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Abstract
Osteomyelitis is an inflammatory bone disease that causes bone destruction
and bone loss. It is a condition that affects both adults and children. There is
an increasing incidence of osteomyelitis, which can be in part attributable
with the increase of diabetes globally, as osteomyelitis is a common
complication of diabetic foot ulcers/ foot infections. The most common
microorganism to cause osteomyelitis is Staphylococcus aureus (S. aureus),
with this species implicated in up to 80% of cases. Treatment of
osteomyelitis heavily relies on systemic and local administration of antibiotics
in conjunction with surgical intervention. However this dual treatment
strategy is proving inadequate due to the increased resistance to antibiotics
in the community and hospitals, and also the impairment to patients as a
result of bone debridement. Therefore there is an unmet clinical need to
successfully treat the infection and preserve the unaffected bone.
Development of novel treatment strategies for osteomyelitis requires an indepth understanding of the disease, from its pathophysiology to the
molecular interactions between bacteria and bone cells. Notably, the majority
of the knowledge about bacterial and bone interactions was founded using 2
dimensional (2D) traditional tissue culture techniques. These culture
conditions however are not very physiologically representative of in vivo, with
a clear disconnect between in vitro and in vivo results. The use of animals
provide a more physiologically representative environment, however there
poses issues with ethics, cost, and translation into humans.
This research project developed a three dimensional (3D) collagen based
model of staphylococcal infection that is used to evaluate the importance of
the cell wall virulence factor Protein A (SpA) on S. aureus and how it is
involved in the pathogenesis of osteomyelitis. This model may be used to
study bone infection due to its biomimetic bone microenvironment, with
particular focus on the molecular interactions between bacteria and bone
cells. This can help advance our knowledge of the area, thus revealing
potential novel drug targets in the treatment of osteomyelitis.
We describe for the first time a 3D model of staphylococcal bone infection
using our collagen based scaffolds that have been previously used for tissue
18

engineering. We demonstrated that our scaffolds resisted collagen
degradation in the presence of both osteoblasts and S. aureus, and retained
a structured porous architecture that is necessary for supporting cellular
survival and differentiation, similar to that of real bone. Using this model, we
assessed the efficacy of two antibiotics commonly used to treat bone
infection, gentamicin and vancomycin, against S. aureus in our 3D model
compared to 2D. The S. aureus minimum inhibitory concentration (MIC) for
vancomycin was higher than in 2D. This result corroborates the literature that
vancomycin is a poor penetrator of bone (1), proving to be less effective
against S. aureus within a collagen based matrix, resulting in a higher MIC
than S. aureus tested using traditional antimicrobial susceptibility methods.
Additionally, we have shown that when cultured in 3D, osteoblasts are more
metabolically active in the presence of antibiotics compared to 2D, which
may affect the pathophysiology of the disease. These results highlight
usefulness of using a 3D scaffold for clinical applications.
Using this model, we functionally assessed the effect of S. aureus
interactions with osteoblasts and in particular the role of previously identified
SpA. The role of SpA in our 3D model was shown to affect osteoblast activity
with osteoblasts in the presence of S. aureus expressing SpA on their
surface, more metabolically active and producing more mineral than that
uninfected osteoblasts. This was not previously seen in our previous 2D
studies whereby S. aureus demonstrated a decrease in osteoblast metabolic
activity and a decrease in mineral production. Moreover, this increase in
mineral production with the onset of infection has been seen in patients with
osteomyelitis, supporting our results. These differences between 2D and 3D
settings demonstrates the importance of using 3D microenvironment to
further represent the in vivo bone mileu.
Significant advances have been made recently identifying the underlying
pathophysiology of osteomyelitis. In this body of work, we have
demonstrated the potential of using a 3D bone microenvironment to assess
the treatment of bone infection clinically and also study the interactions
between bacteria and cells. Not only have we optimised a model that is
biomimetic to mirror physiological bone ECM, the scaffold can also be used
19

to deliver novel therapeutics locally due to its biocompatible nature. Using
these 3D in vitro surrogate models can provide further insight into the
pathophysiology and progression of disease, contributing towards developing
more tailored and innovative treatment strategies.
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Introduction

1.1 Osteomyelitis
Bone infection has been documented as far back as Hippocrates (460 ±
370BC) after a bone fracture became infected. It has had various terms

WKURXJKRXW KLVWRU\ LQFOXGLQJ ³$EFHVVXV
Broomfield in 1773, and later by the first professor of Surgery at Yale

8QLYHUVLW\6PLWKZKRGHVFULEHGWKHGHDG

QHFURVLV´ ,W LV KRZHYHU 1HODWRQ WKDW
³RVWHRP\HOLWLV´LQ
(2, 3). Pioneering work by Ogston identified two types
of micrococci, which were later termed staphylococci and streptococci (2).
Modern day understanding of osteomyelitis indicates that it is an
inflammatory bone disease caused by an infecting microorganism leading to
progressive bone destruction. In osteomyelitis, infection is established when
a microorganism gains entry to the sterile bone, accompanied by oedema in
the bone marrow and/or surrounding soft tissue. This subsequently leads to
restricted vascularisation of the infected area and small vessel thrombosis.
Due to the inflammation and reduced vascularisation of the area, the infected
section of bone forms an agglomerate of necrotic bone cells, also known as
sequestrum, a phenomenon considered the hallmark sign of osteomyelitis(4,
5).
1.1.1 Classification and aetiology
There is no set classification system of osteomyelitis (6) however 2 main
systems are used in the medical literature and in clinical practice, Waldvogel
et al., (7) and Cierny et al., (8) (Table 1.1). According to the Waldvogel
system, which was the first system descried in 1970, osteomyelitis is
classified based on the etiology of the infection (9-11). Another system that is
used more commonly for bone infection diagnosis in clinical practice is the
Cierny ±Mader classification system which takes into account the anatomy
of the infection and the physiology of the bone in the host(11). This system
classifies long bone osteomyelitis and provides guidelines for treatment and
management of infection over 12 stages. These stages have been outlined
based on disease progress, regardless of where the infection is located, how
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the area became infected or chronicity. Cierny ± Mader describe 4
anatomical bone stages and 3 types of host physiologies, depending on the
hosts condition(12).
Table 1.1: Cierny ±Mader classification system and Waldvogel classification
system of bone infection adapted from (13)

1.1.2 Acute and chronic osteomyelitis
Osteomyelitis can be described as an acute or chronic infection based on
histopathological findings of the infected area (14, 15). Acute osteomyelitis is
defined as an infection diagnosed within 2 weeks of the onset of symptoms,
whereas chronic osteomyelitis is diagnosis months after the onset of
symptoms (9, 16). Characteristics of acute osteomyelitis include pus induced
inflammation at the site of infection, bone matrix damage, and vascular
compression and destruction due to the migration of the infection into the
surrounding tissues. Dissemination of the infection into the surrounding
tissues can further exacerbate bone necrosis. However, if treated promptly
and aggressively, development of chronic osteomyelitis maybe prevented (4,
5). Due to the inflammation and vascular congestion of the area, the necrotic
bone can form agglomerate known as sequestrum, which detaches from the
viable bone and forms its own separate infectious foci. This sequestrum is
protected from antibiotics and immune cells and can therefore lead to chronic
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persistence of the infection (5, 17). The pathological characteristics of
chronic infection is low grade inflammation, the sequestra and possibly the
presence of the involucrum (an area of new bone formation surrounding the
affected part of the bone) (9). Through the involucrum, pus from the infection
can leak out into the surrounding tissue and eventually drain onto the skin
surfaces, forming a chronic sinus (5, 18) (Figure 1.1).

Figure 1.1: Development of osteomyelitis from acute to chronic
osteomyelitis. The infection is localised within the bone, leading to acute
infection (A). As the infection progresses, the blood supply is restricted and
there is periosteal lifting causing swelling (B). Finally, chronic infection results
in drainage of the purulent material through a sinus tract, development of the
sequestrum and formation of the involcrum (C). Adapted from (4).
1.1.3 Modes of infection
1.1.3.1 Haematogenous infection
There are various factors associated with pathogenesis of osteomyelitis such
as the virulence of the organism, immune status, age and comorbidities of
the patient, and the type of bone. In children less than 1 year of age,
Staphylococcus aureus, Streptococcus agalactiae and Escherichia coli are
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most commonly isolated from the blood and bone(5). In infants more than 1
year of age, the most prominent bone infection is acute haematogenous
osteomyelitis (AHO) caused most commonly by S. aureus, Streptococcus
pyogenes, Streptococcus pneumoniae and haemophilus influenza type B
(16, 19, 20).
1.1.3.2 Secondary to contiguous focus of infection
In adults, the most common causative agent of all osteomyelitis cases is S.
aureus (14, 21). Bone infections caused by secondary to contiguous focus of
infection accounts for at least 50% of osteomyelitis cases. It is biphasic in
regards to the age it affects, with infection occurring in younger patients due
to bone trauma and older individuals contracting infection as a result of
decubitus ulcers and surgical procedures (18).
1.1.3.3 Contiguous focus of infection without vascular insufficiency
Contiguous focus osteomyelitis without vascular insufficiency is a result of
direct inoculation of bacteria to the bone from an adjacent source. This may
occur through trauma of the bone as a result of open fracture from an injury,
or through contaminated prosthetic implants (10). In the latter, approximately
65% of prosthetic hip and knee infections are caused by S. aureus and
coagulase negative staphylococci (22). Open fractures lead to an infection
rate of up to 50% which can lead to not only osteomyelitis but also sepsis,
delayed union of the fracture or possible amputation of the limb (23).
Fracture of the tibia is the most common fracture in adults (24), so therefore
extensive research has been conducted into managing and treatment of
deep infection as a result of this bone trauma. The type of microorganism
that causes infection is dependent on the type of fracture and how the
trauma occurred. There are 3 main type of fractures, type I, II and III. Type I
fractures are a simple fracture with less than a 1 cm laceration. A type II
fracture has a greater than 1 cm skin laceration but there is no soft tissue
damage. A type III fracture is an open fracture with extensive soft tissue
damage (25). According to Cross and Swiontkowski (2008), type I and type II
fractures are usually infected by Gram positive microorganisms. Gram
negative microorganisms are usually isolated from type III fractures.
Additionally, if it is a soil contaminated injury, treatment would require
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coverage for anaerobic bacteria. The surgeon must also take into account
nosocomial infections such as S. aureus and Pseudomonas species (26).
Osteomyelitis due to a contaminated implant device can also occur with the
Staphylococcus epidermidis reported to be the pathogen isolated in more
than 90% of cases (27).
1.1.3.4 Secondary to contiguous focus of infection with vascular
insufficiency
Osteomyelitis as a result of vascular insufficiency most commonly arises
from a foot ulcer and is usually polymicrobial. It has been shown however
that S. aureus is present in 31-47% of cases, followed by streptococci in 2761% of cases and Gram-negative enteric bacteria in 20-50% (28). Due to
neuropathy that can occur in patients with diabetes, soft tissue infections can
go unnoticed. These diabetic foot infections can lead to diabetic foot
osteomyelitis, with 15% of diabetic foot ulcers resulting in underlying foot
osteomyelitis (29). An extensive study was conducted by Lavery et al.,
(1995), where the microbiology of foot infections was investigated in a cohort
of 36 diabetic patients (30). It was shown that Streptococcus species and S.
aureus was the most common organism identified. In 50% of cultures, gram
negative aerobes were isolated such as E.coli, Klebsiella and Pseudomonas
aeruginosa. Anaerobes were isolated from 14% of patients however these
isolates were polymicrobial (30).
1.1.4 Fungal and viral infections
Although bacteria are the predominant causative agent of osteomyelitis,
fungal and viral infections are also seen. In osteomyelitis, the most
commonly affected areas as a result of fungal infection include the skull and
vertebrae, which can be seen in both adults and children. Fungal
osteomyelitis typically occurs as a secondary infection to otogenic,
odontogenic or sinus infection however it is uncommon (31). Fungal arthritis
is usually associated with chronic infection due to its indolent nature (32).
The most common fungal pathogen involved in osteomyelitis and septic
arthritis is the Candida species, with C. albicans the most common offender.
Other common species responsible for both osteomyelitis and septic arthritis
include Aspergillus, Coccidioides, Histoplasma, Blastomyces dermatitidis
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and Cryptococcus (31, 33). Viral bone infection is quite uncommon however
reports have shown Herpes zoster, the virus responsible for shingles in
adults, to cause alveolar bone necrosis in immunocompromised patients.
This type of bone infection is rare however and is associated with
maxillofacial complications (34). Unlike viral osteomyelitis, viral associated
septic arthritis has been widely observed. The mechanism of interaction is
not well defined however there have been several viruses identified including
human T cell lymphotropic virus type 1 (HTLV-1), parvovirus B-19, hepatitis
C and Rubella (35).

1.2 Clinical presentation and diagnosis
Signs and symptoms may vary between patients due to various factors such
as the category of infection, the microorganism responsible, the anatomic
location and the host themselves. Generally, classical clinical manifestations
in children are limping, fever and focal tenderness and sometimes visible
redness and swelling around the area in question (20). Clinical symptoms of
osteomyelitis generally however are non- specific and difficult to recognise
however more noticeable symptoms include poor wound healing, chronic
pain, and persistent sinus tract or wound drainage (14). Osteomyelitis is
NQRZQ DV WKH ³JUHDW SUHWHQGHU´ EHFDXVH
diagnosis (36). There are several steps to diagnose osteomyelitis including
routine exams and blood tests, microbiology assessment and imaging
techniques (4, 14, 28, 37).
1.2.1 Blood tests
Routine blood tests are non- specific, especially in the cases of acute
osteomyelitis. The white blood cell count is usually normal in these cases,
with only slight elevation in the erythrocyte sedimentation rate (ESR) and C
reactive protein (CRP) levels. Upon diagnosis of osteomyelitis, however,
these tests can be used to determine the response to treatment in children
(38).

31

1.2.2 Microbiology analysis
In order to treat the infection effectively using antibiotics, correct identification
of the infecting microorganism is necessary (39). Usually blood cultures are
negative except in cases of haematogenous osteomyelitis. Therefore the
gold standard for diagnosis is a bone biopsy, most commonly conducted
using the needle biopsy technique. If a bone biopsy cannot be obtained but
there is purulent material present, this purulence can be cultured. However
this is never definitive and must be interpreted with caution (40). Once
collected, cultures are grown under a variety of conditions, including aerobic
and anaerobic conditions, to ensure the infecting microorganism is enriched
for. Additionally, fungal and mycobacterial cultures should be performed if
there is clinical suspicion of these organisms.
1.2.3 Imaging modalities
Imaging is probably the most useful technique in the evaluation of
osteomyelitis (28). Plain radiographs are the first step in the assessment as
they are safe and inexpensive, and may make the diagnosis. Bone
scintigraphy, or bone scan, uses radioactive material to diagnose and assess
severity of bone diseases. Notably, it requires more technical preparation
and performance time. Computed tomography (CT) and magnetic resonance
imaging (MRI) both show anatomic detail, including cortical and soft tissue
destruction. The interference with implants however poses issues when
using these modalities (41, 42) (Figure 1.2)
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Figure 1.2: Chronic osteomyelitis²SE T1-weighted MRI, coronal view of
both legs (for comparison) after intravenous injection of gadolinium-DPTA,
shows cortical thickening, bone-marrow oedema, and a sequestrum (arrow)
on the right tibia (4).
1.3 Route and Duration of Treatment
1.3.1 Antibiotics
6LQFH :DOGYRJHO¶V SDSHU
and JournalLQ
of Medicine
WKH
in 1HZ
1970
(QJO
(43) a treatment duration of at least four weeks has been commonly

DGYRFDWHG 7KLV LV EDVHG RQ :DOGYRJHO¶V

EHWZHHQ WZR JURXSV
WHQVLYH´
WUHDWHG
JUHDWHU
ZLWK ³LQ
WKDQ I
limited therapy. This rationale has been reiterated is recent years based on
similar case series. Zimmerli published a meta-analysis of vertebral
osteomyelitis trials and found no significant difference in outcomes from 22
different regimes of treatment regimens (44). Seven trials from 1987 to 1999
in S. aureus osteomyelitis showed no difference in outcomes between
parenteral and oral antibiotics but the author notes that emerging resistance
trends may render these outcomes clinically meaningless. He concludes that
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³DOWKRXJKFRQWUROWULDOVDUHODFNLQJWU
period duration of six weeks is
JHQHUDOO\UHFRPPHQGHG´
However, antimicrobial choice should also be determined by reported
penetrance of the chosen agent into bone. Extant data is drawn from animal
models comparing bone and serum levels, but there is a lack of standardised
methodology, standard assays, and performance may differ from animal
bone to human bone and between diseased and healthy tissue (45). Further,
antibiotic levels may differ between healthy/experimental tissue and diseased
human bone due to the differences in the pH and oxidative microenvironment
of infection (44). The commonly used animal models were first developed by
Norden et al., in the 1960s and these have contributed to our understanding
of bone revascularisation and remodelling in response to infection and
debridement, but some of the drugs used in humans are toxic to animals,
have a poor correlation between animal and human efficacy, and
vancomycin (which is a commonly used agent in human treatment) performs
poorly in rabbit models (46). Lew and Waldvogel reviewed the treatment of
acute osteomyelitis and while they concluded that antibiotics should be given

foU IRXU WR VL[ ZHHNV DQG ³LI SRVVLEOH E
caution against the complications and risks associated with long term
intravenous catheters and a prolonged hospital stay. They conclude that

³SDUHQWHUDO WKHUDS\
of UHPDLQV
choice until more WKH
comparative
DSSURDFK
VWXGLHV DUH
(47).FRPSOHWHG´
However, there is emerging a body of opinion
and evidence to challenge the dogma of six weeks of parenteral treatment.

