activity, swabs from the solutions 

without visual bacteria growth were streaked on fresh BHI agar plates and 

tested for bacterial growth. 

 

Figure 2.3 Schematic of protocol to measure the minimum inhibitory 
concentration (MIC) of chitosan against S. aureus, S. epidermidis, and E.coli 
Solutions of increasing concentrations of chitosan in BHI broth were inoculated with 
S. aureus, S. epidermidis, or E. coli. After a 24 hr incubation period, the bacterial 
growth was quantified by monitoring the change in optical density of the solutions 
using a spectrophotometer.  

2.2.2.2 Effect of chitosan on osteoblast viability  

Having determined the effect of chitosan on bacterial cells, we next sought to 

determine its effect on mammalian cells. Chitosan in the form of films were 

used here as an appropriate 2D surface to culture cells. Films were fabricated 

by casting 5 ml solutions of 2% chitosan in 1% acetic acid into wells of a 6-

well plate and allowing to dry at room temperature under laminar flow for 72 

hrs. Films were then washed in 100% ethanol and followed by phosphate 

buffered saline (PBS). The films were seeded with 3.2x104 osteoblasts 

(MC3T3-E1, European Collection of Authenticated Cell Cultures, Product 

#99072810) cells/cm2 and incubated under regular mammalian cell culture 

conditions (37°C, 5% CO2, humidified atmosphere) for 24 hrs. Uncoated wells 

were used as a positive control. The effect of chitosan films on osteoblast 

viability was then examined using a PicoGreen® assay as per the 



71 

 

manufacturer’s instructions (Quanti-iT™ PicoGreen dsDNA, Molecular 

Probes, OR, USA) (Figure 2.4). 

 

Figure 2.4 Schematic of protocol to assess the effect of chitosan on mammalian 
cell viability 
Chitosan films were formed by solvent evaporation at room temperature for 72 hrs. 
After sterilising and washing, the films were seeded with MC3T3-E1 osteoblasts. The 
cells were cultured on the films for 24 hrs before a PicoGreen assay was performed. 

2.2.3 Identification of the optimal concentrations of the metal 

nanoparticles and metal salts to maximise antibacterial activity and 

osteoblast viability  

In order to identify the optimum concentration of the metal nanoparticles to 

maximise the ratio between mammalian viability/bacteria killing, the effect of a 

range of concentrations of the metal nanoparticles copper, silver, and zinc 

oxide or metal salts copper chloride, silver nitrate, and zinc chloride on the 

viability of osteoblasts and the bacteria S. aureus, S. epidermidis, and E. coli 

were examined. The metal nanoparticles were utilised as similar as possible 

in size in order to solely assess the effect of the different metal types on 

antibacterial activity, eliminating the size variable, which is known to affect 

antibacterial activity. The properties of the metal nanoparticles are 

summarised in Table 2.1. 
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Table 2.1 Properties of metal nanoparticles examined 

 Copper (Cu) Silver (Ag) Zinc Oxide (ZnO) 

Size 60 – 80 nm <100 nm <100 nm 

Density 8.92 g/cm3 10.49 g/cm3 5.61 g/cm3 

Capping agent - 
polyvinylpyrrolidone  

(water soluble) 
- 

2.2.3.1 Antibacterial activity of metal nanoparticles and metal salts  

The MIC of the metal nanoparticles and metal salts against the three bacterial 

strains was investigated. Briefly, suspensions of metal nanoparticles or 

solution of metal salts were created in 1 ml BHI broth in 15 ml falcon tubes at 

a range of different concentrations (Figure 2.5). The solutions were inoculated 

with 5x105 CFU of S. aureus, S. epidermidis, or E. coli and incubated at 37°C 

for 18-24 hrs. The MIC values reported were those that were visually clear 

from microbial growth. This was repeated in triplicate.  

 
Figure 2.5 Schematic of protocol to examine the toxicity of metal nanoparticles 
and metal salts against S. aureus, S. epidermidis, and E. coli 
Solutions of increasing concentrations of either the metal nanoparticles or metal salts 
in BHI broth were inoculated with S. aureus, S. epidermidis, or E. coli. After a 24 hr 
incubation period, the bacterial growth was quantified by monitoring the change in 
optical density of the solutions using a spectrophotometer.  
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Additionally, as the metal salts proved to be the most effective antibacterial 

agents, the MBC of the metal salts was investigated: 10 µl of the solutions 

from the remaining visually clear wells were added to BHI agar plates, allowed 

to air dry for 15 minutes, and incubated for 18-24 hrs at 37°C. The lowest 

concentration on the solutions that did not show any growth was termed the 

MBC of the salt. This was repeated in triplicate for the three bacteria species.  

2.2.3.2 Effect of metal nanoparticles and metal salts on osteoblast 

viability 

The effect of the metal nanoparticles and metal salts on mammalian cell 

viability was examined using a PicoGreen® assay. Briefly, MC3T3-E1 cells 

were seeded in a 96 well plate at a density of 3.2x104 cells/cm2 and incubated 

for 24 hrs at 37°C. The media was removed from the cells and 100 µl of media 

containing metal nanoparticles or metal salts in various concentrations (Table 

2.2) were added. 

Table 2.2 Concentrations of metal nanoparticles and salts used for mammalian cell 
viability assay 

Metal nanoparticle Concentration 

Copper (Cu) 0, 10, 100, 500, 1000, 2000 µg/ml 

Silver (Ag) 0, 10, 100, 500, 1000, 2000 µg/ml 

Zinc oxide (ZnO) 0, 30, 160, 230, 310, 470 µg/ml 

Metal salt Concentration 

Copper chloride (CuCl2) 0, 1, 8, 16, 32, and 64 mM 

Silver nitrate (AgNO3) 0, 1, 8, 16, 32, and 64 mM 

Zinc chloride (ZnCl2) 0, 1, 8, 16, 32, and 64 mM 

The cells were incubated for a further 24 hrs at 37°C. The solutions were then 

removed from the cells and they were washed 2 times in PBS. Cells were lysed 

using carbonate buffer (100 μl of 0.2 M sodium carbonate with 1% Triton) 

(Sigma Aldrich Ireland, CAS Number: 497-19-8 and 9002-93-1, respectively) 

and three freeze-thaw cycles and then a PicoGreen® assay was performed 
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with appropriate controls as per the manufacturer’s instructions (Quanti-iT™ 

PicoGreen dsDNA, Molecular Probes, OR, USA). 

2.2.4 Investigation and comparison of the ion release from the metal 

nanoparticles and their metal salts 

Having determined the effect of the metal nanoparticles and metal salts on the 

viability of bacterial and mammalian cells (<24 hrs), we sought to investigate 

the temporal ion release profiles from metal nanoparticles and their metal 

salts. Metal ions in solution can be quantified using atomic absorption 

spectroscopy (AAS) (Dublin Institute of Technology, Dublin, Ireland). In short, 

atoms of different elements emit different wavelengths of light. AAS atomises 

the sample to be analysed using a flame, the absorbed wavelengths are 

measured, and the amount of light absorbed is proportional to the amount of 

the element in the sample. Briefly, equal masses of either metal nanoparticles 

or metal salts (20 mg) were added to deionised water and incubated in a water 

bath at 37°C. At days 1, 2, 3, and 7 the solutions were centrifuged, and the 

supernatant was analysed for metal ion content using AAS (Figure 2.6). This 

was repeated in triplicate. 

 

Figure 2.6 Schematic of protocol to compare ion release from metal 
nanoparticles and metal salts 
The ions released from solutions of either metal salts or metal nanoparticles were 
quantified over 1-7 days using atomic absorption spectroscopy.   

2.2.5 Statistical analysis 

Data are presented as mean ± standard deviation. Statistical analysis was 

performed using GraphPad Prism software. Two-tailed unpaired t-tests or one-

way or two-way ANOVAs were conducted where appropriate followed by a 
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Bonferroni post-hoc test for multiple pairwise comparisons between groups. A 

p-value of 0.05 or less was considered statistically significant (p ≤ 0.05). The 

Pearson product correlation coefficient (r) was used to determine the strength 

and direction of a linear relationship. An r value of 0.7-1 was considered a 

strong positive correlation. Three biological and three technical repeats were 

performed for all experiments and assays. 
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2.3 Results 

2.3.1 Bacterial strains growth curves 

When examining the activity of antibacterial agents in solution, a rapid method 

to determine activity is to measure the optical density (OD), or turbidity, of the 

solution spectrophotometrically using a plate reader. However, the relationship 

between a range of optical densities of each bacteria species being examined 

and the corresponding number of colony forming units per ml (CFU/ml) must 

first be established. Thus, this relationship along with the growth curves for 

each of the species was examined. The relationship between optical density 

and colony forming units per ml are approximately linear up to OD=1 for all of 

the bacteria strains (Figure 2.7). After this, as optical density increases, the 

number of colony forming units only slowly increases. The information 

obtained from these experiments were then used throughout the rest of the 

thesis to efficiently convert from optical density readings to colony forming 

units per ml. 
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Figure 2.7 Growth curve for S. aureus, S. epidermidis, and E. coli 
Growth curve (left) and the relationship between optical density (OD) and colony 
forming units per ml (CFU/ml) (right) for S. aureus, S. epidermidis, and E. coli. Note 
the approximately linear relationship between OD and CFU/ml up to OD=1. 
Representative curves from n=3 repeats shown. 
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2.3.2 Identification of the optimal concentration of chitosan to maximise 

antibacterial activity and osteoblast viability 

2.3.2.1 Chitosan shows bacteriostatic antibacterial activity against 

S. aureus, S. epidermidis, and E. coli 

First, we examined whether the molecular weight of chitosan had an effect on 

antibacterial activity by comparing low molecular weight (LMW) or medium 

molecular weight (MMW) chitosan incorporated into agar plates against S. 

aureus. The results demonstrate that low molecular weight chitosan shows 

superior toxicity against S. aureus in comparison to medium molecular weight, 

as shown by the absence of bacterial growth on both the 7.5 mg/ml and 10 

mg/ml LMW plates vs only the 10 mg/ml MMW plates (Figure 2.8). Low 

molecular weight chitosan was selected to be used throughout the remainder 

of the thesis due to its increased antibacterial activity. 

        
Figure 2.8 Low vs medium molecular weight chitosan 
Agar incorporated with low molecular weight (LMW) (top) and medium molecular 
weight (MMW) (bottom) chitosan at a range of concentrations (5, 7.5, and 10 mg/ml) 
after 7 days of culture. Note the absence of S. aureus colonies on the 7.5 and 10 
mg/ml LMW agar and 10 mg/ml MMW agar. 

Next, the minimum inhibitory concentration (MIC) of low molecular weight 

chitosan solutions against S. aureus, S. epidermidis, and E. coli were 

investigated. For all three bacteria species, increasing the concentration of 

chitosan increased antibacterial activity and the MIC was found to be 1.88 

mg/ml for all (Figure 2.9 A-C). To determine whether this antibacterial action 
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was bacteriostatic (prevented the growth of bacteria) or bactericidal (killed the 

bacteria), swabs from the solutions that were visually clear of microbial growth 

were streaked on agar plates and incubated for a further 24 hrs. The results 

demonstrate the bacteriostatic action of chitosan at these concentrations, due 

to the growth of bacteria from the solutions ≥MIC concentrations (Figure 2.9 

D).  

 

Figure 2.9 Antibacterial activity of chitosan 
Antibacterial activity of chitosan against (A) Staphylococcus aureus (S. aureus), (B) 
Escherichia coli (E. coli), and (C) Staphylococcus epidermidis (S. epidermidis), and 
(D) swabs from chitosan solutions visually clear of bacteria growth showing the 
bacteriostatic action of chitosan. Note: red arrows indicate the MIC value identified by 
visually inspecting the assay (All = 1.88 mg/ml). Data presented as mean ± SD, n=3, 
p-values are calculated using one-way ANOVA with Bonferroni post-hoc test. All 
statistical significance shown in comparison to lowest chitosan conc. unless otherwise 
stated, *p < 0.05, **p < 0.01, ***p < 0.001.  

2.3.2.2 Osteoblast viability is decreased on 2D chitosan films  

To determine the effect of chitosan on the viability of osteoblasts, MC3T3-E1 

cells were cultured on chitosan films for 24 hrs and the number of viable cells 

was measured with a PicoGreen® assay. Cells cultured on chitosan films saw 

a decrease in cellular viability, however, the films maintained 47% of the cells 

when compared to the positive tissue culture plastic control (*p < 0.05) (Figure 

2.10). 
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Figure 2.10 Effect of chitosan on mammalian cell viability 
Percentage viability of MC3T3-E1 cells cultured on chitosan film normalised to 
positive control using a PicoGreen® assay. Data presented as mean ± SD, n=3, p-
values are calculated using two-tailed t-test, *p < 0.05, **p < 0.01, ***p < 0.001. 

2.3.3 Identification of the optimal concentrations of the metal 

nanoparticles and metal salts to maximise antibacterial activity and 

osteoblast viability 

2.3.3.1 Metal salts show superior antibacterial activity in 

comparison to the metal nanoparticles vs S. aureus, S. 

epidermidis, and E. coli 

The antibacterial activity of the metal nanoparticles (copper, silver, and zinc 

oxide) and the metal salts (copper chloride, silver nitrate, and zinc chloride) 

against S. aureus, S. epidermidis, and E. coli was next investigated (Figure 

2.11). To summarise the results from this grid of graphs: copper nanoparticles 

reduced the growth of all three bacteria species with increasing concentration, 

although it did not completely inhibit them (Figure 2.11 A, D, G). Silver did not 

inhibit the growth of S. aureus or S. epidermidis, however it was the only metal 

nanoparticle to inhibit the growth of E. coli (MIC = 1000 µg/ml). Surprisingly, 

at 1000 µg/ml, silver nanoparticles increased the growth of S. aureus and S. 

epidermidis (Figure 2.11 B, E, H), although this not uncommon for sub-

inhibitory concentrations of silver nanoparticles [222], [223] and may be due 

to oxidation or an increased surface area. Finally, Zinc oxide was the only 

nanoparticle which inhibited the growth of S. aureus and S. epidermidis (both 

MIC = 230 µg/ml) at the concentrations tested. Zinc oxide decreased the 
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growth of E. coli; however, it did not inhibit its growth fully (Figure 2.11 C, F, 

I).   

 

Figure 2.11 Effect of metal nanoparticles on bacterial viability 
Bacterial toxicity of metal nanoparticles copper, silver, and zinc oxide against 
Staphylococcus aureus (S. aureus), Staphylococcus epidermidis (S. epidermidis), 
and Escherichia coli (E. coli). Note: red arrows indicate the MIC value identified by 
visually inspecting the assay (C = 230 µg/ml, F = 230 µg/ml, H = 1000 µg/ml). Data 
presented as mean ± SD, n=3, p-values are calculated using one-way ANOVA with 
Bonferroni post-hoc test. All statistical significance shown in comparison to 0 µg/ml 
positive control unless otherwise stated, *p < 0.05, **p < 0.01, ***p < 0.001.  

Having determined the antibacterial activity of the metals in nanoparticle form, 

we next sought to determine and compare the effect of the metals in salt form 

against S. aureus, S. epidermidis, and E.coli (Figure 2.12). The most 

important result to note immediately is that all three of the metal salts, copper 

chloride, silver nitrate, and zinc chloride, achieved complete inhibition of the 

growth of all three of the bacteria species within the concentration ranges 

tested. To summarise the results from this grid of graphs: copper chloride had 
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the highest MIC of 16 mM against S. aureus, S. epidermidis, and E.coli (Figure 

2.12 A, D, G), silver nitrate had the lowest MIC values for all three bacteria 

strains (MIC = 1, 1, ≤ 0.25 mM, respectively) (Figure 2.12 B, E, H), and zinc 

chloride had MIC values of 4, 4, and 8 mM against S. aureus, S. epidermidis, 

and E.coli, respectively (Figure 2.12 C, F, I).  

 

Figure 2.12 Effect of metal salts on bacterial viability 
Bacterial toxicity of metal salts copper chloride, silver nitrate, and zinc chloride against 
Staphylococcus aureus (S. aureus), Staphylococcus epidermidis (S. epidermidis), 
and Escherichia coli (E. coli). Note: red arrows indicate the MIC value identified by 
visually inspecting the assay (A = 16 mM, B = 1 mM, C = 4 mM, D = 16 mM, E = 1 
mM, F = 4 mM, G = 16 mM, H = ≤0.25 mM, I = 8 mM). Data presented as mean ± 
SD, n=3, p-values are calculated using one-way ANOVA with Bonferroni post-hoc 
test. All statistical significance shown in comparison to 0 µg/ml positive control unless 
otherwise stated, *p < 0.05, **p < 0.01, ***p < 0.001.  

Next, we wanted to determine whether the metal salts, which we showed are 

capable of fully inhibiting the growth of all three bacteria species, solely 

prevented the growth of bacteria (bacteriostatic) or whether they could kill 
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bacteria (bactericidal) at, or above the MIC concentration. The MBC values for 

the metal salts are shown in Table 2.3 below. To summarise, silver nitrate has 

the lowest range of MBC values across all bacteria species (0.5 – 4 mM). 

Copper chloride and zinc chloride had the same range of MBC values (8 – 32 

mM). 

Table 2.3 Minimum bactericidal concentration of metal salts 
Minimum Bactericidal Concentration (MBC) ranges of copper chloride, silver nitrate, 
and zinc chloride against three bacteria types: S. aureus, S. epidermidis, and E. coli.  

 S. aureus S. epi E. coli 
Range across 

bacteria species 

Copper chloride (mM) 8 8-32 8-16 8-32 

Silver nitrate (mM) 1-2 2-4 0.5-2 0.5-4 

Zinc chloride (mM) 16 8-32 16-32 8-32 

Although low MIC and MBC values may seem desirable for an antibacterial 

agent for the treatment of osteomyelitis, this is only true when the toxicity 

towards mammalian cells is also low. Hence, we next sought to determine the 

effect of both the metal nanoparticles and metal salts on mammalian 

osteoblast cells. 

2.3.3.2 Osteoblast viability decreases with increasing metal 

nanoparticle or metal salt concentrations 

The effect of the metal nanoparticles on the viability of osteoblast cells was 

next investigated. The results show that increasing metal nanoparticle 

concentration decreases cellular viability (Figure 2.13). To relate these 

mammalian cell viability results back to the concentrations required to reduce 

bacterial growth identified in the previous section (Section 2.3.3.1) (although 

full bacterial inhibition was largely not achieved), copper, silver, and zinc oxide 

nanoparticles reduce mammalian viability to 25%, 13%, and 24%, respectively 

at these concentrations. 
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Figure 2.13 Effect of metal nanoparticles on mammalian cell viability 
Effect of a range of concentrations of copper, silver, and zinc oxide nanoparticles on 
the viability of MC3T3-E1 cells using PicoGreen® assay. Note the reduction in cell 
viability with increasing metal nanoparticle concentration. X-axis values are displayed 
on a Log base 2 scale. 

Next, the effect of the metal salts on the viability of osteoblast cells was 

investigated. The results show a similar trend to the metal nanoparticles, in 

that increasing metal salt concentration decreases cellular viability (Figure 

2.14). At the concentrations required to prevent bacterial growth or kill bacteria 

(MIC and MBC concentrations), copper chloride, silver nitrate, and zinc 

chloride salts show similar toxicity towards mammalian cells (26-39%, 26-

37%, and 16-24% viability, respectively), however they are generally improved 

in comparison to the respective metal nanoparticles.  

 

Figure 2.14 Effect of metal salts on mammalian cell viability 
Effect of a range of concentrations (1, 4, 8, 32, 64 mM) of copper chloride, silver 
nitrate, and zinc chloride on the viability of MC3T3-E1 cells using PicoGreen® assay. 
Note the reduction in cell viability with increasing metal ion concentration. 
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2.3.4 Metal nanoparticles slowly release ions over time vs immediately 

dissociated metal salts 

Having determined the effect of a range of concentrations of metal 

nanoparticles and salts on antibacterial activity and mammalian cell viability, 

we next wanted to investigate the ion release profiles achieved in order to 

further elucidate the possible mechanisms behind the results achieved, as the 

antibacterial activity of metals is suggested to be mainly attributed to ion 

release [123]. The metal salts copper chloride, silver nitrate, and zinc chloride 

immediately dissociate on day 1 in comparison to the nanoparticles, silver, 

copper, and zinc oxide, which release their ions more slowly over the 7 day 

time period (Figure 2.15). Note that all materials are normalised by mass (20 

mg of each substance). 

 

Figure 2.15 Ion release profiles from metal nanoparticles and metal salts 
Cumulative ion release profiles from 20 mg of metal nanoparticles and metal salts 
over 7 days. Y-axis values are displayed on a Log base 10 scale. Note the reduced 
ion release of all metal nanoparticles when compared to the corresponding metal 
salts. 
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2.4 Discussion 

The overall aim of this study was to screen a number of non-antibiotic 

antimicrobials (chitosan, copper, silver, and zinc) as potential agents for 

osteomyelitis infection treatment based on their effect on mammalian cells and 

clinically relevant bacterial species. The results demonstrate that the majority 

of the non-antibiotic antimicrobial materials tested have a dose-dependent 

effect on both bacterial and mammalian cell viability and, as predicted, a trade-

off between antibacterial activity and mammalian viability was identified. More 

specifically, chitosan performed well in terms of antibacterial activity, inhibiting 

the growth of all three bacteria species, S. aureus, S. epidermidis, and E. coli, 

whilst maintaining reasonable mammalian cell viability. The metal salts 

(copper chloride, silver nitrate, and zinc chloride) out-performed their 

respective bulk nano-sized particles (copper, silver, and zinc oxide) both in 

terms of antibacterial activity and mammalian cell viability as the metal 

nanoparticles failed to release a dose of ions to produce adequate antibacterial 

activity. Taken together, the results demonstrate that chitosan and the metal 

salts show promise as potential agents for osteomyelitis infection treatment 

and were selected to progress to Chapter 3. 

In this study, chitosan was first examined as a potential treatment agent for 

osteomyelitis infection. In terms of antibacterial activity, chitosan 

demonstrated broad-spectrum effects, inhibiting the growth of all three 

bacteria species tested (included both gram positive and gram-negative 

bacteria) in a concentration-dependent manner. Additionally, it inhibited all of 

the bacteria species at the same concentration, MIC = 1.88 mg/ml, suggesting 

that chitosan’s mechanism of action might be multifunctional (e.g. via alteration 

of cell wall permeability and nutrient transport) and may not be species 

specific. The broad-spectrum antibacterial activity that chitosan displays is 

advantageous as – although osteomyelitis is predominately caused by S. 

aureus – the causative organism may be of any bacterial species, or the 

infection could be polymicrobial. In addition to osteomyelitis treatment, owing 

to its broad-spectrum effects, chitosan-based scaffolds could also be applied 

in a host of different infections applications. Further experimentation revealed 
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chitosan’s bacteriostatic rather than bactericidal action at the concentrations 

tested, i.e., it prevented the growth of the bacteria rather than killing them, 

which is also the general consensus in the literature [115]. Although it may 

seem preferable for an antibacterial agent to kill the bacteria, rather than 

prevent its growth, in a clinical scenario there is little reported in the literature 

to support this [224]. Additionally, with the rise in antimicrobial resistance, 

intuitive attitudes towards bacteriostatic treatment strategies must be 

reassessed and based on proper scientific research. In terms of mammalian 

viability, when cultured on chitosan films, osteoblasts displayed reduced 

viability; however, they maintained 47% of the cells when compared to the 

positive tissue culture plastic control. This could be due to cell death due to 

toxicity or a reduction in the ability to proliferate as the films displayed 

unavoidable significant swelling after hydration with media. Thus, the 

cytocompatibility of chitosan-incorporated 3D scaffolds was instead examined 

in Chapter 3 as freeze-dried scaffolds not only negate these swelling issues, 

but also more closely mimic the natural extracellular matrix. 

The metal nanoparticles, copper, silver, and zinc oxide were next examined 

for antibacterial activity (results summarised in Table 2.4). Although all metal 

nanoparticles had a detectable antibacterial effect on some or all bacteria 

species, none achieved full inhibition across all three bacteria species.  

Table 2.4 Summary of nanoparticles vs bacteria results 

 

Silver nanoparticles were the only metal nanoparticle to achieve full inhibitory 

action against gram-negative E. coli and only zinc oxide nanoparticles 

achieved full inhibition against gram-positive S. aureus and S. epidermidis. 

Interestingly, Kim et. al. present similar results – out of the metal ions silver, 

copper, and zinc, silver was the only ion to be effective against E.coli [121].  

Another study which compared the effect of zinc oxide nanoparticles on the 

growth of S. aureus and E. coli found the zinc oxide to be more effective 
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against S. aureus, similar to results in our study [225]. Thus, in contrast to 

chitosan, the metal nanoparticles show select toxicity towards the bacterial 

species examined, and, if to be used clinically for the treatment of 

osteomyelitis infection, might require a combinatory approach or prior 

knowledge of the causative organism. 

