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Abstract

Bone infection remains a high-burden disease in orthopaedic and trauma patients with
fractures and implantations. Osteomyelitis is difficult to cure in clinical settings,
especially if antimicrobial resistance or biofilm is involved, which may prolong the
treatments with antibiotics and require multiple surgeries, severely affecting the
patients’ quality of life and mobility. Osteomyelitis can lead to osteonecrosis,
septicaemia, amputation, multi-organ dysfunction, and death in severe cases.

Preclinical models are essential for efficacy testing to develop new prophylactic and
therapeutic interventions. Previously bone infection models in rats involved fractures
and implantations, making it complicated to perform. In this study, we have developed
and optimised murine models with a tibial drilled hole (TDH) and needle insertion
surgery (NIS) that are reliable, reproducible, and cost-effective for studying implant-
related and biofilm bone infections and efficacy testing.

Ceragenins (CSAs) are a novel class of broad-spectrum antimicrobials that mimic the
activities of antimicrobial peptides. They are effective against bacterial, viral, fungal,
and parasitic infections with low minimum inhibitory concentrations (MICs) and
minimum bactericidal concentrations (MBCs). CSAs can also penetrate biofilm and Kill
antimicrobial-resistant bacteria, such as methicillin-resistant Staphylococcus aureus
(MRSA) and methicillin-resistant Staphylococcus epidermidis (MRSE). In recent
years, CSA-131 has been approved by the FDA for endotracheal tube coating to
prevent infection in intubated and critical patients. In our study, we applied CSA-90
(which belongs to the same family as CSA-131) to implant coating and prevented
osteomyelitis in a mouse model and demonstrated the osteogenic properties of CSA-
90, which promotes bone healing and reunion of the bone defects.

CSA-90 has been classified as a potential drug to prevent and treat osteomyelitis.
However, conventional methods of antibiotic delivery to the bone are inefficient. To
increase the bone-binding property of CSA-90, we invented a new molecule by
attaching alendronate (bisphosphonate) to CSA-90 and named it bone-binding
antimicrobial-1 (BBA-1). In vitro, we determined the bone-binding properties of BBA-1
and confirmed its antimicrobial activities against S. aureus. Later, we conducted a
preclinical trial to test the in vivo efficacy of BBA-1 and showed that BBA-1 could
prevent osteomyelitis in mice and has low cytotoxicity.

Multiple myeloma (MM) is an aggressive cancer of plasma cells. Although
chemotherapy, corticosteroids, and radiation therapy manage multiple myeloma, MM
has no cure. Most MM patients (>90%) suffer myeloma-skeletal disease, including
local osteolytic lesions and osteomyelitis. Thus, we dedicate the clinical application of
BBA-1 to MM patients. To pursue clinical trials, preclinical trials must be conducted. In
our attempts, we proposed a feasible murine model that can induce bone infections in
MM mice and elucidated how MM patients will benefit from BBA-1.
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Introduction

1. Introduction

Executive Summary

My thesis focuses on preclinical modelling of osteomyelitis and their potential treatments. The
central hypotheses of this project are that the ceragenin, CSA-90, and the derivative novel bone
binding antimicrobial, BBA-1, have considerable potential to prevent bone infection. This

introductory chapter is separated into three parts:

Section 1.1 provides a brief overview of the clinical complexity and burden of osteomyelitis,
including diagnosis, treatment, and prevention.

Section 1.2 describes the potential utility of the ceragenins in treating orthopaedic infection
(this is a published review paper).

Section 1.3 focuses on myeloma bone disease (MBD), which is purported to be an
underappreciated cause of bone infection. This is relevant to subsequent attempts in the thesis

to model infection associated with MBD (this is a published review paper).
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1.1. Clinical Complexity and Burden of Osteomyelitis

This section provides a brief overview of subjects relevant to the subsequent experimental
research. This narrative review focuses on understanding the causes of bone infection and

approaches that can be used for diagnosis, prevention, and treatment.

1.1.1. Aectiology and classification of osteomyelitis

Osteomyelitis, or bone infection, is mainly caused by bacterial invasion into the skeleton !.
Osteomyelitis is a major clinical challenge in orthopaedic surgery, with an incidence of 22 per
100,000 person/year in the United States and occurs more commonly in men than in women 2.
While the incidence remains relatively stable among children and young adults, it triples among
individuals older than 60 years of age 7. Immunocompromised (e.g., cancer and HIV/AIDS)

and diabetic patients are also at higher risk for developing bone infections 511,

In 1970, Waldvogel proposed a classification system based on the source of infection %13, and

there are three main types of osteomyelitis:

1. Osteomyelitis resulting from the spread from a contiguous source (e.g., surgical

contamination or trauma),

2. Osteomyelitis occurring secondary to vascular insufficiency or neuropathy (e.g.,

diabetic foot ulcers), and
3. Acute haematogenous osteomyelitis (AHO) derived from bacteraemia.

Osteomyelitis can also be further categorised as acute, chronic, diabetic foot-related, and
implant-related. The clinical management of osteomyelitis varies according to these
classifications !2, but treatment can be invariably time-consuming and expensive !3. Once the
bone infection is established, appropriate treatment may require a multidisciplinary approach,

multiple surgeries and long courses of antibiotics '°.

This prolonged treatment can lead to significant financial loss and economic burden for the
healthcare system and patients '*. The cost of managing musculoskeletal infections varies
widely, although infections that require surgical intervention (e.g., osteomyelitis and septic
arthritis) have higher costs than those without intervention (e.g., septic bacteraemia or surgical
site infections). In the United States alone, orthopaedic infections cost 8.6 billion USD annually,
and diabetic foot osteomyelitis (DFO) can cost the healthcare system up to 9-13 billion USD

per annum 317, Naturally, the costs of treating bone infections vary in different countries due
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to their healthcare systems and economies. However, to date, there are no systematic reviewed

data to address the incidence and financial burden of osteomyelitis in Australia or globally.

1.1.2. The causative pathogens of osteomyelitis

The causative pathogens in osteomyelitis are not always identified; 70-90% of positive culture
cases involve Staphylococcus aureus '*. The proportion of these caused by methicillin-resistant
Staphylococcus aureus (MRSA) is increasing globally '%1°. Osteomyelitis is mainly caused by
bacterial invasion into the bone from injuries or open fractures, with Staphylococcus species
and Streptococcus species being the predominant aetiology of open fractures and post-
traumatic bone infections. In implant-related osteomyelitis, Pseudomonas aeruginosa and
Escherichia coli are seen more frequently. Coagulase negative staphylococci (CNS) and

Corynebacterium sp. are more frequent in diabetic-foot osteomyelitis (DFO) 20-7,

In paediatric patients, most cases of osteomyelitis are secondary to haematogenous spread from
transient bacteraemia, which is often a result of otitis media and pharyngitis 2%. Acute
Haematogenous Osteomyelitis (AHO) is sometimes linked to osteoarticular infections caused
by S. aureus, Streptococcus pyogenes, and Streptococcus pneumoniae. However, in recent
years, Kingella kingae has also been reported as a major cause of osteoarticular infection in
paediatrics. This pathogen can cause paediatric bacteraemia and represents the leading
infectious cause of osteomyelitis and septic arthritis in children aged 6 to 48 months 2°-3¢, Other

causes of bone infections include bacteria of the genus Mycobacterium’”*!

, Group B
Streptococcus (e.g., Streptococcus agalactiae) and anaerobic bacteria like Haemophilus
influenzae type B and Salmonella 4% In rare cases, fungal pathogens such as Candida,
Cutibacterium, Bartonella, Histoplasma, Cryptococcus, Blastomyces and Coxiella can also

cause osteomyelitis 46-38,

1.1.3. Open fractures and implant-related osteomyelitis

Open fractures are often the result of high-energy trauma and may be associated with life-
threatening injuries with high morbidity and mortality 3°-'. Bones, tendons, nerves, and
articular cartilage may be exposed and subject to damage. Fracture wounds can then become
susceptible to deep local-site infections due to contamination of the site with microorganisms
or the introduction of foreign bodies into the wound. . Infection rates of 12-13% are found in

open fracture patients ® and occur predominantly in Gustilo and Anderson type I1I fractures .
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In severe cases, open fractures can also lead to chronic osteomyelitis, non-union, loss of
function, or limb loss. One of the most challenging complications in trauma surgery is infection
after fracture fixation (IAFF) %. TAFF may result in permanent functional loss or even
amputation of the affected limb in patients who may otherwise be expected to achieve complete,

uncomplicated recovery.

In the past decade, the problem of implant-related bone infections has garnered increasing
attention in both clinical and basic laboratory research %73, As prosthetic joint infections (PJIs)
are one of the most severe complications of joint replacement surgery, many studies have
focused on this area 76870 PJIs almost always necessitate surgical intervention and prolonged
courses of intravenous and oral antibiotics 7678, Strong collaboration between all involved
medical and surgical specialists (e.g., orthopaedic surgeons, plastic surgeons, infectious disease
specialists, and other physicians) is a critical component of patient care and clinical
management for PJI and IAFF %, Treatment for post-trauma surgery and implant-related

osteomyelitis is challenging and continues to lead to recalcitrant clinical outcomes.

1.1.4. Biofilm infection and chronic osteomyelitis

Biofilm bone infections can be challenging to treat and eradicate with antimicrobials, which
often struggle to penetrate through a biofilm matrix effectively 7%, A biofilm is a community
of bacteria enclosed in a self-produced exopolysaccharide matrix that adheres to a biotic or
abiotic surface. Biofilm infection may also lead to implant failure, deep tissue infection,
haematogenous infection (e.g., bacteraemia and sepsis), and chronic osteomyelitis (e.g., ulcer
and diabetic foot osteomyelitis) -3, Such complications can lead to negative outcomes for the
patient, including multiple revision surgeries to correct implants or surgical debridement to
remove infected and necrotic bone tissues #+-%. In some cases, severe osteomyelitis can lead to
amputation, prolonged hospitalisation, and intravenous antibiotic treatment (up to six months
or longer) 80, Even if the infection is resolved, poor healing can lead to long-term

impairments and life-long disability -2,

1.1.5. Diabetic foot-related osteomyelitis

Diabetes mellitus (DM) increases the risk of foot infection and diabetic foot ulcer (DFU), which
may progress to diabetic foot osteomyelitis (DFO) 3%, This is reflected in the elderly
population, in which the increased incidence of osteomyelitis is driven by DM 2. DFU is a

micro-vascular complication associated with neuropathy, peripheral arterial diseases, foot
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% Diabetic foot infection is the most common diabetic

deformities, and infections
complication, affecting 60% of DFUs, which leads to hospitalisation and amputation in 20-30%
of cases. DFO typically involves the forefoot and develops by contiguous spread from
overlying soft tissue and penetration through cortical bone and into the medullary cavity %7,
DFO is complex and challenging to treat and has a high relapse rate °8. Difficulties arise from
a range of host factors and associated challenges, including the absence of well-defined
diagnostic criteria, inconclusive test results and the frequent requirement of surgical
intervention and treatment with antibiotics *°. Although DFO is usually caused by bacterial
infection, DFUs are also susceptible to fungal infections, especially in immunocompromised
individuals *4-2, Clinically, over 50% of DFO cases lead to minor or major amputation 8%-26-100,

The most frequent causes of amputation in individuals with DFUs are ischemia and infection,

which critically impact the life expectancy and quality of life of these patients '°'.

1.1.6. Acute haematogenous osteomyelitis

Acute haematogenous osteomyelitis (AHO) needs timely management. AHO in children is
usually caused by bacterial seeding that develops due to transient bacteraemia. It can result
from otitis media, pharyngitis, and repeated from above causes 2. AHO continues to present a
significant clinical challenge due to its complex pathogenesis. Children with AHO and
musculoskeletal infections may also experience involvement and complications of additional
systems, including chronic osteomyelitis (1.7%), avascular necrosis, growth disturbance
(1.8%), pathological fractures (1.7%), deep vein thrombosis (0.4-6%), septic pulmonary
embolism, pneumonia, empyema, endocarditis, bacteraemia, and septic shock 8. While AHO
in children is usually curable, the evolving epidemiology of the disease as immunisation
practices and patterns of bacterial resistance change continues to raise challenges to clinicians,

demanding greater vigilance in clinical practice 102

. In rare severe cases, surgical debridement
and amputation may be necessary, causing physical disabilities and emotional challenges in

children 103.104,

1.1.7. Osteomyelitis related to myeloma bone disease

Multiple myeloma (MM) is a haematological malignancy of plasma cells and the second most
common hematologic cancer in adults '95-197. Myeloma bone disease (MBD) is a devastating
complication of MM, causing high morbidity and mortality %1% Enhanced bone loss in MM

is associated chiefly with the axial skeleton and pelvis (e.g., diffuse osteopenia, focal lytic bone
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lesions, spinal cord compression, pathological fractures, hypercalcemia, renal insufficiency,
and bony pain) ''°. Nearly 85% of MM patients will have some degree of osteopenia at
diagnosis, and 80-90% of patients will develop osteolytic bone lesions as the disease progresses
L2 The severity of bone destruction also correlates with tumour burden and prognosis '%%113,
Although myeloma-related osteomyelitis is not common, most infections are associated with
the vertebra, particularly in the lumbar region, meaning they are especially difficult to manage
as amputation is not possible and debridement is challenging !'#!'7, It is speculated based on
clinical evidence that if osteolytic lesions are left untreated, MM patients may be prone to bone

infections (elaborated upon in Section 1.3).

1.1.8. Diagnosis of osteomyelitis

Prompt diagnosis of the condition is the key to managing osteomyelitis. However, the current
diagnostic tools do not always allow early detection, which is critical for timely management,
particularly if the disease is associated with traumatic injuries and post-traumatic infections '3,
Obtaining appropriate specimens for culture is essential for selecting empirical and definitive
antimicrobial therapies®®. Successful diagnosis often requires an intimate knowledge of
pathological mechanisms and the microorganisms most common in each. The diagnostic
approach to osteomyelitis is very similar among different types and usually involves a
combination of clinical examination, supportive blood testing, and appropriate radiography '°.
A diagnostic biopsy of infected bone can be used to identify the causative organism and

surgical intervention can also assist diagnosis when necessary !.

The diagnostic tests for PJI are not always accurate and reliable. Apart from microbiological
testing, a histological study of periprosthetic tissue and intraoperative inspection can
sometimes assist with the diagnosis 7. In recent years, polymerase chain reaction (PCR) test
has become more accessible and commonly used in orthopaedics to diagnose patients with
unknown infection 2. A sinus tract in communication with the prosthesis, and identical
pathogens present in two separate periprosthetic tissue or fluid samples, is definitive evidence
of PJI. Other features may include the growth of virulent organisms from a single culture or

the finding of acute inflammation by periprosthetic tissue histopathology ©870-121.122,

Diagnosis in children is most often associated with the pathogen S. aureus. However, the
incidence of Kingella kingae and MRSA infections has been increasing 23!24, Paediatric
osteomyelitis primarily affects the lower extremities and long bones, i.e., the femur (~23-29%),

tibia (~19-23%), humerus (~5-13%), pelvis (~3-14%) and calcaneus (~4-11%) '?°. Magnetic
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resonance imaging (MRI) is the most effective diagnostic imaging modality for paediatric
patients as MRI has high sensitivity and specificity for bone and soft tissue '?3. While medical
history, physical examination, blood culture and serology test results can also assist diagnosing
paediatric osteomyelitis 323*126, bone biopsy may be necessary to increase the diagnostic
yield'?’. Although molecular testing of microbial DNA in sonication fluid allows early
detection with higher sensitivity than conventional bacterial cultures, PCR-based methods are
costly and not always available for routine diagnostics 2512, However, PCR can detect K.

kingae more easily in children aged less than four years with osteoarticular infections 3.

1.1.9. Antibiotic therapies for osteomyelitis

The clinical treatment for osteomyelitis is dependent on the type. As each condition has its own
risks and challenges, the clinical guidelines also vary based on evidence of efficacy. Treatment
for osteomyelitis in adults can also differ from children. There are three fundamental
approaches to managing clinical osteomyelitis: targeted antimicrobial therapy, source control
and correction of medical comorbidities !. Source control entails debridement of necrotic bone,
drainage and irrigation of abscessed tissue, and removal of infected hardware if feasible.
Correction of hyperglycaemia and amelioration of peripheral vascular disease are critical

components of successful therapy in patients with chronic wounds or osteomyelitis !.

Empirical therapy, or medical treatment based on clinical experience, is a mainstay of
osteomyelitis care for patients who are suspected to have severe or disseminated disease, and
patients with unknown aetiology (e.g., pending source cultures or infeasible to obtain one) .
However, the therapy decision is dependent on various factors, and it may be altered by patient
history or disease severity, and there are still regional differences based on prevalence and
resistance patterns of pathogens. Flucloxacillin and cefazolin are commonly used in clinical
practice to treat osteomyelitis in children 313!, Clindamycin is another bacteriostatic choice
for empirical antibiotic coverage of suspected S. aureus osteomyelitis if patients are grossly ill,
but its utility can be limited by resistance patterns. Antibiotic susceptibility trends in paediatric
S. aureus isolates indicate a trend toward increased clindamycin resistance in methicillin-

susceptible S. aureus (MSSA) strains '3,

For MRSA implant-associated osteomyelitis, the IDSA (Infectious Diseases Society of
America) recommends empirical therapy with an intravenous agent (vancomycin or
daptomycin) combined with oral rifampin for the initial two weeks, followed by rifampin with

another oral antibiotic (e.g., fluoroquinolone, trimethoprim-sulfamethoxazole, tetracycline, or
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clindamycin) for a further three to six months >4, Long-term suppressive oral antibiotic therapy

is recommended for those patients in whom debridement and hardware removal are not feasible.

For paediatric AHO, the IDSA currently recommends empirical vancomycin therapy and the
consideration of IV clindamycin for patients who do not have ongoing bacteraemia and in
hospitals where clindamycin resistance is historically low '?*. Minimum duration of four to six
weeks is recommended. The European Society for Paediatric Infectious Disease (ESPID) has
published clinical practice guidelines for paediatric osteomyelitis. Prompt initiation of
empirical therapy after cultures is highly recommended with regimens targeting both MSSA
and MRSA (i.e., clindamycin with or without an anti-staphylococcal beta-lactam) in regions

where MRSA prevalence is higher than 10-15% of all S. aureus infections '3,

For children with severe infection or at high risk of clindamycin-resistant MRSA, vancomycin
is preferred with or without the inclusion of clindamycin or an anti-staphylococcal beta-lactam.
A first-generation cephalosporin such as cefazolin should be included for children under five,
to cover Kingella kingae infections. The duration of therapy should be three to four weeks,
with an early switch to oral antibiotics guided by susceptibility patterns and clinical
improvement of the patient '33. In addition, there is now compelling data suggesting that
prolonged intravenous therapy is not superior to oral therapy for AHO and may lead to more

complications 134133,

For native vertebral osteomyelitis, empirical treatments should include vancomycin to cover
Staphylococci, Streptococci, combined with a third- or fourth-generation cephalosporin to

136 initial, empirical therapy should be tailored based on culture

cover Gram-negative bacilli
results and treatment should include targeted parenteral or highly bioavailable oral antibiotics
for six weeks.

For DFO, IDSA recommends an initial parenteral regimen followed by prolonged oral therapy
101 Wounds without confirmed soft tissue or bone infections do not require antibiotic therapy.
Mild and moderate infections need empiric therapy covering Gram-positive cocci. Severe
infections caused by drug-resistant bacteria should use broad-spectrum antimicrobials targeting

aggressive Gram-negative aerobes and obligate anaerobes *°.

1.1.10. Surgical interventions for osteomyelitis

Surgery often has a unique and imperative role in improving the local environment during bone

infection through debridement of the devitalized tissue, decompression of the bacterial burden,
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and enhancement of antibiotic delivery. General indications for operative intervention include
the presence of a subperiosteal or soft tissue abscess, osseous sequestrum (dead bone), or signs
of chronic infection such as in the sinus tract !¥7. Other indications may include unresponsive

antibiotic treatment or concurrent septic joint arthritis 13814,

For bone infections that involve bacterial biofilm, abscess formation, and necrotic bone, IV
antibiotics are mostly ineffective due to poor penetration. Surgical debridement of necrotic and

nonviable tissues is usually required to improve antibiotic delivery '3%141-144,

For diabetic ulcers, debridement is reserved for deeply progressed wounds involving the bone.
The standard practices in DFU management include surgical debridement, dressing to facilitate
a moist wound environment and exudate control -4, Wound debridement involves the
removal of all necrotic and devitalised tissue that is incompatible with healing and the
surrounding callus. This process aids in granulation tissue formation and re-epithelialization

101 Debridement is also crucial for infection

and reduces plantar pressures at callus areas
control, as dead tissue can act as a nidus for bacterial proliferation and biofilm formation ',
The IDSA and the Wound Healing Society recommend sharp debridement (removing
unhealthy or dead tissue by cutting it off) over topical debridement agents (i.e., autolytic
dressing or biological debridement) !°-14°, Sharp debridement has also been found to be

efficacious in several clinical trials 151153,

In orthopaedic trauma, the key is management of open fractures with a high risk of infection.
Urgent irrigation and debridement are necessary to prevent infection and promote healing 3%
136 Early surgical intervention and stabilisation of the fracture are critical for damage control

in a trauma setting 7158,

For implant-related osteomyelitis like PJI, two-stage exchange arthroplasty is the gold standard
when the infection is chronic. The procedure involves the placement of a temporary antibiotic
spacer with a period of intravenous antibiotics followed by reconstruction when the infection
is deemed to be eradicated 31, However, failure rates of two-stage revision and irrigation
and debridement (I&D) with component retention are generally high due to biofilm
contamination '44161-163 Typical PJI can be managed with debridement, antibiotic therapy, and
implant retention (DAIR) '#2. Therefore, treatment often requires an interdisciplinary team with

infectious diseases specialists and microbiologists in collaboration with orthopaedic surgeons.
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1.1.11. Prophylaxis and prevention for osteomyelitis

Since antibiotic treatments are not always effective, and surgical intervention can sometimes
fail, prophylaxis and prevention measures are essential. Antimicrobial prophylaxis and surgical
debridement are standard practices and conventional interventions to prevent infectious

164 For open fractures, first-generation

complications following traumatic injury
cephalosporins can significantly reduce the risk of infection when used in combination with

prompt, modern orthopaedic fracture wound management °'.

Since S. aureus causes most bone infections, active antibacterial agents against Gram-positive
microorganisms are uniformly recommended in all relevant post-trauma clinical guidelines
61,165-168 ‘However, the addition of fluoroquinolones and aminoglycosides to expanded Gram-
negative coverage is also important for extremity injury cases ', and should be considered

based on clinical judgements.

Antibiotic-laden poly(methyl-methacrylate), also known as PMMA or bone cement, can
deliver antibiotics locally and prevent osteomyelitis with surgery. Antibiotics are added to the
PMMA powder before the start of polymerisation. A typical mix includes 1 g of vancomycin
and 1 g of gentamicin or tobramycin per bag of PMMA. High viscosity Palacos cement is
recommended due to its superior elution properties. However, the antibiotic elution is limited
to only a few days %17, The advantages include local delivery of high doses of antibiotics,
filling dead space, and maintaining soft tissue tension. The disadvantage, however, is that it
requires additional surgery to remove, which poses a substantial risk of infection®!.

For DFU/DFO, inappropriately treating wounds with antibiotics as a precaution for missed

148 Hydrogels

infections can cause several adverse effects, including antibacterial resistance
are specialised dressings used to facilitate wound healing. They are made of insoluble polymers
and bind a relatively large volume of water, which can be donated to the wounded tissue. The
polymer matrix can absorb wound exudate, keeping the wound at an optimal moisture level for
cells, facilitating autolytic debridement and assisting the breakdown of necrotic tissue through

endogenous proteolytic enzymes !"!.

For implant-related osteomyelitis like PJI, prevention is slightly more complicated. Numerous
strategies have been employed, including implant surface fabrication and incorporation of
antibiotics into the implant "2, Antibiotic-impregnated cement can also be used to prevent
infections. However, these methods have distinctive limitations and disadvantages. For
example, traditional iodine and nano-particulate silver implant coatings have shown

uncontrollable release and cytotoxicity to bone cells. Bone cement is limited to use with

10
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cemented implants or as a temporary spacer and require an additional surgery for removal.
Antibiotic-loaded implant coatings like hydroxyapatite (HA) are disadvantaged by burst drug-
release due to the weak binding between the HA surface and loaded drugs '3. Additionally,
coating orthopaedic implants with standard antibiotics like clindamycin, gentamicin and
vancomycin may increase the prevalence of antimicrobial resistance in clinical settings and

hence reduce the effectiveness of future antibiotic treatment.

Coating intramedullary rods with antibiotic PMMA cement is another strategy for preventing
implant-related osteomyelitis. It has been shown to increase stability and improve outcomes
for infected non-union long bones !’4. However, burst drug-release and low release capacity
remain fundamental problems. While incorporating silica or other fillers may enhance
antibiotic elution from PMMA cement, this approach also reduces the mechanical strength,
which is critical for weight-bearing bone cement !7°. Another development is the use of calcium
polyphosphate gel formulated PMMA cement. This method managed to reduce the initial burst
release of vancomycin and tobramycin and extended the release for 25 weeks. The improved
antibiotic release was due to the strong ionic binding of the embedded drugs with the calcium

polyphosphate gel and exhibited no detrimental effects on the mechanical properties !76.

Newer developments for implant coatings include plasma polymerisation, biodegradable
polymer coatings and nanofibers (NFs). They can be used as controllable means to deliver
antibiotics in a sustained fashion, minimising toxicity (local or systemic) associated with high
antibiotic concentrations !7%!77-180 One study shows that doxycycline doped (PCL//PVAHA)
coaxial NFs can sustainably release the drug for one month. In a preclinical trial, doxycycline
doped rods inhibited S. aureus infection and enhanced osseointegration for up to eight weeks.

Further clinical validation, however, is required '8!,

1.1.12. Conclusion

In conclusion, osteomyelitis is a high-burden disease with high morbidity and mortality. In
severe cases, bone infections can lead to amputation and permanent disability, affecting quality
of life and causing financial losses to patients. The current diagnostic tools for osteomyelitis
require collecting appropriate specimens and radiography, but these methods are not always
accurate and reliable. The gold standard of treatment for osteomyelitis is prolonged antibiotic
treatment and surgical intervention. However, empirical treatment is often based on clinical
experience rather than susceptibility test results and has low efficacy if antimicrobial resistance

occurs. Surgical debridement can cause secondary infections, which are associated with

11
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implant failure if bacterial biofilms or orthopaedic implants are involved. While various
measures prevent orthopaedic infections, intravenous antibiotics are ineffective against biofilm
formation. Therefore, a novel broad-spectrum antimicrobial with antibiofilm properties and
bactericidal activities with low resistance like ceragenins will be advantageous in preventing

osteomyelitis.
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1.2. The application of ceragenins to orthopaedic surgery and medicine

This section provides an extensive review of literature concerning CSAs and their orthopaedic
applications in preventing and treating antimicrobials. This review article has been peer
reviewed and published in the Journal of Orthopaedic Research (IF: 3.62). It is included here

in manuscript format.
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1 | JOINT AND BONE INFECTIONS

1.1 | Joint and bone infections are an increasing

issue for orthopedic care

| Aaron Schindeler'?

Abstract

Osteomyelitis and infections associated with orthopedic implants represent a
significant burden of disease worldwide. Ceragenins (CSAs) are a relatively new class
of small-molecule antimicrobials that target a broad range of Gram-positive and
Gram-negative bacteria as well as fungi, viruses, and parasites. This review sets the
context of the need for new antimicrobial strategies by cataloging the common
pathogens associated with orthopedic infection and highlighting the increasing
challenges of managing antibiotic-resistant bacterial strains. It then comparatively
describes the antimicrobial properties of CSAs with a focus on the CSA-13 family.
More recently developed members of this family such as CSA-90 and CSA-131 may
have a particular advantage in an orthopedic setting as they possess secondary pro-
osteogenic properties. In this context, we consider several new preclinical studies
that demonstrate the utility of CSAs in orthopedic models. Emerging evidence
suggests that CSAs are effective against antibiotic-resistant Staphylococcus aureus
strains and can prevent the formation of biofilms. There remains considerable scope
for developing CSA-based treatments, either as coatings for orthopedic implants or

as local or systemic antibiotics to prevent bone infection.

KEYWORDS
bone, cationic selective antimicrobial, cationic steroid antimicrobial, ceragenin, CSA,

orthopedics, osteomyelitis, prosthetic joint infection

However, despite pre-operative patient optimization, meticulous
surgical technique, and routine systemic antibiotic prophylaxis, the
incidence rate of PJI continues to rise.! According to the US National
Inpatient Sample, the PJI incidence rate in the United States ex-
pressed as a percentage of the total number of arthroplasties per-

Prosthetic joint infection (PJI) is a significant clinical problem
worldwide, and one that is set to increase as arthroplasty is per-
formed to keep an aging population active. Patients are now living
longer with their implants, and surgeons are feeling more confident
in offering arthroplasty to younger patients, resulting in an increased

number of procedures being performed.

© 2020 Orthopaedic Research Society. Published by Wiley Periodicals, Inc.

formed, increased from 1.9% to 2.2% for hip arthroplasties and from
2.1% to 2.2% for knee arthroplasties per annum between 2001 and
2009.” While the frequency of infection following elective orthopedic
surgery is not particularly high (1.5-2.5%), the rates of reinfection are
significantly higher. Approximately 20% to 25% of revision ar-

throplasty was due to implant infections.>* Also, the management

J Orthop Res. 2020;38:1883-1894.
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and treatment for PJI can be complicated and incredibly difficult to
eradicate. Once an infection has been established it would require a
multispecialty approach, multiple surgeries and long courses of in-
travenous antibiotics to cure.

Osteomyelitis is often seen in the context of trauma, particularly
with high-energy open fractures.” It has been estimated that 5% to
10% of orthopedic trauma patients are affected by implant-related
infections,® ranging from ~1% for the surgical fixation of closed low-
energy fractures such as distal radius and ankle fractures, to >30%
for complex open tibial fractures in patients with multiple co-
morbidities.” Besides, vertebral osteomyelitis is also a severe form of
bone infection in adults with an incident rate of 4.8 per 100 000,
accounts for 3% to 5% of all cases of osteomyelitis.®

Acute hematogenous osteomyelitis (AHO) is seen mainly within

710 \with an incidence of two cases per

the pediatric population,
10 000.* The most common sites of osteomyelitis in children are the
metaphyseal regions of the long bones, including the femur (27%),
tibia (22%), and humerus (12%).'> On the other hand, chronically
infected nonunions of fractures can cause significant pain and dis-
ability,> whereas relapsing and persistent infection may require
multiple invasive procedures and extended courses of antibiotics to

attempt curative treatment.*®

With prompt diagnosis and treatment,
children generally respond well to systemic antibiotics, and surgical
intervention is rarely required. However, amongst the adult popula-
tion, the largest group of patients affected by chronic osteomyelitis
are diabetics suffering from diabetic foot osteomyelitis and lower
limb ulcers.™* This immunocompromised group is at high risk of de-
veloping life-threatening sepsis and not infrequently require serial
amputation, alongside intravenous antibiotics to manage their
chronic osteomyelitis.

Although PJI only happens in a minority of arthoplasty cases, it
represents a significant burden to the patient and community with
severe clinical outcomes and high healthcare expenditure.* The cost
of treating implant-associated infections and osteomyelitis varies
widely among countries. In the United States, the cost per case of
two-stage revision septic hip arthroplasty was approximately US
$90000 to $100000, and the cost for knee arthroplasty was ap-
proximately US $75 000.2> Moreover, the government pays at least
1.6 billion USD to cover the expense of the excess hospital charges to
treat PJIs and will exceed 1.62 billion USD by 2020 in the United
States alone.*®

As healthcare systems face increasing economic pressure
worldwide, there is substantial interest in reducing the incidence of
joint and bone infections and developing novel strategies for both
prophylaxis and treatment.

1.2 | Causative organisms of bone infections

While many bone infections are polymicrobial, and often the causa-
tive organism is never identified, Staphylococcus aureus (70-90%) re-
mains the most prevalent causative agent of acute and chronic

osteomyelitis.>”"*® Due to the clinical use of penicillin, osteomyelitis

caused by methicillin-resistant S. aureus (MRSA) has also increased,*’
even though methicillin-sensitive S. aureus (MSSA) is still the most
common pathogenic organism of PJI.

In the United States, it was estimated that 25% to 32% of in-
fections after fracture fixation were caused by MRSA.” While
vancomycin-resistant S. aureus (VRSA) is not a common cause of
osteomyelitis, since 2002, there have been a number of confirmed
VRSA infection cases involving soft tissue and bone, and one case of
PJI in the United States.?® This suggests that VRSA can be a cause for
future concern as vancomycin-resistance represents a troubling
evolution of microbial drug resistance.

PJI caused by S. aureus and MRSA is difficult to cure due to the
formation and persistence of the bacteria in biofilm adherent to
the prosthesis surface.?’ Other etiologies are coagulase-negative
staphylococci (CONS), enterococci, gram-negative bacilli, and anae-
robic bacteria, including Haemophilus influenzae type B, Salmonella,
Streptococcus agalactiae, and Escherichia coli.”*?

Post-traumatic osteomyelitis is either caused by skin commen-
sals or direct contamination at the time of injury.?® Staphylococci and
Streptococci are again the predominant pathogens while Pseudomonas
aeruginosa and E. coli can cause implant-related osteomyelitis.”*®
Furthermore, Mycobacterium, Cutibacterium, Bartonella, Histoplasma,
Cryptococcus, Blastomyces, Candida, and Coxiella are less frequent but
possible pathogens to cause osteomyelitis in infected patients.?* 2’

In pediatrics, the majority of osteomyelitis cases are secondary
to hematogenous spread. AHO is sometimes linked to osteoarticular
infections caused by S. aureus, Streptococcus pyogenes, and Strepto-
coccus pneumoniae.”® ° Kingella kingae has recently been recognized
as a cause of pediatric bacteremia and represents the leading
pathogen causing osteomyelitis and septic arthritis in children aged 6
to 48 months.** 3% Fortunately, most AHO cases respond well to
current antibiotic treatments, and advances in pharmacology have

led to significant reductions in associated mortality.

1.3 | Antibiotic prophylaxis and treatment for bone
infections

Prophylactic antibiotics have a recognized efficacy in reducing the
number of postsurgical infections in orthopedic patients. For elective
orthopedic procedures, prophylactic antibiotics are routinely given at
induction of anesthesia. A wide variety of broad-spectrum anti-
microbials are in use with different dosing regimens.®> Re-
commendations from the American Academy of Orthopedic
Surgeons (AAOS) and CDC place the optimal timing of prophylactic
treatment at 1 hour before a surgical procedure. If vancomycin and
fluoroquinolones are used, the treatment should be extended to
2 hours due to their longer infusion time.*®

Cefazolin is the most commonly used prophylactic antibiotic in
the management of open fractures. Patients receiving antibiotics
within 60 minutes of injury have a quarter of the risk of infection
compared to patients receiving antibiotics after 90 minutes.”® For

fractures, coverage for Gram-positive bacteria is essential in type |

85U8017 SUOWWOD A1) 8|qeoljdde ay) Aq peusenob a1e sooile VO ‘8sN JO S8|nJ o} Akeiqi8uljuO 8|1 UO (SUOTIPUCO-PUE-SWBIWO0D" A8 | 1M AJeiq 1 Bu [Uo//:SdnL) SUORIPUOD pue swie 1 8y} 89S *[£202/20/T0] uo Ariqiaulluo Ae|im ‘AeupAs 1O AiseAn Aq STOVZ 10l/200T 0T/10p/woo Ao |Im Aselqpuljuo//Sdiy Wolj pepeoiumod ‘6 ‘020 ‘X22SPSST



DAO ET AL

Journal of 1885
Orthopaedic _l—

and type Il open fractures, whereas the addition of Gram-negative
coverage is necessary for type Ill open fractures. Open fracture
wounds at risk for fecal or clostridial contamination are advocated to
be treated with penicillin. For type | and type Il open fractures,
prophylactic treatment can be discontinued by 24 hours after wound
closure. For type Ill open fractures, antibiotic discontinuation is
specified to be 72 hours after an injury or 24 hours after wound
closure or coverage.”®

For established infections, the microbial culture is a common
starting point for identifying suitable antibiotic strategies. An early
decision is whether surgery is required to debride the area of pa-
thogens or remove any contaminated implants. For infected metal-
work, surgical excision is considered the gold standard and is needed
to eradicate biofilms. Clinical decision-making as to whether a one-
stage or two-stage reconstruction is employed can be case depen-
dent, but regardless all operations are followed by an extended
course of systemic antibiotics.®’

The rationale for the aggressive removal of contaminated im-
plants is the presence of a biofilm. A biofilm is a polysaccharide or
protein matrix produced by bacterial colonies, and its function is to
prevent the host immune system and systemic antibiotics from at-
tacking the bacteria. Biofilms develop preferentially on inert surfaces
and dead tissues, including medical devices and fragments of dead
bones and respond poorly to systemic antimicrobial treatments as
the biofilm acts as a relatively impermeable barrier to many anti-
biotics. Bacteria within the biofilm shift to a less active state, low-
ering their susceptibility to antibiotics by up to 1000-fold.®” **
Biofilm implant-related infection and antimicrobial-resistant infection
can cost the healthcare system up to 3 billion US dollars individually
per year in the United States.*>** Therefore, it is not only a sig-
nificant cause of morbidity but also increases economic loss.

In the absence of contaminated implants, osteomyelitis can be
managed by 6 days of intravenous antibiotics and followed by
6 weeks of antimicrobial therapy orally.’” Vancomycin, combined
with gentamicin or rifampin, is usually used to treat adult osteo-
myelitis, although third-generation cephalosporin, aminoglycoside,
fosfomycin, and glycopeptides are also commonly used in pedia-
trics.*> The purpose of such combined therapy is to broaden cover-
age to include vancomycin-intermediate S. aureus (VISA).'° Other
treatment options include clindamycin, nafcillin/methicillin, and di-
cloxacillin, but it has been shown that clindamycin is more effective
than semi-synthetic penicillin due to the prevalence of MRSA and
methicillin-resistant bacteria in osteomyelitis patients.'” The treat-
ment and prognosis of acute osteomyelitis can be different in infants
and very young children, as the infection may progress more rapidly,
and they are more susceptible to fatal complications.

The emergence of antibiotic resistance is leading to increased
morbidity and mortality. The prolonged and arbitrary use of anti-
biotics is the predisposing factors for the emergence of multi-drug
resistant bacteria. Despite advances in orthopedic surgery, such
antibiotic-resistant bacteria remain challenging to prevent and to
treat, and the incident rates are increasing.*® S. aureus is particularly

prone to acquiring antibiotic resistance, as the acquisition of the

Research®

mecA gene encoding a unique penicillin-binding protein can reduce its
affinity for B-lactam and decrease cell wall synthesis even in the
presence of penicillin, cephalosporin, and carbapenem.*” Thus, a
challenge for orthopedic pharmacology is the development of in-
novative, broad-spectrum antimicrobials for infection prophylaxis

and treatment, to prevent or reduce perioperative-related infections.

2 | CERAGENINS

2.1 | CSAs are broad-spectrum antimicrobials
derived from cholic acid

Ceragenins (CSAs) are a class of novel synthetic antibiotics devel-
oped from cholic acid by the addition of amine groups and other
functional side chains.”® They mimic the bactericidal activities of
cationic antimicrobial peptides (CAPs) that are a part of the innate
immune system, such as LL-37 to have bacteriostatic and bactericidal
actions.*”°° Part of their initial conceptualization involved mimicking
the amphiphilic properties of CAPs. However, unlike CAPs, CSAs do
not have peptide bonds and thus cannot be degraded by proteases at
the sites of infection and have a longer half-life in the body than
CAPs. CSAs are simpler to synthesize on a large scale than
CAPs,*7°152 making their preparation more cost-effective and at-
tractive for antimicrobial therapy than conventional broad-spectrum
antibiotics.