Spellberg questLRQHG :DOGYRJHO¶V FDVH VHULHV
retrospective, uncontrolled, heterogeneous, and only based on using
penicillins as the treating agent (48).He states that many oral agents now
available can penetrate bone well and achieve levels in excess of the MICs,
including agents with some action against susceptible strains of MRSA. He
concludes that oral therapy is acceptable and simple, that any preference for

SDUHQWHUDO WUHDWPHQW PD\ EH EDVHG ³PRUH
that no strong evidence supports four to six weeks of treatment. Daver et al.,
retrospectively reviewed a cohort of adults with S. aureus osteomyelitis and
compared those who received more than four weeks of intravenous
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treatment (median treatment duration 60 days) with a group who received
less than four weeks (median intravenous treatment of 12 days, followed by
42 days of oral) (49). Overall the cure rates were 74%, with no significant
difference between the groups. Several other studies have shown equivalent
results between intravenous treatment and highly bioavailable oral treatment
(50-52).
Clinicians are eagerly awaiting full publication of the OVIVA trial (Oral versus
IV antibiotics for bone and joint infection) (51). This large multi-centre trial
(>1000 patients from >20 UK centres) is a randomised, non-inferiority trial

comparing oral and IV antibiotics for the duration oI WKH SDWLHQ
osteomyelitis treatment. Preliminary results presented at ECCMID 2017
demonstrated equipoise reflecting the strongest evidence to date that
carefully selected, highly bioavailable agents with good bone penetration are
an appropriate therapy for bone and joint infections relieving physicians of
the long held dogmas that intravenous therapy is paramount in the treatment
of these infections. As well as facilitating early discharge from hospital, the
oral route obviously avoids the potential complications of long term indwelling venous access catheters.
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Table 1.2: Therapeutic options for treatment of Staphylococcal induced
osteomyelitis (46, 53-57)
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1.3.2 Local delivery
Delivery of antibiotics systemically may not penetrate the bone effectively
and may result in delivering suboptimal levels of antibiotics to the area. In an
effort to facilitate the localised delivery of antibiotics directly into the infected
area as opposed to systemically, various treatment strategies have been
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developed. Non-biodegradable antibiotic delivery systems are based on the
acrylic material polymethylmethacrylate (PMMA) (Figure 1.3), either in the
form of cement (PALACOS ®) or beads (Septopal ®). These can be
combined with a number of antibiotics and have been extensively used in
surgery

to

locally

deliver

antibiotics

in

the

treatment

of

various

musculoskeletal infections. Notably, this treatment is limited due to toxicity
and the requirement for a thermally stable antibiotic (58). Additionally, PMMA
products require removal, giving rise to the risk of re-infection. This drawback
can be overcome by the use of biodegradable antimicrobial products.
Biodegradable delivery systems using calcium sulphate beads and collagen
sponges with antibiotics have been in use for the past decade. These
biodegradable delivery systems allow for the local delivery of antibiotics to
the site of infection, whilst providing a scaffold for the repair and regeneration
of bone. Such products include STIMULAN® beads, which can be combined
with a number of antibiotics, Collatamp® G/EG (EUSA Pharma) and GENTACOLL® (RESORBA).
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Figure 1.3: CT scan of the tibia containing temporary implantation of a
gentamicin PMMA beads in the medullary canal (59).
1.3.3 Surgical intervention
Surgical management of osteomyelitis is often required in conjunction with
antibiotic treatment. Bone debridement addresses three issues; decreasing
the bacterial load, removal of the necrotic tissue and providing an opportunity
for the host and antibiotics to arrest the infection(36). In the case of chronic
osteomyelitis, patients may undergo several surgeries to remove necrotic
bone and also be subjected to weeks of oral antibiotic adherence. In order to
fill the dead space, bone autografts and allografts are used. Autogenous
grafting is the removal of bone from the patients own skeleton and implanted
to the required site. However this method has limitations such as donor site
pain, loss of blood and potential for infection during surgery. Additionally,
bone allografts are the implanting of bone from a cadaver that has been
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sterilised by ethylene oxide gas or gamma radiation. It provides several
advantages over autogenous grafting however there are issues in regards to
viral transmission and extended immune rejection (60, 61).
1.3.3.1 Dead space management

([WHQVLYH GHEULGHPHQW PD\ OHDG WR ZKDW
Management of dead space is important as it may predispose the area to
recurrent infection and may compromise the bones integrity (4, 5). Dead
space management typically involves harvesting autologous or autogenous
bone grafts most often from the pelvic iliac crest followed by implantation into
the defect site. Autologous bone grafts remain the gold standard for
promoting healing, with almost 2.2 million procedures estimated per annum
(62, 63). Grafts of this kind have optimal biological performance in terms of
osteogenicity, osteoinductivity and osteoconductivity (64). However, the use
of autologous bone grafts is limited by considerable donor site morbidity,
postoperative pain and risk of infection, and the lack of available tissue.
Allogenic bone grafts can also be employed, most commonly by
transplantation of sterilised cadaverous bone. However this is also restricted
due to viral transmission and immune rejection issues (65, 66). Another
method used to manage dead space is the use of muscle flaps. This method
has several advantages such as its malleability, dense capillary network, and
encourages rapid collagen deposition. One study by Anthony et al., (67)
demonstrated a 96% success rate in 34 patients when using this strategy.
Drawbacks however include recurrent infection in the cases of chronic
osteomyelitis.

1.4 Staphylococci biology
Staphylococci are Gram positive bacteria that are round, single cells that
gather together to form grape like clusters when observed under bright field

LPDJLQJ 7KH WKLFN FHOO ZDOO LV ZKDW DW
staphylococci. It acts as protection for the bacterium and is composed of
layers of peptidoglycan, lipoteichoic acids and teichoic acids (68).
Staphylococci are also characterised as non-motile, non-sporulating,
facultative anaerobes and oxidase negative. There are more than 40-50
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different Staphylococcal species described, however Staphylococcus aureus
and Staphylococcus epidermidis are the most significant in regards to human
interactions (69). Additionally, Staphylococcus aureus is the most common
offender of osteomyelitis, with it being isolated from 80% of osteomyelitis
cases (14). The ability of staphylococci to colonise and cause host infection
is primarily attributed to the presence of various cell surface proteins and
extracellular factors. Several of these proteins can bind to host extracellular
matrix molecules and have been designated microbial surface components
recognising adhesive matrix molecules (MSCRAMMs) illustrated in Figure
1.4 (70). MSCRAMMS in Gram positive bacteria are usually covalently
attached to the peptidoglycan. Covalently bound MSCRAMMS, they are
recognizable by a motif at the C terminus. This comprises of the LPXTG
(leucine, proline, X, threonine and glycine) motif followed by hydrophobic
residues that span the cytoplasmic membrane and several positively charged
residues. The sorting of the MSCRAMM is through the action of the enzyme
sortase (71). Examples of well-known MSCRAMMS include fibronectin
binding proteins (FnBPs), clumping factor (Clf) and protein A (SpA) (72).

Figure 1.4: Structure of Staphylococcus aureus. Box A demonstrates S.
aureus cell surface and secreted proteins. Certain cell surface proteins, such
as protein A and FnBPs are known as microbial surface components
recognising adhesive matric molecules (MSCRAMMS). Box B and C
illustrates a cross section of S. aureus cell envelope (70).
41

1.4.1 Staphylococcus aureus
S. aureus is usually a commensal inhabitant of the skins microflora and
mucosal surfaces. Approximately 30% of healthy individuals are permanently
colonised asymptomatically by S. aureus with the remaining 70% of
individuals colonised transiently (73). When examined under the microscope,
S. aureus is coccoid however to further distinguish it from other
staphylococcal species, it grows as gold pigmented colonies on agar owing
WR WKH
aureus´
³ PHDQLQJ JROGHQ
(69, 70). Usually
LQ
a ODWLQ
commensal
microorganism, S. aureus has adapted to become a perilous human
pathogen causing a variety of diseases from suppurative infections, such as
boils, to more life threatening infections, such as toxic shock syndrome(74).
S. aureus possesses a capsule, which provides protection for the bacterium
as it has anti-phagocytic properties due to the hosts inability to recognise the
invading microorganisms (70).
1.4.2 Staphylococcus aureus known interactions with bone
1.4.2.1 Bacterial surface associated virulence factors
In S. aureus, there are multiple MSCRAMMS and CWA proteins important
for the pathogenicity of bone infection. The ability of S. aureus to infect is
through its interactions with the bone extracellular matrix (ECM) and bone
cells. There are 4 main types of bone cells; osteoprogenitor cells,
osteoblasts,

osteoclasts

and

osteocytes.

Stem

cells

give

rise

to

osteoprogenitor cells, which provide a source of osteoblasts.. Osteoblasts
are the bone forming cells and are therefore responsible for the production of
the organic content type I collagen and non-collagenous proteins such as
sialoprotein, osteopontin and osteonectin. Osteoclasts are specialised in the
removal (resorption) of mineralised bone from sites (75). Osteocytes are
terminally differentiated osteoblasts however there are few studies
surrounding the interactions with S. aureus and osteocytes. The known
MSCRAMMS to interact with bone ECM and bone cells include; fibronectin
binding proteins A and B (FnBP A/ B), collagen adhesion protein (Cna) bone
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sialoprotein binding protein (Bbp), MHCII analog protein (Map) and protein A
(SpA) (Figure 1.5) (17, 72, 76).
1.4.2.2 Fibronectin binding proteins A and B (FnBP A and B)
FnBPs are S. aureus adhesins found on the surface of S. aureus. There are
two main types, type A and B, with either, or both, of these adhesins found
on the surface of the vast majority of S. aureus strains. They have been
previously documented to play a key role in the pathogenesis of
osteomyelitis, and infective endocarditis. These virulence factors are known
to bind fibronectin, which is a major host protein found in bone. Thus,
fibronectin in bone provides a link between S. aureus and boneacting as a
bridging molecule between S. aureus and bone cells.
FnBPs interacting with fibronectin (77) not only promotes adhesion to
surfaces but then can also interact with naturally non-phagocytic cells and
encourage uptake into the cell (78).This type of immune evasion occurs

WKURXJK WKH ELQGLQJ1RI
familyWKH
of integrins
)Q%3V
on non- WR WKH
phagocytic cells resulting in a zipper style uptake of the bacteria(78, 79). This
internalisation can result in two outcomes; either the S. aureus invader
activates production of the tumor necrosis factor related apoptosis inducing
ligand (TRAIL), which in turn causes osteoblast apoptosis or it can persist
intracellularly as a small colony variant (SCV) and cause recurrent infection
months or years later (80, 81). Apoptosis induced by TRAIL occurs due to it
binding to its receptor on the osteoblast membrane. There are 5 known
receptors of TRAIL. The death receptors DR5 and DR4, decoy receptors
DcR1 and DcR2, and soluble receptor OPG. Binding of TRAIL to these
receptors leads to the activation of caspases 8 and 10. When activated,
these then cleave caspase 3, which results in cellular apoptosis via
mitochondrial dysregulation (82). Strains lacking in both FnBPs have been
shown to invade host cells very poorly.
If S. aureus persists intracellularly, it will not activate this pathway. A variant
subpopulation of S. aureus was described over 100 years ago but the
connections between this subpopulation with persistent and recurrent
infections has only been appreciated in recent years(83, 84). A phenotypical
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trait of this subpopulation includes slow growth, which leads to the
development of small colony variants, or SCVs(85). There have been three
major categories of SCVs found in clinical isolates, namely, electron
transport deficient strains that are auxotrophic for menadione, hemin or
thiamine. The 2 most commonly identified SCV strains contain the menD or
hemB gene mutations and thus are the most studied (86). It has been
suggested that these mutations have been acquired to evade the immune
response and promote intracellular survival (83). Methicillin resistant SCVs of
S. aureus have been reported in an intensive care unit, with S. epidermidis
SCVs linked to implanted medical devices (85). SCVs have been describes
in osteomyelitis cases and have been deemed partially responsible for the
recurrent infection associated with the disease(85). The mechanism
underlying which pathway S. aureus takes is still unknown.
1.4.2.3 Collagen adhesion protein (Cna)
Ninety five percent of bone is composed of type I collagen and
hydroxyapatite, with the remaining 5% proteoglycans and various noncollagenous proteins. Therefore the presence of this virulence factor on the
surface of S. aureus allows colonisation of the bone through the interaction
between cna and collagen. The interaction between cna and collagen is

NQRZQ DV WKH ³FROODJHQ KXJ´ GXH WR WKH
attributed to the A region of the cna protein, the portion that interacts with the
collagen (87, 88). The presence of this virulence factor has been shown to
contribute to the pathophysiology of osteomyelitis.
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Figure 1.5: Staphylococcus aureus microbial surface components
recognising adhesive matrix molecules (MSCRAMMs) interacting with bone
cell and bone ECM. MSCRAMMS include collagen adhesion protein (Cna),
bone sialoprotein binding protein (Bbp), MHCII analog protein (Map) and
Fibronectin binding proteins A and B (FnBPA/ B) (78).
1.4.2.4 Bone sialoprotein binding protein (Bbp)
Bone sialoprotein (BSP) is an abundant non-collagenous protein found in
bone, with it comprising up to 15% of the total non-collagenous proteins (89).
BSP has an arginine, glycine and asparate (RGD) binding domain in its C
terminus, which confers mammalian cell binding properties (90). It has
previously been documented that fibrinogen also contains the RGD region in
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an attachment point for cells. BSP is targeted by S. aureus through the S.
aureus MSCRAMM bone sialoprotein binding protein (Bbp). It has also been
revealed that S. aureus %ES ELQGV
-chain
WR
of fibrinogen,
WKH Įwith the
interaction between fibrinogen and Bbp preventing thrombin induced
fibrinogen coagulation (91). This is due to the presence of the RGD domains
present in both fibrinogen and BSP, allowing binding to cells via Į5ȕ1 and
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Įvȕ3. This binding allows attachment and colonisation of the host via the
bone ECM resulting in development of infection.
1.4.2.5 MHCII analog protein (Map)
S. aureus Map, also referred to as extracellular adhesion protein (Eap) and
p70, is a protein secreted by S. aureus but is considered an adhesion
protein. It is known to interact with bone ECM and modulate the immune
system, in both pro and anti-inflammatory responses (92). It is known to bind
to bone sialoprotein, fibronectin and fibrinogen. In particular, Eap was
previously reported directly interact with ICAM-1 that resulted in the
disruption of integrin-dependent neutrophil±endothelial interactions (93, 94).
Interestingly, it was also shown that Eap uses potein A (SpA) in its
interaction, to facilitate binding to endothelial cells. In osoteoblasts, the
mRNA expression of MHCII was upregulated suggesting a role in mediating
bone infection (78).
1.4.3 Protein A (SpA)
SpA is a cell wall anchored and secreted protein that is ubiquitous amongst
S. aureus strains (72, 95). Structurally it consists of 5 immunoglobulin
binding domains (IgBDs) that bind the Fc portion of immunoglobulins G (IgG)
leading to reduced antibody mediated opsonisation (Figure 1.6) (96). This
immune evasion mechanism has been proposed to be the basic contribution
of SpA to the virulence of S. aureus (97). Additionally, SpA can also bind
other host proteins such as von willebrand factor (vWF), which mediates
platelet adhesion at the site of endothelial damage. Moreover, SpA can
interact with platelets directly with both interactions between vWF and
platelets thought to play a role in cardiovascular infection (97).
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Figure 1.6: Diagram of S. aureus protein A. (A) Image demonstrates a simplified
version of protein A and highlights the 5 igG binding domains, E, D, A, B and C,
which are involved in binding the Fc portions of igG. (B) Represents the amino acid
composition of protein A and (C) is a diagram of the physical structure of protein A,
which shows three alpha helices (98).
1.4.3.1 SpA interactions with osteoblasts and osteoclasts
It has been documented that SpA can bind to tumour necrosis factor receptor
1 (TNFR1) in osteoblasts leading to increased bone destruction and bone
loss (99, 100). Binding of SpA to TNFR-1 activates nuclear factor kappa B
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g the release
of cytokine interleukin 6 (IL-6), an important osteotropic factor. IL-6 release
from osteoblasts leads to osteoclast activation, which is responsible for bone
resorption. It was shown that SpA can directly bind to osteoblasts, mediating
cell death, inhibition of bone formation (osteogenesis), and differentiation of
osteoclasts (osteoclastogenesis) (99-101). The importance of osteoclastic
activity in osteomyelitis is becoming evident and therefore many studies have
emerged

surrounding

the

effects

of

S.

aureus

on

promoting

osteoclastogenesis and osteoclastic activity. Osteoblast inhibition and
osteoclast activation was also described by Kim et al., where they
demonstrated an induction of pro-inflammatory cytokines by activation of toll
like receptor 2 (TLR2) in osteoblasts resulting in production of receptor
activated nuclear factor kappa B ligand (RANKL). RANKL is one of the most
well- known cytokines in osteoclast differentiation (102). During RANKL
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induced osteoclastogenesis, mitogen activated protein (MAP) kinases are
involved in activating the transcription factor NFATc1 in macrophages. This
in turn promotes osteoclast formation, and eventual bone resorption. In mice
lacking TLR2, bone loss is seen demonstrating the hallmark signs of
osteomyelitis (103-105). Additionally, osteocytes are a major producer of
RANKL. This in turn activates osteoclasts in cancellous bone under
physiological conditions therefore increasing bone loss. This highlights the
importance of RANKL on all bone cells and how it contributes to bone loss
(106).
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Figure 1.7: Staphylococcus aureus MSCRAMMS interacting with host cell.
(A) MSCRAMM protein A interacts with cell integrin TNFR1 on osteoblasts.
This interaction activates the NFkB pathway, which results in the activation of
cytokines such as IL-6 and IL-10 (100). (B) MSCRAMM FnBP interacts with
fibronectin, which actis as a bridging molecule to Į5ȕ1 cell integrin. This
interaction results in S. aureus becoming internalised into the cell. S. aureus
can change its phenotype to become SCV, which can persist intracellularly
for months and even years. The parent strain then re-emerges to re-infect
(84).
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Table 1.3: Protein interactions identified for the progression
pathogenicity of staphylococcal infection in bone (77, 78, 99, 100)

and

1.4.3.2 Secreted virulence factors contributing to bone infection
Some key toxins produced by S. aureus include toxic shock syndrome toxin
1 (TSST-1), alpha haemolysin (hla) and panton valentine leukocidin (PVL).
TSST-1 is known as a super- antigen whose primary function is to inhibit
host immune response. It has been recently shown to activate osteoclasts,
increasing bone resorption, and contributing to the weakening of the bone
(107). Hla is one of the most studied cytotoxins produced by S. aureus due
to its prevalence amongst different strains and its toxicity towards a wide
range of mammalian cells. Haemolysis is indicative of virulence through the
bacteria ability to disseminate through host tissue due to the toxins ability to
break down and lyse red blood cells. The main toxin produced by S. aureus,

LV Į WR[LQ ,Q SHUVLVWHQW ERQH LQIHFWLRQ
regulated, contributing to the quiescent and latent nature of recurrent
osteomyelitis (108). PVL is only produced by a small percentage of S. aureus
strains (approximately 2-3%) but is associated with persistence and rapid
extension of osteomyelitis (109). Another virulence factor that is secreted is
SpA, which aforementioned previously has been shown to interact with
osteoblasts. (99-101). Coagulase is an enzyme produced by many
microorganisms, including S. aureus that converts fibrinogen to fibrin.
Coagulase interacts with prothrombin in blood to form a complex termed
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staphylothrombin. This complex then enables the protease enzyme to
convert fibrinogen to fibrin and this blood clotting. Coagulase is tightly bound
to the surface of the bacterium S. aureus and can coat its surface with fibrin
upon contact with blood. The fibrin clot may protect the bacterium from
phagocytosis and isolate it from other defenses of the host.
1.4.3.3 Staphylococcal biofilm
The stages of biofilm development are: attachment, accumulation, and
dispersal. A number of factors mediate attachment, including atl, teichoic
acids, and MSCRAMMS (110), which allow positioning of the premature
biofilm. The presence of human serum proteins alone enhances the
expression of MSCRAMMs that promote biofilm formation (111). Once
attached, the bacterial cells within the matrix multiply and accumulate,
shaping the matrix surrounding them to include complexities such as water
channels for nutrient and waste diffusion. It is thought that through quorum
sensing governed by agr system, bacteria are able to sense their
environment and can disperse from the mature biofilm matrix and spread to
other areas (112, 113). There are, at present, two types of biofilm: 1)
polysaccharide intracellular adhesion (PIA)/polymeric N-acetyl-glucosamine
(PNAG) mediated biofilm and 2) a proteinaceous biofilm mediated predominantly by FnBPs and the major atl (114, 115). Additionally, extracellular
DNA (eDNA) released from both S. aureus and S. epidermidis is important
for the adherence and accumulation of biofilms. Abolishment of altE involved
in eDNA release resulted in the reduced capacity of the bacteria to form
biofilm (116).
In chronic osteomyelitis, the ability of staphylococci to persist and re-infect is
partially attributed to the development of these biofilms. The presence of
biofilms has been suggested as the main cause of clinical quiescence of
chronic osteomyelitis. Biofilms can provide protection from antibiotic arsenal,
the host immune response, and shear stresses. The biofilms further enhance
the survival of the staphylococci residing within them by functioning to seize
and concentrate important environmental nutrients (116, 117).
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As with most cases of chronic osteomyelitis, surgical intervention is usually
required for removal of the sequestrum. The sequestrum has a decreased
vascularity and oxygen tension, providing optimum conditions for bacterial
attachment and biofilm formation. Debridement of the infected area would
also include the removal of the sequestra as antibiotic therapy alone is
unable to sufficiently penetrate the biofilm matrix and eradicate the infection
within. Surgical revisions can result in infection relapse in up to 40% of
cases, however if the sequestra remains present in the bone, it will facilitate
spreading of the infection throughout the bone. Speading of the infection will
result eventually in radical debridement and possible limb amputation. (118,
119).