The toxicity of the metal nanoparticles against mammalian cells was next 

examined. Generally, mammalian cell viability was low after culture with all 

three metal nanoparticle types. Copper nanoparticles did not reach a bacterial 

MIC concentration up to the maximum concentration tested, and even at this 

sub-inhibitory concentration, mammalian cell viability was 25%. Mammalian 

cell viability with silver nanoparticles was 13% at the MIC for E. coli and at the 

MIC for S. aureus and S. epidermidis, zinc oxide nanoparticles resulted in a 

mammalian viability of 24%. It has been shown that mammalian cells can 

endocytose particles less than 100 nanometres in size [226]. Therefore, the 

metal nanoparticles might be endocytosed by mammalian cells causing a toxic 

effect additional to the toxicity of the metal ions released from them. However, 

when it comes to bacteria, the metal nanoparticles are likely too big to be 

endocytosed, with only ion release responsible for antibacterial activity. 

Overall, the nanoparticles only show select toxicity towards bacteria species 

and cause a substantial reduction in mammalian cell viability at these 

concentrations. 

In contrast to the metal nanoparticles, all of the metals in their salt form 

achieved complete inhibition of bacterial growth against S. aureus, S. 

epidermidis, and E. coli in the concentration ranges tested. Further 

experimentation revealed that all of the metal salts achieved bactericidal 

activity at either the MIC concentration, or higher. The effect of the metal salts 

on the viability of mammalian cells was next examined and the toxicity of 

copper chloride, silver nitrate, and zinc nitrate towards mammalian cells at the 

MIC concentrations were found to be similar, at approximately 39%, 37%, and 

24% viability, respectively. It must be noted that at these concentrations, full 

bacterial clearance is achieved. When compared to the bacterial 

toxicity/mammalian viability ratio results of the metals in nanoparticle form, the 

metal salts demonstrated the most favourable results.  
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Finally, in order to further elucidate the possible mechanisms behind the 

results achieved, the ion release profile from the metal nanoparticles was 

compared to that of the metal salts. The slow release of ions from the metal 

nanoparticles was confirmed. Of the total ions that were released from the 

nanoparticles, 18-32% was released at day 1, in contrast to all of the ions from 

the metal salts. It was therefore decided to bring the metal salts forward for 

further studies for a number of reasons. The metal salts displayed a superior 

bacterial toxicity/mammalian cell viability relationship than the nanoparticles 

tested. A vast quantity of nanoparticles would be required in order to reach a 

therapeutic antibacterial dose of ions from the nanoparticles, a concentration 

that would without doubt result in excess mammalian cell toxicity. Metal 

nanoparticles are currently being effectively utilized in a variety of topical 

wound applications where they are removed after the desired effect [157], 

[227]–[229]. However, since metal nanoparticles would take an extensive time 

to dissolve, if at all, in the patient’s lifetime, implanting them into the body would 

be undesirable as they could have unpredictable effects in the long term. By 

contrast, the activity of metal salts is much more predictable and controllable. 

The aim of this thesis as a whole is to examine the suitability of these non-

antimicrobials for the treatment of osteomyelitis. There is literature to suggest 

that the metal ions copper and zinc can enhance both angiogenesis and 

osteogenesis [137], [138], [175]–[177], however the same cannot be said for 

the silver ion (unless, perhaps, if combined with an osteogenic carrier). Thus, 

it was chosen to bring forward the metal salts copper chloride and zinc chloride 

only. Additionally, although it was insightful to see the effect of the non-

antibiotic antimicrobials against three different bacteria species, to facilitate 

more in-depth analysis of antibacterial activity, it was chosen to bring forward 

S. aureus (the primary causative agent in osteomyelitis [18]) as the bacteria 

strain to study the effect of the treatment platforms developed in the following 

thesis chapters. 

2.5 Conclusion 

In this study, a number of non-antibiotic antimicrobials were successfully 

screened as potential agents for osteomyelitis infection treatment based on 
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their effect on mammalian cells and clinically relevant bacterial species. The 

concentrations of the antimicrobial materials that show antibacterial activity 

and the corresponding effect on mammalian cell viability were identified, 

demonstrating that there is a fine balance between the two. The results 

demonstrated that chitosan and the metal salts were the most effective due to 

their superior bacterial toxicity/mammalian cell viability ratio. In summary, 

chitosan, copper chloride, and zinc chloride were identified to show promise 

as potential agents for osteomyelitis infection treatment and selected to move 

forward to Chapter 3 for incorporation into 3D scaffolds at biologically relevant 

concentrations. 
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Chapter 3 Development of a 3D antimicrobial 

delivery platform to modulate antimicrobial ion 

release while retaining bioactivity   
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3.1 Introduction 

Successful osteomyelitis treatment relies heavily on the ability of the 

antibacterial agent to reach the site of infection at sufficient and controlled 

concentrations [224]. One way to achieve this is to deliver the antibacterial 

agents locally, in a 3D scaffold that controls the release of such agents. While 

this will help treat the infection, this approach offers the additional advantage 

that the 3D scaffold functions to repair and regenerate the bone tissue.  

Chitosan displays broad-spectrum antimicrobial activity against a variety of 

bacteria and fungi [114]–[116]. In addition, chitosan has excellent metal 

binding properties as it is a chelating agent and it is often combined with metal 

ions to increase its antimicrobial activity [117], [118]. In addition to its 

antimicrobial activity, chitosan has also been used as a scaffolding material, 

either alone or in combination with other materials, such as collagen. 

Furthermore, chitosan, both directly and in the form of microparticles, can be 

used as a delivery vehicle for drugs and small molecules due to its charge 

interactions [230], [231]. 

Collagen is an ideal scaffolding material as it is a natural, biodegradable 

material that facilitates cell attachment, migration, and proliferation. Chitosan 

addition to collagen scaffolds has been shown previously to mechanically 

reinforce the collagen scaffold, improve cellular attachment and proliferation, 

and enhance both chondrogenesis (increased sulphated GAG levels) and 

osteogenesis (higher calcium deposition) [110], [232].  

In Chapter 2, copper chloride and zinc chloride were identified as potential 

agents for osteomyelitis infection treatment due to their superior bacterial 

toxicity/mammalian cell viability ratio. In addition to their potent antimicrobial 

activities, copper and zinc are essential ions for normal body function, 

regulating immunity, DNA synthesis, collagen, and bone formation [136], 

[174]. Additionally, copper has been shown to stimulate angiogenesis and 

vasculogenesis and both copper and zinc can stimulate osteogenesis [137], 

[138], [175]–[177]. 
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In this chapter, antimicrobial materials (chitosan, copper chloride, zinc 

chloride) were incorporated in collagen scaffolds as a treatment strategy for 

osteomyelitis. In addition to its direct antimicrobial role, we proposed the use 

of chitosan as a delivery vehicle (in scaffold or microparticle form) for the metal 

salts as well as mechanism to mechanically reinforce the scaffold. Two 

different scaffold systems were developed herein: a ‘directly-loaded’ scaffold 

group and a ‘microparticle-loaded’ scaffold group. By developing two different 

scaffold systems, the aim was to achieve two distinctive metal ion release 

profiles, which were compared to assess their ability to maximise antibacterial 

activity and minimise mammalian cell toxicity. 

Thus, the specific objectives were to: 

1) Develop and assess a crosslinking method suitable to crosslink the 

collagen/chitosan-based directly-loaded scaffold and collagen-based 

microparticle-loaded scaffold systems 

2) Develop a method for producing the directly-loaded metal salt 

collagen/chitosan scaffold system. Additionally, to develop a method to 

produce chitosan microparticles with metal salts encapsulated within, 

followed by the incorporation of the microparticles into collagen 

scaffolds  

3) Measure the metal ion release profiles from both scaffold types and 

determine their antibacterial activity  

4) Analyse the mechanical and microarchitectural properties of the 

directly-loaded and microparticle-loaded scaffolds 

5) Investigate the ability of the directly-loaded and microparticle-loaded 

scaffolds to support mammalian cells and to and to assess their 

osteogenic potential in vitro  

6) Investigate the ability of the directly-loaded and microparticle-loaded 

scaffolds to support angiogenesis in vitro 
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3.2 Materials and methods 

3.2.1 Development and assessment of a crosslinking method for scaffold 

systems 

3.2.1.1 Glutaraldehyde vapour crosslinking 

Prior to the fabrication of the directly-loaded and microparticle-loaded 

scaffolds, the development of a method to crosslink the scaffolds was 

necessary. The collagen-based scaffold chemical crosslinking methods that 

are typically used in our laboratory involve immersing the scaffolds in a 

solution containing the crosslinking agent (e.g. EDAC/NHS, genipin, or 

Riboflavin/ultraviolet (UV) crosslinking) for >3 hrs followed by multiple washing 

steps. To limit leaching of the metal ions from the scaffolds, a solution-less 

method suitable to crosslink both the collagen/chitosan-based directly-loaded 

scaffold and collagen-based microparticle-loaded scaffolds was explored, 

namely, glutaraldehyde vapour crosslinking. Glutaraldehyde vapour 

crosslinking was performed inside a vacuum desiccator chamber (Nalgene, 

Thermo Scientific) (Figure 3.1).  

 
Figure 3.1 Schematic of glutaraldehyde vapour crosslinking method 
Glutaraldehyde vapour crosslinking setup. The scaffolds contained within histology 
cassettes were crosslinked over a petri dish of glutaraldehyde solution inside a 
desiccator chamber under vacuum for 4 or 24 hrs.  

Scaffolds were placed within large pore histology cassettes on a ceramic grate 

over a petri dish containing 25 ml of 25% glutaraldehyde (wt.%) in H20. 

Scaffolds were crosslinked under vacuum for 4 or 24 hrs. After glutaraldehyde 
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vapour treatment, the scaffolds were removed from the desiccator and 

exposed to clean air flow in a fume hood for 12 hrs to remove residual 

glutaraldehyde vapour. In order to confirm crosslinking was induced, the effect 

of the duration of glutaraldehyde vapour treatment (4 or 24 hrs) on the 

structural and mechanical properties of a collagen/chitosan scaffold was first 

investigated.  

3.2.1.2 Effect of glutaraldehyde vapour crosslinking on the 

mechanical properties of collagen/chitosan scaffolds 

In order to investigate the effect of glutaraldehyde vapour crosslinking on 

scaffold compressive modulus, unconfined, wet compression testing of the 

scaffolds was performed using a uniaxial tensile testing machine (Z050, 

Zwick/Roell, Germany) fitted with a 5 N load cell [94]. Scaffolds were pre-

hydrated in PBS and tested at a rate of 10% strain/minute up to a maximum 

strain of 10%. The compressive modulus of the scaffolds was calculated in the 

2-5% strain range (n=3 scaffolds, 3 repeats per scaffold) [94] (Figure 3.2). 

 

Figure 3.2 Schematic of method for compressive modulus analysis of 
collagen/chitosan scaffolds 
The compressive modulus of collagen/chitosan scaffolds was investigated using 
unconfined wet compression testing. The compressive modulus was calculated 
between 2-5% strain. 

An optimum crosslinking duration was selected from these investigations (as 

both scaffolds showed similar levels of mechanical enhancement, 4 hrs was 

selected over the 24 hr treatment duration in terms of reduced processing 

time) and the effect of the collagen/chitosan scaffolds crosslinked for 4 hrs on 

mammalian cell viability was examined. 
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3.2.1.3 Effect of glutaraldehyde vapour crosslinking on 

mammalian cell cytocompatibility 

The cytocompatibility of the glutaraldehyde vapour-crosslinked scaffolds was 

investigated to examine potential cytotoxic effects. Three scaffold groups were 

compared (Table 3.1); including scaffolds washed in glycine as it has been 

shown that washing with glycine can deactivate non-crosslinked 

glutaraldehyde residues [101], [233]. 

Table 3.1 Scaffold groups used to test mammalian cell cytocompatibility on 
glutaraldehyde vapour treated scaffolds 

 
Collagen-chitosan  

(no crosslinking) 

Collagen-chitosan 

(glut) 

Collagen-chitosan  

(glut + glycine wash) 

Glut vapour 

crosslinked? 
None 4 hrs 4 hrs 

Wash 1  

(30 mins) 
dH20 dH20 dH20 

Wash 2  

(3 x 20 mins) 
PBS PBS 0.1 M glycine 

5x105 osteoblast cells (MC3T3-E1 cell line) were seeded on scaffolds in 

growth medium consisting of Alpha Minimum Essential Medium (α-MEM) 

(Sigma Aldrich, Ireland) supplemented with 10% Fetal Bovine Serum (FBS) 

(Labtech, UK), 2% penicillin/streptomycin, and 1% L-Glutamine (Sigma 

Aldrich, Ireland) cultured under standard culture conditions (37°C, 5% C02, 

and 95% relative humidity). After 24 hrs, cell metabolism was investigated via 

alamarBlue® Cell Viability Reagent (Invitrogen™, USA) (total incubation time 

– 4 hrs) and DNA, as an indicator of cell number and survival, was quantified 

on the same samples using a Quant-iT™ PicoGreen™ dsDNA Assay Kit 

(Molecular Probes, USA), as per the manufacturer’s instructions (n=3 

scaffolds per group). The background reading obtained from cell-free control 

scaffolds cultured under identical conditions to the test samples was 

subtracted from cell-seeded sample readings. 

3.2.2 Fabrication of directly-loaded scaffolds  

To achieve the bioactive metal salt concentrations identified in Chapter 2, a 

range of different concentrations of the metal salts were incorporated into the 

scaffolds (0 mM, 16 mM, 24 mM, and 32 mM of copper chloride or zinc 
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chloride). The scaffolds were fabricated by freeze-drying a co-suspension of 

collagen, chitosan, and/or metal salts - similar to methods previously 

developed within our group to fabricate collagen-chitosan scaffolds (Figure 

3.3) [110].  

 

Figure 3.3 Directly-loaded 3D scaffold fabrication 
Fabrication method of directly-loaded 3D scaffold groups containing 
collagen/chitosan ± copper chloride or zinc chloride at 16, 24, or 32 mM. The metal 
salts were added to a collagen/chitosan slurry, mixed until homogeneous, degassed, 
and lyophilised into porous scaffolds. 

Briefly, a collagen slurry was produced by mixing type I collagen (10 mg/ml) 

isolated from bovine tendon (Integra Life Sciences, Plainsboro, NJ) in aqueous 

0.5 M acetic acid solution (Fisher Scientific, UK). A chitosan slurry (10 mg/ml) 

was also produced by mixing low molecular weight chitosan derived from the 

exoskeleton of crustaceans (Sigma Aldrich, Ireland) first in water to aid in 

dissolution followed by glacial acetic acid to a final concentration of 0.5 M. 

Equal volumes of the collagen and chitosan slurries were then mixed until 

homogeneous to produce collagen/chitosan solution (collagen = 5 mg/ml; 

chitosan = 5 mg/ml). The metal salts were added to the slurry and mixed 

between two syringes connected with a luer lock until a homogeneous 

suspension was obtained. The slurry suspension was then degassed using a 

vacuum chamber and freeze-dried in a custom built mould (10 mm ⌀ x 5mm 

discs) until a final temperature of -40°C, based on a previously published 

freeze-drying profile [234]. Scaffolds were sterilised and physically crosslinked 

using dehydrothermal (DHT) treatment at 105°C for 24 hrs at 0.05 bar [94]. 
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Scaffolds were then further chemically crosslinked using the glutaraldehyde 

vapour crosslinking method outlined in Section 3. 

3.2.3 Fabrication of chitosan/metal salt containing microparticles and 

microparticle-loaded scaffolds  

3.2.3.1 Microparticle fabrication, crosslinking, size analysis, and 

morphology characterisation 

With the aim of further controlling the release of metal ions from the scaffold 

to minimise toxicity to prolong bioactivity, chitosan microparticles with and 

without metal salts were fabricated as follows: 1% w/v LMW chitosan was 

dissolved in 1% (v/v) acetic acid. Copper chloride or zinc chloride salts were 

added to the chitosan solution to a final concentration of 16 mM. The chitosan 

solutions were spray-dried (Buchi Mini Spray Dryer B-290) using the machine 

parameters in Table 3.2. Metal salt-free chitosan-only microparticles were 

used as controls (referred to as ‘blank-microparticles’). 

Table 3.2 Spray dryer machine parameters used to produce chitosan/metal salt 
microparticles 

Parameter Setting 

Inlet (°C) 160 

Outlet (°C) 89 

Aspirator (%) 100 

Pump (%) 15 (4.65 ml/min) 

Nozzle cleaner 4 

The percentage microparticle yield was calculated using Equation 3.1. 

% 𝑌𝑖𝑒𝑙𝑑 =  
𝐴𝑐𝑡𝑢𝑎𝑙 𝑦𝑖𝑒𝑙𝑑

𝑇ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 𝑦𝑖𝑒𝑙𝑑
 𝑥 100 

Equation 3.1 

Covalent crosslinking of the microparticles with glutaraldehyde solution was 

completed as follows: 150 mg of chitosan/metal salt microparticles were 

suspended in 3 ml of 100% ethanol and vortexed briefly. The 

microparticle/ethanol solution was added to 50 ml 0.1% solution of 

glutaraldehyde in phosphate buffered saline (PBS) under stirring. After 2 hrs 

of stirring, the microparticle solution was centrifuged, the supernatant was 

removed, and the particles were washed 3 times in dH20. The size of the 
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microparticles both before and after crosslinking was investigated using a 

Mastersizer (Malvern Mastersizer 2000). Briefly, 5 mg of the microparticles 

were suspended in 5 ml of 100% ethanol and this was added dropwise to the 

dispersant chamber. The dispersant chamber contained ethanol stirring at 

1260 rpm. The suspension was added until the laser obscuration value was 

>10%. Particle sizing was measured (n = 3). The refractive index for ethanol 

and the chitosan microparticles were approximated as 1.36 and 1.468, 

respectively. Additionally, the chitosan microparticles morphology was 

investigated using light microscopy.  

3.2.3.2 Microparticle-loaded scaffold fabrication & crosslinking 

Having successfully produced chitosan microparticles loaded with metal salts 

of a suitable size (2-80 µm), the microparticles were incorporated into the 

scaffolds at a maximum achievable concentration of 300% w/w microparticles 

to collagen (Figure 3.4).  

 

Figure 3.4 Microparticle-loaded 3D scaffold fabrication 
Fabrication method of microparticle-loaded 3D scaffold groups containing chitosan 
microparticles loaded with/without copper chloride or zinc chloride. The microparticles 
were added to a collagen slurry, mixed until homogeneous, degassed, and lyophilised 
into porous scaffolds. 

Briefly, a collagen slurry was produced by mixing type I collagen (5 mg/ml) in 

aqueous 0.5 M acetic acid solution. The crosslinked, washed, and centrifuged 

chitosan/metal salt microparticles were added to the collagen slurry (final 

microparticle concentration = 15 mg/ml, or 3:1 wt:wt microparticle:collagen) 
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and mixed between two syringes connected with a luer lock until a 

homogeneous suspension was obtained. The slurry suspension was then 

degassed, freeze-dried, sterilised using DHT, and crosslinked using 

glutaraldehyde vapour as outlined in Section 3.2.2. 

3.2.4 Metal ion release studies for directly loaded and microparticle 

loaded scaffolds  

Zincon (2-Carboxy-2′-hydroxy-5′-sulfoformazyl-benzene monosodium salt) 

(Fisher Scientific, Ireland) acts as an excellent chromophore for the 

quantification of both zinc and copper ions in solution [235]. Zincon assay 

method: A 1.6 mM stock solution of Zincon was prepared by dissolving 43.5 

mg salt (85% dye content) in 1 ml of 1 M NaOH and made up to 50 ml with 

dH20. A stock solution of boric acid (52.63 mM) containing urea was prepared 

by dissolving 325 mg of H3BO3 in 90 ml dH20. The pH was adjusted to 9.0 

using either 5 M NaOH or 6 M HCL and the final volume was made up to 100 

ml with dH20. For the assay, 950 µl borate buffer, 25 µl of the diluted 

sample/standard, and 25 µl of the Zincon stock solution was added to the wells 

of a 48 well plate. Standard curves were constructed using a concentration 

range of 0 – 40 µM of either copper chloride or zinc chloride solutions. The 

absorbance of copper and zinc ions in solution were measured photometrically 

using λmax 600 nm and 620 nm, respectively [235]. 

3.2.4.1 Metal ion release from directly-loaded scaffolds 

Metal ion release was analysed from the directly-loaded scaffolds described 

in Section 3.2.3 containing either 0, 16, 24, or 32 mM concentrations of copper 

chloride or zinc chloride over 28 days (Figure 3.5).  

 

Figure 3.5 Schematic of protocol to analyse copper or zinc ion release from 
directly-loaded scaffolds 
Eluate from directly-loaded scaffolds was collected at various time points over 28 
days. Copper or zinc ion concentration was measured using a Zincon assay. 
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Scaffolds were added to 1 ml deionised water in 24 well plates and the eluate 

was collected at days 1, 2, 3, 4, 7, 14, and 28. The Zincon assay was used to 

measure copper or zinc ions at each time point (n = 3)  

3.2.4.2 Metal ion release profile from chitosan/metal salt 

microparticles 

Prior to incorporation into collagen scaffolds, metal ion release was analysed 

from the chitosan/metal salt microparticles over 28 days (Figure 3.6).  

 

Figure 3.6 Schematic of protocol to analyse copper or zinc ion release from 
chitosan/metal salt microparticles   
Microparticle solutions were added to Float-a-lyzer dialysis tubing and the eluate was 
collected at various time points over 28 days. Copper or zinc ion concentration was 
measured using a Zincon assay (image modified from [236]). 

To do so, 37.5 mg of the glutaraldehyde crosslinked microparticles were added 

to 1 ml of deionised water. The 1 ml solutions were added to the inside of a 

Float-a-Lyzer® (MWCO 3.5-5 kDa; n=3 per group), which was suspended in 

3 ml of deionised water. At days 1, 2, 3, 4, 7, 14, and 28 the 3 ml eluate 

surrounding the dialysis membrane was collected, replaced with 3 ml of fresh 

deionised water. The Zincon assay was used to measure copper or zinc ion 

content at each time point (n=3).  

3.2.4.3 Metal ion release profile from microparticle-loaded 

scaffolds 

The copper and zinc ion release profiles from the collagen scaffolds loaded 

with chitosan/metal salt microparticles over 28 days was analysed using the 

same method as the directly-loaded scaffolds in Section 3.2.4.1 above. 

3.2.5 Antibacterial characterisation of metal salt incorporated scaffolds 

Having determined the metal ion release profiles from both the directly-loaded 

and microparticle-loaded scaffolds, they were next examined for antibacterial 
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activity using two different methods: A and B. First, the scaffolds were 

assessed via an agar diffusion assay (Figure 3.7 A). Brain heart infusion (BHI) 

agar plates were lawned with 100 µl of 1x108 CFU/ml S. aureus Newman and 

allowed to air dry for 15 mins before the scaffolds were placed in sectioned 

quadrants of the agar plates. After a further 15 mins, the plates were inverted 

and incubated for 18-24 hrs before being examined for antibacterial activity in 

the form of zones of inhibition. The scaffolds were also assessed for 

antibacterial activity via a time-kill assay in BHI broth over a 24 hr time-period 

(Figure 3.7 B). Scaffolds were added to 1ml of BHI broth in 24 well-plates and 

inoculated with S. aureus Newman to a final concentration of 5x105 CFU/ml. 

The plates were incubated in an orbital shaker (MaxQ 4000, Thermo Fisher 

Scientific, USA) (150 rpm, 37°C) and the bacterial growth was quantified via 

optical density measurements (with scaffolds temporarily removed) using a 

plate reader (1420 Victor V3, Perkin Elmer, Dublin, Ireland) at a series of time 

points over 24 hrs. 

 

Figure 3.7 Schematic of protocol to investigate the effect of directly-loaded and 
microparticle-loaded scaffolds against S. aureus 
The effect of directly-loaded and microparticle-loaded scaffolds on the growth of S. 
aureus over 24 hrs was analysed by (A) agar diffusion assay on BHI agar and (B) a 
time-kill assay. In the time-kill assay, scaffolds were inoculated with S. aureus in BHI 
broth, incubated in an orbital shaker, and bacterial growth was quantified at regular 
time intervals. 
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3.2.6 Effect of metal salt incorporation on scaffold porosity, pore size, 

and mechanical properties 

In order to minimise toxicity towards mammalian cells, the lowest 

concentration of the directly-loaded scaffolds which displayed antibacterial 

activity (16 mM) and the 16 mM microparticle-loaded scaffolds were brought 

forward for all further analysis. Scanning electron microscopy (SEM) was used 

to characterize the scaffold morphology and pore size (Carl Zeiss Ultra SEM 

(Carl Zeiss, Germany). The porosity of the scaffolds was calculated by 

measuring the density of the scaffold in relation to the density of the individual 

scaffold components as per Equation 3.2 (directly-loaded scaffolds) and 

Equation 3.3 (microparticle-loaded scaffolds) below. 