The antimicrobial activities of CSAs are known to involve direct
interaction with negatively charged membrane molecules of bacteria,
including phosphatidylglycerol and lipid A lipopolysaccharides, which
then lead to bacterial cell membrane permeabilization and depolar-
ization.*®°1>® However, the precise mechanism remains to be elu-
cidated. CSAs selectively bind to bacterial membranes over
eukaryotic cell membranes, attributed to their lipid A binding prop-
erties.’>** Although some CSAs (eg, CSA-13) may have less potency
vs Gram-negative bacteria due to their high phosphatidylethanola-
mine content,”® many other CSAs have shown broad-spectrum an-
timicrobial activities against different species of Gram-positive and
Gram-negative bacteria,”®°*°” fungi,’® enveloped viruses,®® and

6061 Nevertheless, the precise mechanisms of action

parasites.
and whether they may differ between Gram-positive and Gram-
negative microbes are an area for future study.

The minimum inhibitory concentrations (MICs) and minimum
bactericidal concentrations (MBCs) of CSAs against various patho-
gens were tested and compared to other antimicrobial agents, such
as erythromycin, cefepime, ciprofloxacin, doxycycline, piperacillin,
tobramycin, colistin, metronidazole, ampicillin, meropenem, and
other antimicrobial peptides.*®°°2¢%¢3 While CSAs have equivalent
antibacterial efficacy to other clinical antibiotics, multiple studies
have indicated they can be superior to other antibiotics in pene-
trating and eradicating biofilms.**°* For example, CSA-8, CSA-13,
CSA-31, CSA-38, and CSA-44 were found to have a significantly
lower minimum biofilm eradication concentration than erythromycin
and doxycycline. Another study showed that CSA-13, CSA-90, and
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TABLE 1 Microorganisms susceptible to CSAs in in vitro studies TABLE 1 (Continued)
CSAs known to be CSAs known to be
Organisms effective References Organisms effective References
Acinetobacter baumannii 13 ozt Propionibacterium acnes 13, 131 2
Aspergillus fumigatus 131, 192 o Pseudomonas geruginosa 13, 44, 90, 131, 134, 516471737683
Bacillus anthracis 13 66 136, 138, 192
Bacillus subtilis 8, 13, 54 57.66 Sl L -
Bacteroides fragilis 13 131 52 Staphylococcus aureus 8, 13, 25, 44, 54, 90, 50,64,66,73,78,82
' 92, 131, 134, 136,
Bacteroides 13, 131 2 138, 142, 144,
thetaiotaomicron 145, 192
Bacteroides stercoris 13, 131 2 Staphylococcus epidermidis 13, 90, 92 73
Candida albicans 8, 13, 44, 131, 138, B Streptococcus gordonii 13 84
142, 144, 192
Streptococcus mitis 13 e
Candida auris 44,131 68.69
Streptococcus mutans 13, 90, 92 73,84
Candida dublieusis 13, 44,131, 138 ¢ »
Streptococcus oralis 13
Candida glabrata 8, 13, 44, 131, 138, o867 ) e
142 192 Streptococcus pneumoniae 13, 90, 92 ’
84
Candida kefyr 8, 13, 44, 131, 138, 58 OMENSEE c
142. 192 pseudopneumoniae
Candida krusei 8 13 44, 131 138 58,67 Streptococcus pyogenes 8, 13, 90, 92 66,7384
142, 192 Streptococcus salivarius 13, 90, 92 )
Candida parapsilosis 13, 44, 131, 138 ¢ Streptococcus sanguinis 13, 90, 92 7384
Candida tropicalis 13, 44, 131, 138 67 Trypanosoma cruzi 13 60
Caulobacter crescentus 8 o6 Trichomonas vaginalis 13, 44, 131, 138 o1
Clostridium difficile 8,13, 131 70
Clostridium perfringens 13, 131 2
Cryptococcus neoformans 131, 192 62 . o o
CSA-131 can reduce the number of live bacteria in the biofilm of P.
) A 48,63,66,71,72
Escherichia coli 13,54, 131 aeruginosa, Klebsiella pneumoniae, and S. aureus at 100 pg/mL, and
Enterococcus faecalis 13, 90, 92 73 bacteria that were treated by CSAs had significantly less matrix
Haemophilus influenzae 13, 90, 92 73 substance production.”® Another study suggested that CSA-13 and
Helicobacter pylori 1390 92 7374 CSA-131 significantly inhibited biofilm formation by Bacteroides fra-

Klebsiella pneumoniae 13, 44, 131, 138, 142 e

Legionella pneumophila 8, 13, 31, 38, 44, &
131, 138
Leishmania major 13 0
Moraxella catarrhalis 13, 90, 92 78
Neisseria meningitidis (B) 13, 90, 92 3
Neisseria meningitidis (C) 13, 90, 92 78
Peptostreptococcus 13,131 SRR
anaerobius
Porphyromonas ginivalis 13 73
Prevotella bivia 13, 131 2
Prevotella disiens 13, 131 >2
Prevotella melaninogenica 13, 131 2
Prevotella oralis 13, 131 52

gilis at a lower concentration than metronidazole.’? Table 1 sum-
marizes the microorganisms that were shown to be susceptible
to CSAs.

CSAs have been generated with a variety of physicochemical
properties. For instance, CSA-44 is a degradable CSA with a half-life
in aqueous solution to pH 7 of 37 days. Breakdown products include
cholic acid, beta-alanine, and octanol. CSA-44 can be prepared at a
large scale, and its degradation products can be readily measured
from biological fluids.”> CSA-44 demonstrates antimicrobial activities
for multiple Candida spp., including Candida auris and Candida albicans,
as well as many bacterial strains.

It has been speculated that bacteria and fungi are unlikely to
develop resistance against CSAs, as this would require massive al-
terations to the plasma membrane.”*>¢%%8> |n one study, three cri-
tical pathogens (S. aureus, P. aeruginosa, and Acinetobacter baumannii)
were tested for MICs following serial exposure to ciprofloxacin, co-

listin, vancomycin, and CSA-13. In results, all bacteria became highly
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resistant to ciprofloxacin (after <20 passages), colistin, and vanco-
mycin (after 20-30 passages), except CSA-13; there was only a
minimal increase of MICs of CSA-13 in all bacteria after 30 pas-
sages.®* Additionally, continual exposure to colistin had little or no
effect on the MICs with CSA-131, suggesting that CSAs are effective
against colistin-resistant bacteria.?® Indeed, a study showed that
prolonged exposure of Gram-negative bacteria to chlorhexidine re-
duces susceptibility to colistin but not to AMPs and CSAs.?® One
potential mechanism hypothesized for bacteria to acquire CSA re-
sistance is via modification of the lipid A portion of lipopoly-

saccharide; lipid A is a prime target of both colistin and CSAs.

2.2 | The CSA-13 sub-class of antimicrobials

The CSA-13 sub-class of CSAs (CSA-13, CSA-90, and CSA-131) has
been a focus of development in terms of biomedical applications. This

CSA-8
MW = 675 g/mol

CSA-13
MW = 823 g/mol

CSA-131
MW = 879 g/mol

CSA-90
MW = 851 g/mol

Research®

sub-class shares structural similarity to CSA-8 (Figure 1), which dis-
plays a broad-spectrum activity against Gram-positive bacteria but is
less effective against Gram-negative bacteria than other CSAs.”%>%¢2
CSA-13 is a prototypical member of the CSA antibiotic class, and a
large number of studies have characterized its broad-spectrum effi-
cacy and antimicrobial mechanism. CSA-13 exhibits structural simi-
larity to CSA-8 but contains an amine group at C24. CSA-131 is
closely related to CSA-13, and they share similar bactericidal activ-
ities. CSA-90 is distinctive with the double lipid chains from the
amine at C24. CSA-138 is in the same class, although it has not been
widely investigated.

CSA-13, CSA-90, and CSA131 are particularly effective against
several high burden pathogens, including S. aureus”® MRSA,*’
VRSA,*° P. aeruginosa,”* Clostridium difficile,”® Helicobacter pylori,’* S.
pneumoniae,®* K. pneumoniae,”® and several anaerobic pathogens,
such as B. fragilis and Propionibacterium acnes.”” Additionally, CSA-13
exerts a high affinity for the external layers of Bacillus subtilis spores

FIGURE 1 The chemical structures of CSA-8, CSA-13, CSA-131, and CSA-90. CSA-90 and CSA-131 are closely related to CSA-13, the only
difference is that CSA-131 has a longer extended lipid chain from the amine at C24, and CSA-90 has double short lipid chains from the amine at C24. In
contrast, CSA-8 does not contain an amine group at C24, replaced by a hydroxyl group [Color figure can be viewed at wileyonlinelibrary.com]
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and increase the permeability of the outer and inner spore mem-
brane. Although B. subtilis is considered part of the normal gut flora
and does not usually cause clinical infections, the model had suffi-
ciently demonstrated the sporicidal effects of CSA-13.

CSA-131 is not only effective against bacterial species but can
also prevent the growth of the yeast C. auris.®®¢’ The scanning
electron microscopic images showed that the fungal cells were
morphologically disrupted after being exposed to CSA-131 (25 mg/L
or above), and it would kill the fungal cells in biofilms at higher
concentrations.®® Similar results were found in C. albicans, Crypto-
coccus neoformans, and Aspergillus fumigatus with similar concentra-
tions of CSA-131 and CSA-13.°° Meanwhile, a study found that
CSA-13 and CSA-131 eradicate orthopoxviral infections in Kupffer
cells by disrupting the envelope and internal structure of the
vaccinia virus.”” Lastly, CSA-13, CSA-131, and CSA-138 can kill
metronidazole-resistant Trichomonas vaginalis,°* whereas CSA-8 and
CSA-13 are toxic to Trypanosoma cruzi and Leishmania major.°

The utility of CSA-13 sub-class members may be enhanced by
the co-administration of other antimicrobial agents. CSA-13 was able
to increase the activity of erythromycin against various gram-
negative pathogenic bacteria (eg, E. coli, Salmonella typhi, Pseudomo-
nas spp, and Klebsiella spp) isolated from clinical patients (37). Another
study showed the rapid bactericidal activity of CSA-13 and synergism
with colistin in the CSA-13-colistin combination group while no an-
tagonism was observed.”® A recent study has found synergistic in-
teractions of CSA-13 and CSA-138 with fluconazole, in the context of
Candida spp. treatment.’® Subsequently, CSAs have also been shown
to exhibit a synergistic effect with cefepime and ciprofloxacin.®%”¢

CSAs may benefit wound-healing by the promotion of local blood
vessel formation. Some cationic antimicrobial peptides have been
shown to initiate angiogenesis via an agonistic action on formyl
peptide receptor-like 1 (FPRL1) and the prostaglandin E2-EP3.5° In
an in vitro angiogenesis model CSA-13 and CSA-192 stimulated cell
migration, while CSA-13, CSA-90, and CSA-142 stimulated tube
formation.>® Tube formation was linked to the expression of vascular
endothelial growth factor receptor 2.

However, CSA-13 at high doses can have cytotoxic effects on
human cells. CSA-13 was found to be hemolytic and can induce lysis
in human osteoblasts at concentrations 250 pug/mL.5*®” CSAs were
also cytotoxic to immortalized human keratinocytes (HaCaTs) at

).”% These effects were possibly due

lower concentrations (<10 pg/mL
to depolarization and permeabilization characteristics on cell mem-
branes.®®®% CSA-13 can also increase apoptosis rates. However, this
may have beneficial applications in terms of cancer treatment. CSA-
13 has similar effects on colon cancer cells (HCT116, HT-29, and
DLD-1) and human breast cancer cells (MCF-7 and MDA-MB-21).
8088 CSA-13 reduced cancer cell growth most effectively at 10 to
20 pug/mL at the G1/S phase. Notably, CAPs can likewise affect
apoptosis, with antimicrobial peptide LL-37 increasing the rate of
apoptosis of lung epithelial cells.2>®? In the case of CSA-13, it has
been hypothesized the compounds can induce mitochondrial mem-
brane depolarization and apoptosis via a p53-independent pathway

and a caspase-independent mechanism. While no adverse cytotoxic

effects were detected after the administration of CSA-13 in pre-
clinical (BALB/c mice) models, the anti-cancer effects of CSAs were

observed at a relatively low dose.”®

3 | CSAs AND ORTHOPEDIC
APPLICATIONS

3.1 | The antimicrobial effects of CSAs against
orthopedic pathogens

Orthopedic implant surfaces provide a unique environment for bac-
teria to attach and colonize that induce bone and implant-related
infections. S. aureus, Staphylococcus epidermidis, and E. coli are the
most frequent causative agents of osteomyelitis.”* However, there is
a range of other bacteria associated with bone infections. Table 2
highlights the efficacy of CSA-13 sub-class members against the
bacteria that commonly cause osteomyelitis and list the associated
MIC and MBC values.

S. aureus and metbhicillin-resistant S. aureus are significant cau-
sative agents of osteomyelitis, and in vitro studies have identified the
MIC and MBC values required for treatments.®>>¢%7382 Generally,
MICs are between 0.4 mg/L and 6.3 mg/L. CSA-13 is effective against
most tested pathogens in low dose concentrations (0.4-2.0 mg/L),
whereas CSA-90 and CSA-131 have the same MICs but higher MBCs
than CSA-13 against most selected pathogens. The CSA-13 sub-class
may be less effective against P. aeruginosa based on the MIC and
MBC values. No data is available on the sensitivities of MRSE and K.
kingae, which are emerging causative agents of osteomyelitis in

children.”??

3.2 | In vivo antimicrobial activity of CSAs in
orthopedic models

The first study testing CSAs as a prophylactic agent was performed in
an established sheep model of pin-tract infection. The study by Perry
et al”® aimed to evaluate the efficacy of CSA-13 at preventing in-
fection developing following implantation of a percutaneous bicor-
tical titanium alloy pin in the proximal tibia. The study comprised of
two groups where the treatment group received CSA-13 treated
polyurethane foam pads around the pin after surgery, whereas the
control group received untreated autoclaved foam pads. An oral
bolus of tetracycline (0.5-1.5 g) was given to all animals 1 hour before
surgery, but no further antibiotics were given to the animals after
surgery. In the results, the CSA-13 treated group had one positive
blood culture, nine positive soft tissue cultures, and no positive bone
culture, whereas the untreated control group had two positive blood
cultures, eight positive soft tissue cultures, and three positive bone
cultures. Although the Kaplan-Meier curve did not show that CSA-13
treated foam pads significantly reduced the infection rate and mor-
tality, CSA-13 may delay infection during the first 20 days post-

surgery.”® Thus CSA-13 may have utility as a secondary preventive
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TABLE 2 Efficacy of CSA-13, CSA-90, and CSA-131 vs bacterial pathogens that cause osteomyelitis
Ceragenins (CSAs)
CSA-13 CSA-90 CSA-131
MIC, MBC, MIC, MBC, MIC, MBC,
Organisms mg/L mg/L mg/L mg/L mg/L mg/L
Metbhicillin-susceptible 0.4-0.8 0.8-14 0.7 2.8 0.5-2.0 3.1
Staphylococcus aureus
Methicillin-resistant 0.5 1.0 ND ND 0.5 1.0
Staphylococcus aureus
Vancomycin-resistant 1.0-2.0 1.0-2.0 ND ND ND ND
Staphylococcus aureus
Staphylococcus epidermidis 04 0.7 0.7 14 ND ND
Methicillin-resistant ND ND ND ND ND ND
Staphylococcus
epidermidis
Streptococcus pyogenes 0.7 0.7 0.4 14 ND ND
Streptococcus pneumoniae 04 0.7 0.7 14 ND ND
Pseudomonas aeruginosa 3.0 6.0 6.3 6.3 3.1 3.1
Haemophilus influenzae 04 0.7 0.7 14 ND ND
Kingella kingae ND ND ND ND ND ND

Note: Data from Expand et al,*® Expand et al,%® Hashemi,*® Leszczynska et al,”® and Niemirowicz et a

|.82

Abbreviations: MBC, minimal bactericidal concentration (the lowest concentration of an antimicrobial required to kill a particular bacteria); MIC, minimal inhibitory
concentration (the lowest concentration of an antimicrobial that will inhibit the visible growth of a microorganism); ND, not determined.

measure. However, this study did not include a positive control group
where pin-tract infection could be induced by bacterial inoculation,
or a negative control group where oral or |V antibiotics could be
given postsurgically. The overall data was inconclusive to determine
the CSA-13 efficacy in preventing pin-tract infections.

A follow-up study by Williams et al®* further investigated the
application of CSA-13 in preventing wound infections in a sheep
model. Instead of a titanium alloy pin implant, a new osseointegrated
implant was used in this study. CSA-13 embedded foam pads could
not reduce or eradicate the bacterial colonization and failed to pre-
vent infections at the skin/implant interface and the underlying tis-
sues. It was concluded that the skin surrounding an osseointegrated
implant should be sutured to act as a primary biological barrier while
CSAs could be used adjunctively to reduce infection risk. A limitation
of this paper is that no positive control groups were included, making
it unclear whether this infection model would also be recalcitrant to
more aggressive existing antimicrobial treatments.

This team next reported on another sheep model featuring a
novel CSA-coating system using polydimethylsiloxane (PDMS) and

> and it was the first

primer (MED-160) on stainless-steel plates,’
open fracture model to feature a CSA coating for treatment. A
Gustilo type IlIB open fracture was introduced surgically (with the
stripping of a 2x5cm area of periosteum), and infection was in-
troduced via two membranes containing MRSA biofilms. Biofilms
were grown on a piece of polyetheretherketone membrane in brain

heart infusion broth. Then, to treat, proximal and distal plates were

templated by drilling and placing transcortical screws through each
plate onto the bare cortical surface and placed in apposition to the
biofilms. CSA-13 produced 100% protection against bone infection
and eradicated biofilm on the implant surface based on microbial and
histological analyses. The difference was statistically significant
compared to the untreated infected group with a 100% infection
rate, illustrating that the CSA-13 coating was the cause of
prevention.

A porous-coated eluting titanium plug was implanted into the
sheep femur to study perioperative device-related infections.”®
Group 1 received the implant and an inoculum of MRSA, and group 2
received a CSA-13 coated implant and the MRSA inoculum. Group 3
and 4 were the non-infected control groups, received only the CSA-
13 coated implant and the implant without the CSA, respectively. All
group 1 sheep became infected within 6 to 10 days. The CSA-13
containing groups (ie, group 2 and 3) exhibited no bacterial infection
until the end of the 12-week study and established skeletal attach-
ment consistent with group 4 that has the uncoated implant. While
these data support the utility of CSA-13 in perioperative infection
prevention, it may be challenging to translate the design of the
porous-coated implant to the uncoated metalwork used in many
orthopedic procedures.

CSA-90 was tested in a rat open fracture model with in-
tramedullary fixation that featured local inoculation with S. aureus at
the time of surgery.”” Animals were monitored post-surgically for

osteolysis, weight loss, poor bone healing, and other evidence of
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wound contamination. Rats treated with CSA-90 showed a significant
decrease in wound infection, and healing was further improved by
adjunctive local recombinant human bone morphogenetic protein-2
(rhBMP-2). Notably, rhBMP-2 alone was insufficient to impact on
bone infection, consistent with previous infected non-union
models.”® A follow-up study confirmed CSA-90 was similarly effec-
tive at preventing infections developing in fractures inoculated with
MRSA and MRSE. However, the 500 ug dose used for prophylaxis
proved insufficient for treating established infections, even when
combined with aggressive debridement of the wound.””

CSA-90 for infection prevention has also been assessed in a rat
femoral implant model using press-fit porous titanium implants.’° In
this model of joint infection, S. aureus was introduced locally (1 x 10%
CFU/mL) or delivered via tail vein injection (1 x 10°> CFU/mL). In the
absence of treatment, both local and systemic S. aureus groups de-
veloped infections that led to radiographic evidence of PJI and
worsening animal health within 14 days of surgery. CSA-90 treat-
ment increased the median survival in both inoculation groups
compared to the untreated animals. Deep tissue cultures also de-
monstrated a reduced rate of periprosthetic infection with CSA-90.
These data support the utility of CSA-90 as an implant coating de-
spite the primitive nature of the drug coating in this system (ie, drip
coated and air-dried). Further studies are required to elucidate the

optimal release profile and delivery system.

3.3 | Osteogenic properties of CSAs

The osteogenic properties of CSAs were first described in sheep
models.*?"”> While initial studies focused on the antimicrobial effects
of CSAs, it was serendipitously observed that CSA-13 coated pins
showed evidence of improved osseointegration. Dynamic bone la-
beling revealed that the CSA-13 containing groups has a higher mi-
neral apposition rate (MAR) adjacent to the implants than the
controls.”® The osteogenic properties of CSA-13 were further seen in
the previously described fracture infection model of William et al,””
induced with an MRSA biofilm. CSA-13 turned out to increase MAR
and impaired bone necrosis.

The mechanism for increased bone seen in this and other studies
remains unclear but may be due to indirect or direct effects on bone
formation. CSAs may indirectly affect bone healing by the generic
promotion of the bone healing response. Antimicrobial peptides (eg,
LL-37) can augment wound healing by promoting neovascularization
and angiogenesis and can also neutralize endotoxins, decelerating the
acute immune response and preventing septic shock. Similar effects
have been demonstrated by CSAs.>¢10%102

CSAs may directly improve osteogenesis by stimulating en-
dogenous osteogenic factors such as BMPs. LL-37 also stimulates
BMP-2 expression in cells.'°? Subsequent screening of CSAs by
Gianny Rossini and colleagues (Southwest Research Institute, San
Antonio, TX) revealed that CSA-90 was able to increase the
expression of bone morphogenetic proteins-2 (BMP-2) cell culture by
six-fold (unpublished data referenced in?’). In vitro, CSA-13 and

CSA-90 could increase alkaline phosphatase activity and miner-
alization in MC3T3-E1 mouse preosteoblasts; both were studied in-
dividually and in combination with BMP-2.77 In vivo, CSA-90 (500 pg)
was found to enhance ectopic bone formation by BMP-2 in mice and
rats,”’ leading to a six-fold increase in bone volume. Further me-
chanistic studies are required to elucidate the signaling pathways
modulating the upregulation of BMPs and other osteogenic factors in
response to CSA-13 class members and identify structural features of
this class that make them more osteogenic than other CSAs.

3.4 | Bone delivery systems and implant coatings
for CSAs

CSAs have potential as local and systemic agents, but their use in
bone requires the development of specialized delivery systems. De-
livery to sites of bone infection could be achieved by (a) systemic
delivery systems, (b) local delivery systems, and (c) coatings on or-
thopedic implants or medical devices.

As systemic agents, the cytotoxic effects of CSAs make them
challenging to use at high doses. Several poloxamers have developed
for use as drug carriers to reduce the cytotoxic effects. The polox-
amers Pluronic F127 has been most frequently tested because it can
form well-defined micelles and sequester CSAs for delivery to tar-
geted tissues.®® Some studies have shown that the compatibility of
Pluronic F127 with CSAs can decrease their cytotoxic properties
without impairing antibacterial activities.®®°>1%* Nevertheless, the
transient encapsulation of CSAs in micelles are less prone to as-
sociate with host membranes and raises the affinity of CSAs for
microbial membranes. Subsequently, the dynamic nature of micelles
amplifies the membrane selectivity to specific sites where infections
occur. 68104

Recently, other new systems have been developed with the potential
to target bone. Nanoparticles (NPs) can be used as drug carriers to in-
crease drug efficacy, half-life, and selective binding properties. While
there have been several studies delivering CSAs via NPs, practical sys-
tems targeting bone delivery have yet to be developed.

Silver is an antimicrobial metal, and silver NPs conjugated with
CSA-124 (SNP-CSA) was developed as a selective antimicrobial for
Gram-positive bacteria. SNP-CSA showed increased adherence to S.
aureus (Gram-positive) cells than E. coli (Gram-negative) cells,'°° but
CSAs also show greater antimicrobial activity to Gram-positive or-
ganisms over Gram-negative. Magnetic nanoparticles (MNP) have
been shown to reduce the cytotoxicity of CSAs but did not interrupt
the anti-cancer properties.®® CSA-13-coated magnetic nanoparticles
(MNP-CSA-13) exhibit antibacterial activity and prevent biofilm
formation in different body fluids, although less than CSA-13 alone.?°
Nanoparticle coating does significantly reduce the hemolytic activity
of CSA-13, and similar results were reported for MNP-CSA-131,°2%?
and reduced the toxicity of CSA-13 to hFOB 1.19 human osteoblasts,
even at high concentrations (50 ug/mL).2” MNP-CSA-13 was also
effective against fungal cell adhesion and biofilm formation of Can-

dida spp., which was attributed to the ability of MNPs to penetrate
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fungal cell membranes.®” Notably, MNP-LL-37 was not fungicidal,
suggestive of unique interactions between MNPs and CSAs. MNPs
have also been proposed as a diagnostic contrast agent for identi-
fying deep tissue infection.%®

Topical powdered antibiotics have been used for local delivery as an
adjunctive treatment for preventing surgical site infections.’®” Antibiotic
powders have the advantage of achieving an exceptionally high antibiotic
concentration at the surgical site for a sustained duration while mini-
mizing the adverse effects associated with high-dose systemic exposure.
Antibiotic powders have particular utility in treating orthopedic injuries
with compromised vascularity, which can impede systemic drug delivery.
However, local delivery of prophylactic antibiotics is not routinely used
due to a lack of reliable evidence-base to support the practice, despite
some studies indicating protective effects and cost-effectiveness. %%
Based on preclinical studies with CSA-90 applied topically in solution,”
there is potential for CSAs to be tested via an intra-wound approach in
powdered form.

Another local use of antibiotics is loading within poly-methyl
methacrylate bone cement. These can be used to fabricate spacers
during the two-stage exchange of knee and hip prostheses for the

treatment of PJI,*°

and also for the Masquelet technique. Thermal
instability is a limitation of many antibiotics, precluding their use
within bone cement that is cured using a highly exothermic process.
Notably, CSA-90 is thermostable and was active following elution
from both calcium sulfate and bone cement.””

Hydrogels are ideal vehicles for local antimicrobial delivery as they
can hydrate cells and support cell survival by providing an essential
matrix for growth. A hydrogel film containing CSA-131 reduced bacterial

11 and was fast-tracked

and fungal colonization on an endotracheal tube,
by the FDA for clinical testing. Hydrogels combined with CSA-131 and
other CSAs (eg, CSA-134 and CSA-138) are effective against S. aureus and
P. aeruginosa biofilms on contact lenses.”® Although hydrogels generally
do not integrate with bone cells or nucleate cell-secreted calcium, an
osteoconductive hydrogel has been created using arginine-glycine-
aspartic acid (RGD)-alginate/hyaluronate.**® This compound also en-
hanced neovascularization and bone formation when the hydrogel was
combined with mesenchymal stromal cells, but it has not been explicitly
used in conjunction with antimicrobials.

Finally, CSAs may be highly applicable as coatings for implants
that are introduced to bone sites, particularly combined with the pro-
osteogenic properties of CSA-13 family members. To date, the
coating methods have not been particularly sophisticated, such as
adding the drug in solution and air drying [107]. Such methods yield
burst release with little sustained delivery. Polymer systems are a
logical advancement of coating methods due to their biocompat-
ibility, simplicity, and widespread use. In the sheep model, stainless
steel plates were hand-dipped in a primer (MED-160), air dried, and
then immersed in a dispersion of PDMS with CSA-13, and dried for
7 days.”® An in vitro elution study showed elution within 30 days, but
it is unclear whether this is reflective of in vivo usage. Other polymer
systems for CSAs have used polylactic acid.’*® Notably, many poly-
mer systems have acidic breakdown products that lead to osteoclast

stimulation and premature bone resorption.

Research®
4 | CONCLUSION

CSAs are broad-spectrum antimicrobials with high efficacy against
various types of bacterial, viral, fungal, and parasitic infections, in-
cluding the most common causative agents of orthopedic diseases
and drug-resistant microorganisms. CSAs can permeate bacterial and
fungal biofilms effectively in lower concentrations than other classes
of antibiotics, and it is confirmed that CSA coating can reduce biofilm
formation and prevent bacterial infections associated with orthope-
dic implants. Since CSA resistance is less likely to be developed by
bacteria through continued exposure, CSAs are highly potent for
device and implant coating.

With cytotoxic effects of CSAs only seen at high concentra-
tions, CSA-13 and the CSA-13 sub-class (including CSA-90 and
CSA-131) demonstrate wound-healing effects, osteogenic prop-
erties, and anti-cancer activities at non-cytotoxic concentrations.
CSAs have broad potential to become therapeutics for orthope-
dics, but further studies will be needed to identify the most sui-
table roles as topical, local, or systemic agents and as stand-alone

or adjunctive treatments.
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1.3. Preventing osteolytic lesions and osteomyelitis in multiple myeloma

This section provides a comprehensive review of clinical trials and case reports focusing on
osteolytic lesions and multiple myeloma-related bone infections. This review article has been
peer reviewed and published in the Journal of Bone Oncology (IF: 4.07). It is included here in

manuscript format.
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HIGHLIGHTS

o Myeloma bone disease is a challenging complication of multiple myeloma and one of increasing treatment interest.

e Over 90% of patients develop local osteolytic lesions and skeletal-related events at some point during the progression of the disease.

e Bone lesions can induce severe pain and immobility and can also increase the risk of fractures and osteomyelitis.

e Denosumab can reduce skeletal-related events and bortezomib/1D11 can reduce bone destruction and pathological fractures in multiple myeloma patients.

ARTICLE INFO ABSTRACT
Keywords: Multiple myeloma is a hematological malignancy affecting the plasma cells. It is the second most common he-
Multiple myeloma matologic cancer in adults. Over 90% of patients develop local osteolytic lesions and skeletal-related events at

Myeloma bone disease
Osteolytic bone infections
Osteomyelitis

Cancer

some point during the progression of the disease. Bone lesions can induce severe pain and immobility and can
also increase the risk of fractures and osteomyelitis. Skeletal complications are associated with poor clinical
outcomes, affecting quality of life and mortality. Current standards of care for myeloma, e.g., autologous stem-
cell transplantation (ASCT) and chemotherapy, do not lessen the risk of adverse events in bone. Once bone le-
sions are present, bone-targeted interventions are limited, with bone antiresorptive drugs being a mainstay of
treatment. This review highlights the growing literature surrounding osteolytic lesions and bone infections
associated with multiple myeloma and assesses current and emerging treatments. Emerging evidence from
clinical trials suggests that denosumab can reduce skeletal-related events, and the potential application of bor-
tezomib/1D11 can reduce bone destruction and pathological fractures in MM patients. Once established, bone
lesions are prone to develop osteomyelitis — especially in immunocompromised individuals. Antibiotics and
surgical interventions have been used to manage bone infections in most reported cases. As the bone infection
risk associated with MM bone lesions become more evident, there is scope to improve patient management by
mitigating this risk with prophylactic antimicrobial therapy.

1. The disease burden of multiple myeloma worldwide is estimated to be 21 per 1,000,000, and ~150,000 in-

dividuals are newly diagnosed every year worldwide [2,3]. The mor-

Multiple myeloma (MM) is a currently incurable hematological tality of MM accounts for 1 % of all cancer-related deaths and an
malignancy affecting the plasma cells. It is the second most common estimated 72,000 people die from MM annually [4].

hematologic cancer in adults, accounting for 10 % of hematologic ma- Multiple myeloma features clonal proliferation of B-lymphocyte-

lignancies and 1 % of all cancers [1]. The incidence rate of MM derived plasma cells in the bone marrow that leads to progressive
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immune dysfunction. MM typically starts as a monoclonal gammopathy
of undetermined significance (MGUS) or smouldering multiple myeloma
(SMM), both of which can be asymptomatic [5]. At present, MM is still
considered a single disease, but clinically, it is a collection of several
different cytogenetically distinct plasma cell malignancies. Patients with
MM can develop a range of complications including anemia, immune
dysfunction, renal impairment and osteolytic bone lesions before ulti-
mately succumbing to their disease [6].

MM is often identified coincidently following blood testing for gen-
eral symptoms, such as bone pain. A diagnostic confirmation is achieved
through serum biochemistry, blood cell counts, serum or urine tests or a
bone marrow biopsy for monoclonal M—protein production or free light
chains [7]. The criteria for the diagnosis of multiple myeloma requiring
therapy are 10 % or more plasma cells in the bone marrow, abnormal
immunoglobulins in the blood/urine and the presence of one or more
myeloma defining events (MDE), including hypercalcemia, renal failure,
anemia, and lytic bone lesions [8].

In general, the prognosis of multiple myeloma is poor despite the
advancement of anti-myeloma therapy. According to the revised inter-
national staging system (RISS), there are three stages of multiple
myeloma. In stage one, patients’ levels of albumin, beta-2-microglobulin
(B2M) and lactate dehydrogenase (LDH) are normal, and it is most
treatable at this stage. However, most patients are diagnosed in stage
two, in which case, their albumin level is low, B2M level may increase,
and more than half of these patients will live seven years or more past
the start of treatment. In the advanced stage three, patients will have
high B2M and/or LDH levels, suggesting the disease is widespread and
more than half of patients in this stage will survive for another three and
a half years [9,10]. The rate of SRE and bone lytic lesions is also high,
and it is often lytic disease or fracture that provokes a late-stage diag-
nosis. Overall, only 50.7 % of MM patients were alive five years post
diagnosis, mostly due to the under detection and difficulties to diagnose
MM until it has progressed. In addition, only approximately 5 % of MM
patients are diagnosed at an early stage. Their five-year survival rate is
higher (71 %) than later-stage diagnosis (48 %).

2. Clinical interventions for multiple myeloma

Conventional chemotherapy for MM uses melphalan, an alkylating
agent, and prednisone [11], and it has been the gold standard condi-
tioning regimen for decades. Currently, MM patients are typically
treated with approximately-three to four cycles of induction therapy
with bortezomib (an antineoplastic agent), lenalidomide (an immuno-
modulatory drug), and dexamethasone (VRd) prior to stem cell harvest.
In the presence of acute renal failure, other bortezomib-containing
regimens such as bortezomib-thalidomide-dexamethasone (VTd) or
bortezomib-cyclophosphamide-dexamethasone (VCd) can be used
instead of VRd. However, the low-dose dexamethasone regimen (40 mg
once a week) is generally preferred with chemotherapies to minimize
toxicity [12].

After harvest, patients can either undergo frontline autologous stem
cell transplantation (ASCT) or resume induction therapy delaying ASCT
until first relapse. ASCT can prolong patient survival and has become the
standard of care for treating newly diagnosed multiple myeloma in
young and select, fit, elderly patients [13]. Still, not all MM patients are
suitable candidates for ASCT. One of the key clinical challenges is to
critically assess the patient’s overall health to ensure a balance between
risks and benefits [14].

Since patients can become refractory to their initial treatment,
multiple therapeutic options have been developed and can improve
long-term outcomes. Combined therapies with thalidomide, lenalido-
mide, bortezomib and dexamethasone have been shown to significantly
improve the five-year related overall survival from 29 % to 35 % over
the past 20 years [15-19]. Meanwhile, trials with immunomodulatory
drugs (e.g., pomalidomide), proteasome inhibitors (e.g., carfilzomib and
ixazomib), histone deacetylase inhibitor, CD38-targeting monoclonal
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antibodies and B-lymphocyte mutation antigen CAR T-lymphocyte
therapy have also shown promising outcomes [20-24].

Thalidomide slows blood vessel growth around the abnormal plasma
cells (anti-angiogenesis), and it is an effective and well-tolerated front-
line chemotherapy for MM [25]. As an initial treatment to prepare pa-
tients for autologous stem-cell transplantation, thalidomide in combi-
nation with dexamethasone resulted in higher response rates than the
combination of vincristine, doxorubicin, and dexamethasone or dexa-
methasone alone [25,26]. Clinical trials have shown prolonged
progression-free survival rate and improved depth of response when
combinations of conventional (e.g. melphalan and prednisone) and
novel therapies (e.g. thalidomide or lenalidomide) are applied
[15,27-31].

Subsequently, daratumumab (16 mg/kg), an IgG-kappa monoclonal
antibody targeting CD38, is approved as monotherapy in patients with
heavily pre-treated relapsed or refractory multiple myeloma (RRMM)
and in combination with bortezomib/dexamethasone or lenalidomide/
dexamethasone [32].

Since many MM patients become refractory to treatment and re-
lapses are likely to occur in all cases, clinical trials are constantly
focusing on testing new chemotherapeutics and refining immunother-
apies. Although the treatment of multiple myeloma is rapidly evolving,
and there are many options available, daratumumab is to some extent
the final treatment option for MM. In contrast to the extensive de-
velopments in anti-tumor therapeutics, therapeutic management of
myeloma-induced skeletal-related events remain under-researched.
Given the increased survival rates we have achieved with tumor tar-
geted therapies, this is becoming more pertinent as this increases the
time frame during which skeletal related events such as fracture can
occur. Therefore, there is significant potential to reduce the burden of
disease and improve the patient experience by specifically addressing
the osseous lesions and resulting complications [33].

3. Osseous lesions and associated complications in myeloma
bone disease

Myeloma bone disease (MBD) is a common and devastating
complication of multiple myeloma and a major cause of increased
morbidity and mortality [34,35]. The clinical features of MM are
enhanced bone loss mainly associated with the axial skeleton and pelvis,
such as diffuse osteopenia, focal lytic bone lesions, spinal cord
compression, pathological fractures, hypercalcemia, renal insufficiency,
and bony pain [36]. Indeed, at least 85 % of MM patients show some
degree of osteopenia at diagnosis, and the severity of bone destruction
typically correlates with tumor burden and prognosis [35,37]. More-
over, 80-90 % of patients will develop osteolytic bone lesions as their
cancer progresses, which can negatively affect quality of life and worsen
survival prospects.[38,39].

As the low sensitivity of skeletal survey in identifying lytic bone le-
sions in MM patients has necessitated the use of more sophisticated
imaging approach, whole-body low-dose CT (WBLDCT) is recommended
as the imaging modality of choice for the initial assessment of MM-
related lytic bone lesions [40]. Meanwhile, MRI is the gold standard
imaging modality for detecting bone marrow involvement and to rule
out spinal cord compression in MM patients [41]. In contrast, XR, PET/
CT and MIBI imaging are not recommended for routine use in the
management of myeloma patients but can still provide valuable prog-
nostic data to assess the response to therapy and warrant clarification of
previous imaging findings in selected cases [42].

Clinical data suggest that bone pain is common in MM patients (63
%) and most patients (74 %) had two or more bone lesions at initiation
of first-line treatment [43]. Pain can be intense, but the focal lytic lesions
can also lead to bone deformation, spinal cord compression and
concomitant height loss, and pathological fractures. However, in the
early stage, MM patients were often asymptomatic and underdiagnosed
until initial orthopedic symptoms associated with bone pain occur. In
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some cases, the pain and fractures precede osteoclastic-activating
growth factors, driving further osteopenia and lesions. The cytokine
release and the lack of osteoblastic response are also contributed to
deterioration [44].

Mechanistically, osteolytic lesions and bone pain are caused by bone
marrow infiltration by malignant plasma cells and expansion within the
bone microenvironment [45]. Most lesions are localized to the spine,
spinal discs, ribs, skull, or pelvis. Bone destruction in MM is multifac-
torial, resulting from an interaction of bone marrow stromal cells and
myeloma tumour cells within the microenvironment of the bone marrow
[44]. MM is often characterized by a loss of synchronization between
bone formation and resorption, associated with an excess osteoclasts and
reduced osteoblast activity [35,36].

The pathogenic mechanism of MM involves the interaction between
multiple signaling pathways and cell types (Fig. 1). In brief, tumor cells
that enter and colonize the bone microenvironment propagate osteolytic
lesions by increasing osteoclast activation and differentiation [46].
Tumor cells express receptor activator of NF-kB ligand (RANKL) and
macrophage inflammatory protein-1a (MIP-1a, CCL3), which stimulate
differentiation of osteoclast progenitors in the bone marrow into mature
osteoclasts. Local expression of parathyroid hormone-related protein
(PTHrP), IL-6, along with stromal cell-derived factor-1 (SDF-1 or
CXCL12), osteopontin, and matrix metalloproteinase 13 (MMP13) can
further promote bone turnover by osteoblasts and osteoclasts. MIP-1aq,
PTHrP and IL-8 upregulate RANKL in stromal cells, further stimulating
osteoclastogenesis indirectly. Additionally, Dkk1 and IL-7 from multiple
myeloma cells can suppress osteoblast differentiation from mesen-
chymal stromal progenitors. These alterations in bone turnover led to
the initiation of the well described vicious cycle in which osteoclast
resorption of bone matrix releases pro-tumorigenic factors such as TGFp,
osteopontin and GDF15, stimulating further MM cell expansion in bone
[47,48]. Overall, this results in a positive feedback loop of tumor pro-
liferation and bone destruction.

