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ABSTRACT
SHANKARI NARASIMHA SOMAYAJI. RANK-L expression in Saphylococcus
aureus- induced osteomyelitis, therapeutic intervention using nanotechnology awd use
UV-killed bacteria as an osteoconductive coating for biomaterials. (Ulnelelirection
of DR. MICHAEL C. HUDSON)

Saphylococcus aureus is responsible for approximately 80% of all cases of
human osteomyelitis. RANK-L is an essential signal produced Bolisists and is
required for full osteoclastic differentiation. P&Einduced bone resorption involves
both inducible cyclooxygenase (COX-2), as well as RANK-L. Gudies show that
during infection withS aureus, osteoblasts increase RANK-L and PGgecretion.
Through the use of NS-398, a specific COX-2 inhibitor, we show that WA®B
production is inhibited, RANK-L production is decreased. In the curtentyswe also
demonstrate that effective killing of intracellul8r aureus is possible by treating the
infected osteoblasts with nanoparticles loaded with nafcillin antibiotic.

While titanium alloys are the preferred material of chowme drthopaedic
implants, they do not mediate osseointegration (intimate appositidooreé to the
implant surface). Enhancement of titanium (Ti) based biomeatesdherefore necessary
to increase the functional lifespan of an implgataureus can bind to biomaterials
directly and also attach efficiently to osteoblasts. Moreoved\&killed S. aureus does
not stimulate immune modulator expression, we investigated whethéillgd bacteria
could serve as a novel osteoconductive coating on Ti alloy surfacesn vitro data
demonstrate that osteoblast adhesion and matrix synthesis was enbanbiesurfaces
coated with bacteria compared to uncoated surfaces. In vivo, the ostecibaty of S.

aureus-coated implants was increased at 8 weeks compared to the uncoated implants.



ACKNOWLEDGMENTS

First, | would like to acknowledge my advisor, Dr. Michael Hudson Hisr
patience, guidance and support throughout my graduate career. | dppteea
opportunity he has provided me as a member of his research labuld also like to
thank members of my Committee; Dr. Kenneth Bost, Dr. lan MarfwttLaura Schrum,
Dr. Yvette Huet and Dr. Craig Ogle for their constant encounagé and valuable
suggestions towards the project. | am extremely grateful to YDette Huet for
performing my animal surgeries with great care and expeitam indebted to Dr. Helen
Gruber at Carolinas Medical Center for graciously offerirgyube of her lab resources
and for taking the time and effort to help me interpret the in vita. ddany thanks are
due to members of her lab, Jane Ingram and Natalia Zinchenkbeforassistance in
bone histology studies. | am immensely grateful to members @létéron microscopy
lab at Carolinas Medical Center; Daisy Ridings, Pat McCoy, David Réatafenerously
helping me out with transmission electron microcopy analysissd atknowledge Dr.
Kent Ellington for help in designing the animal model for in vivo amplstudies. | am
grateful to the following people who helped me with various aspacthis dissertation:
John Hudak for biomaterial preparation, Cynthia Petty for typhoorysieaDr. Alyssa
Gulledge for animal perfusion, David Gray for confocal microscapg, Bob Riffee for
donating the implant material. | thank Dr. Kenneth Gonsalves and meimiiais lab for
their collaboration with the nanoparticle studies. Members of Hudsoddgtand Tasha,
provided an affable lab environment and gave me pleasant company doeng t
unpleasant task of bone harvesting and sectioning. | also appreciateethieers of

Marriott and Bost lab who were generous in sharing their lab resauFinally, 1 would



\Y

like to thank the National Institutes of Health for providing the resmgsfunds for my
research.

| could not have completed this body of work without the support of mylyfa
and friends. | am especially grateful to Vinita, Anusha, Namaath Sameer who have
cheered me often and have fed me generously on many occasions. |Ikeuld
dedicate this work to my parents who have supported me unconditionadly my
endeavours. | thank my husband, Rama, for his love, support and understanding through
the years despite my occasional crankiness! | am extreroglynéte to have sisters,

brothers & sisters-in-law and nieces who have comforted and humored me often.



Vi

INTRODUCTION

Saphylococcus aureus is a gram-positive bacterium that causes serious
community-acquired and nosocomial infections (33). The range of disaased by
aureus is broad and includes septic shock, skin infections, endocarditis samny®litis
(3). S aureus is the most common nosocomial pathogen encountered in the United States
and the incidence of nosocomfalaureus-induced disease has increased dramatically in
recent years (3, 6, 22). Diseases caused by antibiotic-ressstains ofS. aureus are a
worldwide epidemic and are necessitating the development of novapide for their
treatment (4, 33). Once considered an extracellular pathogen, rewgmoe, both in
vitro and in vivo, indicates th& aureus has the ability to invade osteoblasts and persist
intracellularly, therefore escaping host humoral immune respoBsex3). Additional
studies have shown th&t aureus, once internalized, can escape the host endosome and
gain access to the cytoplasm (8). The persistence of intdaced. aureus is the first
indication that the survival of these bacteria inside the ostesldastd be involved in
bone infection.

Staphylococcus aureus and osteomyelitis.

S aureus is responsible for approximately 80% of all osteomyelitis cé5@}p
Osteomyelitis is an infection of bone that results from hematogesemeing, spread of
infection from a contiguous area such as the skin adjacent tocinedyvor surgical or
traumatic inoculation of bacteria into bone (26). The disease camteeaahronic with
sporadic recurrence (3, 59). The current treatment for osteormyslitiften traumatic,
expensive, and leads to further selection of antibiotic-resistamssofS. aureus. In

many cases it is necessary that infected bone is debridegstiase reconstructed and
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long-term antibiotic therapy is used (59). The pathogenesi§. ddureus-induced
osteomyelitis is poorly understood. Elucidating the mechanisms by véielreus
induces osteomyelitis could lead to a better understanding digbase, its progression,
and development of new treatments.

Role of MSCRAMMSsin mediating cell adherence and internalization.

Saphylococcus aureus is an extremely capable bone pathogen and is a common
cause of bone and joint infections in humans because it possessea sell-surface
adhesion molecules that facilitate its binding to bone matrix. Binding involizesiby of
adhesins that interact with extracellular matrix componentshaase tadhesins have been
termed microbial surface components recognizing adhesive matrdecules
(MSCRAMMSs). MSCRAMMSs recognizing proteins such as collagen, bone sialoprotein,
fibronectin, and fibrinogen mediate adherenceSofwureus to bone and biomaterials
coated with host proteins (39 aureus can bind to cells either directly by utilizing
MSCRAMMs or via bridging ligands, proteins which have affinity both host cell
receptors and MSCRAMMSs (24, 62). Amongst all MSCRAMMSs, Fibrtindainding
proteins (FnBPs) are critically important for adherence and imvasf S. aureus of
osteoblasts. A bridging model has been proposed to explain interac&oaunéus with
osteoblasts where fibronectin is bound by FnBPs as well as élbsitegrins. Integrins
areap-heterodimeric cell membrane receptors which mediate adhesiwadretells and
components of extracellular matrix which is subsequently known to endignal
transduction, tyrosine kinase activity, and cytoskeletal rearraggeni23, 24).
Specifically, distinct peptide sequences such as Arg-Gly-Asp (R§&eD) from adhesive

proteins interact with integrin cell membrane receptors (30)eddt six bone- related
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proteins; fibronectin, bone sialoprotein, collagen, osteopontin, thrombospondin and
vitronectin are known to contain the RGD adhesive sequencex(f)ntegrin, the most
predominant integrin found on osteoblasts, binds to Fibronectin (Fn) with gegtfisity
while o integrin binds to collagen and laminin in addition to binding to Fn (18).