 Scaffold porosity (%) =  (1 −
ρscaffold

(ρcollagen)(% wt collagen)+(ρchitosan)(% wt chitosan)+(ρmetal salt)(% wt metal salt)
) 𝑥100  

Equation 3.2 

 Scaffold porosity (%) =  (1 −
ρscaffold

(ρcollagen)(% wt collagen)+(ρmicroparticles)(% wt microparticles)
) 𝑥100  

Equation 3.3 

The scaffold density was calculated by dividing the measured weight (Digital 

scale, Mettler Toledo MX5; Mason Technology, Accuracy 0.01 mg) by the 

volume, using an average of two diameter and height measurements per 

scaffold (Vernier callipers, Krunstoffwerke; Radionics, Ireland). The density of 

collagen, chitosan, copper chloride, and zinc chloride used were 1.3, 0.23, 

2.53, and 2.93 g/cm3, respectively, as per supplier datasheet and theoretical 

density [237]. For scaffold pore size analysis, scaffolds were sectioned 

longitudinally, and SEM images of all scaffolds were captured at 150X. The 

mean pore diameter was analysed using Image J. For each pore selected at 

random, the maximum diameter and the diameter perpendicular to the 

maximum were averaged and the mean pore diameter calculated from these 

values (n=30 pores per scaffold) (Figure 3.8) [238], [239]. 
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Figure 3.8 Schematic of method for pore size analysis of scaffolds 
SEM images of the directly-loaded and microparticle-loaded scaffolds were analysed 
for pore size using ImageJ software 

3.2.7 Biological characterisation of metal salt incorporated scaffolds – 

analysis of osteogenesis 

3.2.7.1 Osteoblast culture and seeding 

To assess the ability of the directly-loaded and microparticle-loaded scaffolds 

to support osteogenesis, MC3T3-E1 cells were cultured in growth medium 

consisting of Alpha Minimum Essential Medium (α-MEM) (Sigma Aldrich, 

Ireland) supplemented with 10% Fetal Bovine Serum (FBS) (Labtech, UK), 2% 

penicillin/streptomycin, and 1% L-Glutamine (Sigma Aldrich, Ireland). All 

scaffolds were seeded with 500,000 cells and were cultured in growth medium 

for the first two days prior to supplementation with osteogenic medium. For 

MC3T3-E1 osteogenic medium, the following supplements were added to the 

above-described growth medium: 50 μM ascorbic acid 2-P, 100 nM 

dexamethasone, and 10 mM β-glycerophosphate (Sigma Aldrich, Ireland). All 

cells were cultured under standard culture conditions (37°C, 5% C02, and 95% 

relative humidity). 

3.2.7.2 DNA quantification 

DNA – as an indicator of cell number and survival – was quantified using a 

Quant-iT™ PicoGreen™ dsDNA Assay Kit (Molecular Probes, USA). Three 

scaffolds per group on day 0 (12 hrs post-seeding as an indication of initial 

attachment and proliferation), 7 and 28, were washed twice in PBS and added 

to 1 ml lysis buffer (0.2 M carbonate buffer with 1% Triton). The scaffold 

solutions were subjected to three freeze-thaw cycles at -80°C to assist in cell 
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lysis. The resulting lysate was analysed for DNA content as per the 

manufacturer’s instructions. The background reading obtained from cell-free 

control scaffolds cultured under identical conditions to the test samples was 

subtracted from cell-seeded sample readings. 

3.2.7.3 Alkaline phosphatase activity and cell-mediated 

mineralisation 

Alkaline phosphatase (ALP) activity was quantified as an early marker for 

osteoblast differentiation using the cell-lysis eluate from the PicoGreen™ 

assay at day 7. Additionally, cell-mediated calcium production was quantified 

using a Calcium (CPC) LiquiColor™ test (Stanbio, Ireland). Three scaffolds 

per group (n=3) at day 28 were added to 1 ml of 0.5 M hydrochloric acid. 

Samples were left shaking overnight (18-24 hrs) at 4°C before performing the 

assay as per the manufacturer’s instructions.  

3.2.8 Biological characterisation of metal salt incorporated scaffolds – 

analysis of angiogenesis  

3.2.8.1 Cell culture and seeding 

Human Umbilical Vein Endothelial Cells (HUVECs) were cultured in EndoGRO 

complete culture medium (SCME002, Merck Millipore) under standard culture 

conditions (37°C, 5% CO2, and 95% relative humidity). 

3.2.8.2 Matrigel assay 

The ability of the eluate from both scaffold systems to support tubule formation 

was assessed using a Matrigel® assay. Matrigel® basement membrane 

matrix (Corning, USA) was added to 24-well plates (120 μl/well) and the plates 

were incubated for 30 mins at 37°C. HUVECs were seeded at 30,000 

cells/well. Seperately, cell-free scaffolds (n=3) were placed in 1 ml of 

endothelial medium and incubated at 37°C under standard cell culture 

conditions for 24 hrs and the 1 ml of eluate was added to the seeded HUVECs. 

At 4, 12, and 24 hrs the Matrigel cultures were imaged using a digital 

microscope (Lecia DMIL, Lecia Microsystems). Three images per well were 
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captured and analysed for total tubule length using ImageJ software and an 

in-house developed plug-in. 

3.2.9 Statistical analysis 

Data are presented as mean ± standard deviation. Statistical analysis was 

performed using GraphPad Prism software. Two-tailed unpaired t-tests or one-

way or two-way ANOVAs were conducted where appropriate followed by a 

Bonferroni post-hoc test for multiple pairwise comparisons between groups. A 

p-value of 0.05 or less was considered statistically significant (p ≤ 0.05). The 

Pearson product correlation coefficient (r) was used to determine the strength 

and direction of a linear relationship. An r value of 0.7-1 was considered a 

strong positive correlation. Three biological and three technical repeats were 

performed for all experiments and assays. 
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3.3 Results 

3.3.1 Glutaraldehyde vapour crosslinking improves scaffold 

mechanical properties and supports mammalian cell viability 

Exposing the scaffolds to glutaraldehyde vapour for 4 or 12 hrs resulted in a 

significant increase in scaffold compressive modulus vs. the non-crosslinked 

collagen/chitosan control (p < 0.001), greater than 2.5- or 2-fold, respectively 

(Figure 3.9 A). In addition, the crosslinked scaffolds maintained their height 

upon hydration; the non-crosslinked collagen/chitosan control showed a 

significant height reduction when hydrated (p < 0.01) (Figure 3.9 B&C). 

 

Figure 3.9 Effect of glutaraldehyde vapour crosslinking on scaffold 
compressive modulus and hydrated height 
(A) Compressive modulus of collagen/chitosan scaffolds crosslinked with 
glutaraldehyde vapour for 0, 4, or 24 hrs (non-x-linked, 4 hrs glut, and 24 hrs glut, 
respectively) (B) Glutaraldehyde vapour crosslinked scaffolds maintain their height 
upon hydration when compared to the non-crosslinked control. (C) Visual appearance 
of non-crosslinked scaffolds and 4 hrs glut crosslinked scaffolds upon hydration. Data 
presented as mean ± SD, n=3, p-values are calculated using one-way ANOVA with 
Bonferroni post-hoc test. All statistical significance shown in comparison to non-
crosslinked collagen/chitosan control unless otherwise stated, *p < 0.05, **p < 0.01, 
***p < 0.001. 
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Based on these results, 4 hrs was selected over the 24 hr treatment duration 

to reduce processing times and minimise the potential for toxicity.  

A glycine wash step post-glutaraldehyde vapour treatment was included in 

cytocompatibility testing as it has been shown that washing with glycine can 

deactivate non-crosslinked glutaraldehyde residues [101], [233]. When 

cytocompatibility was assessed at 24 hrs post seeding, all 4 hrs glut treated 

scaffolds reduced the metabolic activity of the cells (alamarBlue® assay, p < 

0.001) (Figure 3.10 A). However, levels of DNA (or cell number) on 

glutaraldehyde treated scaffolds were maintained in comparison to the non-

crosslinked collagen/chitosan control scaffold (Figure 3.10 B). In addition, 

when the metabolic activity per cell is analysed, the 4 hrs glut scaffold with the 

addition of a glycine wash step post-treatment show improved 

cytocompatibility (p < 0.01) (Figure 3.10 C). 

 

Figure 3.10 Effect of glutaraldehyde vapour crosslinking on mammalian cell 
cytocompatibility 
(A) Cell metabolism was measured using alamarBlue® assay; (B) DNA as a measure 
of cell number measured using PicoGreen™ assay, and (C) Metabolic activity per cell 
or alamarBlue® normalised to DNA on cell-seeded scaffolds which were either non-
crosslinked collagen/chitosan scaffolds (non-x-linked), scaffolds crosslinked using 
glutaraldehyde vapour for 4 hrs (4 hrs glut), or scaffolds crosslinked using 
glutaraldehyde vapour for 4 hrs plus a glycine wash post-crosslinking (4 hrs glut + 
glycine). Data presented as mean ± SD, n=3, p-values are calculated using one-way 
ANOVA with Bonferroni post-hoc test. All statistical significance shown in comparison 
to non-crosslinked collagen/chitosan control unless otherwise stated, *p < 0.05, **p < 
0.01, ***p < 0.001. 
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To summarise, glutaraldehyde vapour treatment successfully crosslinked 

collagen/chitosan control scaffolds as demonstrated by increased 

compressive modulus. In addition, glutaraldehyde treated scaffolds with the 

addition of a glycine wash step post-treatment showed improved 

cytocompatibility. Thus, moving forward, all scaffolds undergoing 

glutaraldehyde vapour crosslinking were crosslinked for 4 hrs, followed by a 

glycine wash step. 

3.3.3 Chitosan microparticle encapsulation resulted in a high particle 

yield and suitable size  

Chitosan microparticles with and without metal salts were fabricated via a 

spray-drying process which resulted in the successful production of particles 

at a high average yield of approximately 75% (Table 3.3). 

Table 3.3 Percentage yield of chitosan/metal salt microparticles 

Chitosan microparticle yield 

Blank-microparticles 74.5 % 

Copper-microparticles 73.6 % 

Zinc-microparticles 78.24 % 

The microparticles were confirmed to be within the 0.1-20 µm range upon 

Mastersizing analysis, with a bimodal size distribution, which is common in 

these particle types [240] (Figure 3.11). Immersing the particles within 

aqueous glutaraldehyde solution for crosslinking resulted in a change in 

particle colour (referred to as glutaraldehyde tanning [241]) and particle 

swelling that resulted in a subsequent shift in particle size to 2-80 µm, as 

confirmed by light microscopy (Figure 3.11 A-F). The final particle size 

achieved is known to be suitable to withstand endocytosis by mammalian cells 

[226]. 
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Figure 3.11 Size and morphology of chitosan metal salt encapsulated 
microparticles 
(A) Macroscopic appearance of copper-microparticles before crosslinking (left) and 
after glutaraldehyde crosslinking (right). (B) Size range of copper-microparticles 
before and after crosslinking. (C) Microscopic appearance of microparticles before 
crosslinking (left) and after glutaraldehyde crosslinking (right). (D-F) Same as top 
figures, but for chitosan zinc-microparticles. Note swelling of particles post-
crosslinking in aqueous glutaraldehyde to 2-80 µm. Scale bars 200 µm. 

3.3.4 Directly-loaded and microparticle-loaded scaffolds offer two 

distinct copper and zinc ion release profiles  

3.3.4.1 Metal ions undergo burst release from directly-loaded 

scaffolds 

A range of concentrations of metal salts were directly incorporated into the 

collagen/chitosan scaffolds (0, 16, 24, and 32 mM of copper chloride or zinc 

chloride) and ion release over a 28-day time period was analysed. For all 

copper chloride and zinc chloride loaded scaffolds, increasing the initial 

loading concentration (0 – 32 mM) increased the total released concentration 

(0 – 18.9 mM). Additionally, glutaraldehyde vapour crosslinking increased the 

total percentage of metal ions released from the scaffolds over the 28 days 

(Figure 3.12 A-H). In terms of crosslinked scaffolds, the initial concentration 

of metal ions incorporated into the scaffold did not affect the total percent of 

released ions on day 28 (normalised to loaded ions): 56-59% for copper and 

50-63% for zinc. However, in terms of the rate of initial ion release (up to 24 

hrs), copper chloride scaffolds released ions more gradually than zinc chloride 

scaffolds, with 33-40% and 40-49% of the ions being released, respectively.  
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Figure 3.12 Cumulative release of copper and zinc ions from directly-loaded 
scaffolds 
(A-D) Cumulative copper and (E-F) zinc ion release from directly-loaded 0, 16, 24, 
and 32 mM copper chloride and zinc chloride scaffolds over 28 days for both non-
crosslinked (non-x-linked) and 4 hrs glut scaffolds. Note burst release of ions and the 
increased ion release from all glutaraldehyde crosslinked scaffolds vs non-
crosslinked. 
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3.3.4.2 Microparticles and microparticle-loaded scaffolds prolong 

the release of metal ions  

The microparticles successfully controlled the release of metal salts over the 

28 day time period, with close to zero order release kinetics (released at a 

constant rate) from both copper- and zinc-microparticles (R2 = 0.9801 and 

0.9744, respectively) (Figure 3.13 A&C – figure represents ion release from 

15 mg of particles equivalent to 3:1 loaded into scaffolds). When copper-

microparticles are incorporated into collagen scaffolds, the release profile is 

modulated: there is a controlled, rapid release phase up to day 5, followed by 

a more gradual release that was continuous to day 28 (80% released by day 

5) (Figure 3.13 B). For zinc-microparticles, the release kinetics appear more 

similar to the directly-loaded scaffolds, with a burst release up to day 3 and no 

evidence of release thereafter. However, the total amount of zinc released is 

lower than the microparticles alone (total released ions – 1.49 vs. 0.59 mM, 

respectively) (Figure 3.13 D). 

 

Figure 3.13 Cumulative release of copper and zinc ions from microparticles and 
microparticle-loaded scaffolds 
(A) Cumulative copper ions released from copper-microparticles and (B) cumulative 
copper ions released from copper-microparticle scaffolds over 28 days. (C) 
Cumulative zinc ions released from zinc-microparticles and (D) cumulative zinc ions 
released from zinc-microparticle scaffolds over 28 days. Note controlled ion release 
rate from both microparticles. A&C represent ion release from 15 mg of particles 
equivalent to the 300% loaded into scaffolds. 
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3.3.5 Directly-loaded and microparticle-loaded scaffolds demonstrate 

antibacterial activity against Staphylococcus aureus   

All copper chloride and zinc chloride directly-loaded scaffolds show significant 

antibacterial activity against S. aureus on agar plates as assessed by both 

macroscopic inspection (Figure 3.14 A&D) and by quantification of the zones 

of inhibition (Figure 3.14 B&E). Notably, increasing the concentration of metal 

salt within the scaffold increases the zone of inhibition (24 mM & 32 mM CuCl2 

& 32 mM ZnCl2). In the time-kill assay, all scaffolds showed significant 

antibacterial activity against S. aureus in comparison to the collagen control 

(Figure 3.14 C&F). Interestingly, although they did not show visible 

antibacterial activity on agar, 0 mM collagen/chitosan control scaffolds show 

almost complete inhibition in both time-kill assays. 

 

Figure 3.14 Antibacterial activity of directly-loaded scaffolds 
Results for directly-loaded (A-C) copper chloride and (D-F) zinc chloride scaffolds. 
(A&D) Antibacterial activity against S. aureus lawned agar plates via zones of 
inhibition. (B&E) Quantified zones of inhibition. (C&F) Time-kill assay in broth over 24 
hr time period. Note: 0 mM scaffolds are collagen/chitosan only. Data presented as 
mean ± SD, n=3, p-values are calculated using one and two-way ANOVA with 
Bonferroni post-hoc test. All statistical significance shown in B&E is in comparison to 
0 mM control and C&F is in comparison to collagen control, unless otherwise stated, 
*p < 0.05, **p < 0.01, ***p < 0.001. 
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The copper-microparticle and zinc-microparticle loaded scaffolds have small 

increases in their zones of inhibition vs. S. aureus when compared to collagen 

only and blank-microparticle loaded collagen scaffolds (Figure 3.15 A). This 

was confirmed by quantification (>6 – 7% increase in zone of inhibition, p < 

0.01) (Figure 3.15 B). In the time-kill assay, copper-microparticle loaded 

scaffolds induce a small but significant delay the growth of S. aureus between 

6 and 24 hrs in comparison to the collagen control (p < 0.001) (Figure 3.15 

C). Zinc-microparticle loaded scaffolds also showed a marginal yet significant 

reduction in growth at 6 hrs and at 24 hrs (p < 0.05 and p < 0.001, respectively) 

(Figure 3.15 D).  

 

Figure 3.15 Antibacterial activity of microparticle loaded scaffolds  
(A) Antibacterial activity of copper- and zinc-microparticle loaded scaffolds against S. 
aureus lawned agar plates via zones of inhibition. (B) Quantified zones of inhibition. 
(C&D) Time-kill assay in broth over 24 hr time period. Data presented as mean ± SD, 
n=3, p-values are calculated using one and two-way ANOVA with Bonferroni post-
hoc test. All statistical significance shown in comparison to collagen control unless 
otherwise stated, *p < 0.05, **p < 0.01, ***p < 0.001. 
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In general, although both scaffold types successfully showed antibacterial 

activity, the microparticle-loaded scaffolds did not have as profound an effect 

as the directly-loaded scaffolds against S. aureus. This was true both in terms 

of zone of inhibition size on agar and in the time-kill assay and was attributed 

to reduced metal salt release (approx. 7 mM vs. 1 mM for copper and zinc 

directly-loaded and microparticle-loaded scaffolds at day 1, respectively). 

Thus, in order to minimise toxicity towards mammalian cells (data from 

Chapter 2), the lowest concentration of the directly-loaded scaffolds that 

display antibacterial activity (16 mM) and 0 mM control were brought forward 

for all further analysis. The microparticle-loaded scaffolds and controls 

(collagen and blank-microparticle scaffolds) were also brought forward for all 

further analysis (Table 3.4). 

Table 3.4 Scaffold groups brought forward for all further assessment including in vitro 
cytocompatibility, osteogenic, and angiogenic potential assessment in vitro 

  
Directly-loaded 

collagen/chitosan 
scaffolds 

Chitosan microparticle-
loaded scaffolds 

Controls 

0 mM  
(collagen/chitosan 

scaffold) 

Collagen  
scaffold 

-  
Blank-microparticle 

scaffold 

Copper 
16 mM CuCl2  

scaffold 
Copper-microparticle 

scaffold 

Zinc 
16 mM ZnCl2  

scaffold 
Zinc-microparticle  

scaffold 

3.3.6 Microarchitectural & mechanical properties of directly-loaded and 

microparticle-loaded scaffolds are suitable for bone tissue engineering 

Having shown the antibacterial potential of the scaffolds, the 

microarchitectural and mechanical properties of the scaffolds were next 

investigated. In terms of porosity, all directly-loaded scaffolds are extremely 

porous at more than 98% and there was a significant, albeit marginal, increase 

in scaffold porosity upon copper and zinc addition in comparison to the 

collagen/chitosan control scaffold (p < 0.001) (Figure 3.16 A). In contrast, but 
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not surprisingly, there was a decrease in the porosity of scaffolds upon 

microparticle addition (p < 0.001) and there was a significant increase in 

porosity upon copper and zinc incorporation within the microparticles (p < 

0.001) (Figure 3.16 D). However, all microparticle-loaded scaffolds remain 

highly porous at >94%, which is greater than the reported suitable porosity 

required for tissue engineering applications (90%) [242].  

 

Figure 3.16 Microarchitectural and mechanical properties of directly-loaded 
and microparticle-loaded scaffolds 
Results for directly-loaded (A-C) and microparticle-loaded (D-F) scaffolds showing 
(A&D) scaffold porosity, (B&E) pore size, and (C&F) compressive modulus 
normalised to control (0mM or collagen). Data presented as mean ± SD, n=3, p-
values are calculated using one-way ANOVA with Bonferroni post-hoc test. All 
statistical significance shown in comparison to collagen/chitosan or collagen control 
unless otherwise stated, *p < 0.05, **p < 0.01, ***p < 0.001.  

For directly-loaded scaffolds, the addition of copper chloride or zinc chloride 

did not significantly affect scaffold pore size, with all scaffolds achieving a 

mean pore size ranging from 89-99 μm (Figure 3.16 B). The addition of 
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microparticles resulted in a significant increase in scaffold mean pore size 

(from 71 to 87-93 μm) (Figure 3.16 E).  

The addition of copper chloride to directly-loaded scaffolds significantly 

increased the compressive modulus of the collagen/chitosan control (p < 

0.001) (Figure 3.16 C). However, zinc chloride directly-loaded scaffolds did 

not have the same increase in compressive modulus. Notably, the addition of 

microparticles to the collagen scaffold significantly increased its compressive 

modulus (2.7-fold, p < 0.001), with metal salt-loaded microparticles further 

enhancing this effect (>5-fold increase vs. control, p < 0.01) (Figure 3.16 F). 

3.3.7 Directly-loaded and microparticle-loaded scaffolds support 

mammalian cell growth and osteogenesis in vitro 

Having demonstrated the antibacterial potential of the directly-loaded and 

microparticle-loaded scaffolds, the scaffold’s ability to maintain mammalian 

cells and support osteogenesis in vitro was tested next. This is crucial given 

the fine balance between antibacterial activity and mammalian cell toxicity as 

identified in Chapter 2. In terms of cell survival, the results show that the 

directly-loaded scaffolds (specifically copper chloride loaded scaffolds) 

experienced reduced cell number at each time point in comparison to the 0 

mM control (Figure 3.17 A). However, although cell numbers generally drop-

off slightly at day 7 on the directly-loaded scaffolds, they then increase over 

time at 28 days. On the other hand, when the release is minimised within a 

microparticle-loaded scaffold (Figure 3.17 E), the scaffolds maintain cell 

numbers in comparison to controls at each time point. The cell numbers are 

generally maintained for the microparticle-loaded scaffolds, with a minimal 

reduction over time. Zinc-microparticle scaffolds do not show toxicity issues – 

likely due to reduced ion release, but interestingly, the directly-loaded zinc 

scaffolds also do not show toxicity issues.  
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Figure 3.17 Effect of directly-loaded and microparticle-loaded scaffolds on 
osteogenesis  
Results for directly-loaded (A-D) and microparticle-loaded (D-H) scaffolds showing 
(A&E) PicoGreen™ assay on scaffolds at days 0, 7, and 28 days after 
supplementation with osteogenic medium. (B&F) Alkaline phosphatase (ALP) activity 
on scaffolds at day 7. (C&G) Total raw calcium values from scaffolds at day 28. (D&H) 
Calcium values normalised to DNA at day 28. Data presented as mean ± SD, n=3, p-
values are calculated using one-way or two-way ANOVA with Bonferroni post-hoc 
test. All statistical significance shown in comparison to collagen/chitosan or collagen 
control unless otherwise stated, *p < 0.05, **p < 0.01, ***p < 0.001.  

In terms of osteogenic response, the alkaline phosphatase (ALP) activity is not 

increased on any scaffold at day 7 in comparison to the controls (Figure 3.17 

B&F). In fact, all copper containing scaffolds show significantly reduced ALP 
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activity. When calcium levels were quantified, the directly-loaded copper 

chloride scaffolds show decreased calcium levels in comparison to the control 

(p < 0.05), whereas directly-loaded zinc chloride scaffolds show significantly 

increased calcium levels in comparison to the control (p < 0.01) (Figure 3.17 

C). However, when normalised to cell number, this effect is lost (Figure 3.17 

D). The opposite is seen, however, for the microparticle-loaded scaffolds – 

little difference is seen between raw calcium values (Figure 3.17 G), but, when 

normalised to cell number, the calcium levels in metal salt microparticle-loaded 

scaffolds are significantly higher than the collagen control (p < 0.001), with 

zinc-microparticles producing the highest result (Figure 3.17 H). 