4. Conventional and emerging treatments for myeloma bone
disease

Nearly 30 % of patients with multiple myeloma have pathological
fractures in the spine and long bones [52]. If the patients are not treated
in a timely fashion, these can lead to long-term or permanent disability
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and severely impact their quality of life. Patients with a single bone
lesion, a negative bone marrow biopsy, and no paraproteinemia in
serum had a better survival probability [53]. In these conditions, sur-
gical intervention can strengthen and support the weak section of the
bone. However, surgical treatment in patients with multiple myeloma is
mostly limited to a palliative approach. Although osteolytic lesions and
skeletal diseases are common in multiple myeloma patients, studies
focusing on treating osteolytic lesions in multiple myeloma are limited.
Only several clinical trials in the past twenty years focused on treatment
in MM patients with orthopedic measures. To examine the clinical evi-
dence for the current therapies to treat bone lesions or osteomyelitis, we
conducted a semi-systematic search for clinical trials in the English
literature using the PubMed database was conducted. All searches were
limited to January 2000-Decemeber 2021. We used medical subject
headings (MeSH) and keyword terms in the title/abstract, and the final
search used the terms “multiple myeloma AND bone lesion OR osteolytic
lesions OR osteomyelitis OR bone infection” and filtered for “clinical
trials” only. Additional clinical trials that were found relevant to the
subject were manually added to the list. Clinical trial findings are
summarized chronologically in Table 1.

4.1. Bisphosphonates can prevent bone disease in NDMM patients

Bisphosphonates (BPs) are bone antiresorptives with a long history of
clinical use, particularly for treating cancers that have metastasized to
the bone [66]. Pamidronate and zoledronic acid (ZA) are third-
generation nitrogen-containing BPs with a high potency [67]. When
given by intravenous infusion, these agents can preserve skeletal
integrity and minimize the impact of MBD [68]. This can reduce the risk
of complications caused by pathologic fracture, spinal cord compression
and hypercalcemia due to persistent osteolytic lesions [69]. Numerous
clinical trials have demonstrated the efficacy of bisphosphonates (BPs)
in preventing skeletal-related events in newly diagnosed multiple
myeloma (NDMM) patients [33,56,57,59,60,64]. The application of
high-dose BPs has been linked to osteonecrosis of the jaw and are con-
traindicated when dental procedures are required [70]. However, they
can represent an invaluable tool for the management of osteolytic
lesions.

One of the more notable studies to highlight the utility of BPs in the
management of MM was the comprehensive and randomized MRC

Fig. 1. Interactions of tumor cells and
drug activities with osteoblasts, osteo-
clasts bone marrow stromal cells and
immature myeloid cells. The schematic
incorporates points of drug intervention
including bisphosphonates (BPs) to
reduce osteoclastic activity [49]; Deno-
sumab a neutralizing antibody inhibitor
of RANKL that suppresses osteoclasto-
genesis [50]; and first-in-class protea-
some inhibitor (PI) bortezomib that can
increase vitamin D receptor (VDR)
signaling and markers of osteoblast dif-
ferentiation [51]. Notably, no thera-
peutic approach will eliminate the lytic
bone lesions caused by MM and can still
have progression of skeletal disease if
the osteolytic lesions are left untreated
[36].

Immature myeloid cells
(MDSCs, osteoclast progenitors)

Osteoblasts
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Table 1
Summary of clinical trials focused on treatment in MM patients with bone defect measures (Jan 2000- Dec 2021).

References Cohort Phase  Study design Treatment groups and medications Outcomes

Barlogie et al. 76 adult patients with I Survival surveillance  Thalidomide (200 mg/d) with monthly No SMM patients had hypercalcemia more than
2008 [54] smoldering multiple and cohort study pamidronate (PAM) 2.625 mM (10.5 mg/dL).

myeloma SMM) No patients developed hypercalcemia or bone
lesions after treatment.
36 % of patients required reduced dosing due to
peripheral neuropathy.Other side effects include
neutropenia and dizziness
(8 %), fatigue, thrombocytopenia, and
cardiovascular events (7 %).

Rajkumar 445 adult patients with ND Open label, High dose group: lenalidomide (25 mg) on 149 patients (67 %) in the high-dose group had
et al. 2010 MM randomized days 1-21 plus dexamethasone 40 mg ondays ~ bone disease at baseline compared with 127 (57
[15] controlled trial 1-4, 9-12, and 17-20 of a 28-day cycle %) of 222 in the low-dose group.

Low dose group: lenalidomide (25 mg) given =~ No improvement in bone disease incidence

on the same schedule with dexamethasone between the high-dose (67 %) and low-dose (57 %)

40 mg on days 1, 8, 15, and 22 of a 28-day groups.

cycle Lenalidomide plus low-dose dexamethasone is
associated with better short-term survival, and
with lower toxicity than lenalidomide plus high-
dose dexamethasone.

Gimsing et al. 504 patients of any age 111 Double-blind, multi- Group 1: received pamidronate (30 mg) Median time to first skeletal-related event in
2010 [55] with untreated center, randomized monthlyGroup 2: pamidronate patients was 9.2 month in the 90 mg and 10.2

symptomatic multiple controlled trial (90 mg) monthly months in the 30 mg group.

myeloma Eight patients in the 90 mg group developed
osteonecrosis of the jaw compared to only two
patients in the 30 mg group.
Pamidronate 90 mg per month was not superior to
a dose of 30 mg for prevention of skeletal events or
for improvement of QOL in patients with NDMM.
No further inhibition of the osteoclast by
bisphosphonates can be achieved by higher doses.

Morgan et al. 1960 patients with ND Randomized trial Intensive treatment pathway: Patients who received attenuated oral

2012 [56]

Witzig et al.
2013 [57]

Miguel et al.
2013 [58]

NDMM

68 adult MM patients

455 adult patients with
refractory or relapsed
multiple myeloma

I

I

Randomized trial

Multicentre, open
label, randomized

trial

Group 1: CLO + CVAD

Group 2: ZA + CVAD

Group 3: CLO + CTD

Group 4: ZA + CTD
Non-intensive treatment pathway:
Group 5: CLO + MP

Group 6: ZA + MP

Group 7: CLO + CTDa

Group 8: ZA + CTDa

Group 1: Thalidomide (Thal)/Zoledronic acid
(zA)
Group 2: Zoledronic acid only

Group 1: pomalidomide + low-dose
dexamethasone
Group 2: high-dose dexamethasone

cyclophosphamide, thalidomide, and
dexamethasone (CTDa) had better responses and
lower SRE rates than melphalan and prednisolone
(MP).

Zoledronic acid (ZA) improved the overall survival
(0OS) compared with clodronate (CLO)
independently of gender, stage, or myeloma
subtype, most profoundly in patients with baseline
bone disease or other SREs.

In patients treated for more than two years, ZA
improved OS compared with CLO from
randomization.

Thalidomide-containing regimens had better
efficacy than traditional regimens, and ZOL
demonstrated greater benefits than CLO.

The risk of progression to active MM significantly
reduced with a combination of Thal and ZA.

The time to progression (TTP) was superior for
Thal/ZA (n = 35) patients compared with ZA alone
(n = 33).

In the first year, 86 % of Thal/ZA patients were
progression free compared with 55 % on ZA alone.
The overall response rate after the first year was
37 % for Thal/ZA with a median duration of
response of 3.3 years, but there were no confirmed
responses to ZA alone.

The addition of Thal to standard ZA treatment
produces anti-tumor responses whereas ZA alone
does not.

No significant difference of osteolytic bone lesions
(2 %) in both groups.

Pomalidomide plus low-dose dexamethasone
resulted in significantly longer progression-free
survival and overall survival, and a greater number
of responses compared with high-dose

(continued on next page)
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Table 1 (continued)
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References Cohort

Phase

Study design

Treatment groups and medications

Outcomes

Garcia-Sanz 100 adult patients with
et al. 2015 MM
[591]

Diel et al.
2015 [60]

3822 adult patients with
multiple myeloma

Moreau et al.
2018 [61]

578 adult patients with
relapsed and refractory
multiple myeloma

Raje et al.
2018 [33]

1718 adult patients with
NDMM

Terpos et al. 59 adult patients with
2019 [62] MM

I

I

I

Prospective, open-
label, randomized
trial

Double-blind, active-
controlled,
randomized trial

Multi-center,
randomized trial

Multi-center, double-
blind, randomized,
controlled trial

Open-label
prospective study

Group 1: Zoledronic acid (4 mg, IV, every-
four weeks)
Group 2: No zoledronic acid

Group 1: Denosumab (120 mg, IV) every-four
weeksGroup 2: Zoledronic Acid
(4 mg, IV) every-four weeks

Group 1: Carfilzomib once a week (70 mg/
m?) with dexamethasoneGroup 2:
Carfilzomib twice a week

(27 mg/m?) with dexamethasone

Group 1: subcutaneous denosumab (120 mg)
with intravenous placebo every 4
weeksGroup 2: intravenous zoledronic acid
(4 mg; dose adjusted for renal function at
baseline) with subcutaneous placebo every 4
weeks

Lenalidomide (VR) (25 mg)Bortezomib
(0.7-1.3 mg/m?)Valacyclovir

(500 mg)Trimethoprim/sulfamethoxazole
(800 mg/160 mg)

dexamethasone in patients.

The median PFS was 4.0 months in the low-dose
dexamethasone group compared with 1.9 months
in the high-dose group.

Clinical data showed that high-dose
dexamethasone resulted fewer infections and
infestations (53 % vs 68 %), back pain (16 % vs 20
%) and bone pain (13 % vs 17 %).

ZA shows no anti-tumor effect but reduces the risk
of progression with symptomatic bone disease and
skeletal complications.

There were fewer skeletal-related events in the
treated group than in the untreated control group.
Progressive osteolytic bone lesions, spinal cord
compression and hypercalcemia were observed in
16 % of patients in the ZA group, and 41 % in the
control group (P = 0.005).

The pattern of relapses was different for treated
versus control patients, including progressive bone
disease (8 vs 20), anemia (24 vs 18), renal
dysfunction (1 vs 2), and plasmacytomas (1 vs 1).

Denosumab delayed hypercalcaemia of
malignancy (HCM), representing a 37 % reduction
in the hazard ratio (HR) compared with zoledronic
acid and reduced the risk of developing recurrent
HCM by 52 %.

Fewer patients receiving denosumab compared
with zoledronic acid experienced an HCM event.
Denosumab treatment was more efficacious than
treatment with zoledronic acid in delaying or
preventing HCM in advanced MM and other
cancers.

Once weekly carfilzomib and dexamethasone had
significantly improved progression-free survival,
higher overall response, and deeper responses
compared with patients who received twice
weekly carfilzomib with dexamethasone.

No difference in the incidence of bone lesions (77
%) presence.

Denosumab was non-inferior to zoledronic acid in
the prevention of skeletal-related events.

The greater progression-free survival with
denosumab than with zoledronic acid.
Denosumab had an improved renal adverse event
profile.

The risk of osteonecrosis of the jaw is an adverse
reaction of denosumab and zoledronic acid, there
was no significant difference in incidence between
the two groups.

The most common grade 3 or higher treatment-
emergent adverse events for denosumab and ZA
were neutropenia, thrombocytopenia, anemia,
febrile neutropenia, and pneumonia.

Denosumab could be an additional option for the
standard of care for patients with MM-related bone
diseases.

Four cycles of VR consolidation without
dexamethasone after ASCT in NDMM patients
improved the depth of response and survival
outcomes with a manageable safety profile.

58 % of patients improved their response status
after ASCT, but 39 % patients following VR
consolidation had further deepened response.
Stringent complete response rate increased to 51 %
after VR from 24 % post-ASCT.

A favorable effect on bone remodeling and
skeletal-related events (SRE) incidence was
observed in the absence of bisphosphonates.

(continued on next page)
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Table 1 (continued)
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References Cohort Phase  Study design

Treatment groups and medications

Outcomes

Fazzi et al. 44 adult patients with I
2020 [63] MM

Multi-center, single
arm trial

Huang, et al. 1718 adult patients with I
2020 [64] MM

Double-blinded,
randomized trial

Diamond 108 adult patients with II Single-arm, single
et al. 2021 MM center

IL-2 (SC, 2x10° IU)Zoledronic acid
IV, 4 mg)

Group 1: Denosumab 120 mg (SC)
Group 2: Zoledronic acid 4 mg (IV)

Oral lenalidomide (10 mg) was given on days
1-21 of a 28-day cycle continuously, until
[65] progression or intolerance, for up to 5 years
on protocol

Aspirin was required for thrombophylaxis

VR consolidation is an effective, dexamethasone-
and bisphosphonate-free approach that offers long
overall survival with improvements on bone
metabolism and no SREs.

The median time to progression was 22.5 months.
Treatment was well-tolerated without grade 3 or 4
toxicities.

IL-2 and zoledronate may have activity against
myeloma possibly through the activation of y3 T-
lymphocytes.

The clinical benefit does not support the use of
maintenance treatment with IL-2/zoledronate in
myeloma patients after autologous bone marrow
transplantation.

The most common adverse events reported in
either group (denosumab, zoledronic acid) were
diarrhea, nausea, and pyrexia.Treatment-
emergent renal toxicity occurred in 9/102
(denosumab) and 20/92 (zoledronic acid)
patients.

Fewer patients in the denosumab group developed
first on-study SRE compared with the zoledronic
acid group.

Results support denosumab as an additional
treatment for standard of care for NDMM Asian
patients.

Median follow-up was 40.7 months. At 60 months,
progression-free survival was 64 %.

The most common adverse events of grade 3 or
higher were decreased lymphocyte count in 48 (44
%) patients and decreased neutrophil count in 47
(44 %) patients. One death occurred on study due
to sepsis and heart failure but was unrelated to the
treatment.

The treatment had several adverse reactions,
including fractures (3-6 %) and bone/other
infections (5-34 %).

Myeloma IX trial [56]. A cohort of nearly 2000 patients were dosed with
IV ZA versus oral Clodronate in combination with a variety of other
drugs (see Table 1). The primary outcome of overall survival was
significantly improved with ZA as a preferred agent over clodronate (the
historical treatment of choice [71]). A secondary conclusion was that the
combination of ZA with thalidomide yielded better efficacy than other
traditional regimens.

Gimsing et al (2010) cited a pre-publication of these findings to
justify their efforts to refine a BP dose given by monthly infusion to
prevent bone disease in NDMM patients [55]. Their study was double-
blinded and compared the incidence of skeletal-related events in pa-
tients who received 30 mg and 90 mg of pamidronate. While there was a
small difference in median time to the first skeletal event, they
concluded overall the safety benefits of the lower pamidronate dose
made it the superior treatment. Critically, the higher dose was linked to
an increase in osteonecrosis of the jaw and a lack of improvement in
quality of life. A limitation to this trial was the reliance on historical
placebo control data showing the efficacy of BP treatment alone.

Another notable study showed that BPs can prevent bone disease in
MM patients presenting with an asymptomatic biochemical relapse after
a prior response to standard therapy [59]. While early monotherapy
with ZA produced no anti-tumor effects, it nevertheless reduced the risk
of progression to symptomatic bone disease and skeletal complications.
Only 16 % of ZA-treated patients (4 mg IV/4 weeks, 12 doses) developed
osteolytic bone lesions, spinal cord compression and hypercalcemia —
significantly lower than the control group (41 %, p = 0.005). The pattern
of relapses was also different for treated versus control patients,
including progressive bone disease, anemia, renal dysfunction, and

plasmacytomas. However, follow-up was limited in patients that
remained asymptomatic and did not show progression after one year of
ZA treatment.

BPs are currently listed as a non-therapeutic intervention for pain
management in MM and the International Myeloma Working Group has
recommended that BPs should be considered in all MM patients
receiving first-line antimyeloma therapy regardless of the presence of
osteolytic bone lesions on conventional radiography [72]. Co-
morbidities associated with chronic kidney disease or dental complica-
tions can contraindicate their use, although this is not unique to MM and
is a consideration for all patients potentially receiving bisphosphonates
[70,73]. Under such circumstances, other emerging agents such as
denosumab may have considerable potential.

4.2. Denosumab can prevent skeletal-related events in MM patients

Denosumab is a monoclonal antibody that binds and blocks the ac-
tivity of RANKL. It is approved by the FDA for the management of MBD
and prevention of skeletal-related events (e.g. bone pain and fractures)
secondary to MM [74]. It is now considered as an alternative therapy for
MM patients with renal impairment where BPs may be contraindicated
[75].

The efficacy of denosumab has been tested in multiple clinical trials
[33,60,64]. Overall, these studies showed that denosumab (120 mg) was
more effective than ZA (4 mg) in preventing skeletal-related events
(SRE) and controlling hypercalcemia of malignancy (HCM). However,
the cost and accessibility of the antibody therapy must be considered in
contrast to more conventional BP therapies.
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Among MM patients, hypercalcemia of malignancy (HCM) is com-
mon (30-80 %) and associated with a poor prognosis. Diel et al. (2015)
conducted a phase III randomized trial (n = 3822) to compare the ac-
tivity of denosumab and ZA for delaying and preventing HCM in patients
with MM [60]. Denosumab treatment significantly delayed the time to
first onset HCM compared with ZA treatment. The higher efficacy of
denosumab treatment was observed as early as six months and
continued through to the end of the study. Denosumab also reduced the
risk of recurrent HCM by 52 %, suggesting it may be superior to BPs to
manage hypercalcemia in advanced MM patients. However, the overall
rates of adverse events (AEs) and serious adverse events (SAEs) were
similar between the denosumab and ZA treatment groups. This study did
include non-MM patients (e.g., breast cancer and other solid tumors),
which could have confounded these findings.

Still, the superiority of denosumab over ZA was further supported by
additional studies in terms of preventing skeletal-related events (SRE)
and controlling hypercalcemia of malignancy (HCM) [33,64]. As pre-
viously noted, chronic kidney disease is a contraindication for BP use,
and it was speculated that denosumab may be a better treatment option
under such conditions. Indeed, Raje et al. (2018) reported an improved
renal adverse event profile and greater progression-free survival rate
with denosumab [33]. Similarly, Huang et al. (2020) found that there
were fewer patients with treatment-emergent renal toxicity in the
denosumab group versus the ZA group, however, the absolute numbers
were low (9/102, 9 % vs 20/92, 22 %) [64]. In contrast, the risk of
osteonecrosis of the jaw not significantly different between denosumab
and ZA arms. While the study was well designed and powered, recruit-
ment was highly skewed towards Asian patients with MM. It also
excluded patients with compromised kidney function (a creatinine
clearance of less than 30 mL/min) as treatment assignment was blinded,
although this might represent a key target patient subgroup in terms of
future clinical treatment. Both studies concluded that denosumab could
be considered an additional option for managing patients with MM-
related bone diseases.

As a treatment option, denosumab may be limited by its so-called
“rebound phenomenon” that occurs upon discontinuation [76]. This is
associated with a sharp increase in osteoclast number and activity that
can lead to a profound increase in localized or systemic bone turnover.
Thus, the suspension of denosumab in the absence of any alternative
antiresorptive treatment may lead to adverse outcomes in some patients.

4.3. Bortezomib stimulates osteoblast growth and differentiation

Bortezomib is an anti-cancer medication used to treat MM and some
lymphomas and acts on the proteosome (a mechanism important for
maintaining the immortality of myeloma cells). It is often used in
combination with other agents, such as lenalidomide, dexamethasone,
melphalan and/or prednisone [77]. There is potential for bortezomib to
improve outcomes after autologous stem cell transplantation and it has
been tested in combination with nalidomide, valacyclovir, and
trimethoprim/sulfamethoxazole [62]. However, bortezomib has also
been suggested to upregulate vitamin D receptor signaling, which can
directly stimulate osteoblast growth and differentiation [51]. Bortezo-
mib has also be indicated to inhibit osteoclastogenesis and osteoclast
activity, the other side of bone metabolism equation [62,78].

The bone anabolic effects of bortezomib have been suggested to lead
to repair of lytic lesions in some patients, even in the absence of BPs.
Following stem cell transplantation, one study reported a favorable ef-
fect of bortezomib-based induction and lenalidomide (VR) consolidation
on bone remodeling and SREs [62]. This featured a normalization in
circulating bone markers including RANKL/OPG rations and serum
sclerostin. Notably, this trial eschewed the use of other classical bone-
affecting therapies such as BPs and dexamethasone but was limited to
only transplant-eligible NDMM patients.

It is unclear whether other next-generation proteasome inhibitors
(such as carfilzomib and ixazomib [79]) will produce similar bone-
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benefits to bortezomib in the bone compartment. While there is poten-
tial for these drugs to be effective MM therapeutics [80-82], there is a
critical lack of mechanistic studies addressing effects on myeloma pro-
gression versus direct impact on osteolytic lesions.

4.4. Chemotherapy does not reduce the formation of osteolytic lesions

Although chemotherapy remains the frontline treatment for MM,
there is little evidence that it positively impacts on the progression of
MBD and any established osteolytic lesions.

Miguel et al. (2013) recommended pomalidomide plus low-dose
dexamethasone to be used in patients with refractory or relapsed and
refractory MM who had failed previous treatments of bortezomib and
lenalidomide [58]. This was based on their findings that median
progression-free survival was 4.0 months in the low-dose dexametha-
sone group compared with 1.9 months in the high-dose group. While the
high vs low-dose dexamethasone did not significantly affect many bone-
related adverse events (e.g., back pain and bone pain), the overall rate of
infections and infestations was extremely high (68 %). The study did not
report what percentage affected the bone, but it does point to an overall
higher infection risk associated with MM.

A small but randomized trial reported the progression to active MM
was significantly reduced with thalidomide treatment [57]. However,
unless combined with ZA, thalidomide on its own did not prevent the
acquisition of osteolytic bone lesions. While the sample size was small,
the findings are consistent with the concept that many anti-cancer
agents are ineffective against MBD. In another trial, comparison of
high-dose versus low-dose lenalidomide and dexamethasone showed no
improvement in the incidence of bone disease [15]. This study had
greater numbers and showed difference in short-term survival with low-
dose treatment such that the high-dose group was transitioned to the
lower therapy after the 1-year interim analysis. While the MBD analysis
was limited, the early mortality in the first four months with high-dose
therapy suggests that even short courses carry significant risk, though
the study did not mandate thromboprophylaxis or antibiotic
prophylaxis.

Diamond et al. (2021) also tested oral lenalidomide (10 mg) given on
days 1-21 of a 28-day cycle continuously until progression or intoler-
ance for up to five years in patients with multiple myeloma. It was
evident that the treatment had several adverse reactions, which may
associate with fractures (3-6 %) and bone or other infections (5-35 %)
[65]. The most common adverse events of grade 3 or worse were
decreased lymphocyte count in 48 (44 %) patients and decreased
neutrophil count in 47 (44 %) patients. At 60 months, progression-free
survival was 64 %. One death occurred on study due to sepsis and
heart failure; though this was unrelated to treatment, it further illus-
trates the vulnerability of MM patients to infections. While this was a
single-center study it achieved sufficient recruitment to adequately
power its primary endpoint.

In another randomized trial, Moreau et al. (2018) tested the effi-
cacies of once (70 mg/mz) and twice weekly (27 mg/mz) carfilzomib
with dexamethasone (40 mg, weekly) in patients with relapsed and re-
fractory MM to bortezomib or ixazomib. The trial found no difference in
the incidence of bone lesions between both groups, and the treatments
did not reduce bone pain or skeletal events in NDMM patients [61].
However, once weekly carfilzomib and dexamethasone had significantly
improved progression-free survival, higher overall response, and deeper
responses compared with patients who received twice weekly carfilzo-
mib with dexamethasone. Nonetheless, this study was not double-
blinded and allowed for the possibility of selection bias.

4.5. Interleukin-2 does not prevent myeloma bone disease
In 2020, a phase II trial determined the efficacy of interleukin-2 (IL-

2) combined with zoledronate (4 mg). It shows that IL-2/zoledronate
activates T-lymphocytes against myeloma cells in MM patients. Whilst
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the treatment is feasible in terms of adverse events, it is challenging for
patients to have numerous visits to the hospital. The clinical benefits
observed in terms of time to progression also did not support the use of
maintenance treatment with IL-2/zoledronate as a treatment option in
myeloma patients after autologous bone marrow transplantation [63].
No clinical data indicated that IL-2 could prevent bone diseases in MM
patients.

However, the idea of immunotherapy for myeloma bone disease may
still be valid as multiple preclinical in vivo studies have identified some
proteins (e.g., sclerostin, parathyroid hormone, and BMP) that play a
crucial role in myeloma bone disease progression, and are prone to be
therapeutic targets [83-88]. Clinical studies exploring such potential
will be discussed later in this review.

5. MM lytic lesions as a risk factor for osteomyelitis

MM patients that are immunocompromised by chemotherapy,
transplantation or steroid medications can be susceptible to infections.
However, the medical literature rarely highlights the risks of bone
infection associated with myeloma bone disease. While the literature to
date chiefly consists of case reports rather than rigorous prospective
trials, the anecdotal evidence would suggest that this may be an area of
clinical concern that justifies further investigation. Moreover, when
osteomyelitis effects a cancerous bone lesion, the clinical outcomes are
often poor.

Consequently, we conducted a literature search on PubMed database
looking for clinical case reports of osteomyelitis in multiple myeloma
patients. All searches were limited to January 2000- December 2021. We
used medical subject headings (MeSH) and keyword terms in the title/
abstract, and the final search used the terms “multiple myeloma AND
bone lesion OR osteolytic lesions OR osteomyelitis OR bone infection”
and filtered for “case reports” only. Additional reports that were found
relevant to the subject were manually added to the list. All case reports
were summarized in Table 2.

Various bacterial pathogens have been reported to cause osteomye-
litis in multiple myeloma patients, including Staphylococcus aureus and
coagulase-negative Staphylococci [89], Streptococcus pneumoniae
[89,93], Escherichia coli [90,92], Haemophilus quentini [94]. Most re-
ported infections were associated with vertebra, particularly in the
lumbar region.

Desikan et al. (2003) reported three cases of spondylodiscitis and
epidural abscesses in MM patients. Staphylococci and Streptococci were
found in culture [89]. One 72-year-old male patient received discectomy
and corpectomy of C4-C5 vertebrae along with arthrodesis of the C3-C6
vertebrae. Another 56-year-old male patient received a partial lam-
inectomy of L4-L5 to evacuate the epidural abscess, and then received
intravenous vancomycin for six weeks with no recurrence of vertebral
infections. The third case, a 61-year-old male patient had spondylo-
discitis of the L5-S1 disc space. The patient received intravenous van-
comycin for one month and had no recurrence of pain. Evaluations were
normal for the next three years.

Roque et al. (2021) reported a 57-year-old man with lumbar pain,
paraplegia and fever was diagnosed with spondylodiscitis. MRI identi-
fied a mass extending from the intervertebral disc D9 to the vertebral
canal with a numerous adjacent osteolytic lesion. A plasmacytoma was
later confirmed by a biopsy of D9, suggesting skeleton osteolytic lesions
caused by multiple myeloma [96]. In the end, a short course of radiation
therapy and high-dose corticosteroids were used to treat the patient.

Yu et al. (2010) revealed a case of a 57-year-old female patient with
IgG kappa gammopathy with tenderness and knocking pain over the
lumbar area (L2) [90]. Blood culture later confirmed an E. coli infection
and a CT-guided biopsy at the L2 vertebra confirmed infectious spon-
dylitis. The patient was first treated with intravenous oxacillin, and then
switched to cefazolin and cefuroxime. The patient was free of recurrent
back pain and fever six months after, and was subsequently treated with
melphalan, dexamethasone and thalidomide for MM [90]. Park et al.

Journal of Bone Oncology 37 (2022) 100460

(2016) also reported a 74-year-old female patient with Fever and diffuse
abdominal pain and septic shock [92]. Chest CT showed emphysema-
tous osteomyelitis on her T6 vertebra, and blood culture was positive for
E. coli.

Although most MM patients with osteomyelitis were above 50 years
of age, osteomyelitis sometimes occurred in younger patients. Webber
et al. (2017) reported a 25-year-old male patient with femoral pyo-
myositis, hypercalcemia, mild anemia [93]. The patient was later
diagnosed with IgG kappa multiple myeloma, and Streptococcus pneu-
moniae was identified. The patient received zoledronate for hypercal-
cemia and completed a four-week course of IV ceftriaxone for the
infection. He also received bortezomib-lenalidomide-dexamethasone
therapy and autologous bone marrow transplant for MM. One year
later, the swelling and the pain were resolved.

Apart from bacteria, other invasive fungal pathogens can also cause
bone infections in MM patients. Mohan et al. (2016) and Sassine et al.
(2021) reported two individual cases of osteomyelitis associated with
Lasiodiplodia and Cryptococcus neoformans in MM patients [91,95]. A 69-
year-old male patient had relapsed refractory MM and was admitted for
chemotherapy and ASCT was infected with Lasiodiplodia. In the end, the
infection was treated with amputation and antifungal medications (oral
voriconazole alone after 14 days of liposomal amphotericin B). In the
other case, a 77-year-old male patient had multiple myeloma treated
with lenalidomide developed a slowly progressive right upper thigh pain
with no antecedent trauma or known history of osteolytic lesions. Tissue
cultures and bone histology later identified Cryptococcosis. The patient
had then received intravenous liposomal amphotericin B (5 mg/kg
daily) for one week and was discharged on a high dose (800 mg/day) of
oral fluconazole. Nailing of the femur was conducted to prevent fracture
and following a switch to oral voriconazole (300 mg twice daily) for
three months.

Despite the high patient impact of these complications, it must be
recognized that only ten published case reports of osteomyelitis asso-
ciated with MBD were identified and most were single cases only.
Moreover, many did not fully address the management or outcomes. In
the absence of unbiased clinical data longitudinally tracking infection
comorbid with MBD it is not possible to gauge the relative infection risk
associated with osteolytic lesions.

6. Discussion

Multiple myeloma is a malignant tumor of plasma cells that involves
the bone marrow and can cause severe lytic bone damage in the axial
skeleton and pelvis. Primary bone tumors and lesions are commonly
found in the spine, pelvis, skull, sternum, and ribs [97]. Skeletal com-
plications caused by multiple myeloma are associated with considerable
pain in patients, increased mortality, and low quality of life.

Infection is the leading cause of morbidity and mortality in patients
with multiple myeloma (MM) [98]. Although osteomyelitis is not the
most common form of infections among MM patients, osteolytic bone
lesions and profound immunodeficiency can increase the risk of devel-
oping bone infections in immunosuppressive MM patients. In severe
cases, infection results in life-threatening complications, including
bacteremia, organ failures, septic shock, or even death [99]. While bone
infections are manageable in most reported cases with broad spectrum
antibiotics, prolonged hospitalization, antibiotic treatment, and addi-
tional surgeries could significantly increase the burden of disease and
severely affect the prognosis with increased mortality. Also, drug-
resistant bacterial infection has been reported [91], and can poten-
tially be a major threat to MM patients in the future.

Subsequently, clinical trials focusing on antimicrobial prophylaxis in
multiple myeloma are limited, and the data are inconsistent. Oken et al.
(1996) showed that administering trimethoprim-sulfamethoxazole
(TMP-SMX) for the first two months of initial chemotherapy is effec-
tive, inexpensive prophylaxis for early bacterial infection in multiple
myeloma [100]. However, Vesole et al. (2012) contradictorily reported
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Table 2

Summary of case reports focused on treatment of bone infections in MM patients (Jan 2000- Dec 2021).
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References Patient Medical history, sign, and symptoms Infection site and causative pathogens Treatments and clinical outcomes

details

Desikan, 72, Male Stage IIA kappa light-chain disease, received 140  Spondylodiscitis with prevertebral and epidural ~ Received discectomy and corpectomy of C4
et al. mg/m? melphalan after induction therapy with abscesses causing impingement of the cervical and C5 vertebrae along with arthrodesis of
(2003) 40 mg of dexamethasone cord the C3-C6 vertebrae.

[89] Had a history of oxacillin-resistant Staphylococcus ~ Blood culture was positive for S. aureus
aureus infection, treated with intravenous
vancomycin
Three months later, readmitted with significant
right shoulder pain and required intravenous
morphine

Desikan, 56, Male Stage IIIA IgG lambda multiple myeloma An MRI scan revealed spondylodiscitis of disc A partial laminectomy of L4 was performed

etal. Received induction therapy and tandem L4-L5 with an associated epidural abscess. to evacuate the epidural abscess.
(2003) transplants Culture of the epidural abscess showed positive ~ Received intravenous vancomycin for six
[89] Recurrence of MM with severe low back pain for Streptococcus pneumoniae with weeks, and no recurrence of vertebral
intermediate resistance to penicillin. infection was observed.
The patient suffered respiratory infections
and died of progressive disease one year
later.

Desikan, 61, Male VAD refractory stage IIIB kappa light-chain An MRI revealed spondylodiscitis of the L5-S1 Received intravenous vancomycin for one
etal. myeloma received combination chemotherapy disc space. month.

(2003) with dexamethasone, thalidomide, cisplatinum, A CT-guided aspirate was positive for The patient had no recurrence of pain.
[89] adriamycin, cyclophosphamide and etoposide coagulase-negative Staphylococci. Evaluations were normal for the next three

(DT-PACE) for stem cell procurement. years.

Developed fever, complained of localized pain

and tenderness of the lower back before

admission for stem cell transplant.

The back pain worsened during the post-

transplant neutropenic period.

Yu et al. 57, 1gG kappa gammopathy (subsequent diagnosis of  Blood culture revealed Escherichia coli, and a First treated with intravenous oxacillin, then
(2010) Female myeloma), had 3-week history of chill and low CT-guided biopsy at the L2 vertebra confirmed  switched to cefazolin and cefuroxime.
[90] back pain. No history of trauma. The patient also  infectious spondylitis. Neurological deficit was alleviated after

had mild tenderness and knocking pain over the eight weeks of antibiotic therapy.

lumbar area. The patient was free of recurrent back pain
The MRI of spine demonstrated hyperintensity at and fever six months after discharge, and
the L2 body with a pre-vertebral abscess, was subsequently treated with melphalan,
suspected spondylitis. dexamethasone and thalidomide for MM.

Mohan et al. 69, Male Relapsed refractory MM, admitted for Lasiodiplodia Successfully treated with amputation and
(2016) chemotherapy and autologous stem cell On day 6 post ASCT, the patient reported new antifungal medications (oral voriconazole
[91] transplant (ASCT). swelling and erythema of the third right toe. alone after 14 days of liposomal

He was diagnosed with MM and had been heavily = Physical examination showed hemorrhagic amphotericin B).
treated in the past including three prior ASCTs. bullae around the nail with reddish

He was admitted for velcade, dexamethasone, discoloration of the entire third right toe and
thalidomide, adriamycin, cytoxan, and etoposide = minimal oedema.

administration days 1 to 4, with one dose of

melphalan and ASCT on day 6.

He developed new onset atrial fibrillation with

acute renal failure, and the neutropenic phase

was further complicated with sepsis caused by

vancomycin- and daptomycin-resistant

Enterococcus faecium bacteremia. The infection

was successfully treated with quinapristin-

dalfopristin.

Park et al. 74, Fever and diffuse abdominal pain and septic Escherichia coli in blood culture Meropenem and supportive treatment
(2016) Female, shock Chest computed tomography (CT) showed The patient recovered and was discharged
[92] Korean Multiple myeloma, had 2 cycles of chemotherapy  incidental intraosseous gas in her sternum and 20 days later.

with thalidomide-cyclophosphamide- T6 vertebra, suggesting emphysematous
dexamethasone for relapsed MM after previous osteomyelitis

chemotherapy with bortezomib-melphalan-

prednisolone and lenalidomide-dexamethasone

Webber et al. 25, Male Femoral pyomyositis, hypercalcemia, mild Streptococcus pneumoniae Received zoledronic acid therapy for
(2017) anaemia, and elevated inflammatory markers. Femoral pyomyositis hypercalcemia.

[93] Diagnosed with IgG kappa multiple myeloma. Completed a 4-week course of IV

ceftriaxone.Received bortezomib-
lenalidomide-dexamethasone (VRd)

(continued on next page)
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Table 2 (continued)
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References Patient Medical history, sign, and symptoms Infection site and causative pathogens Treatments and clinical outcomes
details
therapy and autologous bone marrow
transplant.
One year later, the swelling and the leg/
thigh pain had resolved.
Cohen et al. 56, Male Undiagnosed multiple myeloma with severe Haemophilus quentini Not determined.
(2019) sepsis associated with pneumonia, meningitis,
[94] polyarthritis, and osteomyelitis
Sassine, et al. 77, Male Had multiple myeloma treated with Tissue cultures positive for Cryptococcus Received intravenous liposomal
(2021) lenalidomide, developed a slowly progressive neoformans. amphotericin B (5 mg/kg daily) for one
[95] right upper thigh pain with no antecedent trauma  Bone histology was consistent with week and was discharged on a high dose
or known history of osteolytic lesions. cryptococcosis. (800 mg/d) of oral fluconazole.
PET-CT showed a right proximal femoral Serum positive for cryptococcal antigen. Had nailing of the femur to prevent fracture,
diaphysis lesion with cortical destruction and following a switch to oral voriconazole (300
intensely avid FDG uptake. mg twice daily) for three months.
Roque et al. 57, Male Had lumbar pain, paraplegia, and fever. B. melitensis A short course of radiation therapy and high-
(2021) Diagnosed with spondylodiscitis. dose corticosteroids were used to treat the
[96] MRI identified a mass extending from D9 to the patient.

vertebral canal with numerous adjacent
osteolytic lesions.
A plasmacytoma was confirmed by C9's biopsy.

that prophylactic treatment with TMP-SMX and Ciprofloxacin (500 mg)
or Ofloxacin (400 mg) did not decrease the incidence of serious bacterial
infections (>grade 3) within the first two months of treatment. Later, the
clinical trials of Drayson et al. (2019) tested the addition of prophylactic
levofloxacin to active myeloma treatment during the first 12 weeks of
therapy, and the results showed reduction of febrile episodes and mor-
tality compared with the placebo group without increasing health care-
associated infections, suggesting that prophylactic levofloxacin may be
beneficial for patients with NDMM undergoing antimyeloma therapy
[99]. However, none of the clinical trials focused on preventing osteo-
myelitis in MM patients. There is also a knowledge gap in the efficacy of
prophylactic antimicrobial use for reducing morbidity and mortality of
bone infections in MM patients.

Pain induced by vertebral fracture in multiple myeloma are common
with additional causes such as spondylosis deformans, osteochondrosis,
stenosis of the spinal canal and intervertebral nerve compression [101].
IV antibiotic and surgical interventions, such as discectomy, decom-
pression, and debridement, are used to manage spondylodiscitis and
epidural abscesses. Whereas amputation is used to manage osteonecrosis
in the long bones [89,93]. Multiple case reports have shown that the
vertebra and vertebral discs are highly susceptible to infections in pa-
tients aged over 50 [89,90,96]. Therefore, future studies should focus on
etiology of vertebral infections in MM patients to reduce disease burden,
improve prognosis and prevent severe complications.

While fungal osteomyelitis is rarely encountered, it is often difficult
to culture and diagnose. The clinical case reports highlighted that there
were certain risks factors associated with immunocompromised patients
and fungal osteomyelitis that can lead to severe consequences (e.g.,
amputation and length antifungal treatment) [91,95]. The studies of
fungal osteomyelitis in multiple myeloma patients are minority.
Nevertheless, fungal pathogens should not be overlooked in MM patients
when diagnosing osteomyelitis.