1.5 Current models of bone infection
1.5.1 Cell culture models
Tissues are highly complex networks of cells and ECM that exist in a three
dimensional (3D) state allowing cell-cell interactions, cell-matrix interactions
and exchange of electrical, chemical and mechanical information between
neighbouring and distant cells(120). The majority of biological processes
understood today are conducted in two dimensional (2D) settings using
traditional tissue culture techniques. However these techniques simulate an
environment that does not represent in vivo conditions as it lacks the 3D
tissue architecture and cell ±cell interactions present in vivo (121). Artificial
substrates such as plastic or glass are supraphysiological and can result in
cells losing their natural phenotype and altering their responses to specific
cues (122). This occurs through cells generating a forced apical basal
polarity due to their orientation on the plastic surface, and as a result are not
able to grow and migrate in response to biochemical signals as though in
vivo.
As mentioned previously, osteomyelitis can be caused by a range of
infectious agents including bacteria, fungi and viruses. There are no 2D in
vitro culture studies investigating the interactions between fungi and bone
cells, most fungal osteomyelitis research focused on the pathophysiology
seen in animal models or diagnosed in humans (123, 124). The most
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common aetiology of osteomyelitis is bacterial infection and thus is studied
extensively using both traditional in vitro methods and animal studies. Mainly,
the bacteria investigated are S. aureus and S. epidermidis, as they are the
most common organisms involved in the disease pathology. In the case of S.
epidermidis, orthopaedic device related osteomyelitis is the focus of much of
the research in this area, with particular focus on the ability of this bacterium
to form biofilm. S. aureus in vitro cell culture models investigate the
molecular mechanisms by which infection is caused and the cross talk
between the bone cells with the onset of infection. This approach focuses on
specific interactions, paying attention to molecular mechanism of action.
(122). In an effort to propagate promising 2D research and make it more
physiologically applicable, it is often translated into animal models of S.
aureus related osteomyelitis (125).
1.5.2 Animal models
In osteomyelitis, there are many animals employed to study the different
types of osteomyelitis. Mice, rats, sheep, rabbits, horses and canines have
been used to create a more physiologically representative model of the
disease with rats, rabbits and canines the most commonly used (discussed
below) (126). Using in vivo models the pathophysiology associated with bone
infection can be investigated in addition to various aspects of the disease
such as implant related infections, trauma associated infections, the immune
response to infection as well as testing of novel treatment strategies (126).
Unlike 2D cell culture, studies in vivo assess the whole disease state and the
overall health of the bone and animal.
1.5.2.1 Rodent models
Rats and mice are a common choice of animal model due to several
advantages such as their small size, low cost and also in the case of
osteomyelitis, the well-established models currently. They are good
candidates for investigating chronic osteomyelitis (127) and re-emerging
infections (128). There are also drawbacks to the use of rodents due to their
size, tolerance to interventions and also the difficulty in evaluating complex
surgical techniques (126).
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1.5.2.2 Rabbit models
Rabbits were the first animal models successfully developed to study
osteomyelitis by Scheman et al. Rabbit models have proven to provide a
reproducible model of chronic infection therefore allowing consistency across
various research groups (129). Using rabbit models, it also became clear the
importance of priming the bone in order to generate chronic infection (130).
1.5.2.3 Canine models
Small animal models such as rodents and rabbits advanced the field of
osteomyelitis in regards to evaluation of the disease. However, they are not
able to accommodate clinically relevant implants and also withstand multiple
surgical procedures (126). Therefore to meet these needs, canine models
were used to investigate infections associated with surgical procedures,
foreign bodies and also local delivery of antibiotics (131). This work by
Fitzgerald et al pioneered the local delivery of antibiotics into sites of
infection, something which is now used in the field today.
1.5.3 Limitations of current cell culture and animal models
There are many limitations in both in vitro cell culture models and in vivo
models. For the former, the use of materials non- native to the body, such as
plastic and glass are not physiologically representative (132). Cells cultured
in these conditions have forced apical basal polarity and uneven distribution
and production of integrins that affects their adhesion. Flattening of the cell
geometry due to the artificial forced polarity can affect the signalling into the
cell, which ultimately impacts cell proliferation, apoptosis and differentiation
(133). This results in supraphysical responses that are not seen in vivo,
which is reflected in the low number of drugs translated to the clinic from 2D
in vitro testing (134). Animals are more physiologically representative
however there are issues surrounding ethics, cost and translation into
humans from other organisms. The use of animals in research has many

ethical considerations ZLWK LPSOHPHQWDWLRQ RI WKH
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W in research, requesting scientists to
design their in vivo studies mindfully and carefully. If you meet the ethical
and regulatory requirements for in vivo studies, there is a high cost incurred
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(135). A general rule of thumb is the larger the animal, the larger the upkeep,
thus the larger the cost. Therefore, the animals used most are rodents due to
their size and ease of handling. With rodents however, the main issue that
arises in preclinical evaluation studies is namely their size. For example, a
mouse has a heart beat of approximately 600 beats per minute compared to
a human which has about 80. Thus a large reason why small animals can
tolerate larger doses of pharmaceuticals is due to their ability to clear it from
their system quickly(136). Based on such reasons, translation into humans
from smaller species is proving inadequate and costly, both financially and
ethically.
1.5.4 Current 3D in vitro models in disease
Studies using 3D models over the past two decades have begun to bridge
the gap between 2D cell culture and animal models (137). Many research
areas, including cancer, neuroscience and food research, are beginning to
appreciate the importance of cell behaviour when cultured in an environment
that is biomimetic to its native environment (125, 138, 139). There are a
range of 3D cell culture systems that exist to create a 3D organotypic model,
such as the National Aeronautics and Space Administration (NASA)
designed rotating wall vessel (RWV) bioreactor, which was designed to study
the cellular and molecular responses of both hosts and pathogens. This
system is termed a suspension culture model and is designed to mimic
specialised conditions in vivo (140). Another system, which is commonly
used in host infection research, is the culture transwell system. This system
accounts for paracellular and transcellular migration, something that is
commonly seen in infections associated with the blood brain barrier (141).
3D spheroids are gaining much attention as they are the most cost effective
option. This method is mostly used to investigate viral interactions such as
the hepatitis C virus (142). The 3D microfluidic cell perfusion culture systems
are not used as regularly due to their cost, however they allow for tight
regulation of the operation of the system. This system has been documented
for the use of staphylococcal bone infection with a focus on orthopaedic
implant associated infection (143). The 3D system that we have developed in
this thesis uses 3D matrix scaffolds composed of collagen. Other scaffolds
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have also been reported to be formulated with extracts of ECM, synthetic or
semi-synthetic materials, or a combination of these materials (144, 145).

1.6 Bone Tissue Engineering
Irrespective of bones ability to remodel and renew, innate bone regeneration
can become impeded if substantial trauma to the bone is incurred, such as
excessive debridement of infected bone. In such cases, the use of suitable
autografts or allografts may be required to facilitate complete bone healing
(146). Although these grafts are the gold standard for orthopaedic
regeneration, there are limitations in their use, which were described in
Section 1.4.3 (147). In light of these limitations, tissue engineering (TE) has
emerged as an alternative to current bone treatment strategies as it aims to
provide therapeutics aimed at regenerating body tissues as opposed to
replacing them (148). Successful manufacturing of a tissue engineered
construct requires three elements; the biomaterial scaffold, which acts as a
template for tissue formation, the cells that produce the tissue and signals
such as growth factors (GF), genes or physical cues that direct tissue
formation. This combination is often referred to as the TE triad (Figure 1.8).
The tissue engineered construct, or 3D scaffold, provides an environment
that mimics in vivo conditions, therefore representing physiological conditions
more accurately than 2D in vitro culture (149, 150).
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Figure 1.8: Diagram representing the tissue engineering triad of cells,
signals and the biomaterial scaffold. The scaffold acts as a platform for the
cells to migrate, adhere and produce tissue (148).
1.6.1 Biomaterials used in tissue engineering
Scaffolds developed from biomaterials act as templates for tissue generation
where the interaction between the scaffold, the infiltrating cells and
biological, structural and mechanical cues, is imperative for the success of
the scaffold. The ideal scaffold should meet the following criteria: 1) it should
be biocompatible, 2) it should possess surface molecules that support
adhesion and proliferation and finally, 3) it should be degradable in vivo(148).
Biomaterials used in bone TE fall into three main categories, ceramics,
natural

polymers

and

synthetic

polymers.

Ceramics

are

inorganic

compounds that are commonly composed of calcium phosphate and
hydroxyapatite. They have shown considerable success in vitro and in vivo
due to their high compressive strength and bioactivity, making them suitable
for TE applications (151, 152). Synthetic polymers are showing promise for
TE, with polylactic acids, polylactic-co-glycolic acid and polyethylene-glycol
commonly used (153, 154). The major drawback of synthetic polymers is the
by-products generated after degradation that can trigger an immune
response. Much focus has been placed on naturally-derived polymers for
bone TE as they have excellent biocompatibility, biodegradability and provide
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a superior bioactive matrix for cell interaction. Natural polymers used in TE
include collagen (155), chitosan (156), silk (157) and glycosaminoglycans
(GAGs) (158). Depending on the polymer and its derivation, natural polymers
can exhibit certain disadvantageous properties such as immunogenicity,
disease transmission and difficulty in processing. Although they can have
poor mechanical strength, there are several strategies that can be employed
to structurally reinforce them such as physical and chemical crosslinking
(159).
1.6.2 Collagen as a biomaterial for a 3D models of disease
The focus of biomaterial research in our lab is the use of collagen ±based
scaffolds. Collagen is a major constituent of ECM and is the main component
of bone (160). The use of collagen in a variety of TE constructs is popular
due to its biocompatibility, biodegradability and natural cell binding sites.
These characteristics are of interest to researchers as collagen scaffolds can
substitute bone grafts thus alleviating problems associated with auto- and
allo- grafts (149, 161). Incorporation of GAGs into a collagen based scaffold
provides a more representative in vivo bone milieu as they are naturally
found in ECM of tissues such as skin, bone and blood vessels (161). GAGs
are essential for biological processes such as wound healing and cell
morphogenesis and therefore incorporation into collagenous biomaterials
promotes normal tissue growth (149, 162). Collagen ± glycosaminoglycan
(CG) scaffolds are common matrices used in TE that can be manipulated to
create tissue specific micro-environments. In our lab, CG scaffolds are
produced using an optimised freeze drying process resulting in a scaffold in
which pore architecture is homogenous throughout the biomaterial. This is
important to facilitate cell infiltration and uniform attachment (163). To further
increase the tensile strength of the biomaterial to mimic in vivo bone
conditions, the collagen fibres are crosslinked using dehydrothermal (DHT)
and/or a chemical crosslinker, 1-Ethyl-3-3dimethyl aminopropyl carbodiimide
(EDAC). Increasing the strength of the biomaterial will also facilitate cell
attachment, migration and survival within the biomaterial(148, 164).
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Figure 1.9: Illustration representing a 3D model of Staphylococcus aureus
infection in 3D bone biomimetic matrix. Unlike 2D tissue culture conditions
whereby cells and bacteria are cultured in a monolayer, in a 3D scaffold,
both cells and bacteria are spread throughout the biomaterial, interacting
with both the scaffold matrix and each other (122).
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1.7 Aims and Objectives
The overall aim of this research is to develop a 3D collagen based scaffold in
vitro model to study Staphylococcus aureus bone infection. Using the model,
we focused on the clinical application of our 3D system by conducting
antimicrobial susceptibility testing. We also investigated S. aureus molecular
interactions with osteoblasts, with particular focus on SpA, as a more
physiologically representative bone infection model.
Specifically, the objectives of each chapter are as follows;
Chapter 3:
1. Define the seeding density of osteoblasts and S. aureus Newman into
the scaffold.
2. Determine the crosslinking method used for the scaffold in order to
support both cellular and bacterial co culture.
3. Evaluate the mechanical properties of the scaffold upon live cellular
and bacterial culture.
4. Demonstrate co-infiltration of both cells and bacteria into the centre of
the scaffold.
Chapter 4
1. Assess the effect of osteoblast proliferation in the presence and
absence of S. aureus in 3D.
2. Determine the effect of S. aureus on osteoblast metabolic activity in
3D.
3. Evaluate the effect of S. aureus on osteoblasts early stage
osteogenesis in 3D.
4. Investigate the effect of S. aureus osteoblast mineralisation in 3D.
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Chapter 5
1. Determine the minimum inhibitor concentration (MIC) of S. aureus
Newman cultured in traditional 2D wells and in the collagen scaffold
using a range of the antibiotics vancomycin and gentamicin standards.
2. Assess

the

minimum

bactericidal

concentration

(MBC)

by

enumerating the colony forming units (CFU) post treatment with
vancomycin and gentamicin in 2D plates and the collagen scaffold.
3. Access osteoblast metabolic activity using Alamar Blue in the
presence of S. aureus minimum bactericidal concentration (MBC) of
vancomycin and gentamicin in both 2D and 3D in vitro culture.
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2. General Materials and Methods
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2.1 Routine Tissue Culture Methods
2.1.1 Culturing MC3T3-E1 Osteoblasts
MC3T3 ± E1 is a pre-osteoblastic mouse calvaria clonal cell line (ATCC,
Middlesex, United Kingdom) that are commonly used in tissue engineering
applications and bone functional studies making them a suitable choice used
throughout this study. Cells were cultured in adherent T175 flasks (Sarstedt,
:H[IRUG ,UHODQG -Modified
 LQ Eagles
 Medium
PO RI
(MEM)Į
supplemented with 10% (w/ v) foetal bovine serum (FBS) (BioSera Ltd., East
Sussex, United Kingdom), 2% penicillin and streptomycin and 1% Lglutamine (Sigma-Aldrich, Wicklow, Ireland). Non-confluent MC3T3 ± E1
were cultured at 37° C in a humidified environment with 5% CO 2 and
supplied with fresh media every 2-3 days. When cells reached 80-90%
confluencey which was determined using an inverted light microscope
(Nikon, Germany), they were harvested using trypsin (0.5 %) EDTA (0.2%)
(Sigma-Aldrich, Wexford, Ireland) and passaged. Passaging was performed
by washing the cells with 10 ml pre-warmed phosphate buffered saline (PBS)
(Sigma-$OGULFK:LFNORZ,UHODQG

WRHQVXUH
-MEM,

followed by the addition of 3 ml trypsin for 2.5 min at 37°C and 5% CO 2. To
neutralise the trypsin, 5 PORIĮ
-MEM was added. Generally, cells were split
in ratios no larger than 1:3. Cells were routinely harvested for experiments
between passage 21 and 30.
2.1.2 MC3T3-E1 Cell Enumeration
Cells were trypsinised and re-suspended in 1 ml media as described above
(2.1.1). A 1:1 ratio of 0.4% trypan blue (Sigma-Aldrich, Wicklow, Ireland) and
cells were added to an Eppendorf tube and gently mixed using a pipette.
Trypan blue penetrates the damaged membrane of cells thus appearing dark
when observed under the microscope. Viable cells do not permit access of
trypan blue so therefore appear bright under the microscope. Cell
concentration

was determined

by adding 10 µl of

sample

to

a

haemocytometer and viable cells were numerated using the following
equation;
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The outcome of which gave an average of the total number of viable cells.

2.1.3 Cryopreservation of MC3T3-E1
In order to store cells long term and maintain a low passage for future use,
cells were harvested as described in section (2.1.1). MC3T3-E1 were
counted and adjusted to 1 x 106 cells/ ml. The freezing media was prepared
with the following components: 10% dimethyl sulfoxide (DMSO) (Sigma$OGULFK :LFNORZ ,UHODQG

  )%6 DQG

filled with 1 ml of the cell suspension before being placed in an isopropanol
(Sigma-Aldrich, Wicklow, Ireland) cell freezing container which was stored at
room temperature. This was stored at -80°C overnight with the vials then
transferred to liquid nitrogen (-196°C) for long term storage.
2.1.4 Revival of Cryopreserved MC3T3-E1
In preparation for cell revival, 15 ml of pre-KHDWHGĮ
-MEM of 37°C was added
to a T175 flask. Cryovials were removed from liquid nitrogen and left to thaw
at room temperature until the pellet is partially thawed. The cells were then
added to the pre-warmed media allowing full thawing of the cell pellet. A
figure of eight movement ensured equal distribution of cells around the flask.
After 4 hr, the cells were washed with 10 ml pre-warmed PBS and supplied
ZLWKPOIUHVKĮ
-MEM. This step is essential to ensure complete removal of
DMSO and any dead cells as a result of the cryopreservation process.

2.2 Routine Bacterial Culture Methods
2.2.1 Cryopreservation of Bacterial Stocks
Bacterial cultures, described above, were centrifuged at 2600 x g for 10 min.
The supernatant was discarded and the pellet was resuspended in 10 ml of
cryopreservation media. This media is comprised of the growth media
supplemented with glycerol to make a 12% v/v solution. One mLof the
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bacterial suspension was then aliquoted into 2 ml cryovials and stored at 80°C.
2.2.2 Bacterial Revival and Isolation
In order to revive cryopreserved bacterial cultures, the cryovials were
allowed to thaw at room temperature. Once thawed, the bacterial suspension
was added to 10 ml of media and incubated at 37°C until the required growth
phase. From the prepared bacterial culture, bacteria were isolated using the
complex streak method whereby single colonies were isolated from a liquid
state onto solid BHI agar. This method allowed testing for contamination
within the bacterial culture whilst also ensuring complete revival of the
bacteria. Additionally, bacteria were isolated for experimentation by
centrifuging prepared cultures at 2600 x g for 10 min, removing the
supernatant, and re-suspending the pellet into sterile PBS.
2.2.3 Bacterial Culture
Bacteria were routinely cultured in 50 ml polypropylene tubes (Cruinn,
Dublin, Ireland) using 10 ml of broth. Brain heart infusion (BHI) (SigmaAldrich, Wexford, Ireland) and tryptone soya (TS) broth (Sigma-Aldrich,
Wexford, Ireland) were used to culture S. aureus strains. Newman wildtype
:7 1HZPDQǻ6S$DQG
Newman SpA pCu1 (SpA+) were cultured in Brain
Heart Infusion (BHI) broth (Sigma-Aldrich, Wexford, Ireland) and incubated
statically at 37 °C for 18 hr to reach late exponential phase for SpA
expression. S. aureus strain Newman SpA pCu1 (SpA+) was cultured in BHI
containing 10 µg/ mL chloramphenicol (Sigma-Aldrich, Ireland). Strains were
streaked in tryptic soya agar (TSA) to ensure pure populations and single
colony isolation. S. aureus strains were fixed in 4.8 % formaldehyde (SigmaAldrich, Wexford, Ireland) under constant agitation, centrifuged at 2600 x g
for 8 min and washed 3 times using PBS (Sigma-Aldrich, Wexford, Ireland).
To determine bacterial cell number, bacterial cultures were adjusted using a
spectrophotometer to measure the optical density (OD), which corresponds
to bacterial cell number which was determined using the Miles of Misera
method (section 2.2.4).
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2.2.4 Determination of Bacterial Concentration
To determine bacterial concentration in liquid culture, an Ultrospec III
spectrophotometer is used measuring optical density at 600 nm (Pharmicia
LKB, Uppsala, Sweden). In order to determine the bacterial number within a
culture, a standard curve of optical densities against CFU was generated
using the Miles Misera method.
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An OD 1 corresponds to 1x108 CFU/ ml and OD1.6 corresponds to 1x109
CFU/ ml.
(A)

(B)

Figure 2.1. Demonstration of the Miles of Misera Method. Firstly, the neat
known concentration bacterial sample is diluted down by 10 fold using PBS 8
times (A). A final volume of 10 ȝOLVDGGHGWRWKHDJDULQ
manner
and is labelled to match the corresponding dilutions. The agar plate is then
incubated overnight at 37°C, the colonies are enumerated and entered into
the equation above to determine the bacterial number in the original sample
(B).
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2.2.5 Determination of Minimum Inhibitory Concentration (MIC) and
minimum bactericidal concentration (MBC) in 2D in vitro culture
Overnight cultures of bacteria were sub cultured (1 ml into 10 ml BHI broth)
and left to shake for 4-6 hours (back into aerobic exponential phase). The
bacteria were then centrifuged at 2600 x g for 10 min. The pellet was
resuspended in PBS and set to an OD 0.5. The bacterial culture, antibiotic
and media was added to its corresponding eppendorf, inverted well and 200
ȝORIWKHPL[WXUH
was added to a 96 well plate. Each concentration was done
in at least a duplicate. The plate (and eppendorf) is incubated at 37°C
overnight statically (or shaking at 225 rpm for 6 hours). The MIC is the
concentration at which there is no growth. This was validated by plating the
bacteria onto TSA plates overnight at 37°C. This was repeated 3 times.
For MBC, after 12 hr, each concentration is diluted as per the miles of misera
method and plated onto BHI agar. The inoculated plates are incubated for a
further 12 hr at 37°C. Colonies are counted and the CFU is enumerated as
per section 2.2.4.
2.2.6 Determination of Minimum Inhibitory Concentration (MIC) and
Minimum Bactericidal Concentration (MBC) in Collagen Scaffold
Overnight cultures of bacteria are sub- cultured (1 ml into 10 ml broth) and
left to shake for 4-6 hours (back into aerobic exponential phase). The
bacteria were centrifuged at 2600 x g for 10 min. The pellet was
resuspended into PBS and set to an OD 0.5. Scaffolds were added to 24 well

SODWH ZLWK RQH VFDIIROG SHU ZHOO 7R WK
OD0.5 was added in a dropwise manner and left absorb into the scaffold for
5 min. Once absorbed, the antibiotic and media solution was prepared in an
eppendorf in the appropriate concentrations and then added to the well with
the bacterial seeded scaffold. The scaffolds were then incubated overnight at
37°C.
For the MBC, the procedure explained in 2.2.5 was repeated for MBC using
the scaffold.
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2.2.7 Dot Blot Method for Bacterial Cell Wall Protein Expression
A cryovile of bacterial culture was added to separate 10ml BHI broth and
incubated at 37° for 18 h. The tubes were then centrifuged at 2600 x g for 10
min. The supernatant was removed and the bacteria were re-suspended in
10 ml PBS (or until an OD 1). Centrifugation was repeated at 2600 x g for 10
min followed by removal of the supernatant. The bacterial pellet was resuspended in 5 ml of PBS diluted into ratios of 1:1, 1:5, 1:10, 1:50, and
1:100. Each dilution (5 µl) and the undiluted sample were spotted onto a
nitrocellulose membrane. The membrane was left to dry for approximately 20
min. Marvel (10 %) was made using 500 mg of skimmed milk powder and 5
ml of Tris buffered saline tween (TBST) and the membrane was rolled in this
solution for 20 min. Following the blocking step, monoclonal anti-protein A,
antibody produced in mouse was added to the 10 % milk at a concentration
of 1:1000 (Sigma-Aldrich, Wexford, Ireland). The tube was rolled at 4°
overnight. After rolling, three ten minute washes (10 ml PBS) were carried
out. Following the wash, fresh marvel milk (5 %) was made. The secondary
antibody horse anti-mouse antibody was added to the membrane
(concentration of 1:3000) and rolled for 1 hr at room temperature followed by
three ten minutes TBST washes. Each ECL kit chemical (400 µl) ((EMD
Millipore, Massachusetts, USA) was mixed and added to the membrane for
five minutes. Excess liquid was removed and the membrane was transferred
to a cassette and incubated at room temperature for 4 min. The film was
developed and fixed for 15 seconds. The film was then rinsed with water and
allowed to dry.