Bone remodeling and regulatory factorsinvolved in the process.

Skeletal structure is continually adapting to metabolic and mexdiatemands
(79). Bone remodeling is a continuous, coordinated equilibrium between bonessynthe
and bone resorption (71), and two principal cell populations are respofmiblkee
continual process. Osteoclasts derive from myeloid precursors amdtle resorption
of bone by acidification and release of lysosomal enzymes. Calyeosteoblasts
derive from a mesenchymal bone marrow precursor and produce compohbotse,
principally type | collagen. Osteoblasts also catalyze dhleification process and
produce factors which serve to modulate the activity or formationstd#oclasts (11).
Perturbations in inflammatory cytokines, growth factors, and hormoaesecan
imbalance between osteoblast and osteoclasts activities awdt ne skeletal
abnormalities such as decreased bone mineral density, reduced bogth sfractures,
hypercalcemia, osteopetrosis, and osteoporosis (9, 78).
Receptor Activator of NF-xB Ligand: Recent studies have revealed key molecules
involved in the communication between osteoblasts and osteoclasts. Réuptator
of NF«B Ligand (RANK-L) is a transmembrane molecule belonging to tE Tigand
superfamily that is expressed in lymphoid tissue and trabecular (d®&)e Murine
RANK-L is a 316 amino acid, 45kDa protein that shares 83% sequence hgmatbg

human RANK-L. The protein contains a ligand-binding region in iter@inal half, and
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has a transmembrane domain. It has also been proposed that RAAKHe cleaved
into a soluble form. Binding of RANK-L to RANK, found on osteoclastgygers
intricate and distinct signaling cascades that control lineagengtomnt and activation
of osteoclasts (78). RANK-L is thought to be the essential antd doramon signal
required both in vitro and in vivo for full osteoclastic differentiatitom multipotential
hematopoietic precursor cells into mature multi-nucleated boneptesorosteoclasts
(43, 44).

Osteoprotegerin and Tumor Necrosis Factor-Related Apoptosis-lnducing Ligand:
Osteoprotegerin (OPG), produced and secreted by osteoblasts, idieenegmlator of
osteoclast formation (64, 83). OPG is a member of the TNF recagterfamily and is
secreted as a disulfide-linked 110 kDa homodimer (47, 64, 77). The eapreEOPG
is positively (e.g. TGE, IL-1, TNF, estrogen) and negatively (e.g. BG&nd
glucocorticoids) regulated by a wide array of factors. OB@esents an endogenous
receptor antagonist that can bind to RANK-L and neutralize thedoleffects of
RANK-L. Tumor Necrosis Factor-Related Apoptosis-Inducing LigafdAIL] (64), is
another key molecule produced by osteoblasts. Alexander et al destexhshat when
osteoblasts are infected wigh aureus, TRAIL expression is increased (2). TRAIL has
numerous receptors including, R1, R2, R3, R4, and OPG. Since TRAIL €pprées
increased bys aureus-infected osteoblasts and OPG is known to bind both TRAIL and
RANK-L, competition may limit the amount of OPG available to bltio& interaction
between RANK-L and RANK during infection of osteoblastsSbhgureus.

Okahashi et al demonstrated that normal mouse osteoblasts dnfedte

Streptococcus pyogenes increase expression of RANK-L mRNA and protein (56). These
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data indicate that when challenged with intracellular bagctevsteoblasts increase
RANK-L expression, suggesting one possible mechanism whe3ebyreus-infected
bone tissue undergoes altered remodelivg. therefore hypothesize that RANK-L
MRNA and protein expression is induced during normal mousesteoblast infection
with S. aureus at increasing Multiplicities of Infection (MOI) and at various time
points.

Role of prostaglandin E; in RANK-L production: RANK-L expression in osteoblasts is
up-regulated by pro-resorptive hormones and cytokines, suah a5-tlihydroxyvitamin
D3 (1o, 25(OH}Dg3), parathyroid hormone (PTH), prostaglandin BPGE), and
interleukin (IL)-1 (37, 38, 80, 83). Prostaglandin(BGE) is produced in bone mainly
by osteoblasts and acts as a potent stimulator of bone resof8id8il( 70). It has also
been reported that PGEduces osteoclast formation in mouse bone marrow cultures and
stimulated bone resorption in mouse calvarial cultures (1, 15, 73)., B@&kesis is
regulated by three metabolic steps: the release of arachigadiérom the membranous
phospholipids by phospholipase fPLA,), the conversion of arachidonic acid to PGH
by cyclooxygenase (COX), and the synthesis of PBEPGE synthase (16, 41, 46, 54,
63, 65, 75) . Although both constitutive COX (COX-1) and inducible COX (COxr2)
expressed in mouse osteoblasts, the expression of COX-2 is markkdigd by several
bone-resorbing factors such as IL-1 and 1I-6. Bost et al. (13, @biteel thalS aureus
infection induces IL-6 and IL-12 production by osteoblasts. StimulatiGtADIK-L, IL-

6, and IL-12 , are important events in bone destruction (43-45, 70, 74, 76). IL-6 can

directly or indirectly modulate the activity of bone-resorptiveeoslasts (42, 69),
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possibly through the induction of PgEand in turn RANK-L. The addition of NS-398, a
selective inhibitor of COX-2, was shown to inhibit IL-1-induced R&¥hthesis (15, 73).
Since it has been determined that PGEcan up-regulate RANK-L (37, 38, 80, 83),
we propose that PGE production by S. aureus-infected osteoblasts will be increased
and that inhibition of PGE; by the specific COX-2 inhibitor, NS-398 will result in
decreased levels of PGEand RANK-L by infected osteoblastsBased on the results of
these proposed studies, agents that inhibit COX-2 or block RANK-L productuld
potentially ameliorate bone loss.

Treatment of osteomyelitis.