Multiple myeloma patients frequently develop tumor-induced bone
destruction, but no therapy eliminates the tumor or fully reverses bone
loss. Agents that prevent bone resorption like BPs and denosumab can
effectively reduce the risk of skeletal-related events and myeloma bone
disease in NDMM patients. Conventionally, zoledronate was widely
prescribed as a prophylaxis to prevent local osteolytic lesions, but recent
trials suggested that denosumab is a better alternative with high effi-
cacy. However, cumulative doses of BPs and denosumab are associated
with serious adverse reactions and medication-related osteonecrosis of
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the jaw (MRONJ) [102]. Therefore, administration and treatment must
be carefully monitored, and dentist consultation is warranted.

On the other hand, Wnt signaling pathway such as Dkk-1 may be
responsible for inhibiting osteoblast activities [103,104]. Fulciniti, et al.
(2009) identified anti-Dkk-1 monoclonal antibody (BHQ880) as a po-
tential therapeutic agent for multiple myeloma. The pro-anabolic effect
and anti-myeloma activity of anti-Dkk-1 neutralizing antibodies was
determined in in vitro and in vivo preclinical trials [105-107]. Later, a
phase 1B clinical trial showed that BHQ880 in combination with
zoledronate and anti-myeloma therapy was well tolerated and may be
eligible for patients with relapsed or refractory multiple myeloma [108].

Furthermore, studies show that sclerostin, a glycoprotein that is
exclusively secreted by osteocytes, is also involved in the regulation of
bone metabolism. It affects the activity of BMPs and inhibits Wnt/
B-catenin metabolic pathway in bone cells [86]. Sclerostin is also an
early marker of relapse in multiple myeloma and can be targeted for
therapies [83,84]. In preclinical models, the deletion of SOST gene
(encoding sclerostin) prevented MM-induced bone disease, and the
administration of anti-sclerostin antibody (Scl-Ab) increased bone mass
and decreases osteolysis in immune-competent mice with established
MM [85]. Subsequently, treatment with anti-sclerostin antibody com-
bined with zoledronic acid also displayed higher bone mass and fracture
resistance than zoledronic acid alone [87]. The combination therapy of
anti-sclerostin antibody and the proteasome inhibitor carfilzomib also
show potent anti-myeloma activity with positive effects on bone disease
[109].

Preclinical trials also indicated that transforming growth factor-p
(TGF-p) inhibition can induce the repair of lytic lesions in mice bearing
myeloma [110]. Such findings have raised the clinical potential for
combined therapy with bortezomib/1D11 with zoledronate [111-113].
Nyman et al. (2016) found that although monotherapy with TGF-f in-
hibitors is unlikely to be beneficial, a combined therapy of 1D11 (an
anti-TGF-$ antibody inhibiting TGF-p signaling) with bortezomib (a
proteasome inhibitor) can reduce bone destruction and pathological
fractures in MM patients [114]. Substantial clinical trials should
continue to optimize its efficacy and establish clinical guidelines for this
therapy.

Although bone morphogenetic protein (BMP) signaling was not re-
ported to be dysregulated in myeloma bone disease previously, a study
found that BMP upregulated signaling in stromal progenitor cells [88],
and the in vivo murine model later confirmed that inhibiting BMP
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signaling using a small molecule BMP receptor antagonist or a BMPR1a-
FC receptor ligand trap could prevent trabecular and cortical bone loss
caused by myeloma without increasing the tumor burden. It was hy-
pothesized that BMP inhibition can directly reduce osteoclastogenesis,
increase osteoblasts and bone formation and suppress bone marrow
sclerostin levels. This study highlighted the possibility of targeting the
BMP pathway to prevent myeloma-induced bone disease.

Finally, there are many other factors released by bone resorption
further promote MM cell growth perpetuating the vicious cycle of ma-
lignant cell expansion and bone destruction. For example, the receptor
activator of NF-kB ligand (RANKL), may influence osteoclast activation
[115,116]. Serum parathyroid hormone (PTH) level was also found to be
associated with risk factors and clinical outcome in MM patients with
extensive bone disease [117]. As primary hyperparathyroidism (PHPT)
is the most common cause of non-neoplastic hypercalcemia in MM pa-
tients, it was suspected that high secretion of PTH may have a negative
impact on MM associated bone disease and MM progression [118].
Future trials and continuous studies investigating these pathological
pathways may be critical for finding novel interventions to treat
myeloma bone diseases.

7. Conclusion

Immunocompromised multiple myeloma patients with bone defects
are susceptible to fractures and substantial osteomyelitis, increasing
mortality and the burden of disease. For antiresorptive agents, denosu-
mab has advantages over conventional zoledronate therapy in pre-
venting myeloma bone disease, particularly in some patient subgroups.
Chemotherapy agents like lenalidomide and carfilzomib do not reduce
bone pain and osteolytic lesions, whereas a robust anti-myeloma agent
like bortezomib can reduce the tumor area, and the anti-TGF-f antibody
1D11 can improve bone repair and bone quality in multiple myeloma.
Emerging clinical data suggest that trimethoprim-sulfamethoxazole and
levofloxacin can be used as a prophylaxis for bone infections, although
further clinical trials are needed. Despite these advances, MM remains
incurable, and patients continue to suffer from bone lesions and frac-
tures. While bone infection is not the most common complication of
MBD, persistent local osteolytic lesions possess an underlying risk of
progression to osteomyelitis. Indeed, the lack of studies testing the
connection between MBD and bone infection represent an opportunity
to undertake retrospective reviews of the clinical data and prospective
trials. This may identify a need for new prophylaxis strategies to prevent
bone infection as well as improved clinical guidelines for the treatment
of infected bone lesions.
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Chapter 2

2. Murine models of orthopaedic infection featuring Staphylococcus aureus
biofilm

Chapter 2 describes our newly developed murine osteomyelitis model using needle insertion
surgery (NIS) and S. aureus biofilm inoculation. This research article has been accepted for
publication (Journal of Bone and Joint Infection, IF: 2.33) and has been included in manuscript
format.
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Abstract

Introduction: Osteomyelitis remains a major clinical challenge. Many published rodent fracture infection models are costly
compared to murine models for rapid screening and proof-of-concept studies. We aimed to develop a dependable and cost-
effective murine bone infection model that mimics bacterial bone infections associated with biofilm and metal implants.
Methods: Tibial drilled hole (TDH) and needle insertion surgery (NIS) infection models were compared in C57BL/6 mice
(female, N=150). Metal pins were inserted selectively into the medullary canal adjacent to the defect sites on the metaphysis.
Free Staphylococcus aureus (ATCC-12600) or biofilm suspension (ATCC-25923) was locally inoculated. Animals were
monitored for physiological or radiographic evidence of infection without prophylactic antibiotics for up to 14 days. At the
endpoint, bone swabs, soft-tissue biopsies, and metal pins were taken for cultures. X-ray and micro-CT scans were performed
along with histology analysis. Results: TDH and NIS both achieved a 100% infection rate in tibiae when a metal implant was
present with free bacteria injection. In the absence of an implant, inoculation with a bacterial biofilm still induced a 40-50%
infection rate. In contrast, freely suspended bacteria and no implant consistently showed lower or negligible infection rates.
Micro-CT analysis confirmed that biofilm infection caused local bone loss even without a metal implant as a nidus. Although
a metal surface permissive for biofilm formation is impermeable to create progressive bone infections in animal models, the
metal implant can be dismissed if a bacterial biofilm is used. Conclusion: These models have a high potential utility for

modelling surgery-related osteomyelitis, with NIS being simpler to perform than TDH.
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1. Introduction

Open fractures, surgical implantation, and prosthetic joint replacements have high associated comorbidity of osteomyelitis
(zimmerli, 2014). While a range of bacterial pathogens can result in bone infection, Staphylococcus aureus is the most
prevalent cause of osteomyelitis and post-surgical infection (Brinkman et al., 2019). Prophylactic antibiotics are not always
effective due to the widespread and increasing incidence of antimicrobial resistance (Urish and Cassat, 2020). Surgical site
infection in orthopedic implants has a high disease burden, with high rates of hospitalization and treatment costs (Shah et al.,
2017). Clinical trials are the gold standard for assessing the efficacy of interventions to minimize the impact of orthopedic
infection. However, such trials can be expensive, difficult to coordinate, and require large patient numbers (Reizner et al.,
2014). In contrast, preclinical rodent models represent a valuable first-pass research tool to screen new therapies (Schindeler
et al., 2018). While rat models can have more relevant biomechanical outcomes, murine (mouse) models are more economical
and accessible. Despite a range of established models for bone healing (Schindeler et al., 2018), there remain no universally
accepted preclinical protocols for modeling orthopedic trauma and combined infection. Moreover, models of bacterial
inoculation in mice (Windolf et al., 2014; Windolf et al., 2013), rats (Mills et al., 2018; Mills et al., 2020), and sheep (Boot et

al., 2021) all typically recapitulate implant-associated infection.

We aimed to iteratively develop and test orthopedic infection models in mice with a focus on localized bone defects. This was
framed in the context of investigating the role of bacterial biofilm — the layer of microbial cells and extracellular matrix that
forms on solid surfaces (Rodriguez-Merchan et al., 2021). Our first research question was the importance of implants and
implant surfaces in the establishment of a persistent bone infection. Our second research question was to compare the impact
of inoculation with a suspension of free bacteria versus bacteria grown as part of a biofilm. Ultimately, this work sought to

establish reproducible and detailed protocols for implant-containing and implant-free bone infection models in mice.

2. Methods
2.1. Bacterial and Biofilm Culture

Two strains of S. aureus were sourced from the American Type Culture Collection: ATCC-12600 (used in prior rat infection
models) (Mills et al., 2018; Mills et al., 2020) and a high biofilm forming strain (ATCC-25923). Bacteria suspensions were
prepared by overnight growth of a single picked colony, with bacterial numbers calculated from spectrophotometry (Cary 300
UV-Vis, Agilent, Las Vegas, NV) with an ODggo of 1 representing 1 x 10° colony-forming units (CFU)/milliliter (mL). For
inoculation, bacteria were resuspended in injectable saline (0.9% sodium chloride) and dosed at 108 CFU/mL (in 200 L for
systemic injection) or 1 x 105 CFU (in 5 pL for local injection). For biofilm preparation, single colonies were picked for culture
in tryptic soya broth (TSB) with 20% glucose in a six-well plate one week prior to surgical inoculation. A piece of sterile

stainless-steel foil (1 x 1 mm) was added to the culture media (2 mL of TSB + 20% glucose) to provide a metal surface for
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biofilm formation and media refreshed thrice per week. For inoculation, biofilm removed from the stainless-steel foil surface

with a sterile swab, triturated in saline, and dosed at 1 x 10°CFU (in 5 pL for local injection).

2.2. Animal husbandry and ethics

Female C57BL/6 mice (8-12 weeks old) were purchased from the Australian BioResources (Moss Vale, NSW, Australia) or
the Animal Resources Centre (Canning Vale, WA, Australia), co-housed up to 5 per cage with access to food and water ad
libitum and allowed to acclimatize for at least one week prior to surgery. The study was approved by the local Animal Ethics
Committee (K339) and carried out in accordance with the Australian Code for the care and use of animals for scientific

purposes (2013).

2.3. Study Design

The animals were randomized in groups (summarized in Table 1). Three preliminary studies were carried out (LA: Trialing
bone defect site location, 1B: Trialing alternate surgical methods, 1C: Trialing a high biofilm forming S. aureus variant) and

a larger study comparing surgical approaches (Comprehensive testing of TDH and NIS model variants).

2.4. Surgery and Anesthesia

Analgesia was provided by injecting buprenorphine (0.1 mg/kg) subcutaneously one hour before surgery and post-surgery as
required. Anesthesia was induced using ketamine (75m/kg) and xylazine (10mg/kg) by intraperitoneal injection and animals
were maintained on inhaled isoflurane (2-3% per 1.5-2 L oxygen). The right leg of each animal was shaved and cleaned with

a povidone-iodine solution prior to surgery.

For TDH surgery, a medial parapatellar approach was used to access the right proximal tibia. A hole (0.5 mm in diameter) was
made at the right tibial metaphysis (below the growth plate) using a surgical drill (Stryker ® 5100-15-250 Straight, Kalamazoo,
USA), exposing the medullary canal adjacent to the drilled hole for bacterial infection. For the pin insertion, a 38 mm x 0.25
mm stainless-steel pin (Australian Entomological Supplies Pty Ltd, South Murwillumbah, Australia) was inserted through the
subchondral bone at the knee, adjacent to the hole defect. For NIS, a 25G needle was manually twisted to puncture the cortical
bone of the metaphysis, and the stainless-steel pin inserted through the hole into the medullary canal (Videos 1 and 2). For
local inoculation, bacterial suspension was injected directly into the defect with a Hamilton needle and syringe (Hamilton
Company, Nevada, USA) immediately after pin-insertion. For the hematogenous systemic infection groups, bacterial

suspension was administered into the bloodstream via the lateral tail-vein.

Baseline radiographs were taken at the time of surgery after the drill hole or pin insertion to confirm the drill hole and pin

positions. Readjustment is given before closing the incision to minimize complications (e.g., pin-slip and fracture). The
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incision was closed with 5-0 Vicryl (Ethicon LLC, Puerto Rico, USA), and no dressings applied to the wound. Animals were
allowed to recover on a heated pad after surgery and given saline subcutaneously (1 mL) to aid in rehydration, and analgesia

was maintained for at least the first 72 hrs.

2.5. X-ray and Post-Surgical Monitoring

Animals were monitored daily by experienced staff and had twice-weekly radiographs performed under anesthesia (inhaled
isoflurane) using digital X-ray (Faxitron Bioptics, Tuscan, AZ, United States) at 25 kV for five seconds with x2 magnification.
X-ray images were assessed by expert researchers and a facility veterinarian; all were blinded to treatment. The Mouse Grimace
Scale (MGS) was also used to score the animals for monitoring pain and severity. As an ethical end point, animals showing
overt physiological and/or radiological evidence of localized or systemic infection judged by declining overall health (loss of
body weight, lethargy, pyrexia, poor coat condition, non-weight bearing, and inflammation of the surgical site) and/or
radiological evidence of persistent infection (local osteolysis at the tibia joint) were euthanized. The remaining mice were
euthanized two weeks postoperatively.

2.6. Specimen Collection and Bacterial Assays

Blood samples were taken immediately after euthanasia via cardiac puncture, and swabs were taken from the bone (drilled
hole), soft tissue adjacent to the drilled hole, and the metal pin. Pus (if present) was also collected by swab. Blood and swabs
were immediately agitated in 1 mL sterile LB and cultured overnight at 37°C. They were reported as either positive (turbid) or
negative (clear), and then quantified using a spectrophotometer (SpectraMax ® iD3, Molecular Devices, San Jose, USA) at
600 nm. A positive infection was defined by a positive bacterial culture from the bone swab and pin swab with an absorbance

(ODeno) >0.1. The right tibiae were harvested for radiographic and histological studies.

2.7. Radiographic Analysis

Tibiae were fixed in 10% formalin for 24 hours and transferred to 70% ethanol before being scanned with a SkyScan 1272
micro-computed tomography (micro-CT) scanner (SkyScan, Kontich, Belgium). All samples were scanned in 70% ethanol-
soaked kimwipe at 50 kV and 200 pA using a 0.5 mm aluminium filter with 2500 ms of exposure. Images were scanned at a
pixel resolution of 10 um, reconstructed with NRecon, straightened using DataViewer and analyzed with CTAn software
(SkyScan). A global threshold to define bone tissue was set at 0.4 g/cm? calcium hydroxyapatite, calibrated using two phantom
samples of known density. Bone morphometric outcomes included bone volume (mm?3), tissue volume (mm?3), and bone tissue

mineral density (g/cm?). Three-dimensional reconstructions were generated using CTVox software (Skyscan).
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2.8. Paraffin Histology

After micro-CT scanning, the specimens were stored in 70% ethanol until ready for decalcification. The tibiae were decalcified
in 0.34M EDTA (pH 8.0) solution at 4°C on a shaker for two weeks, with solution changes twice weekly. Following
decalcification, samples were embedded in paraffin and sectioned coronally through the tibial drilled hole at a thickness of
five microns. Mounted sections were stained with hematoxylin and eosin (H&E) and scanned digitally using the Aperio CS2

digital pathology slide scanner (Leica Biosystems, Wetzlar, Germany) and reviewed with Aperio ImageScope software.

2.9. Statistical Analyses

Statistical power calculations and analyses were performed using GraphPad Prism (GraphPad Software, La Jolla, CA, USA)
and the cutoff for significance for all tests was set to p < 0.05. In vivo studies were powered to infection rate and were compared

using Fisher’s exact test. The micro-CT data analyzed with Dunn’s and Kruskal-Wallis tests.

3. Results
3.1. TDH surgery led to fracture when holes were generated in the tibial midshaft

In Study 1A, it was speculated that infection risk may differ between the trabecular bone of the metaphysis and the cortical
bone of the diaphysis. Following the creation of a 0.5 mm diameter drilled hole by tibial drilled hole (TDH) surgery, animals
were locally inoculated with S. aureus. No fractures occurred within the metaphyseal defects, however 47% (7/15) midshaft
(diaphyseal) defects led to premature tibial fracture within 24 hours. For the metaphyseal defects, few animals showed evidence

of persistent orthopedic infection (0-10%), despite inoculation with S. aureus.

3.2 Metal surfaces and biofilms are essential to achieve high infection rates in the TDH model

In Study 1B, an intramedullary pin was pushed through the tibial plateau into the intramedullary space apposed to the drill
hole defect. This led to frequent infection (80%, 4/5) compared to mice receiving an equivalent bacterial inoculation in the
absence of a pin (0%, 0/5) (Figure 1A).

In Study 1C, S. aureus was cultured for a week to form a biofilm, which was scraped from the surface and directly added (in
suspension) to bone defects in the absence of a pin. Biofilms were grown from the original ATCC-12600 strain as well as a
second ATCC-25923 S. aureus clinical isolate known to produce robust biofilms. In both cases, the biofilms were able to

create bone defect infection (30% vs. 70% respectively) even in the absence of a metal surface (Figure 1B).



155

160

165

170

175

180

3.3. NIS is a less complex procedure than TDH

Study 1B also trialed an alternative surgical procedure utilizing needle insertion (NIS) as an alternative to the tibial drill hole
(TDH) that did not require specialized orthopedic equipment. The NIS generated a slightly smaller hole (< 0.5 mm diameter).
The metal pin was inserted via the unicortical defect rather than through the tibial condyle (Figure 2). This contrasted with the
TDH model, where insertion through the knee risked infection and/or retrograde movement of the pin (causing knee pain).
Hence, the NIS procedure was gauged to be superior in these respects. Operators also reported the NIS method to be simpler
and more rapid to perform. As with the TDH model, inclusion of the metal pin in the NIS model increased the infection rate

compared to no pin.

3.4. Establishing reproducible murine models of bone defect infection

Study 2 was a large cohort study (8 groups, N=10 per group) that addressed the impact of surgical technique (TDH and NIS
models), metal implant or biofilm use, and the S. aureus strain (ATCC-12600, ATCC-25923). The primary outcomes were the
infection rate and bacterial load, both judged based on the optical density (600 nm) of broth cultures following a swab of the
defect site. In all groups featuring inoculation and a metal pin, 100% (10/10) defects were infected. Rates were lower in the
absence of a pin. However, the ATCC-25923 biofilm still achieved 50% (5/10) and 40% (4/10) infection in the TDH and NIS
models respectively (Figure 3). While a cutoff method was used to determine whether a specimen was infected (ABS 600 >
0.1), the samples remained below maximal absorbance at the time of reading, thus the data was analyzed as a surrogate measure
of bacterial load (Figure 4). The ATCC-12600 and pin combination showed a higher load than other groups in both the TDH
and NIS models. Notably, no bacteria were recovered in blood for all animals, and no evidence of infection was seen in the

uninoculated negative control groups.

A secondary outcome of the study was regenerate bone volume (BV) as quantified by micro-CT. Both TDH and NIS models
showed a reduction of regenerate bone volumes in the tibial drilled holes of the infected groups compared to the uninfected
controls. The micro-CT reconstructions revealed that the infection induced a characteristic response in the bone regenerate,
and there remained abundant disorganized woven bone compared to uninfected defects that had the neocortex restored (Figure
5). The micro-CT data was quantified in terms of new regenerate in the defect (Figure 6). ATCC-25923 biofilm infections
reduced the regenerate BV by ~50%. ATCC-12600 free bacterial infections BV was reduced by a similar amount but only

when metal pins were present.

Descriptive histology was performed on bone specimens TDH and NIS procedures, with and without infection. In the control
groups that were not inoculated, the drilled hole showed abundant regeneration after two weeks and had no evidence of
infection (Figure 7A, black arrow). For the NIS procedure, as metal pins were inserted through the tibial plateau, the medial
condyle appeared normal (Figure 7B, blue arrow). Profound effects were seen in TDH and NIS specimens that were inoculated

and went on to develop infection. Disorganised bone formation was seen concomitant with bone infection (Figures 7C, 7D,
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black arrows), and disruption of the cortical bone often resulted in structural deformation (Figure 7C, yellow arrow). This was
the case for both TDH and NIS models, however the growth plate was more greatly affected by infection with the TDH model

where the pin disrupted the knee (Figures 7C vs 7D, blue arrows).

4, Discussion

While many orthopedic model papers focus on the final surgical method, this report discusses the iterative approach taken to
develop and refine a surgical model. It highlights some of the challenges and pitfalls associated with creating a consistent bone
infection model in mice. While limited compared to rats and larger animal models, the use of mice increases accessibility with

modest housing requirements.

A notable and unexpected finding was the extremely low infection rates in the initial defect models lacking either implants or
biofilm bacteria. Prior models performed by our team in rats all featured metal implants, such as intramedullary pins or titanium
knee implants (Mills et al., 2018; Mills et al., 2020). Upon addition of a pin adjacent to the tibial defect, the high infection
rates were once again achieved. This is consistent with clinical observations that implants can act as a nidus for infection.
However, such implant-dependent models are restrictive for mimicking infection in the absence of an implant, e.g. (Funk and
Copley, 2017; Mcneil, 2020; Thakolkaran and Shetty, 2019), chronic osteomyelitis, and osteolytic lesions-associated
osteomyelitis (Cha et al., 2012; Mukkamalla and Malipeddi, 2021; Gau et al., 2022). Biofilm infection emerged as an
alternative method for achieving higher rates of infection in the absence of a metal pin. The use of S. aureus is applicable, as
S. aureus and S. epidermidis are the most common bacterial pathogens associated with biofilm formation on biotic or abiotic
surfaces (Schilcher and Horswill, 2020; Reffuveille et al., 2018).

We trialed two similar surgical approaches to generate a localized defect in the tibia — a drilled hole and a needle insertion
defect. TDH model uses an orthopedic drill that is comparable to those used by surgeons. However, the drill is expensive and
requires specialized training to use, making it less feasible for small laboratories. In contrast, the NIS method is simpler and
more cost-effective for large scale proof-of-concepts studies. The NIS halves the surgical time by reducing the complexity of
the procedure. It also makes pin-reposition easier, and it is more forgiving for minor inaccuracy. The NIS method applies less
lateral force on the tibia when pushing the pin into the medullary canal, making it less likely to cause cortical bone damage
and fracture. From a practical point of view, the NIS method also increases the accuracy of the hole placement by implementing
the drilling manually, improving hand sensation, which is helpful for defecting a small bone. While not necessarily related to
use of a needle for defect creation, for the NIS procedure we shifted to inserting the pin through the defect hole. Disruption of
the tibial condyle and the damage to the patella tendon increased the risk of complications (e.g., fracture, joint swelling,
inflammation, and retrograde movement of the pin). In some cases, pin movement led to slips that had to be managed by

surgical intervention or euthanasia.
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This paper compares a wide range of factors speculated to affect the efficiency of the model including bacterial pathogen,
dose, surgical approach, and outcome measures. Nevertheless, the number of factors and combinations were limited based on
practicality and animal numbers/ethics. To minimize the risk of sepsis, a mild static inoculation dose was used, and this never
led to hematogenous infection; this is a clinical challenge in more severe cases, but one that may be ethically challenging to
perform and manage in mice. Another limitation was the use of radiography and cultures as the primary methods to examine
infection; future studies could employ measures such as neutrophil count, erythrocyte sedimentation rate (ESR) and C-reactive
protein (CRP). The studies also were limited to S. aureus as a pathogen, although two different strains were tested. The model
could be readily adapted for other strains including methicillin-resistant S. aureus, Streptococcus spp, P. aeruginosa, and E.
coli (Lienard et al., 2021; Cassano et al., 2020; Foong et al., 2021; Pliska, 2020; Gornitzky et al., 2020). Other expanded
variations that could be tested include the effects of mouse age, systemic inoculation reminiscent of a hematogenous infection,
and the ability to model chronic osteomyelitis (Alstrup et al., 2021; Billings and Anderson, 2022; Jensen et al., 2017; Joyce et
al., 2021; Luthje et al., 2020; Roux et al., 2021).

5. Conclusion

This report describes the iterative development of bone defect infection models. Detailed methods (Supplementary Protocols)
are provided for the NIS-pin and NIS-biofilm orthopedic murine models based on the outcomes of Study 2. Both models are
considered to have different utilities — for modeling implant and non-implant associated infection respectively. These
simplified and cost-effective methods are suitable for conducting preclinical trials and proof-of-concept studies for

interventions to prevent and treat osteomyelitis.
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Table 1: The study plan of TDH and NIS bone infection models.

Group | Study | Surgery Site Injection N=
1 1A TDH (no pin) | Metaphysis Sterile saline 5
2 1A TDH (no pin) | Diaphysis Sterile saline 5
3 1A TDH (no pin) | Metaphysis Local (10° CFU S. aureus) 5
4 1A TDH (no pin) Diaphysis Local (10° CFU S. aureus) 5
5 1A TDH (no pin) | Metaphysis Systemic (10° CFU S. aureus) 5
6 1A TDH (no pin) | Diaphysis Systemic (10 CFU S. aureus) 5
7 1B TDH-pin Metaphysis Sterile saline 5
8 1B TDH (no pin) | Metaphysis S. aureus (ATCC-12600) (10° 5
CFU)
9 1B TDH-pin Metaphysis S. aureus (ATCC-12600) (10° 5
CFU)
10 1B NIS-pin Metaphysis | S. aureus (ATCC-12600) (10° 5
CFU)
11 1C TDH (no pin) Metaphysis ATCC-12600 biofilm 10
12 1C TDH (no pin) | Metaphysis ATCC-25923 biofilm 10
13 2 TDH-pin Metaphysis Sterile saline 10
14 2 TDH-pin Metaphysis S. aureus (ATCC-12600) 10
15 2 TDH-pin Metaphysis S. aureus bhiofilm (ATCC-25923) 10
16 2 TDH (no pin) Metaphysis S. aureus (ATCC-12600) 10
17 2 TDH (no pin) | Metaphysis S. aureus biofilm (ATCC-25923) 10
18 2 NIS-pin Metaphysis Sterile saline 10
19 2 NIS-pin Metaphysis S. aureus (ATCC-12600) 10
20 2 NIS (no pin) Metaphysis S. aureus biofilm (ATCC-25923) 10
Total 150

11
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Figure 1: [Study 1B] The bone infection rates (%) in mice that received TDH surgery and S. aureus inoculation.
(A) Comparison of inoculation with ATCC-12600 free bacteria with/without metal pins. (B) Comparison of

335 inoculation with biofilm suspensions of ATCC-12600 and ATCC-25923, without metal pins. The p-values were
determined by Fisher's exact test from individual experiments.
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340 Figure 2: [Study 1B] XR images illustrating the lack of disruption of the tibial condyle (white arrows) by pin insertion

through the defect site (red circles) featured in the NIS model. This latter method of insertion minimized retrograde

movement of the pin at the knee.
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345 Figure 3: [Study 2] The infection rate (%) of the TDH and NIS bone infection models inoculated with free bacteria

(ATCC-12600) or biofilm (ATCC-25923) with/without metal pins. (p-values: * <0.05 and >0.01, ** <0.01 and >0.001,
and *** <0.001).
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Figure 4: [Study 2] The optical density (600 nm absorbance) readings following culture from bone swabs are shown
as a surrogate measure of bacterial load. For the purposes of determining ‘infection’ positivity or negativity, a cutoff
of 0.1 was used. Significantly higher readings were seen with ATCC-12600 and a pin in the TDH and NIS models.
(p-values: * <0.05 and >0.01, ** <0.01 and >0.001, and *** <0.001).
355
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Figure 5: [Study 2] Micro-CT reconstructions from the TDH model of the (A) uninfected and (B) infected tibia

showing the reduced bone regenerate associated with infection at the defect site (white arrow).
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Figure 6: [Study 2] The regenerate bone volumes (mm?) of the tibial metaphyseal drilled hole quantified by micro-
CT analysis in the TDH and NIS models. (p-values: * <0.05 and >0.01, ** <0.01 and >0.001, and *** <0.001).
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Figure 7: [Study 2] Histology sections with H&E staining (scale bar: 500 um) of (A): an uninfected drilled hole (black
arrow) with >90% healing two weeks post-surgery; (B): an uninfected tibial condyle (blue arrow) with >90 healing
from pin disruption; (C): an infected tibia with TDH-pin insertion, severe osteolysis (back arrow) of the anterior tibia
was seen, and the tibial condyle was woven by re-absorption (blue arrow), and the cortical bone (yellow arrow)
structure was breaking down; and (D) an NIS infected tibia where the tibial condyle (blue arrow) was less affected

than the TDH model, and the healing of the bone defect (black arrow) was less efficient.
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Appendix: Supplementary protocol

Based on our research findings, we proposed the supplementary methods of the needle-insertion surgery (NIS) to induce

osteomyelitis in murine. These protocols should increase the reliability and reproducibility of the model for preclinical trials.

1. Materials
1.1. Animals

For the NIS-biofilm and NIS-pin bone infection models, we recommend using female C57BL/6 mice at the age of 8-12 weeks.
However, other mouse strains, age and gender can be amended for the need of the experiment. Genetically modified (GM)
mice are also suitable for this surgery, however, there may be additional risk of fracture and other complication if the phenotype

reduces the bone mineral density or mechanical feature of the animal bone.

1.2. Bacterial strains

For general studies, we strongly recommend using a high biofilm forming S. aureus strains (e.g., ATCC-25923) for the NIS

models. If other pathogens are being tested, a biofilm-forming strain of that pathogen should be employed.

1.3. Lysogeny broth (LB)

1. Mix tryptone powder (5 g), yeast extract (2.5 g), sodium chloride (5 g) and dH20 water (500 mL) in a reagent media
bottle.

2. Autoclave the dissolved medium at 15 Ibs pressure (121°C) for 15-30 minutes.

1.4. Lysogeny broth agar (LB agar)

1. Mix tryptone powder (5 g), yeast extract (2.5 g), sodium chloride (5 g), agar A (7.5 g) and MilliQ water (500 mL) in
a reagent media bottle.
2. Autoclave the dissolved medium at 15 Ibs pressure (121°C) for 15-30 minutes.

Pour the agar (10 mL) to a Petri dish and let it cool down at room temperature using antiseptic technique.

19



1.5. Tryptic Soy Broth (TSB) + 10% glucose (for NIS-biofilm model)

1. Mix 15 g of tryptic soy broth power (Mediatech Inc, Manassas, VA, Germany) with 1.5 g of glucose and 500 mL of

MiliQ water.
400 2. Autoclave the dissolved medium at 15 Ibs pressure (121°C) for 15-30 minutes.
1.6. Drugs

e Ketamine (75 mg/kg)
e Xylazine (10 mg/kg)
405 e  Buprenorphine (0.1 mg/kg)
e Isoflurane (2-3% per 1.5-2L oxygen)

1.7. Surgical equipment
1.7.1. NIS-biofilm model

410 e  Scalpel handle #3
e  Surgical blade #15
e Needle holder
e Hamilton syringe and needle
e 25G needle
415 e  5-0 Vicryl Rapide ® coated sutures

e Isoflurane Vaporizer with a nose cone
1.7.2. NIS-pin model

e Scalpel handle #3
e Surgical blade #15
420 e Needle holder
e  Hamilton syringe and needle
e 25G needle
e  Stainless-steel pin (0.5 mm diameter/size 000)
e  Wire pliers
425 e  5-0 Vicryl Rapide ® coated sutures

e Isoflurane Vaporizer with a nose cone
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2. Methods

2.1. Free bacterial culture (for NIS-pin model)

430 1.
2.
3.
4,
435 5.
6.

Streak the bacterial culture (e.g., ATCC-25923 S. aureus) from glycerol stock —80°C) onto a lysogeny broth (LB)
agar plate.

Incubate the plate at 37°C overnight.

From the streaked plate, pick a single colony and resuspend it in 1 mL of LB broth in a 10 mL falcon tube.

Incubate at 37°C overnight on a shaker.

Quantify the bacteria with a spectrophotometer at 600 nm (absorbance of 0.3 should be equivalent to 3 x 108
CFU/mL).

Perform a serial 10-fold dilution in injectable saline (0.9% sodium chloride) to reach a bacterial concentration of 10°

to 107 colony forming unit (CFU) for inoculation.

Also see Figure S1.

Step 1: Streaking the Step 2: Pick a single colony Step 3: Resuspend the colony in Step 4: Quantified the bacteria with
bacteria on a LB agar plate  from the LB agar plate. 1 mL of LB and incubate at 37°C a spectrophotometer at 600 nm,
from glycerol stock (-80°C). overnight. and perform a serial dilution to
Incubate at 37°C overnight. reach a bacterial concentration of

440

10¢/107 CFU for inoculation.

Figure S1: The proposed protocol of free bacterial culture for local inoculation.

Note: the bacterial concentration is adjustable with serial dilution. For NIS-Pin model, the bacterial concentration

445 can be as low as 10* to 10° CFU for inoculation.
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2.2. Bacterial biofilm culture (for NIS-biofilm model)

1.

© ®» N s WD

10.
11.
12.
13.

Streak the bacterial culture (e.g., ATCC-25923 S. aureus) from glycerol stock (—-80°C) onto a lysogeny broth (LB)
agar plate.

Incubate the plate at 37°C overnight.

From the streaked plate, pick a single colony from the streak plate and resuspend it in 1 mL of LB broth.

Incubate at 37°C overnight on a shaker.

Place a piece of sterile stainless-steel/titanium foil (1 cm x 1 cm) in a well of a 24-well plate.

Pipette 100 uL bacteria into the well.

Add 900 pL of tryptic soy broth (TSB) with 10% glucose to the well.

Incubate at 37°C for 5-7 days (change the media daily).

To change the media, pipette out all the media without disturbing the foil, and add fresh 1 mL of TSB with 10%
glucose to the well.

Scrape the biofilm off the foil with a sterile swab

Resuspend the biofilm in 1 mL of normal saline.

Quantify the biofilm with a spectrophotometer at 600 nm (absorbance of 0.3 should be equivalent to 3 x 108 CFU/mL).
Perform a serial 10-fold dilution to reach a biofilm concentration of 10 to 107 colony forming unit (CFU) for

inoculation.

Also see Figure S2.
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Step 1: Streaking the

bacteria on a LB agar plate
from glycerol stock (-80°C).
Incubate at 37°C overnight.

Step 2: Pick a single colony
from the LB agar plate.

1 2 3 4 5

Q/ Stainless-steel foil

- - - Step 5: Incubate the plate at 37°C X\
c( ) { for 5-7 days. Replace the media \\(
—-—G—9—G— daily (TSB + 10% glucose).

Step 4: Place a stainless-steel foil
(1 cm x 1 cm) into a well of a 24-
well plate. Inoculate 100 pL of

bacterial culture intp each well. " 4 Step 6: Drain the media and swab
Add 900 pL of tryptic soy broth ;o the surface of the stainless steel
(TSB) wth 10% glucose. : - foil to obtain the bacterial biofilm.

465

Step 3: Resuspend the colony in T mL
of LB and incubate at 37°C overnight.

Step 7: Resuspend the biofilm
into 1 mL of normal saline..

/ N

I

Step 8: Quantified the biofilm with a
spectrophotometer at 600 nm.Then
perform a serial dilution to reach a
bacterial concentration of 10%/107 CFU
for inoculation.

Figure S2: The proposed protocol of bacterial biofilm culture for local inoculation.

Note: the bacterial concentration is adjustable with serial dilution. For NIS-Pin model, the bacterial concentration

can be as low as 10* to 10° CFU for inoculation.

470
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2.3. Pain relief, anesthesia and preparation

1.

2.

475 4.

Give 0.1 mg/kg buprenorphine or pain relief subcutaneously (SC) at least one hour before surgery.

Before surgery, inject ketamine (75m/kg) and xylazine (10mg/kg) by intraperitoneal (IP) injection for anesthesia.
Shave the animal’s right leg.

Sterilize the surgical area with a povidone-iodine solution.

If required, give isoflurane (2-3% per 1.5-2 L oxygen) through a nose cone during the procedure to maintain

anesthesia.

Check the paw pinch reflex before incision.

480 2.4. NIS-biofilm model

1.

2.

485 5.

6.

Make a medial parapatellar incision to access the right proximal tibia.

Use a 25G needle to drill a hole on the tibial metaphysis (below the growth plate), exposing the medullary canal.
Inject 5 uL of 107 CFU of biofilm suspension with a Hamilton syringe into the drill hole.

Perform a full/lower-body XR (25 kV for 15 seconds) scan to examine the drilled hole.

Close the incision with 5-0 Vicryl Rapide ® coated sutures.

Apply no dressings to the wound.

Also see Figure S3 and Video 1.

Note: since biofilm alone does not induce osteomyelitis very efficiently without a metal surface, a higher dose (>107 CFU)

490 can be used to increase the infection rate if 100% infection rate is not achieved.
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2.5. NIS-pin model

1.
2.

495 3.

500 7.
8.

9.

Make a medial parapatellar incision to access the right proximal tibia.
Use a 25G needle to drill a hole on the tibial metaphysis (below the growth plate), exposing the medullary canal.
Inject 5 uL of 10° CFU of biofilm suspension with a Hamilton syringe into the drill hole.

Insert a stainless-steel pin through the drilled-hole defect into the medullary canal of the tibia until it reaches the end

of the canal.

Band the pin at 90° to prevent the pin from slipping out.

Cut the pin off with the wire pliers

Perform a full/lower-body XR (25 kV for 15 seconds) scan to monitor the drilled hole.
Close the incision with 5-0 Vicryl Rapide ® coated sutures.

Apply no dressings to the wound.

Also see Figure S4 and Video 2.

505 Note: since free bacteria induce osteomyelitis efficiently when a metal surface is present, a lower dose (<103 CFU) can be

used to reduce the severity of the bone infection.
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Step 1: Pain Relief Step 3: Incision
Buprenorphine/pain relief (SC) Expose the right tibia

One hour before surgery
5 Step 2: Anesthetics \ '\‘
7T Ketamine/Xylazine (IP) AN
Isoflurane to maintain
Prep for surgery

C57BLI/6 mice®
(8-12 weeks old)

Step 4: Needle Insertion
Step 7: Monitoring Use a 25G needle to
X-ray (thrice-weekly) drill a small hole
Buprenorphine/pain relief smq (r=250pm, metaphysis)
post-surgery gL

(every 12 hours, up to 3 days)

Step 6: Close the wound Step 5: Bacterial Inoculation
5-0 Vicryl suture Biofilm local injection
0.9% saline injection (SC) for with a hamilton syringe
rehydration (1E6-1E7 CFU in 5uL)

Figure S3: The proposed protocol of the NIS biofilm bone infection model.



Step 1: Pain Relief Step 3: Incision
Buprenorphine/pain relief (SC) Expose the right tibia

One hour before surgery
5 Step 2: Anesthetics \ '\‘
70T Ketamine/Xylazine (IP) N
Isoflurane to maintain
Prep for surgery

C57BLI/6 mice ¢
(8-12 weeks old)

Step 4: Needle Insertion
Use a 25G needle to
drill a small hole
(r = 250 um, metaphysis)

Step 7: Monitoring
X-ray (thrice-weekly)
Buprenorphine/pain relief
post-surgery
(every 12 hours, up to 3 days)

Step 6: Close the wound Step 5: Bacterial Inoculation
5-0 Vicryl suture Insert a pin through the hole
0.9% saline injection (SC) for Planktonic bacterial local injection
rehydration with a hamilton syringe

(1E5 CFU in 5pL)

510
Figure S4: The proposed protocol of the NIS-pin bone infection model.
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515 2.6. Post-Surgical Recovery

520

525

530

Inject 1 mL of saline (0.9% sodium chloride) subcutaneously into the mouse for rehydration.