3.3.8 Metal ions released from directly-loaded and microparticle-loaded 

scaffolds can enhance angiogenesis in vitro 

The results above show that, with the exception of the copper chloride directly-

loaded scaffolds, the majority of scaffolds supported cell viability and did not 

inhibit osteogenesis. Thus, the ability of the scaffolds to support angiogenesis 

was next investigated, as copper has previously been suggested to be pro-

angiogenic by upregulating VEGF production [137]. To do so, eluate was 

collected from scaffolds incubated in media for 24 hrs and added to the 

Matrigel® assay. Tubule formation was analysed at 4, 12, and 24 hrs after 

eluate addition. The eluate from copper chloride directly-loaded scaffolds was 

shown to significantly increase total tubule length in the Matrigel® assay at 12 

hrs in comparison to all other scaffolds (p < 0.001) (Figure 3.18 A). However, 

this effect was lost at 24 hrs. Similar to the directly-loaded scaffolds, copper-

microparticle-loaded scaffolds showed increased total tubule length vs. the 

collagen and control, however, this increased tubule length was maintained 

from 4-24 hrs (p < 0.01) (Figure 3.18 B). Interestingly, for the microparticle-

loaded scaffolds, zinc-microparticle scaffolds showed significantly increased 

total tubule length at 12 and 24 hrs (p < 0.001). Taken together, the data 

demonstrates the pro-angiogenic ability of copper in both systems, however, 

in comparison to the directly-loaded scaffolds, the smaller dose released from 

the microparticle-loaded scaffolds had the ability to prolong the angiogenic 

response over the three time points analysed.  
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Figure 3.18 Effect of directly-loaded and microparticle-loaded scaffolds on 
angiogenesis 
Total tubule length (µm) quantification from Matrigel® assay at 4, 12, and 24 hrs with 
brightfield images of tubule formation in assay at 12 hrs post-seeding of human 
endothelial vascular endothelial (HUVEC) cells cultured with conditioned medium 
from (A) directly-loaded scaffolds and (B) microparticle-loaded scaffolds. Data 
presented as mean ± SD, n=3, p-values are calculated using two-way ANOVA with 
Bonferroni post-hoc test. All statistical significance shown in comparison to 
collagen/chitosan or collagen control unless otherwise stated, *p < 0.05, **p < 0.01, 
***p < 0.001.  
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3.4 Discussion 

The objective of this study was to develop a 3D scaffold that releases copper 

of zinc ions at a release rate that provides antibacterial activity, with minimal 

mammalian cell toxicity. The aim of these scaffolds is thus to have a dual 

function: treat osteomyelitis infection, while facilitating or enhancing bone 

tissue formation. We successfully developed fabrication strategies for two 

different ion release systems: a directly-loaded scaffold group and a 

microparticle-loaded scaffold group. The results demonstrate that, for copper 

loaded microparticles specifically, the microparticles controlled the metal salt 

release from the scaffolds over a 28-day time period, in comparison to the 

directly-loaded scaffolds. Both the directly-loaded and microparticle-loaded 

scaffolds display antibacterial activity to varying degrees, with directly-loaded 

scaffolds showing the most potent activity against S. aureus. In terms of 

microarchitectural and mechanical properties, both scaffold formulations were 

highly porous and had suitable pore size for bone tissue engineering. The 

directly-loaded microparticle-loaded scaffolds at least maintained the 

compressive modulus, but in most cases enhanced the scaffold compressive 

modulus. Most importantly, all directly-loaded and microparticle-loaded 

scaffolds supported mammalian cell survival. In addition, zinc incorporated 

directly-loaded and microparticle-loaded scaffolds performed well in terms in 

terms of osteogenic effect by supporting calcium production.  Finally, the 

copper-containing directly-loaded and microparticle-loaded scaffolds both 

enhanced angiogenesis at the majority of time points tested.  

Initially in this chapter, the effect of glutaraldehyde vapour treatment on 

collagen/chitosan scaffolds was assessed in terms of mechanical properties 

and cytocompatibility. The results demonstrate that the treatment successfully 

crosslinked the scaffolds whilst having a minimal effect on cell compatibility. 

This new crosslinking technique has now been introduced to our lab and was 

particularly useful here to negate the premature loss of metal ions from the 

scaffolds. Furthermore, this crosslinking technique could be (and has been) 

applied to a host of different scaffolds developed which incorporate precious 

cargo such as growth factors or genetic material, without leaching.  
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When the release kinetics from both of the scaffold systems was investigated, 

it was found that the directly-loaded scaffolds released their metal ions in a 

typical manner, with a quick burst release of 33-49% of incorporated ions 

within 24 hrs. Interestingly, the scaffolds that underwent glutaraldehyde 

vapour crosslinking showed an increase in the total released metal salt from 

all directly-loaded scaffolds in comparison to non-crosslinked scaffolds. This 

may be attributed to the glutaraldehyde crosslinking allowing a more robust 

scaffold with an open, porous structure which does not collapse upon 

hydration (as shown in Figure 3.9 C) and thus, allows a higher percentage of 

metal ion release. The metal salt-loaded chitosan microparticles produced 

achieved near zero-order release kinetics (released at a constant rate) over 

the 28 days. When these were incorporated into the scaffold and 

glutaraldehyde crosslinked, specifically for copper-microparticle scaffolds, 

some controlled release kinetics were retained; controlled rapid release rate 

up to day 5 and continued release up to day 28. However, for zinc-

microparticle scaffolds there was a burst release until day 3 with no further 

release thereafter. This may be affected by the microparticles being immersed 

in the acidic scaffold slurry during fabrication, as chitosan microparticles have 

been shown previously to be pH-responsive, with increased swelling at lower 

pH and thus increased drug release via increased permeation [243], [244]. 

However, the copper-microparticles maintain some of their controlled release 

properties with continued salt release occurring up until day 28, in comparison 

to directly-loaded scaffolds where approximately all of the released salts occur 

by day 4. It must be noted that in general, the microparticle-loaded scaffolds 

release a significantly lower level of ions than the directly-loaded scaffolds 

(approx. 1 mM vs 7 mM). In a clinical scenario, a burst release of antibacterial 

salts above the MIC may assist in infection clearance; however, this would 

possibly be required over a number of days, until the infection is cleared. 

Therefore, a combinatory burst and controlled-release system, such as in the 

form of chitosan microparticles produced here, would be advantageous. 

It was found that all scaffolds containing copper chloride or zinc chloride 

incorporated via direct-loading or microparticle-loading proved to be effective 

against S. aureus and produced a zone of inhibition on agar pates, 
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microparticle-loaded scaffolds albeit marginal. Notably, increasing the 

concentration of metal salt within the directly-loaded scaffold increased the 

zone of inhibition while the microparticle-loaded scaffolds showed smaller 

zones of inhibition due to reduced metal salt release. These results are 

supported by the broth time-kill assays, where all directly-loaded scaffolds 

(including collagen/chitosan control) show significant antibacterial activity 

against S. aureus in comparison to the collagen secondary control. Not 

surprisingly, as their function is to modulate metal ion release, the 

microparticle-loaded scaffolds did not have as profound an effect as directly-

loaded scaffolds; however, they did achieve significantly delayed S. aureus 

growth at various time points vs. the collagen control. Perhaps, in future work, 

increasing the concentration of metal salts within the microparticles or using a 

combinatory approach of directly-loaded collagen/chitosan scaffolds loaded 

with microparticles (as suggested previously), might be advantageous.   

It was found that following addition of directly-loaded copper chloride and zinc 

chloride, all scaffolds remained highly porous, at >98%. While a decrease in 

scaffold porosity was observed upon microparticle addition, an effect 

previously observed within our lab upon polymeric microparticle addition to 

collagen scaffolds [245], all microparticle-loaded scaffolds remained almost as 

porous at >94%. A decrease in scaffold porosity was For all scaffolds 

containing copper and zinc (16 mM CuCl2 scaffold, 16 mM ZnCl2 scaffold, 

copper-microparticle scaffold, and zinc-microparticle scaffold), there was a 

significant increase in scaffold porosity in comparison to the control scaffolds 

(0 mM and blank-microparticle scaffold), which might be attributed to a 

production of a gaseous vapour between the acetic acid solvent and the 

copper chloride and zinc chloride salts which would increase the number of 

nucleation points during freeze drying, and hence the number of pores. All 

scaffolds fabricated achieved porosities >90% - a porosity level that is 

generally recommended to achieve good cell infiltration and nutrient/waste 

transport throughout the construct; all scaffolds fabricated are in this range 

[246], [247]. Additionally, the pore sizes for the directly-loaded and 

microparticle-loaded scaffolds (89-99 μm and 71-92 μm, respectively) are 

within the ideal range for bone tissue engineering applications [248]–[250]. 
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Mechanical robustness is advantageous for tissue engineered scaffolds, not 

only from a surgical handling perspective, but also for cell infiltration and as an 

additional osteogenic stimulus, as increased scaffold stiffness has previously 

been shown to influence the differentiation of mesenchymal stem cells (MSC) 

down an osteogenic lineage [86]. The directly loaded copper chloride scaffolds 

had a significantly increased compressive modulus vs. the collagen/chitosan 

control; however, directly loaded zinc chloride scaffolds did not show the same 

mechanical enhancement. This was surprising, as upon handling the scaffolds 

in their pre-hydrated state, there was a noticeable increase in apparent 

mechanical strength of zinc-loaded scaffolds vs. the control that was not 

reflected in the mechanical testing results. This is possibly attributable to a 

more rapid release of zinc from the scaffolds during the hydrated mechanical 

testing (see discussion on zinc release). Notably, the addition of microparticles 

to the collagen scaffold significantly increased its compressive modulus. A 

similar result was also previously observed within our lab upon polymeric 

microparticle addition to collagen scaffolds [245].  

Having demonstrated the antibacterial activity and favourable mechanical and 

microarchitectural properties of the scaffolds, the ability of the scaffolds to 

support mammalian cells was next examined - crucial given the fine balance 

between antibacterial activity and mammalian cell toxicity as identified in 

Chapter 2. Overall, both scaffold systems support mammalian cell survival 

over the 28 days, with microparticle-incorporated scaffolds inducing less toxic 

effects in comparison to directly-loaded scaffolds at each time point, 

presumably due to the controlled/reduced metal salt release from the 

scaffolds, as discussed previously. Interestingly, cell numbers generally 

increased over the 28-day time period on the directly-loaded scaffolds – an 

effect not seen on the microparticle-loaded scaffolds. This may be explained 

by looking at the osteogenic response to the scaffolds – calcium levels are 

generally raised on microparticle-loaded scaffolds, in comparison to directly-

loaded scaffolds, which may indicate terminal differentiation of osteoblasts, 

and thus may explain the maintenance, rather than rise in cell number over 

the 28-day period. Of note, and in contrast to copper directly-loaded scaffolds, 

zinc directly-loaded scaffolds performed well in terms in terms of osteogenic 
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effect by supporting calcium production. This is in agreement with the literature 

which suggests that zinc can promote osteogenesis through osteoblast 

proliferation and differentiation [175]–[177]. Both copper and zinc-

microparticle scaffolds supported calcium production, presumably due to 

reduced ion release.  

Finally, all copper-containing scaffolds enhanced angiogenesis at select time 

points as measured by increased total tubule length in a Matrigel® assay; 

however, the microparticle-loaded scaffolds out-performed the directly-loaded 

scaffolds. This is due to the reduced metal ion release from the scaffolds, 

which might be either less toxic towards the HUVEC cells or at the appropriate 

concentration to enhance angiogenesis. It is well-known that copper, in 

addition to showing antimicrobial activity, can stimulate angiogenesis and 

vasculogenisis, two essential processes in tissue repair and regeneration 

[138], [139]. In fact, a similar concentration of copper sulphate (0.5 mM) to the 

copper chloride ions released from the copper-microparticle scaffolds has 

been shown previously to enhance endothelial cell proliferation 2-fold [251]. 

Discovering the pro-angiogenic response to zinc-microparticle-loaded 

scaffolds here, on the other hand, was interesting as zinc has mixed reports in 

literature, being reported as both anti-angiogenic and pro-angiogenic metal 

[252]–[254]. 

In summary, and in terms of choosing a scaffold system, or parts of, for 

osteomyelitis treatment based on the results from this study, perhaps an ideal 

combination would be a base collagen/chitosan scaffold with zinc chloride salt 

directly-incorporated for a burst release of ions to clear the infection, followed 

by controlled release of copper ions the from microparticle system to stimulate 

angiogenesis. Once the ions have been depleted, the base collagen/chitosan 

scaffold might prevent infection reoccurrence whilst tissue regeneration is 

underway.  

3.5 Conclusion 

In this study, two different scaffold-based metal salt delivery systems were 

successfully developed; a directly-loaded scaffold group and a controlled-
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release microparticle-loaded scaffold group. The results demonstrate that both 

scaffold types provided distinct metal salt release quantities and/or profiles 

which in turn influenced the antibacterial activity of the scaffolds against S. 

aureus. It was also found that the scaffolds did not elicit a significant toxic 

effect towards mammalian cells, some scaffolds supported osteogenesis, and 

all copper-incorporated scaffolds enhanced angiogenesis. In Chapters 4 and 

5, the potential of two alternative materials are examined, hydroxyapatite and 

bioactive glass doped with antimicrobial metal ions, which we hypothesised 

might reduce infection whilst also enhancing osteogenesis.  
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4.1 Introduction 

Hydroxyapatite, the main inorganic constituent of bone matrix, is widely used 

in bone tissue engineering as it is an osteoconductive material that shows 

good biocompatibility and biodegradability [2], [180], [181]. Clinically, 

hydroxyapatite is typically used either in powdered form where it is added 

directly into the bone defect as a paste, or as a coating on medical devices to 

enhance osseous ingrowth and prevent loosening [183]–[187].  

For effective osteomyelitis treatment a combinatorial approach might be 

effective i.e. materials capable of osteogenic stimulation combined with 

materials capable of antimicrobial activity. One way to achieve a combinatorial 

approach is to merge both materials.  For example, hydroxyapatite crystals 

can be doped with metal ions in order to enhance desirable effects such as 

osteogenesis (e.g. strontium) [189], angiogenesis (e.g. cobalt) [190], and 

antibacterial activity (e.g. silver or zinc) [191], [192]. Thus, in this chapter we 

wanted to investigate whether incorporating silver into an osteogenic carrier, 

such as hydroxyapatite, would render it more desirable for use in osteomyelitis 

treatment.  

Silver is the most widely explored metal in controlling microbial growth, both in 

research and application, demonstrating effective antimicrobial activity against 

gram-positive and gram-negative bacteria as well as fungi [122]. However, 

beyond its potent antibacterial activity, there is nothing reported in the literature 

with regards to potential beneficial effects of silver on osteogenesis or 

angiogenesis – key processes in bone regeneration. In fact, there are a 

number of publications which report cytotoxicity issues with silver use, so 

controlling the dosage is crucial [255]–[258]. 

The overall aim of the study presented in this chapter was to investigate the 

potential bi-functional antibacterial and osteogenic capacity of collagen 

scaffolds functionalised with silver-doped hydroxyapatite (AgHA). We 

proposed that doping the silver into the hydroxyapatite would control its 

release from the scaffold which might limit potential cytotoxicity. 
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The specific objectives were to: 

1) Fabricate and characterise various concentrations of silver-doped 

hydroxyapatite (0, 2, and 5% mol Ag) 

2) Develop a method for incorporating the silver-doped hydroxyapatite at 

various concentrations into the collagen scaffold (based on antibacterial 

efficacy study results from Chapter 2), and investigate the effect of 

silver-doped hydroxyapatite addition on scaffold mechanical and 

microarchitectural properties 

3) Examine the effect of both silver-doping percentage within the 

hydroxyapatite (0, 2, and 5% Ag) and the weight percentage of silver-

doped hydroxyapatite (vs. collagen weight) in scaffolds on the 

antibacterial activity of the scaffolds 

4) Assess the ability of silver-doped hydroxyapatite scaffolds to support 

osteoblast viability and to assess their osteogenic potential in vitro 
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4.2 Materials and methods 

4.2.1 Effect of silver ions on bacterial toxicity and mammalian cell 

viability in 2D culture 

To identify an appropriate concentration range of silver-doped hydroxyapatite 

to incorporate into the collagen scaffold, the data collected from 2D studies in 

Chapter 2 was utilised. To summarise, the effect of silver ions on S. aureus, 

S. epidermidis, E. coli, and mammalian cells in 2D culture was assessed by 

adding a range of silver nitrate concentrations (0 – 16 mM AgNO3, equivalent 

to 0 – 1.02 mg Ag+/ml) to either bacterial cells in bacterial brain heart infusion 

(BHI) broth or to mammalian pre-osteoblast cells (MC3T3-E1) in cell culture 

media. The number of viable cells in both experiments were analysed as a 

measure of cell viability/toxicity (Figure 4.1).  

 

Figure 4.1 Schematic of protocol to examine the effect of silver ions on bacterial 
toxicity and mammalian cell viability in 2D culture 
Silver ions were added to cultures of either S. aureus, S. epidermidis, E. coli, or 
mammalian pre-osteoblast cells at a range of concentrations. Toxicity was assessed 
after 24 hrs. 

4.2.2 Silver-doped hydroxyapatite (AgHA) synthesis and 

characterisation 

4.2.2.1 AgHA synthesis  

Silver-doped hydroxyapatite was synthesised in our laboratory using methods 

described by our collaborators, Prof. Paul Hatton’s group at School of Clinical 

Dentistry at the University of Sheffield [191], [259]. Briefly, 3.71 g of calcium 

hydroxide with either 0, 0.17, or 0.42 g of silver nitrate (corresponding to 0%, 

2%, or 5% mol Ag) was added to 500 ml of deionised water in a beaker stirring 

at 400 rpm for 1 hr at 90°C. A solution of phosphorus (3.459 g of 85% 

phosphoric acid in 250 ml deionised water) was stirred quickly into the calcium 
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hydroxide/silver solution and stirred for a further hr. Silver-doped particles 

were then formed from the ability of silver ions to substitute into the HA lattice 

in place of calcium ions in solution [260]–[262]. The suspension of particles 

was left to settle overnight. The supernatant was removed, and the particle 

suspensions were washed three times by adding 500ml of fresh deionised 

water, stirring at 400 rpm for 2 mins, settling again for 2 hrs, and repeating. 

Finally, the particle suspensions were allowed to dry in an oven at 80°C. The 

dried powders were then ground using a glass mortar and pestle until fine and 

then sieved using a 100 μm test sieve (Figure 4.2). The particles were 

characterised using mastersizing for size, Fourier-transform infrared 

spectroscopy (FTIR), and X-ray powder diffraction (XRD) analysis.  

 

Figure 4.2 Hydroxyapatite particle fabrication method 
The suspensions of hydroxyapatite (0, 2, or 5% mol silver-doped) were dried in an 
oven at 80°C, ground to a fine powder using a mortar and pestle, and sieved. 

4.2.2.2 AgHA characterisation - size analysis, X-ray powder 

diffraction (XRD), and Fourier-transform infrared spectroscopy 

(FTIR)  

Particle size was measured  by dynamic light scattering using a Mastersizer 

2000 (Malvern Instruments, UK) as described in Chapter 3, Section 3.2.4.1. 

The refractive index of ethanol and hydroxyapatite were taken to be 1.36 and 

1.64, respectively [263], [264]. X-ray powder diffraction and Fourier-transform 

infrared spectroscopy were utilised to detect the characteristic hydroxyl and 

phosphate bands of hydroxyapatite. Briefly, XRD was performed with settings 

of 40 kV and 35 mA, Cu Kα radiation, and a 2θ range of 10-70° (Siemens D500 
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X-ray Diffractometer, Trinity College Dublin) and for FTIR, approximately 100 

mg of each powder was analysed with a scan range of 400 – 4000 cm-1 and 

resolution of 0.48 cm-1 (Nicolet iS10 FT-IR Spectrometer, Thermo Scientific).  

4.2.3 Collagen – AgHA composite scaffold fabrication 

Having identified the optimal concentration range of silver required to kill 

bacteria and minimise mammalian cell toxicity, the appropriate concentration 

range of 2% (mol Ag) and 5% (mol Ag) silver-doped hydroxyapatite to 

incorporate into the collagen scaffolds was estimated (e.g. 2% Ag–2:1HA  

scaffolds or 5% Ag–2:1HA scaffolds = 1.468 mM or 3.536 mM AgNO3/ml slurry 

– abbreviations explained below). The scaffolds were fabricated by freeze-

drying a co-suspension of collagen and silver-doped hydroxyapatite particles 

(± silver doping) at a range of different concentrations with groups and 

nomenclature shown in Table 4.1 below, similar to methods previously 

developed within our group incorporate ceramics into collagen scaffolds 

(Figure 4.3) [188], [190], [265].  

Table 4.1 Scaffold groups, including a collagen only control scaffold, fabricated and 
assessed throughout the chapter for various properties 

 

Silver: Hydroxyapatite within  

incorporated particles (mol %) 

0% Ag 2% Ag 5% Ag 

 0.2:1 - 2% Ag–0.2:1HA 5% Ag–0.2:1HA 

Hydroxyapatite: 

Collagen  

in scaffold  

(wt:wt, 5 mg 

collagen/ml) 

1:1 0% Ag–1:1HA 2% Ag–1:1HA 5% Ag–1:1HA 

2:1 0% Ag–2:1HA  2% Ag–2:1HA  5% Ag–2:1HA  

 3:1 0% Ag–3:1HA  2% Ag–3:1HA  5% Ag–3:1HA  

Briefly, a collagen slurry was produced by mixing type I collagen (5 mg/ml) 

isolated from bovine tendon (Integra Life Sciences, Plainsboro, NJ) in aqueous 

0.5 M acetic acid solution (Fisher Scientific, UK). The hydroxyapatite was 
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added to the collagen slurry and was mixed between two syringes connected 

with a luer lock until a homogeneous suspension was obtained. The slurry 

suspension was then degassed using a vacuum chamber and freeze-dried in 

a custom built mould (10 mm ⌀ x 5mm discs) until a final temperature of -40°C 

using a previously published freeze-drying profile [234]. Scaffolds were 

sterilised and physically crosslinked using dehydrothermal (DHT) treatment at 

105°C for 24 hrs at 0.05 bar [94]. Scaffolds were then further chemically 

crosslinked using EDAC [1-ethyl-3-(3-dimethyl aminopropyl) carbodiimide] (6 

mM) and NHS (N-hydroxysuccinimide) (2.4 mM), as previously described [97]. 

 

Figure 4.3 Schematic of method for collagen - AgHA composite scaffold 
fabrication  
Silver-doped hydroxyapatite particles were added to collagen slurry and mixed until 
homogeneous. The solution was degassed and lyophilised into porous scaffolds and 
crosslinked for stability.  

4.2.4 Physical characterisation of collagen – AgHA scaffolds  

The following scaffold groups were assessed for porosity, pore size, and 

mechanical properties: collagen only control, 2% Ag–0.2:1HA, 2% Ag–1:1HA, 

2% Ag–2:1HA, and 2% Ag–3:1HA, 

4.2.4.1 Effect of AgHA addition on scaffold porosity and pore size 

Scanning electron microscopy (SEM) was used to characterize the scaffold 

morphology and pore size, as described previously in Chapter 3, Section 3.2.7. 

For porosity analysis, the theoretical density of collagen and hydroxyapatite 

used were 1.3 and 3.15 g/cm3, respectively [188], [237]–[239] and the porosity 
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was calculated as per Equation 4.1 below, where the density (ρ) of the 

scaffold, collagen, and AgHA are given by ρscaffold, ρcollagen, and ρAgHA, 

respectively. 

Scaffold porosity (%) =  (1 −
ρscaffold

(ρcollagen)(% wt collagen) + (ρAgHA)(% wt AgHA)
) 𝑥100 

Equation 4.1 

4.2.4.2 Effect of AgHA addition on scaffold mechanical properties 

In order to investigate the effect of silver-doped hydroxyapatite addition on 

scaffold compressive modulus, unconfined, wet compression testing of the 

scaffolds was performed using a uniaxial tensile testing machine, as described 

in Chapter 3, Section 3.2.7 (n=5 scaffolds, 3 repeats per scaffold). 

4.2.5 Antibacterial characterisation of collagen – AgHA scaffolds  

All 2% (mol Ag) and 5% (mol Ag) AgHA scaffolds outlined in Table 4.1 were 

assessed for antibacterial activity against S. aureus. A collagen only scaffold 

and 0% Ag–3:1HA scaffold were included as controls (note: 0% Ag–1:1HA  

and 0% Ag–2:1HA were not assessed here). 

4.2.5.1 Antibacterial activity of collagen – AgHA scaffolds on agar 

As per Chapter 3, Section 3.2.6, agar plates were lawned with 100 µl of 1x108 

CFU/ml of S. aureus Newman and allowed to air dry for 15 mins. The scaffolds 

were placed on the agar plates, the plates were inverted, and the zones of 

inhibition produced by the scaffolds were inspected after 18-24 hrs of 

incubation at 37°C. 

4.2.5.2 Antibacterial activity of collagen – AgHA scaffolds using a 

time kill assay 

A time-kill assay was performed to determine the effect of the silver-doped 

hydroxyapatite scaffolds on the growth rate of S. aureus. As described 

previously in Chapter 3, Section 3.2.6. Scaffolds were added to 1 ml Brain 

Heart Infusion (BHI) broth (n=3) in 24-well plates and 5x105 CFU/ml of S. 

aureus Newman were added. The plates were incubated in an orbital shaker 
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(MaxQ 4000, Thermo Fisher Scientific, USA) (150 rpm, 37°C) and the optical 

density was measured (with scaffolds temporarily removed) using a plate 

reader (1420 Victor V3, Perkin Elmer, Dublin, Ireland) at a series of time points 

over 24 hrs. 

4.2.6 Assessment of the ability of collagen – AgHA scaffolds to support 

osteoblast viability and osteogenic potential in vitro 

Due to their enhanced mechanical properties and antibacterial activity against 

S. aureus, the scaffold groups in Table 4.2 were selected for osteoblast 

viability and osteogenic potential assessment in vitro. 