Surgical intervention as well as antibiotic therapy using ceppatos and
penicillins remains the most effective means of treatmerthfsrdisease (51). However,
osteomyelitis cases caused ®yaureus are especially chronic in nature and recalcitrant
to therapy. In addition, the effectiveness of traditional antidsedtagents is becoming
increasingly limited as the prevalence of methicillingesitS. aureus (MRSA), has
increased sharply in recent years. The wide array of wiceldactors inS. aureus,
including secreted products for host damage and immune avoidance,dcaubldats
ability to invade and reside inside osteoblasts using cell sugdberence factors, can
protect these bacteria from host defence mechanisms and acgibubich can account
for the persistence of disease despite what may be consideéeggiate surgical and
antibiotic management (19).

Poly (lactide-co-glycolide) (PLGA) based nanoparticles for antibiotic delivery: The
biodegradability and biocompatibility of polymers such as polytidacid) (PLA), poly

(lactide-co-glycolide)(PLGA), and polyanhydrides (PAH) as well as their use ag dru
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delivery systems have been clearly demonstrated (28, 29, 66, 67). Oweeagivantages
of these systems for drug delivery is reduction in systemmsptications and allergic
reactions due to the feasibility of delivering the drug locéll4). In addition, no follow-
up surgical interference is required once the drug supply is tddpl®3). Lastly,
biodegradation occurs by simple hydrolysis of the ester backboneaqueous
environments such as body fluids and the degradation products are détebolized to
carbon dioxide and watenVe propose to use biodegradable polymer nanoparticles
loaded with nafcillin that can penetrate osteoblasts infecte with S. aureus and
deliver the antibiotic intracellularly. Nafcillin is an amphiphillic pencillin (32) which
can effectively killS. aureus but cannot enter eukaryotic cells in its native form. A novel
approach of using polymer nanoparticles loaded with an antibiotic wemddre that
these particles diffuse across the osteoblast cell membraeéyreffectively delivering
the drug that can target both intracellular and extracelbdeateria. In addition, the drug
can be delivered topically rather than systemically which woeddce the emergence of
antibiotic resistant strains.

Composition of bone.

Bone is an anisotropic and dynamic tissue consisting of cellsofmasts and
osteoclasts), connective tissue (primarily type 1 collagen)manerals (hydroxyapatite).
Osteoblasts form a bone matrix (the osteoid) that later beconesralized. The
extracellular matrix (ECM) secreted by osteoblasts isapmately 90% collagen and
10% non-collagenic proteins such as osteocalcin, osteonectin, sialoproteins,
proteoglycans, osteopontin, and fibronectin (68). These extracellulex madteins can

contribute to both bone formation and homeostasis. For instance, fibroisaatiportant
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for cell attachment whereas osteocalcin and osteopontin sereeidsrfdeposition of
mineral component. Successful communication between cells and thesE@btiated
by the family of cell surface receptors called integring stianulate signal transduction
pathways and mediate osteoblast adhesion, spreading, cell difitcentand bone
morphogenesis (31, 34, 57). Specifically, integrin activation induces eixjpress
osteoblast specific transcripts such as osteocalcin and tgiadgen and is required for
differentiation of osteoblast precursors (82).

Bone-associated biomaterials and osseointegration.

Artificial joints and orthopedic implants are used to repairestore function to
damaged and diseased tissue. Following insertion, the host respongéatdsnmvolves
a series of events, both at a cellular and molecular level, wdheelly should result in
osseointegration. Osseointegration is desirable because it représenation of an
appropriate interface and provides a functional connection betweénglaat and bone
(5). Of the various implant materials, titanium (Ti) and cobatoghum (Co-Cr) alloys
as well as bioactive ceramics such as calcium phosphate, pfindigdroxyapatite, and
bioglass are most commonly used (49). However, Titanium all@ys & Ti-6Al-4V are
the preferred material of choice for orthopedic applicationstasfféers excellent
biocompatibility on account of the interaction of its spontaneouslyddroxide layer
with the biologic fluids, resistance to corrosion and excellenhar@cal properties (52).
However, a major disadvantage of titanium alloys as a biomlatsrithat they are
relatively bio-inert and do not facilitate or mediate ossegmtéon which is intimate
apposition of bone to the implant surface (20). As a result, the foattidespan of

artificial prostheses is estimated at about 15 years which arthleen unsuitable for
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active and younger patients (52). Enhancement of biomaterialsrégafeenecessary in
order to increase the implant success rate and extend their functionalnifesp
Modification of implant surfaces to enhance osseointegration.

A number of techniques have been employed to enhance such biomaterials,
including alteration of surface roughness, wettability, porosity, gddophobicity in an
attempt to enhance osseointegration and mediate proper interfacgidori(d, 52, 81).
Some of these strategies include modulating the implant surfaappbying coatings of
either extracellular matrix (ECM) components such as fibromectollagen,
hydroxyapatite (HAP), bone sialoprotein (BSP) or cell adhesiondesptArg-Gly-Asp
(RGD) or osteotropic growth factors such as Bone morphogenetic praédiids and
Transforming growth factor-beta; T@F{17, 21, 27, 48, 55). However, there are still
long-term complications and limitations associated with thesénadstsuch as high
temperatures needed for coating in case of HAP which in tumbalte mineral as well
as metal structure, variable thickness of deposited coatngls their subsequent
dissolution from the substrates (7, 10, 27, 72). In addition, short half-life of
osteoinductive growth factors along with their high concentrations yocalh cause
ectopic bone formation which is concerning in their applications. \,asthile the
coating treatments enhanced binding of osteoblasts to implantesyréatiular functions
of osteoblasts failed to increase subsequently.

Binding of S. aureusto biomaterials.

For the clinical success of implants, anchorage-dependent setlh as

osteoblasts must first successfully adhere to the implantceurfaorder to perform

subsequent cellular functions such as proliferation and deposition oheratided
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extracellular matrix (ECM) (5). In this context, it has betrown extensively thab.
aureus can bind to biomaterials directly (35, 36). Following insertion, bectathere to
biomaterials coated immediately with host plasma constituentgling fibronectin and
fibrinogen and this adherence is mediated by MSCRAMMSs, partigufaBPs (39). As
described earlierS aureus, both live and UV-killed, can alsbind efficiently to
osteoblasts and then induce signal transduction, tyrosine kinagéyaatd cytoskeletal
rearrangement (23, 24, 40). Lastly, while viaBleaureus cells are potent inducers of
immune modulator expression by osteoblasts such as interleukin (IL}22 and
monocyte chemoattractant protein (MCP-1), UV-kill& aureus does not induce
significant expression of such molecules (11-13). All of the abosgept an intriguing
combination of properties that can be utilized in a novel coating ofamhphaterials
which can solicit osteoblast adhesion specifically around an impRatentially, an
increase in osteoblast recruitment, a necessary pre-reqarsgelfsequent cell functions
on biomaterials, can result in enhanced synthesis of an extracethaltrix on bone-
biomaterial interface which can lead to enhanced osseointegratierefore, asUV-
kiled S. aureus can tenaciously bind biomaterials and effectively colonize bone
which can initiate cell-signaling cascades that can potentiatesteogenesis, we
propose to examine the use db. aureus as an effective osteoconductive coating for
bone-associated biomaterials.