Let the animal recover within a box/cage on a heating pad with soft bedding for 30 mins or until it recovers from
anesthesia.

Monitor breathing and heart rate every 3-5 minutes.

If the breathing is too shallow and slow or the heart rate is too rapid, provide 100% oxygen. (Normal HR: 310-840
beats/min and RR: 80-230 breaths/min for mice)

Check for righting reflex and motor recovery.

2.7. Post-Surgical Monitoring and Pain Relief

1.

Give buprenorphine subcutaneously every 12 hours (for at least three days). (Note: pain relief should also be given
when the animal is in pain, use Mouse Grimace scales to evaluate animals for pain).

Perform a lower-half body XR scan (25 kV for 15 seconds) thrice weekly to monitor the infection progression and
complication (e.g., osteolysis, fracture).

Other forms of pain relief (approved by ethics) can substitute buprenorphine to minimize its side effects.
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3. lon-assisted plasma polymerisation and CSA-90 coating for orthopaedic

implants

Chapter 3 demonstrates the novel ion-assisted plasma polymerisation (IPP) technology for
orthopaedic implant coating. We have performed in vitro and in vivo (mouse model)
experiments to determine the efficacy of PP- and PP + CSA-90-coated 3D implants to prevent
osteomyelitis associated with Staphylococcus aureus. This study was written initially as a
traditional thesis chapter. However, later we prepared a manuscript for publication (submitted
to ACS Applied Materials & Interfaces; IF: 10.38), so the manuscript is attached to this chapter
in the appendix.

Reference:

Dao A., Gaitanos C., Kamble S., Tan RP., Wise, SG., Cheung TLY., Bilek M., Savage PB.,
Schindeler S. Antibacterial plasma polymer coatings on 3D materials for orthopedic
applications. 2023. ACS Applied Materials & Interfaces

Statement of contribution:

Dr Behnam Akhavan and his team (School of Physics, University of Sydney) completed the
ion-assisted plasma polymerisation surface coating. Dr Justin Bobyn and | completed animal
surgeries. The supplementary data (Table 3.1 and Figures S3.1-S.3.3) were unpublished data
from Mr Denis Sylvester for his honours project (2018). | contributed to the study design and
data analysis.
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3. lon-assisted plasma polymerisation and CSA-90 coating for

orthopaedic implants

3.1. Introduction

3.1.1. Implant-related osteomyelitis is a clinical challenge

Implant-related osteomyelitis is a great clinical challenge globally . with procedures that
involve open fracture fixation or joint replacement surgery carrying an increased risk of
developing osteomyelitis 2°. Biofilm contamination and bacterial colonisation on the surface
of an orthopaedic implant are key risk factors associated with implant-related osteomyelitis 4°,
posing enormous risk to patient welfare. Metal surfaces, such as those found in orthopaedic
implants, can act as a nidus for biofilm formation. In our prior characterisation of mouse models
of osteomyelitis, the presence of a metal implant greatly increased the rate of infection (Thesis
Chapter 2).

Biofilm bone infections can be particularly difficult to treat with antibiotics, as they often
struggle to effectively penetrate a biofilm matrix &’. Biofilm infection can also lead to implant
failure, deep tissue infection, haematogenous infection (e.g., bacteraemia and sepsis), and
chronic osteomyelitis (e.g., ulcer and diabetic foot osteomyelitis) &1°. Such complications can
have major implications to the patient, increasing the likelihood of multiple revision surgery to
correct implants or multiple operations to remove sequestra (dead bones) and osteonecrotic
bone tissue (i.e., surgical debridement) 13, In some cases, severe osteomyelitis can lead to
amputation and prolonged intravenous antibiotic treatment (up to six months or longer) 47,
Such clinical outcomes can be life threatening and require prolonged intervention to treat; even
if the infection is resolved, poor healing can lead to long-term impairments '81°, Orthopaedic
infection places a considerable economic and operational burden on the healthcare system,

estimated to cost more than 8.6 billion USD annually in the United States 2021,

Implantation of orthopaedic device requires patients to undergo surgery in a clinical setting.
Patients are often hospitalised and need a long time of recovery. Nosocomial bacterial infection,
also known as hospital-acquired infection, is a common complication among patients with
prolonged hospitalisation and repeat exposure to the hospital environment 2223, Nosocomial
infections can be difficult to contain and treat, as they are often associated with highly
antimicrobial-resistant (AMR) bacteria 2 such as methicillin-resistant Staphylococcus aureus
(MRSA) and methicillin-resistant S. epidermidis (MRSE) 2°. These bacteria can also form

biofilms on orthopaedic implants, and in recent years, MRSA has become an increasingly
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common causative agent of surgical site infections (SSlIs) and infections after fracture fixation
(IAFFs) 26-31,

Despite advances in orthopaedic procedures, there are many complications that arise during
and after fixation. Issues involving delayed union, mal-union, non-union, osteomyelitis, and
compartment syndrome 32-3, Non-healing fractures and bone defects caused by bacterial
infections are regarded as one of the major clinical challenges facing by orthopaedic surgeons
37_ Currently, there is no gold standard for treating orthopaedic implant-related osteomyelitis,
and many antibiotics lack the capacity to target bone infection sites 3839, Therefore, preventing
the occurrence of orthopaedic infection is paramount to ensure rapid and vigorous recovery

after orthopaedic surgery.

3.1.2. The current limitations on drug delivery systems and implant coatings

Biofilms can greatly complicate the treatment of orthopaedic implant-related infection.
Deposition of extracellular polymeric substances on a metallic implant and can limit the host
immune response and reduce the antibiotic efficacy by nearly 1000-fold °. The utility of
intravenous antibiotics can be further complicated by systemic toxicity associated with higher
doses of some drugs. Treatment of implant-related infections typically requires removal of the
implant, which requires additional invasive procedures. Implant removal associated with a
postoperative spinal surgery infection can cause life-threatening complications and is often a

last resort because it can destabilise the spine, .

Local delivery of antibiotics with high concentrations via substances (e.g., beads, antibiotic
powder application and antibiotic-impregnated polymethylmethacrylate cement) can be used
to prevent and treat chronic osteomyelitis or implant-related bone infection. Surgeons have
recently attempted to increase local antibiotic concentrations by either application of antibiotic
powder to the wound prior to closure, or by the addition of antibiotics to
polymethylmethacrylate (PMMA) cement, that is often used as a mechanical grout to secure

implants to bone 42,

Antibiotic powder application has a short lifetime within the soft tissue (~ 24-72 hours), after
which it no longer has any antimicrobial affect 4. While antibiotic-loaded bone cement has
shown increased efficacy compared to IV antibiotics, it has several intrinsic limitations 44,
Since PMMA undergoes an exothermic reaction as it sets, so only a narrow list of thermally

stable antibiotics can be used. A typical mix includes 1 g of vancomycin and 1 g of gentamicin
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or tobramycin per bag of PMMA. However, the antibiotic elution only lasts for a few days >4

Furthermore, as the amount of antibiotics added to the PMMA increases, the structural
properties of the cement begin to degrade, limiting the antibiotic dose 4’8, The poor release
kinetics of antibiotics from PMMA makes it difficult to control and ensure that the appropriate
minimum inhibitory concentrations (MICs) of antibiotics are reaching the wound bed for
clinically significant amount of time #2. Besides, the PMMA remains an inert porous material
that can paradoxically become a nidus for persistent pathogens to form biofilms the surgical
site 49,

Antimicrobial implant coatings have emerged as a conceptual method for protecting the surface
of implant from bacterial colonisation and locally delivering antimicrobials at high
concentrations for extended durations. Traditionally, iodine- and silver-containing implant
coatings have been used for orthopaedic implants. Despite rigorous testing to determine the
ability of these coatings to sustain controlled release above minimum inhibitory concentrations
(MICs) in vivo, this remains relatively unknown and there are concerns over toxicity and safety
with no detrimental effect on osseointegration 5°-52, Although silver-containing coatings for
orthopaedic implants decrease postoperative infection rate, silver nanoparticles (sizes between
50 nm and 3 pum) exhibit cytotoxic effects on osteoblasts and osteoclasts. The cytotoxicity is
primarily mediated by a size-dependent release of Ag (+). Such adverse effects on osteoblasts

and osteoclast survival have deleterious effects on the biocompatibility of orthopaedic implants
53

For surface biofunctionalisation, a range of agents have been trailed including inorganic (e.g.,
silver, copper, zinc oxide) and organics (e.g., small molecule antibiotics antimicrobial peptides
and polymers) compounds, as well as modification of the surface texture (e.g., nano-
texturisation and micro-texturisation) °*. While bioactive organic agents can have a high
potency against infection, there remains considerable scope to develop new methods for surface
attachment °. Simple adsorption methods can result in burst release and a lack of sustained
protection. Agents can also be embedded in soluble polymer or hydrogel matrices that can be
used for surface coating, which yields challenges with controlling degradation rates and
negative biological effects of breakdown products 5657, In contrast, methods for covalent
linkage to an implant surface allow for rapid and sustained biological activity that is more

suitable for drug coating on orthopaedic implants %8,

Conventionally, covalent attachment of bioactive molecules on surfaces have been achieved

using methods relying on wet-chemical steps, such as linker chemistry methods that are
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typically based on salinisation, PEGylation, and heparinisation reactions -5, However, these
methods are typically substrate-dependent, meaning they are only applicable to a particular
surface chemistry. For instance, silanisation is commonly used chemical linker-mediated
immobilisation approach to biofunctionalised orthopaedic substrates. However, it is limited to
only hydroxylated substrates bearing a high concentration of OH groups %62, Similarly, the
wet-chemical methods for covalent biofunctionalisation can be time-consuming and complex,
requiring multi-step processes. For example, the processing time for linker-mediated protein
immobilisation approaches is in the order of days. Another undesirable aspect of wet-chemical
methods is the extensive amounts of waste produced in the process, making them
environmentally questionable. Also, multiple side reactions may occur during the multi-step
processes, producing unneeded by-products that may reduce the overall reproducibility and

introduce significant challenges to obtain regulatory approvals .

Although there are more traditional coatings incorporating antibiotics currently under
investigation 9368 no implant coating has yet successfully made it to market. Part of the
challenge is that the selection of antimicrobials for coating is imperative to the avoidance of
selection pressures leading to bacterial resistance, whereas some implant coatings may require
a fundamental change in the implant manufacturing process. Additionally, an implant coated
with antimicrobial during manufacturing would be reclassified as a drug-delivery device,

which imposes different regulatory requirements and the shelf life may be affected 2.

3.1.3. Preclinical models for implant-related infections

Preclinical trials are essential for testing novel therapies, but animal models remain scarce with
large lab animals (e.g., rats, rabbits, sheep, and pigs) %-77. Although the size of these animals
is more convenient for surgery, it is usually difficult and expensive for conducting large animal
trials with these animals due to a lack of space in facilities for housing. In contrarily, laboratory
mice are more manageable for housing in large quantity, but they are smaller in size than rats
and are therefore more complex and challenging to operate on. Murine implantation infection
models have been established "8, However, the surgery is often complicated, time consuming
and challenging to repeat consistently in other laboratory settings. The design and preparation

of metal implants can also be complex to replicate.

The tibial drilled-hole pin-insertion model (TDH-pin) as demonstrated previously (Thesis
Chapter 2) has been shown as a simple, reliable, and cost-effective model to test proof-of-

concept prophylaxis and therapies. It also shortens the duration of experiment to only 14 days.
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It is speculated that the TDH-pin murine model would be comparable to the fracture-implant

infection models in larger animals.

3.1.4. IPP technology and its potential clinical applications

lon-assisted plasma polymerisation (IPP/PP) is a versatile method that enables the
biofunctionalisation of surfaces. Previously, IPP methods for conjugating functional molecules
to metal surfaces have focused on 2D methods, and in vitro experiments (unpublished data)
have shown rapid and sustaining release of antibiotic (CSA-90) when the drug is coated on
titanium and stainless-steel foils (Figure S3.1). IPP is a relatively novel technology, and it was
identified that new methods would be required to coat complex 3D structure like orthopaedic

implants.

IPP technology creates a radical-rich, polymeric-like layer on target surfaces using an organic
precursor monomer such as acetylene, while the substrate is negatively biased in a pulse
manner 80-84 Pulse biasing the substrate during the IPP process facilitates the energetic ion
bombardment of the coating as it grows, and results in the formation of a high concentration of
reactive radicals buried within the plasma polymer structure. These radicals stabilize in pi-
conjugated nanoclusters that migrate to the surface where they enable the covalent attachment
of a wide range of organic and inorganic bioactive compounds 8. In contrast to competing wet-
chemical methods, the covalent attachment is carried out in a single step and at room
temperature without the need of additional reagents. This reagent-free immobilisation approach
also permits control of the density and orientation of molecules on the surface by simply
applying an external electric field and tuning the solution pH containing the biomolecules 8.
Surface-embedded radicals created by enhanced ion bombardment of polymeric substrates can

also enable reagent-free polymerisation to enable covalent attachment of hydrogel layers &’.

Although it is not limited to these applications, IPP can be potentially used for coating Kirshner
wires, screws, and locking plates that are commonly used for fracture fixation to prevent
osteomyelitis 38. IPP technology can also be used to coat the surface of a femoral stem that are
often used for total hip arthroplasty 3°. In recent years, smart orthopaedic implants that can
measure physical parameters in vivo, including pressure, force, strain, displacement, proximity,
and temperature have been developed. These implants can be used for knee and hip
arthroplasties, spine fusion, fracture fixation, and others °°. IPP technology can also be used

on these devices.
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3.1.5. Ceragenins (CSAs) as bioactive molecules for IPP coating

In the context of orthopaedic implants, CSAs were hypothesized to be ideal candidates for
surface delivery. CSAs are a class of small molecule antimicrobial agents that disrupt bacterial
membranes and are bactericidal against a wide range of Gram-positive and Gram-negative
bacteria %1. They act in a manner alike to cationic antimicrobial peptides (CAMPSs) but have a
comparatively lower cytotoxicity and higher in vivo stability %2. In addition, CSA-90 and other
CSA-13 subclass ceragenins are known as pro-osteogenic, which promote fracture healing and
increase alkaline phosphatase (ALP) activities in pre-osteoblasts. Additionally, local CSA-90
delivery has been shown to prevent S. aureus, methicillin-resistant S. aureus (MRSA) and

methicillin-resistant S. epidermidis (MRSE) infections in small animal orthopaedic models

71,93,94

In this study, we present a new IPP process using a rotating cage made of an electrically
conductive mesh that is negatively biased and rotates while being immersed in RF plasma. We
hypothesised that this strategy would enable the deposition of radical-rich polymeric coatings
onto 3D surfaces for their subsequent biofunctionalisation. The efficacy of IPP as a surface
modification method is tested with our previously developed TDH-pin bone infection model
(Thesis Chapter 2), using CSA-90 as an active antimicrobial that is potentially used as a coating

to prevent implant-related osteomyelitis.

3.1.6. Aims and hypotheses

AIM 1: To test the in vitro influence of plasma polymerisation treatment on bacterial growth

with and without CSA-90 immobilisation on 3D surfaces.

AIM 2: To determine whether IPP-CSA-90 coating on stainless-steel pins can prevent or

ameliorate in vivo osteomyelitis in mice.

3.2. Materials and Methods
3.2.1. Materials

Silica beads (1 mm diameter) were purchased from Sigma-Aldrich. Double-side polished
silicon wafers (10 mm x 10 mm) were ultrasonicated in acetone and ethanol each for 10 mins

followed by drying using a stream of nitrogen gas prior to film deposition. Stainless steel (SS)
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Kirshner wires (1.1 mm in diameter) cut to 1 cm segments referred here to as SS pins were
obtained from Zimmer, Warsaw, Indiana, USA. Stainless-steel pins (size 000) were purchased
from the Australian Entomological Supplies Pty Ltd (South Murwillumbah, Australia). CSA-
90 was obtained from Prof Paul Savage (Brigham-Y oung University, Provo UT, United States).
Approximately 6 ml of Milli-Q water was added to 9.6 mg of CSA-90 to produce a clear

solution.

3.2.2. lon-assisted plasma polymerisation on silica beads and metal pins

The plasma polymerisation treatment was prepared by Dr Behnam Akhavan (School of Physics)
and his team at the University of Sydney. In brief, ion-assisted plasma polymerized films were
deposited on silica beads, stainless-steel pins, and silicon wafer substrates using a retrofitted
plasma polymerisation system equipped with a rotating cage (Figure 3.1). The plasma
polymerisation system, without the rotating cage, has been described in detail previously 8.9,
The rotating cage coupled to a pulse generator was installed into the side of the chamber to
enable homogenous plasma polymerisation of IPP films on the 3D objects, i.e., silica beads
and stainless-steel pins. The cage contained a stainless-steel mesh outer lining, supported by
two inner rods. The plasma polymerisation system was equipped with a radio frequency (RF)
electrode and a DC pulsed voltage source connected to the rotating cage. For each deposition,
approximately 450 silica beads and 20 SS pins were used. In each batch, a silicon wafer (10mm
x 10mm) was attached to the inner rod of the rotating cage. The pulsed voltage source applied
to the rotating cage was generated by a RUP-6 pulse generator (GBS-Electronik) at a frequency
of 3 kHz and a pulse duration of 20 ps. The cage rotation motor was set to 2.5 V, providing 10
revolutions per minute, for each deposition. Prior to ion-assisted plasma polymerisation and
once the chamber base pressure was below 5.0 x 1079 Torr, the silica beads or SS pins, silicon
wafer, and the cage were cleaned using argon plasma [Ar flow rate = 40 standard cubic
centimetre per minute (sccm)] at 75 W and -500 V pulsed bias for 10 minutes. Then, a mixture
of 5 sccm acetylene and 25 sccm argon was injected into the chamber and the pressure was
adjusted to 110 mTorr. The pulse bias voltage was varied from 0 to 1000 V, while the RF input
power was kept unchanged at 50 W. The polymerisation time was 15 minutes unless otherwise
stated.
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RF electrode

Figure 3.1: Schematic illustration of a retrofitted plasma polymerisation chamber equipped with a
rotating cage to create IPP coatings onto 3D materials.

3.2.3. Beads and antimicrobial coating for in vitro assay

Silica beads (1mm) were modified by various coatings: IPP coating only, IPP coating with
CSA-90, CSA-90 without IPP coating, and IPP coating with CSA-90 washed with 5% sodium
dodecyl sulphate (SDS) at 70°C for one hour. For CSA-90 coating processes, 60 uncoated or
IPP-coated silica beads were covered for 12 hours at room temperature with 300 pL of CSA-
90 solution (1 mg/mL). The CSA-90 solution was then removed, and the samples were rinsed
three times with copious amount of Milli-Q water. The coated silica beads were then placed in
either lysogeny broth (LB) with 10° CFU of Staphylococcus aureus (S. aureus; Figure 3.2A),
or sterile LB after inoculating 10* CFU of S. aureus on the surface and air dried for ten minutes
(Figure 3.2B).
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—

Silica beads
with/without coatings

\\/ 1 X 10*CFU \
1 X 10°CFU S. aureus inoculated \
S. aureusin LB Sterile LB

Figure 3.2. A schematic showing the in vitro assay used for testing the antimicrobial properties of

coated silica beads.

3.2.4. Covalent attachment of CSA-90 on stainless-steel pins

For in vitro validation of the coating, stainless-steel Kirshner wires (Zimmer, Warsaw, Indiana,
USA) cut to 1 cm segments (1.1 mm in diameter) was used. For surgery, stainless-steel pins
(size 000) were coated by plasma-polymerisation as previously described prior to drug coating.
Pins were then bathed in a 1 mg/mL CSA-90 solution on a petri dish for 12 hours on a shaker,

and subsequently air-dried in a 37 °C incubator overnight and then stored at room temperature.

3.2.5. Bacterial culture

Patient-derived Staphylococcus aureus (American Type Culture Collection-12600) stored at -
80°C in glycerol stocks was grown overnight on LB agar plates at 37°C, and single colonies
were picked for culture in LB the day prior to surgical inoculation. Bacteria was quantified
using a spectrophotometer (Cary 300 UV-Vis, Agilent, Las Vegas, NV) at 600 nm with an

optical density of 1 representing 1 x 10° colony-forming unit (CFU)/millilitre (mL). Colonies
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were picked the day before surgery, enabling 12-hour growth in LB broth to ensure accurate

quantification of live/active bacteria from broth culture for inoculation.

3.2.6. Animal ethics and study design

C57BL/6 12-week-old female mice (n=30) were purchased from the Australian BioResources
(Moss Vale, NSW, Australia). They were group housed 5-6 per cage with access to food and
water ad libitum. Mice were acclimatised for a week prior to surgery. Animal work was
approved by the local Animal Ethics Committee (K339) and carried out in accordance with the
Australian Code for the Care and Use of Animals for Scientific Purposes (2013). Prior to
surgery, mice were randomly assigned to 3 groups (n=10 per group) to be surgically implanted
with stainless steel pins that were (i) uncoated, (ii) coated by IPP, or (iii) IPP/CSA-90 coated.

3.2.7. Preclinical orthopaedic surgical model with implantation

Surgical anaesthesia was induced with intraperitoneal ketamine (75 mg/kg) and xylazine (10
mg/kg) and maintained with inhaled isoflurane (2-3% per 1.5-2L oxygen) as required. The right
leg of each animal was shaved and treated with a topical povidone-iodine solution prior to
surgery. Buprenorphine (0.1 mg/kg) was given subcutaneously 1 hour prior to surgery and then

every 12 hours for 3 days for postoperative analgesia.

A medial parapatellar approach was used to access the right proximal tibia. A hole (0.5 mm in
diameter) was made at the right tibial metaphysis (below the growth plate) using a surgical drill
(Stryker ® 5100-15-250 Straight, Kalamazoo, USA), exposing the medullary canal adjacent to
the drilled hole for bacterial infection. A stainless-steel pin was inserted through the
subchondral bone at the knee, adjacent to the drilled-hole defect. After that, 1 x 108 CFU S.
aureus was injected in 5 pL directly into the drilled hole with a Hamilton syringe and needles
(Hamilton Company, Nevada, USA) immediately after the pin-insertion. The incision was
closed with 5-0 Vicryl (Ethicon LLC, Puerto Rico, USA), and no dressings were applied to the
wound. Baseline radiographs were taken at the time of surgery. Animals recovered on a heated

pad after surgery and were given subcutaneous saline (200 uL).

Animals were monitored daily by experienced staff and had twice-weekly radiographs
performed under anaesthesia (inhaled isoflurane) using digital X-ray (Faxitron Bioptics,
Tuscan, AZ) at 25 kV (five seconds) with x2 magnification. X-ray images were assessed by

orthopaedic surgeons and veterinarian blinded to treatment. To minimize animal pain and
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distress, animals showing overt physiological and/or radiological evidence of infection judged
by declining overall health (loss of body weight, lethargy, pyrexia, poor coat condition, non-
weight bearing, and inflammation of the surgical site) or radiological evidence of worsening
infection (localized osteolysis at the tibia and joint) were prematurely euthanized to avoid
sepsis. The remaining mice were euthanized by carbon dioxide inhalation three weeks

postoperatively.

3.2.8. Specimen collection and analysis

At endpoint, a biopsy of the soft tissue adjacent to the bone defect was taken after the incision
under aseptic conditions. The surgical pin was pulled out from the joint by a sterile needle
holder. All specimens were then placed in LB (1 mL) for bacterial culture. A bone swab was
collected at the defect site and resuspended in the broth for 15 seconds. Pus samples (if present)
were also collected by swab for bacterial culture. The bacterial culture was incubated overnight
at 37°C. Positive and negative results were determined by the media turbidity and quantified
using a plate spectrophotometer (SpectraMax ® iD3, Molecular Devices, San Jose, USA) at
600 nm.

The right tibiae were also harvested for micro-computed tomography (micro-CT) or histology.
For micro-CT, the right tibiae were fixed in 10% formalin for 24 hours and transferred to 70%
ethanol before being scanned with a SkyScan 1272 micro-CT scanner (SkyScan, Kontich,
Belgium). All samples were scanned in 70% ethanol-soaked kimwipe at 50 kV and 200 pA
using a 0.5 mm aluminium filter. Images were scanned at a pixel resolution of 9 um,
reconstructed with NRecon, straightened using DataViewer and analyzed with CTAn software
(SkyScan). The region of interest (ROI) was drawn within the cortical bone defect (0.5 mm in
diameter). A global threshold to define bone tissue was set at 0.4 g/cm? calcium hydroxyapatite,
calibrated using two phantom samples of a known density. Bone morphometric outcomes
included bone volume (mm3), tissue volume (mm3), and bone tissue mineral density (g/cm?).

Three-dimensional reconstructions were generated using CTVox software (Skyscan).

3.2.9. Histology

The tibiae were decalcified in 0.34M EDTA (pH 8.0) solution at 4°C on a shaker for two weeks
with solution changes twice a week. Following decalcification, samples were embedded in

paraffin and sectioned coronally through the tibial drilled hole at a thickness of five microns.
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Mounted sections were stained with haematoxylin and eosin (H&E) to differentiate bone and

show the bone defect region.

3.2.10. Statistical analysis

Statistical power calculations and analyses were performed in GraphPad Prism (La Jolla,
California), with the cut-off for significance set at p < 0.05. The infection rate was analysed
using the Fisher's exact test. The micro-CT data from the in vivo study were analysed using a
Kruskal-Wallis and Dunn’s test for multiple groups, followed by a non-parametric post-hoc
Mann-Whitney U-test to compare groups pairwise. The in vitro bacterial loads data were

analysed using a 2-way ANOVA with Turkey’s test and an unpaired t-test.

3.3. Results

3.3.1. IPP biofunctionalised 3D surfaces for antimicrobial coating
AIM 1: To validate and optimise IPP biofunctionalisation on 3D surfaces for CSA-90 coating

IPP biofunctionalisation on 2D metal surfaces were validated by in vitro assays. The PP-coated
titanium (Ti) and stainless-steel (SSt) foils showed significant reductions in S. aureus (ATCC-
12600) adherence (Figures S3.1 and S3.2). Two-tailed non-paired t-test of CFU/mL counts was
performed for Ti and SSt foils (N=10) incubated for 24 or 72 hours. Uncoated Ti and SSt foils
were found to contain significantly higher proportion bacteria when compared to PP-coated
foils. Subsequently, to test the antimicrobial activity of a particular batch of CSA-90 (~0.7
mg/mL) immobilised on PP-coated surfaces, a Kirby-Bauer (KB) assay was conducted on an
agar plate incubated with S. aureus (ATCC-12600) for 24 hours. The resulting zone of
inhibition (ZOIl) of untreated, PP-coated and PP + CSA-90-coated was compared with
gentamicin (10 pg/mL). The ZOI for gentamicin and PP + CSA-90-coated foils (Ti/SSt) were
measured (Table S3.1) and observed (Figure S3.3). Results suggest that the CSA-90 on the PP-

coated surface remains active as an antimicrobial agent against S. aureus on 2D surfaces.

Next, in vitro experiments simulated the exposure of 3D-orthopaedic implants (a spherical
silica bead and Kirshner-wire pin) to sources of infection (i.e., bacteria) after implantation. The
3D surface acts as a nidus for bacterial growth and biofilm formation. Reducing the capacity
of bacteria adhesion and survival on an implant surface would prove the concept of utilising

IPP technology for reducing infection risk. However, 3D surfaces are more challenging to coat.
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To functionally optimise the IPP technology on 3D surfaces and assess the antimicrobial effects
of CSA-90 coating, IPP-coated and control uncoated silica beads were exposed to S. aureus
(ATCC-12600). The inoculated bacteria were allowed to air-dry onto the surface, and then the
beads were placed in a solution of LB. As controls, PP-coated beads alone and unwashed PP +
CSA-90-coated beads were included, which gave positive and negative signals for bacterial
growth, respectively. Beads where CSA-90 was adsorbed to the surface in the absence of
plasma polymerisation, and then washed with sodium dodecy| sulphate solution (SDS) did not
impair bacterial growth, suggesting that CSA-90 was rapidly lost when washed. Conversely,
PP + CSA-90 beads washed with SDS still showed potent antimicrobial activity in this assay
(Figure 3.3A). Next, stainless-steel Kirshner-wire wire segments (1 cm length), with and
without PP + CSA-90 coating, were tested for antimicrobial activity. Even with a higher (10-
fold) inoculation dose of S. aureus, PP + CSA-90 coated wires showed a potent antimicrobial

activity when grown in LB (Figure 3.3B).
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Figure 3.3: (A) The bacterial loads (absorbance at 600 nm) recovered from the silica beads with S.
aureus (1x10* CFU) inoculated and air dried. (B) The bacterial loads (absorbance at 600 nm) recovered
from stainless-steel Kirshner-wire (1 cm in length) with S. aureus (1x10° CFU) inoculated on the surface.
(Error bars: mean and SEM; Statistical analysis was completed using (A) 2-way ANOVA and Turkey’s
Test and (B) unpaired t-test; ** p-value <0.01 and =20.001; *** p-value <0.001).
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3.3.2. IPP+CSA-90 coating reduces bacterial loads in bones and soft-tissues

A preclinical murine orthopaedic infection model (TDH-pin method) was performed where a
localized bone defect was made in the proximal tibia and a stainless-steel pin inserted into the
intramedullary space as a nidus for biofilm formation and infection. Prior model development
showed that a foreign surface adjacent to the bone defect (i.e., a metal pin) is important to

achieve reliable and progressive infection (Thesis Chapter 2).

In the positive control group without any infection control measures, 80% (8/10) of animals
developed pyogenic infections (pus present) and 80% (8/10) were positive for bacteria by swab
test (bone defect site) at the study end point. Those with PP-coating only (i.e., no CSA-90) had
50% (5/10) with pus, but 90% (9/10) were tested positive for bacteria by swab test, suggesting
the tissue inflammation was less severe in the PP-coated group, but the infection was not
cleared without antimicrobial interventions. Subsequently, the PP + CSA-90 coating group
showed 50% (5/10, p = 0.35, uncoated vs. PP + CSA-90) with pus, and 40% (4/10, p = 0.17,
uncoated vs. PP + CSA-90) were tested positive for bacteria by swab test. Although it did not
reach statistical significance, the PP + CSA-90 group had reduced the bone infection rate by
nearly 50% (Table 3.1).

Table 3.1: The summary of infection rate in the preclinical trial.

Group Bone Swab + (%) | Pus + (%)
No coating 8/10 8/10
PP 9/10 5/10
PP + CSA-90 | 4/10 5/10

However, quantified data showed that the bacterial loads were the lowest in the PP + CSA-90-
coated group for swabs from the bones (Figure 3.3A, p < 0.05), soft tissues (Figure 3.3B, p <
0.01) and pins (Figure 3.3C). The data also revealed that without CSA-90, the PP-coated pins
were able to reduce the bacterial loads on the bones, soft tissues, and pins even without CSA-
90.
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Figure 3.4: Semi-quantitative analysis of relative bacterial load (absorbance at 600 nm) from (A) bone
swabs, (B) intramedullary steel pins, and (C) soft tissue adjacent to the defect site. (Error bars show
mean and SEM; p-value: * <0.05 and >0.01).

The PP + CSA-90 group had the lowest bacterial loads in bones compared to the no coating
positive control group and PP-coating (no CSA-90) group (Figure 3.3A; p-values: <0.05). The
PP-coating and PP + CSA-90 coatings had a reduction of bacterial load in soft-tissues (Figure
3.3B; p-values: <0.05). There was a trend for reduced bacterial loads on the pin surface for the
PP-coating and PP+CSA-90-coating groups, but this did not reach statistical significance
(Figure. 3.3C).

3.3.3. IPP + CSA-90 coating reduced bone loss and promote bone healing

Radiographs were used to assess osteolytic bone loss associated with infection. In uncoated
pins, considerable bone loss was seen compared to the PP-coated pins and PP+CSA-90 coated
pins, which showed superior healing (Figure 3.4). Bone loss was quantified using micro-CT
and this supported the descriptive radiography (Figure 3.5). The micro-CT reconstruction
images showed substantial healing of the tibial drilled-hole defect in PP-coated and PP+CSA-
90 coated groups. Representative images were selected as having the median bone volume (BV)
for an experimental group as assessed by quantitative micro-CT (Figure 3.5A). In addition, the
PP-coated and PP + CSA-90 coated groups had an increased regenerate BV (Figure 3.5B).
Although the regenerate BVs between the uncoated and PP-coated groups did not reach
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statistical significance (p = 0.319, no coating vs. PP; and p =0.4313, PP vs. PP+CSA-90), the
regenerate BVs between uncoated and PP+CSA-90 coated was significant (p < 0.05).

Figure 3.5: Radiographs (X-ray images) showing (A) osteolytic bone loss in infected tibiae (white

arrows) with uncoated pins, and bone healing in select tibiae from groups with (B) PP coated pins, and
(C) PP + CSA-90 coated pins. Radiographs show images before (left) and after (right) pin removal. The

white arrows point to osteolytic lesions on XR.
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Figure 3.6: (A) Micro-CT reconstructions of tibial defects showing improved healing with PP+CSA-90
implant coating. (B) Micro-CT analysis of bone volume (mm3) in the tibial drilled hole after 2 weeks.
There was significantly improved regenerate BV in the PP+CSA-90 group (p < 0.05). BV in the PP
group did not reach statistical significance with the other groups (p = 0.319, no coating vs. PP; and p
=0.4313, PP vs. PP+CSA-90). The white arrows point to the site of the original bone defects. It was
shown that the defects were healed in the PP + CSA-90 group.

To complement the micro-CT analysis, descriptive histology was performed on specimens
from each group. In the no coating group, the infected drilled hole persisted (Figure 3.7A) and
the defect in the marrow was infiltrated with inflammatory macrophages and lymphocytes
(Figure 3.7B; yellow arrows). It is found that infection leads to both bone resorption and
subsequent woven bone formation all around the defect site affected the entire proximal
metaphysis (Figures 3.7A, C and D, black arrows). However, the bone resorption was most
severe in the infected bones without treatment, whereas the groups that received PP-coated or

95



Chapter 3

PP + CSA-90-coated pins showed new bone formation with no histological evidence of
persistent infection (Figures 3.7C and D).

Figure 3.7: H&E-stained sections of the tibial drilled-hole defects in (A-B) no coating, (C) IPP-coated
and (D) IPP+CSA-90 groups. Scale bars represent 600 um (A, C-D) and 200 pum (B). Black arrows
represent woven cortical bones; yellow arrows represent inflammatory macrophages and lymphocytes.
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3.4. Discussion

Treatment for implant-related osteomyelitis has historically been a clinical challenge. Apart
from implant removal and replacement, there are few options currently available to treat or
prevent the formation of biofilm on metallic implant surfaces. Intravenous antibiotics are not
typically effective against these types of infections, meaning patients sometimes need to
tolerate systemic toxicity, limiting dosing for treatment. Consequently, novel strategies are
needed to decrease the risk of implant-related infection utilising safer and more reliable

methods of local antibiotic delivery.

In this study, we challenged the IPP + CSA-90 coating on 3D surfaces with bacterial exposure.
Our preliminary in vitro data show similar antimicrobial effects on silica beads and Kirshner-
wires. The function of CSA-90 remains active after immobilisation, reflecting the effects
observed in 2D surfaces. The in vitro experiment also demonstrates that the CSA-90 on a PP-
coated surface can tolerate SDS washes and the concentration remains sufficient to kill bacteria,
suggesting a synergistic effect of IPP and CSA-90 as implant coating agents. These findings
are also supported by the animal trial data. The in vivo data confirmed the profound osteogenic
property of CSA-90 as well as the anti-adhesive feature of PP-coating for bacterial cells. The
reduction of infection rate and bacterial loads on bones and soft tissues in the IPP + CSA-90

coating group suggest that CSA-90 provides protection against S. aureus.

Based on the observation of burst release, there is limited evidence to suggest whether the
immobilisation of CSA-90 on the IPP-coated surface involves covalent linkage. However, due
to the high efficacy of CSA-90 at low concentration, perhaps there is sufficient CSA-90
attached on the surface to have a lasting antifouling effect. The mechanism requires further
investigations to improve drug release and sustainability. Nonetheless, the in vivo findings
suggest that the IPP coating itself can be advantageous to prevent implant-related bone

infections, and such effect can be enhanced by osteogenic CSA-90.

In contrast, the decreased bacterial loads on bones, soft tissues, and pins in the IPP-coating
group (no CSA-90) highlight the importance of bacterial adhesion on a metal surface to bone
infections. Without a metal surface to act as a nidus, bacterial growth and biofilm formation
are inhibited, which potentially reduce the severity of infection even without the presence of
antibiotics, even though the bacteria are still detectable from swab tests. While the exact
mechanisms by which inhibition occurs is currently unknown, one possible explanation is that

the IPP-coating composition containing hydrogen, carbon, nitrogen, and argon elements, which
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are not conductive to bacterial adhesion 883, Nevertheless, these results align with previous

findings on 2D metal surfaces.

One limitation of this study is that we only tested one CSA-90 concentration on the coating.
Although CSA-90 was known to be effective against multiple S. aureus strains in low-
concentration, the IPP + CSA-90 coating group did not prevent osteomyelitis in all animals,
suggesting the dosage of CSA-90 for coating is not optimised. Previous trials with rats have
suggested that CSA-90 can be used in conjunction with routine systemic antibiotic prophylaxis
to prevent periprosthetic joint infections 934, Subsequently, there is no validation on how much
CSA-90 can be immobilised on IPP-coated surfaces. There may be reduced amount of CSA-
90 on the surface due to a wash-off effect or it may be affected by other in vivo biological
factors that have not been considered in previous in vitro experiments. Future studies can use
our model to test higher concentrations of CSA-90 or assess the efficacies of other ceragenins
like CSA-131 (the second generation of CSA-13) that has similar molecular structure to CSA-
90.

CSA-131 has been approved by Food and Drug Administration (FDA) in the United States for
clinical endotracheal tube coating, suggesting that it may also be a feasible candidate for
orthopaedic implant coating. Additionally, other CSAs in the CSA-13 subgroups (e.g., CSA-
13 and CSA-131) are also known to be pro-osteogenic like CSA-90 and have bactericidal and
antibiofilm activities against orthopaedic pathogens. The applications of IPP technology are
not limited to delivering CSAs only, but also a variety of bioactive agents including proteins
like bone-morphogenetic protein-2 (BMP-2), peptides such as MEL4 and caspofungin, and
other antimicrobials that do not result in drug resistance from long-term exposure, and it opens

the opportunity to nearly unlimited innovations and interventions 883,

Although we have utilised IPP technology to coat surfaces other than metal (e.g., silica beads)
in vitro, we have not performed any in vivo experiments to examine the efficacy of PP + CSA-
90 coating on non-metal implants or evaluate the drug-release effect of CSA-90 using silica
beads. Polymethylmethacrylate (PMMA) beads have been used to treat bone and wound
infections over the last 30 years °6. Therefore, future studies could also test the IPP technology

on PMMA beads or other non-metal implants.

Another limitation of this study is that we only tested one monoclonal S. aureus strain (ATCC-
12600) in this model, whereas clinically osteomyelitis can be multiclonal and polymicrobial.
Other bacterial pathogens (e.g., methicillin-resistant S. aureus, S. epidermidis,

Propionibacterium acnes, Escherichia coli, Streptococcus, and Pseudomonas aeruginosa) can
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also be tested with the current model or using our newly developed NIS-Pin model as an
alternative. In addition, ATCC-12600 S. aureus is not a high biofilm forming strain like ATCC-
25923, so future experiments can also challenge the efficacy of PP-coating with a biofilm
infection model. Furthermore, future experiments can also consider using bioluminescent
bacteria (e.g., Xen36 S. aureus) to detect and track progressions of in vivo bone infections.
IVIS scanning can perform on in vitro implants to validate bacterial inhibition and bactericidal

activity of PP-coating and CSA-90 respectively.

One of the advantages of using IPP coating is that it does not require modification of the
implant manufacturing process. Potentially, it can be prepared on any 3D surfaces that require
antibiotic coating, and it is highly flexible for the applications from a clinical point of view, as
it can be applied at the point-of-care before surgery, and it does not affect the shelf life of the

implant.