2.3 Scaffold Fabrication
2.3.1 Collagen Glycosaminoglycan Slurry Fabrication
Collagen

based

scaffolds

were

used

throughout

this

project.

Glycosaminoglycan, or GAG, are glycosylated proteins that provide a more
representative in vivo environment and encourages cell migration, infiltration
and differentiation within the scaffold. Chondroitin 6 sulphate from shark
cartilage (Sigma-Aldrich, Berlin, Germany) is the GAG used in conjunction
with type I fibrillar collagen from bovine tendon (Integra Life Sciences, USA).
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The collagen GAG (CG) suspension was prepared using 0.05 M acetic acid
(Sigma-Aldrich, Wexford, Ireland). The mixture was homogenised at 1000 x
g using an over- head blender (Ultra Turrax T18 Overhead Blended, IKA
Works Inc., USA) for 90 min. In order to fully incorporate the chondroitin 6
sulphate, it was added intermittently to the blending collagen and acetic acid
using a peristaltic pump. The suspension was kept at 4°C by a cooling
system during mixing to prevent denaturation of the collagen. Once
homogenous, the slurry was degassed under vaccum (50 mTorr) for 60 min
to remove air bubbles generated during the mixing process. The final
concentration of the CG slurry is 0.5 wt% collagen and 0.044 wt%
chondroitin 6 sulphate.
2.3.2 Collagen Glycosaminoglycan Scaffold Freeze Drying Conditions

The slurry was freeze drieG XVLQJ D PHWKRG GHYHORSHG
et al
(2004). The suspension was pipetted onto stainless steel pans and was
loaded onto the freezer dryer shelf (Advantage EL, VirTis Co., Gardiner, NY)
at room temperature. The slurry temperature was reduced to -10°C and was
lyophilised.

Table 2.1: Standard -&IUHH]HGU\LQJSURWRFRODG
et al
(164) .
Step

Temperature °C

Time(min)

Pressure
(mTorr)

1 (start)

20

10

Atm

2 (ramping)

20 to -10
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Atm

3 (temp hold)

-10

120

Atm

4 (drying)

-10

5

200

5 (drying)

-10 to 0

160

200

6 (drying)

0

1020

200

7 (drying)

0 to 20

40

200
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8 (drying)

20

30

200

Once the freeze drying process was complete, the scaffolds were sterilised
using a vacuum oven (VacuCell, MMM, Germany). The pressure and
temperature were maintained at 50 mTorr and 105° C for 24 hr. This
dehydrothermal treatment (DHT) sterilises the scaffolds for use. The
scaffolds were stored at room temperature with a desiccant.
2.3.3 Scaffold Crosslinking
In addition to sterilisation, DHT also crosslinks the collagen scaffolds
providing improved mechanical properties. In addition to DHT, the chemical
cross linker 1-Ethyl-3-3dimethyl aminopropyl carbodiimide (EDAC) (SigmaAldrich, Wexford, Ireland) was also applied. Both EDAC and Nhydroxysuccinimide (NHS) (Sigma-Aldrich, Wexford, Ireland) are required to
catalyse the crosslinking reaction between the adjacent carboxylic and amine
groups of the collagen fibrils. Upon sterilisation, the scaffolds were tailored to
9 mm using a 3/8 of an inch cylindrical punch. Once excised, the 9 mm
scaffolds were placed into 24 well suspension plates (Sarstedt, Wexford,
Ireland) and rehydrated using 2 ml PBS for 20 min. Once hydrated, the
scaffolds were then immersed in 2 ml of EDAC and NHS solution, which was
calculated at 6 mmol of EDAC per gram of collagen, for 2 hr. A molar ratio of
2.5 mol NHS/mol EDAC was used for all EDAC crosslinking. Once
crosslinked, the CG scaffolds were washed using 2 ml PBS on an orbital
shaker for 30 min. This wash step was repeated twice more to ensure no
residual EDAC or urea is present on the scaffold due to its cytotoxic effects.
EDAC scaffold could be stored at 4° C for up to 48 hr.
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Figure 2.2: Collagen glycosaminoglycan scaffolds sheets at final stage of
processing. Scaffolds are freeze dried in stainless steel pans creating flat
sheets. The sheets were then punched in sterile conditions using a biopsy
punch into the desired size.
2.4 MC3T3-E1 Seeding and Culturing of Scaffolds
Scaffolds were manufactured as described in 2.3 and tailored to 9.5 mm in
diameter using a biopsy punch prior to EDAC crosslinking to provide a
substantial surface area to accommodate the seeding densities of both cells
and bacteria. Previously we investigated different seeding densities of
osteoblasts on our scaffolds so therefore we used two well documented
seeding densities of 5 x 105 and 2 x 106 osteoblasts onto each scaffold (158,
159, 165). Specifically, osteoblasts were harvested as described in section
2.1.1 and enumerated. Sterile crosslinked scaffolds were placed into a 24
well suspension plate (Sarstedt, Wexford, Ireland). The top surface of each

RI WKH VFDIIROG ZDV VHHGHG ZLWK5
/1
ȝ/RI
x106 cells). The 24 well plates were then placed in an incubator for 15 min to
allow initial cellular attachment. The scaffolds were then turned over and the

RSSRVLWHVXUIDFHZDVVHHGHGZLWKȝ/R
(2.5 x 105 / 1
x106 cells, creating a scaffold seeded with the final concentration of 5 x 105
and 2 x 106 osteoblasts) and incubated for a further 15 min. After the second
LQFXEDWLRQSHULRGP/Į
-MEM medium (Biosera Ltd., East Sussex, UK) was
added to each well and the plates were returned to the incubator. Scaffolds
were seeded for 7 days prior to the addition of S. aureus.

2.5 Addition of Staphylococcus aureus to Seeded Scaffolds
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S. aureus was prepared as per section 2.2.. When adding S. aureus
1HZPDQWRWKHVHHGHGVFDIIROGVĮ
-MEM media was aspirated from the CG
scaffold and 1 mL live or fixed S. aureus Newman was added to the well.
The CG seeded with 5 x 105 osteoblasts were infected with 1 X 108 S. aureus
and CG seeded with 2 x 106 osteoblasts were infected with 1 x 109 S.
aureus. The infected scaffolds were incubated at 37 °C and 5 % CO 2 for 1 h.
To maintain osteoblast growth on the seeded scaffolds, 1 mL pre-ZDUPHGĮ
-

0(0 ZDV DGGHG WR WKH ZHOO
-MEM
SRVW
media KU
was
LQFX
changed every 2-3 days until the end of the infection period.
Table 2.2: List of strains of S. aureus used, the strain details and relevant
chapters.
S. aureus Strain

Strain details

Newman wild type (WT)

Isolated from trabecula 3,4,5
of

man

Chapter strain is used

secondarily

infected

with

osteomyelitis.
Newman ¨SpA

Newman WT that has 4
the

protein

A

gene

knocked out.
Newman pCu1 (SpA+)

Newman ¨SpA strain 4
with

a

plasmid

constitutively
expressing protein A

2.6 Preparation of Collagen Glycosaminoglycan Scaffolds for Imaging
2.6.1 Preparation of Scaffolds for Histological Examination
Following the incubation period, scaffolds were removed from the medium
and washed in pre-warmed sterile PBS. Samples were then fixed in 10 ml of
3.7% paraformaldehyde (Sigma-Aldrich, Wexford, Ireland) for 1 hr. Post
fixation, samples were then placed into tissue processing cassettes prior to
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beginning a 16 hr automatic series of dehydration, equilibration and
infiltration steps (LEICA ASP300 Processor, Germany). Post processing,
cassettes containing samples were then embedded in paraffin wax using
LEICA EG1 140 H&C wax embedding machine (Leica, Germany). Samples
were allowed to cool before being stored at 4° C prior to slicing. Wax
embedded scaffolds were sectioned using LEICA RTV 1225 microtome
(Leica, Germany). Sections were then placed into a water bath (40° C)
before mounting onto pre-subbed poly-lysine slides (VWR, Germany). They
were allowed to dry on a heated slide rack before being placed into a tissue
drying oven for 12 hours at 58° C in order to remove the paraffin wax.
2.6.2 Preparation of Scaffolds for Confocal Microscopy
Infiltration of S. aureus into scaffold was assessed using confocal
microscopy. MC3T3 ±(ZHUHVWDLQHGXVLQJƍ
-Diamidine-ƍ
-phenylindole
dihydrochloride (DAPI) (Invitrogen, Massachusetts, USA) and S. aureus was
stained using anti-staphylococcal antibody (Abcam, United Kingdom). In
brief, slides prepared as per section 2.6.1, were blocked for 30 min at room
temperature using 4 % bovine serum albumin (BSA) prepared in 1 %
phosphate buffered saline tween (PBST). Slides were rinsed using PBST
and incubateG ZLWK 
the primary
ȝ/
anti-staphylococcal
RI
antibody (10
ȝJ P/

 DW  & LQ D KXPLGLILHG HQYLURQ

slides were washed 3 times with PBST and then counterstained with DAPI.
Cover slides were applied directly after and imaged. S. aureus was imaged
by the fluorescein isothiocyanate (FITC) channel and MC3T3-E1 were
imaged using the DAPI channel using a Zeiss confocal microscope (Zeiss,
Germany).
2.6.3 Scaffold Preparation for Scanning Electron Microscopy (SEM)
Scaffolds were harvested from culture at the designated time points. They
were fixed in 3% glutaraldehyde (Sigma Aldrich, Wexford, Ireland) prepared
in sterile PBS for a minimum of 1 hr. Scaffolds were stored at 4°C until
processing. Once ready, scaffolds were alcohol dehydrated in increasing
concentration (10 %, 30 %, 50 %, 70 %, 90 % and 100 % alcohol in DI water)
for 15 min. The sample was then critical point dried with liquid CO2. The dry
scaffolds were then mounted using carbon cement and coated in Gold
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Palladium. The gold coated scaffolds were imaged using Zeiss Ultra Plus
SEM at 5KV with a SE2 detector (Zeiss, Germany).

2.7 Collagen Degradation via Hydroxyproline Analysis
Hydroxyproline analysis is the indirect measure of collagen in samples, with
the collagen content determined using the hydroxyproline to collagen ratio of
1:7.69. Collagen content was determined by the hydroxyproline assay using
the protocol described in Kafienah and Sims (166). The samples were mixed
with 38 % hydrochloric acid and incubated at 110 °C for 18 h to allow
hydrolysis to occur. Thereafter the samples were dried in a fume hood
overnight and the sediments were suspended in ultra-purewater. Chloramine
T and 4-(dimethylamino)benzaldehyde (Sigma-Aldrich, Wicklow, Ireland)
were added and the hydroxyproline content quantified with a trans-4hydroxy-l-proline (Fluka analytical, SwtizeUODQG

VWDQGDUGXVLQJ

HT (BioTek Instruments Inc, Vermont, USA) multi-detection microplate
reader at a wavelength of 570 nm. Hydroxyproline content was determined
from the calibration curve obtained from the hydroxproline standard
concentrations and the collagen content was calculated using a value of
hydroxyproline to collagen ratio of 1:769. Each biochemical constituent was
normalized to the tissue dry weight (167).

2.8 Determining Scaffold Compressive Strength
Compressive testing was used to determine the effect of cell seeding and
infection on the mechanical properties of the scaffolds. Mechanical testing of
scaffold samples was carried out using a mechanical testing machine (Z050,
Zwick/Roell, Germany) fitted with a 5-N load cell. Samples were pre-hydrated
in PBS for 1 hr prior to testing. All testing was conducted in a PBS bath.
Compressive testing was conducted at a strain rate of 10 %/min. The
modulus was defined as the slope of a linear fit to the stress-strain curve
over 2-5 % strain, avoiding the less stiff toe region of the stress-strain curve.
Prior to each mechanical test, scaffold diameter was determined using digital
callipers.
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2.9 MC3T3-E1 Osteoblastic Functional Analysis
2.9.1 Quantification of Osteoblast Number using PicoGreen
Osteoblast proliferation was determined using PicoGreen (Invitrogen,
Massachusetts, USA) analysis. PicoGreen is a fluorescent probe that binds
double stranded DNA and forms a highly luminescent complex when
compared to the free dye in solution. Osteoblasts were lysed from the
scaffolds using 0.2 M lysis buffer containing triton X-100 followed by 3 freeze
thaw cycles. To a black 96 well plate, 100 µL of each sample was added in
addition to 100 µL of the Pico Green reagent. All samples in this study were
measured using Varioskan Flash multimode plate reader (Fisher Scientific,
Dublin, Ireland). Fluorescence for PicoGreen was measured at excitation 485
nm and emission 538 nm. The DNA concentration was deduced using a
standard curve.
2.9.2 Osteoblast Viability and Metabolic Activity using Alamar Blue
Cell viability within the scaffolds was determined using Alamar Blue Assay
(Thermofisher, Dublin, Ireland). Alamar blue measures the reducing
environment of the osteoblasts. This assay measures the ability of the
osteoblast to oxidize the non-fluorescent active ingredient of the assay,
resazurin to resorufin, a highly fluorescent compound. Alamar Blue was
added to the media to a concentration of 10 % of the final volume. The plate
was agitated using an orbital rotator for 4 hr at 70 rpm, at 37 °C in 5 % CO 2.

3RVWKUȝ/RIWKHPHGLDZDVUHPRY
placed into black 96 well
plates. For 2D in vitro analysis, Alamar Blue was added to the media to a
concentration of 10 % of the final volume, incubated for 4 hr as described,
and then the plate itself was used to measure the fluorescence.
Fluorescence was read at a wavelength 560 nm for excitation and 590 nm
for emission.
2.9.3 Quantification of Alkaline Phosphatase
Alkaline phosphatase activity was evaluated using Sensolyte pNPP Alkaline
Phosphatase Assay Kit (Anaspec, California, USA). Alkaline phosphatase is
an enzyme that is able to use para-nitrophenyl phosphate (pNPP) as a
substrate, which in this assay is the chromogenic output. For intracellular
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alkaline phosphatase, scaffolds were flash frozen in liquid nitrogen and
stored in -80 °C until processing. Scaffolds were then thawed and resuspended in lysis buffer (0.1 M sodium acetate buffer + 2 % triton X-100).

To a 96 well plate  ȝ/ RI WKH VXSHUQDWDQW ZDV
incubated with 10mM PnPP for 30-60 min. Photometric absorbance was
read at A405nm. For extracellular alkaline phosphatase activity, 1 mL of the
supernatant was removed from the well and frozen at -20 °C until

SURFHVVLQJ7KHVXSHUQDWDQWZDVWKHQWKD
was added to a 96 well plate in duplicate. It was incubated with10mM PnPP
for 30-60 minutes. Photometric absorbance was read at A405 nm.
2.9.4 Osteoblast Mineralisation by Measuring Calcium Production
Calcium deposition, or mineralisation, is another marker of osteogenesis.
This was quantified using the StanBio Calcium Assay (Invitrogen,
Massachusetts, 86$

DFFRUGLQJ WR WKH PDQXIDFWXUH

is disassociated from proteins in an acid solution, and is then conjugated with
ortho-cresolphthalein complexone (OCPC). This complex forms a purple
colour, which is then measured. At the end of the cultured period, scaffolds
were incubated at 4 °C in 0.5 M HCL overnight. To a 96 well plate, 10 µL of
each sample was added in addition to 200 µL working solution. Photometric
absorbance was read at A596 nm.

2.10 Statistical analysis
All graphs display the mean numbers ± the standard error of the mean. All
statistical analysis was determined by using Graph Pad software. Statistical
analysis comparing more than two variables was interpreted Two way
ANOVA. The statistical differences between two groups were calculated by
un-SDLUHG6WXGHQW¶VW
-test. Data were represented as the mean values +/- the
standard error of the mean (SEM). Statistical significance was declared at
P<0.05.
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3. Defining the parameters for development of a 3D model system of
infection using collagen based scaffolds
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3.1 Introduction
The majority of biological processes documented in the literature have been
discovered by using two dimensional (2D) cell culture based assay (121,
122, 134). The use of animals in research is considered logical progression
from the bench to provide more physiologically relevant information on key
biochemical and physiological processes. However ethical issues, cost and
also translation into humans still pose many barriers. These limitations in
both the classic 2D in vitro studies and animals have encouraged the
expansion of research into the use of 3D models using biomaterials for TE.
A biomaterial commonly used in 3D systems is collagen, a biodegradable,
biomimetic and biocompatible extra cellular matrix (ECM) protein. Collagen ±
based scaffolds are common matrices used TE that can be manipulated to
create tissue specific micro-environments that can then be used as a
platform for developing models. Collagen is a major constituent of the ECM
and

is

the

main

component

of

bone

(160).