Table 4.2 Scaffold groups brought forward for osteoblast viability and osteogenic 
potential assessment in vitro 

 

Silver: Hydroxyapatite within  

incorporated particles (mol %) 

0% Ag 2% Ag 5% Ag 

Hydroxyapatite: 

Collagen  

in scaffold  

(wt:wt, 5 mg 

collagen/ml) 

1:1 0% Ag–1:1HA 2% Ag–1:1HA 5% Ag–1:1HA 

2:1 0% Ag–2:1HA  2% Ag–2:1HA  5% Ag–2:1HA  

 

4.2.6.1 Osteoblast culture and seeding 

To assess the ability of the silver-doped hydroxyapatite scaffolds to support 

osteogenesis, MC3T3-E1 cells were cultured as in Chapter 3, Section 3.2.8.1. 

4.2.6.2 DNA quantification 

DNA, as an indicator of cell number and survival, was quantified as in Chapter 

3, Section 3.2.8.2. Three scaffolds per group (n=3) at each time point (day 0 

as an indication of initial attachment and day 28) were analysed. Haematoxylin 

and eosin (H&E) staining (Sigma Aldrich, Ireland) was performed on scaffolds 

at day 28 to assess cell distribution, as per the manufacturer’s instructions. 

Briefly, scaffolds were fixed in 10% paraformaldehyde, embedded in paraffin 

wax, and sectioned using a microtome (Leica RM 2255, Leica, Germany) to 5 
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μm thick slices. Sections were placed on glass slides, deparaffinised to 

distilled water, stained using haematoxylin and eosin solutions for 5 mins each, 

washed, and mounted with DPX solution before adding a coverslip. Sections 

were imaged using a digital microscope (Nikon Eclipse 90i, Nikon Instruments 

Europe).  

4.2.6.3 Cell-mediated mineralisation 

Cell-mediated calcium production was quantified as in Chapter 3, Section 

3.2.8.3. Three scaffolds per group (n=3) at day 28 were analysed. Alizarin red 

staining (Sigma Aldrich, Ireland) was also performed on scaffolds at day 28 to 

assess the cell-mediated calcium distribution, as per the manufacturer’s 

instructions and similar to the H&E staining method above.  

4.2.7 Statistical analysis 

Data are presented as mean ± standard deviation. Statistical analysis was 

performed using GraphPad Prism software. Two-tailed unpaired t-tests or one-

way or two-way ANOVAs were conducted where appropriate followed by a 

Bonferroni post-hoc test for multiple pairwise comparisons between groups. A 

p-value of 0.05 or less was considered statistically significant (p ≤ 0.05). The 

Pearson product correlation coefficient (r) was used to determine the strength 

and direction of a linear relationship. An r value of 0.7-1 was considered a 

strong positive correlation. Three biological and three technical repeats were 

performed for all experiments and assays. 
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4.3 Results 

4.3.1 Silver ions effectively eliminate Staphylococcus aureus, 

Staphylococcus epidermidis, and Escherichia coli while retaining some 

viable mammalian cells  

A range of silver nitrate concentrations was utilised to determine the effect of 

Ag+ exposure on both bacterial and mammalian cells in 2D culture in Chapter 

2. Summarising results from Chapter 2, increasing silver ion concentration 

decreased the cellular viability of S. aureus, S. epidermidis, E. coli, and 

MC3T3-E1 mammalian cells after 24 hrs (Figure 4.4). Both the minimum 

inhibitory concentration (MIC) of Ag+ against S. aureus Newman and S. 

epidermidis HB were found to be 1 mM AgNO3, while osteoblast viability was 

37% at this concentration. The MIC of silver nitrate against E. coli was 0.25 

mM, with mammalian viability extrapolated to be approximately 75% at this 

concentration. The minimum bactericidal concentrations (MBC) of silver nitrate 

against the three bacteria species were: S. aureus 1-2 mM, S. epidermidis 2-

4 mM, and E. coli 0.5-2 mM. 

 

Figure 4.4 Effect of silver nitrate on S. aureus, S. Epi, and E. coli vs. pre-
osteoblast cells (MC3T3-E1) 
The viability of pre-osteoblast cells, S. aureus, S. epidermidis, or E. coli cultured 
reduces with increasing concentrations of silver nitrate, analysed using DNA 
quantification and spectrophotometric growth quantification, respectively. Viability of 
mammalian cells is normalized to cells seeded into the well plate with 0 mM silver 
nitrate (regular growth media) and viability of S. aureus is normalised to bacteria with 
0 mM silver nitrate (regular BHI growth broth). 
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4.3.2 Successful synthesis of AgHA particles  

The synthesised particles (with 0%, 2%, or 5% mol Ag-doping) were fabricated 

via a rapid-mix preparation method, ground, and sieved into a fine powder 

after drying. The powders were then characterised using mastersizing, 

Fourier-transform infrared spectroscopy (FTIR), and X-ray powder diffraction 

(XRD). The resulting particles ranged between 1-180 μm, as evidenced from 

dynamic light scattering, with 50% and 90% of the particle diameter distribution 

falling below 32 μm and 92 μm, respectively (Figure 4.5 A). The FTIR spectra 

confirmed the successful formation of hydroxyapatite via characteristic peaks: 

1020 cm-1 (PO4
3-), 960 cm-1 (PO4

3-), 875 cm-1 (CO3
2-), 630 cm-1 (OH-), 600 cm-

1 and 560 cm-1 (PO4
3-) (Figure 4.5 B). Phase analysis using XRD and Match! 

XRD analysis software revealed the successful formation of hydroxyapatite 

through a positive peak match with over 390,000 crystal entries in the 

reference database with no other crystal phases detected (Match! Software, 

Crystal Impact). As well as potentially substituting into the lattice, silver ions 

may be present on the surface of the hydroxyapatite crystal in the form of free 

ions. There was no obvious presence of metallic silver in the 2% and 5% 

samples, suggesting that the silver was mainly substituted or ‘doped’ into the 

crystal lattice (Figure 4.5 C).  
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Figure 4.5 Characterisation of synthesised silver-doped hydroxyapatite 
particles 
(A) The size range of 0%, 2%, and 5% mol silver-doped hydroxyapatite particles (1-
180 µm). (B) Fourier-transform infrared spectroscopy spectra of the silver-doped 
hydroxyapatite particles. (C) X-ray diffraction patterns of the as-fabricated particles. 
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4.3.3 AgHA addition resulted in highly porous scaffolds with suitable 

pore size and increased compressive modulus 

It was found that 3:1 HA was the maximum concentration of silver-doped 

hydroxyapatite that could be incorporated into the scaffold as a higher 

concentration of silver-doped hydroxyapatite caused the pH of the slurry to 

change, causing it to separate. Scanning electron microscope (SEM) images 

revealed the highly porous, interconnected, open structure of the silver-doped 

hydroxyapatite scaffolds even at the highest achievable concentration (3:1 

HA) (Figure 4.6 A). There was a significant, albeit marginal, decrease in 

scaffold porosity upon silver-doped hydroxyapatite addition; however, even 

upon the incorporation of 2% Ag–3:1HA, all scaffolds remain extremely porous 

at more than 98%, which is greater than the reported suitable porosity required 

for tissue engineering applications (90%) (Figure 4.6 B) [242]. All scaffolds 

achieved a mean pore size range of 71 – 94 µm, a size known to facilitate 

osteogenesis in collagen-based scaffolds [248]–[250]. With the exception of 

2% Ag–3:1HA scaffolds, the addition of silver-doped hydroxyapatite tended to 

increase scaffold pore size, with 2% Ag–2:1HA scaffolds having a significantly 

larger pore size vs. the collagen control (94 µm vs. 71 µm, respectively) (p < 

0.05) (Figure 4.6 C). In terms of mechanical properties, increasing the silver-

doped hydroxyapatite concentration in the scaffold from 2% Ag–1:1HA to 2% 

Ag–3:1HA significantly increased the scaffold compressive modulus vs. the 

collagen control (p < 0.001) (Figure 4.6 D). Notably, increasing the 

concentration of AgHA in the scaffolds from 2% Ag–2:1HA to 2% Ag–3:1HA 

actually resulted in a significant decrease in mechanical properties (p < 0.05). 

As collagen acts as the binding agent in the scaffold and there is a fixed 

amount of collagen in all scaffolds, this reduction in compressive modulus may 

be attributed to the deteriorated binding capability of this collagen content with 

the maximum achievable volume of AgHA. Additionally, the larger quantity of 

silver in these scaffolds may also affect the scaffold’s mechanical integrity via 

a change in pH which causes the slurry to separate and the HA to precipitate.  
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Figure 4.6 Effect of AgHA addition on scaffold microarchitectural and 
mechanical properties 
(A) SEM images showing the highly porous, interconnected morphology of silver-
doped hydroxyapatite scaffolds. (B) All scaffolds remain highly porous (>98%) upon 
incorporation of silver-doped hydroxyapatite. (C) Pore size of silver-doped 
hydroxyapatite scaffolds (71-94 µm). Note 2% Ag-2:1HA scaffolds had a significantly 
increased pore size vs. the collagen control and 2% Ag-0.2:1HA . (D) Increasing 
silver-doped hydroxyapatite addition increases scaffold compressive modulus, with 
2% Ag-1:1HA, 2% Ag-2:1HA, and 2% Ag-3:1HA scaffolds having a significantly higher 
compressive modulus than the collagen control Note: scaffolds analysed for pore 
size, porosity, and compressive modulus were 2% mol AgHA. Data presented as 
mean ± SD, n=3, p-values are calculated using one-way ANOVA with Bonferroni post-
hoc test. All statistical significance shown in comparison to collagen control unless 
otherwise stated, *p < 0.05, **p < 0.01, ***p < 0.001.  

Having determined that collagen scaffolds functionalised with silver-doped 

hydroxyapatite remain highly porous and show increased mechanical 
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properties, we next sought to determine the scaffold’s principal function – its 

antibacterial activity against S. aureus. 

4.3.4 Collagen – AgHA scaffolds show significant antibacterial activity 

against Staphylococcus aureus 

All AgHA-containing scaffolds (for both 2% and 5% mol Ag) showed 

antibacterial activity against S. aureus on agar plates by producing zones of 

inhibition, in comparison to the collagen and 0% Ag–3:1HA controls which did 

not display antibacterial activity (Figure 4.7 A). For AgHA scaffolds containing 

2% mol Ag (2% Ag–0.2:1HA, 2% Ag–1:1HA, 2% Ag–2:1HA, and 2% Ag–

3:1HA), the time-to-kill assay shows that all scaffolds significantly delay the 

growth of S. aureus after the 5 hr time-point vs. the collagen control (p values 

ranging from p < 0.05 to p < 0.001) with scaffolds ≥1:1 HA wt showing the most 

significant effect. In addition, a trend towards increasing antibacterial activity 

with increasing wt ratio of AgHA in the collagen scaffold can also be observed 

(Figure 4.7 B). For AgHA scaffolds containing 5% mol Ag (5% Ag–0.2:1HA, 

5% Ag–1:1HA, 5% Ag–2:1HA, and 5% Ag–3:1HA), the time-to-kill assay again 

shows that all scaffolds significantly delayed the growth of S. aureus after the 

6 hr time-point vs. the collagen control (all p < 0.001). In this case, with the 

exception of 5% Ag–3:1HA, all scaffolds containing AgHA completely 

prevented the growth of S. aureus over the 24-hr time period (Figure 4.7 C). 

Interestingly, 5% Ag–3:1HA scaffolds which showed significant antibacterial 

activity from 6 hrs, showed subsequent rise in bacterial growth after 8 hrs.  
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Figure 4.7 Effect of AgHA addition on scaffold antibacterial activity 
Effect of incorporation of 2% mol silver-doped hydroxyapatite and 5% mol silver-
doped hydroxyapatite in collagen scaffolds on the inhibition of S. aureus Newman 
growth on (A) agar plates and (B-C) in a broth time-kill assay over 24 hrs. Data 
presented as mean ± SD, n=3, p-values are calculated using two-way ANOVA with 
Bonferroni post-hoc test. All statistical significance shown in comparison to collagen 
control unless otherwise stated, *p < 0.05, **p < 0.01, ***p < 0.001. 

These analyses demonstrate the desired antibacterial effect of the silver-

doped hydroxyapatite scaffolds. As there is a fine balance between 

mammalian cell toxicity and antibacterial activity, the lowest concentration of 

the scaffolds which display adequate antibacterial activity (2% Ag–1:1HA, 2% 

Ag–2:1HA, 5% Ag–1:1HA, and 5% Ag–2:1HA scaffolds) were selected to 

progress to the next stage, examining the osteogenic potential of the scaffolds. 

0% Ag–1:1HA and 0% Ag–2:1HA controls, i.e., non-silver doped, were also 

brought forward for mammalian cell testing as controls. Note: 2% Ag–0.2:1HA, 

2% Ag–3:1HA, 5% Ag–0.2:1HA, and 5% Ag–3:1HA scaffolds were 

discontinued from further studies from here. 
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4.3.5 Collagen – AgHA scaffolds reduce the viability of osteoblasts in 

vitro at higher concentrations 

Having demonstrated the antibacterial potential of the silver-doped 

hydroxyapatite scaffolds, the scaffold’s ability to maintain mammalian cell 

viability and support osteogenesis was tested next. This is crucial given the 

fine balance between antibacterial activity and mammalian cell toxicity as 

identified above (Figure 4.4). The results demonstrate that at day 0, all 1:1 wt 

HA-containing scaffolds (0% Ag–1:1HA, 2% Ag–1:1HA, and 5% Ag–1:1HA) 

can support the attachment of cells, with no significant difference between 

groups (Figure 4.8 A). In contrast, for the 2:2 wt HA containing scaffolds, 2% 

Ag–2:1HA scaffolds show significantly increased attachment while 5% Ag–

2:1HA scaffolds show significantly decreased cell number vs. the 0% Ag–

2:1HA control (p < 0.05) (Figure 4.8 A). However, by day 28 all Ag containing 

scaffolds (2% Ag–1:1HA, 2% Ag–2:1HA, 5% Ag–1:1HA, and 5% Ag–2:1HA) 

show significantly reduced cell viability vs. the Ag-free 0% Ag–1:1HA and 0% 

Ag–2:1HA control scaffolds which supported both the growth and proliferation 

of the mammalian cells (13 - 30% viability) (p < 0.001) (Figure 4.8 B). In 

addition, 5% Ag–1:1HA and 5% Ag–2:1HA scaffolds show significantly higher 

toxicity towards mammalian cells when compared to 2% Ag–1:1HA and 2% 

Ag–2:1HA scaffolds. Haematoxylin and eosin staining confirmed the high 

levels of cell infiltration and proliferation into the control scaffolds (0% Ag–

1:1HA and 0% Ag–2:1HA) (Figure 4.8 C). By contrast, a reduction in cell 

number was observed on AgHA-containing scaffolds (2% Ag–1:1HA, 2% Ag–

2:1HA, 5% Ag–1:1HA, and 5% Ag–2:1HA), with a trend towards reduced cell 

number on increasing wt ratio of HA, as seen in the PicoGreen analysis. Very 

few cell nuclei can be seen on the 5% Ag–1:1HA and 5% Ag–2:1HA scaffolds 

however, a substantial number of well distributed cells are present throughout 

in the 2% Ag–1:1HA and 2% Ag–2:1HA scaffolds. 
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Figure 4.8 Effect of silver-doped hydroxyapatite scaffolds on the viability of 
osteoblasts and cell infiltration in vitro 
(A) PicoGreen® assay on scaffolds at day 0. (B) PicoGreen® assay on scaffolds at 
day 28. (C) Haematoxylin and eosin staining of scaffolds at day 28. Data presented 
as mean ± SD, n=3, p-values are calculated using two-way ANOVA with Bonferroni 
post-hoc test. All statistical significance shown in comparison to 0% mol Ag scaffold 
controls unless otherwise stated, *p < 0.05, **p < 0.01, ***p < 0.001. 

With regards to osteogenesis, there was no significant difference in the 

calcium levels on all scaffolds (0%, 2%, and 5% mol Ag) (Figure 4.9 A). This 

result was confirmed with alizarin red staining, where all scaffolds show similar 

levels of mineral (Figure 4.9 B). Notably, no obvious difference between 

calcium levels on the control 0% Ag and the 2% or 5% Ag groups was 

detected. Taken together, although potent antibacterial activity was achieved 
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for the silver-doped hydroxyapatite scaffolds, at the same concentrations, 

mammalian cell viability was substantially reduced, and no enhanced 

osteogenic effect was detected. 

 

Figure 4.9 Effect of silver-doped hydroxyapatite scaffolds on osteogenesis in 
vitro  
(A) Quantified total raw calcium values from scaffolds on day 28. (B) Representative 
images of alizarin red staining of scaffolds on day 28. Data presented as mean ± SD, 
n=3, p-values are calculated using two-way ANOVA with Bonferroni post-hoc test. All 
statistical significance shown in comparison to 0% mol Ag scaffold controls unless 
otherwise stated, *p < 0.05, **p < 0.01, ***p < 0.001. 
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4.4 Discussion 

Osteomyelitis treatment involves a dual challenge: ensuring an effective and 

non-toxic dose of antimicrobial, while ensuring bone regeneration is 

stimulated. Thus, the overall aim of this study was to fabricate silver-doped 

hydroxyapatite microparticles, investigate the effect of silver-doped 

hydroxyapatite addition on the microarchitectural and mechanical properties 

of collagen scaffolds, to examine the antibacterial activity of the scaffolds, and 

to assess the ability of the silver-doped hydroxyapatite scaffolds to support 

mammalian cell viability and osteogenesis. A range of silver-doped 

hydroxyapatite participles were successfully developed, which were capable 

of being incorporated into collagen scaffolds to improve the overall mechanical 

properties, while maintaining high porosity, and a suitable microstructure for 

bone tissue engineering. Most significantly, all silver-doped hydroxyapatite 

scaffolds showed potent antibacterial activity against S. aureus. However, 

when cultured with mammalian cells, silver-doped hydroxyapatite scaffolds 

demonstrated increased levels of toxicity, without promoting osteogenesis. 

Taken together, the results indicate that incorporating silver-doped 

hydroxyapatite into collagen scaffolds indeed produces potent antibacterial 

constructs, however, the scaffolds showed toxic effects towards mammalian 

cells in vitro.  

In this study, we aimed to investigate the effect of both AgHA weight ratio 

(0.2:1, 1:1, 2:1, and 3:1 wt:wt HA vs. collagen content) and also the % Ag-

doping (0%, 2% and 5% mol Ag-doping within the HA particles) on both 

antibacterial activity and the viability of mammalian cells. Thus, silver-doped 

hydroxyapatite microparticles (0%, 2% and 5% mol Ag-doping) were first 

successfully fabricated in-house, as confirmed by mastersizing, X-ray 

diffraction and Fourier-transform infrared spectroscopy (FTIR). The addition of 

silver-doped hydroxyapatite into the collagen scaffolds showed potent 

antibacterial activity against S. aureus, demonstrating the successful 

production of a non-antibiotic antibacterial scaffold. Not surprisingly, although 

all silver-doped hydroxyapatite scaffolds demonstrated antibacterial activity 

vs. the collagen control, it was found that increasing the AgHA weight ratio or 
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% Ag-doping significantly increased the antibacterial activity of the scaffolds. 

Similarly, a study in the literature which looked at the effect of 1, 3, and 5% 

AgHA incorporation into collagen scaffolds on antibacterial activity also found 

that increasing the % Ag-doping increases the antibacterial activity the 

scaffolds against both S. aureus and E. coli [266]. Unexpectedly, the 5% Ag-

3:1HA scaffolds showed a significant increase in bacterial growth after 8 hrs. 

This may be due to an excessive weight percentage of AgHA incorporated 

within the 5% Ag-3:1HA scaffold, which led to decreased porosity, pore size, 

and surprisingly mechanical integrity as evidenced in Figure 4.6. 5% Ag-

3:1HA scaffolds might be thus too highly compacted with AgHA leading to a 

reduced surface area for Ag ion release and fluid transfer and thus reduced 

ion release from these scaffolds. 

Upon silver-doped hydroxyapatite addition, all scaffolds remained extremely 

porous at over 98%, even at the highest achievable concentration of 3:1 HA, 

above the 90% porosity typically recommended for cell infiltration and nutrient 

and waste transport throughout the construct [246], [247]. Additionally, all 

silver-doped hydroxyapatite scaffolds achieved a pore size in the range of 71-

94 μm, a pore size range shown by previous studies to be appropriate for good 

cell viability and bone formation [248], [250]. As it is generally accepted that 

pore size would be reduced upon hydroxyapatite addition [265], [267], it was 

interesting to discover that the addition of 2% Ag-2:1HA to scaffolds 

significantly increased the pore size vs. the collagen control. This could 

possibly be attributed to a production of a gaseous vapour between the acetic 

acid solvent and the silver-doped hydroxyapatite. The addition of silver-doped 

hydroxyapatite to collagen scaffolds was shown to have a beneficial effect by 

significantly increasing the scaffold compressive modulus in comparison to the 

collagen control. The incorporation of a ceramic into collagen-based scaffolds 

has been shown previously in our research group to increase stiffness [188], 

[190]. The increased compressive moduli achieved here (> 6 kPa) in theory 

should be advantageous for bone tissue engineering to increase cell infiltration 

and also as an added osteogenic stimulus as construct stiffness has previously 

been shown to influence the differentiation of mesenchymal stem cells (MSC) 

down an osteogenic lineage [86]. Additionally, the increase in compressive 
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modulus achieved is within the range of similar commercially available 

products and would also improve surgical handling due to the increased 

resistance to deformation, which would also maintain the critically important 

porosity and pore size [188]. Thus, from a microarchitectural and mechanical 

perspective, the silver-doped hydroxyapatite scaffolds developed here are 

within a range suitable for a bone tissue engineering application. 

Our 2D studies demonstrated the fine balance between the antibacterial 

activity and mammalian cell toxicity of silver, which is consistent with many 

previous reports for both non-antibiotic antibacterials and antibiotics [205]–

[209]. Unfortunately, in the 3D scaffolds, although potent antibacterial activity 

was achieved, we were unable to achieve a reasonable trade-off between this 

and mammalian cell viability, with all scaffolds maintaining just 13-30% of cells 

in comparison to the controls at day 28. In addition, as in the case with 

antibacterial activity, the mammalian cells experienced increased toxicity with 

an increase in % mol Ag-doping. However, perhaps a recovery in cell 

proliferation might occur after a longer time-period in culture when the 

concentration of Ag ions released from the AgHA diminishes. These 

undesirable toxic effects induced by silver-doped hydroxyapatite on 

mammalian cells are reported throughout literature. One study reports that 

although they found silver-doped hydroxyapatite to be highly compatible with 

mammalian cells in vitro at low concentrations, at the concentrations required 

to produce bacteriostatic/bactericidal interactions with bacteria the material is 

highly toxic [268]. On the other hand however, another study which similarly 

found silver-doped hydroxyapatite to be moderately toxic towards mammalian 

cells in vitro, found that in vivo, silver-doped hydroxyapatite (of up to 4.3% Ag-

doping) demonstrated favourable bone repair without a remarkable 

inflammatory reaction [269]. Thus, perhaps the true cytocompatibility of the 

silver-doped hydroxyapatite scaffolds developed here might be revealed in an 

in vivo assessment, or maybe upon further optimisation of the platform system, 

a superior balance between antibacterial activity and mammalian cell 

cytocompatibility might be achieved. It must finally be noted that in terms of 

osteogenesis, no obvious difference between calcium levels on the 0% Ag and 

the 2% or 5% Ag groups was detected. This was unexpected as un-doped HA 
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is widely cited throughout literature to promote osteogenesis [180], [188], 

[270]. Thus, perhaps further refinement of the bioactivity of the hydroxyapatite 

particles may be possible through e.g. changes in particle size, shape, or 

porosity have all been shown to affect bioactivity [265], [271]–[273]. However, 

further modification to the AgHA scaffold platform was deemed to be beyond 

the scope of the current work and we made the decision to explore an 

alternative approach in Chapter 5 where an alternative multifunctional material 

- copper-doped bioactive glass – was suggested as an alternative to silver-

doped hydroxyapatite. 