Poly(ethylene glycol)-polyallyl mercaptan (PEG-PAM) coating method also features as a
biodegradable implant coating technology 2*. PEG-PAM is a unique polymer formulation
derived from PEG and poly(propylene sulphide) that carries antimicrobial compounds with a
single layer, rapid polymerisation design that can deliver and release therapeutics %1%, The
copolymer PEG-PAM requires just a few minutes to coat the implant in the operation room
and has demonstrated antimicrobial efficacy . It was suggested that a variety of antibiotics
such as vancomycin, ceftriaxone, cefazolin, cefepime, tobramycin, piperacillin, and
tazobactam, clindamycin, linezolid, rifampin and various combination of these antibiotics can
be encapsulated in the PEG-PAM coating without losing their efficacy. These antibiotics can
be passively released over two weeks to maintain the MIC during the perioperative period.
While there is potential to use IPP with these antibiotics on orthopaedic implants, those
antibiotics do not have osteogenic property, and may not be as advantageous as ceragenins

(CSAs) combined with IPP coating to reduce the likelihood and impact of antibiotic resistance.

Furthermore, CSAs are effective against bacterial biofilms, which is a unique feature that many
traditional antibiotics lack '°1-193, Therefore, it is speculated that the application of CSA-90 for
orthopaedic implant coating will be more advantageous compared to other conventional
antibiotics. Nonetheless, the local delivery of antibiotic for orthopaedic implanted-related

osteomyelitis remains challenging and require further research and development.

Further preclinical trials should be performed on a larger scale with higher concentrations of
CSA-90 or other ceragenins. There is also no limitation for using multiple drugs for implant

coating. For example, CSA-90/CSA-131 combined with vancomycin could be feasible. Future
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studies should determine synergistic effects and applications using ceragenins as a conjugate

prophylaxis with other antimicrobials.

In the context of orthopaedic implants, we regard IPP as an alternative technology to
biofunctionalise surfaces of metal implants. Although IPP technology can potentially apply to
any orthopaedic implant, we speculate that the IPP coating would be most benefit if used on
screws, Kirshner-wires, and surgical locking plates that are used for internal fixation, as these
implants have relatively unified 3D structures and are most used in fracture surgery and

treatment.

Although a range of bioactive substrates have the potential to improve clinical outcomes.
Ceragenins would be ideal candidates for surface delivery due to their active bactericidal and
antibiofilm activities in vitro and in vivo. Using osteogenic CSAs as a coating agent should
also be more advantageous than coatings with other bioactive substrates as it can promote
fracture reunion. Studies have also demonstrated that it is difficult for bacterial and fungal
pathogen to develop antimicrobial resistance against ceragenins, suggesting routine and
prolonged exposure would not deteriorate the risk and incidence of AMR infections. In addition,
gold nanoparticle (AuNP) conjugates with ceragenins were found to reduce in vivo toxicity and

adverse effect and should be considered for implant coating '94-196,

3.5. Conclusion

These studies have examined the utility of IPP for the biofunctionalisation of surfaces and
demonstrates proof-of-principle that the IPP technology previously adapted for 2D surfaces
can be optimised for 3D surfaces. This study focuses on applying IPP to create CSA-90 coated
pins that were tested in our TDH-pin murine bone infection model. The data strongly shows
the benefits of PP + CSA-90 coating as an antimicrobial suppression tool, but notably raises
the potential of PP-coating itself as having antimicrobial qualities. Moving forward, the
potential of IPP biofunctionalised coatings is extremely broad and could be adapted for other

molecules including osteogenic factors, bone antiresorptives, or alternative antimicrobial drugs.
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Table S3.1: Average measured ZOI (mm) of substances incubated for 24h with S. aureus.

Incubated Substances (24 hours)

Average ZOI (mm)

PP + CSA-90 Ti foil

22

PP + CSA-90 SSt foil

24

Gentamicin disc

17
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Figure S3.1: CFU/mL count of untreated and PP treated Ti foil surfaces (n=10) after bacterial adhesion
assay and incubation at 37 °C for (A) 24 hours (p = 0.0062) and (B) 72 hours (p = 0.0139).
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Figure S3.2: CFU/mL count of untreated and PP treated SSt foil surfaces (n=10) after bacterial
adhesion assay and incubation at 37 °C for (A) 24 hours (p = 0.0162) and (B) 72 hours (p = 0.0060).
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Uncoated Titanium Foil

9

Gentamicin

CSA-90 Coated
Titanium Foil

Uncoated Stainless-Steel Foil

Gentamicin

CSA-90 Coated
Stainless-Steel Foil

Figure S3.3: Kirby-Bauer diffusion susceptibility test incorporating CSA-90 (0.7 mg/mL) immobilised
PP treated surfaces incubated in S. aureus at 37 °C for 24 hours. (A) Ti surfaces (B) Stainless-steel
surfaces.
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Abstract

Covalent biofunctionalization of implant surfaces using antimicrobial agents is a promising approach
to reducing bone infection and implant failure. Radical-rich, ion-assisted plasma polymerized (IPP)
coatings enable surface covalent biofunctionalization in a single, reagent-free step; but until now, they
have been limited to only 2D surfaces. Here we demonstrate a new technology to create homogenous
IPP coatings on 3D materials using a rotating, conductive cage that is negatively biased while immersed
in RF plasma. We provided evidence that under controlled energetic ion bombardment, this technology
enables the formation of highly robust and homogenous radical-rich coatings on 3D objects for
subsequent covalent attachment of antimicrobial agents. To functionally apply this technology, the
broad-spectrum antimicrobial CSA-90 was attached to the surfaces, where it retained potent
antibacterial activity against Staphylococcus aureus. CSA-90 covalent functionalization of stainless-
steel pins used in a murine model of orthopedic infection revealed the highly promising potential of this
coating system to reduce S. aureus infection-related bone loss. This study takes the previous research
on plasma-based covalent functionalization of 2D surfaces a step further, with important implications
for ushering in a new dimension in the biofunctionalization of 3D structures for applications in bone

implants and beyond.
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1. Introduction

Bone infection is a major clinical problem and can be of exceptionally high risk for open fractures and
surgeries . Although re-operation and debridement combined with systemic antibiotic treatment can
often resolve an initial superficial infection, deep infections are often refractory to intervention 2.
Treating the resultant non-unions can be challenging and costly 4. Orthopedic implants can act as a
nidus for biofilm formation, making them particularly prone to infection. Joint replacement or total joint
arthroplasty is a high-volume, high-cost surgery where preventable post-operative complications are
significant cost drivers °. Infection rates are particularly high in joint replacement revisions, even when
implants are being revised for complications not previously associated with infection. Hence, there is a
growing trend toward establishing antimicrobial coatings for medical implants, particularly those

implanted in the bone ®.

In terms of surface biofunctionalization, agents that have been trialed can be broadly classified into
inorganics (e.qg., silver, copper, and zinc oxide), organics (e.g., small molecule antibiotics, antimicrobial
peptides, polymers), as well as modification of surface texture (e.g., nano-texturization, micro-
texturization) . While bioactive organic agents can have high potency against infection, there remains
considerable scope to develop new methods for surface attachment 8. Simple adsorption methods can
result in burst release and a lack of sustained protection. Agents can also be embedded in soluble
polymer or hydrogel matrices that can be used for surface coating. This approach can yield challenges
with controlling degradation rates and the negative biological effects of breakdown products. In
contrast, methods for covalent linkage to an implant surface allow for rapid and sustained biological

activity.

Covalent attachment of bioactive molecules on surfaces has been traditionally achieved using methods
relying on wet-chemical steps °. Examples of these approaches include linker chemistry methods based
on salinization *°, PEGylation **, and heparinization *2. However, these methods are typically substrate-
dependent, meaning they apply to only a particular surface chemistry. For example, salinization, a
commonly used chemical linker-mediated immobilization approach to biofunctionalize orthopedic
substrates, is limited to only hydroxylated substrates bearing a high concentration of OH groups 34,
Further, the wet-chemical methods for covalent biofunctionalization are often time-consuming and
complex, requiring multi-step processes. For example, the processing time for linker-mediated protein
immobilization approaches is typically in the order of days °. Another undesirable aspect of such wet-
chemistry methods is the extensive waste produced in the process, making them environmentally
guestionable. In addition, many side reactions may occur during the multi-step processes, producing
by-products that may reduce the overall reproducibility and introduce significant challenges to

obtaining regulatory approvals °.



Chapter 3 (Appendix)

We have recently introduced ion-assisted plasma polymerization (IPP) as a versatile, alternative method
to biofunctionalize surfaces. In this technology, a radical-rich, polymeric-like layer is created on the
surface using an organic precursor monomer such as acetylene, while the substrate is negatively biased
in a pulse manner 18, Pulse biasing the substrate during the IPP process facilitates the energetic ion
bombardment of the coating as it grows, resulting in the formation of a high concentration of reactive
radicals buried within the plasma polymer structure. These radicals, stabilized in pi-conjugated
nanoclusters, migrate to the surface, where they enable the covalent attachment of a wide range of
organic and inorganic bioactive compounds °. The covalent attachment is carried out in a single step
and at room temperature without needing additional reagents. Such a reagent-free immobilization
approach also permits control of the density and orientation of molecules on the surface by simply
applying an external electric field and/or tuning the solution pH containing the biomolecules 2. Surface-
embedded radicals created by enhanced ion bombardment of polymeric substrates can also enable the

reagent-free polymerization of hydrogel layers that are covalently attached to the surface 2.

In the context of bone implants, a range of bioactive substrates has the potential to improve clinical
outcomes. It is speculated that CSA antibiotics would be ideal candidates for surface immobilization.
CSAs are a class of small molecule agents that disrupt bacterial membranes and are bactericidal against
Gram-positive and Gram-negative bacteria ?2. They act in a manner similar to antimicrobial peptides
but have comparatively reduced cytotoxicity and greater in vivo stability 2%. Local CSA-90 delivery has
been shown to prevent S. aureus infection in small animal orthopedic models 4%, However, IPP coating
can be used to immobilize and present a variety of bioactive agents, including proteins such as BMP2

17 peptides such as MEL4 and caspofungin 6, and silver nano-particles *°.

Despite all these intriguing potential applications of the IPP technology in biomimetic surface
engineering; to date, it has been limited to only 2D substrates. As almost all biomedical devices are in
3D form, to achieve homogenous and robust coatings on 3D surfaces, new technologies with bespoke
reactor designs and geometries are needed. As schematically illustrated in Figure 1, here we present a
new ion-assisted plasma polymerization process using a rotating cage made of an electrically
conductive mesh that is negatively biased and rotates while immersed in RF plasma. We hypothesized
that this strategy enables the deposition of radical-rich polymeric coatings onto 3D surfaces for their
subsequent covalent biofunctionalization in a single-step, reagent-free process. IPP's efficacy as a
surface modification method using CSA-90 was tested for antimicrobial potential using both in vitro

assays and an in vivo model of stainless-steel pin infection.
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Figure 1. Schematic illustration of the ion-assisted plasma polymerization process to form radical-rich
coatings on 3D materials for CSA-90 covalent biofunctionalization. The antibacterial efficacy of the
coatings to reduce S. aureus infection-related bone loss was evaluated in a murine model of orthopedic

infection.

2. Materials and Methods

2.1. Materials

Silica beads (1 mm diameter) were purchased from Sigma-Aldrich. Double-side polished silicon wafers
(20 mm x 10 mm) were ultrasonicated in acetone and ethanol each for 10 min, then dried using a stream
of nitrogen gas before film deposition. Stainless-steel (SS) Kirshner-wires (1.1 mm in diameter) cut to
1 cm segments referred to as SS rods were obtained from Zimmer, Warsaw, Indiana, USA. Stainless
steel pins (size 000) were purchased from the Australian Entomological Supplies Pty Ltd (South
Murwillumbah, Australia). CSA-90 was obtained from Prof Paul Savage (Brigham-Young University,
Provo, Utah, United States). Approximately 6 ml of Milli-Q water was added to 9.6 mg of CSA-90 to

produce a clear solution.

2.2. lon-assisted plasma polymerization on 3D substrates

lon-assisted plasma polymerized films were deposited on silica beads, stainless-steel pins and silicon
wafer substrates using a retrofitted plasma polymerization system (Figure 2A) equipped with a rotating
cage (Figure 2B). The plasma polymerization system, without the rotating cage, has been described in
detail previously 62728 The rotating cage coupled to a pulse generator was installed into the side of the
chamber to enable homogenous plasma polymerization of IPP films on the 3D objects, i.e., silica beads
and stainless-steel pins. The cage contained a stainless-steel mesh outer lining supported by two inner
rods. The plasma polymerization system was equipped with a radio frequency (RF) electrode and a DC-
pulsed voltage source connected to the rotating cage. Approximately 450 silica beads, or 20 SS pins
were used for each deposition. In each batch, a silicon wafer (10 mm x 10 mm) was attached to the
inner rod of the rotating cage. The bias voltage pulses applied to the rotating cage were generated by a

5
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RUP-6 pulse generator (GBS-Electronik) at 3 kHz for a pulse duration of 20 us. The cage rotation motor
was set to 2.5 V, providing ten revolutions per minute. Prior to ion-assisted plasma polymerization and
once the chamber base pressure was below 5.0 x 107° Torr, the silica beads or SS pins, silicon wafer,
and the cage were cleaned using argon plasma (Ar flow rate = 40 standard cubic centimeters per minute
(sccm)) at 75 W and -500 V pulsed bias applied to the cage for 10 minutes. Then, a mixture of 5 sccm
acetylene and 25 sccm argon was injected into the chamber, and the pressure was adjusted to 110 mTorr.
The pulse bias voltage was varied from 0 to 1000 V, while the RF input power was kept unchanged at

50 W. The polymerization time for each coating process was 15 minutes unless otherwise stated.

RF electrode

RF electrode

Electrically-biased
rotating cage

Electrically-biased |,
rotating cage /.

Puls Generator Vacuum system

Figure 2: (A) Schematic illustration of a retrofitted plasma polymerization system equipped with (B)

a negatively biased rotating cage to create IPP coatings on 3D materials.

2.3. X-ray photoelectron spectroscopy (XPS)

The surface chemistry of IPP-coated materials was analyzed using a SPECS FlexMod spectrometer
within 24 hours after deposition. The spectrometer was equipped with a hemispherical analyzer
(PHOIBOS 150), an MCD9 electron detector, and a monochromatic X-ray source, operating at 10 kV
and 20 mA (AlKa, hv = 1486.7 eV). The samples were mounted on the holder using double-sided,
conductive carbon tape. Each sample was measured at a take-off angle of 90 degrees once the base
pressure was below 5.0 x 10 mbar. The survey spectra were obtained at a pass energy of 30 eV (0.5
eV resolution) over an energy range of 0-1000 eV. The carbon high-resolution (C1s) spectra were

collected at pass energy of 20 eV and 0.1 eV resolution. Calculations of the atomic concentrations of
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elements and curve fittings of high-resolution spectra were carried out using CASA XPS software
(version 2.3.14).

2.4. Time of flight secondary ion mass spectrometry (ToF-SIMS)

ToF-SIMS data were obtained using a nanoTOF instrument (PHI TRIFT V, Chanhassen, MN) with a
30 eV pulsed liquid (79Au+) metal primary ion source (LMIG). All measurements were carried out in
the positive mode of SIMS at the base pressure below 5 x 107 Pa. Dual charge compensation was
achieved by employing an electron flood gun and Ar+ ions at 10 eV. The raster size was recorded for
at least six spots with areas of 100 um x 100 um per sample. WincadenceN software (version 1.8.1,

Physical Electronics) was utilized for all spectral analyses.

2.5. Spectroscopic Ellipsometry

To estimate the cross-linking degree of the IPP coatings deposited on silicon wafers, their refractive
indices were measured using a J.A. Woollam spectroscopic ellipsometer (EC-400 light source).
Measurements were carried out at incidence angles of 65, 70 and 75 degrees and the data were analyzed
using the WVASE32 software. All measurements were taken within a wavelength range of 200-1000
nm with 5 nm steps. A Cauchy model was applied to obtain a fit of the data to calculate the thicknesses

and refractive indices.

2.6. Electron paramagnetic resonance (EPR) spectroscopy

An ADANI SPINSCAN X EPR device was used to assess the concentration of radicals embedded in
the coatings on the IPP-coated silica beads. The silica beads were placed in a 3 mm diameter quartz
tube and secured with a Teflon holder approximately 9.5 cm from the middle of the sample cavity. The
central magnetic field was set to 336 mT, and the modulation amplitude was 200 uT. The data from an

average of 10 scans were reported.

2.7 Stability evaluation in Tyrode’s simulated body fluid (SBF)

Tyrode’s solution was used as a biologically relevant medium to evaluate the robustness of the IPP
coatings deposited on silica beads. IPP-coated silica beads were placed in a falcon tube and covered
with 0.5 ml of Tyrode’s solution with the chemical composition listed elsewhere 2’. After one month
(at 37 + 1°C), the SBF solution was removed, and each sample was rinsed with 1 ml of MilliQ water
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three times, followed by drying with a stream of nitrogen gas. XPS spectra of the washed samples and

SEM images were obtained within 24 hours.

2.8. Scanning electron microscopy (SEM)

The physical stability of the IPP-coated silica beads incubated in SBF solution (1 month at 37 + 1°C)
was evaluated using SEM micrographs. The SEM images were obtained using a Phenom Table-top

SEM at a vacuum pressure of 60 Pa, an acceleration voltage of 10 kV and a working distance of 7 mm.

2.9. AF488 antibody covalent attachment and fluorescence imaging

To confirm attachment and demonstrate the homogenous distribution of attached biomolecules on the
IPP-coated 3D materials (silica beads and SS pins), we used Alexa Fluor 488-conjugated IgG antibody
(4 pg/ml, Abcam, USA) as an example biomolecule. The materials were incubated in the AF488
antibody solution for one hour at room temperature. Pre-wash images were taken by imaging the
surfaces using an upright fluorescence microscope (Zeiss Z1, Oberkochen, Germany) with a 5x
objective and an exposure time of 200 ms. Samples were then individually transferred to 50 mL falcon
tubes filled with 5% sodium dodecyl sulfate (SDS, Sigma-Aldrich, USA) in sterile MilliQ water and
allowed to rotate for four hours at room temperature to desorb unbound AF488 antibody from the
implant surface. The samples were then re-imaged using the same imaging protocols to obtain post-

wash images.

2.10. Bacterial culture

Patient-derived Staphylococcus aureus (American Type Culture Collection-12600) stored at -80°C in
glycerol stocks was grown overnight on lysogeny broth (LB) agar plates at 37°C, and single colonies
were picked for culture in lysogeny broth (LB) the day prior to surgical inoculation. Bacteria were
quantified using a spectrophotometer (Cary 300 UV-Vis, Agilent, Las Vegas, NV) at 600 nm with an
optical density of 1 representing 1 x 10° colony-forming unit (CFU)/milliliter (mL). Colonies were
picked the day before surgery and enabled 12-hour growth in LB broth to ensure accurate quantification

of live/active bacteria from broth culture for inoculation.

2.11. Beads and antimicrobial coating in vitro assay

Silica beads (1 mm) were modified by various coatings: IPP coating only, IPP coating with CSA-90,
CSA-90 without IPP coating, and IPP coating with CSA-90 washed with 5% sodium dodecy! sulphate
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(SDS) at 70°C for 1 hr. For CSA 90 coating processes, 60 uncoated or IPP-coated silica beads were
covered for 12 hours at room temperature with 300 pl of CSA-90 solution (1 mg/ml). The CSA-90
solution was removed, and the samples were rinsed with copious amounts of MilliQ water three times.
The coated silica beads were then placed in either LB with 10° CFU of S. aureus (Figure 3A) or sterile

LB after inoculating 10* CFU of S. aureus on the surface and air-dried for ten minutes (Figure 3B).

A B
=3
Air dried for 10 mins
°
Silica beads
with/without coatings
1% 10°CFU
1% 10°CFU S. aureus inoculated
S. aureusin LB :
Sterile LB

Figure 3: Schematic illustration showing the in vitro assay used for testing the antimicrobial properties

of coated glass beads.

2.12. Covalent attachment of CSA-90 on stainless steel pins

For in vitro validation of the coating on metallic implants, stainless steel (SS) Kirshner-wire (Zimmer,
Warsaw, Indiana, USA) cut to 1 cm segments (1.1 mm in diameter) was used. For surgery, stainless-
steel pins (size 000) were purchased from the Australian Entomological Supplies Pty Ltd (South
Murwillumbah, Australia). The SS surfaces were coated by IPP as described in 2.2 prior to drug coating.
Pins were then bathed in a 1 mg/mL CSA-90 solution in a petri dish for 12 hours on a shaker,

subsequently air-dried in an incubator (37 °C) overnight and stored at room temperature.

2.13. Animal ethics and study design

C57BL/6 12-week-old female mice (n=30) were purchased from the Australian BioResources (Moss
Vale, NSW, Australia). They were group-housed 5-6 per cage with access to food and water ad libitum.
Mice could acclimatize for a week prior to surgery. Animal work was approved by the local Animal
Ethics Committee (K339) and carried out in accordance with the Australian Code for the Care and Use

of Animals for Scientific Purposes (2013). Prior to surgery, mice were randomly assigned to 3 groups
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(n=10 per group) to be surgically implanted with stainless-steel pins that were (i) uncoated, (ii) coated
by ion-assisted plasma polymerization (IPP), or (iii) coated by IPP and subsequently incubated in CSA-
90.

2.14. Orthopedic Surgical Model

Surgical anesthesia was induced with intraperitoneal ketamine (75 mg/kg) and xylazine (10 mg/kg) and
maintained with inhaled isoflurane (2-3% per 1.5-2L oxygen) as required. The right leg of each animal

was shaved and treated with a topical povidone-iodine solution before surgery.

A medial parapatellar approach was used to access the right proximal tibia. A hole (0.5 mm in diameter)
was made at the right tibial metaphysis (below the growth plate) using a surgical drill (Stryker ® 5100-
15-250 Straight, Kalamazoo, USA), exposing the medullary canal adjacent to the drilled hole for
bacterial infection. A stainless-steel pin was inserted through the subchondral bone at the knee, adjacent
to the hole defect. After that, 1 x 10° CFU S. aureus in 5 uL was injected directly into the drilled hole
with a Hamilton syringe and needles (Hamilton Company, Nevada, USA) immediately after the pin
insertion. The incision was closed with 5-0 Vicryl (Ethicon LLC, Puerto Rico, USA), and no dressings
were applied to the wound. Baseline radiographs were taken at the time of surgery. Animals recovered
on a heated pad after surgery and were given normal saline (200 pL) subcutaneously for rehydration.
Buprenorphine (0.1 mg/kg) was given subcutaneously one hour prior to surgery and then every 12 hours

for three days for post-operative analgesia.

Animals were monitored daily by experienced staff and had twice-weekly radiographs performed under
anesthesia (inhaled isoflurane) using digital X-ray (Faxitron Bioptics, Tuscan, AZ) at 25 kV (five
seconds) with x2 magnification. X-ray images were assessed by orthopedic surgeons and veterinarians
blinded to treatment. To minimize animal pain and distress, animals showing overt physiological and/or
radiological evidence of infection judged by declining overall health (loss of body weight, lethargy,
pyrexia, poor coat condition, non-weight bearing, and inflammation of the surgical site) or radiological
evidence of worsening infection (localized osteolysis at the tibia and joint) were prematurely euthanized
to avoid sepsis. The remaining mice were euthanized by carbon dioxide inhalation at three weeks

postoperatively.

2.15. Sample collection and analysis

A Dbiopsy of the soft tissue adjacent to the bone defect was taken after the incision under aseptic
conditions. The surgical pin was pulled out from the joint by a sterile needle holder. All specimens were
placed in Luria-Bertani (LB) broth (1 mL) for bacterial culture. A bone swab was collected at the defect

site and resuspended in the LB broth for 15 seconds. Pus samples (if present) were also collected by
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swab for bacterial culture. The right femora and tibiae were harvested. The bacterial culture was
incubated overnight at 37°C. Positive and negative results were determined by the media turbidity and
guantified using a plate spectrophotometer (SpectraMax ® iD3, Molecular Devices, San Jose, USA) at
600 nm.

For micro-CT, the right tibiae were fixed in 10% formalin for 24 hours and transferred to 70% ethanol
before being scanned with a SkyScan 1272 micro-computed tomography (micro-CT) scanner (SkyScan,
Kontich, Belgium). All samples were scanned in 70% ethanol-soaked kimwipe at 50 kV and 200 pA
using a 0.5 mm aluminium filter. Images were scanned at a pixel resolution of 9 um, reconstructed with
NRecon, straightened using DataViewer and analyzed with CTAn software (SkyScan). A global
threshold to define bone tissue was set at 0.4 g/cm? calcium hydroxyapatite, calibrated using two
phantom samples of a known density. Bone morphometric outcomes included bone volume (mm?3),
tissue volume (mm?), and bone tissue mineral density (g/cm?). Three-dimensional reconstructions were

generated using CTVox software (Skyscan).

2.16. Decalcification and paraffin histology

The tibiae were decalcified in 0.34M EDTA (pH 8.0) solution at 4°C on a shaker for two weeks with
solution changes twice a week. Samples were next embedded in paraffin and sectioned coronally
through the tibial drilled hole at a thickness of five microns. Mounted sections were stained with

hematoxylin and eosin (H&E) to differentiate bone and show the bone defect region.

2.17. Statistical analysis

Statistical power calculations and analyses were performed using GraphPad Prism (La Jolla,
California), and the cut-off for significance was set at p < 0.05. The micro-CT data from the in vivo
study were analyzed using a Kruskal-Wallis test for multiple groups, followed by a non-parametric

post-hoc Mann-Whitney U test to compare individual groups.

3. Results and Discussion

3.1. lon-assisted plasma polymerization on 3D objects

Plasma polymerization has been predominantly applied to coat planar substrates with negligible to
moderate curvatures. However, almost all structures of interest for biomedical engineering applications,
such as implantable medical devices, are three-dimensional. To deposit robust and homogeneous IPP
coatings on 3D surfaces, we exploited a new strategy using an electrically conductive mesh connected
to a high-voltage power supply that rotates while immersed in the RF plasma of a polymerizable gas.
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We hypothesized that this novel design would permit homogenous deposition of radical-rich IPP
coatings on 3D objects while also accelerating plasma ions towards the 3D objects, thus achieving
strong substrate-coating adhesion and significant concentrations of radicals embedded in the coating.

To verify this hypothesis, we initially used silica beads as simple, model 3D substrates and evaluated
the role of the applied bias voltage (V) in producing the IPP coatings for subsequent covalent
attachment of biomolecules. Figure 4A shows the XPS surface chemical composition of IPP films as a
function of pulsed bias voltage (V). The uncoated silica beads show surface atomic concentrations of
approximately 25%, 48% and 26% for silicon, oxygen, and carbon, respectively. XPS results showed
that by the deposition of IPP coatings on the beads, the atomic concentration of carbon increased to (80
+ 3)%, while those of silicon and oxygen decreased to (5 £ 1)% and (13 + 2)%, respectively. Such
changes in the surface chemistry indicate the presence of IPP coatings on the surfaces, resulting from
successful ion-assisted plasma polymerization of the acetylene and argon mixture on the beads. The
deposited IPP coating reduces the silicon and oxygen signals originating from the underlying substrate,

thus resulting in a drop of their atomic concentrations.
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Figure 4. XPS Surface chemistry of IPP coatings deposited on silica beads as model 3D substrates (A) XPS
elemental composition of uncoated and IPP-coated silica beads as a function of bias voltage. (B) XPS C 1s high-
resolution spectra of IPP films. The spectra are curve-fitted using three components: C1: C-C/C-H, C2: C-O, C3:
C=0, and C4: COOH. (C) Area percentage for carbon-containing components (C1 — C4) fitted in C1s high-

resolution spectra as a function of bias voltage.

To further evaluate the chemistry of IPP coatings, we curve-fitted the C1s high-resolution spectra, as
shown in Figure 4B. Three peaks associated with C—C/C—H at binding energy (BE)~=284.6 eV, C-O
at BE~=286.5 eV, C=0 at BE~=287.5 eV, COOH at BE~=289 eV were fitted in the C1s high-
resolution spectra with their area percentage values plotted in Figure 4C. As the bias voltage increases,
the Cls peak becomes narrower. The highest concentration of C1 compounds and the lowest
concentration of C2 and C3 groups are observed for the coating prepared using the bias voltage of 0 V.
These results suggest that a higher concentration of oxygenated carbon-containing moieties is formed
on the surfaces for higher applied bias voltages. Such an increase in the concentration of oxygenated
groups at higher bias voltages is explained by the greater ion bombardment that occurred on the growing
film, resulting in the formation of a high concentration of radicals susceptible to post-deposition
oxidation. The post-deposition oxidation of plasma polymer films, also referred to as auto-oxidation 2°,
is an inevitable process that has also been previously observed for other hydrocarbon precursor

monomers such as 1,7-octadiene **! and thiophene 3233,

We used electron paramagnetic resonance (EPR) spectroscopy to evaluate the differences in the number
of electron spins, i.e., the concentration of radicals created in the IPP coatings. The EPR spectra of the
IPP coatings deposited using the Vb values of 0, =500, and —1000 V are plotted in Figure 5. The EPR
spectra, measured ten days post deposition, are broad and show single resonance peaks. The resonance
peak intensity increases by increasing the applied bias voltage, indicating that higher concentrations of
radicals are embedded within the IPP structure. During the growth of plasma polymers, the film-forming
compounds on the surface are continuously bombarded by photons, electrons, as well as positively
charged ions 3. These interactions between the growing coating and the reactive species present in the
plasma phase produce radicals that can be trapped within the coating structure. In the case of IPP
coatings polymerized using a rotating cage, higher bias voltages applied to the cage result in greater
degrees of energetic ion bombardment onto the 3D materials. This strategy, in turn, increases the
fragmenting chance of acetylene molecules, bond cleavage, and chain scission, resulting in the
formation of higher concentrations of reactive radicals within the growing IPP coating. Using 2D
substrates, such as titanium and stainless steel, we have previously shown that such radicals are mobile
and migrate from sub-surface reservoirs to the surface in a thermally activated manner, where they

facilitate the covalent attachment of bioactive molecules °. The EPR results shown here underpin the
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importance of bias voltage applied to the rotating cage in producing high concentrations of radicals for

subsequent covalent biomolecule functionalization onto 3D objects.
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Figure 5: EPR spectra of IPP coatings deposited on silica beads using bias voltages of 0, =500, and —1000 V.

The chemical stability of the IPP coatings is an essential factor for their application in the surface
engineering of biomedical devices, particularly for orthopedic implants. Extensive oxidation of a
polymeric coating once exposed to aqueous media can result in the deterioration of its integrity *. The
degradation rate of a polymeric coating exposed to biological media depends on the diffusion rate of
oxygen and water molecules throughout the film thickness and the availability of reactive sites for the
formation of metastable compounds during the early stages of oxygen uptake **. To investigate the role
of ion bombardment on the stability of the IPP films deposited on silica beads, we examined their XPS
surface chemistry after incubation in Tyrode’s Simulated Body Fluid (SBF) at 37 °C for one month.
Tyrode’s salt-balanced solution has been commonly used in the testing of biomaterials *¢-*. The XPS
elemental composition of the coatings after SBF incubation is shown in Fig 6A. These results indicate
that the coating deposited at the highest voltage bias of -1000 V shows the lowest chemical stability as
indicated by the highest variations in its surface chemistry after SBF incubation, where the most
significant increase in oxygen and decrease in carbon atomic concentrations are observed. These
changes in surface chemistry are consistent with the peak-fitted XPS high-resolution C1s spectra
(Figure 6B) and the changes in the calculated area percentage of various carbon-containing components
presented in Figure 6C. The XPS data show that the most significant changes in the concentrations of
C = O and COOH groups are observed for the coating deposited at — 1000 V. The higher oxidation rate
observed for the IPP coating deposited at -1000 V is explained by its greater content of embedded
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radicals, as indicated by EPR spectra (Figure 5). This observation is also in good agreement with other
works in which it has been shown that plasma polymer films containing higher concentrations of

radicals suffer from a greater degree of oxidation and hydrolysis 344041,
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Figure 6: Surface chemistry of IPP coatings after incubation in SBF at 37°C for 1 month. (A) XPS elemental
composition of IPP-coated silica beads as a function of bias voltage after incubation in SBF. (B) XPS C 1s high-
resolution spectra of IPP films after incubation in SBF solution. The spectra are curve-fitted using three
components: C1: C-C/C-H, C2: C-0, C3: C=0, and C4: COOH. (C) Area percentage for carbon-containing
components (C1 — C4) fitted in C1s high-resolution spectra as a function of bias voltage.

In addition to the initial density of radicals embedded within the IPP structure, the cross-linking degree
of the coating is also an essential factor that can regulate oxidation kinetics. To evaluate the cross-
linking degree of the IPP coatings deposited at varied bias voltages, we used spectroscopic ellipsometry
and measured their refractive indices at 630 nm, plotted in Figure 7A. The refractive index of a polymer

is correlated with its degree of cross-linking and density 243, The coatings deposited using bias voltages
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of 0 and — 500V showed refractive indices of approximately 1.6, whereas a refractive index of
approximately 1.7 was achieved for the coating deposited using a bias voltage of -1000 V. The higher
refractive index measured for the -1000 V IPP coating is attributed to the higher fluxes of energetic ions
arriving at the substrate, thus, greater fragmentation and recombination of deposited species, yielding
highly cross-linked structures. In previous work carried out on flat titanium and silicon wafer surfaces,
we observed that the oxidation kinetics could be moderated in an extremely dense and highly cross-
linked IPP structure with an n value of as high as 1.8 #. Such highly cross-linked structures limit the
oxygen diffusion into the surface and the mobility of structural elements, including the secondary
radicals, e.g.,, C-0-0., generated from oxidation. In the current work on 3D substrates, however, a
maximum refractive index of 1.7 was achieved, leaving the high concentration of reactive radicals as
the primary factor for regulating the oxidation kinetics.

All the IPP coatings deposited using negative bias voltages of 0 — 1000 V showed excellent physical
stability upon incubation in the SBF solution, as indicated by SEM micrographs obtained before and
after incubation, shown in Figure 7B. From the SEM images, no evidence of physical failure in
delamination, cracking or buckling was witnessed, indicating that sufficient adhesion between the IPP
coatings and the underlying substrate has been achieved. Informed by these surface characterization
results and based on the criteria of chemical stability and concentration of embedded reactive radicals,

we used the IPP coating deposited at V', = -500 V for all subsequent experiments.
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Figure 7: (A) Refractive indices of IPP coatings (at 630 nm) obtained using spectroscopic ellipsometry. The

Bias voltage

coatings were deposited on silicon wafers using various bias voltages as indicated. (B) SEM images of IPP
coatings deposited on silica beads using applied bias voltages of 0, =500, and —1000 V before and after 1 month
incubation in SBF. Scale bar = 200 pum.
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To evaluate the influence of ion-assisted plasma polymerization time on the surface chemistry, and
homogeneity of the coatings, we varied the deposition time from 0 to 20 minutes while the bias voltage
was kept constant at — 500 V. The XPS atomic concentrations of uncoated and IPP-coated silica beads
as a function of polymerization time are shown in Figure 8A. An increase in the polymerization time
resulted in an increase in carbon atomic concentration and a decrease in the concentrations of silicon
and oxygen. The increase of carbon atomic concentration versus deposition time is due to the
polymerization and deposition of more hydrocarbon fragments from the acetylene precursor onto the
silica bead surfaces. The decrease of silicon and oxygen concentrations, on the other hand, is due to the
reduction of the signals originating from the underlying substrate. For a polymerization time of 25
minutes, no contribution of silicon in the XPS surface chemistry was detected, indicative of the
formation of IPP coating with a thickness larger than the sampling depth of XPS that is 8 -10 nm “,
The absence of silicon signals also suggests that the IPP coating deposited for 25 min is conformal and
continuous, fully concealing the silica bead substrate. While no oxygen was present in the precursor gas
mixture (acetylene + Ar), ~8% oxygen was measured on the surface of this sample due to auto-

oxidation, as previously explained.

The changes in XPS surface chemistry correlate well with ToF-SIMS normalized positive counts
obtained for IPP coatings deposited at various deposition times, as shown in Figure 8B. The ToF-SIMS
data demonstrate that by increasing the polymerization time, the counts of hydrocarbon species
increase, whereas those of Si decrease. The major changes in ToF-SIMS positive counts are recorded
for deposition times of up to 15 min, with no marked changes observed by increasing the deposition
time to 25 minutes. These changes in surface chemistry indicate that at polymerization times longer
than 15 minutes, the IPP coatings formed on the silica beads are thicker than the sampling depth of ToF-
SIMS, which is in the range of 1-2 nm “6. These changes in surface chemistry can also be visually
observed from the ToF-SIMS imaging data shown in Figure 8C. The increase of C2H3+ counts, shown
here as representative hydrocarbon species present on the IPP-coated surfaces, is evident from these ion
distribution maps. Altogether from the XPS and ToF-SIMS results, we chose the ion-assisted plasma
polymerization time of 25 minutes for all the subsequent experiments to ensure sufficiently thick

coatings are formed on the 3D substrates including stainless-steel pins.
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Figure 8: (A) Surface chemistry of the IPP-coated silicon beads deposited at -500V as a function of deposition
time. (B) Surface chemistry results from ToF-SIMS showing normalized Si and hydrocarbon positive counts for
various deposition times (C) ToF-SIMS distribution maps of C2H3+ obtained for IPP coatings prepared using

various plasma polymerization times.

3.2 Covalent bio-functionalization of IPP-coated 3D objects

Fluorescently labelled 1gG was used as a model molecule to image the homogeneity of covalent
biofunctionalization achieved on silica beads and stainless-steel pins. Detergents such as SDS remove
physically attached molecules but cannot remove covalently attached molecules #’“8. From the images
shown in Figure 9, homogenous covalent attachment of fluorescently labelled IgG onto the 3D surfaces
is confirmed. The data show that the molecules were resistant to SDS detergent washing in the IPP-

coated group, whereas most of the physically adsorbed 1gG was removed from the uncoated surfaces.
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Uncoated beads IPP-coated beads Uncoated SS pin IPP-coated SS pin
Figure 9: Alexa Fluor 488-conjugated 1gG antibody on uncoated and IPP-coated silica beads and pins before and

after SDS wash. Scale bar: 500 pm.

Pre-SDS wash

Post-SDS wash

3.3. CSA-90 functionalization

To functionally assess the antimicrobial effects of antimicrobial treatments, coated silica beads were
exposed to S. aureus. The inoculated bacteria were allowed to air dry on the surface, and then beads
were placed in a solution of nutrient media. As controls, PP-coated beads alone and unwashed PP +
CSA-90 coated beads were included, giving positive and negative signals for bacterial growth. Beads
where CSA-90 was adsorbed to the surface without plasma polymerization and then washed with a
sodium dodecyl sulfate (SDS) solution did not impair bacterial growth, suggesting that CSA-90 was
rapidly lost when washed. In contrast, PP + CSA-90 beads washed with SDS still showed potent

antimicrobial activity in this assay (Figure 10A).

Next, 1 cm stainless-steel wire segments (analogous to those used in later mouse surgery) were tested
for antimicrobial activity with and without PP + CSA-90 coating. Even with a higher inoculation dose
of S. aureus, PP + CSA-90 coated wires showed a potent antimicrobial activity when grown in nutrient
broth (Figure 10B).
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Figure 10: (A) The bacterial loads (absorbance at 600 nm) recovered from the silicon beads with S. aureus (1x10*
CFU) inoculated and air dried. (B) The bacterial loads (absorbance at 600 nm) recovered from stainless-steel K-
wire (1 cm in length) with S. aureus (1x10° CFU) inoculated on the surface. (Error bars: mean and SEM; Statistical
analysis was completed using (A) 2way ANOVA and Turkey’s Test and (B) unpaired t-test; ** p-value <0.01 and
>0.001; *** p-value <0.001)

3.4. Antibacterial activity in an infected fracture model

A preclinical murine orthopedic infection model was performed, where a localized bone defect was
made in the proximal tibia and a stainless-steel pin was inserted into the intramedullary space as a nidus
for biofilm formation and infection. Prior model development showed that a foreign surface adjacent to

the bone defect (i.e., a metal pin) is required for reliable and progressive infection.