In

this

chapter,

glycosaminoglycans (GAGs) are incorporated into a collagen based scaffold
to provide a more representative in vivo bone milieu as they are naturally
found in ECM of bone (161). Previously our TE group have developed 3D
models for prostate cancer, cardiovascular disease and lung disease using
collagen based scaffolds (168-170). These tissues are anatomically diverse
and therefore the biomaterial requires careful design and manipulation to
mimic the microenvironment the cells will encounter as though in vivo.
Additionally, 3D models needs to be robust and functional in order to
withstand long culture periods and to facilitate assessment.
In our lab, collagen glycosaminoglycan (CG) scaffolds are produced using an
optimised freeze drying process resulting in a scaffold with homogenous
pore architecture. This is important to facilitate cell infiltration and uniform
attachment (164, 171). Once freeze dried, it is important to crosslink the
collagen fibres in order to strengthen the scaffold prior to cell seeding.
Dehydrothermal treatment (DHT) is a standardised crosslinking and
sterilisation technique whereby the collagen is subjected to heat and
pressure, causing the removal of water molecules and therefore the fibres
are crosslinked by a condensation reaction. As bone is quite stiff and, when
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seeded, cells can exert contractile forces within the scaffold, an additional
chemical crosslinker 1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDAC)
can be used. EDAC catalyses a reaction between adjacent carboxylic and
amine groups on the collagen fibres to form crosslinks further strengthening
the biomaterial. The level of crosslinking can dictate the robustness of the
scaffold as it directly influences cellular activity, which will affect the scaffold
functionally (159). We have previously shown that the stiffness of the
collagen scaffold can modulate the behaviour of the osteoblasts on the
scaffold, with cell migration, proliferation and maturation affected(165).
Therefore there is a careful balance in developing a model that is
representative of the tissue, which is robust and can also be used for
functional analysis.
Therefore the aim of this chapter to is define the parameters required to
develop a 3D model of osteomyelitis that can be used as a surrogate model
on infection in vivo. Specifically we want to optimise our collagen based
scaffold by varying the collagen crosslinking and also determine the optimal
seeding density of both osteoblasts and S. aureus within the scaffold. Using
these parameters, we can then investigate the interactions between S.
aureus and osteoblasts in the next chapter.
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3.2 Objective and specific aims
The aim of this chapter is to optimise and define the parameters to establish
a 3D scaffold based model system of bone infection using a CG scaffold in
which osteoblasts (MC3T3 ±E1) will be used to initially populate the scaffold
before adding S. aureus Newman to establish infection. Specifically:
x As bone infection can persist for long periods of time, we aimed
to construct a CG scaffold capable of supporting both cellular
activity and live bacterial culture. Therefore two collagen
crosslinking methods to provide additional strength to the
scaffolds will be explored; DHT, and DHT with EDAC (DHT/
EDAC).
x There are no standardised co culture models of S. aureus and
osteoblasts in 3D scaffolds. Therefore, sought to determine
optimal co culture seeding densities, 5 x 105 and 2 x 106
osteoblasts

infected

with

various

S.

aureus

Newman

concentrations (1 X 108 and 1 x 109).
x The strength and integrity of the scaffold is important to support
cellular

survival.

Therefore,

collagen

degradation,

the

mechanical properties and pore architecture of the scaffold will
be investigated post seeding and infection.
x Encapsulation of the scaffold by both cells and bacteria may
negatively impact the functioning of the 3D model. Therefore
we aim to establish the parameters necessary for co-infiltration
of osteoblasts and S. aureus Newman into the CG scaffold.
This is qualitatively assessed using confocal microscopy.

80

3.3 Results
3.3.1 Scaffolds crosslinked using EDAC retain original geometry in the
presence of Staphylococcus aureus
Scaffolds with a reduced or deformed macrostructure often represent
degradation as a result of cell culture and activity. Previously it has been
shown that as osteoblasts migrate through the collagen scaffolds, they exert
contractile forces upon the biomaterial resulting in a reduction in the scaffold
macrostructure (165). However, this was not investigated in the presence of
infection (158, 159, 165).
Four groups were investigated across both seeding densities and
crosslinking methods; CG only (no cells or bacteria), osteoblasts only, S.
aureus Newman only, and infection (scaffold with both cells and bacteria).
Our results demonstrate that over a 7 day infection period, the scaffolds
crosslinked using both DHT/ EDAC had retained their geometry. In contrast,
scaffolds crosslinked using DHT only had contracted in size and shape.
Notably, scaffolds infected with S. aureus and crosslinked with both DHT/
EDAC resisted deformations and retained their original geometry. This
altered geometry was seen in scaffolds seeded with 5 x 105 osteoblasts
infected with 1 x 108 S. aureus (Figure 1A) and scaffolds seeded with 2 x 10 6
osteoblasts infected with 1 x 109 S. aureus (Figure 1B). Overall these results
show that scaffolds crosslinked with both DHT/ EDAC retained their original
geometry.
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(A)

(B)

Figure 3.1: Qualitative analysis of the macrostructure of scaffolds 7 days
post Staphylococcus aureus infection. Scaffolds seeded with 5 x 105
osteoblasts infected with 1 x 108 S. aureus (A) and 2 x 106 osteoblasts
infected with 1 x 109 S. aureus (B). All scaffolds crosslinked using DHT/
EDAC appear macroscopically intact however scaffolds crosslinked with
DHT only have lost shape and structure.
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3.3.2 Scaffolds crosslinked with DHT have significantly increased
collagen degradation
Measurement of scaffold dry weight is a generally accepted method for
determining collagen degradation in a variety studies such as skin models
(172), soft tissue regeneration (173) and bone (157). It is assumed that the
lighter the scaffold, the higher the collagen degradation which will affect the
integrity and functioning of the scaffold. To measure dry weight, scaffolds
were lyophilised after the culture period and weighed using a microbalance.
Results show that the scaffolds crosslinked using DHT only were significantly
lighter than those crosslinked using DHT/ EDAC. This was seen across both
the lower seeding density of 5 x 105 osteoblasts infected with 1 X 108 S.
aureus (Figure 3.2 A-D) and the higher seeding density 2 x 10 6 infected with
1 x 109 S. aureus (Figure 3.2 E-H), over 7 days. At day 1 post infection
(Figure 3.2 A and E), the scaffolds that are crosslinked using both DHT/
EDAC weigh significantly more than the scaffolds crosslinked using DHT
only. However as the culture period continues over 3 (Figure 3.2 B and F), 5
(Figure 3.2 C and G) and 7 (Figure 3.2 D and H) days post seeding, the
difference in scaffold weight between the DHT only groups and the scaffolds
crosslinked with both DHT/ EDAC is more apparent, with a very significant
difference between the crosslinking methods. Interestingly, however, the
presence of S. aureus had no significant impact on the scaffold degradation
between scaffolds crosslinked with DHT only and scaffolds crosslinked with
DHT/ EDAC. Overall, this result corroborates with the physical appearance of
the scaffolds post seeding, whereby the scaffolds crosslinked using DHT
only were smaller and less structured (Figure 3.1 A and B). These results
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higher collagen degradation than those scaffolds crosslinked using both DHT
and EDAC suggesting compromised integrity.
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Figure 3.2: The dry weight (mg) of scaffolds following infection by
Staphylococcus aureus for 7 days. CG only (scaffold alone), MC3T3 Only
(osteoblasts alone on scaffold), Newman Only (S. aureus alone on scaffold)
and Infection (Osteoblasts, with S. aureus on scaffold). Scaffolds were
seeded with 5 x 105 osteoblasts and infected with 1 x 108 S. aureus (A-D)
and 2 x 106 osteoblasts infected with 1 x 109 S. aureus (E-H), lyophilised and
weighed. Scaffolds crosslinked using DHT only have significantly decreased
weight compared to the scaffolds that are crosslinked using DHT /EDAC. *P<
0.005, **P < 0.0001 (N=3).
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3.3.3 Scaffolds crosslinked with EDAC resist collagen degradation
when cultured with Staphylococcus aureus
Previously, we have demonstrated that the mechanical properties of the
scaffolds significantly influence cell attachment, proliferation and migration
(159). Additionally, S. aureus produces toxins and enzymes such as
collagenases, which may degrade the collagen scaffold. Mechanical
properties are directly related to the collagen content so to investigate
whether the collagen was being degraded with the onset of infection,
hydroxyproline content was measured. Hydroxyproline is a key amino acid
that that comprises approximately 13% of mammalian collagen. It is essential
for the stability of collagen, mainly contributing to the tight twisting of the
collagen helix (174).
Our results demonstrate that the scaffolds crosslinked using DHT only had
significantly less collagen, and thus higher collagen degradation, than those
crosslinked using DHT /EDAC. This was seen across both the lower seeding
density of 5 x 105 osteoblasts infected with 1 X 108 S. aureus (Figure 3.3A,
A-D) and the higher seeding density 2 x 10 6 osteoblasts infected with 1 x 109
S. aureus (Figure 3.3A, E-H), over 7 days, with exception at day 3 (Figure
3.3A, F). At day 1, there is a significant difference in the collagen content
between scaffolds crosslinked with DHT only and scaffolds crosslinked using
DHT/ EDAC at the lower seeding densities (Figure 3.3A, A). This significant
difference increases further after 3 (Figure 3.3A, B), 5 (Figure 3.3A, C) and 7
(Figure 3.3A, D) days post seeding. This result supports the macrostructure
and the dry weight results whereby scaffolds crosslinked using DHT only are
physically smaller and weigh less due to increased collagen degradation.
In contrast to the dry weight data whereby there was no significant difference
between any of the scaffolds cultured with S. aureus, scaffolds seeded with
the higher density of S. aureus demonstrate a significant decrease in
collagen content in scaffolds crosslinked using DHT only (Figure 3.3B).
Overall, these results suggest that scaffolds that are crosslinked using both
DHT and EDAC are resistant to collagen degradation when seeded with both
cells and bacteria. As a result of this, the scaffolds crosslinked with both
DHT/ EDAC were moved forward for compressive testing.
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Figure 3.3A: The collagen content of scaffolds following infection by
Staphylococcus aureus for 7 days. CG only (scaffold alone), MC3T3 Only
(osteoblasts alone on scaffold), Newman Only (S. aureus alone on scaffold)
and Infection (Osteoblasts, with S. aureus on scaffold). Scaffolds were
seeded with 5 x 105 osteoblasts and infected with 1 x 108 S. aureus (A-D)
and 2 x 106 osteoblasts infected with 1 x 109 S. aureus (E-H), hydrochloric
acid boiled and hydroxyproline content measured. Scaffolds across both
seeding densities crosslinked using DHT only have significantly reduced
collagen content compared to scaffolds crosslinked using DHT /EDAC * P <
0.05, ** P< 0.005, *** P < 0.0001 (N=3)
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Figure 3.3B: Collagen content of scaffolds following Staphylococcus aureus
infection for 7 days. Newman Only (S. aureus alone on scaffold) and
Infection (Osteoblasts, with S. aureus on scaffold). Scaffolds were seeded 2
x 106 osteoblasts infected with 1 x 109 S. aureus (A-D), hydrochloric acid
boiled and hydroxyproline content measured. Scaffolds infected with 1 x 10 9
S. aureus have significantly more collagen degradation when crosslinked
using DHT only compared to scaffolds crosslinked using DHT /EDAC * P <
0.05 (N=3)
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3.3.4 Mechanical properties of EDAC scaffolds seeded with 5 x 10 5
osteoblasts and infected with 1 X 108 Staphylococcus aureus are
consistent over 7 days of infection
As scaffolds crosslinked with both DHT/ EDAC retained their geometry and
resisted degradation compared to scaffolds crosslinked with DHT only, the
effect of the seeding densities on the scaffolds crosslinked with both DHT/
EDAC was investigated. The rate of biomaterial degradation must be as such
to confer the healing tissue with mechanical properties to support cellular
infiltration and survival. Thus, collagen degradation will affect the mechanical
properties of the biomaterial (159). In chronic osteomyelitis, infection can
persist for weeks if not months. Therefore, when designing a 3D model of
chronic infection, it is imperative that the biomaterial retains structural
integrity and its mechanical properties for extended infection periods. The
compressive strength of a biomaterial is its capacity to withstand loading by a
force. The stiffer the biomaterial, the more energy it takes to deform. Hence,
a higher compressive modulus represents a stiffer material which usually
denotes good integrity of the biomaterial.
Our results demonstrate no statistical significance between the different
seeding densities across all groups across days 1-5 (Figure 3.4A, B, C). In
contrast to this, at day 7, scaffolds seeded at the higher seeding density of 2
x 106 osteoblasts infected with 1 x 109 S. aureus were stiffer (Figure 3.4D).
Interestingly, scaffolds seeded with 5 x 105 osteoblasts and infected with 1 X
108 S. aureus maintained a constant stiffness of between 1 and 2 kilopascals
(kPa) post 7 days of infection (Figure 3.4, A-D). Scaffolds seeded with the
higher seeding density of 2 x 106 osteoblasts infected with 1 x 109 S. aureus,
demonstrates varying stiffness across all groups at each time point. Variation
in the stiffness in the higher seeding density is not desirable as it is important
to have predictable behaviour of the biomaterial during long seeding periods.
Interestingly, the presence of S. aureus does not affect the stiffness of the
material across both seeding densities. Taken together, these results show
that scaffolds seeded with 5 x 105 osteoblasts and infected with 1 X 108 S.
aureus is the optimal seeding density due to the consistent stiffness of the
material during infection.
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Figure 3.4: Mechanical testing of scaffolds post Staphylococcus aureus
infection. CG only (scaffold alone), MC3T3 Only (osteoblasts alone on
scaffold), Newman Only (S. aureus alone on scaffold) and Infection
(Osteoblasts, with S. aureus on scaffold). Scaffolds were seeded with 5 x 105
and 2 x 106 osteoblasts and infected with 1 X 108 and 1 x 109 S. aureus
respectively over 7 days, were compressed using the Zwick machine in a
PBS water bath. There is no significant difference between the higher and
lower seeding densities, with the exception of day 7 (D) where scaffolds
seeded with 2 x 106 MCT3T-E1 are stiffer ** P = 0.0096.
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3.3.5 Collagen glycosaminoglycan scaffolds seeded with 5 x 10 5
osteoblasts and infected with 1 X 108 Staphylococcus aureus have
superior pore architecture
Once we knew that the collagen is not being degraded in the presence of live
S. aureus due to its ability to produce toxins and extracellular enzymes, we
next investigated the pore architecture in the presence of live infection. Pore
architecture within 3D scaffolds has been documented to influence cellular
activity, with pore size a key orchestrator of the process (163, 164, 171).
Additionally, scaffold pore architecture is important to support cell function
and survival within the biomaterial, with the loss of pore structure negatively
affecting cell infiltration, proliferation and migration within the material. As
there is no significant difference in the stiffness of the biomaterials between
the seeding densities at days 1-5 post infection, we wanted to qualitatively
assess the pore architecture of the scaffolds in both groups in the presence
of infection.
Scaffolds seeded with 5x105 osteoblasts and infected with 1x108 S. aureus
retain the porous nature of the biomaterial (Figure 3.5, B-E). However,
scaffolds infected with the higher densities of 2x10 6 osteoblasts infected with
1x109 S. aureus failed to retain the porous nature of the collagen scaffold as
determined by the microstructure (Figure 3.5, F-I). The porosity, pore
interconnectivity, pore size and pore shape are all important when assessing
the scaffold architecture (175). As shown in the SEM images, scaffolds
seeded with 5 x 105 osteoblasts and infected with 1 x 108 S. aureus have a
more open and polygonal architecture compared to scaffolds seeded with 2 x
106 osteoblasts infected with 1 x 109 S. aureus, which demonstrate nonuniform and non-equiaxed architecture. Thus the optimal seeding density on
CG scaffolds crosslinked using DHT and EDAC is 5 x 10 5 osteoblasts,
infected with 1 x 108 S. aureus. This is the seeding densities used throughout
the remainder of the thesis.
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Figure 3.5: Qualitative assessment of the pore architecture using SEM of
scaffolds seeded with osteoblasts and infected by Staphylococcus aureus
over 7 days. Scaffolds were seeded with 5 x 105 and 2 x 106 osteoblasts and
infected with 1 X 108 and 1 x 109 S. aureus respectively over 7 days. Post 7
days infection, scaffolds were coated in gold and imaged using scanning
electron microscopy. Scaffolds seeded with 5 x 10 5 osteoblasts and infected
with 1 X 108 S. aureus (B-E) retained a porous structure across the 7 days of
infection. Notably, scaffolds seeded with 2 x 106 osteoblasts infected with 1 x
109 S. aureus (F-I) have compromised pore architecture. N=1

91

3.3.6 Staphylococcus aureus and osteoblasts co-infiltrate the collagen
glycosaminoglycan scaffold
An issue that can arise using 3D culture of biomaterials is encapsulation of
the cells around the periphery of the scaffold due to mineral deposition in
vivo (176). Using the parameters and seeding densities formulated earlier,
we wanted to ensure that the collagen scaffolds were being successfully
infiltrated by both osteoblasts and S. aureus, which were then visualised on
the scaffold using confocal microscopy.
Analysis of the infected scaffolds demonstrates successful co-infiltration of
both osteoblasts (cyan) and S. aureus (red) into the centre of the scaffold
(Figure 3.6 A). Both osteoblasts and S. aureus were shown to align along the
collagen struts, demonstrating their attachment to the scaffold (Figure 3.6B
and C, respectively). These results suggest that bacterial and osteoblast
migration into the centre of the scaffold is occurring and represents the
physiological conditions found at sites of infection within the bone.
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Figure 3.6: Qualitative assessment of cellular and bacterial co infiltration of
the collagen scaffold. Scaffolds were seeded with 5 x 10 5 osteoblasts (cyan)
for 7 days, infected by 1 x 108 S. aureus Newman (red) for 24 hr, sectioned
into 10micron sections and imaged using confocal microscopy. Overall, it can
be seen that both cells and bacteria infiltrate to the centre of the scaffold (A).
When zoomed in, it can be seen that both osteoblasts stained using DAPI
(B) and bacteria stained using a FITC conjugated antibody (C) are organised
along the collagen fibres of the scaffold (10X) (B) demonstrating that S.
aureus interacts with both the CG scaffold and osteoblasts (100X).