4.5 Conclusion 

In this study, a range of silver-doped hydroxyapatites were successfully 

produced and incorporated into porous collagen scaffolds. The results 

demonstrate that the silver-doped hydroxyapatite scaffolds showed enhanced 

microarchitectural and mechanical properties whilst also demonstrating potent 

antibacterial activity, without the use of antibiotics. Although the scaffolds 

showed toxicity towards mammalian cells in vitro, an assessment of 

cytocompatibility in an in vivo environment or fine-tuning the dose of AgHA 

may be required. In addition, this delivery system could be adopted as a 

platform for the controlled release of an array of antimicrobial and therapeutic 

metal ions depending on the intended application, making them attractive 

candidates for bone tissue engineering. In Chapter 5, the potential of copper-

doped bioactive glass as an alternative multifunctional material which might 

reduce infection whilst promoting osteogenesis is examined.   
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Chapter 5 Development of a copper-doped 

bioactive glass scaffold for the release of 

antimicrobial ions and enhanced osteogenesis  

 

The research in this chapter is currently under review as Emily J. Ryan, Alan 

J. Ryan, Arlyng González-Vázquez, Anahí Philippart, Francesca E. Ciraldo, 

Christopher Hobbs, Valeria Nicolosi, Aldo R. Boccaccini, Cathal J. Kearney, 

and Fergal J. O’Brien. Collagen scaffolds functionalised with copper-eluting 

bioactive glass reduce infection and enhance osteogenesis and angiogenesis 

both in vitro and in vivo. Biomaterials, 2019. DOI: 

10.1016/j.biomaterials.2019.01.031. 
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5.1 Introduction 

In treating osteomyelitis, there exists a dual challenge: ensuring an effective 

and non-toxic dose of antimicrobial, while ensuring bone regeneration is 

stimulated. To overcome these limitations, in this chapter copper-doped 

bioactive glass was examined as a potential multifunctional non-antibiotic 

antibacterial that might stimulate bone regeneration and angiogenesis. 

Copper is a well-known antimicrobial material that has been shown to be 

effective against both gram-positive and gram-negative bacteria and fungi 

[124], [274], [275]. Copper can also contribute to bone regeneration through 

stimulation of osteogenesis and angiogenesis [137], [138], [276], [277]. 

Despite the promise of antimicrobial materials in the field of regenerative 

medicine, there is a trade-off between bacteria-killing ability and inducing toxic 

effects to healthy cells in the body and, therefore the dosage level of copper 

is critical. One strategy to control the dosing of copper is to deliver it locally at 

the defect site using a carrier material that modulates its release profile. 

Bioactive glass (BG) is an osteoinductive, biocompatible, and biodegradable 

material that, upon implantation, a layer of hydroxyapatite forms on the surface 

of BG that can develop firm bonds with bone and soft tissue [138], [193]. 

Following this, growth factors are thought to readily bind to the apatite layer 

and cellular attachment ensues. Osteoprogenitor cells are then differentiated 

into osteoblastic cells due to the hydroxyapatite stimulus and bone formation 

results. Other elements are often substituted into the silica network for 

enhanced bioactivity including stimulation of angiogenesis (e.g. cobalt) [190], 

bone formation (e.g. zinc) [200], and, most importantly in this application, 

antimicrobial activity (e.g. copper) [137], [138], [201]. Thus, the combination of 

copper and bioactive glass might act as a multifunctional material that is 

antibacterial, osteoinductive, and angiogenic [137], [138].   

In our lab, a series of highly porous collagen-based scaffolds have previously 

been developed a for a variety of tissue regeneration applications that mimic 

the natural extracellular matrix and provide a template for tissue repair by 

providing structural support for cells in a 3D environment [87]–[91]. Collagen 

is natural, biodegradable, facilitates cell attachment and migration, and does 
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not elicit a host immune response [2]. However, collagen scaffolds have poor 

compressive strength in comparison to native bone. Therefore, in scaffolds for 

bone tissue engineering, it is advantageous to combine collagen with another 

material for structural integrity – such as bioactive glass. 

Thus, it was hypothesised that combining copper-doped bioactive glass with 

a porous 3D collagen scaffolds (CuBG-CS) with proven regenerative capacity 

[88], [110], [190], [278], [279] would result in an off-the-shelf scaffold for 

osteomyelitis treatment that elicits osteo- and angiogenesis, whilst, most 

importantly, limiting infection. 

Thus, the specific objectives were to: 

1) Develop a method for incorporating various concentrations of CuBG 

into the collagen scaffold (based on results from Chapter 2), and 

investigate the effect of CuBG addition on scaffold mechanical and 

microarchitectural properties 

2) Examine the copper ion release and antibacterial activity of the collagen 

copper-doped bioactive glass scaffolds 

3) Investigate the ability of the collagen copper-doped bioactive glass 

scaffolds to support osteogenesis in vitro 

4) Investigate the ability of the collagen copper-doped bioactive glass 

scaffolds to support angiogenesis in vitro 

5) Assess the osteogenic and angiogenic response of the bioactive glass 

scaffolds in an in vivo chick embryo ex ovo model 
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5.2 Materials and methods 

5.2.1 Effect of copper ions on bacterial toxicity and mammalian cell 

viability in 2D culture 

To identify an appropriate concentration range of copper-doped bioactive 

glass to incorporate into the collagen scaffold, data collected from studies in 

Chapter 2 where we examined the effect of copper ions on bacterial and 

mammalian cells in 2D culture was utilised. To summarise, the effect of copper 

ions on S. aureus and mammalian cells in 2D culture was assessed by adding 

a range of copper chloride concentrations (0 – 16 mM CuCl2, equivalent to 0 – 

1.02 mg Cu2+/ml) to either bacterial cells in bacterial brain heart infusion (BHI) 

broth or to mammalian pre-osteoblast cells (MC3T3-E1) in cell culture media. 

The number of viable cells in both experiments were analysed as a measure 

of cell viability/toxicity (Figure 5.1).  

 

Figure 5.1 Schematic of protocol to examine the effect of copper ions on 
bacterial toxicity and mammalian cell viability in 2D culture 
Copper ions were added to cultures of either S. aureus, S. epidermidis, E. coli, or 
mammalian pre-osteoblast cells at a range of concentrations. Toxicity was assessed 
after 24 hrs.  

5.2.2 Bioactive glass synthesis and characterisation 

Bioactive glass with and without a maximum achievable concentration of 2% 

(mol) copper (equivalent to 0.02 mg Cu2+/mg BG) was prepared by a sol-gel 

process by collaborators in the Institute of Biomaterials in the University of 

Erlangen-Nuremberg, Germany. The composition of the bioactive glasses 

used are as follows: 
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Table 5.1 Composition (Mol%) of sol-gel derived 0% and 2% copper-doped bioactive 
glass 

 BG (mol%) CuBG (mol%) 

Silicon dioxide (SiO2) 60 60 

Calcium oxide (CaO) 36 34 

Phosphorus pentoxide (P2O5) 4 4 

Copper oxide (CuO) 0 2           

The bioactive glass was ground and sieved to obtain particles of less than 100 

μm in size - a bioceramic particle size previously deemed suitable by our group 

for both osteogenesis and a reduced immune response [265], [271]. The 

resulting bioactive glass particles were sized by dynamic light scattering using 

a Mastersizer 2000 (Malvern Instruments, UK), as described in Chapter 3, 

Section 3.2.4.1. The refractive index of the ethanol and bioactive glass were 

taken to be 1.36 and 1.545, respectively [263], [280]. 

5.2.3 Collagen - bioactive glass composite scaffold fabrication 

Having identified the optimal concentration range of copper required to kill 

bacteria and minimise mammalian cell toxicity, the appropriate concentration 

range of 2% (mol) copper-doped bioactive glass to incorporate into the 

collagen scaffolds was estimated (3:1 CuBG = 0.3 mg Cu2+/ml). The scaffolds 

were fabricated by freeze-drying a co-suspension of collagen and bioactive 

glass particles (± copper doping, referred to as CuBG and BG, respectively) 

at a range of different concentrations (collagen only, 0.2:1, 1:1, and 3:1 BG or 

CuBG wt:wt bioactive glass to collagen), similar to methods previously 

developed within our group to incorporate ceramics into collagen scaffolds 

(Figure 5.2) [188], [190], [265]. Briefly, a collagen slurry was produced by 

mixing type I collagen (5 mg/ml) isolated from bovine tendon (Integra Life 

Sciences, Plainsboro, NJ) in aqueous 0.5 M acetic acid solution (Fisher 

Scientific, UK). The bioactive glass was added to the collagen slurry and was 

mixed between two syringes connected with a luer lock until a homogeneous 

suspension was obtained. The slurry suspension was then degassed using a 

vacuum chamber and freeze-dried in a custom built mould (10 mm ⌀ x 5mm 

discs) until a final temperature of -40°C using a previously published freeze-

drying profile [234]. Scaffolds were sterilised and physically crosslinked using 
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dehydrothermal (DHT) treatment at 105°C for 24 hrs at 0.05 bar [94]. Scaffolds 

were then further chemically crosslinked using EDAC [1-ethyl-3-(3-dimethyl 

aminopropyl) carbodiimide] (6 mM) and NHS (N-hydroxysuccinimide) (2.4 

mM) (Sigma Aldrich, Ireland) in distilled water for two hrs, followed by 2X 

washes in PBS [97]. 

 

Figure 5.2 Schematic of method for collagen - bioactive glass composite 
scaffold fabrication 
Copper-doped bioactive glass particles were added to collagen slurry and mixed until 
homogeneous. The solution was degassed and lyophilised into porous scaffolds and 
crosslinked for stability  

5.2.4 Physical characterisation of collagen-bioactive glass scaffolds 

5.2.4.1 Distribution of bioactive glass within scaffold & effect of 

bioactive glass addition on scaffold porosity and pore size 

Scanning electron microscopy (SEM) was used to characterise the scaffold 

morphology and pore size (sectioned using a sharp blade), as described 

previously in Chapter 3, Section 3.2.7. For porosity analysis, the theoretical 

density of collagen and bioactive glass used were 1.3 and 2.7, respectively 

[237], [281] and the porosity was calculated as per Equation 5.1 below, where 

the density (ρ) of the scaffold, collagen, and bioactive glass are given by 

ρscaffold, ρcollagen, and ρCuBG, respectively. 

Scaffold porosity (%) =  (1 −
ρscaffold

(ρcollagen)(% wt collagen) + (ρCuBG)(% wt CuBG)
) 𝑥100 

Equation 5.1 



159 

 

5.2.4.2 Effect of bioactive glass addition on scaffold mechanical 

properties 

In order to investigate the effect of bioactive glass addition on scaffold 

compressive modulus, unconfined, wet compression testing of the scaffolds 

was performed using a uniaxial tensile testing machine, as described in 

Chapter 3, Section 3.2.7 (n=5 scaffolds, 3 repeats per scaffold). 

5.2.5 Antibacterial characterisation of bioactive glass scaffolds 

5.2.5.1 Cu2+ ion release from bioactive glass scaffolds 

Scaffolds (n=3) were incubated in 1 ml deionised water at 37°C. The eluate 

was collected at days 1, 2, 3, and 7 (Figure 5.3). The copper ion content was 

measured using a colourimetric Copper Assay Kit (Sigma Aldrich, Ireland). All 

samples and standards were run in triplicate. 

 

Figure 5.3 Schematic of method for analysis of copper ion release from 
bioactive glass scaffolds 
The ion release from copper-doped bioactive glass scaffolds was investigated by 
incubating the scaffolds in deionised water at 37°C over 7 days. The copper ion 
content in the eluate was quantified at days 1, 2, 3, and 7. 

5.2.5.2 Antibacterial activity in broth up to 7 days 

In order to assess antibacterial activity, the scaffolds were added to Brain 

Heart Infusion (BHI) broth (Sigma Aldrich, Ireland) (n=3) and incubated at 

37°C. At day 1, 3, and 7 scaffolds were removed and 5x105 CFU/ml of S. 

aureus were added to the eluate. The solutions were incubated for a further 

24 hrs and the percentage of bacterial growth was quantified as described 

above. Positive and negative bacterial growth controls (± S. aureus) were used 

(Figure 5.4). 
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Figure 5.4 Schematic of method for analysing the antibacterial activity of 
bioactive glass scaffolds in broth against S. aureus. 
The antibacterial activity of copper-doped bioactive glass scaffolds was investigated 
by incubating the scaffolds in BHI broth for either 1, 3, or 7 days. S. aureus was added 
to the BHI eluate (with scaffolds removed), and growth was quantified after a further 
24 hrs of incubation. 

5.2.5.3 Time-kill assay 

A time-kill assay was performed to determine the effect of the scaffolds on the 

growth rate of S. aureus as in Chapter 3, Section 3.2.6. Scaffolds were added 

to 1 ml Brain Heart Infusion (BHI) broth (n=3) in 24-well plates and 5x105 

CFU/ml of S. aureus Newman were added. The plates were incubated in an 

orbital shaker (MaxQ 4000, Thermo Fisher Scientific, USA) (150 rpm, 37°C) 

and the optical density was measured (with scaffolds temporarily removed) 

using a plate reader (1420 Victor V3, Perkin Elmer, Dublin, Ireland) at a series 

of time points over 24 hrs (Figure 5.5). 

 

Figure 5.5 Schematic of method for analysing the effect of bioactive glass 
scaffolds on S. aureus growth over a 24 hr time period 
The effect of copper-doped bioactive glass scaffolds on the growth of S. aureus over 
24 hrs was analysed by inoculating scaffolds in BHI broth with S. aureus, incubating 
the plates on an orbital shaker, and quantifying bacterial growth at regular time 
intervals. 
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5.2.6 Biological characterisation of bioactive glass scaffolds - analysis 

of osteogenesis 

 

Figure 5.6 Schematic of methods to analyse the ability of bioactive glass 
scaffolds to support osteogenesis 
The ability of bioactive glass scaffolds to support osteogenesis was investigated by 
seeding the scaffolds with osteoblasts and culturing the scaffolds over a 28 day 
period. Scaffolds were analysed using DNA and calcium quantification and alizarin 
red mineral staining. 

5.2.6.1 Osteoblast culture and seeding 

To assess the ability of the copper-doped bioactive glass scaffolds to support 

osteogenesis, MC3T3-E1 cells were cultured as in Chapter 3, Section 3.2.8.1. 

5.2.6.2 DNA quantification 

DNA, as an indicator of cell number and survival, was quantified as in Chapter 

3, Section 3.2.8.2. Three scaffolds per group (n=3) at each time point (12 hrs 

and 72 hrs as an indication of initial attachment and proliferation & days 7, 14, 

and 28) were analysed.  

5.2.6.3 Cell-mediated mineralisation 

Cell-mediated calcium production was quantified as in Chapter 3, Section 

3.2.8.3. Three scaffolds per group (n=3) at day 14 and 28 were analysed. 

Alizarin red staining (Sigma Aldrich, Ireland) was also performed on scaffolds 

at day 14 and 28 to assess the cell-mediated calcium distribution, as per the 

manufacturer’s instructions and similar to the H&E staining method above.  
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5.2.7 Biological characterisation of bioactive glass scaffolds - analysis 

of angiogenesis 

 

Figure 5.7 Schematic of method to analyse the ability of bioactive glass 
scaffolds to support angiogenesis 
The effect of the bioactive glass scaffolds on angiogenesis was investigated through 
two different assays 1) Quantifying VEGF protein production from rMSCs using ELISA 
and 2) Quantifying tubule formation using Matrigel® assay and HUVECs. 

5.2.7.1 Cell culture and seeding 

Angiogenesis was assessed using Human Umbilical Vein Endothelial Cells 

(HUVECs) and Rat Mesenchymal Stem cells (rMSCs). HUVECs were cultured 

in EndoGRO complete culture medium (SCME002, Merck Millipore) and 

rMSCs were cultured in high-glucose DMEM (D5671) medium (Sigma Aldrich, 

Ireland) supplemented with 10% FBS, 2% penicillin/streptomycin, 1% 

Glutamax, and 1% Non-Essential Amino Acids (Biosciences, Ireland) and 1% 

L-Glutamine. All cells were cultured under standard culture conditions (37°C, 

5% C02, and 95% relative humidity). 

5.2.7.2 VEGF protein production 

Cell-free scaffolds (n=3) were placed in 2ml of cell culture medium and 

incubated at 37°C under standard cell culture conditions. rMSCs were seeded 

in 6-well plates (n=3) at a density of 50,000 cells/well. 2 ml of eluate from the 

scaffolds was collected at day 1, 3, and 5 and added directly to the rMSCs. At 

day 7 the cell culture medium was harvested and analysed for VEGF protein 

production using ELISA (R&D Systems, USA). 1 ml of lysis buffer was then 

added to the wells and DNA was quantified as previously described. A cell-

only control using regular rMSC growth medium was used. 
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5.2.7.3 Matrigel assay 

The ability of the eluate from the copper-doped bioactive glass scaffolds to 

support tubule formation was assessed using a Matrigel® assay. Cell-free 

scaffolds (n=3) were placed in 1 ml of endothelial medium and incubated at 

37°C under standard cell culture conditions. The eluate from the scaffolds was 

collected at day 1, 3, and 7 and stored at -80°C until use. Matrigel® basement 

membrane matrix (Corning, USA) was added to 24-well plates (120 μl/well) 

and the plates were incubated for 30 mins at 37°C. HUVECs were seeded at 

30,000 cells/well and 1 ml of the medium eluate was added. At 36 hrs the 

Matrigel® cultures were imaged using a digital microscope (Lecia DMIL, Lecia 

Microsystems). Three images per well were captured and were analysed for 

total tubule length using ImageJ software and an in-house developed plug-in. 

5.2.8 Analysis of copper-doped bioactive glass scaffolds on osteo- and 

angiogenesis in a chick embryo ex ovo model 

Here, an established in vivo model – the ex ovo or shell-less chicken embryo 

model – was utilised to further demonstrate the therapeutic effect of the 

bioactive glass scaffolds previously tested in vitro [282]–[286]. The chicken ex 

ovo embryo model allows us to examine the effect of the scaffolds on both 

angiogenesis and osteogenesis (Figure 5.8). The angiogenic effect of 

therapeutics applied to the ex ovo chicken embryo can be visually examined 

on the highly vascularised chicken chorioallantoic membrane (CAM) which 

surrounds the embryo. During development, like humans, the limbs of chicken 

embryos undergo endochondral ossification and thus by culturing the chicken 

embryos up to a maximum of 12 days of development (whilst the limbs remain 

mainly cartilaginous), the osteogenic effect of therapeutics can be examined 

by looking for accelerated endochondral ossification. 
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Figure 5.8 Schematic of chick embryo ex ovo model 

Fertilised chicken eggs (day 0 of development) were supplied by Ovagen 

(Ovagen Group Ltd, Co. Mayo, Ireland). On receipt, the eggs were incubated 

for 3 days (until day 3 of development) lying in a horizontal position in a cell-

culture incubator at 37°C in regular atmospheric gas. The eggs were turned 

every 24 hrs for correct embryo orientation during development and for 

optimum CAM development [287]. On day 3, the eggs were cracked into 100 

mm Ø petri dishes (Corning Inc., New York, USA) and the lid was replaced. 

To keep the embryos humidified, the petri dish containing the embryo was 

placed into a larger 150 mm Ø petri dish (Corning Inc., New York, USA) 

containing 25 ml of sterile PBS and the lid of the larger petri dish was also 

replaced and the chick embryos were placed back in the incubator. After a 

further 4 days of incubation (until day 7 of development), the BG-CS and 

CuBG-CS were placed on the CAM membrane (6 mm Ø scaffolds hydrated in 

PBS). As controls, collagen only scaffolds soaked in either PBS, 1 µg of 

recombinant VEGF (Vascular Endothelial Growth Factor) or 1.5 µg of 

recombinant BMP-2 (Bone Morphogenic Protein-2) (PeproTech, United 

Kingdom) were placed on the embryos. The chick embryos were then 

incubated for a final 5 days (until day 12 of development) and the effect of the 

scaffolds on both angiogenesis and osteogenesis was analysed, as described 

below. 

5.2.8.1 Osteogenesis studies 

After analysing angiogenesis, the embryos were culled by pouring 25 ml 10% 

formalin solution (neutral buffered) directly on the embryo in the petri dish. 

After 60 minutes, embryo death was confirmed by decapitation and the hind 
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limbs of the embryos were dissected using a sharp scissors and transferred to 

fresh 10% formalin solution overnight. Next, the hind limbs of the chick 

embryos were differentially stained for cartilage and bone following a protocol 

by Wassersug et al. [3]. The hind limbs were removed from overnight formalin 

solution and the excess skin and tissue surrounding the femur and tibia/fibula 

were removed carefully using a fine scissors and tweezers. The specimens 

were then washed in a series deionised water changes every hr for 6 changes. 

Excess water was blotted from the hind limbs and they were placed in an alcian 

blue staining solution (9 mg alcian blue 8GX, 60 ml absolute ethanol, 40 ml 

glacial acetic acid) for 24 hrs. The specimens were removed from the staining 

solution, blotted, and transferred to absolute ethanol for dehydration for 24 hrs, 

with a change of solution at 12 hrs. After dehydration, the samples were blotted 

again and placed in 0.5% potassium hydroxide (KOH) solution with 3 or 4 

drops of 0.1% alizarin red S solution to every 100 ml of KOH solution for 24 

hrs. Finally, the samples were cleared by transferring blotted specimens to 

100% glycerol through a series of glycerol-water solutions – 25%, 50%, 75%, 

and 100%. The specimens were kept in each solution for 12 hrs. The limbs 

were imaged for signs of accelerated osteogenesis (alizarin red staining) using 

a stereo microscope (Leica Microsystems, Germany). 

5.2.8.2 Angiogenesis studies - blood vessel quantification 

The local effect of the scaffolds on angiogenesis of the CAM was analysed by 

quantifying the blood vessel density in the region surrounding to the scaffold. 

On day 12, the scaffolds and surrounding CAM of all chick embryos were 

imaged. The images were analysed for blood vessel density by developing a 

novel method using Fiji software (ImageJ) (Figure 5.9). Briefly, images were 

scaled and cropped appropriately and the ‘Mexican Hat Filter’ plugin was 

applied (radius 5.0). Next, images were converted to 8-bit and the threshold 

was adjusted to a set level where all blood vessels were highlighted 

appropriately (lower threshold: 0, upper threshold: 150). Finally, a 12.5 mm Ø 

circle was drawn centred around the scaffold and the percentage of that area 

that contained blood vessels was quantified using the measure tool (n=3 

embryos analysed for each treatment group). 
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Figure 5.9 Method used to analyse effect of the scaffolds on angiogenesis in a 
chick CAM membrane using Fiji software (ImageJ) 
(A) Scaled and cropped image of whole CAM membrane containing scaffold 
(indicated by the white arrow). (B) Image after ‘Mexican Hat Filter’ plugin was applied. 
(C) Image converted to 8-bit. (D) Thresholding of image to include all blood vessels. 
(E) Image after threshold was applied. (F) Region around scaffold where the 
percentage blood vessel area was measured.  

5.2.9 Statistical analysis 

Data are presented as mean ± standard deviation. Statistical analysis was 

performed using GraphPad Prism software. Two-tailed unpaired t-tests or one-

way or two-way ANOVAs were conducted where appropriate followed by a 

Bonferroni post-hoc test for multiple pairwise comparisons between groups. A 

p-value of 0.05 or less was considered statistically significant (p ≤ 0.05). The 

Pearson product correlation coefficient (r) was used to determine the strength 

and direction of a linear relationship. An r value of 0.7-1 was considered a 

strong positive correlation. Three biological and three technical repeats were 

performed for all experiments and assays. 
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5.3 Results 

5.3.1 Copper ions effectively eliminate Staphylococcus aureus with 

viable mammalian cells remaining 

A range of copper chloride concentrations was utilised to determine the effect 

of Cu2+ exposure on both bacterial and mammalian cells in 2D culture in 

Chapter 2. Summarising results from Chapter 2, increasing copper ion 

concentration decreased the cellular viability of both S. aureus and MC3T3-

E1 mammalian cells after 24 hrs (Figure 5.10). Both the minimum inhibitory 

concentration (MIC) and minimum bactericidal concentration (MBC) of Cu2+ 

against S. aureus Newman was found to be 1.02 mg/ml (or 16 mM CuCl2). 

While a reduction in mammalian cell viability was observed at concentrations 

above 0.06 mg Cu2+/ml (or 16 mM CuCl2), increasing the copper concentration 

further did not have any additional effect on mammalian cell viability. By 

contrast, concentrations of copper chloride above 0.51 mg Cu2+/ml (or 8 mM 

CuCl2) almost completely eliminated S. aureus growth (MIC/MBC 

concentrations). 

 

Figure 5.10 Effect of copper chloride on S. aureus and pre-osteoblast cells 
(MC3T3-E1) 
The viability of pre-osteoblast cells and S. aureus decreases when cultured with 
increasing concentrations of copper chloride. Analysed using DNA quantification and 
spectrophotometric growth quantification, respectively. Note: Viability of mammalian 
cells is normalized to cells seeded into the well plate with 0 mg/ml copper chloride 
(regular growth media) and viability of S. aureus is normalized to bacteria with 0 
mg/ml copper chloride (regular BHI growth broth). 

These results highlight the fine balance between bacteria-killing ability and 

toxic effects towards mammalian cells, emphasising the need to control the 
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dosage level to achieve a suitable bacteria killing/mammalian cell survival 

ratio. This motivates the application of local and controlled release of copper 

ions while providing some basis for requisite dosing for the proposed 

biomaterial system. 