In the control group without any infection control measures, 8/10 developed pyogenic infections (pus
present) and 8/10 were positive for bacteria by swab test at the study endpoint. Those with PP-coating
only (no CSA-90) had 5/10 with pus, but 9/10 were positive for bacteria by swab test. The PP + CSA-
90 group showed 5/10 with pus (p = 0.35) and 4/10 with bacteria by swab test (p = 0.16). While this
did not reach statistical significance, bone loss imaged by radiography (Figure 11) and micro-CT
(Figure 12A) suggested worse infection in the group featuring uncoated pins. Indeed, the quantification
of bone loss in the drilled hole defects showed a more significant amount of regenerated bone with PP

+ CAS-90 coating compared to no coating, and it is higher than PP-coating alone (Figure 12B).
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Figure 11: Radiographs (X-ray images) (A-C) showing osteolytic bone loss in infected tibiae with uncoated pins
(A) and bone healing in select tibiae from groups with PP coated pins (B) and PP + CSA-90 coated pins (C).

Radiographs show images before (left) and after (right) pin removal. The white arrows point to the osteolytic
lesions of the tibial drilled hole due to infections.
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Figure 12: (A) Micro-CT reconstructions. (B) Micro-CT data showing bone volume (mm?3) in the tibial drilled
hole. There was significantly improved defect repair in the PP + CSA-90 group (p < 0.05). BV was increased in
the PP group, but this did not reach statistical significance (p = 0.319, no coating vs. PP; and p =0.4313, PP vs.

PP + CSA-90). The white arrows point to the non-union osteolytic lesions of the tibial drilled holes.

Semi-quantitation measurements of bacterial load from the infection site grown in nutrient broth were
compared at the bone defect (swab), the cultured removed pin, and soft tissue excised adjacent to the
defect. Across the specimens, there was a trend towards reduced bacteria densities with no coating >
PP > PP + CSA-90. From the local bone swabs, PP + CSA-90 showed significantly fewer bacteria than
uncoated (p < 0.05). From the soft tissue sample cultures, PP and PP + CSA-90 both showed
significantly fewer bacteria than uncoated (p < 0.01) (Figure 13).
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Figure 13: Semi-quantitative analysis of relative bacterial load (absorbance at 600 nm) from (A) bone swabs, (B)
intramedullary steel pins, and (C) soft tissue adjacent to the defect site. (Error bars show mean and SEM; p-value:
*<0.05 and >0.01).

To complement the micro-CT analysis, descriptive histology was performed on specimens from each
group. In the no-coating group, the infected drilled hole persisted (Figure 14A), and the defect in the
marrow was infiltrated with inflammatory macrophages and lymphocytes (Figure 14B; yellow arrows).
All groups showed evidence of new woven bone formation in the metaphyseal bone at or adjacent to
the defect site (Figures 14A, C-D; black arrows). Specimens that featured CSA-90 delivered by PP-
coating showed no histological evidence of persistent infection and showed superior bone repair (Figure
14D). Taken together, from these results it can be concluded that CSA-90 molecules retain their activity
after covalent immobilization on the IPP-coated surfaces. In summary, our findings suggest that radical-
rich IPP coatings on 3D objects, fabricated through a new technology presented here, hold great
potential to open new avenues in simple and reagent-free surface biofunctionalization of antibacterial

implantable medical devices, in particular bone implants.
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Figure 14: H&E-stained sections illustrating the healing of the bone defects in (A-B) no coating, (C) PP-coated
and (D) PP + CSA-90 groups. Scale bars equal to 600 um (A, C and D) and 200 um (B). (Black arrows: woven
cortical bones; yellow arrows: inflammatory macrophages and lymphocytes).

3.5. Conclusions

We have developed an ion-assisted plasma polymerization (IPP) technology to generate radical-rich,
organic coatings for sing-step covalent functionalization, which has numerous potential applications for
developing biomimetic and antimicrobial interfaces on real-world 3D objects. We demonstrated that
this technology, previously adapted for 2D surfaces, can be re-engineered to modify 3D materials.
Notably, using a combination of spectroscopic data and fluorescent labelled antibody attachment and
imaging, we provided evidence that the IPP coatings are uniformly formed on 3D materials and are
robust, with no evidence of failure after incubation in a simulated body fluid at 37°C for up to one

month. The reactivity, uniformity and robustness of these coatings make them ideal for the surface
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engineering of biomaterials in various applications. In this study, we showcased one application and
demonstrated its excellent potential in creating antibacterial 3D interfaces using CSA-90 as a model
antimicrobial molecule. The CSA-90-functionalized pins were permissive for healing in an infected
bone defect model. These findings support the potential of this dry and environmentally friendly plasma
technology to affix and retain antimicrobials on implants, mainly where antibacterial prophylaxis is
advisable. Considering the substrate-independent nature of the IPP process, it can be applied to modify
other 3D objects used in tissue engineering and regenerative medicine applications, including

implantable medical devices.
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Chapter 4

4. Testing BBA-1 in vivo to prevent osteomyelitis and myeloma bone

Chapter 4 demonstrates the potential of our synthesised bone-binding antimicrobial, BBA-1,
as prophylactic therapy for osteomyelitis. We have determined the efficacy of BBA-1 with our
murine bone infection model and attempted to develop a bone infection model in multiple
myeloma mice for future preclinical trials.

This chapter is written as a traditional thesis chapter. We recognised that our data from this
chapter are still preliminary, so there is no manuscript for publication to be presented.

This chapter is also submitted for emergency assessment due to the COVID-19 outbreak and
lockdown in 2021 (June-October). The lockdown has disrupted some experiments due to
limited access to the Garvan Institute of Medical Research facility. We acknowledged the
limitation of our study in the extended discussion, and the hypothetical results are discussed.

The University of Sydney has accepted the emergency assessment application for this thesis.

Statement of contribution:

The synthesis of BBA-1 was conducted by Prof Paul Savage (Brigham Young University) and
Dr Sumedh Kamble (University of Sydney). | conducted the in vivo efficacy testing of BBA-1
and developed the multiple myeloma-related bone infection animal models with A/Prof
Michelle McDonald at the Garvan Institute of Medical Research. | performed animal surgeries
with the assistance of Dr Justin Bobyn and Ms Ya Xiao. A/Prof Aaron Schindeler contributed
to the conception of the study.
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4. Testing BBA-1 in vivo to prevent osteomyelitis and myeloma bone disease

4.1. Introduction

4.1.1. The clinical challenges of using intravenous antibiotics to treat osteomyelitis

Osteomyelitis and deep surgical site infections (SSIs) can be challenging to manage !. The high
morbidity of osteomyelitis is partially attributed to the limited antibiotic options. This is due to
a lack of antimicrobials targeting bone infections and an increasing prevalence of antibiotic-
resistant bacterial strains 2. Meanwhile, trauma, open fractures, and prosthetic joint
replacement are conditions prone to high risk of infection in orthopaedic and clinical settings
3-8 The current infection rates range from 4.3% for general orthopaedic trauma to 16% for
high-risk fracture °. Treatment failure after deep surgical site infection is common in
orthopaedics, especially if the infection is polymicrobial or associated with I1IB/C fracture and
implantation '°. Further, treatments will likely fail if the infection cannot be eradicated in the

first series of surgeries and antibiotics.

Chronic osteomyelitis usually persists with multiple clinical failures and relapses after periods
of quiescence and successful treatment !!. Chronic osteomyelitis can lead to severe
complications and significantly impacts the quality of life in patients and healthcare system
costs. Although systemic antibiotics can resolve acute osteomyelitis, chronic osteomyelitis can
remain recalcitrant even with high and sustained antibiotic doses. Also, systemic antibiotic
delivery to the bone to treat osteomyelitis has always been a clinical challenge, especially if
pus, sequestra (dead bones), gangrenes, and antibiotic-resistant bacterial strains or biofilm are
involved '>!13. Therefore, while surgical debridement and systemic antibiotic therapies remain
typical treatments for acute osteomyelitis, local antibiotic delivery and oral antibiotics

treatment are often used to manage chronic osteomyelitis.

Bacterial biofilms are self-produced extracellular matrices that resist antimicrobial treatments
and are associated with chronic osteomyelitis and diabetic foot osteomyelitis (DFO). Biofilms
provide extracellular protection by preventing exposure of the bacteria to antibiotics. The poor
efficacy of systemic antibiotic treatment is due to vascular insufficiency, poor antibiotic
penetration into the bone, and the complexity of the bone microenvironment. Overall, the
penetration of antibiotics into bone tissue is low, achieving a bone-to-serum concentration ratio

of a maximum of 0.3 for the majority of antibiotics '!.
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4.1.2. The generation of bone-binding antimicrobials

The broad-spectrum potent antimicrobial activity and pro-osteogenic effects of CSA-90 are
appealing for use in orthopaedic settings to prevent and treat bone infections '4. The concept
behind the synthesis of BBA-1 was to conjugate CSA-90 with a bisphosphonate (alendronate)
via a PEG-based heterobifunctional NHS-PEG-COOH linker (Figure 4.1). BBA-1 aimed to

achieve higher targeted delivery to bone and sustained delivery from the bone surface .

Kamble et al (2020) used infra-red spectroscopy, NMR spectroscopy, and HPLC-GS
chromatograms to characterise the synthesised BBA-1 '4. The structure of BBA-1 was later
confirmed by mass spectrometry (MS), and the antimicrobial activity of BBA-1 was confirmed
by Kirby-Bauer disk diffusion susceptibility testing. The in vitro Kirby-Bauer assay
demonstrated comparable bactericidal activity for BBA-1 and CSA-90 at equivalent molarities.
BBA-1 was effective against S. aureus, and methicillin-resistant S. aureus (MRSA). The
minimum bactericidal concentration (MBC) against S. aureus and MRSA was 3 ng/mL '4. Like
CSA-90, BBA-1 was pro-osteogenic demonstrated by the alkaline phosphatase assay and
yielded synergistic effects when used in combination with recombinant human bone

morphogenetic protein-2 (rhBMP-2) 415,
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Figure 4.1: Synthesis of bone-binding antibiotic (BBA-1) by conjugating alendronate (ALN) and CSA-
90 using the NHS-PEG-COOH linker (Kamble, et al. 2020).
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While CSA-90 has been trialled to prevent and treat osteomyelitis in vivo '®!7, the efficacy of
BBA-1 has not yet been tested in vivo. Based on the in vitro data, it was shown that BBA-1
retains a similar antimicrobial potency as CSA-90, but BBA-1 has the advantage of homing to
and persisting on the bone surface. This could allow it to prevent osteomyelitis as an

intravenous prophylactic antimicrobial.

Previously, our team has demonstrated that local CSA-90 given at lower doses was ineffective
in treating established infections '°. Its utility was greater when used as a prophylactic agent to
prevent infection. In addition, it is recognised that the clinical application of BBA-1 is not
limited to orthopaedic surgery. It could also be useful for medical situations that feature an
elevated risk of bone infections, such as myeloma bone disease. Thus, our animal trial (Study

4A) aimed to focus on testing BBA-1 as an infection prophylactic instead of a therapeutic.

4.1.3. Developing a MM-related bone infection murine model

Multiple myeloma (MM) is the second most prevalent haematological malignancy and is
responsible for 2.1% of all cancer deaths '®. MM develops from the plasma cells, and the cause
is still unknown '°-2!, Nearly 80-90% of MM patients develop myeloma bone disease (MBD),
and the 5-year survival rate falls to 46% 2°. MBD is the presence of one or more osteolytic
bone lesions or diffused osteoporosis with compression fracture attributable to the underlying
clonal plasma cell disorder. While these lesions can lead to fractures, neurological deficits, and
mobility issues, they are also highly prone to infection (osteomyelitis), dramatically worsening
the prognosis of affected individuals ?2. Since BBA-1 has the potential to provide sustained
protection on bone surfaces, we hypothesised that BBA-1 can prevent osteolytic lesions and

bone infections in MM.

Although no previous animal trials have particularly focused on MM-related bone infections,
various models exist to study MBD and osteolytic lesions in vivo '¥. The 5STMM-derived
C57BL/KaLwRij mouse model was established by serial transplantation of the bone marrow
of tumour-bearing mice into young syngeneic recipient C57BL/KaLwRij mice. It resembles
features of the human benign monoclonal gammopathy of undetermined significance (MGUS)
stage, and several mouse myeloma cell lines can be used, including 5ST33MM, 5TGM1 and
5T2MM 23, The 5TGM1 cell is a subsequent subclone of the 5T33 line and was established via
serial in vivo passage of the ST33MM. The 5STGMI1-cells injection is a cost-effective and
reproducible method to study MBD due to its short latency period and pronounced osteolytic

lesion formation '®23, It has been previously shown that systemic injection of 5TGM1-GFP
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cells into C57BL/KaLwRij mouse allowed tracing of individual myeloma cells and showed
that they colonize the endothelial niche, entering a dormant stage. The dormant stage can be
switched on by bone line cells or osteoblasts and switched off by osteoclasts 24. Later, it was
discovered that injecting STGM1 to naive C57BL6/KalLwRij female mice could produce small

extracellular vesicles, increase osteolysis, and reduce the trabecular bone volume %,

To develop a murine multiple myeloma-related bone infection model, we adopted the STGM1-
MMBD model featured by osteolysis and bone lesions 2324, The rationale of our model
development is to trial inducing bone infections in 5T cell-bearing female mice (MM-mice)

with a systemic mono-dose of S. aureus.

Additionally, we decided to use a bioluminescent S. aureus strain (Xen36) for the bacterial
inoculation. The bioluminescent bacteria provide a non-invasive and effective solution to this
challenge. The bioluminescent bacterial strain S. aureus Xen36 (PerkinElmer, Hopkinton, MA)
is a derivative of a patient strain (ATCC-29525). It contains a bioluminescent operon
(luxABCDE) integrated into the bacterial genome 29?7, When the Xen36 S. aureus (Xen36)
strain is metabolically active, it emits a blue-green light with a maximal emission wavelength
of 490 nm. Xen36 §. aureus allows longitudinal monitoring of infection burden in animal

models 2831,

We speculated that the local bone lesions would act as a nidus for biofilm formation and lead
to localised osteomyelitis following haematogenous infection. Moreover, based on prior work
with a rat knee implant model, a low dose of S. aureus via systemic inoculation was surmised

17

sufficient to infect lesions '’. Therefore, in Study 4B, we aimed to develop a murine MM-

related bone infection model to determine the efficacy and advantages of using BBA-1 for

MBD.

4.2. Methods

4.2.1. Study 4A design: in vivo testing of BBA-1 in an orthopaedic model

For Study 4A, C57B/6 mice (10-week-old, female, N=30) were divided into three groups
(Table 4.1). All animals received a tibial drilled-hole surgery (TDH) with a stainless-steel pin
insertion through the medullary canal through the tibial condyle. While group 1 received no
local bacterial injection (negative control), group 2 and 3 both received a single dose of

bacterial injection locally into the bone defect. Group 2 received no treatment, whereas group
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3 received a single dose prophylaxis of BBA-1 (10 mg/kg) one hour before surgery. Table 4.1

summarises the study design.

Table 4.1: Study 4A

Group | Surgery Local Infection (10° CFU) | Treatment N=
1 TDH + Pin | Nil Nil 10
2 TDH + Pin | ATCC-12600 S. aureus Nil 10
3 TDH + Pin | ATCC-12600 S. aureus BBA-1 prophylaxis | 10
Total 30

4.2.2. Study 4B design: development of a MM infection model

For Study 4B, C57BL/KalLwRijHsd (BKAL) mice (6-8 weeks old) were divided into four
groups (Table 4.2). Group 4 only received 2 x10° 5STGM1-eGFP MM cells intravenously (day

0) without the Xen36 bacteria. Group 5 received the bacterial injection (day 14) without the

MM cells. Group 6 received the MM cell injection (day 0) and the bacterial injection (day 14).

Group 7 did not receive a cell injection but had a bone defect on the right tibia by needle

insertion surgery (NIS) as previously described and a Xen36 bacterial injection (day 14). The

purpose of this was to validate bone lesion infection prior to any therapeutic rescue experiments

utilising BBA-1.

Table 4.2: Study 4B

Group | IV MM Cell Injection (Day 0) Surgery and Bacterial Injection (Day 14) N=
4 2x10°% 5TGM1-eGFP MM cells | Nil 2
5 Nil IV Xen36 injection (1x108 CFU) 2
6 2x10% 5TGM1-eGFP MM cells | IV Xen36 injection (1x10° CFU) 2
7 Nil NIS + local Xen36 injection (1x10° CFU) 2
Total 8

4.2.3. Bacterial and biofilm culture

For Study 4A, a strain of clinical-derived Staphylococcus aureus (American Type Culture

Collection-12600) was cultured from -80°C glycerol stocks onto lysogeny broth (LB) agar at
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incubated for 24 hours at 37°C. For Study 4B, the bioluminescent S. aureus strain (Xen36) was

cultured using the same methods.

After 24 hours of incubation, a single colony was selected and resuspended from the LB agar
plate into LB (1 mL), incubated at 37°C overnight. The bacterial suspension was then
quantified using a spectrophotometer (Cary 300 UV-Vis, Agilent, Las Vegas, NV) at 600 nm.
The spectrophotometer was calibrated by an optical density of 1 representing 1 x 10° colony-
forming unit (CFU)/millilitre (mL). A final solution with a concentration of 2 x 10’ CFU was

diluted by injectable saline (0.9% sodium chloride).

4.2.4. Cell culture and injection

For Study 4B, STGM1-eGFP myeloma cells were cultured in RPMI-1640 supplemented with
10% foetal calf serum (FCS) and 1% penicillin—streptomycin and incubated in 5% CO2 at 37 °C
32, A total of 2 x 10% 5STGM1-eGFP murine myeloma cells were labelled with the lipid dye
1,1’-dioctadecyl-3,3,3',3'-tetramethylindodicarbocyanine (DiD) and injected intravenously
into six-to-eight-week-old C57BL/KaLwRijHsd (BKAL) female mice (Harlan, Netherlands)
in 200 uLL PBS. The MM cells were negative for mycoplasma.

4.2.5. Animal husbandry and ethics

For Study 4A, female C57BL/6 mice (8-10 weeks old) were purchased from Australian
BioResources (Moss Vale, NSW, Australia). They were co-housed up to 6 per cage with access
to food and water ad libitum and allowed to acclimatize for at least one week prior to surgery.
Animal experiments were approved by the local Animal Ethics Committee (K339) and carried
out in accordance with the Australian Code for the care and use of animals for scientific
purposes (2013).

For Study 4B, the C57BL/KalLwRijHsd (BKAL) mice were bred in-house at the Garvan

Institute of Medical Research (Sydney, Australia). Animal experiments were approved by the
Garvan Institute of Medical Research Animal Ethics Committee (ARA18/03) 3234,

4.2.6. Surgery and anaesthesia

Analgesia was provided using buprenorphine (0.1 mg/kg) given subcutaneously one hour

before surgery. Anaesthesia was induced using ketamine (75 mg/kg) and xylazine (10 mg/kg)
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given by intraperitoneal injection and animals were maintained on inhaled isoflurane (2-3%
per 1.5-2 L oxygen) as required using a nose cone during the procedure. The right leg of each

animal was shaved and wiped with a povidone-iodine solution prior to surgery.

For Study 4A, a medial parapatellar approach was used to access the right proximal tibia. A
hole (0.5 mm in diameter) was made at the right tibial metaphysis (below the growth plate)
using a surgical drill (Stryker ® 5100-15-250 Straight, Kalamazoo, USA), exposing the
medullary canal adjacent to the drilled hole for bacterial infection. A 38 mm x 0.25 mm
stainless-steel pin (Australian Entomological Supplies Pty Ltd, South Murwillumbah, Australia)
was inserted through the subchondral bone at the knee, adjacent to the drilled-hole defect. The

pin provides a metal surface for bacterial mounting and encourages biofilm formation.

For Study 4B, a 25G needle was used to puncture through the unicortical bone of the

metaphysis to create a bone defect. No stainless-steel pin was inserted for this model.

The incisions were closed with 5-0 Vicryl (Ethicon LLC, Puerto Rico, USA), and no dressings
applied to the wound. Baseline radiographs were taken at the time of surgery. Animals were
recovered on a heated pad after surgery and given subcutaneous normal saline (1 mL) to aid in
rehydration. Buprenorphine (0.1 mg/kg) was given subcutaneously every 12 hours post-

surgically and whenever required during monitoring.

4.2.7. Surgical or post-surgical bacterial inoculation

For Study 4A, the ATCC-12600 S. aureus was locally injected (5 pL with 1 x 10° CFU)
bacterial dilution) directly into the hole with a Hamilton syringe and needles (Hamilton

Company, Nevada, USA) intraoperatively, immediately after the pin-insertion.

For study 4B, group 6 received a tail-vein bacterial systemic injection of Xen36 (100 uL with
1 x 10° CFU) on day-14 (post-surgery), whereas group 7 received a local interoperative

injection of Xen36 (5 uL with 1 x 10° CFU).

4.2.8. X-ray and IVIS imaging and monitoring

For Study 4A and 4B, animals were monitored daily by experienced staff and had twice-weekly
radiographs performed under anaesthesia (inhaled isoflurane) using digital X-ray (Faxitron
Bioptics, Tuscan, AZ) at 25 kV for five seconds with x2 magnification. X-ray (XR) images

were assessed by expert researchers and a facility veterinarian; all were blinded to treatment.
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For ethical reasons, animals showing overt physiological and/or radiological evidence of
infection judged by declining overall health (loss of body weight, lethargy, pyrexia, poor coat
condition, non-weight bearing, and inflammation of the surgical site) and/or radiological
evidence of persistent infection (local osteolysis at the tibia joint) were euthanized. The

remaining mice were euthanized by carbon dioxide inhalation at study end point.

For Study 4B, a bioluminescent IVIS scan was added to monitor the infection of Xen36 S.
aureus (for the infected groups only). The IVIS ® Spectrum in vivo imaging system
(PerkinElmer, Waltham, MA) was used to obtain bioluminescent images representative of
infectious burden on postoperative and day 0, 1, 3, 5, 7, 10 and 14. Data were quantified as

total flux (photons per second per cm? per steradian [p/sec/cm?/sr]).

4.2.9. Specimen Collection and Bacterial Assay

After cull, a blood sample was taken from the heart, and swabs were taken from the bone
(drilled hole), soft tissue adjacent to the drilled hole, and the metal pin. The soft tissue
surrounding the drilled-hole and any pus (if present) were also collected. The right tibiae were
harvested. Blood and swabs were immediately agitated in 1 mL sterile LB and cultured
overnight at 37°C. They were reported as either positive (turbid) or negative (clear), and then
quantified using a spectrophotometer (SpectraMax ® iD3, Molecular Devices, San Jose, USA)
at 600 nm. A positive infection was defined as a positive bacterial culture from the bone swab

and pin swab with an absorbance (ODso00) over 0.1.

4.2.10. Radiographic Analysis and Paraffin Histology

The tibiae were fixed in 10% formalin for 24 hours before being transferred to 70% ethanol.
The specimens were wrapped with a kimwipe soaked with 70% ethanol and placed in a plastic
tube for scanning. The radiographic scanning was conducted using a SkyScan 1272 micro-
computed tomography (micro-CT) scanner (SkyScan, Kontich, Belgium). All samples were
scanned at 50kV and 200 pA using a 0.5 mm aluminium filter with 2500 ms of exposure.
Images were scanned at a pixel resolution of 10 um, reconstructed with NRecon, straightened
using DataViewer and analysed with CTAn software (SkyScan). The region of interest (ROI)
was drawn within the cortical bone defect (0.5 mm in diameter). A global threshold to define
bone tissue was set at 0.4 g/cm? calcium hydroxyapatite, calibrated using two phantom samples

with known densities. Bone morphometric outcomes included bone volume (mm?), tissue
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volume (mm?), and bone tissue mineral density (g/cm?). Three-dimensional reconstructions

were generated using CTVox software (Skyscan).

4.2.11. Statistical Analyses

Statistical power calculations and analyses were performed using GraphPad Prism®
(GraphPad Software, La Jolla, CA, USA) and the cut-off for significance for all tests was set
to p < 0.05. In vivo studies were powered to infection rate and defect union based on means

and variances from previously published studies 37

and were compared using Fisher’s exact
test. The micro-CT data were analysed by Kruskal-Wallis testing and post-hoc Dunn’s multiple

comparison test.

4.3. Results

4.3.1. BBA-1 showed limited in vivo antimicrobial activities and osteogenic property
AIM 1: To determine the in vivo efficacy of BBA-1 of preventing osteomyelitis

In Study 4A, mice injected with BBA-1 intravenously had survived throughout the trial without
showing any adverse reactions to the antibiotic. Meanwhile, one mouse (from the control group)
had a complication during surgery and was euthanised immediately as per ethics requirement
on Day 0. Other than that, no animals had died before the experimental end point. Additionally,
the BBA-1 dosage (10 mg/kg) was selected based on the speculated maximal tolerated
physiological dose.

The data showed that BBA-1 significantly reduced soft-tissue infections in mice by 50% (5/10)
(Figure 4.1A). In contrast, there were 10% less blood and bone infections in the BBA-1 treated
group compared to the infected and untreated group (Figure 4.1B and 4.1C). Meanwhile, the
negative control (uninfected) group had zero number of infections, suggesting the risk of

contamination during surgery and specimen collection was low.
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Figure 4.2: [Study 4A] The infection rate in tibial drill holes inoculated with S. aureus (%) of (A) soft-

tissue infections, (B) bone infections, and (C) blood infections (N=10 per group).

Micro-CT quantification indicated that BBA-1 increased osteogenesis and promoted healing
of the bone defects. There was an increase of bone volumes (Figure 4.2A) and bone surfaces
(Figure 4.2B) at the bone defect sites in the BBA-1 treated group that was higher than the
infected group but lower than the uninfected group. Also, the progression of bone healing was

visualized by 3D-reconstruction (Figure 4.3).
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Figure 4.3: [Study 4A] (A) The regenerate bone volumes (mm?) of the tibial metaphyseal drilled hole
guantified by micro-CT analysis in the TDH and NIS models. (B) The bone surface (mm?) of the defect
site. The micro-CT data analysed with Kruskal-Wallis testing and post-hoc Dunn’s multiple comparison
test (error bars: mean and SEM; p-values: * <0.05 and >0.01).

No inoculation Xen36 + BBA-1 Xen36 + no treatment

Figure 4.4: The anterior (left) and posterior (right) micro-CT 3D-reconstructions of the (A) no inoculation
negative control group, (B) Xen36 + BBA-1 group, and (C) Xen36 + no treatment group. The median of

bone volume representatives was selected from each group (Study 4A).
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4.3.2. The pilot trial of modelling bone infection in MM mice
AIM 2: To develop a multiple myeloma-related osteomyelitis model in murine.

In Study 4B, the C57BL/KalLwRijHsd (BKAL) mice group 4 and 6 (N=2 per group) received
a single dose of 5TGM1-eGFP MM cells (2x10° cells) intravenously two weeks prior to
bacterial inoculation. Two weeks later, group 5-7 received a single dose of planktonic Xen36
(10° CFU) intravenously to simulate a low-level haematogenous infection. In results, all mice
(4/4) receiving the MM-cells injection (Group 4 and 6) developed tail weakness in week 3 and
4. The affected mice were euthanised before they developed weaknesses in their lower limbs
(an early sign of paralysis). However, at the end point, no animals that received the MM-cell
injection had developed an osteolytic lesion in the tibia. Only the mice (2/2) that received the
NIS and local inoculation of Xen36 (Group 7) developed bone infections. These mice were
euthanised as soon as they developed signs of bone infections. The mice (2/2) that received
Xen36 only (Group 5) did not develop bone infection and were monitored till the end of the

experiment. Table 4.3 summarises the outcome of this preliminary trial.

Table 4.3: [Study 4B] The bacterial assays of the MM-related bone infection model.

Group | Procedures ID Bacterial
Assays
Bone | Blood
4 MM-cells only 7204 | - -
7205 | -
5 Xen36 only 7216 | -
7217 | -
6 MM-cells + Xen36 | 7197 | -
7198 | -
7 NIS + Xen36 7218 | +
7219 | +

The x-ray scans revealed no osteolytic lesions in the MM-cells injected mice (Figure 4.5A),
and the NIS-Xen36 group had a bone defect (0.5 mm in diameter) on the metaphysis of the

tibia with sign of osteolysis surrounding the unicortical drilled-hole defect (Figure 4.5B).
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Figure 4.5: [Study 4B] The radiograph (XR) of a mouse tibia that received (A) a NIS drilled hole (white

arrow) and local inoculation of Xen36 and (B) 5TGM1-eGFP MM and systemic inoculation of Xen36.

The ex vivo IVIS scanning revealed the bioluminescent Xen36 S. aureus (~1x10% CFU) in the
mice (Figure 4.6). The image showed two separated high bioluminescent signals under the skin
(> 6x10° p/sec/cm’/sr) when Xen36 S. aureus was injected subcutaneously. However, in our
preliminary MM-related bone infection trial, there was no bioluminescent signal detected in

any mice.
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Figure 4.6: [Study 4B] An in vitro IVIS scanned image of the bacterial cells (Xen36 S. aureus) in a petri-
dish and 10 mL falcon tube (left), and the in vivo IVIS scanned image of the bioluminescent bacterial
cells (Xen36 S. aureus) injected subcutaneously into a mouse.
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4.4. Extended Discussion

4.4.1. Study 4A: BBA-1 requires further trials and development

This is the first preclinical trial testing the in vivo efficacy of BBA-1 for the prevention of bone
infection. Using our established murine bone infection model (TDH-pin method), we examined
the effect of BBA-1 on preventing bone infections in mice. The current data show that BBA-1
cannot prevent bone infections in mice. Furthermore, the reduction of soft tissue infection may
indicate some underlying antimicrobial activities from BBA-1. However, the data are
inconclusive form the preclinical trial to suggest that BBA-1 is more advantageous than CSA-

90 as a prophylactic antimicrobial agent.

In contrast, although the micro-CT data appear to show a trend of increased regenerate bone
volumes in the BBA-1 group, the quantification did not generate statistical significance.
Nevertheless, micro-CT reconstructions show substantial bone healing from BBA-1 in the bone
defects without clearing the bone infection. This suggests BBA-1 may be osteogenic, but the

current data are underpowered to determine the significance.

TDH-pin infection can lead to severe bone loss without treatment, based on our previous
findings from the PP + CSA-90-coated implants animal trial (thesis Chapter 3). However, in
the BBA-1 animal trial, despite the pins being uncoated, and all animals from the treatment
group had only been given a single dose of BBA-1 (10 mg/kg) before surgery, the BBA-1 was
able to promote bone formation even with the presence of infection. This shows that BBA-1

has a high potential to be used as an adjuvant therapeutic to prevent osteomyelitis.

Our data are still preliminary at this point, there are several variables that have not been tested
for our hypothesis. Nonetheless, our previous in vitro study has demonstrated the bactericidal
activities (against S. aureus and MRSA) and osteogenic property of BBA-1 4. One limitation
of this trial is that the concentration of BBA-1 used in this experiment (10 mg/kg) was indeed
empirical, as this was our first preclinical trial of BBA-1. Although the in vitro MIC and MBC
of BBA-1 against S. aureus ', these findings are usually not directly transferable for in vivo
experiments due to various biological factors that in vitro trials cannot mimic. The selected
concentration of BBA-1 was our expected maximum tolerated concentration. Nonetheless,
none of the animals had developed any adverse reactions or side effects from the BBA-1,

suggesting a higher concentration can be tested in the future.

Furthermore, we only tested a single dose administration of BBA-1 throughout the 14-days

period instead of multiple doses. In clinical settings, antibiotics are usually given daily and for
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a prolonged period up to several weeks or months. Therefore, future trials will consider
multiple doses of BBA-1 (daily/weekly) to determine the efficacy of BBA-1. The power of the

preclinical trials may also be increased by having a larger group size.

Additionally, we did not investigate the side effects and adverse reactions of BBA-1 at higher
concentrations. Although the current dosage seems unharmful, ceragenins are known to be
haemolytic and can induce some cytotoxicity in high concentrations *>3¢. However, recent
studies have shown evidence that the cytotoxic effect can be reduced by delivering the
ceragenins with polaxamers 37-*!. Tt is speculated that polaxamers can conjugate with BBA-1
thereby reducing the toxicity in animals given higher concentrations. It is encouraging to see
no adverse reactions in the preliminary animal study. The safety profile of BBA-1 may also
have been an undersold property that can have clinical advantages to be used in orthopaedics.
Future studies should determine the safety and potential adverse reactions of using BBA-1 at
higher concentrations. We suspect that BBA-1 may have the same or less toxicity than CSA-
90 due to its specific bond binding property. However, our preliminary trial is unable to

determine this hypothesis.

Another limitation of the preclinical trial of BBA-1 is the presence of a metal pin. At the time
of the trial, the NIS-biofilm model was not fully developed, so a metal pin was used as a nidus
for bacterial inoculation and biofilm formation. However, since BBA-1 is an intravenous
antimicrobial, it is speculated that the BBA-1 does not reach the bacteria on an implant surface,
and therefore, cannot eliminate the bacteria. Since CSA-90 and other ceragenins from the CSA-
13 and CSA-44 subgroups are known to have high antibiofilm activity, it is hypothesised that
BBA-1 will also be an antibiofilm agent. Thus, future trials of BBA-1 should consider using
the NIS-biofilm model (described in thesis Chapter 2) instead of a TDH/NIS-pin method.

Bioluminescent Xen36 S. aureus strain or other bioluminescent bacteria strains can be used as
an alternative in future preclinical trials. Xen36 allows in vivo tracking of the bacteria inside
the body, and the bioluminescent signal can be detected and quantified. It is particularly useful
to determine the progression of bone and tissue infections, and potentially to demonstrate the

bactericidal activities of CSAs and BBAs in real-time 447

. Subsequently, other common
orthopaedic pathogens such as Staphylococcus epidermidis, Pseudomonas aeruginosa, and

Escherichia coli clinical isolates will also be tested for BBA-1 susceptibility.

While the current data confirm that BBA-1 promotes osteogenesis and have advantages in
orthopaedic application, we lack evidence to suggest that BBA-1 is more superior to CSA-90

and other CSAs treatments. Indeed, we would suggest the consideration of using CSA-90 as
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an orthopaedic implant coating agent, adjuvant with single or multiple doses of BBA-1 before
and after surgery to achieve a higher efficacy and increase the prophylactic and therapeutic
impact. Subsequently, BBA-1 can be considered as an adjuvant treatment with other commonly
used antibiotics (e.g., clindamycin, gentamicin, and vancomycin) to reduce the risk of implant-

related infections and improve clinical outcomes.

4.4.2. Study 4B: MM-related bone infection model development

Multiple myeloma (MM) is a hematologic malignancy characterised by presence of abnormal
clonal plasma cells, and the disease remains incurable. MM patients often complain about bone

pain, and 80-90% will develop multiple osteolytic bone lesions at some point 2°.

Our clinical trial and case report review (Section 1.3) highlights that the osteolytic lesions can
be prone to infections, and the treatments for these conditions are mostly relying on surgical
interventions and prolonged antibiotic therapies. Therefore, we speculate that our synthesised
BBA-1 will bring benefits to MM patients who suffer myeloma bone disease (MBD) and
prevent osteolytic bone infections. However, to prove this concept, we first needed to
determine the efficacy of BBA-1 in MM mice. The first step was to create a MM mouse bone

infection model (Study 4B).

The 5TGM1-eGFP MM-cell injection is a well-established method to induce MM in mice 3248,
Initially, we expected that all mice would develop osteolytic lesions in their bones, and these
lesions would be prone to infection by a systemic bacterial inoculation via tail-vein injection.
While all MM-cell injected mice developed neurological symptoms as expected, none of the
MM-cell injected mice had developed bone lesions in the following two weeks after the
bacterial injections. These results suggest that systemic MM-cell injection may not induce
osteolytic lesions easily within a short period of time. However, it was impossible to extend
the experiment as the mice must be euthanized as soon as they develop neurological symptoms.
This limitation remains a major challenge of our model development. On the other hand,
without the presence of osteolytic lesions or metal surface to act as a nidus for biofilm
formation, we expected the bone infection rate to be low. Although we recognised the
preliminary trial to be underpowered (N=2 per group), we saw 0/2 mice bone infections in
MM-cell injected mice, and 2/2 bone infections in mice that received the NIS surgery,

suggesting that biofilm is also essential to induce MM-related osteomyelitis.
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Although the STGM1-eGFP MM cells injection method is reported as a mild systemic MM
model that features gradual bone loss alongside the development of neurological features, the
model was not designed to cause bone lesions. A potential alternative, a intratibial MM-cell
injection model by Xu et al. (2018), reported a success in inducing bone elicits osteolytic
reaction in nude mice by injecting tumour cells via intratibial injection °. A similar approach
for multiple myeloma has also been reported in a mouse model for studying bone metastasis
and bone pain %3, Therefore, we decided to adopt the intratibial injection of 5STGM1-eGFP

MM cells method for our next model development study.

4.4.3. Future iterative development and refinement of a MM-bone infection model

The next stage of model development was to conduct another trial featuring the intratibial MM-
cells injection method, expected to create more robust osteolytic lesions. Our plan was to have
two groups (Group 8 and 9, N=10 per group). In proposed Study 4C, groups would receive a
single intratibial injection of 5TGM1-eGFP MM cells (10° cells) on the right leg (Table 4.4).
Then the mice would be monitored for two weeks (or >2 weeks until osteolytic lesions were
formed). The mice would be monitored by XR thrice weekly for osteolytic lesions and
physically for neurological symptoms. As soon as the osteolytic lesions were seen on the right
tibia, we would inoculate the bacterial biofilm of Xen36 S. aureus (10° CFU) to the right and

left tibiae by intratibial injection (local inoculation).

The mouse studies were approved by the Garvan Institute ethics committee (ARA18/03), and
the animals were bred for experiment. However, one week before the starting point, the plan
was disrupted by the SARS-CoV-2 lockdown in New South Wales from June to October 2021.
Initially, the experiment was postponed due to the lockdown, but was then cancelled as the
lockdown had extended for four months, and the bred mice had to be culled. During that time,
no new animal experiments were allowed to begin at the Garvan Institute, access to the facility
was strictly limited, and only if necessary. Staff from other institutes with no current essential

experiments were prohibited from entering the facility.
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Table 4.4: The study intratibial injection MM-related bone infection model.

Group | MM-cells Intratibial injection | Bacteria | Intratibial injection | N=
(10° cells) (MM-cells) (10° CFU) | (bacterial biofilm)
Right Left Right Left
8 5TGM1-eGFP | Yes No Nil No No 10
9 5TGM1-eGFP | Yes No Xen36 Yes Yes 10
Total 20

Theoretically, based on our understanding of the model, we expected the mice in Group 8 and
9 to develop local osteolytic bone lesions on the right tibiae (with MM-cells), but not on the
left tibiae (no MM-cells). We hypothesised that the mice in Group 9 that receive Xen36 biofilm
on both legs would only develop bone infections on the right side due to the presence of bone
lesions. In contrast, we expected 0% infection rate in Group 8 (no biofilm inoculation), but
osteolytic lesions would be seen on the right leg due to MM-cells injection. We expected the
bacterial biofilm to be trackable by IVIS scans as we continued to employ Xen36 biofilm for
local inoculation. Bioluminescent signal should have been detectable within one week after the
bacterial inoculation in Group 9. Since the bacteria were to be inoculated after the osteolytic
lesions, we speculated that a bioluminescent signal would be detectable on the right side,

aligning with the bone lesions.