In summary, the current study investigates the expression of RANKI PGE
by S aureus- infected osteoblasts and also evaluates the therapeutic usdcitiina
loaded nanoparticles in targeting both intracellular and extuwaebacteria in an in vitro

model of osteomyelitis. We also examined the use of UV-kBealreus as a bioactive
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coating for implants both in vitro and in vivo. The dissertation is dividgo four
sections with one section dedicated to the data relevant to eaebpomding objective
as described above. Each section is in turn comprised of an introductienialeaand
methods, results, and discussion chapter. A summary section on tletyeotirthis

research is presented at the end of the dissertation.
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CHAPTER 1: INTRODUCTION

Osteomyelitis is a severe infection of bone tissue that resuli{gogressive
inflammatory destruction of bone (40). The gram-positive organi&aphylococcus
aureus, is the most common causative agent of osteomyelitis, accounting for
approximately 80% of all human cases (25). It is often necefisarynfected bone be
debrided, tissues reconstructed and long-term antibiotic therapyedti(il7). The
current treatment for osteomyelitis is often traumatic, expensind leads to further
selection of antibiotic-resistant stains®faureus. The growing incidence of antibiotic-
resistantS. aureus strains can explain the recurrent attacks of osteomyailitmatients
undergoing therapy. In addition, the pathogenesiS. alreus-induced osteomyelitis is
poorly understood. Elucidating the mechanisms by wh&haureus induces
osteomyelitis could therefore lead to a better understanding of Seasei its
progression, and development of new treatments.

Bone remodeling is a continuous, coordinated equilibrium between bone synthesis
and bone resorption and two cell populations are responsible for the comptiocess
(21). Osteoclasts drive the resorption of bone by acidification eledse of lysosomal
enzymes while osteoblasts produce components of the bone matrix, plyntipal |
collagen. Osteoblasts also produce factors which serve to moduéatectivity or
formation of osteoclasts (1). One such key molecule produced by osteablasteptor

activator of NFkB ligand (RANK-L), which on binding to RANK, found on osteoclast



precursors, triggers intricate and distinct signaling cascddas control lineage
commitment and activation of osteoclasts (52). RANK-L is theeefloought to be the
essential and final common signal required both in vitro and in wivdéufl osteoclastic
differentiation from multipotential hematopoietic precursor ceéti® mature multi-
nucleated bone-resorptive osteoclasts (22, 23). Thus, osteoblasts Waterbgth net
bone formation as well as resorption.

Prostaglandin E(PGE) is produced in bone mainly by osteoblasts and acts as a
potent stimulator of bone resorption by inducing osteoclast formatibath mouse bone
marrow cultures and calvarial cultures (1, 7, 35, 39, 45, 47)., B@thesis is regulated
by three metabolic steps: the release of arachidonic acid themmembranous
phospholipids by phospholipase fPLA,), the conversion of arachidonic acid to PGH
by cyclooxygenase (COX), and the synthesis of P&lalyzed by PGE synthase (9, 19,
24, 32, 41, 43, 49). Although both constitutive COX (COX-1) and inducible COX
(COX-2) are expressed in mouse osteoblasts, the expression of2GOXnarkedly
induced by several proinflammatory cytokines such as IL-6. Boat. €6, 11) have
reported tha&. aureus-infected osteoblasts produce high levels of IL-6 which have been
shown to modulate the activity of bone-resorptive osteoclasts ditieetly or indirectly
(20, 44). It has also been determined that PEa up-regulate RANK-L expression in
osteoblasts (15, 16, 53, 56).

Bacterial pathogens can stimulate osteoclastogenesis wdmcpatentiate bone
resorption leading to bone destruction (29). Okahashi et al (34) lsvedamonstrated
that normal mouse osteoblasts infected \Mti@ptococcus pyogenes increase expression

of RANK-L mRNA and protein. In addition, elevated levels of RAINKhave been



detected in the bone lesions of mandibular osteomyelitis (31Yh&efore propose that
following an intracellular challenge witB. aureus, osteoblasts can increase RANK-L
expression which could stimulate osteoclast activity and theyetentiate the bone loss
that occurs inS aureus-infected bone tissue. The current study investigates RANK-L
MRNA and protein expression during normal mouse osteoblast infectiors.vaitreus.
Such a proposed upregulation of RANK-L from infected osteoblasts coultetmted
either directly or indirectly. Since it has been determined B@GE can up-regulate
RANK-L, we propose in the current study that BGioduction byS. aureus-infected
osteoblasts will be increased and that inhibition of P&&he specific COX-2 inhibitor,

NS-398 will result in decreased levels of RGiEd RANK-L by infected osteoblasts.



CHAPTER 2: MATERIALS AND METHODS

Bacterial strains:

Saphylococcus aureus strain UAMS-1 (ATCC 49230) is a human osteomyelitis
clinical isolate (14)Saphylococcus carnosus (ATCC 51365) is a nonpathogenic species
with reduced ability to invade osteoblasts (11). Strains N1, N2, N3,nMd4Nd are
Saphylococcus aureus nasopharyngeal isolates kindly provided by Dr. Vance G. Fowler,
Jr. (Duke University Medical Center).

Normal mouse osteoblast cell culture:

Primary osteoblasts were isolated from mouse neonatal caMayisequential
digestion with collagenase and protease according to a method phewdessribed for
chick embryos (37). The periostea were removed, the frontal boneshaefested free
of the suture regions, and the bones were incubated for 10 mirf@ti837L0 ml of
digestion medium containing collagenase (375 U/ml, type VII;m8igChemical
Company, St. Louis, MO) and protease (7.5U/ml; Sigma). Cellssedleduring an initial
7 min digestion were discarded. Ten milliliters of fresh digestnedium was added, and
incubation continued for another 20 min. Cells were harvested by fagation and
rinsed three times in 25 mM HEPES- buffered Hanks’ balancedsaslaition (pH 7.4,
HBSS). The digestion step was repeated twice, and the thrasotalés were pooled in
mouse osteoblast growth medium (OBGM) consisting of Dulbecco’s fieddeagle

medium containing 25 mM HEPES, 10% fetal bovine serum (Atlanta@udls, GA), 2



g of sodium bicarbonate per liter, 75 mg of glycine/ml, 100 mg afrbgracid, 40 ng of
vitamin B;o/ml, 2 mg ofp-aminobenzoic acid/ml, 200 ng of biotin/ml, and penicillin (100
U/ml)-streptomycin (10Qug/ml)-amphotericin B (25.g/ml) (pH 7.4) (36). Osteoblasts
were seeded in six-well polystyrene dishes and incubated ‘@ 8v a 5% CQ
atmosphere until they reached confluence (6-7 days).