5.3.2 Bioactive glass addition resulted in highly porous scaffolds with 

suitable pore size and increased compressive modulus 

Bioactive glass (with and without copper) was fabricated via a sol-gel method, 

ground, and sieved. The resulting particles ranged between 2-100 μm, as per 

dynamic light scattering (Figure 5.11 A). It was found that 3:1 CuBG was the 

maximum concentration of bioactive glass that could be incorporated into the 

scaffold as a higher concentration of bioactive glass caused the pH of the 

slurry to change, causing it to separate. Scanning electron microscope (SEM) 

images revealed the highly porous, interconnected, open structure of the 

copper-doped bioactive glass scaffold even at the highest achievable 

concentration (3:1 CuBG) (Figure 5.11 B). Energy-selective backscatter SEM 

(BSEM) images showed a homogenous distribution of copper-doped bioactive 

glass in the collagen scaffold, demonstrated by the bright particles dispersed 

throughout the darker scaffold materials (Figure 5.11 C). This material 

contrast is due to the relatively higher atomic number of the copper-doped 

particles, i.e. Z-contrast. There was a significant, albeit marginal, change in 

scaffold porosity upon bioactive glass addition; however, even upon the 

incorporation of 3:1 CuBG, all scaffolds remain extremely porous at more than 

98%, which is greater than the reported suitable porosity required for tissue 

engineering applications (90%) (Figure 5.11 D) [242]. The addition of bioactive 

glass did not significantly affect scaffold pore size, with all scaffolds achieving 

a mean pore size ranging from 68-79 μm (Figure 5.11 E), a suitable size for 

osteogenesis and angiogenesis in collagen-based scaffolds [248]–[250]. 

Notably, increasing bioactive glass concentration increased scaffold 

compressive modulus with a linearly increasing trend (r = 0.9991), with the 3:1 

CuBG-CS significantly increasing compressive modulus (p < 0.05) by 2.7-fold 

vs. the collagen control (Figure 5.11 F). 
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Figure 5.11 Effect of bioactive glass addition on scaffold microarchitectural and 
mechanical properties 

(A) The size range of bioactive glass particles (2-110 µm). (B) SEM image showing 
the highly porous open structure of scaffold containing the highest concentration of 
bioactive glass (3:1 CuBG). (C) Energy-selective backscatter SEM image showing 
homogeneously distributed bioactive glass. Note: material contrast images 
highlighting bright copper-doped particles compared to the darker collagen 
background. (D) All scaffolds remain highly porous (>98%) upon incorporation of 
copper-doped bioactive glass. (E) Copper-doped bioactive glass addition does not 
significantly alter scaffold pore size in comparison to the collagen control. (F) 
Increasing copper-doped bioactive glass addition increases scaffold compressive 
modulus with a linear trend, with 3:1 CuBG-CS having a significantly higher 
compressive modulus than the collagen control Note: scale bars 100 µm. Data 
presented as mean ± SD, n=3, p-values are calculated using one-way ANOVA with 
Bonferroni post-hoc test. All statistical significance shown in comparison to collagen 
control unless otherwise stated, *p < 0.05, **p < 0.01, ***p < 0.001. 
 



170 

 

Having determined that collagen scaffolds functionalised with copper-doped 

bioactive glass remain highly porous and show increased mechanical 

properties, we next sought to determine the scaffold’s principal function – its 

antibacterial activity against S. aureus. 

5.3.3 Copper-doped bioactive glass scaffolds reduce the viability of 

Staphylococcus aureus 

Of the concentrations tested, 3:1 CuBG scaffolds released the highest dose of 

copper ions within 24 hrs (Figure 5.12 A) which resulted in a significantly 

increased antibacterial activity against all other groups, inhibiting S. aureus 

growth by up to 66% (Figure 5.12 B) (p < 0.01 & p < 0.001). A time-kill assay 

shows that 1:1 CuBG-CS also significantly delayed the growth of S. aureus at 

7 hrs (p < 0.05) and 3:1 CuBG-CS significantly delayed the growth of S. aureus 

from 7 to 24 hrs (p < 0.001) in comparison to the collagen control (Figure 5.12 

C). 
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Figure 5.12 Effect of bioactive glass addition on scaffold antibacterial activity 
(A) Copper ion release from copper-doped bioactive glass scaffolds over 7 days. (B) 
Effect of incorporation of copper-doped bioactive glass in collagen scaffolds on the 
inhibition of S. aureus Newman growth after 1, 3, and 7 days (normalized to regular 
BHI growth broth without scaffold inoculated with S. aureus). (C) Time-kill graph for 
copper-doped bioactive glass scaffolds. Data presented as mean ± SD, n=3, p-values 
are calculated using two-way ANOVA with Bonferroni post-hoc test. All statistical 
significance shown in comparison to collagen control unless otherwise stated, *p < 
0.05, **p < 0.01, ***p < 0.001. 

These analyses demonstrate the desired antibacterial effect of the 1:1 and 3:1 

CuBG-CS. Therefore, the osteogenic and angiogenic potential of the 1:1 and 

3:1 CuBG-CS (and 1:1 and 3:1 BG-CS controls, i.e., non-copper doped) was 

next examined. Note: 0.2:1 CuBG-CS was discontinued from further studies 

from here on due to its lack of antibacterial properties. 
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5.3.4 Copper-doped bioactive glass scaffolds enhance osteogenesis in 

vitro 

Having demonstrated the antibacterial potential of the CuBG-CS, the 

scaffold’s ability to maintain mammalian cell viability and promote 

osteogenesis was tested next. This is crucial given the fine balance between 

antibacterial activity and mammalian cell toxicity as identified above (Figure 

5.10). The results show that 3:1 CuBG-CS significantly increased cell 

proliferation after initial seeding in growth medium at 72 hrs (p < 0.05), by 1.5-

fold in comparison to the collagen control (Figure 5.13 A). This was a positive 

result as, based on its pronounced antibacterial properties, we had some 

concern that incorporating levels as high as 3:1 CuBG in the scaffolds might 

reduce mammalian cell viability; furthermore, although some reduction was 

seen in cell number at later time points in osteogenic medium (Day 7 and 

beyond) for the 3:1 CuBG-CS, it was not significantly different in comparison 

to collagen controls at any time point (Figure 5.13 B). With the exception of 

the 3:1 CuBG-CS, there is an increase in cell number on all scaffolds 

containing bioactive glass (either BG or CuBG) (Figure 5.13 B). With regards 

to osteogenesis, the 3:1 CuBG-CS demonstrated significantly increased cell-

mediated calcium deposition at days 14 and 28 vs. the 3:1 BG-CS controls (p 

< 0.001 for all) (Figure 5.13 C). The osteogenic capacity of CuBG-CS was 

confirmed with alizarin red staining, which showed increased calcium 

deposition that was homogeneously distributed throughout the scaffold cross-

section (Figure 5.13 D). By contrast, the less mechanically robust collagen-

only control showed an encapsulation effect, where mineralisation only 

occurred on the scaffold periphery. Taken together, these results demonstrate 

that the 3:1 CuBG-CS not only support osteogenesis but enhances it in 

comparison to the other scaffold groups. 
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Figure 5.13 Demonstration of the ability of copper-doped bioactive glass 
scaffolds to enhance osteogenesis 
(A) PicoGreen® assay on scaffolds at 12 hrs and 72 hrs in growth medium as an 
indicator of initial cell attachment and proliferation, respectively. (B) PicoGreen® 
assay on scaffolds on days 7, 14, and 28 days after supplementation with osteogenic 
medium (DNA normalized to collagen control in growth media). (C) Total raw calcium 
values from scaffolds at day 14 and 28. (D) Alizarin red staining of scaffolds at day 
14 and 28. Data presented as mean ± SD, n=3, p-values are calculated using two-
way ANOVA with Bonferroni post-hoc test. All statistical significance shown in 
comparison to collagen control unless otherwise stated, *p < 0.05, **p < 0.01, ***p < 
0.001.  
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5.3.5 Copper-doped bioactive glass scaffolds enhance angiogenesis in 

vitro 

Having determined that the CuBG-CS supports osteogenesis, their ability to 

support angiogenesis was next investigated, as copper has previously been 

suggested to be pro-angiogenic by upregulating VEGF production [137]. Note, 

while we did look at the effect of BG-CS controls – i.e. bioactive glass without 

copper-doping –as there was no significant difference to the collagen control, 

the results have not been included here. The eluate from CuBG-CS was 

shown to have a dose-dependent effect on VEGF protein production by MSCs 

(Figure 5.14 A). At day 7 the 1:1 CuBG-CS significantly enhanced VEGF 

protein production, by 1.4 times vs. the collagen control (p < 0.01) while the 

3:1 CuBG-CS performed similarly to the collagen control. The ability of the 1:1 

CuBG-CS to enhance angiogenesis was further confirmed by observing the 

functional effect of increased VEGF production on total tubule length formed 

by HUVEC cells using a Matrigel® assay (Figure 5.14 B). When tubule length 

was quantified, it was shown to be significantly enhanced for the 1:1 CuBG-

CS group at day 1 (p < 0.001) by more than 1.9-fold in comparison to the 

collagen control (Figure 5.14 C). This effect was not observed with the 3:1 

CuBG-CS which showed significantly reduced tubule length at day 1, perhaps 

due to toxic effects on the sensitive HUVEC cells; however, by day 3 and 7, 

tubule length is recovered and the scaffolds perform similarly to the collagen 

control. Taking the Matrigel® and VEGF protein production results together, 

this shows that CuBG scaffolds can enhance angiogenesis in a dose-

dependent manner. 
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Figure 5.14 Effect of bioactive glass scaffolds on angiogenesis 
(A) Brightfield images of tubule formation in Matrigel® assay at 36 hrs post-seeding 
of human endothelial vascular endothelial (HUVEC) cells cultured with conditioned 
medium from collagen bioactive glass scaffolds. (B) Total tubule length (µm) 
quantification from Matrigel® assay. (C) VEGF protein production by rMSCs cultured 
with conditioned medium from collagen- bioactive glass scaffolds for 7 days 
(normalized to VEGF and DNA on collagen control). Note: scale bars 500 µm. Data 
presented as mean ± SD, n=3, p-values are calculated using one- and two-way 
ANOVA with Bonferroni post-hoc test. All statistical significance shown in comparison 
to collagen control unless otherwise stated, *p < 0.05, **p < 0.01, ***p < 0.001.  
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5.3.6 Copper-doped bioactive glass scaffolds demonstrated enhanced 

osteo- and angiogenesis in a chick embryo ex ovo model 

Having assessed the scaffolds comprehensively in a series of in vitro studies, 

we next sought to determine the effect of the different scaffold compositions 

on osteogenesis and angiogenesis in a more biologically complex chick 

embryo in vivo model. The hind limbs of the chicken embryos treated with BG-

CS or CuBG-CS were harvested at day 12 of development and stained for 

alcian blue (for cartilage) and alizarin red (for bone). From visual inspection 

and quantification of the percentage of ossified limbs, similar to the in vitro 

studies, all bioactive glass treated scaffolds (both with and without copper 

doping) enhanced bone formation in comparison to collagen-only controls and 

to a similar level to the BMP-2 loaded control (Figure 5.15 A&B).  

 

Figure 5.15 Effect of bioactive glass scaffolds on osteogenesis in a chick 
embryo ex ovo model 
(A) Representative images of chick embryo femora at day 12 of development stained 
with alcian blue and alizarin red after treatments with bioactive glass scaffolds or 
collagen only and BMP containing scaffolds as controls. Note: white arrows indicate 
alizarin red staining. (B) Quantified percentage of harvested limbs that stained 
positive for alizarin red, or mineralisation. Note: scale bar 2 mm. 

In terms of angiogenesis, and again similar to the in vitro studies, 1:1 CuBG 

scaffolds showed significantly enhanced angiogenesis in comparison to the 
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collagen control both qualitatively and when quantified using image analysis 

software. Strikingly, these were more highly vascularised than the VEGF-

loaded control (Figure 5.16 A&B). 

 

Figure 5.16 Effect of bioactive glass scaffolds on angiogenesis in a chick 
embryo ex ovo model 
(A) Representative images of the angiogenic response to bioactive glass scaffolds on 
the surrounding CAM membrane with collagen only and VEGF scaffolds as controls. 
(B) Quantified percentage vascularised area in a 12.5 mm Ø circular area around the 
scaffold treatments. Data presented as mean ± SD, n=3, p-values are calculated 
using an unpaired two-tailed t-test with 95% CI. All statistical significance shown in 
comparison to collagen control unless otherwise stated, *p < 0.05. 
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5.4 Discussion 

The overall aim of this study was to investigate the effect of copper-doped 

bioactive glass (CuBG) incorporation into a porous collagen scaffold on the 

microarchitectural and mechanical properties, antibacterial activity, and the 

ability of the scaffolds to support osteogenesis and angiogenesis both in vitro 

and in vivo. The results demonstrate that these novel CuBG collagen scaffolds 

(CuBG-CS) were highly porous, had suitable pore size for successful bone 

tissue engineering, and showed increased compressive modulus in 

comparison to the BG-free collagen scaffold. Most importantly, CuBG addition 

was shown to result in antibacterial activity, demonstrating increased toxicity 

against S. aureus. Furthermore, in vitro, the incorporation of CuBG enhanced 

osteogenesis and angiogenesis in a dose-dependent manner. Most 

promisingly, when tested in a chick embryo ex ovo model, the CuBG-CS was 

not only biocompatible, showing no signs of toxicity, but also demonstrated the 

same pattern of enhanced osteo- and angiogenesis as the in vitro studies; 

indeed, the CuBG-CS significantly outperformed VEGF positive controls in 

angiogenesis studies. Taken together, these results indicate that the CuBG-

CS developed here show potential to be used in the osteomyelitis defect site 

by simultaneously limiting infection whilst promoting bone healing.  

In this study, the development of a multi-functional scaffold for the treatment 

of bone defects and reduction of infection is proposed. This objective thus 

requires a matrix that is not only capable of supporting bone regeneration, but 

also inhibiting bacterial growth with the aim of avoiding contributing to antibiotic 

resistance. To the best of our knowledge, this is the first study to successfully 

demonstrate incorporation of copper-doped bioactive glass into a natural 

polymer-based scaffold. It was found that the incorporation of CuBG into the 

collagen scaffold successfully resulted in a non-antibiotic antibacterial 

scaffold. The 3:1 CuBG-CS resulted in a significant reduction in S. aureus 

growth in comparison to the collagen control. Additionally, a time-kill assay 

showed that the 1:1 CuBG-CS and 3:1 CuBG-CS scaffolds also significantly 

delay the growth of S. aureus at 7 hrs and from 7 to 24 hrs, respectively, in 

comparison to the collagen control. There are a number of antibiotic-loaded 
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collagen sponges (typically gentamicin) on the market for osteomyelitis 

treatment [15]; however, in clinical orthopaedic scenarios, these local antibiotic 

delivery vehicles are most often applied in a combined approach with the 

addition of systemic antibiotics to achieve the best possible results [288], [289] 

Thus, from a clinical translation perspective, if the bacterial clearance and 

growth rate reduction that was achieved here is not sufficient, a combined 

approach could be used. 

As demonstrated in our 2-D studies – and consistent with many previous 

reports for both non-antibiotic antibacterials and antibiotics [205]–[209] – there 

is a fine balance between S. aureus toxicity and mammalian cell viability. 

However, in the 3D scaffold environment it was found that in even at the 

highest CuBG concentration of 3:1, mammalian cell number was not 

significantly reduced in comparison to the collagen control over the 28 days. 

Furthermore, with the exception of the 3:1 CuBG-CS, there is an increase in 

cell number on all scaffolds containing bioactive glass which may be partially 

attributed to the mechanical and microarchitectural properties of the BG-

containing scaffolds; this would allow for more mechanically robust pores for 

cell attachment, infiltration, and proliferation. 

It was found that after trialling a number of different incorporation methods, 

that a homogeneous distribution of bioactive glass throughout the collagen 

scaffold can be achieved. The homogeneously distributed bioactive glass is 

advantageous as it would result in homogeneous mechanical properties, 

maximize surface area for contact with osteoprogenitor cells (and thus 

osteoconduction), and the increased surface area might also increase ion 

release and improve degradation [290], [291]. Following addition of bioactive 

glass, all scaffolds remained over 98% porous. Previous work suggests 

porosities above 90% are necessary to ensure good cell infiltration and 

nutrient/waste transport throughout the construct; all scaffolds fabricated are 

in this range [246], [247]. Additionally, the pore sizes in the developed CuBG-

CS are within the ideal range for tissue engineering applications. Previous 

studies have shown that pores of 40-100 μm show good cell viability and bone 

formation and pores within the 10-160 μm range are recommended for 

functional blood vessel formation [248]–[250]. Thus, we can surmise that the 
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scaffold mean pore size range of 68-79 μm that was achieved is suitable for 

both osteogenesis and angiogenesis. Additionally, the scaffold compressive 

modulus was increased upon the addition of CuBG, with stiffness increased 

by 1.6-fold in 1:1 CuBG-CS and significantly by 2.7-fold in 3:1 CuBG scaffolds 

vs. collagen alone. The incorporation of a ceramic into collagen-based 

scaffolds has been shown previously in our research group to increase 

stiffness [188], [190]. This increase in stiffness is desirable for improved cell 

infiltration and proliferation and also for bone repair applications, as it has 

previously been shown that increased construct stiffness can influence the 

differentiation of mesenchymal stem cells (MSC) down an osteogenic lineage 

[86]. Additionally, the increase in compressive modulus that was achieved is 

within the range of similar commercially available products and would also 

improve surgical handling due to the increased resistance to deformation, 

which would also maintain the critically important porosity and pore size [188]. 

It is widely described in the literature that bioactive glass is both 

osteoconductive and osteoinductive [138], [292], [293], additionally, it has also 

been shown that copper ions can promote osteogenesis. This is consistent 

with our observations herein: significantly increased calcium deposition 3:1 

CuBG-CS at day 14 and day 28 in comparison to the non-copper doped BG-

CS and collagen only controls. Similarly, a previous in vivo study has shown 

that 3% (wt) copper-doped bioactive glass can enhance blood vessel 

formation and bone regeneration [294]. Another study demonstrated that the 

addition of 50 μM of copper to MSCs diminished their proliferation rate and 

increased their ability to undergo osteogenic differentiation [277]. Thus, we 

can postulate that scaffold’s enhanced bone regenerative capacity can be 

attributed to the combination of both the bioactive glass and copper within the 

CuBG-CS. 

Many tissue engineered implants fail due to avascular necrosis [295]–[297]. 

Thus, effective vascularisation of porous scaffolds is a crucial event in 

successful tissue integration. There is an intimate relationship between 

vascularisation and improved bone formation, known as ‘angiogenic–

osteogenic coupling’, so the invasion and development of a blood supply within 

the scaffold is essential for cell survival and flow of growth factors to stimulate 
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the relationship [298]–[300]. In the current study, a dose-dependent response 

of endothelial cells to copper-doped bioactive glass scaffolds is seen, with the 

lower dose 1:1 CuBG-CS significantly enhancing total tubule length by 1.9-

fold. Copper ions have been shown previously to have a pro-angiogenic effect 

on endothelial cells in vitro by upregulating VEGF production and enhancing 

proliferation [137], [251], [301]. In addition, it has been found that the 

combination of copper sulphate (50 μg/ml – optimal dose) with the growth 

factors VEGF or FGF-2 on endothelial cells significantly enhanced the 

complexity of the angiogenic networks with a synergistic effect [302]. However, 

in our study, we also observed that the higher dose 3:1 CuBG-CS show 

significantly reduced tubule formation, which is presumed to be due to toxic 

effects on the cells. Another study reported a similar effect – 2.5% (mol) 

copper-doped Bioglass® decreased the ability of endothelial cells to form 

vascular networks with increasing CuBG addition and that, in fact, it is not due 

to increased copper release, but to increased silicon release and calcium 

depletion in the medium [303]. The authors also suggest that the 

proangiogenic effect of the copper released from the bioactive glass may not 

be reflected in endothelial cell cultures but may upregulate angiogenic factors 

of fibroblasts or osteoblasts. Hence, VEGF protein production by rMSCs in 2D 

culture when cultured with conditioned medium from collagen bioactive glass 

scaffolds was analysed. The VEGF results demonstrated that the 1:1 CuBG 

scaffolds significantly increased VEGF protein production, which should 

contribute to enhanced angiogenesis; in addition, there was a direct effect on 

vessel formation in the Matrigel® tubule assay. In any case, the obvious next 

step was to carry out an assessment of these novel materials in an in vivo 

study.  

Having demonstrated the potential of the CuBG-CS in vitro, we next utilised 

an ex ovo (shell-less) chicken embryo model to enable examination of the in 

vivo therapeutic effect of the scaffolds on angio- and osteogenesis [282]–

[285]. Using this model, it was found that all of the bioactive-glass loaded 

scaffolds were biocompatible with no adverse reactions or reduction in survival 

of embryos observed. This is encouraging as it shows that the incorporation 

of the anti-microbial materials, while effective at eliminating bacteria, has no 
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negative effect on adjacent healthy tissue.  In fact, the CuBG scaffolds 

demonstrated enhanced osteogenesis and angiogenesis by the  in 

comparison to the collagen only controls – consistent with the in vitro study 

results. All bioactive glass-loaded scaffolds, with or without copper doping (1:1 

BG, 1:1 CuBG, 3:1 BG, and 3:1 CuBG), accelerated endochondral ossification 

in comparison to the collagen control and to similar levels to BMP-2-loaded 

positive control. These results correlate well with studies by Boccaccini et al. 

where 45S5 Bioglass® scaffolds (45S5 Bioglass®) also demonstrated 

enhanced osteogenesis in the chick embryo ex ovo model [285], [304]. In 

terms of angiogenesis, again correlating with our in vitro findings, the 1:1 

CuBG scaffolds significantly enhanced angiogenesis in comparison to the 

collagen control, and to a level higher than that of the VEGF-loaded positive 

control. To the best of our knowledge, this is the first report of copper-doped 

bioactive glass scaffolds analysed in the chicken embryo. An angiogenic 

response was not elicited from either of the BG-CS (i.e. non copper-doped 

bioactive glass scaffolds), which is similar to results obtained by Vargas et al., 

Gorustovich et al., and Handel et al. who were also unable to detect an 

angiogenic response of un-doped 45S5 Bioglass® on the chicken CAM 

membrane [285], [304], [305]. However, our results are also similar to a study 

by Durand et al., who saw a significant increase in angiogenesis on the CAM 

membrane when a therapeutic angiogenic metal ion, boron, was doped into 

45S5 Bioglass®, in comparison to non-boron doped Bioglass® [306]. 

The copper-doped bioactive glass scaffolds developed here provide an 

environment that enhances both osteogenesis and angiogenesis when 

compared to collagen scaffolds alone and those with non-copper-doped 

bioactive glass. Of the groups examined, 1:1 CuBG and 3:1 CuBG scaffolds 

hold the most promise. Both scaffolds show significantly enhanced 

osteogenesis in vitro and in vivo. 1:1 CuBG-CS might be chosen for defects 

where there the infection risk is low and bone regeneration is a priority as it 

significantly enhanced tubule formation and VEGF protein production in vitro 

and angiogenesis in the chick embryo ex ovo model. Alternatively, the 3:1 

CuBG-CS might be most suitable in a situation where an infection is present 

in the debridement site due to its enhanced antibacterial properties against S. 
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aureus. Although 3:1 CuBG-CS showed some toxicity towards endothelial 

cells and inhibited their ability to form tubules, in an in vivo situation where the 

infection risk is high, the critical goal is to help the immune system clear the 

difficult-to-treat infection and there is a reservoir of new cells (e.g., in the 

marrow) that can replenish the scaffold once the initial burst of copper has 

been released i.e. we would expect reduced cytotoxicity to endothelial cells in 

the clinical environment. This theory was further supported in our chick embryo 

ex ovo model where no biocompatibility or toxicity issues were detected in 

either the 1:1 CuBG-CS or the 3:1 CuBG-CS scaffolds.  

5.5  Conclusion 

In this study, collagen copper-doped bioactive glass scaffolds were 

successfully produced. The results demonstrate that the scaffolds are capable 

of antibacterial activity, without the use of antibiotics, and also stimulate 

osteogenesis and angiogenesis in vitro. In an in vivo environment, the copper-

doped bioactive glass scaffolds were not only biocompatible, but also 

demonstrated the same pattern of enhanced osteo- and angiogenesis as the 

in vitro studies. This platform system could be further modified and used to 

deliver a variety of other non-antibiotic antimicrobial metal ion-doped minerals. 

In summary, this study presents a single-stage treatment for osteomyelitis 

which might reduce the need for antibiotics and bone grafting thus reducing 

hospital stays and costs. 
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6.1 Overview 

Despite advances in the treatment of osteomyelitis through revised surgical 

approaches and antibiotic regimens [25], [307], the disease remains 

notoriously difficult-to-treat with treatment failure rates of up to 20-30% [307], 

[308]. Traditional treatment strategies usually involve a multistep procedure: a 

long, large dose of systemic antibiotics combined with surgical debridement 

and bone grafting. As well as the drawback of the multistep treatment 

approach, the individual aspects of this approach have drawbacks. Due to the 

avascular nature of the necrotic bone, penetration of the antibiotics to the 

infected site can be poor. As such, high doses of antibiotics over long time 

periods are required, which can result in systemic toxicity. Furthermore, 

minimal new antibiotic discoveries combined with an alarming number of 

emerging cases of microbial resistance to ‘last resort’ antibiotics is threatening 

our ability to treat osteomyelitis and has driven research to focus on 

discovering and developing non-antibiotic antimicrobials.  