93

3.4 Discussion
Currently there are very limited 3D in vitro models of infection in the
literature, with animal models most commonly used for exploring infection in
vivo. The most common animal models used for osteomyelitis research are
rabbits, rats, mice, avian, dog, sheep and goats however nothing has been
accepted as the definitive gold standard (126, 177, 178). This is due to the
complexities associated with osteomyelitis i.e. whether it is a trauma
associated infection or an immune response to bone infection. The
inconsistencies across the in vivo models pose translational issues, with
moving research from bench to bedside. Therefore there have been only a
few infection studies using 3D models as a surrogate model of in vivo
conditions, to recapitulate the complexity of the in vivo environment.
A study by Popov et al., used an ex vivo explant model of skin and cultured it
in an in vitro tissue culture setting. The authors investigated the colonisation
and infection of S. aureus using devitalised dermal tissue derived from
cadaveric donors, which is then populated with a keratinocyte primary cell
line (179). These cells then eventually differentiated to generate a basement
membrane and all of the stratified epidermal layers, resulting in a 3D human
organotypic tissue that was physiologically representative of human skin.
Although there are many positives in using 3D organotypic tissue models,
there are issues surrounding restricted availability of the tissue, limited
options to manipulate the tissue, lack of complexities and also the short
viability time of the tissue in culture. In designing our clinically relevant
model, we sought to address these short comings. Type I collagen and
glycosaminoglycan used for our research is abundantly available and has
proven to provide a successful platform for developing advanced 3D
pathophysiology in vitro systems such as the previously mentioned
cardiovascular disease model and the prostate cancer model (168, 170,
180). Furthermore, collagen biomaterials can be manipulated to be as
complex or as simplistic as desired to mimic the host tissue. Collagen and
glycosaminoglycan are the main organic components of bone however, if
preferred, this mixture can be adapted according to the application (161,
181). For bone regeneration, hydroxyapatite is commonly used with collagen
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as it is the main inorganic component of bone and has been shown to have
osteoinductive properties (151). Additionally, the ratio in which each
component is added can encourage certain cell behaviour. Thus the ability to
control the biomaterial properties to cater for a particular function is
extremely advantageous. Moreover, S. aureus infections, including skin
infections, can range from days to months or even years. However in this
study by Popov et al., the longest time point is 2 days, with no comments
surrounding the robustness of the model after this infection time. Our results
show that, after 14 days in culture, whereby 7 of those days were live
infection by S. aureus, the biomaterial properties were retained.
Using tissue engineered in vitro models to study infection as a 3D model
system can also be used. Guggenberger et al., used a collagen gel
supplemented with fibrin to study the growth behaviour of S. aureus and its
interaction with neutrophils (182). The use of the collagen biomaterial
allowed manipulation and addition of various factors into the culture
conditions, which enabled investigation of various factors associated with
infection. Notably, however, validation of the model and long term studies
was not shown or conducted. Using the biomechanical techniques available,
collagen degradation, porosity, mechanical properties and infiltration of our
scaffolds were investigated and we showed based on these results that our
collagen glycosaminoglycan scaffolds suitable for development of a 3D
model of bone infection.
Like most infection models, the studies by Poplov and Guggenberger also
demonstrated no optimisation of the cell or bacterial seeding densities. This
further contributes to the issues surrounding standardisation of infection
models and translation into in vivo models. Therefore two seeding densities,
5 x 105 osteoblasts infected with 1 X 108 S. aureus and 2 x 106 osteoblasts
infected with 1x109 S. aureus, were compared and brought forward for
mechanical testing and pore analysis. Generally in TE, a stiffer construct is
necessary to withstand in vitro handling and the in vivo environment. Thus to
have a construct that is stiff enough to retain open pore structure and
therefore cell infiltration is favourable. However, it is also important that the
microenvironment of the scaffold is maintained so that cells can penetrate
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and migrate. This is reflected through the porosity and pore architecture of
the biomaterial (163, 175). Scaffolds seeded with 5x105 osteoblasts and
infected with 1x108 S. aureus retain the porous nature of the biomaterial
compared to the higher densities of 2x106 osteoblasts infected with 1x109 S.
aureus, even though these scaffolds were stiffer. This was demonstrated by
the successful infiltration of both cells and bacteria into the scaffold, showing
that using the infection technique we have developed in the lab is not
generating the encapsulating effect that can occur when using these
materials. Infiltration of the scaffold is imperative as most infections are not
static i.e. bacteria can spread and invade surrounding tissues much like that
seen in osteomyelitis secondary to a contiguous focus of infection. Therefore
when developing models of infection, it is important to develop a platform to
allow the bacteria to behave as though in vivo in order to provide a deeper
insight into the pathophysiology of the disease. We have shown here that our
3D model not only allows infiltration of the cells, but co-infiltration of both
cells and bacteria into the scaffold thus providing an opportunity to conduct
functional analysis on either cells or bacteria, or both when cultured in a 3D
matrix. Therefore we can conclude that we have created, investigated and
validated a robust platform for developing a 3D model of bone infection using
our scaffolds.
The results of this chapter show that the collagen biomaterial is a suitable
platform to develop a 3D model of bone infection. Specifically, it is necessary
to crosslink the scaffolds using EDAC in order to counteract the contractile
forces that can occur as a result of cellular proliferation and infiltration.
Additionally, we established a lower seeding density of 5 x 105 osteoblasts
and 1 X 108 S. aureus investigated here was the optimal seeding density in
our 3D construct as the biomechanical and microenvironment of the scaffold
is maintained post infection. These results are the first documentation of 3D
model observation, characterisation and validation after the onset of live S.
aureus infection.
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4. The interaction of Staphylococcus aureus Protein A with osteoblasts
causes hyper-mineralisation in a 3D extracellular matrix environment
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4.1 Introduction
3D culture systems to study infection are primarily focused on viral infection.
None the less, the use of these models has revealed key mechanisms
regarding the interaction between the virus and the host cells (140, 141). In
particular, Molina Jimenez et al designed a matrigel 3D model to study
Hepatitis C virus (HCV). Overall, they were able to study the life cycle of the
virus, which was not previously done before using 2D tissue culture models
thus broadening our understanding of the mechanism of HCV infection (142).
Bacterial infection 3D models range from the intracellular parasite
Mycobacterium tuberculosis, to the commensal skin bacteria S. aureus (179,
183). Research by Popov et al developed a 3D model of skin infection using
devitalised human skin tissue. Using this model, they were able to identify
how bacterial colonise and replicate on and within skin, how pathogenic
strains of bacteria can spread to cause more invasive infection and also how
immune cells react in the presence of infection when cultured in 3D (179).
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directly binding to and interacting with osteoblasts in a 3D environment,
which could alter the outcome and progression of the infection.
In S. aureus, there are multiple microbial surface components recognizing
adhesive matrix molecules (MSCRAMMS) and cell wall anchored (CWA)
proteins important for the pathogenicity of infection including; fibronectin
binding proteins A and B (FnBP A/ B), bone sialoprotein binding protein
(Bbp), collagen adhesion protein (Cna) and protein A (SpA). S. aureus can
interact with the host using FnBPs to facilitate binding to host plasma
proteins, such as fibronectin, which can act as a bridging molecule between
the bacterium and the host cell receptors (184, 185). Additionally, when
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receptor on osteoblasts. S. aureus is also equipped to interact with the bone
ECM through Cna and Bbp. Notably, Cna is the only identified S. aureus cell
surface protein that binds to collagen, whereas Bbp has been documented to
bind both bone sialoprotein (BSP) and fibrinogen (186). Note, it has been
shown that MSCRAMMs give S. aureus the ability to invade various
mammalian cells in addition to bone cells (187-192). Although the primary
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function of SpA is immune evasion, studies have documented its direct role
in bone infection.
Previous research conducted by our group revealed the interaction between
S. aureus and osteoblasts whereby protein A binds to TNFR1 on osteoblasts
resulting in bone destruction and bone loss (99-101). These experiments
were conducted in 2D traditional tissue monolayer culture settings using
materials non- native to the body such as plastic and glass. In the previous
chapter we discussed how 2D culture settings are not physiologically
representative as cells in vivo primarily exist embedded in a complex and
dynamic environment composed of cells and multiple extracellular matrix

(ECM) molecules (121, 193) 1RQH WKH OHVV WKLV ³UHGX
provided many insights into key mechanisms, such as cell ±matrix, cell ±
bacterial interactions that we still use and rely on today (194). However, due
to the complex interactions that occur in vivo, some key cellular processes
may be concealed thus not providing a full insight into the cellular
mechanism of the disease. In light of this, we wanted to use the collagen
scaffold developed in the previous chapter to investigate the interaction
between S. aureus and osteoblasts in a 3D bone milieu. Concurrently, we
wanted to determine the importance of S. aureus SpA in this interaction
when cultured in a 3D microenvironment.
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4.2 Objective and specific aims
The objective of this chapter is to investigate the interactions between S.
aureus and osteoblasts using the 3D model that we have developed in
chapter 3. Moreover, using the information previously generated by our
research group, we sought to investigate the importance of SpA in this
interaction in a 3D ECM microenvironment. To do this we used S. aureus

1HZPDQZLOGW\SH :7 1HZPDQǻ6S$DQG1HZ
strains are well characterised. Specifically:
x Bone loss is characteristic of osteomyelitis; however the mechanism
through which this occurs has never been studied in a 3D matrix. To
address this, we aimed to investigate osteoblast proliferation in the
presence or absence of S. aureus using DNA quantification.
x Cell metabolism can become altered with the onset of infection. Thus
we wanted to examine cell viability of the cells remaining post
infection in the presence or absence of S. aureus using Alamar blue.
x New bone formation is affected during infection contributing to
weakening of the bone. Therefore we aimed to investigate the effect
of S. aureus on early stage mineralisation. This will be addressed by
investigating both intracellular and extracellular alkaline phosphatase
activity of osteoblasts within the scaffolds.
x Loss of bone strength is a prominent feature of osteomyelitis and can
be attributed to decreased mineral deposition in the site of infection.
To address this, early stage osteogenesis will be assessed by
measuring calcium deposition by the osteoblasts onto the scaffold.
We aimed to investigate osteoblast mineralisation in the presence and
absence of S. aureus.
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4.3 Results
4.3.1 Osteoblast proliferation is inhibited 14 days post infection by
Staphylococcus aureus when cultured in 3D matrix
Having established the optimal conditions necessary to study bone infection
using our 3D model in chapter 3, we next sought to investigate osteoblast
responses in the presence of S. aureus. Live S. aureus can use nutrients in
tissue culture media to grow and divide. If this occurs it will negatively impact
on the growth and expansion of the cultured osteoblasts. To prevent the S.
aureus from utilising essential osteoblast nutrients in the media we fixed the
bacteria in a mild formaldehyde solution aimed at maintaining bacterial cell
but killing the bacteria. Consistent with previous observations, S. aureus
fixation failed to have any effect on the expression of major cell wall proteins,
specifically SpA as determined by dot blot (Figure 4.1A) (101).
To investigate the role of SpA on osteoblast function, we used a strain of S.

aureus 1HZPDQ WKDW GRHV QRW H[SUHVV 6S$ RQ
confirm lack of expression, we carried out a dot blot. Genetically modifying
bacteria can cause pleiotropic effects; therefore we transformed the Newman
strain deficient in expressing SpA with a plasmid that over expressed SpA
(Newman pCu1 (SpA+)) to confirm that the interaction is truly due to SpA.
This was confirmed using dot blot, demonstrating the knock out S. aureus
Newman was lacking SpA, whilst the strain originally lacking SpA expression
is now over expressing SpA (Figure 4.1B). On days 0, 7, 14 and 21 days
after the addition of S. aureus, scaffolds were harvested and osteoblast cell
number was quantified using PicoGreen as a measure of osteoblast
proliferation. This method has been previously been used in our group to
represent cell number within the 3D constructs (195, 196). In the absence of
S. aureus, osteoblasts proliferated as expected over the 21 day period.
Addition of the wildtype S. aureus reduced osteoblast proliferation. Using the
strain defective in SpA expression failed to significantly affect osteoblast
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inhibited osteoblast proliferation comparable to the wildtype levels (Figure
4.1C). Collectively these results suggest that S. aureus is binding to the
osteoblast in the 3D model in a SpA dependent interaction. Moreover binding
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results in the generation of a signal that results in loss of osteoblast
proliferation which is characteristic of the bone loss seen in osteomyelitis.
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Figure 4.1: Osteoblast proliferation in the presence and absence of
Staphylococcus aureus expressing SpA. Osteoblasts (5 x 105) were seeded
for 7 days on CG scaffold (
) and cultured with S. aureus Newman (
),
+
1HZPDQ ǻ6S$
), or Newman SpA pCu1 (SpA ) (
) (B) that were
formaldehyde fixed. We have shown this does not affect the presence of
protein A on the surface (A). Following 0, 7, 14 and 21 days, remaining DNA
was measured using PicoGreen. Osteoblasts incubated with S. aureus
Newman have decreased proliferation after 14 days. Osteoblasts cultured in
the presence of
Newman SpA pCu1 (SpA +) demonstrate a significant
reduction in proliferation after 14days. Osteoblasts proliferation is recovered
when cultured in the presence of S. aureus lacking SpA (C) *P < 0.05, (N= 5
- 17).
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4.3.2 Osteoblasts in a 3D matrix are more metabolically active in the
presence of Staphylococcus aureus
When bacteria interact with host cells it triggers a variety of physiological
responses. These responses include multiple metabolic changes in the
affected host cells (197). To investigate if the over-all metabolic activity of
osteoblasts is altered in the presence of S. aureus we measured the
mitochondrial activity of the osteoblasts.
Results demonstrate that there is no difference in osteoblast metabolic
activity between cells incubated with the wildtype S. aureus strain, S. aureus
¨6S$
S.RU
aureus Newman pCu1 (SpA+) compared to osteoblasts alone
(Figure 4. 2A). This result represents the metabolic activity of cells in the
entire scaffold. So in order to focus on the effect of bacterial interaction at an
individual cellular level, we normalised the metabolic activity to the DNA
present in the scaffold (Figure 4.2B). Interestingly, when we normalise our
data we demonstrate that osteoblasts cultured with wildtype S. aureus had
significantly increased metabolic activity after 14 days compared to

osteoblasts alone. Osteoblasts incubated with S. aureus ǻ6S$ IDLOHG W
significantly affect osteoblast metabolic activity compared to the osteoblasts

only. Osteoblasts cultured with S. aureus ¨6S$ VWUDLQ FRPSOLPHQ
pCU1spa had very significantly increased metabolic activity after 14 days,
comparable to those osteoblasts incubated with wildtype S. aureus.
Collectively these results suggest that the cells that are present on the
scaffold have increased metabolic activity in response to S. aureus in their
local environment.
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Figure 4.2: Osteoblast metabolic activity in the presence and absence of
Staphylococcus aureus expressing SpA. Osteoblast metabolic activity was
measured using Alamar Blue. Osteoblasts in the presence of S. aureus
Newman show no significant difference in metabolic activity compared to
osteoblasts only in a 3D matrix (A). When normalised to DNA content,
osteoblasts in the presence of Newman WT (
) and Newman SpA pCu1
+
(SpA ) (
) demonstrate a significant increase in metabolic activity after 14
days compared to the osteoblasts alone (
). Osteoblasts metabolic activity
is unaffected when cultured with S. aureus lacking SpA (
) (B). *P < 0.05,
**P < 0.0001, (N= 3-9).
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4.3.3 When cultured in 3D matrix, early osteogenic marker intracellular
alkaline phosphatase is unaffected after 14 days in the presence of
Staphylococcus aureus
As the metabolic activity of the osteoblasts infected by S. aureus expressing
SpA is increased, we wanted to investigate the effect of this on their ability to
differentiate. During early bone formation, calcification is reliant on the
enzyme, alkaline phosphatase (ALP). Its activity is increased during early
stage differentiation in osteoblasts, with a decrease in its expression in late
stage osteogenesis. Successful early stage osteogenesis is measured by the
robustness of ALP production and is commonly used as a biomarker in TE. It
found in both the membrane and cytosolic vesicles of osteoblasts(198).
Overall, results show that osteoblast intracellular ALP activity is significantly
decreased across all groups in the presence of S. aureus over 21 days
(Figure 4.3A). As this is the measure of ALP per scaffold, we normalised it to
the DNA present (Figure 4.3B). These results show a peak in intracellular
ALP activity across all the groups cultured in the presence of S. aureus at
days 7, 14 and 21, with no significant difference between the osteoblasts
cultured in the presence and absence of S. aureus. These results suggest
that in the presence of S. aureus, the remaining cells cultured in a 3D
environment are capable of triggering new bone formation.
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Figure 4.3: Osteoblast intracellular alkaline phosphatase activity in the
presence and absence of Staphylococcus aureus expressing SpA.
Osteoblasts in the presence of S. aureus have a significant drop in
intracellular alkaline phosphatase activity across 7, 14 and 21 days
compared to osteoblasts alone in a 3D matrix (A). When normalised to DNA
content (B), intracellular alkaline phosphatase activity peaks at day 14 across
cells cultured with S. aureus Newman (
 1HZPDQ ǻ6S$
), and
Newman SpA pCu1 (SpA+) (
) resulting in no significant difference to the
osteoblasts alone (
) (N= 5-15) *P < 0.005.
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4.3.4 Osteoblasts cultured with Staphylococcus aureus result in
increased extracellular alkaline phosphatase activity
Intracellular ALP activity was reduced in osteoblasts cultured in the presence
of S. aureus; with a peak in activity after 14 days. However, it has been well
documented in the literature that when osteoblasts are apoptotic or necrotic,
ALP is burst released from the cells into the ECM in a controlled or noncontrolled fashion, depending on the mechanism of death(198). Therefore,
as our cells are not proliferating, it may be due to cell death, either apoptosis
and/ or necrosis, as a result of the presence of S. aureus. To test for this, we
measured the extracellular ALP activity in the media over 0, 7, 14 and 21 in
the presence and absence of S. aureus.
Results demonstrate that there is no difference in osteoblast extracellular
ALP activity when cultured with the wildtype S. aureus strain, S. aureus
¨SpA or S. aureus Newman SpA pCu1 (SpA+) compared to osteoblasts only
(Figure 4.4A). When we normalised the extracellular alkaline phosphatase
activity to the DNA present (Figure 4.4B), osteoblasts cultured with wildtype
S. aureus had significantly increased extracellular ALP activity at day 14
compared to the osteoblasts only. Osteoblasts in the presence of S. aureus
strain defective in SpA expression failed to significantly affect osteoblast
extracellular

ALP

activity

compared

to

the

uninfected

osteoblasts.

Osteoblasts incubated with S. aureus over expressing SpA had very
significantly increased extracellular ALP activity after 14 days, comparable to
those cells cultured with wildtype S. aureus. Collectively, these results
suggest that in the presence of S. aureus, osteoblasts are releasing ALP into
the ECM and this is driven by SpA binding to the osteoblasts.
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(A)

(B)

Figure 4.4: Assessment of extracellular alkaline phosphatase activity in the
presence and absence of Staphylococcus aureus. Scaffolds were seeded
with 5 x 105 MC3T3-E1 for 7days then co cultured with 1 x 10 8 S. aureus for
a further 0, 7, 14 and 21 days. An aliquot of culture media was removed from
the well and incubated with PnPP. (A). When normalised to DNA content (B),
extracellular alkaline phosphatase activity is significantly increased at day 14
across cells cultured with S. aureus Newman (
) and Newman SpA pCu1
+
(SpA ) (
) compared to the osteoblast control (
). Osteoblasts
extracellular alkaline phosphatase activity is unaffected in the presence of S.
aureus lacking SpA (
) *P < 0.05, **P < 0.0001
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4.3.5 Osteoblasts infected by Staphylococcus aureus in a 3D
environment are producing more mineral than uninfected osteoblasts
Alkaline phosphatase is involved in calcification; therefore with the significant
increase in metabolic activity and extracellular alkaline phosphatase activity
in osteoblasts in the presence of S. aureus expressing SpA, we next
investigated whether this affected osteoblast mineralisation in our 3D model.
Our results demonstrate that the level of calcium deposition is similar in the
osteoblasts only and osteoblasts cultured in the presence of S. aureus over
21 days. Osteoblasts incubated with the strain deficient in SpA produced
significantly less mineral than the osteoblasts alone. In contrast to this,
osteoblasts in the presence of S. aureus over expressing SpA had
significantly increased the calcium deposition (Figure 4.5A). Consistent with
previous results, these results demonstrate calcium deposition per scaffold.
However as we have demonstrated in our previous results, there is a drop in
osteoblast proliferation when cultured in the presence of S. aureus (Figure
4.1C). Therefore to capture the mineral deposition of those cells remaining
on the scaffold, we normalised the data to DNA present. We found that
osteoblasts cultured with wildtype S. aureus were depositing more calcium in
comparison to the osteoblasts only at day 14 and 21. Consistent with this
finding, we also demonstrated that the cells incubated with S. aureus
Newman SpA pCu1 (SpA+) also induced a significant increase in calcium
deposition at day 14. Osteoblasts cultured with S. aureus ǻ6S$
demonstrated a reduction in calcium deposition however this was not
significant at either day 7, 14 or 21 when compared to the osteoblast alone
(Figure 4.5B).

These results suggest that the remaining osteoblasts are

possibly overcompensating for the loss of cell proliferation by increasing
mineral deposition in an attempt to strengthen the developing bone.
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(A)

(B)

Figure 4.5: Assessment of osteoblast mineralisation in the presence and
absence of Staphylococcus aureus. Scaffolds were seeded with 5 x 105
MC3T3-E1 for 7days then co cultured with 1 x 10 8 S. aureus for a further 0,
7, 14 and 21 days. At each time point, an aliquot of supernatant was
removed from the well, incubated overnight at 4°C in HCL, and the
absorbance was then measured. Notably, Newman SpA pCu1 (SpA+) and
1HZPDQ ǻ6S$ LQIHFWHG FHOOV SURGXFH VLJQL
respectively (A). When normalised to DNA content (B), osteoblasts infected
with S. aureus Newman (
) have increased mineral production, with cells
infected with Newman SpA pCu1 (SpA+) (
) producing significantly more
mineral that the uninfected osteoblasts (
). Osteoblasts infected by S.
aureus lacking SpA (
) are producing similar amounts of calcium to that of
the uninfected cells *P < 0.05, **P < 0.0001 (N=3-7).