I nvasion assay:

The invasion assay with live or UV-kille8 aureus strain UAMS-1, liveS
carnosus, or live nasopharyngeal isolates was performed as previously described (11, 12).
Bacteria were grown overnight (16 h) in 5 ml of tryptic soy tbiata shaking water bath
at 37°C. The bacteria were harvested by centrifugation for 10 Mi8@®d xg at 4°C and
washed twice. The pellets were then resuspended in 5 ml of grogdiumm lacking
antibiotics/antimycotics (Abx-Amx). Confluent cell layers of emgilasts were washed
three times to remove the growth medium. The cultures were tifentad at a
multiplicity of infection (MOI) of 25:1 or 75:1 witls. aureus strain UAMS-1, or withS,
carnosus, UV-killed S. aureus or the nasopharyngeal isolates at a MOI of 25:1 in 4 ml of
growth medium lacking Abx-Amx. Following a 45-minute infection pédriinfected cell
cultures were washed three times and incubated for 1 h in groedium containing 25
ug of gentamicin/ml to kill the remaining extracellular il cells. The osteoblast
cultures were washed and subsequently lysed at different times jpyirthe addition of
1.2 ml of 0.1% Triton X-100 (Fisher Biotech, N.J.) with incubation for 5 min at 37°C.
Quantitative real-time polymerase chain reaction:

To quantify RANK-L mRNA, real-time PCR was performed usindRaeche

LightCycler 2.0 with SYBR Green reagent (QIAGEN, CA) accogdito the



manufacturer’s instructions. Amplicons of RANK-L and G3PDH wesed to develop a
standard curve. Samples were subjected to 40 cycles of amigificansisting of 95°C
for 15 s followed by 53°C for 20 s. Each assay was normaliz€3RDH mRNA. PCR
primers were derived from published sequences (IDT, IA.) (34). iRosihd negative
strand primers were as follows:

RANK-L (89 bp)

S-TACTTTCGAGCGCAGATGGAT-3'

5-ACCTGCGTTTTCATGGAGTCT-3’

G3PDH (63 bp)
5-AACTACATGGTCTACATGTTCCA-3
5-CCATTCTCGGCCTTGACTGT-3’
Protein isolation:

Osteoblasts were isolated and seeded &télls per well in six-well plates and
infected once the cells had reached confluence (6-8 dalysjlowing a 45-minute
incubation +/- bacteria and 1 hour treatment with 25 pug/ml gentaraidfate, total
protein was isolated from the osteoblasts at 0, 6, and 24 hours ussuwg Hsotein
Extraction Reagent (T-PER) (PIERCE, IL) with additional praeasibitors, aprotinin
(2 pg/ml) and lupeptin (2.5 pg/ml) (Sigma Chemical Company, MO). Two hundred pl of
T-PER was added to each well at the appropriate time pointedisdvere removed from
the culture plates with a cell scraper (Costar). Sample® wollected in 1.5 ml
microcentrifuge tubes and then centrifuged at 10,0@Pfar 2 minutes to pellet cell

debris. Supernatants were collected and placed in fresh tubes and stored at -80°C.



Inhibitor study:

Osteoblasts were isolated and cultured in six-well platggeasously described.
Forty-eight hours prior to infection, cells were either tr@atesith 0.025%
dimethylsulfoxide (DMSOQO) or 20uM NS-398 (Cayman Chemicals, M§pecific COX-
2 inhibitor, dissolved in DMSO at an optimal dose that was previaletigrmined to
provide inhibition of COX-2 (6, 57). Following the 48 hour treatments e&tre rinsed
one time with osteoblast growth medium (OBGM) containing no GentarBulfate or
Amphotericin B. One ml of OBGM, containing no Gentamicin Sulfat&rmphotericin
B and containing either DMSO or NS-398, was then added to eaabpappe well. The
osteoblasts were either uninfected (MOI 0) or were infect¢d thie bacterial strains
noted above using the method previously described. Following the 45-minubation
+/- bacteria, each well was rinsed one time with OBGM. @neof fresh media,
containing either DMSO or NS-398 and 25 pug/ml of Gentamicin, wasaithéed to each
well. Cells were then incubated for 1 hour at 37°C in a 5% &@osphere to allow
remaining extracellular bacteria to be killed. Following the 1 hocubation period,
protein samples were isolated as previously described (tim&dynples were also
isolated at 6 hours and 24 hours following time 0. In addition, cultuersagants were
collected and stored at -80°C.

Quantification of RANK-L protein and prostaglandin E;:

Using protein samples collected as previously described, mouse

TRANCE/TNSF11/RANK ligand ELISA (R&D Systems, Minneapolis, \has used to

detect the levels of RANK-L in osteoblast whole cell extra@testaglandin £correlate-



enzyme immunoassay (EIA) (Assay Designs, MI) was performethencell culture
supernatents following the manufacturer’s instructions.
Statistical analysis:

Data were analyzed using a two-way analysis of variantenved by the Tukey-
Kramer multiple comparison analysis. Results are presentédeasiean + standard

error. For all tests p < 0.05 was considered significant.



CHAPTER 3: RESULTS
Induction of RANK-L mRNA expression in osteoblasts following exposure to
bacteria:

Staphylococcal osteomyelitis is associated with increasedatese activity and
RANK-L is a key factor required for osteoclastogenesis (22, 23, 45, Bterefore, it is
important to determine whether osteoblasts infected Svidlreus produce RANK-L and
if the levels of RANK-L increase in a time- and dose-dependemner. Quantitative
analysis by real-time RT-PCR demonstrated that the RANdgqhression in osteoblasts
infected withS. aureus strain UAMS-1 (75:1 MOI) was tenfold greater than RANK-L
expression in uninfected cells at 4 hours following infection (Figure 1). RKAMMRNA
expression by osteoblasts also increases in a dose-dependent. mgnaddition, we
show that there was a time-dependent increase in RANK-L mRNAgure 1 with the
expression of RANK-L mRNA by infected cells being tenfold ¢geghan the expression
in the uninfected controls at 4 hours.

To confirm that the changes in RANK-L mRNA result in correspogdgirotein
expression, cell associated RANK-L was measured by speaffittire ELISA. As shown
in Figure 2, there was a time- and dose-dependent respofsauteus strain UAMS-1
At 24 hours and an MOI of 75:1, there was a 2.5 fold increase in RANKatein
compared to the control. Although the documented effects of RANK-L haredieown

to be mediated by the membrane-bound form, we also measuréelvéhe of soluble
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RANK-L as well and found its levels to be undetectable (datssinamivn). Osteoblasts
infected withS carnosus and UV-killed S aureus strain UAMS-1 demonstrate the same
levels of RANK-L protein expression as uninfected osteoblasts AFighdditionally,
osteoblasts infected witl aureus nasopharyngeal isolates N3 and N4 induce RANK-L
production at levels similar to strain UAMS-1 at O hour. Strainsahidl N3 sustain this
increased RANK-L expression following 6 and 24 hours of incubation, respectively.