From the bone regeneration side, the numerous complications associated with 

autografting for osteomyelitis (e.g. hematoma formation and donor site 

morbidity/fracture) are well documented [309]. Therefore, in treating 

osteomyelitis, there exists a dual challenge: ensuring an effective and non-

toxic dose of antimicrobial, while ensuring bone regeneration is stimulated. 

Thus, the overall aim of the research presented in this thesis was to explore 
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the potential of one-step tissue engineering-based treatment strategies for 

osteomyelitis that combines local, controlled release of non-antibiotic 

antibacterials within a regenerative collagen-based scaffold system.  

A number of products have emerged in recent years that are focused on the 

local delivery of antibiotics to the site of infection. These ultimately aim to 

reduce the dependence on systemic antibiotics, decrease hospitalisation costs 

and, importantly, prevent late relapse, which is common in chronic 

osteomyelitis [53]. Biodegradable gentamicin-loaded collagen fleeces (or 

scaffolds) (such as Collatamp® G/EG and GENTA-COLL®) have shown more 

complete wound healing, shorter healing time, improved clinical outcome, and 

reduced convalescence time compared to empty defects [57]–[59]. In terms of 

osteomyelitis treatment, gentamicin-loaded collagen fleeces have 

demonstrated a range of treatment success rates, from 74-94% [56], [60]–[62]. 

When compared to non-degradable antibiotic delivery systems used clinically 

which are based on beads of the acrylic material polymethylmethacrylate 

(PMMA) loaded with gentamicin, they had significantly lower rate of re-

operation [56], [63].  

Thus, for the treatment approaches in this thesis, we utilised a collagen-based 

scaffold template as previous work from our lab has demonstrated the 

excellent regenerative capacity of these scaffolds [87]–[91]. The highly porous 

scaffolds are typically tailored for the site of application with the addition of 

supplementary bioactive factors such as elastin for vascular grafts, 

glycosaminoglycans (GAGs) for cartilage repair, fibrin for cardiac applications, 

hyaluronic acid for nerve regeneration, or hydroxyapatite for bone 

regeneration [88], [188], [310]–[312]. Therefore, we functionalised the collagen 

scaffold to possess antimicrobial activity, without the use of antibiotics, whilst 

promoting bone formation for the treatment of osteomyelitis. The following 

sections will summarise the key findings and implications from each individual 

chapter and review the possible future directions which have arisen from this 

research. 

 

 



186 

 

6.2 Chapter 2 – Effect of non-antibiotic antibacterial materials 

on bacterial and mammalian cells in a 2D environment 

A disadvantage with the majority of antimicrobial materials (including  

antibiotics) is that there is a trade-off between bacteria-killing ability and toxic 

effects in the body so the dosage level is critical [205]–[209]. Therefore, as a 

first step, 2D screening of the chosen non-antibiotic materials (specifically 

chitosan, copper nanoparticles, silver nanoparticles, zinc nanoparticles, 

copper chloride salt, silver nitrate salt, and zinc chloride salt) on mammalian 

cell viability was employed. The overall goal of this chapter was thus to identify 

the optimal dosage of these materials that will effectively kill bacteria, while 

maintaining acceptable mammalian cell viability in a 2D environment. This 

informed the studies in later chapter where the materials were incorporated 

into a 3D scaffold at biologically relevant concentrations.  

The data demonstrated that there is a fine balance between inhibiting the 

growth of clinically relevant bacteria species (S. aureus, S. epidermidis, and 

E. coli) and maintaining acceptable mammalian cell viability. Chitosan 

performed well in terms of antibacterial activity, inhibiting the growth of all three 

clinically relevant bacteria species, S. aureus, S. epidermidis, and E. coli, 

whilst maintaining reasonable mammalian cell viability. The broad-spectrum 

antibacterial activity that chitosan displays is advantageous as – although 

osteomyelitis is predominately caused by S. aureus – the causative organism 

may involve other bacterial species, or the infection could be polymicrobial. 

This data corresponds well with respect to the current literature which reports 

broad-spectrum activity of chitosan [116]. There are mixed reviews as to 

whether chitosan shows higher antibacterial activity against gram negative or 

gram-positive bacteria, but there are also numerous reports which agree with 

the results in this study, which find no significant differences in antibacterial 

activity between the species tested here [313], [314]. Clinically, in terms of 

infection treatment, chitosan is currently being used in skin wound healing and 

wound exudate management with good results due to its absorbent, 

antimicrobial, and regenerative properties [315]–[317].  
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When the antibacterial activity of the metal nanoparticles, copper, silver, and 

zinc oxide were examined, they were found to have a detectable antibacterial 

effect on some or all bacteria species, although none achieved full inhibition 

across all three bacteria species. However, when the toxicity of the metal 

nanoparticles against mammalian cells was examined, they were found to 

cause a substantial reduction in mammalian cell viability at the antibacterial 

concentrations.  

When compared to the bacterial toxicity/mammalian viability ratio results of the 

metals in nanoparticle form, the metal salts demonstrated the most favourable 

results. All of the metals in their salt form achieved complete inhibition of 

bacterial growth against S. aureus, S. epidermidis, and E. coli in the 

concentration ranges tested. The metal salts were found to reduce the viability 

of mammalian cells; however, it must be noted that at these concentrations, 

full bacterial clearance is achieved. 

This amplified toxic effect of metal nanoparticles in comparison to metal salts 

has been reported in other studies in the literature to be due to the fact that 

metal ions are unable to cross the cellular lipid bilayer without special 

transporters/membrane channels. Yet, the metal nanoparticles enter the cells 

relatively freely, and once internalised, likely release metal ions and increase 

ROS intracellularly [318]–[320]. Thus, it is no surprise that clinically, metal 

nanoparticles are used topically in wound dressings where they can be 

removed after the desired antimicrobial effect so that wound healing can ensue 

[157], [227]–[229]. 

Summarising these data, the metal salts displayed a superior bacterial 

toxicity/mammalian cell viability relationship than the nanoparticles tested, and 

the activity of metal salts is much more predictable and controllable than metal 

nanoparticles (which would take an extensive time to dissolve, if at all, in the 

patient’s lifetime). There is literature to suggest that the metal ions copper and 

zinc in particular can enhance both angiogenesis and osteogenesis [137], 

[138], [175]–[177]. However, the same cannot be said for the silver ion, unless, 

perhaps, if combined with an osteogenic carrier (AgHA in Chapter 4). Thus, it 

was chosen to bring forward chitosan and the metal salts, copper chloride and 
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zinc chloride, as they show promise as potential agents for osteomyelitis 

infection treatment. 

6.3 Chapter 3 – Development of a 3D antimicrobial delivery 

platform to modulate antimicrobial ion release while retaining 

bioactivity  

In Chapter 2, we demonstrated the potential of chitosan, copper chloride and 

zinc chloride as potential agents for osteomyelitis infection treatment due to 

their superior bacterial toxicity/mammalian cell viability ratio. Successful 

osteomyelitis treatment relies heavily on the ability of the antibacterial agent 

to reach the site of infection at sufficient and controlled concentrations [224]. 

One way to achieve this is to deliver the identified antibacterial agents locally, 

for example in a 3D scaffold that controls the release of the agent, while also 

functioning to allow for cell infiltration and proliferation and ultimately repair 

and regenerate the bone tissue. Thus, the development of two different 

scaffold systems was proposed; a ‘directly-loaded’ collagen/chitosan-based 

scaffold group for a burst-release of metal ions and chitosan ‘microparticle-

loaded’ collagen-based scaffold group for a more prolonged release of metal 

ions.   

The results demonstrated that it was possible to control the metal salt release 

profile via dose incorporation and through the chitosan microparticle release 

system. This, in turn, modulated the scaffold’s antibacterial activity, with the 

burst release directly loaded scaffolds showing highest antibacterial activity 

against S. aureus. Not surprisingly, as their function is to modulate metal ion 

release, the microparticle-loaded scaffolds did not have as profound an 

antibacterial effect as directly-loaded scaffolds due to reduced metal salt 

release.  

The ability of the scaffolds to support mammalian cells and their influence on 

osteogenesis and angiogenesis in vitro was next examined. Promisingly, it 

was found that both scaffold groups supported mammalian cell survival over 

the 28 days, with microparticle-incorporated scaffolds inducing less toxic 

effects in comparison to directly-loaded scaffolds at each time point, 

presumably due to the controlled/reduced metal salt release from the 
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scaffolds. Of note, and in contrast to copper directly-loaded scaffolds, zinc 

directly-loaded scaffolds performed well in terms in terms of osteogenic effect 

by supporting calcium production. This is in agreement with the literature which 

suggests that zinc can promote osteogenesis through osteoblast proliferation 

and differentiation [175]–[177]. Both copper and zinc-microparticle scaffolds 

supported calcium production, again due to reduced ion release.  

In terms of angiogenesis, the microparticle-loaded scaffold system was 

advantageous when compared to the directly-loaded scaffold system due to 

the prolonged angiogenic response from both copper and zinc microparticle-

loaded scaffolds, which was also seen in directly-loaded scaffolds but for a 

shorter time period. This may be attributed to the reduced metal ion release 

from the scaffolds, which might be less toxic towards the endothelial cells. 

Alternatively, as it is well-known that copper can stimulate angiogenesis and 

vasculogenisis [138], [139], this reduced ion release rate may be at the 

appropriate concentration to enhance angiogenesis. One study from literature 

reports a similar concentration of copper sulphate (0.5 mM) can enhance 

endothelial cell proliferation 2-fold [251].  

Based on the results from this study, perhaps an ideal combination for 

osteomyelitis treatment might be a base collagen/chitosan scaffold with zinc 

chloride salt directly-incorporated for a burst release of ions to clear the 

infection, followed by controlled release of copper ions from the microparticle 

system to stimulate angiogenesis. Once the ions have been depleted, the base 

collagen/chitosan scaffold might prevent infection reoccurrence whilst tissue 

regeneration is underway. However, the relatively poor bone osteogenic 

potential of these scaffolds motivated the exploration into other osteogenic 

materials that could be incorporated into the collagen scaffold that might boost 

its osteogenic capacity, in addition to retaining potent antimicrobial activity 

(Chapter 4 & 5). 
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6.4 Chapter 4 - Development of a silver-doped hydroxyapatite 

scaffold for the release of antimicrobial ions and enhanced 

osteogenesis 

Hydroxyapatite is widely used in bone tissue engineering as it is an 

osteoconductive material that shows good biocompatibility and 

biodegradability [2], [180], [181]. For effective osteomyelitis treatment, a 

combinatorial approach might be effective i.e. the use of materials capable of 

osteogenic stimulation combined with materials capable of antimicrobial 

activity. Silver is the most widely explored metal in controlling microbial growth, 

both in research and application, demonstrating effective antimicrobial activity 

against gram-positive and gram-negative bacteria as well as fungi [122]. 

However, beyond its potent antibacterial activity, there are a number of 

publications which report cytotoxicity issues with silver use, so controlling the 

dosage is crucial [255]–[258]. In this chapter it was hypothesised that doping 

silver into hydroxyapatite and incorporating it into a collagen scaffold might 

render it more desirable for use in osteomyelitis treatment by reducing 

immediate silver exposure to cells in the 3D scaffold environment and thus its 

toxic effect. 

A range of silver-doped hydroxyapatite particles were successfully fabricated 

in-house (0%, 2% and 5% mol Ag-doping) which, when incorporated into 

collagen scaffolds at various weight percentages, produced scaffolds with 

improved mechanical properties, high porosity, and a pore size suitable for 

bone tissue engineering. These enhanced microarchitectural and mechanical 

properties are desirable as they could improve cell infiltration, nutrient and 

waste transport throughout the construct, act as added osteogenic stimulus, 

and improve surgical handling of the scaffolds. Similarly, the addition of 

hydroxyapatite has previously been shown in the literature to increase the 

compressive modulus of collagen scaffolds [188], [265].  

The addition of silver-doped hydroxyapatite into the collagen scaffolds showed 

potent antimicrobial activity against S. aureus, demonstrating the successful 

production of a non-antibiotic antibacterial scaffold. Not surprisingly, although 

all silver-doped hydroxyapatite scaffolds demonstrated antimicrobial activity 



191 

 

vs. the collagen control, it was found that increasing the AgHA weight ratio or 

% Ag-doping significantly increased the antimicrobial activity of the scaffolds. 

Other published studies found a similar effect on antibacterial activity with 

increasing weight ratio or % Ag-doping in hydroxyapatite [191], [321], [322].  

Our 2D studies in Chapter 2 demonstrated the fine balance between the 

antibacterial activity and mammalian cell toxicity of silver – unfortunately in the 

3D scaffolds, although potent antimicrobial activity was achieved, we were 

unable to achieve a reasonable trade-off between this and mammalian cell 

viability. There are no silver-doped hydroxyapatite products currently 

marketed for clinical use, possibly due to this effect. However, the true 

cytocompatibility of the silver-doped hydroxyapatite scaffolds might be 

revealed after a longer time-period in culture with a potential recovery in cell 

proliferation and also exposed in an in vivo assessment, as a previous study, 

which similarly found silver-doped hydroxyapatite to be moderately toxic 

towards mammalian cells in vitro, found that in vivo, silver-doped 

hydroxyapatite (of up to 4.3% Ag-doping) demonstrated favourable bone 

repair without a remarkable inflammatory reaction [269]. This may be 

attributed to a repopulation of the scaffold with cells once the infection is 

cleared and the concentration of Ag ions released from the AgHA diminishes. 

Furthermore, further optimisation of the platform system might also achieve a 

superior balance between antimicrobial activity and mammalian cell 

cytocompatibility. This may be achieved through modification of the bioactivity 

of the hydroxyapatite particles (particle size, shape, or porosity [265], [271]–

[273]) or by fine-tuning the concentrations of AgHA within the scaffold. 

6.5 Chapter 5 - Development of a copper-doped bioactive glass 

scaffold for the release of antimicrobial ions and enhanced 

osteogenesis 

To maintain the favourable properties (increased compressive modulus, high 

porosity and pore size, and potent antibacterial activity) but to overcome the 

toxicity issues and limited osteogenic potential of silver-doped hydroxyapatite 

scaffolds, in Chapter 5 a second multifunctional material was introduced. 

Namely, copper-doped bioactive glass, as an alternative to silver-doped 
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hydroxyapatite, in the hope that it might display added benefits of enhanced 

osteogenesis and angiogenesis without the cytotoxicity issues on mammalian 

cells. Thus, the overall goal of this chapter was to investigate the effect of 

copper-doped bioactive glass (CuBG) incorporation into a porous collagen 

scaffold on the microarchitectural and mechanical properties as well as 

antibacterial activity.  In addition, we assessed the ability of the scaffolds to 

support osteogenesis and angiogenesis both in vitro and in vivo. 

The results demonstrate that these novel CuBG collagen scaffolds (CuBG-

CS) were highly porous, had suitable pore size for successful bone tissue 

engineering, and showed increased compressive modulus in comparison to 

the BG-free collagen scaffold. Most importantly, it was found that the 

incorporation of 3:1 CuBG into the collagen scaffold successfully resulted in 

pronounced antibacterial activity vs. S. aureus. The literature also suggests 

that similar types of copper-doped bioactive glass show even more significant 

antibacterial activity towards E. coli (10-fold lower MBC than S. aureus), 

highlighting the broad-spectrum applicability of the scaffolds produced here in 

different bone infection scenarios [323]. 

In terms of cytocompatibility, in the CuBG scaffold environment we found that 

even at the highest CuBG concentration (3:1), mammalian cell number was 

not significantly reduced in comparison to the collagen control over the 28 

days. It is widely described in the literature that bioactive glass is both 

osteoconductive and osteoinductive [138], [292], [293], additionally, it has also 

been shown that copper ions can promote osteogenesis. This is consistent 

with our observations herein: significantly increased calcium deposition on 1:1 

and 3:1 CuBG scaffolds in comparison to the controls. Many tissue engineered 

implants fail due to avascular necrosis [295]–[297]. Thus, effective 

vascularisation of porous scaffolds is a crucial event in successful tissue 

integration. The results demonstrated that the 1:1 CuBG scaffolds significantly 

increased VEGF protein production, which should contribute to enhanced 

angiogenesis; in addition, there was a direct effect on vessel formation in the 

Matrigel® tubule assay. The cytocompatibility, osteogenic, and angiogenic 

response results here correlate well with the literature which demonstrates 

good cytocompatibility, increased osteogenic response through raised ALP 
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activity, and upregulated hypoxia-inducible factor ((HIF)-1α) and VEGF protein 

production with a similar copper-doped bioactive glass cultured with human 

bone marrow stromal cells [274]. 

The promising in vitro performance of the scaffolds led us to examine the in 

vivo therapeutic effect of the scaffolds on angio- and osteogenesis in an ex 

ovo (shell-less) chicken embryo in vivo model [282]–[285]. Using this model, it 

was found that all of the bioactive-glass loaded scaffolds were biocompatible 

with no adverse reactions or reduction in survival of embryos observed. In fact, 

we observed enhanced osteogenesis and angiogenesis in the CuBG scaffolds 

in comparison to the collagen only controls – consistent with the in vitro study 

results. This in vivo model has been used previously for non-copped doped 

Bioglass® scaffolds, where similarly the ions released from the bioactive glass 

was found to accelerate endochondral ossification in the chick femurs  [285]. 

In this study, the authors however did not detect an angiogenic effect of the 

Bioglass® scaffold on the surrounding chorioallantoic membrane, further 

reinforcing that it is the copper ion release that elicits this response to our 

scaffolds.  

6.7 Direct comparison between optimum scaffolds developed 

in Chapters 3, 4, and 5 

All scaffolds developed in this thesis have a number of advantageous 

properties e.g. controlled release (Cu-microparticle loaded scaffolds), 

angiogenic stimulation (Cu-containing scaffolds from Chapter 3 and CuBG 

scaffolds from Chapter 5), and enhanced mechanical properties (AgHA and 

CuBG containing scaffolds from Chapter 4 & 5). However, in in order to select 

an optimum scaffold from the thesis, a direct quantifiable comparison between 

the best performing scaffolds developed within Chapters 3, 4, and 5 was 

carried out (Figure 6.1).  
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Figure 6.1 Direct comparison between the best performing scaffolds developed 
in Chapters 3 - 5 
(A) Antibacterial activity against S. aureus rated on a three-tier scale: significant, 
moderate, or low antibacterial activity. (B) DNA, as an indicator of cell number, on 
scaffolds at day 28, normalised to the respective control. (C) Calcium levels after 28 
days in culture normalised to controls within the experiments. 

The scaffold properties that were selected for comparison were considered as 

the three key areas for osteomyelitis treatment: antibacterial activity, cell 

survival or proliferation, and cell-mediated calcium production. Antibacterial 

activity was rated on a three-tier scale: significant, moderate, or low 

antibacterial activity against S. aureus (Figure 6.1 A). As a means of 

measuring osteoblast cytocompatibility, DNA, as an indicator of cell number, 

was compared on the scaffolds at day 28, normalised to the respective control 

within each experiment (collagen or collagen/chitosan, where applicable) 

(Figure 6.1 B). Finally, the calcium levels after 28 days in culture were 

compared across scaffold types (Figure 6.1 C). Again, the calcium levels were 

normalised to the respective control within each experiment and any scaffolds 

which inherently contained calcium (AgHA and CuBG) were normalised to the 
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non-metal doped control (HA and BG), at the same concentration. From these 

graphs, 3:1 CuBG scaffolds offer the most potential for osteomyelitis treatment 

by showing significant antibacterial activity, reasonable cell number at day 28 

when normalised to the collagen control, and the most significantly enhanced 

calcium levels of all scaffolds developed when normalised to the non-copper 

doped control. 3:1 CuBG scaffolds are the primary outcome from this thesis, 

a scaffold worthy of being taken forward as a viable treatment after an in vivo 

assessment in a rabbit model. 

6.8 Future work 

The results from this study have identified some obvious areas worthy of 

further investigation. These include:  

• While the scaffold platforms developed in Chapter 3 were intended for 

the treatment of osteomyelitis, and assessed with this in mind, it would 

be interesting to assess the functionality of these scaffolds (with or 

without modification) with other infection types as many of the agents 

are suggested to display broad-spectrum effects. For example, the 

scaffolds may prove advantageous for skin infection and wound healing 

applications so would require further antibacterial activity testing 

against additional microbes including streptococcal bacteria or candida 

yeast, perhaps, and skin specific mammalian cells such as fibroblasts 

and keratinocytes, for example. 

• While the silver-doped hydroxyapatite scaffolds developed in Chapter 

4 show enhanced microarchitectural and mechanical properties and 

potent antibacterial activity, the methods used to assess the scaffold 

bioactivity of the scaffolds or the AgHA particles themselves could 

possibly be modified to further elucidate the bioactive response. For 

example, if the scaffolds were cultured for a longer time period, a 

recovery in cell proliferation might occur when the concentration of Ag 

ions released from the AgHA diminishes. In addition, as un-doped HA 

is widely cited throughout literature to promote osteogenesis and since 

there was no obvious osteogenic effect from the un-doped 

hydroxyapatite particles in the study, perhaps more work is required to 



196 

 

optimise the biological properties of the hydroxyapatite particles e.g. 

changes in particle size, shape, or porosity have all been shown to 

affect bioactivity. 

• In this thesis we looked at two metal ion-doped ceramics, namely silver-

doped hydroxyapatite and copper-doped bioactive glass. It would also 

be interesting to assess the potential of other possible metal/ceramic 

doping combinations, for e.g. copper-doped hydroxyapatite, zinc-doped 

hydroxyapatite, zinc- bioactive glass, or silver-doped bioactive glass. 

• Throughout the thesis a small range of concentrations of non-antibiotic 

antibacterials of each of the scaffold systems were assessed. However, 

now that we are equipped with full bioactivity results, perhaps the 

concentrations could be fine-tuned, to achieve an even better biological 

response. For example – perhaps 2:1 CuBG might enhance both 

osteogenesis and angiogenesis or 0.5:1 AgHA might provide a better 

balance between antibacterial activity and mammalian cell 

cytocompatibility. It would also be insightful to compare the antibacterial 

efficiency of these materials with clinically relevant antibiotics. 

• The copper-doped bioactive glass scaffolds examined in Chapter 5 

were the most successful scaffold group developed in the thesis 

(Figure 6.1), thus, their effect in a chick embryo in vivo model was 

examined. The chick embryo model offers several economic and 

practical advantages over other in animal models and it provided 

valuable insight into the in vivo osteogenic and angiogenic effect of the 

scaffolds. However, it did not encompass an infection aspect, essential 

in assessing the suitability of potential new treatment strategies for 

osteomyelitis. We have recently completed an in vivo assessment of 

another scaffold type developed within our lab for osteomyelitis 

treatment (antibiotic-loaded collagen scaffolds) in the AO Research 

Institute (Davos, Switzerland) under the guidance of Dr. Moriarty in 

Prof. Richards’ team. Hence, in order to more comprehensively assess 

the antibacterial potential and regenerative capacity of these scaffolds, 

it would be insightful to test these scaffolds in the rat or rabbit 
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osteomyelitis model developed at the AO Research Institute [324], 

[325]. 

6.9 Thesis conclusions 

This study has shown that we can produce a number of scaffold systems which 

are capable of antibacterial activity, without the use of antibiotics, and also 

stimulate osteogenesis and angiogenesis in vitro. In summary, this thesis 

presents potential single-stage treatments for osteomyelitis which might 

reduce the need for antibiotics and bone grafting thus reducing hospital stays 

and costs. 

• In Chapter 2, a number of non-antibiotic antibacterial materials 

(chitosan, copper, silver, and zinc) were successfully screened by 

examining their antibacterial activity and effect on mammalian cell 

viability 

• In Chapter 3, the antimicrobials selected from the screening process 

(chitosan, copper chloride, and zinc chloride) were incorporated into 3D 

collagen-based scaffold systems using chitosan which offered two 

distinct metal ion release profiles. These release 

profiles/concentrations functioned to modulate the scaffold bioactivity in 

terms of antibacterial activity and angiogenesis 

• In Chapter 4, in the search for a scaffold which acts as a more potent 

osteogenic stimulus, silver-doped hydroxyapatite was synthesised and 

incorporated into 3D collagen scaffolds. The scaffolds demonstrated 

potent antibacterial activity; however, they induced undesirable toxicity 

towards osteoblasts in vitro 

• Thus, in Chapter 5 we finally turned to the fabrication of 3D antimicrobial 

collagen- copper-doped bioactive glass scaffolds. These scaffolds in 

particular showed the most promise in vitro and where therefore 

assessed in vivo environment, where they were shown to not only be 

biocompatible, but also demonstrated the same pattern of enhanced 

osteogenesis and angiogenesis as the in vitro studies  
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