For micro-CT analysis, the mice in Group 8 should have a higher bone volume (BV) and bone
mineral density (BMD) than Group 9. Since there was no treatment for the MM-mice, we
would not expect any regenerate bone volume of the bone lesion; osteolysis should only occur
on the right tibiae (MM-cells injected), and the left tibiae should appear normal in both groups
(no MM-cells). Regarding histology, we expected to see inflammatory cells (e.g., phagocytes
and lymphocytes) presence in the bone marrow of infected tibiae, where uncontrollably
proliferating plasma cells should be seen in the MM-cells injected bone marrow. In Group 9,
we expected to find more profound effects of infection on the right tibia than the left tibia.
Osteolysis and woven bones due to bone resorption on the cortical surface should be more
severe on the right side than the left side. In some cases, structural deformation may have been
present on the right tibia due to disruption of the cortical bone. Subsequently, with the larger

group size (N=10 per group), we expected the statistical power to be improved and sufficient.
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4.4.4. Preclinical testing of BBA-1 using the MM-related bone infection model

Moving forward, if we were able to develop a reliable MM-related bone infection model in
mice (Study 4C), we would optimise our model and complete proposed Study 4D (Table 4.5)
to determine the efficacy of BBA-1 in preventing MM-related osteomyelitis.

Similar to Study 4C, the initial plan was to induce local osteolytic bone lesions in MM-cells
injected mice by intratibial injection (Group 10-12). Once the bone lesions occurred, we would
inoculate local Xen36 S. aureus biofilm via intratibial injection in Group 10 and 11 (N=10 per
group) and give the mice BBA-1 (5 mg/kg) via intravenous injection (Group 12) or normal
saline (Group 11) as a no-treatment positive control. As a no-infection control group, Group
10 (N=6) would receive no Xen36 but a single dose of BBA-1 (5 mg/kg) systemically. We
aimed to evaluate the osteogenic and antimicrobial effects of BBA-1 in MM and MM-infected

mice.

Table 4.5: The study plan of BBA-1 efficacy testing

Group | Cell intratibial injection (right side) | Bacterial inoculation | IV injection N=
10 5TGM1-eGFP MM cells (1x105) Nil BBA-1 (10 mg/kg) | 6

11 5TGM1-eGFP MM cells (1x10°%) Xen36 (1x10° CFU) Nil (saline) 10
12 5TGM1-eGFP MM cells (1x10°) Xen36 (1x10° CFU) BBA-1 (10 mg/kg) | 10

Theoretically, all groups would develop osteolytic lesions on the right tibia due to MM-cells
injection and the left tibiae should appear normal. Without the protection of BBA-1, Group 11
(MM-cells + Xen36 + no treatment) would develop osteolytic lesions and bone infections in
the right tibiae (positive control), whereas Group 12 (MM-cells + Xen36 + BBA-1) would have
a reduced rate of bone and soft-tissue infections. Meanwhile, Group 10 (MM-cells + BBA-1)

would have no bone infections at all (negative control).

For micro-CT analysis, the bone volume (BV) and bone mineral density (BMD) would be the
lowest in Group 11 as no treatment is given. In group 10, we expected the bone lesions on the
right tibiae would be improved by the osteogenic effect of BBA-1, and since no biofilm was
inoculated, there would be efficient improvements in BV and BMD, hypothetically. In Group
12, we expected BBA-1 to prevent osteomyelitis in the right tibiae of some animals (if not all).
At this stage, the efficacy of BBA-1 is not predictable, but we would expect a higher
prophylactic effect to be seen in Study 4D as no metal pins were implanted. Although it has
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not been fully tested with BBA-1, CSA-90 and other CSA-13 subclass ceragenins have high
antibiofilm activities, so theoretically, BBA-1 would also be able to prevent biofilm infections.
Regarding histologic analysis, we expected to see woven cortical bones and lesions in all MM-
cells injected tibiae. Group 10 would have a higher proportion of new bone formation due to
BBA-1 treatment, and Group 12 would have less bone formation due to biofilm infection.
Whereas Group 11 would have no bone healing and have severe bone resorption and
destruction. Proliferated MM-cells would be seen in all bone marrow cavities of MM-cells

injected tibiae. High numbers of inflammatory cells would also be found in the infected groups.

4.5. Conclusion

The first preclinical trial determined that BBA-1 can potentially be used in orthopaedic surgery
to prevent osteomyelitis. However, the minimum bactericidal concentration (MBC) of BBA-1
to eliminate S. aureus infection remains to be determined. Although the in vifro osteogenic
property of BBA-1 was previously determined, our preliminary in vivo study provided limited
evidence to demonstrate that BBA-1 can promote bone healing. Subsequently, we speculated
that BBA-1 would benefit MM patients by preventing osteolytic bone infections and myeloma
bone diseases. Our pilot trial showed that systemic STGM1-eGFP cells injection was able to
produce neurological symptoms but did not cause osteolytic bone lesions or bone infections in
mice. Our data suggested that bone lesions were essential to act as a nidus for biofilm formation.
Therefore, future studies will develop a multiple myeloma bone infection model using

intratibial injections of STGM1-eGFP cells and Xen36 S. aureus biofilm.
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5. Discussion
5.1. Key findings

5.1.1. Development of a reliable murine bone infection model for preclinical trials

We have described the iterative development of a murine model for bone infection that utilises
the tibial drilled-hole (TDH) and needle insertion surgery (NIS) methods, featuring inoculation
adjacent to a metal implant or using a bacterial biofilm. These models are more cost-effective
for large preclinical trials compared to larger animal models. Moreover, the methods are simple

to perform and should be highly reproducible in any laboratory setting.

Traditional preclinical trials employing larger animals like sheep and pigs often require
substantial housing space and research funding. It is estimated that the cost of developing a
new drug ranges from 314 million to 2.8 billion USD *. Between 2009 and 2018, the estimated
median capitalised research and development cost per product was 985 million USD, including
the expenditures on failed trials. Using mice as subjects would reduce the cost of collecting

preliminary data to support novel therapy research.

Throughout the development of our NIS-pin and NIS-biofilm models, we have found a strong
association between metal implants with osteomyelitis. The underlying mechanism is linked to
metal surfaces acting as a nidus for biofilm formation. Even a small dose of bacteria can cause
a 100% infection rate when a metal surface is present. This is consistent with the high risk of
infections after fracture fixation (IAFF) and implant-related infection (IRI) when metal
implants are involved. Alternatively, local biofilm inoculation to the bone is more pathological

than planktonic-free bacteria and is sufficient to induce osteomyelitis.

5.1.2. Plasma polymerisation has utility in producing antimicrobial coatings

We validated that the ion-assisted plasma polymerisation (IPP) technology can conjugate
functional molecules to 3D metal surfaces and potentially apply to orthopaedic implant
coatings. The in vitro experiments strongly suggest that metal-bound CSA-90 retains its
antimicrobial activity, and the IPP coating allows rapid and sustainable release of CSA-90 to
inhibit bacterial growth and prevent infections. The osteogenic property of CSA-90 was also
verified by the in vivo data of regenerate bone volumes in the tibial drilled-hole defects,
supporting its unique advantage as a coating agent for orthopaedic implants. We speculate that
other substantial osteogenic ceragenins in the CSA-13 and CSA-44 subclasses (i.e., CSA-13.
CSA-44, CSA-131, and CSA-144) will have similar benefits.
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5.1.3. Synthetic bone binding antimicrobial is functional

Our group synthesised a novel bone binding antimicrobial (BBA-1) by conjugating CSA-90 to
the bisphosphonate alendronate via an NHS-PEG-COOH linker, and the osteogenic and
antimicrobial effects of BBA-1 were tested in in vitro experiments 2. For the in vivo efficacy
testing, our preliminary data show that a single dose of BBA-1 (10 mg/kg) can reduce the
infection rate and increase the regenerate bone volume of the bone defects on the tibia,
suggesting its antimicrobial and osteogenic effects were unaffected by the synthetic process.
The current dosage (10 mg/kg) is safe for mice and has no in vivo toxicity or adverse reactions.
These findings also reinforce the need to create alternative BBAs, using other CSAs, that may

have more advantageous effects than BBA-1 in future.

5.2.  Major limitations
5.2.1. NIS models need optimisation and testing new variables

We have developed a cost-effective and reliable bone infection murine model utilising the NIS
method, including a metal implant with or without a biofilm. The extent of bone infection was
evaluated using micro-CT imaging. Our results indicated that the tibial metaphysis was
predominantly affected, characterised by osteolysis and the formation of woven bone near the
drill-hole site. In certain cases, the infection spread to the diaphysis of the tibia, resulting in
mild osteolysis. However, sepsis or the spread of infection to other bones such as the patella

and femur was not observed.

Although many variables can be tested with our models for future applications, further
development and optimisation are required. For instance, only female mice were tested, but
osteomyelitis is more common in men than women (behaviour related). The reason for
choosing female mice was to reduce housing capacity, as female mice can be housed together
(up to 5 mice per cage), whereas group housing is not recommended for male mice. The age of
animals in this study were only 8-12 weeks old and were all healthy wild-type animals. Most
mice reach sexual maturity (both sexes) at 4-7 weeks old, so 8-12 weeks is considered young
adulthood in mice. The reason we chose this age group is that mice at this age are more likely
to survive the surgery and generate bone healing within two weeks. For age-insensitive studies,
we recommend using animals at this age, but further studies are needed to determine the
feasibility of using older mice, mice with other illnesses (e.g., diabetes) and genetically

modified mice.
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Another limitation that was not fully addressed was that we did not include the NIS ATCC-
25923 (S. aureus biofilm) + pin group in our final experiment. Since an extensive number of
animals was used (N=80), this experimental group was excluded, as based on data from the
TDH model, such conditions would be expected to produce a 100% infection rate. However,
there could be value in using such a model to test intervention strategies featuring implants and

recalcitrant biofilm infection.

Although animals were monitored and weighed frequently, we did not include their weights
and body temperature as results in the study (Chapter 2). No animals had lost weight over the
two weeks, and body temperature was not measured as it was not included in our animal ethics
approval. Instead, the Mouse Grimace Scale was used monitoring the animals. Rectal
thermometry is a standard method of measuring body temperature in rodents. It involves
inserting a small-diameter temperature probe through the anus, which can be onerous in
extensive animal studies. Since we were only inoculating a small dose of bacteria locally, we
would not expect any animals to develop high fever, and such data were unlikely to add any
significance to our finding. However, measuring body temperature would be essential for

future studies when testing therapeutics.

We collected blood, bone swabs, pins, and soft tissues for bacterial culture to determine the
infection rate. Our data showed that no animals developed septicaemia, and bone swab culture
was used to determine the presence of bacteria in the bone defects. The pin culture data were
mostly consistent with the bone culture, as the bacteria were inoculated and adhered to the
metal surface. Sometimes there were bacteria only detected in pins but not in the bone defects,
so the data were not used as a standard. In contrast, soft-tissue culture results were not reported
due to their inconsistency as often bacteria were only detected in soft tissue when pus was
present, suggesting that soft-tissue culture may only pick up severe infections and was
insensitive to mild bone infections. Since our goal is to determine the infection rate of bone
infections in our model, we decided to use bone swabs as the standard for determining bone
infection. However, soft-tissue culture should be continued in future studies due to its relevance

to local infection.

Additionally, we lacked histological data to determine the presence of bacteria at the infection
site. Bacterial staining in histology was not initially considered in our study design, partially
due to limitations in time and resources. Potentially, gram-staining with H&E staining in
histology section would determine the presence of bacteria under the light microscope.

Alternatively, electron microscopy could perform high-scale imaging and visualise the
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bacterial cells with additional preparation. Nonetheless, these techniques should be considered

in future studies.

Future studies could be improved by optimising the concentration of inoculating bacteria to
increase the reliability of the infection rate. Other orthopaedic pathogens, such as
Staphylococcus epidermidis, Pseudomonas aeruginosa and Escherichia coli, could be
compared in terms of their in vivo efficacy for testing novel therapeutics. While the current
NIS model focuses on local inoculation, it is speculated that systemic inoculation would be

possible but would require bacterial dose optimisation.

5.2.2. PP coating with ceragenins require further investigations and clinical trials

The in vitro bacterial assays have shown that it is possible to utilise IPP technology for 3D
orthopaedic implants. Both stainless-steel wires (rods) and silica beads (spheres) can be coated
with IPP technology and CSA-90. Once coated, the CSA-90 on the surface can remain active

and kill bacteria.

There is a lack of quantitative data to evaluate how much CSA-90 can attach to the 3D surface
and be released. From the in vitro studies where PP + CSA-90 surfaces were washed with water
and SDS, there we observed a burst release of CSA-90 with PP-coating, suggesting the drug
linkage is unlikely to be covalently bonded. The underlying mechanism is still unclear, and it

requires further investigation.

Although in in vitro studies, PP + CSA-90 showed a statistically significant and potent
antimicrobial/bactericidal action, the in vivo data were less convincing. Since the CSA-90
coating technology was not fully optimised, while we used the same coating method for PP +
CSA-90, in vivo environmental factors may affect drug binding that was not noticed previously.
Also, CSA-90 may be lost during the surgical procedure, due to scratches, physical insertion,
and moisture from tissue reducing the delivered dose. Such variation is difficult to encounter
and quantify. With the complete optimisation of our NIS model, these effects could be reduced

in future studies.

Alternatively, we could use polymerase chain reaction (PCR) to measure the 16S ribosomal
RNA of S. aureus to quantify the bacterial load more accurately, however, PCR detection
cannot distinguish live and dead bacteria, and therefore, it could not reflect the bactericidal

effect of CSA-90 compared to viable bacterial culture. Despite that, quantified PCR data should
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be comparable to the bioluminescent signal from bioluminescent bacteria (e.g., Xen36 S.

aureus) and can be used to determine the presence of live bacteria in future studies.

Nonetheless, our preclinical trial with mice has demonstrated the synergistic effect between
IPP and CSA-90. While a PP-coated surface can reduce bacterial adhesion and strengthen the
attachment of CSA-90 to the implant surface, the CSA-90 on the implant can eliminate the
inoculated bacteria and prevent osteomyelitis. Our results showed that the PP + CSA-90
coating reduced the infection rate compared to PP coating only from 90% to 50% (N=10).
However, the difference was not statistically significant. Interestingly, despite the presence of
bacterial infection, the CSA-90 coating seemed to promote adequate bone healing in the treated
groups, which further enhance the advantages of using CSA-90 as a coating agent for
orthopaedic implants. Future studies can increase the sample size and the CSA-90
concentration on the implant to improve statistical significance. Subsequent testing with

various CSA-90 concentrations will determine the optimal concentration for implant coating.

Our data also further supported that CSA-90 has osteogenic activity based on regenerate bone
volume, however, we did not perform a bone mineral density analysis to determine the bone
loss due to bacterial infection and demineralisation. We hypothesised that CSA-90 alone could
promote bone formation and potentiate recombinant human bone morphogenetic protein-2
(rhBMP-2) induced osteoblast differentiation. Our study did not demonstrate such an effect, as
no rhBMP-2 was used on implants. However, future studies could investigate the opportunity
of using CSA-90 + rhBMP-2 combined coating. We speculate that such coating will enhance
bone healing and may have other applications in orthopaedic surgery for treating other

conditions (e.g., osteogenesis imperfecta).

Another limitation of the study was that we did not employ the NIS-pin model as the NIS
infection model had not been optimised at that time. Further, the study did not address biofilm
infections, which are more severe in clinical settings, and only the monoclonal S. aureus strain
has been tested. We also did not examine the IPP technology for non-metal implants (e.g., silica
beads). Future studies should include plans to utilise these developed models to further evaluate
the efficacy of the CSA-90 implant coating.

5.2.3. The MM-related bone infection model demands amendments and development

The review article on clinical trials and case studies (Section 1.3) highlights that multiple

myeloma (MM) patients are at risk of developing osteolytic lesions. Nearly all MM patients
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will experience bone pain due to osteolytic lesions and myeloma bone disease at some point as
the disease progresses. Therefore, we have targeted the MM patients as the primary testing
group for clinical trials of BBA-1. It is hypothesised that BBA-1 is advantageous in treating
conditions that involve bone loss and the risk of osteomyelitis.

In the first BBA-1 preclinical trial, only a single dose of BBA-1 was administered as
prophylaxis, whereas in reality, patients are often given multiple doses of antibiotics to prevent
bone infections. While we did not see a statistically significant reduction of bone infections in
the BBA-1 treated group, this may be due to insufficient dosing. Interestingly, BBA-1 seemed
to reduce the soft-tissue infection rate in our model, we hypothesised that the BBA-1 on the
periosteum may reduce bacterial load and contact to the soft-tissue surrounding the bone
surface. However, the protective mechanism was not fully delineated. Future studies could
investigate further to determine the drug mechanism, and trial multiple dosing of BBAs to
determine the prophylactic efficacy. We speculated that multiple injections and potentially a

higher dose of BBA-1 will generate improved outcomes.

Additionally, our previous studies have shown effective binding of BBA-1 to the periosteum.
However, its affinity for binding to the endosteum has not been determined. One major
limitation of this study was that we used the TDH-pin model, so more bacteria might remain
in the medullary canal from the metal surface, whereas BBA-1 might not be efficiently binding
to the endosteum. Therefore, future experiments should address the affinity of BBA-1 binding

to the endosteum, and a biofilm bone infection model should be employed.

To promote the progression of bone infections in the BBA-1 trial, metal pins were employed
in conjunction with TDH. Despite this, the bacteria may remain within the medullary canal,

where BBA-1 may not be effectively delivered via circulation.

Currently, no animal models for multiple myeloma-related bone infections have been
developed successfully. While the intravenous injection of 5TGM1-eGFP MM cells can induce
neurological symptoms of MM in BKAL mice, it does not induce osteolytic lesion within the
study timeframe. Without bone lesions, there is no nidus on the bone surface for bacteria to
form biofilms; therefore, no bone infections occurred in the preliminary trial. It is hypothesised
that an intratibial injection of 5TGM1-eGFP MM cells would be able to cause osteolytic lesions,
and local intratibial inoculation of bacterial biofilm will cause bone infection from the lesions.

Further development of this and other aspects of the model are still needed.
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5.3.  Results from parallel studies

The literature review article (Section 1.2) on ceragenins in orthopaedic applications only
covered studies published up to 2019. Between January 2020 and June 2022, additional studies
involving ceragenins have been published. Many of these studies focused on the antimicrobial
and antibiofilm effects of CSA-131 and other ceragenins from the CSA-13 and CSA-44
subgroups. Some studies demonstrated the use of nanoparticles to reduce the toxicity of

ceragenins and improve drug delivery and efficacy.

5.3.1. The applications of ceragenins for infectious diseases

Bozkurt Gizel et al. (2020) determined that CSA-131 and CSA-138 were good candidates for
carbapenem-resistant Pseudomonas aeruginosa infections using in vitro time-kill assays and
minimum inhibitory concentration (MIC) or minimum bactericidal concentration (MBC)
assays 3. They also found that CSA-13 and CSA-131 are good alternatives for carbapenem-
resistant Acinetobacter baumannii infections . Chmielewska et al. (2020) separately reported
that CSA-13, CSA-44 and CSA-131 may be favourable for prevention and decrease of global
burden of New Delhi Metallo-beta-lactamase (NDM-1) carbapenemase-producing
Enterobacteriaceae (CPE), which include Escherichia coli BAA-2471, Enterobacter cloacae
BAA-2468, Klebsiella pneumoniae subsp. BAA-2472, and K. pneumoniae BAA-2473 5.

Hacioglu et al. (2020) found that CSA-90 and CSA-13 were effective agents against both
mono- and multispecies (including Candida albicans, Pseudomonas aeruginosa,
Acinetobacter baumannii and Escherichia coli) biofilms (P < 0.05), whereas CSA-131 and
CSA-192 were the least effective against mono- and fungal-bacterial multispecies biofilms.
The study also highlighted that ceragenins were more advantageous than antimicrobial peptides
(AMPs) against mono- or multispecies biofilms 8. This study supports our speculation that
CSA-90 can be used as a prophylactic agent to prevent implant-related osteomyelitis, as this

infection is often associated with bacterial biofilms and multiple microorganisms.

Latorre et al. (2021) reported the in vitro antibiofilm activity of CSA-131 on endotracheal tubes
(ETTs). The ETTs were coated with CSA-131 and then exposed to biofilms of clinical
Pseudomonas aeruginosa, Escherichia coli and Staphylococcus aureus ‘. Paprocka et al. (2021)
collected MIC/MBC values and evaluated the ability of CSA-13, CSA-44 and CSA-131 against
150 clinical isolates of P. aeruginosa to prevent bacterial biofilm formation. It was found that

ceragenins (CSA-13 subgroup) are highly active against clinical strains of P. aeruginosa at low
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concentrations despite their resistance mechanisms to conventional antibiotics (e.g.,
ceftolozane/tazobactam, ceftazidime/avibactam and meropenem/vaborbactam) 8. The study
also confirmed that tested CSAs have high antibiofilm activities against various pathogens.
Tokajuk et al. (2022) performed an in vitro biofilm mass analysis using crystal violet (CV)
staining, showing that CSA-44 could prevent biofilm formation and reduce the mass of biofilm
formed by endodontic and periodontal pathogens, including Enterococcus faecalis and
Candida albicans °. The study recognised the application of CSA-44 as an agent to combat oral

pathogens and control biofilm formation on the tooth’s surface and composite fillings.

Damar-Celik et al. (2021) reported that CSA-13, CSA-131 and CSA-131P (CSA-131
formulated with a poloxamer Pluronic® F127) were effective against biofilm-producing
Achromobacter strains 1°. Their results indicated that CSA-131 formulated in micelles could
be therapeutic for polymicrobial and biofilm-related infections. The study also demonstrated
that CSA-131P has the same antimicrobial and antibiofilm activities as CSA-13. In contrast,
Oyardi et al. (2021) demonstrated that CSA-131P (5% Pluronic ® F127) had the lowest MIC,
followed by CSA-131 and CSA-13, against a Stenotrophomonas maltophilia, which is a Gram-

negative bacterium resistant to several antibiotics and is prevalent in cystic fibrosis patients 1.

Paprocka et al. (2021) examined the cytotoxicity of ceragenins using human erythrocyte (red
blood cell) haemolysis and microscopy observations of human lung epithelial cells (A549)
post-treatment. The study suggested that adding poloxamer 407 (Pluronic ® F-127) with
ceragenins at concentrations ranging from 0.5-5% can reduce toxicity & These studies all
support that poloxamer 407 and other alternative drug delivery substrates can be advantageous

in reducing drug side effects and adverse reactions.

Demir etal. (2022) demonstrated that CSA-13, CSA-131 and CSA-131P were effective against
Burkholderia cepacia complex (Bcc), Gram-negative aerobic and non-fermentative bacilli,
often seen in cystic fibrosis with clinical symptoms 2. Although Bcc infection can be
asymptomatic, it can also cause fatal pneumonia. Both first-generation (CSA-13) and second-
generation (CSA-131 and CSA-131P) have significant antimicrobial effects on Bcc. The study
also reported synergistic activity of CSA-13 and levofloxacin against Bcc, suggesting
combining ceragenins with currently marketed antibiotics could be more advantageous in

treating infections.

An in vivo rat implant-infection study was also published in 2020 by our team, demonstrating
the capability of CSA-90 as a coating agent on porous metal implants to prevent periprosthetic

joint infection (PJI) challenged with either local or systemic Staphylococcus aureus inoculation
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13 The data showed that CSA-90 reduced the rates of PJI with local (from 100% to 30%) and
systemic (from 90% to 10%) bacterial inoculations. The median survival time was also
increased from 8 to 17 days (local) and 8 to 42 days (systemic). Although CSA-90 alone did
not prevent infection from developing in all implants, CSA-90 can likely be used as an adjunct
to routine systemic antibiotic prophylaxis, and it supports the further development of CSA-90

as a novel antimicrobial coating for orthopaedic implants.

In 2021, Chmielewska et al. demonstrated a new class of gold nanoparticles (AuNPs) were able
to conjugate with CSA-131, showing high bactericidal activity against multidrug-resistant
Gram-positive and Gram-negative bacteria 4. This study reveals the therapeutic potential of
gold nanosystems, due to their high haemocompatibility with CSA-131, meaning AuNPs may
aid in the development of newer and superior systems for safe, systemic delivery of ceragenins.
Prasad et al. (2021) conjugated peanut-shaped AuNPs (AuPs) with CSA-13, CSA-44 and CSA-
131 (i.e., AUP@CSA-13, AUP@CSA-44 and AuP@CSA-131) and tested their efficacy against
Haemophilus influenza (ATCC-49766), Moraxella catarrhalis (ATCC-25238) and
Streptococcus pneumoniae (ATCC-49619). The study showed that all tested CSAs exerted
bactericidal activity against these pathogens. However, most importantly, it was found that the
conjugation of CSAs with AuPs strongly enhanced their killing efficacy, as all CSA-based
nanosystems eradicated the bacterial pathogens in doses ranging from 0.5-5 pug/mL, which is
significantly lower than free CSAs (0.5-10 pg/mL) 5. AuP-CSAs were found to be more active
than free CSAs, and CSA-131 was the most potent ceragenin among all three, with the highest
efficacy in limiting the colony-forming ability of tested bacteria. Similar effects were reported
in fungal infections (Candida) using a set of nanosystems with rod-(AuR), peanut-(AuP), and
star-shaped (AuS) metal cores conjugated with CSA-13, CSA-44 and CSA-131 16,

Regarding antimicrobial resistance, it has been documented that ceragenins have a low
potential for resistance development 8. A similar observation was reported with Candida. A
study showed that CSAs (CSA-13 and CSA-131) have significant candidacidal activities in
vitro and could effectively eradicate species of yeast responsible for biofilm formation and
voice prostheses failure 7. Subsequently, even after different Candida species were subjected
to CSA-13 and CSA-131 during 25 passages, no tested Candida strain showed a significant
development of resistance.

While ceragenins are a family of synthetic, amphipathic molecules, designed to mimic the
antimicrobial properties naturally found in cationic antimicrobial peptides (CAMPs), Mitchelle

et al. (2022) speculated that CSAs have distinct antimicrobial mechanisms. The study reported
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the results of a comparative study of the bacterial (E. coli) responses to CAMPs (LL-37, colistin)
and ceragenins (CSA-13 and CSA-131), using transcriptomic and proteomic analyses. It found
that E. coli responded similarly to CAMPs and ceragenins by inducing a Cpx envelope stress
response. Genes involved in the membrane stress response such as spy, degP and cpxP were
upregulated by all antibiotics. However, when E. coli were exposed to CAMPSs, increased
expression of genes involved in LPS/colonic acid biosynthesis (wzc, wcaE and cpsB) was found,
whereas if E. coli were exposed to CSAs, genes encoding phosphate-responsive regulators
(PhoR and PhoB) were upregulated. The results indicated that different mechanisms of action
could be involved between these two classes of drugs 8. Pathway analysis of genes modulated
by more than one compound was completed to define transcriptional responses to CAMPs and
CSAs. Significant increases in mMRNA abundance were seen for 86 E. coli genes across all
conditions, with 68 and 57 genes upregulated in response to CAMP and CSA treatment,
respectively. The study also highlighted that CSAs could trigger an unprecedented Cpx
envelope stress response in E. coli, suggesting that CSA-13 and CSA-131 may act on the
bacterial envelope. While the result explained why ceragenins are effective against colistin-
resistant bacteria, it also suggests that the Cpx response might help bacteria survive exposure
to ceragenins. Further studies should determine the mechanistic similarities between CSAs and

CAMPs in other systems.

5.3.2. The potentials of ceragenins as anticancer agents

The opportunity of using CSAs as a cancer therapy has been explored. Piktel et al. (2020)
examined the anticancer effect and haemocompatibility of nanoformulations consisting of
CSA-131 united with amino silane-modified iron oxide-based magnetic nanoparticles (MNP)
191t was found that MNP-based nano-molecules increased the killing efficiency of CSA-131,
decreasing the viability of selected lung and colon cancer cells in vitro when compared to CSA-
131 alone. This study supports the idea of using CSAs as an anticancer agent and the potential

of adopting the MNP nanosystems with CSA-90 and BBA-1 for treating multiple myeloma.

Although there is a growing body of scientific evidence suggesting the great potential of
ceragenins as anti-cancer agents, the gathered evidence mainly was based on in vitro studies,
and the hypothesis was never tested in animal models. However, Piktel et al. (2021) theorised
that gold nanoparticles-assisted delivery of antineoplastics into cancerous cells is a practical
approach for overcoming the limitations of systemic chemotherapy. While ceragenins have a

high potential to be novel anti-cancer drugs, high-dose concentrations within their haemolytic
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range may be required to inhibit cell proliferation in some tumours effectively. Therefore, to
control the toxicity/efficiency ratio, AuPs were used to deliver CSA-131 (AuP@CSA-131) and
the cytotoxicity of AUP@CSA-131 was tested against ovarian cancer (SKOV-3) cells in vitro.
They also determined the efficacy of intravenously and intratumorally administered CSA-131
and AuP@CSA-131 in vivo with a xenograft ovarian cancer model. Comparative analysis
revealed that AUP@CSA-131 exerted more potent antineoplastic effects than free ceragenin.
Such effects were determined by enhanced ability to induce caspase-dependent apoptosis and
autophagy processes via reactive oxygen species (ROS)-mediated pathways. While both CSA-
131 and AuP@CSA-131 administrations prevent the inflammatory response associated with
cancer development, the animal study found that AUP@CSA-131 had delayed clearance and
prolonged blood circulation compared with free CSA-131 2°. All these findings support the
possibility of utilising non-spherical gold nanoparticles as an effective way to deliver

antineoplastics for the treatment of ovarian malignancy.

5.4. Future directions

The current clinical management of bone infections still centres on source control, tailored
antibiotic therapy, and correction of medical comorbidities. Moving forward, there are
numerous opportunities for future research on osteomyelitis, including understanding the
pathophysiology and pathogenic mechanisms, antibiotic susceptibility patterns, novel
preventive measures and treatments, and improved diagnostic tools. Subsequent to this thesis,
several directions to further research have emerged and been considered, which involve
optimising the preclinical bone infection model, developing new coating technology for
orthopaedic implants, exploring the full potential of ceragenins as clinical agents to treat
infectious diseases and cancer, and the validation of opportunistic conjugates and substrates to

improve ceragenin drug efficacy, delivery, and safety.

5.4.1. Antibiotic susceptibility and resistance surveillance

Recent changes in antimicrobial susceptibility have altered empirical antibiotic selection, and
the treatment of osteomyelitis has been essentially unchanged over the last decades. In the
clinical arena, ongoing research on interdisciplinary clinical care guidelines and severity
classification will improve the quality of care locally and nationally. Since the emergence and

dissemination of multi-drug resistance (MDR) or extensively drug resistance (XDR) are
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significant concerns for public health 2, continuous surveillance and monitoring of changes in
antimicrobial susceptibility patterns are essential for public health and policy. Consistent
vigilance of antimicrobial resistance will also aid decision making on empirical therapy

selection.

To date, there are no reports of antibiotic resistance to ceragenins. Although it is challenging
and unlikely to happen promptly, bacterial and fungal pathogens can develop mechanisms and
stress responses to compromise ceragenins and other associated therapeutics (e.g., BBAs and
nano-CSAs) 8. Like other conventional antibiotics, regular determinations of MICs and MBCs
of clinically isolated strains using the microbroth dilution method would be essential for
ceragenins. The susceptibility patterns and ceragenin-resistances should be closely monitored
for the CSA-13 subgroup, considering their wide clinical applications as coating, anticancer

and antimicrobial agents.

Meanwhile, susceptibility testing and time-kill assays should be performed to explore the
efficacy of ceragenins (like CSA-8, CSA-13, CSA-44, CSA-131 and CSA-138) against other
unconsidered pathogens. Monitoring antimicrobial susceptibility patterns of ceragenins against
various pathogens will also determine other potential clinical applications in specialities other

than orthopaedic surgery.

Prolonged exposure can be another risk factor for antibiotic resistance development.
Understanding the antimicrobial mechanism will identify new essential biological pathways of
bacteria that are less prone to develop ceragenin-resistance, informing the design principles for
maximising antimicrobial effects of next generation ceragenins and other synthetic CAMPs.
Additional mechanistic studies are required to better understand the structure-activity
relationship underlying ceragenin antimicrobial effects and uncover how new defensive

mechanisms may emerge.

Several studies have reported synergistic effects of ceragenins and other conventional
antibiotics and nanoparticles 34121922 Future studies should also focus on validating and
optimising combined therapies with in vivo trials, including the combination of CSAs and
BBAs.

5.4.2. Optimising animal models for preclinical trials

Animal models and preclinical trials are essential for discovering new ideas and concepts for

treating and preventing osteomyelitis. Standard in vitro antibiotic susceptibility testing is often
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unable to model the complexity of bacterial physiology in vivo associated with abscess and
biofilm formation or nutrient deprivation and tissue hypoxia 2%. However, such conditions can
only be simulated in animal models, which implies the value of animal models for drug efficacy
testing. In recent years, animal studies have also shed light on host and bacterial factors
contributing to osteomyelitis's pathogenesis. Animal models can also demonstrate new

therapeutic targets, drug delivery methods, and immunomodulatory therapies 2.

Initially, our NIS models were designed to test novel therapies. However, there is no limitation
to using our models for studying other types of bone infections, such as myeloma bone disease
and diabetic-foot osteomyelitis. The NIS models should be transferable to other established
animal models and study-related diseases' pathophysiology. The MM-related bone infection
model attempt is one example, but many subsequent models can be developed in the future

with uncountable opportunities.

With the increased interest in bioluminescent bacteria in preclinical research, we have
employed Xen36 Staphylococcus aureus in our NIS model. Bioluminescent bacteria are a tool
for cell tracking and progression monitoring and quantifying the real-time efficacy of
therapeutics 2526, The bioluminescent signals can also determine bacterial bioactivity and
pathogenesis with the VIS Spectrum in vivo imaging system in real-time. Future studies can

focus on testing other bioluminescent orthopaedic pathogens and bioluminescent biofilms.

5.4.3. Determining the orthopaedic applications of CSA-131

In recent years, many studies have focused on CSA-131 and CSA-131P (conjugated with
AUNPs) 3511141920 \While CSA-90 is particularly known for its osteogenic features, we
speculate that CSA-131 (the second generation of CSA-13 and the cousin of CSA-90) should
also have osteogenic properties. Indeed, our preliminary in vitro ALP assays with MC3T3-E1
mouse pre-osteoblasts (unpublished data) have suggested that CSA-131 can be equally as
osteogenic as CSA-90 and have a similar synergistic effect with recombinant human BMP-2
(rhBMP-2). Although further in vitro and in vivo studies are required to consolidate our
findings and determine the orthopaedic applications of CSA-131, theoretically, the next
generation bone binding antimicrobials (BBAS) can be derived and synthesised from CSA-131,
as both CSA-90 and CSA-131 have the same conjugating sites for the linker.

Regarding orthopaedic applications, CSA-131 is effective against a variety of bacterial and

fungal pathogens and biofilms 58111727 Meanwhile, CSA-131 conjugated with AuUNPs seems
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to be an efficient delivery method to enhance haemocompatibility and bactericidal effects and
reduce toxicity 41620, Future studies should examine the osteogenic effect of AUNPS@CSA-
131 and other alternatives. No studies have yet considered the possibility of synthesising BBAs
conjugated with AuNPs. Since the gold nanosystems have higher haemocompatibility, which
can increase the duration of circulation, and lower toxicity than free CSAs in the blood, it may
be possible to combine AuNPs and BBAs to form AuUNP@BBA molecules (e.g., AuUP@BBA-

1) to increase drug efficacy and delivery efficiency of BBAs to bones.

The Food and Drug Administration (FDA) has approved CSA-131 for endotracheal tube
coating ‘. Future studies can determine if CSA-131 is suitable for orthopaedic implant coating.
No studies have yet determined this possibility. However, a similar approach with the NIS-pin
model can be used to assess CSA-131 with IPP coating technology or with other coating

methods, such as nano-coating. Many variables can be considered in future studies.

Although it has not been a significant focus of the initial development of ceragenins, wide-
ranging research using cancer cell lines with tremendous clinical implications has shown that
CSA-13 and CSA-131 exert anticancer activity in colon cancer, breast cancer and lung
adenocarcinoma 2>%-30, Nonetheless, no recent studies consider the applications of CSA-13,
CSA-90 and CSA-131 for osteosarcoma or metastatic bone cancer. Future studies should
consider applying BBA-1, CSA-131 and other derivative molecules to prevent or treat bone
cancer or cancer-related bone disease (e.g., myeloma bone disease). Preclinical trials should
also be performed to demonstrate the efficacy of these therapeutics for other forms of cancer.
Determining the therapeutic mechanisms of ceragenins against cancer cells will inspire future

designs of cancer-targeting CSAs.

5.4.4. Exploring the combined effects of BBAs and CSA-coated implants

Clinically, it is difficult to endow implants with excellent osteogenic ability and antibacterial
activity simultaneously 3. Since CSA-90 is considered more effective as an adjuvant
prophylactic agent with intravenous antimicrobials, rather than a monotherapy *3, future studies
can demonstrate the combined efficacy of osteogenic CSA-coated implants with BBAs to
prevent bone infections. This concept derives from the observations that CSA-90 coating alone
cannot eliminate the risk of bone infection, whereas BBA-1 is not particularly effective against

implant-related infections.
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To date, our preliminary trial of BBA-1 (thesis chapter 4) is the first in vivo study determining
the efficacy of BBA-1 in animals. With our established NIS-pin and NIS-biofilm models,
combining the models and assessing the effectiveness and safety of using CSA-coated pins
with a single dose of BBA-1 via intravenous administration is feasible. The hypothesis is that
CSA-coated pins and BBA-1 can prevent or eradicate biofilm infections and promote bone-
producing bone defects. Based on our previous observation, we suspect that the adverse
reactions with the current dosages would be minimal. Nonetheless, the concentrations of CSAs
and BBAs can be tested as variables to determine the optimal synergistic doses of both agents.
It is speculated that CSA-90 and CSA-131 would be good candidates for the implant coating,
whereas BBAs with AuNP-conjugates may be even more advantageous for drug delivery than
free BBAs.

Moving forward, we are also considering the idea that ceramic coated implants, which bind to
bone mineral and would be expected to interact and prevent resorption, could be used with
BBAs. Ceramic is more commonly used for dental implant 32, but one of our recent studies has
demonstrated the development and various applications of personalised baghdadite

(CasZrSi209) scaffolds in orthopaedic and dental surgery .

5.4.5. Understanding the underlying osteogenic mechanisms of CSAs and BBAs

The findings of this thesis are opening opportunities to create new osteogenic ceragenins and
bone binding antimicrobials that have various applications in clinical settings other than
orthopaedic surgery. Future studies should continue inventing novel osteogenic and bone-
targeting therapeutics using ceragenins other than CSA-90 and testing other bio-linkers.
Importantly, we are creating the second generation of BBA-1 with alternative substrates and
linkers, and we will continue to test the osteogenic and antimicrobial properties of new BBAs
in vitro and in vivo. Previous studies have determined a synergistic osteogenic effect of CSA-
90 and BBA-1 with rhBMP-2 on mouse pre-osteoblasts 224, Our studies have also shown that
even without rhBMP-2, CSA-90 and BBA-1 alone can stimulate osteogenesis in cell culture.
However, the osteogenic mechanism of CSA-90 is not fully understood. Transcriptomic and
proteomic analyses may reveal the underlying osteogenic mechanism at a molecular level.
Future studies should determine genes or proteins responsible for the osteogenic effect.
Understanding the osteogenic mechanism will help develop more osteogenic ceragenins that

are more advantageous than CSA-90 and BBA-1 to promote bone healing.
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Conclusion

Osteomyelitis remains a high-burden disease and requires ongoing research to develop new
technologies and novel therapeutics for prevention and clinical management. We developed
several preclinical murine bone infection models featuring infected bone defects. Using one of
these models, we tested the potential of CSA-90 and other ceragenins in the CSA-13 subgroup
to be active orthopaedic implant coating agents, due to their broad-spectrum antimicrobial
effects and osteogenic properties promoting bone healing. We also examined the potential use
of IPP as an implant coating technology. Subsequently, we implemented the design of a
synthetic bone-binding antimicrobial agent that has the potential to be used as a systemic
antimicrobial, with similar antimicrobial and osteogenic effects to CSA-90. Although this still
needs to be validated in a preclinical model, we believe that BBA-1 and other bone binding
antimicrobials may have utility for preventing general osteomyelitis, osteolytic infections in
fractures and bone defects, and myeloma bone disease in multiple myeloma patients. Future
research will continue to focus on model optimisation, preclinical trials of CSAs and BBAs,

and improving the technology of implant coating to prevent osteomyelitis.
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