Induction of prostaglandin E, expression by osteoblasts following exposure to
S. aureus:

Choi et al (8) demonstrated that PG& a main mediator in RANK-L dependent
osteoclastogenesis induced by several periodontal pathogens. Theré&qressible that
RANK-L production in osteoblasts infected wig aureus involves a PGEdependent
mechanism. The current study examined levels of P @&Howing infection of
osteoblasts b aureus. Figure 3 demonstrates that PG& up-regulated b. aureus
strain UAMS-1-infected osteoblasts at all time points exathinAlthough there is no
significant difference between infection at the 25:1 and 75:1 M@fetis a significant
difference in PGEexpression betweeh aureus strain UAMS-1-infected and uninfected
osteoblasts. Figure 3 also shows that the increase in levelSEf éccurs early
following S. aureus infection and remains at an elevated level throughout the 24 hour
duration of the experimenPGE, expression in response to UV-kill&l aureus strain
UAMS-1- or S carnosus-infected osteoblasts is not significantly different than that
observed from uninfected osteoblasts (Fig 3). AlthdBglureus nasopharyngeal isolates
N1-N5 significantly increase PGExpression at time 0, PGEvels following 6 and 24

hours of infection are comparable to uninfected osteoblasts.
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Prostaglandin E, production mediates S. aureus-induced increases in RANK-L
production by osteoblasts:

One of the steps in the PgBynthesis pathway involves the conversion of
arachidonic acid to PGH which is then metabolized to P&gBoy cyclooxygenase
enzyme (COX). The addition of NS-398, a selective inhibitor of COX+abits IL-1-
induced PGE synthesis (7, 47). Therefore, in the current study, it is hypatdteshat
inhibition of COX-2 by NS-398 will result in decreased level$*&E, production bys,
aureus-infected osteoblasts. Figure 4 demonstrates that NS-398 cantifi attenuates
PGE production in both uninfected ar®l aureus-infected osteoblasts. Infected control
cells treated with DMSO show the same dose-respornSeatweus strain UAMS-1 seen
in Figure 3.

Since it is known that PGHRip-regulates RANK-L, we also examined the effects
of NS-398 on RANK-L expression b$ aureus-infected osteoblasts. When infected
osteoblasts were treated with NS-398, RANK-L levels wetenaated; indicatings.

aureus-induced PGEplays a role in RANK-L expression by infected cells (Figure 5).



CHAPTER 4: DISCUSSION

Osteomyelitis is a disease associated with abnormal borededing and bone
resorption. The mechanisms responsible for such bone loss are largpédar. The
generation of proinflammatory cytokines and chemokines helps rasmitine cells,
such as leukocytes, which could alter the balance between bonaimsand formation.
Recent studies in our lab have demonstr&ealireus-infected osteoblasts as a hitherto
unrecognized source of soluble immune modulators both in vivo and in vispA3-
28). Osteoblasts can also produce other soluble factors that can mddalaictivity or
formation of osteoclasts. RANK-L is one such key molecule thanukites
differentiation in osteoclasts and is an inducing agent involved in boteictes (22,
23, 45, 48, 56). Following the binding of RANK-L to its receptor RANK on axdéest
precursors, the signal transduction can diverge into diverse patligtysan regulate
distinct aspects of osteoclast functions (10, 17, 33, 38, 55).

Bacterial pathogens can stimulate osteoclastogenesis, ditbetty or indirectly,
which can potentiate bone resorption leading to bone destruction (29sl3dia ket al
have recently shown elevated RANK-L expressionSinaureus-infected NRG cells,
which is a fibroblast cell line that has osteoblast like featis). Based on these
findings, we undertook this study to evaluate the production of RANKx 8 aureus-
infected primary osteoblasts. Results outlined in Figures 1-2ulenate that viabl&

aureus strain UAMS-1 is a potent inducer of membrane-bound, and not sEdrRA&IK-
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L mRNA and protein production by osteoblasts. In addition, UV-kifledureus strain
UAMS-1 did not induce RANK-L expression, thus indicating that activeeial gene
expression may be requirbm maximal RANK-L production. SimilarlyS. carnosus, an
invasion-deficient species, did not stimulate increased RANK-Lesspyn. Although
osteoblasts infected wit aureus nasopharyngeal isolates N3 and N4 induce RANK-L
expression comparable to expression from osteoblasts infected heitbsteomyelitis
clinical isolate UAMS-1 at time 0, and the strains maintagtuction at 6 hours in one
case and at 24 hours in the other, it is possible that strains N3ZaadeNapable of
inducing osteomyelitis if they gain access to the bloodstreamulrsg@guently to bone.
The majority of the nasopharyngeal isolates are not capabladating RANK-L
production. Taken together, these findings substantiate theb laugeus is required for
maximal RANK-L production from infected osteoblasts. An increaseRANK-L
production by infected osteoblasts can further osteoclast diffdrentiand activation
which can potentiate the exacerbated bone destruction observed during ostsomyelit
While RANK-L potentiates osteoclastogeneis, Osteoproteg®it), produced
and secreted by osteoblasts, is a negative regulator of ostetmimation. Tumor
Necrosis Factor-Related Apoptosis-Inducing Ligand (TRAIL) [(48) another key
molecule produced by osteoblasts which can bind to OPG. Alexan@gr(2t have
demonstrated that when osteoblasts are infected Svidureus, TRAIL expression is
increased. Since OPG is known to bind both TRAIL and RANK-L, conpetinay
limit the amount of OPG available to block the interaction bebwRANK-L and RANK

during infection of osteoblasts I8 aureus. Taken together, it is highly likely that the
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increased levels of RANK-L contributes to the massive bone dagsaberrant bone
remodeling associated with the pathology of staphylococcal osteomyelitis

We next attempted to delineate the mechanism involved in up-negulat
RANK-L expression in osteoblasts following exposureStaureus. Prostaglandin £
(PGE) is produced in bone mainly by osteoblasts and acts as a pateumasir of bone
resorption (35, 39, 45). It has been demonstrated that, R&k mediate RANK-L-
dependent osteoclastogenesis in periodontal diseases (8). Furthénegneduction of
PGE, by osteoblasts is regulated by several cytokines and isrggeuoted to induce
osteoclast formation in mouse bone marrow cultures and stimulaterésomption in
mouse calvarial cultures (1, 7, 47). We therefore hypothesized thaased RANK-L
expression in infected osteoblasts occurs as a result of &ikation upstream in the
RANK-L pathway. The current study demonstrates that 8vaureus strain UAMS-1
induces significant PGEproduction in infected osteoblasts (Figure 3). However, UV-
killed S. aureus strain UAMS-1 andS carnosus do not induce PGEproduction by
osteoblasts. Osteoblasts infected wigh aureus nasopharyngeal isolates N1-N5
demonstrate increased P&&xpression initially and decreased expression subsequently
comparable to uninfected osteoblasts. Increased and sustained |€REI& giroduction
are only induced by live osteomyelitis clinical isolate UAMSIndicating the strain is
capable of potentiating the bone damage observed in osteomyédigse results along
with the RANK-L data are consistent with our previous findings likka S. aureus strain
UAMS-1 is more effective at eliciting immuneodulator production by cultured

osteoblasts compared to UV-killed bacteria or non-pathogenic species (3-5, 11)