111

4.4 Discussion

In chapter 3, we characterised a collagen glycosaminoglycan biomaterial
cross-linked with EDAC and co-cultured osteoblasts and S. aureus that
resisted degradation and prevented damage to the porous architecture of the
scaffold. Both osteoblasts and S. aureus successfully migrated into the
centre of the scaffold. Binding resulted in the loss of ability of the osteoblasts
to proliferate over a 21 day period however most interestingly; these
osteoblasts were more metabolically active than the uninfected osteoblasts.
This increase in metabolic activity in the infected osteoblasts does not
appear to be due to osteogenesis but rather a significant increase in calcium
deposition and mineralisation on the scaffold. In order to elucidate the
molecular mechanism that triggers the signals that result in these effects we
used a strain of S. aureus deficient in expression of SpA, the major cell wall
protein that has previously been shown to bind to osteoblast TNFR1(99-101).
Critically none of these effects was seen in a mutant of S. aureus lacking
SpA. Complementing the SpA-defective mutant with a plasmid expressing
spa resulted in attachment to osteoblasts, loss of proliferation, increased
metabolic rates and increased mineralisation similar to wildtype effects,
suggesting SpA plays a key role in the colonisation and infection of
osteoblasts in a 3D model. However most strikingly our results demonstrate
a potential compensatory mechanism through which osteoblasts attempt to
strengthen the bone by hyper-mineralisation as bone mass is diminished
during infection.
Significant advances have been made recently identifying the underlying
pathophysiology of osteomyelitis. Current evidence suggests invading
bacteria use a number of cell wall proteins to interact with host receptors on
osteoblasts which lead to the generation of multiple dysregulated signals that
result in bone loss and bone destruction(72, 199). For example, S. aureus
fibronectin binding proteins bind fibronectin and bridges the bacteria to the

osteoblast via tKHILEURQHFWLQELQGLQJLQWHJULQĮ
(200). Integrin clustering
results in a series of cell signalling that ultimately leads to internalisation into
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phagocytic vesicles in the osteoblast. Once internalized, bacteria can escape
the phagosome and cause osteonecrosis, causing severe weakening of the
bone (184, 185). S. aureus SpA can also bind directly to tumour necrosis
factor receptor 1 (TNFR1) expressed on osteoblasts which triggers an acute
inflammatory response and apoptosis which results in bone loss. At the
same time there is an upregulation of RANKL, a key induction molecule
involved in osteoclast activation and bone resorption which leads to bone
destruction (103, 104). Despite the significant bone loss and bone
destruction, osteomyelitis patients have remarkably strong bones. In patient
cases of chronic osteomyelitis, bone thickening and new bone formation
reported and is mostly related to the cortical bone and periosteal lining
whereby as a result of chronic infection, new bone is generated to create the
involucrum which provides support to the affected bone (201). Our results
demonstrate a significant increase in metabolic rate in the infected
osteoblasts. Typically a high cellular metabolic rate indicates the increased
need for energy to carry out a specific cellular function often cell growth and
or cell division (202). Consistent with previous observations, we demonstrate
a loss in ability of osteoblast growth or proliferation following infection,
suggesting another process is being switched on, one that requires
significant energy.
Mineralisation requires significant energy as it aims to deposit calcium in the
bone in order to provide additional strength and rigidity in the skeletal
system. Using our 3D model we demonstrate a significant increase in
mineralisation in the infected osteoblasts compared to the uninfected
osteoblasts. It appears that although there is significant bone loss and bone
destruction during infection, osteoblasts attempt to overcome this weakness
by increasing the deposition of calcium in an attempt to provide strength to
the weakening bone. This finding is novel however is only seen in a 3D
environment. Previously we demonstrated that in 2D cell culture conditions
mineralisation was significantly reduced in S. aureus infected osteoblasts,
which highlights the limitations of using 2D cell culture based models to study
bone infection (99-101). The process of increasing bone strength by
increasing calcification and mineralisation also occurs in osteoporosis.
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Osteoporosis is the weakening of the bone due to low bone mass and
microarchitectural deterioration of bone tissue with the ultimate result of
weakness

in

the

bone.

Standard

pharmacological

intervention

for

osteoporosis patients is calcium supplementation in order to provide
increased mineralisation, strength and rigidity in a bone where mass is
significantly reduced (203, 204). The critical difference between osteoporosis
and osteomyelitis is that it appears in infected bone, osteoblasts are capable
of over-compensating the bone loss by laying down more mineral in order to
strengthen the bone, a role driven by SpA binding to the osteoblast.
Significant advances in the field of microbiology and tissue engineering have
led to a better understanding of how cells interact and function in a 3D
environment. Our own work builds on our understanding of how S. aureus
influences osteoblast function when infected using a 3D model. The
significance of the current work lies in the discovery of how infected bone
cells are capable of compensating for the loss of cell mass and bone
destruction by increasing calcium deposition and mineralisation in an attempt
to keep the skeletal system strong and rigid. It also reinforces that finding
that S. aureus SpA is a critical mediator of the bone loss and bone
destruction and is a potential novel drug target for the treatment of this
debilitating disease.
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5. Evaluation of the 3D collagen model on the efficacy of Gentamicin
and Vancomycin against Staphylococcus aureus
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5.1 Introduction
Antimicrobial susceptibility testing (AST) is a common procedure carried out
in a laboratory that indicates whether a particular microbe is susceptible to
an antimicrobial. AST can be used in epidemiology, drug discovery and
prediction of a therapeutic outcome. There are a variety of methods to
determine the susceptibility of a microorganism including the dilution
methods, disk diffusion methods, the E-test, automated testing systems,
mechanism specific colorimetric assays and genotypic tests (205, 206).
Dilution methods are used to determine the minimum inhibitory concentration
(MIC) of an antibiotic against a microorganism, whereby a microorganism is
subjected to a concentration range of an antimicrobial in a broth
environment. The point at which the broth has no growth of the
microorganism and is clear is known as the MIC (206). The MIC broth
dilution assays are the reference methods for AST, against which other
methods are standardised therefore making it the most reliable method for
susceptibility testing. MIC and minimum bactericidal (MBC) (the point at
which the bacteria are killed) concentration testing are used in clinical
laboratories globally and are important for determining the concentration and
use of an antimicrobial (207). Traditionally, to determine an MIC and MBC,
the use of materials and nutrients non-native to the host environment is
common. This is due to the cost effective, quick and accessible results.
There are 2 main functioning bodies that regulate the AST platform,
European Committee of Antimicrobial Susceptibility Testing (EUCAST) and
Clinical and Laboratory Standards Institute (CLSI) for the US. These
committees are dedicated to continuously updating consensus standards
and guidelines within the healthcare community in an effort to harmonise and
update antimicrobial susceptibility tests globally. These guidelines apply to in
vitro testing (208). However like all drug discoveries, testing of antimicrobials

in vivo post in vitro DQDO\VLV LV WKH QH[W VWHS WR JD
approval for use in humans. It has been documented however since the early

¶V WKDW WKHUH LV D GLVWLQFW GLVF
concentrations in vitro and concentration in vivo (209). This discontinuation
lies in the fact that there is difficulty in correlating in vitro susceptibility testing
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with in vivo clinical effectiveness. This has been attributed to various factors
such as the host environment and the behaviour of pathogens in vivo.
Additionally, in some cases infections may be polymicrobial in nature and
therefore the antimicrobial does not provide an acceptable level of cure
(210). Notably, there have been advancements in methods to improve AST
in the laboratory, however due to the complex in vivo environment this still
remains suboptimal. Thus with these limitations in mind, there have been
questions regarding the clinical predictive value of in vitro susceptible testing.
In an effort to improve the clinical predictive outcome for a range of
therapeutics, there has been increased interest surrounding the use of 3D
models to mimic the in vivo environment (211, 212). For example, there have
been several studies evaluating the effectiveness of anti-cancer therapeutics
in 3D systems, which have documented a difference in efficacy from
previous 2D results (134). It is well known that bacteria will behave differently
when cultured in different environments. However there are no studies
available on the effectiveness of antibiotics against bacteria when cultured in
a 3D matrix, such as bone. Likewise, there is no research surrounding the
response of cells to these antibiotic concentrations required to eradicate an
infection in a 3D environment. Therefore based on this, we investigated the
use of the 3D model as a potential AST technique to determine whether it
might provide an alternative to overcome the lack of translation between in
vitro testing and in vivo clinical effectiveness.
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5.2 Objective and specific aims
In chapter 3, we defined the parameters to develop a scaffold that resisted
degradation when cultured with Staphylococcus aureus Newman and
osteoblasts. Using this model, in this chapter we wanted to compare the
efficacy of vancomycin and gentamicin against S. aureus when cultured in
traditional 2D culture methods and using our optimised 3D model.
Vancomycin and gentamicin are antibiotics commonly used in the treatment
of staphylococcal bone infection and were therefore chosen for this study.
The specific aims were as follows;
x In order to initially determine the efficacy of the antibiotics, we aimed
to determine the MIC of S. aureus Newman cultured in traditional 2D
wells using a range of vancomycin and gentamicin standards.
x MIC presents inhibition of S. aureus growth with S. aureus recovery
possible post treatment with antibiotics. We aimed to investigate the
minimum bactericidal concentration (MBC) by determining the colony
forming units (CFU) post treatment with vancomycin and gentamicin in
2D.
x High doses of antibiotics can affect cellular behaviour, therefore we
aimed to assess osteoblast metabolic activity using Alamar Blue in the
presence of the MBC of vancomycin and gentamicin
x Using the bacterial concentration optimised in chapter 3, we will seed
S. aureus onto the CG scaffold and incubate overnight in gentamicin
and vancomycin. Post incubation, we aim to determine S. aureus MIC
and MBC using the supernatant in the well.
x We aim to analyse osteoblast cell viability on the CG scaffold post
treatment by vancomycin and gentamicin at the corresponding MBC
of the antibiotic.
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5.3 Results
5.3.1

Staphylococcus

aureus

Newman

is

susceptible

to

both

vancomycin and gentamicin when cultured in 2D conditions
Gentamicin is an aminoglycoside that targets protein synthesis in bacteria,
causing irreversible damage to the bacteria (213). According to the

breDNSRLQWVVHWRXWE\(8&$67WKHEUHDNS
with growth in concentrations higher than this considered resistant.
Vancomycin is a glycopeptide and has a different mechanism of action to
gentamicin as it targets cell wall synthesis (214). The breakpoint for

YDQFRP\FLQ DFFRUGLQJ WR (8&$67 LV ȝJ
presence of this antibiotic above this concentration considered resistant.
A 1 in 100 dilution of OD0.5 at 600nm S. aureus was cultured in a range of
gentamicin or vancomycin, outlined in section 2.2.5. The MIC was declared
at the point at which there was no growth in the media and thus was clear as

WKHQHJDWLYHFRQWURO2XUUHVXOWVGHPRQVW
S.
aureus when cultured in gentamicin. In vancomycin, S. aureus had a mean
0,&RIȝJP/
5.1). These )LJXUH
results are considerably higher than the
breakpoints outlined by the EUCAST demonstrating the variability found
within this method. Notably, gentamicin has a lower MIC towards S. aureus
Newman overall than vancomycin.
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Figure 5.1: Minimum inhibitory concentration (MIC) of Staphylococcus
aureus cultured in antibiotics in 2D standard 96 well plates. In blue, an OD1
S. aureus was cultured in gentamicin and demonstrated a mean MIC of 2.3
ȝJP/ZLWKDPD[
DQGPLQRIȝJP/DQGȝJP/
S.
aureus ZDVFXOWXUHGLQYDQFRP\FLQDQGGHPRQV
P/ZLWKDPD[PLQRIDQGȝJP/UH
(N=6), P=NS
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5.3.2 The bactericidal effects of Gentamicin and Vancomycin against
Staphylococcus aureus when cultured in 2D
Gentamicin is a bacteriostatic aminoglycoside, meaning that it will stunt
bacterial growth and proliferation but it will not kill the bacteria. Usually this
antibiotic is effective when the immune system is available to eradicate the
infection whilst stunted. It is possible however for the bacteria to recover in
the absence of both the antibiotic and the immune system. Vancomycin is a
bactericidal glycopeptide, meaning that treatment with this antibiotic will
result in bacterial death. However, culture in sub inhibitory concentrations of
this antibiotic can allow the bacteria to recover and proliferate normally (215,
216). Therefore in order to ensure complete eradication of the bacteria, it is
imperative to evaluate the MBC of the antibiotic against the bacteria.
S. aureus was cultured as per the MIC protocol. Once the MIC appearance
was noted, each well was cultured on solid agar and the CFU was
enumerated after 24 hours. Results show that the MBC for gentamicin was 6

ȝJ P/ 5.$
)LJXUH
 DQG IRU YDQFRP\FLQ
5.2B).
ZDV  ȝ
Interestingly, compared to the MIC, the MBC was higher meaning that even

thoXJKWKHDQWLELRWLFVZHUHLQKLELWLQJJUR
ȝJP/YDQFRP\FLQDVVHHQLQILJXUH
S. aureus was able to recover and
grow at these concentrations on solid agar. Notably, S. aureus MBC was
nearly 3 fold higher compared to MIC when cultured in both gentamicin and
vancomycin demonstrating the importance of evaluating the bactericidal
concentrations also.
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(A)

(B)

Figure 5.2: Minimum bactericidal concentration (MBC) of Staphylococcus
aureus after treatment with gentamicin and vancomycin in 2D standard 96
well plates. S. aureus was treated with gentamicin (A) and vancomycin (B),
incubated for 24 hr, plated onto agar then the CFU determined. The MBC for
JHQWDPLFLQLVȝJP/DQGIRUYDQFRP\FLQ
ȝJP/ 1 
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5.3.3 Osteoblast metabolic activity is unaffected when treated with MBC
concentrations of gentamicin and vancomycin
When testing the efficacy of a compound, it is also imperative to the success
of the drug that it is safe for human use. Cell metabolic activity is a measure
of cytotoxicity and is commonly used to test the cytotoxic effects of
compounds. Alamar blue measures the mitochondrial activity of the treated
cells to determine their metabolic function. As the mitochondria are the
energy generating component of the cell, it will be significantly affected in the
presence of drugs. Therefore any negative side effects due to the treatment
will result in the dysregulated functioning of the mitochondria, which may
manifest as increased or decreased metabolic activity of the entire cell.

Osteoblasts were cultured iQȝJP/JHQWDPLFLQDQGȝ
for 24 hr. Alamar blue was added to the well and fluorescent activity was
measured. Our results demonstrate that compared to the untreated
osteoblasts there is no significant decrease or increase in the metabolic
activity of cells when treated with the MBC of both antibiotics (Figure 5.3). In
a clinical setting this is the desired outcome as the infection is being
completely eradicated whilst failing to have any significant effect on the
osteoblasts.
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Figure 5.3: Metabolic activity of osteoblasts cultured in antibiotics in 2D
standard 96 well plates. Osteoblasts were cultured for 24 hr until adhered,
then incubated for a further 24 hr in the presence of gentamicin or
YDQFRP\FLQ$WȝJP/JHQWDPLFLQDQG
L vancomycin, osteoblasts
metabolic activity is not affected, therefore at these antibiotic concentrations
there are no cytotoxic affects. (N=3), P=NS.
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5.3.4 Staphylococcus aureus MIC in 3D scaffold culture is similar to
MIC when cultured in traditional 2D culture
Bacteria can alter their behaviour depending on their environment. This can
be seen in nature and in vitro whereby strains can change their phenotype.
This phenotypic switch can result in 2 main outcomes; the generation of
biofilms and the conversion to SCVs. Biofilms are found in bone as part of
the sequestrum. Parent strains of some bacteria can genetically alter their
phenotype to become SCVs to aid invasion of non- phagocytic cells and
persist for extended periods of time. SCVs are known to cause recurrent
infection in bone, making it difficult for antibiotics to target.
As the CG scaffold is a 3D host defined matrix, we next investigated whether
culturing bacteria in this 3D biomimetic matrix would alter bacterial behaviour
and thus the efficacy of the antibiotics. Our results show the MIC of S.
aureus when treated with gentamicin ( ȝJ
) and when
P/treated with
vancomycin ( ȝJ
) (Figure
P/ 5.4A). When compared to 2D, there is no
significant difference in S. aureus MIC when treated with gentamicin (Figure
5.4%

+RZHYHUWKHUHLVDQLQFUHDVHRIȝ
S. aureus MIC when

treated with vancomycin in a 3D environment (Figure 5.4C).
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(A)

(C)

(B)

Figure 5.4: Minimum inhibitory concentration (MIC) of Staphylococcus
aureus cultured in antibiotics in 3D CG scaffolds. OD1 S. aureus was added
to CG scaffolds and incubated in antibiotic for 24 hours. Results show a
PHDQ 0,& RI  ȝJ P/ ZLWK D PD[ DQG
respectively for cells treated with gentamicin (blue). In red, the vancomycin
treated S. aureus GHPRQVWUDWHGDPHDQ0,&RIȝJ
 DQG  ȝJ P/ UHVSHFWLYHO\ $  &RPSD
difference in MIC when treated with gentamicin (B) or vancomycin (C). (N=3)
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5.3.5 Staphylococcus aureus MBC demonstrates a dose dependent
response in 2D compared to 3D
In figure 5.1, we demonstrated that there is no significant difference in S.
aureus MIC when cultured in the presence of gentamicin and vancomycin.
Notably, the MIC of S. aureus treated with vancomycin in our collagen
scaffolds is higher compared to S. aureus cultured in traditional In vitro
culture. Therefore we wanted to assess whether the 3D environment affected
the bactericidal efficacy of gentamicin and vancomycin against S. aureus.
After 24 hr, the CFU was enumerated and results show that S. aureus MBC

IRU JHQWDPLFLQ ZDV ȝJ P/ DQG IRU YDQFR
compared to 2D, S. aureus MBC for gentamicin is higher in 3D than in 2D by
ȝJ P/ 7KLV
t theVXJJHVWV
bacteria are less susceptible
WKD
to antibiotic
arsenal when cultured in 2D culture plates. The S. aureus MBC for
vancomycin is the same when cultured in both 2D and 3D. However, across
both gentamicin and vancomycin treated S. aureus there is a stepwise
reduction in S. aureus CFU when cultured in 2D. i.e. As the dose of antibiotic
increases, S. aureus CFU decreases linearly demonstrating an inverse
correlation between S. aureus and the antibiotic concentration. In the
scaffold, however, there is a sudden drop in CFU when treated with both
gentamicin and vancomycin, suggesting a susceptibility of S. aureus to these
antibiotics when cultured in a 3D collagen environment.
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(A)

(C)

(B)

Figure 5.5: Minimum bactericidal concentration (MBC) of Staphylococcus
aureus after treatment with gentamicin and vancomycin in 3D CG scaffolds.
S. aureus was added to CG scaffolds, treated with gentamicin (blue) and
vancomycin (red) using concentrations listed in table 2.1, incubated for 24 hr,
plated onto agar then the was CFU determined. The MBC for gentamicin is 4
ȝJP/DQGIRUYDQFRP\FLQWKH0%&LV
2D, there is a dose dependent response of S. aureus CFU when treated with
both gentamicin (B) and vancomycin (C) when cultured in 2D compared to
3D. (N=6)
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5.3.6 Osteoblasts demonstrate increased metabolic activity when
treated with MBC concentrations of gentamicin and vancomycin
Previously we demonstrated that the metabolic activity of osteoblasts when
treated with the MBC determined to eradicate S. aureus infection in 2D had
no increased or decreased metabolic activity (Figure 5.3). However, much
like bacteria, cells when cultured in a 3D environment exhibit an altered
morphology and thus behave differently. Therefore we wanted to assess the
effect of S. aureus MBC for gentamicin and vancomycin on osteoblastic
metabolic activity when cultured in a 3D environment.
Cells were seeded on the scaffold as described in section 2.4. After 7 days,