15

The functions of PGEin target cells are mediated by four different G protein-
coupled receptor subtypes, EP1, EP2, EP3, and EP4 (26, 46). Among these PGE
receptor subtypes, EP4 is the main receptor expressed on osteabthsisresponsible
for mediating PGEinduced RANK-L expression by osteoblasts (13, 46, 51). In
addition, PGE synergistically promotes the differentiation of bone marrowrop@ages
into osteoclasts induced by RANK-L and M-CSF (50, 54). Thus, ;PsiEhulates
osteoclastic bone resorption through the following two different pathivtag induction
of RANK-L expression in osteoblasts, and the direct enhancemem KR induced
differentiation of osteoclast precursor cells into osteoclasibe mechanism of the
synergistic effect of PGEon the RANK-L-induced osteoclastic differentiation of
precursor cells has not yet been explained (21).

PGE synthesis is regulated by three metabolic steps: the eetdasrachidonic
acid from the membranous phospholipids by phospholipagfl18d,), the conversion of
arachidonic acid to PGHoy cyclooxygenase (COX), and the synthesis of PIBEPGE
synthase (24, 32, 43). Both constitutive COX (COX-1) and inducible COX (Zafe
expressed in mouse osteoblasts with COX-2 being markedly inducsevbyal bone-
resorbing, inflammatory factors, including IL-1 and IL-6 in ostesisia30, 46). To
establish the role of COX-2 with respect to production of P@King infection of
osteoblasts witls. aureus, we used NS-398 to inhibit COX-2 and examined its effect on
PGE expression. When osteoblasts were treated with NS-398, RSEls were
significantly attenuated in both un-infected @dureus-infected osteoblasts (Figure 4).
These results indicate that COX-2 is important in the regulaifoRGE, production

duringS aureus infection of osteoblasts.
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We next examined the effects of NS-398 on the production of RANK
Although NS-398 significantly reduced the RANK-L produced Syaureus-infected
osteoblasts, levels of RANK-L still remained detectable apdevetill responsive t&
aureus infection (Figure 5). These data suggest that COX-2 and Blai a significant
role in potentiating RANK-L production b§ aureus-infected osteoblasts.

The increasing incidence in bacterial infections causeds bgureus, and the
emergence of antibiotic-resistant strains of this organismmaae it imperative that we
understand the mechanisms of initiation and maintenance of inflaomnas well as
bone loss observed in sites of infection in order to develop safe actveffinerapies.
Data presented here clearly outline a mechanism by which RIAN# essential factor
for osteoclastogenesis, is up-regulatedSbgureus strain UAMS-1-infected osteoblasts,
further substantiating the role that osteoblasts may have in tharmbleone remodeling
observed in staphylococcal osteomyelitis. In addition, this up-regulaf RANK-L
appears to involve a COX-2 mediated B@Ependent pathway. Potentially, agents that
inhibit COX-2 or block RANK-L production could ameliorate bone loss.Haurstudies
are warranted to investigate the in vivo significance of RANK:IS. aureus-induced

osteomyelitis.
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Figure 1. Expression of RANK-L mRNA by osteoblasts. Primary mouseobsists
were either uninfected (MOI 0) or were infected w&haureus strain UAMS-1 (MOI
25:1 or 75:1). Following a 45-minute incubation +/- bacteria (tinh@@s), total RNA
was extracted at various time points and subjected to QuantiRéiaketime RT-PCR
analysis for RANK-L mRNA. All values were normalized t8®RDH and are expressed
in fold change over baseline (0 hours, 0 MOI). Data are exprassée® means + SEM
of three separate osteoblast cultures. *, P < 0.05 versus 75:1 M)Qnhiat #, P < 0.05
versus 0 MOI at time 0 min; $, P < 0.05 versus 25:1 at 4hrs.
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Figure 2. Expression of RANK-L protein by osteoblast®rimary mouse osteoblasts
were either uninfected (MOI 0) or were infected with eitBeaureus strain UAMS-1
(MOI 25:1 or 75:1), UV-killed strain UAMS-1 (MOI 25:1% carnosus (MOI 25:1) or
with S aureus nasopharyngeal isolates N1, N2, N3, N4 andM®I 25:1). Following a
45-minute incubation +/- bacteria and 1 hour treatment with 25 pg/mtatecin
Sulfate, whole cell extracts were taken at time O hours, 6 hans24 hours. RANK-L
concentrations were determined by an ELISA and the resultdigpkayed in pg/ml.
Data are expressed as the means + SEM of three sepaeatielast cultures. *, P < 0.05
versus 0 MOI at all time points; #, P < 0.05 versus 75:1 MOI at Olélangi, P < 0.05
versus 25:1 at 6h and 24h.
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Figure 3. Expressionof Prostaglandin Eby osteoblasts. Primary mouse osteoblasts
were either uninfected (MOI 0) or were infected with eitBeaureus strain UAMS-1
(MOI 25:1 or 75:1), UV-killed strain UAMS-1 (MOI 25:1% carnosus (MOI 25:1) or
with S aureus nasopharyngeal isolates N1, N2, N3, N4 andM®I 25:1). Following a
45-minute incubation +/- bacteria and 1 hour treatment with 25pug/maent Sulfate,
supernatants were collected at time 0 hours, 6 hours, and 24 hoursaglBnusn &
concentrations were determined by an EIA and are expressed/mi. gdata are
expressed as the means + SEM of three separate ostealilastsc *, P < 0.05 versus 0
MOI at 0, 6h, and 24h.
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Figure 4. Expression of Prostaglandirnp Bnd the Effects of NS-398Primary mouse
osteoblasts were cultured in the presence of 0.025% DMSO or 20 4383 DMSO,

48 hours prior to infection. Osteoblasts were either uninfected (WOr were infected
with S. aureus strain UAMS-1 (MOI 25:1, or 75:1). Following a 45-minute incubation
+/- bacteria and 1 hour treatment with 25 pg/ml Gentamicin tBuléapernatants were
collected at time 0 hours, 6 hours and 24 hours. ProstaglapdionEentrations were
determined by an EIA and are expressed in ng/ml. Data aressed as the means *
SEM of three separate osteoblast cultures. *, P < 0.05 versus @@a@id with DMSO,;

#, P <0.05 versus all groups treated with NS-398 at all time points.
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Figure 5. Expressiorof RANK-L and the Effects of NS-398Primary mouse osteoblasts
were cultured in the presence of 0.025% DMSO or 20 uM NS-398 in DMS@oui8
prior to infection. Osteoblasts were either uninfected (MOdrOlere infected witts.
aureus strain UAMS-1 (MOI 25:1, or 75:1). Following a 45-minute incubation +/-
bacteria and 1 hour treatment with 25 pg/ml Gentamicin Sulfateevdedextracts were
collected at time O hours, 6 hours and 24 hours. RANK-L concentratiens
determined by an ELISA and are expressed in pg/ml. Dataxpressed as the means +
SEM of three separate osteoblast cultures. *, P < 0.05 versus @réa@d with DMSO

at Oh, 6h, and 24h; #, P < 0.05 versus all groups treated with NS-398raegidints; $,

P < 0.05 versus 25:1 MOI at 24h.