VFDIIROGV ZHUH WUHDWHG ZLWK
g/ mL ȝJ
vancomycin
P/ JHQW
for 24 hr. After 24 hr, Alamar blue was added to the well and then the
fluorescence was measured. Results show that osteoblasts treated with
gentamicin had a significantly increased metabolic activity compared to the
untreated osteoblasts (Figure 5.6). Likewise, cells treated with vancomycin
had a very significant increase in metabolic activity compared to the
untreated cells. Taken together, these results suggest that even though the
antibiotics are not cytotoxic to the cells at these concentrations, they are still
affecting the cells metabolic activity when cultured in a 3D matrix.
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Figure 5.6: Metabolic activity of osteoblasts cultured in antibiotics in CG
scaffolds. Osteoblasts were cultured for 7 days until infiltrated into the
scaffold, and then incubated for a further 24 hr in the presence of gentamicin
RU YDQFRP\FLQ $W  ȝJ P/ JHQWDPLFLQ
osteoblasts metabolic activity is significantly affected, whereby in the
presence of both antibiotics, cells are more metabolically active that that of
WKH XQWUHDWHG RVWHREODVWV &HOOV LQFXED
demonstrate a two fold increase in metabolic activity, whilst cells treated with
ȝJP/YDQFRP\FLQGHPRQVWUDWHDI
ivity.
* P < 0.05, ** P< 0.005 (N=3)
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5.4 Discussion
Current antimicrobial susceptibility testing (AST) is conducted globally in a
laboratory setting using traditional 2D In vitro techniques (208). These
methods are the backbone of generating guidelines used by clinicians in a
clinical setting to administer and treat infections. It has been documented
however that there is a lack of correlation between antibiotic concentrations
generated in the laboratory and the clinical effectiveness(210). Currently
there is a drive towards developing 3D model systems to study diseases and
also to test drug efficacy against disease when host cells are cultured in 3D
organotypic culture. Notably however there are no studies investigating the
effectiveness of antibiotics on bacteria and cells when cultured in 3D.
Therefore the aim of this chapter was to evaluate the commonly prescribed
antibiotics for bone infection, gentamicin and vancomycin, on S. aureus and
osteoblasts in both 2D and 3D In vitro systems. When cultured in 3D, S.
aureus MBC towards vancomycin was higher than that of S. aureus cultured
in 2D however this was not reflected in S. aureus treated with gentamicin.
Interestingly, osteoblasts that were cultured at the MBC of both gentamicin
and vancomycin had increased metabolic activity in our collagen scaffold
which was not seen in 2D. Taken together these results suggest that with the
differences between 2D and 3D, our model has applicability for testing
antibiotics on cells and bacteria.
S. aureus cell death has an inverse relationship to the concentration of
gentamicin and vancomycin, whereby the increase in antibiotic has a dose
dependent decrease in S. aureus CFU when cultured in 2D settings. This
stepwise reduction of S. aureus CFU however is not seen when cultured in
our collagen scaffold. There are a couple of reasons why this may have
occurred. When cultured in culture plates, S. aureus generated a biofilm
(217). Bacteria are well known to change their phenotype based on the
environment they are cultured in. In the case of biofilm, usually bacteria
produce biofilm in response to a physical stress such as shear stress from a
fluid or a nutrient depleted environment. When encased in biofilm, the
bacteria are protected from various threats such as host immune defence
and antibiotics. This is due to the inability of the host systems or the antibiotic
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to penetrate the thick extracellular matrix layer. In the case of antibiotics, the
bacteria also change their phenotype so that their metabolic activity becomes
slower and nearly to complete halt. So if the antibiotic manages to penetrate
through the biofilm matrix, it may be useless as antibiotics are usually
targeting a key metabolic related functioning of the cell, such as cell wall
V\QWKHVLVLQWKHFDVHRIȕ
-lactams (113, 117, 218). Current traditional biofilm
assays are conducted in 96 well plates, with a measure of biofilm formation
determined after 24 hours. Naturally, when conducting MIC assays, biofilms
can also occur. This would make the bacteria somewhat resistance to
antibiotics, facilitating the growth of the bacteria at higher concentrations to
the antibiotics compared to planktonic bacteria (219). Both antibiotics have
been known to penetrate staphylococcal biofilms, although poorly (220, 221).
Notably, the media in which the bacteria are cultured in will greatly affect the
biofilm forming capacity of S. aureus with nutrient rich media, such as that
used in these experiments and routinely used in labs, demonstrating a
decreased efficacy of the antibiotic towards biofilm formation and
penetration. This is not only seen in bacteria but also in fungi (222, 223). The
second reason may be linked to the strain of S. aureus Newman. S. aureus
Newman does not have the MSCRAMM Cna; therefore it cannot directly bind
to collagen (224). This would make the adherence to the scaffold weaker.
The presence of glycosaminoglycan (GAG) in the scaffold would facilitate the
binding of S. aureus. GAGs known to bind S. aureus include keratin
sulphate, hyaluronic acid and chondroitin sulphate, which is used in this
study (225). The percentage of GAG however is quite low, with only 0.044%
of the scaffold GAG, providing a low binding availability for S. aureus. This
lack of adherence might therefore inhibit the ability of S. aureus to generate a
biofilm, therefore leaving the bacteria in a planktonic like state within the
scaffold. When in planktonic state, the antibiotics would be more effective
towards S. aureus, therefore demonstrating that rapid decrease in S. aureus
CFU when treated in 3D (226).
An interesting observation was the increase in S. aureus MIC when treated
with vancomycin in the 3D scaffold. Although this was not statistically
VLJQLILFDQW D GLIIHUHQFH LQ ȝJ P/
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susceptibility profile of a species. This in turn would affect that treatment
strategy of that infection, and therefore the overall outcome for the patient.
This increase however is only seen in vancomycin but not gentamycin, with
gentamicin demonstrating nearly identical results between 2D and 3D S.
aureus MIC. It is known however that gentamicin is a good penetrator of
bone, which is why it is commonly used in PMMA beads for local delivery
into affected areas (227). This is reflected in our results with gentamicin
effectively

inhibiting

the

infection

when

cultured

in

both

a

bone

microenvironment and in a 2D in vitro plate. On the other hand, vancomycin
is a poor penetrator of bone, with its administration predominantly delivered
systemically (48). This poor penetration is seen in our 3D model, with S.
aureus more susceptible to vancomycin when cultured in 2D culture plates.
Taken together these results highlight the usefulness of using the collagen
scaffold to access the efficacy and effectiveness of an antibiotic with bone
indications in mind.
In the case of gentamicin, it has been known to not only drive S. aureus
resistance but it has also been implicated in driving persistent and recurrent
infection in bone and joint infections (228). This is documented through the
re-emergence of the parental infection months and even years after the
infection has been treated and presumed resolved. This recurrent infection
has been attributed to the presence of SCVs (85). SCVs have been known
for many years however their contribution to reoccurring infection has only
been appreciated recently. Staphylococci and Pseudomonas species in
particular have been known to generate this phenotype, due to the host and
antibiotic selective pressure they encounter (84, 229). When conducting the

0%&LQWKLVFKDSWHUDWȝJP/RIJHQWD
(data not shown). This S. aureus phenotype was seen in both 2D and 3D
cultures of S. aureus, with no presence of this phenotype in S. aureus
cultured with vancomycin. Studies have shown however the evolution of S.
aureus into SCV in the presence of sub-inhibitory concentrations of
vancomycin (230). Notably however the presence of SCVs would need to be
confirmed using further analysis.
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Osteoblasts in the presence of gentamicin and vancomycin have showed
increased metabolic activity when cultured in our collagen scaffold.
Interestingly certain antibiotics have been documented to have an effect on
osteogenesis in vivo and in vitro (1). Previous studies have investigated the
potential cytotoxic effects of gentamicin; however the concentrations used
were significantly higher than the concentrations determined in this study.
Chang et al., investigated the effects of gentamicin in MSCs with doses

UDJLQJIURPDPLQLPXPRIȝJP/WR
(231). This group showed
that although there were no cytotoxic affects at these concentrations, there
was an inhibition of proliferation and decrease in alkaline phosphatase
activity. Overall they concluded that this may affect the bone repair process
(231). In this chapter, it was shown that substantially lower levels of

gentamicin, <ȝJP/ZDVUHTXLUHGWRHUDGLFDWH
3D settings. Additionally, vancomycin has previously been shown not affect

FHOOXODUIXQFWLRQZKHQXVHGDWUDQJHVEH
(1), with a maximum

RI ȝJ P/ XVHG LQ WKLV VWXG\ +RZHYHU
metabolic activity of osteoblasts treated with gentamicin and vancomycin
were significantly increased compared to the untreated cells. This suggests
that the cells are reacting to the low levels of the antibiotics in the media.
Previous research has shown overall that there has been a decrease in
cellular viability when cultured in the presence of high concentrations of
gentamicin and vancomycin, however these studies were conducted in
traditional 2D In vitro culture methods using materials not found in the body
(1). In our collagen model, the cells are binding to the matrix as they would
do in vivo. In this setting, they have multiple focal adhesion points, which
provide another dimension for integrin ligation, cell contraction and the
associated intracellular signalling. Intracellular signalling is one of the main
points as it will be different compared to cells cultured in 2D that have forced
apical basal polarity (132). Therefore, in our model, when the cells are
cultured in the presence of gentamicin and vancomycin, the response to the
drug is different to when they are cultured in 2D plates.
Overall in this chapter, we have demonstrated the usefulness of using a 3D
model to investigate the efficacy and effectiveness of antibiotics for AST.
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When treating bone infection, we have shown that it is important to assess
the penetrating ability of the antibiotic in question as it will affect the MIC
outcome. This in turn might inform the international guidelines used by
EUCAST and CLSI that clinicians use when administering antibiotics to treat
infection. Furthermore, this model can be used to investigate efficacy against
a variety of bacterial species, depending on the location and type of infection.
Additionally, in this chapter we have shown that when osteoblasts are
cultured in our 3D model in the presence of antibiotics, their metabolic
behaviour is increased compared to cells cultured in 2D traditional in vitro
settings.

This

difference

in

cell

behaviour

will

affect

the

overall

pathophysiology of the infection, further contributing to the knowledge
surrounding the treatment of the infection.
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6. General discussion
Osteomyelitis is an inflammatory bone disease caused by an infecting
microorganism leading to progressive bone loss and bone destruction. In
osteomyelitis, infection is established when a microorganism gains entry to
the sterile bone, accompanied by oedema in the bone marrow and/or
surrounding soft tissue. This subsequently leads to restricted vascularisation
of the infected area and small vessel thrombosis. Due to the inflammation
and reduced vascularisation of the area, the infected section of bone forms
an agglomerate of necrotic bone cells, also known as sequestrum, a
phenomenon

considered

the

hallmark

sign

of

osteomyelitis(4,

5).

Staphylococcus aureus is the most common offender of osteomyelitis, as it is
isolated from 80% of osteomyelitis cases (14). Treatment of osteomyelitis is

XVXDOO\ FDVH GHSHQGHQW 6LQFH :DOGYRJHO
Journal of Medicine in 1970 (43) a treatment duration of at least four weeks
systemic antibiotic treatments has been commonly advocated. However
delivery of antibiotics systemically may not penetrate the bone effectively and
may result in delivering suboptimal levels of antibiotics to the area (28). In an
effort to facilitate the off- loading of antibiotics directly into the infected area
as opposed to systemically, various treatment strategies have been
developed. Such methods include the insertion of bone cement loaded with
antibiotics into the infected area to facilitate direct off -loading of the
antibiotics into the infected bone(232). In addition to antibiotic treatment,
surgical management of osteomyelitis is often required. Bone debridement
addresses three issues; decreasing the bacterial load, removal of the
necrotic tissue and providing an opportunity for the host and antibiotics to
arrest the infection (36). This however can leave the patient physically
impaired.
Currently, the majority of biological processes understood today are
conducted in two dimensional (2D) settings using traditional tissue culture
techniques. However these techniques assimilate an environment that does
not represent in vivo conditions as it lacks the 3D tissue architecture and cell
±cell interactions present in vivo (121). Using in vivo animal models reveals
primarily the pathophysiology associated with bone infection (126). Unlike
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2D, studies in vivo look at the overall pathophysiology of the disease and the
overall health of the bone and animal. However, using in vivo models are not
suitable for understanding the mechanism of interaction between the
microorganism and the bone cells/ matrix. Based on this, there is an interest
surrounding the development of 3D model systems of disease to be more
physiologically relevant. The focus of biomaterial research in our lab is the
use of collagen ±based scaffolds. Collagen is a major constituent of ECM
and is the main component of bone making it an ideal biomaterial to develop
a 3D model of the bone microenvironment (160).
Current assays to test antimicrobials are conducted in traditional 2D in vitro
culture settings(205). These assays form the backbone of the guidelines
used by clinicians to treat infections globally (208). However there have been
questions surrounding the robustness of the current AST assays due to the
lack of effectiveness when translated into patients (210). Therefore using the
model developed in chapter 3, we wanted to investigate the efficacy of two
antibiotics commonly used to treat bone infection, gentamicin and
vancomycin, against S. aureus using our scaffold as a tool and compare it to
2D. Overall we showed that, when cultured in 3D, both cells and bacteria
behave differently than when in 2D in the presence of antibiotics that are
commonly used to treat bone infection. In particular, the S. aureus MIC for
vancomycin was higher than in 2D but this was not significant. This result
corroborates with the literature that vancomycin is a poor penetrator of bone
(1), proving to be less effective against S. aureus within a collagen based
matrix, resulting in a higher MIC than S. aureus tested using traditional AST
methods. Additionally, S. aureus had a dose dependent response to both
antibiotics when cultured in 2D, whereby as the concentration of antibiotic
increased, the S. aureus CFU decreased accordingly. This may be related to
the development of biofilms when cultured in plastic plates, which would
resist antibiotic arsenal to a certain degree (233). S. aureus Newman is cna
negative, meaning this protein is not expressed by this strain of S. aureus.
Cna is a key MSCRAMM required for binding collagen (87); therefore its
absence would result in S. aureus not binding to the scaffold as collagen is
its major constituent. It should be noted however that Cna is present in most
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S aureus strains which would result in binding to collagen. If unattached, the
bacteria will not generate biofilm therefore there is no extra layer of
protection from the antibiotics. When in a planktonic state, bacteria are more
susceptible to antibiotics and therefore it is possible that the bacteria were
more susceptible to the antibiotics when cultured in 3D due to their inability
to form biofilm like that found in 2D (234). An interesting result was the
metabolic activity of the osteoblasts in the presence of antibiotics when
cultured in 3D. Current literature emphasises the cytotoxic effects of the
antibiotics, in particular gentamicin, against host cells when cultured in 2D (1,
231). However, when the MBC concentrations of both gentamicin and
vancomycin were incubated with the osteoblasts, these cells had significantly
increased metabolic activity compared to the untreated control. This result as
far as we know has not been previously documented; however it is known
that antibiotics will affect host cells adversely. Taken together these results
highlight the usefulness of using a 3D matrix to fully test the efficacy of the
antibiotic when bacteria are cultured in a host biomimetic environment.
Additionally, it is also important to understand the response of the host cells
to a potential drug as this will affect the pathophysiology of the disease.
We previously identified that the S. aureus virulence factor protein A (SpA)
was key in contributing to the bone destruction and bone loss seen in
osteomyelitis patients. We have shown that SpA binds to the cell integrin
TNFR1 on osteoblasts, activating the NFkB pathway resulting in the
production of cytokines, which activates osteoclasts. Furthermore, this
interaction resulted in osteoblast cell death 24 hours after the addition of S.
aureus, contributing to the bone loss seen in patients. Moreover, there was a
significant decrease in mineralisation, which contributes to the overall bone
weakening associated with osteomyelitis patients. All of these results were
reversed when SpA was removed from the surface of S. aureus with
osteoblasts cultured in the presence of a SpA S. aureus knock out mutant
behaving similarly to the uninfected control osteoblasts (99-101). In chapter
4, we wanted to investigate S. aureus interacting with osteoblasts in a 3D
environment and whether SpA was still an important factor in this process.
What we found was that, in the presence of S. aureus, at day 14, there was a
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decrease in osteoblast proliferation. However, cells incubated with S. aureus
lacking SpA on its surface remained unaffected, nearly mimicking the
uninfected control osteoblasts. Interestingly, the osteoblasts cultured with S.
aureus expressing SpA on its surface were more metabolically active than
the osteoblasts cultured with the knock out S. aureus strain or osteoblasts
alone. Moreover, these metabolically active cells were producing more
extracellular alkaline phosphatase, which in turn results in increased mineral
production. However, it has been documented in the literature that when
osteoblasts are apoptotic or necrotic, alkaline phosphatase is burst released
from the cells in a controlled or non- controlled fashion, depending on the
mechanism of death (198). Therefore, as our cells are not proliferating, it
may be due to cell death as a result of infection. Isolation of cells from the
scaffold can be achieved using various documented methods with
collagenase and dispase most commonly used when isolating cells from
musculoskeletal tissues (235). However, there is conflict amongst the
literature about methods of isolation, with varying success rates. In order to
show osteoblast death due to the presence of S. aureus, we endeavoured to
isolate osteoblasts from the scaffold and tag the cells with the apoptotic and
necrotic markers annexin V and propidium iodide. Using a mixture of
collagenase and dispase however, the yield of cells from the scaffolds
cultured with S. aureus was low and therefore not very representative. This is
due to the fact that there are very few cells present on the scaffold when
cultured in the presence of S. aureus. With the results present, we can
deduce two scenarios; that the cells dying as a result of S. aureus are burst
releasing their alkaline phosphatase into the ECM, causing the matrix to
mineralise, and the viable cells that are remaining on the scaffold are
metabolically more active, have a peak in intracellular and extracellular
alkaline phosphatase and therefore are hyper mineralising when cultured in a
3D environment in the presence of S. aureus expressing SpA. These results
have never been previously documented when using traditional in vitro
culture methods. However, bone formation and thickening is seen in
osteomyelitis patients and is a common feature in the pathophysiology of the
disease (42). This mineralisation by the cells cultured in the presence of S.
aureus may be an over compensatory mechanism to the infection in
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response to the loss of neighbouring osteoblasts or it may be a
pathophysiological response of the cells to the presence of S. aureus in their
local environment. In any case, SpA has been once again an important
mediator in this process making it an attractive drug target in the treatment of
the disease (Figure 6.1).
In patient cases of chronic osteomyelitis, bone thickening and new bone
formation is reported and is mostly related to the cortical bone and periosteal
lining. As a result of chronic infection, new bone is generated to create the
involucrum which provides support to the affected bone (201). This new bone
formation may be in response to the infection in an effort to strengthen the
weakening bone which occurs as a result of the infection. This bone
thickening can also be seen in osteoporotic patients (42, 204). Notably, this
increased mineral production is not seen in 2D studies, highlighting the
importance of using 3D culture systems as disease models to represent
physiological conditions.
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Bone

Figure 6.1. Proposed model of Staphylococcus aureus infection in a 3D
bone matrix. When cultured in the presence of S. aureus in a 3D
environment, osteoblasts have reduced proliferation. However the remaining
cells in the local environment have increased metabolic activity resulting in
ultimate bone formation.

.
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7. Conclusion
In this thesis we have established a 3D model of bone infection using a
collagen based scaffold that is used for tissue regeneration. We have shown
that this model may be used to progress clinical AST testing in addition to
studying the molecular mechanisms between cells and bacteria in a more
physiologically representative model. . Moreover, we have shown that S.
aureus expressing protein A causes osteoblasts to produce more calcium,
which can result in new bone formation. This new bone formation can be
seen in osteomyelitis and osteoporotic patients, highlighting the translational
benefits of conducting research using 3D model systems to further represent
the in vivo environment.
7.1 Future work
CRISPR targeted therapy: an alternative approach to the treatment of
osteomyelitis.
There have been no recent developments or improvements for the treatment
of osteomyelitis, with the gold standard care of bone debridement and
antibiotic treatment still being used despite the limitations of this treatment.
Clinicians are faced with two major problems when presented with an
osteomyelitis case; recovery and restoration of the bone plus management of
the infection. This study looks to propose a dual treatment to address these
issues. With collagen based scaffolds already being used as a platform for
bone regeneration and gene therapy, this treatment strategy can be adjusted
to treat osteomyelitis. As opposed to targeting osteoblasts with genes to
encourage bone regeneration using pDNA, the use of CRISPR to target
important bacterial virulence genes has potential. As CRISPR is a plasmid
based vector, the techniques used to generate our gene activated scaffolds
can be harvested and adapted to attach CRISPR to the scaffolds with the
outcome of targeting bacterial virulence factors such as protein A.
Aforementioned, S. aureus SpA is a key mediator in binding osteoblasts and
initiating bone destruction and bone loss. If SpA is removed from the
bacterial surface, this will prevent the primary binding interaction between the
osteoblasts and delay bone destruction and loss. Antibiotics can then be
delivered to the site of infection eradicating the remaining bacteria.
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Additionally, Bikard et al., (2014) used the CRISPR-Cas9 system to knockout
out antimicrobial resistant genes from community acquired methicillin
resistant S. aureus USA300 using a phagmid delivery system. This study
demonstrates the therapeutic potential of CRISPR however the use of viral
delivery vectors is a point of contention in clinical practice. With this
technology

already

being

investigated

for

antimicrobial

purposes,

combination with the regenerative potential of the collagen scaffold may
provide a novel therapeutic to treat osteomyelitis.
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