CHAPTER 5: INTRODUCTION

Osteomyelitis is a severe infection of bone tissue that sesulfprogressive
inflammatory destruction of bone. It is often necessary thattedelsone be debrided,
tissues reconstructed, and long-term antibiotic therapy utilized. gram-positive
organism3taphylococcus aureus is the most common causative agent of osteomyelitis,
accounting for approximately 80% of all human cases (8). Theseribaaee
characterized by their high affinity to bone, rapid induction of ostzoses (bone death)
and resorption of bone matrix (20). Whif aureus is generally considered to be an
extracellular pathogen, previous studies from our lab have demedsthattS aureus
has the ability to adhere to and persist within osteoblasts (bonexpomils) (1, 9, 14).
The ability of S aureus to invade and survive within osteoblasts is critical to the
observation that greater than 80% of all cases of chronic ostetmgedi caused b$.
aureus. Therefore, it is possible that the ability of bacteria toigenstracellularly offers
the bacteria a route to evade antibiotic treatment, which could subfgglead to
recurrent infections.

Biodegradable biocompatible polymer nanoparticles are effectivg dielivery
systems (35, 36). The biodegradability and biocompatibility of poly ¢laciid) PLA and
poly(lactide-co-glycolide) PLGA has been well documented (10, Ohje of the
advantages of these systems for drug delivery is reduction ensgstomplications and

allergic reactions due to the feasibility of delivering the dogglly (6). In addition, no
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follow-up surgical interference is required once the drug supplgpéeted (21). Lastly,
biodegradation occurs by simple hydrolysis of the ester backboneaqueous
environments such as body fluids and the degradation products are dtebolized to
carbon dioxide and water. Biodegradation of these polymers offers pbtesei in drug
delivery, either as drug delivery systems alone or in combinatitm ather medical
devices. Drug (the active agent) can be incorporated within the eolgmatrix (the
carrier), which later degrades in the body releasing the idragcontrolled way (22).
Some controlled release devices include microspheres (5, 24), rodéli{28),19) and
nanoparticles (18). Several techniques such as single emulsion-selabration
technique have been developed to prepare nanoparticles loaded wathdavariety of
drugs using PLGA (3, 12, 17, 32).

The goal of this study was to develop PLGA based nanoparticlésefalelivery
of antibiotics such as nafcillin, an amphiphilic pencillin (13), toaoctétlular bacteria
inside osteoblasts. Polyvinyl alcohol (PVA) was used as a copolybecause
nanoparticles using this emulsifier are relatively uniform emdller in size, and are easy
to redisperse in aqgueous medium (26). As proof of concept, PLGA nanasartiele
first linked to quantum dots to model the diffusion of antibiotic-nanapest into
osteoblasts and subsequently loaded with nafcillin to evaluate thityiabintracellular
S aureusinside infected osteoblasts.

Quantum dots (QDs) are a new class of fluorophores excitalde a broad
wavelength range stretching from the UV up to slightly lss their emission peak.
They have narrow, size-tunable emission bands, and are resistant to qdujtig.

Their biological applications in a variety of in vitro and in vivo pchaes including
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methods of labeling cells with them have been reported (4, 16, 33)sImvlstigation
In/Ga/P amine functionalized QDs were used to model the diffusitticeafianoparticles
within the osteoblasts by adding PLGA-encapsulated InGaP/ZnS nadegarto

confluent cultures of primary mouse osteoblasts. Following Predgtidn, cultures were
examined via confocal microscopy. Fluorescent confocal microscepitgeerified that
PLGA loaded nanopatrticles tagged to quantum dots diffused insiddlastiscand were
located in the periphery of the nucleus (29).

Subsequently, PLGA particles loaded with nafcillin were constducand
characterization and drug-loading studies were performed by MY
spectrophotometry, dynamic light scattering and scanning electoosostopy (SEM). In
addition, viability studies were conducted in primary osteoblastscaitutarly-infected
with S aureus. Following 24 and 48 h of incubation, all formulations of nanoparticles
loaded with nafcillin either killed or significantly reduced @illithe intracellular bacteria.
Our data thereby demonstrate that effective killing of inthalee S. aureus is possible

by treating the infected osteoblasts with nanoparticles loaded with imaf2i)).



CHAPTER 6: MATERIALS AND METHODS

PLGA Nanoparticles preparation
Materials:

Poly(dl-lactide-co-glycolide) MW. 12,000-16,000, (PLGA) (50:50), pdly(
lactide-co-glycolide) MW 20,000, (75:25) and poly(vinyl alcohol) MW 600¥/,A)P(80
mol% hydrolyzed) were purchased from PolySciences, Inc (M¢gaon, PA). Nafcillin
Sodium was obtained from Sandoz Inc (Broomfield, CO). Quantum dots (QD), T2-MP
InGaP/ZnS Amine Macoun Red, 650nm was obtained from Evident Technologies.
Sodium Chloride, potassium chloride, sodium phosphate, dibasic, potassium phosphate,
monobasic and dimethyl sulfoxide (DMSO) were purchased from \iN¥national
(West Chester, PA), SpectraPor 1 dialysis tubing (MWCO 6-8) kdhd SpectraPor 2
dialysis tubing (MWCO 12-14 kDa) (Spectrum Laboratories, In®rewused.
Collagenase (37%nicrogramyml, type VII), protease (7.%nicrogranmyml), Dulbecco's
modified Eagle's medium, glycine, ascorbic acid, vitamin Bitamino benzoic acid,
penicillin, streptomycin and amphotericin B were obtained from Si@ghemical Co (St.
louis, MO). Fetal bovine serum was purchased from Atlanta Biollsg{GA). Accugene
Molecular Biology Grade Water (Lonza, Rockland, ME) was usedlfgoreparations.
All reagents were either American Chemical Society Anady Grade Reagents or

HPLC grade.
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Emulsion- solvent evaporation technique:

In this study PLGA nanopatrticles using several copolymer cntde weights
were prepared by the single emulsion-solvent evaporation tech{@q38). The lactide
content of the copolymers varied from 50, 75 to 100%. The effect otab#izer in the
nanoparticle size was studied by using different amounts of polyaioghol (0, 0.5, 1,
2, and 2.5%). Poly (vinyl alcohol) (PVA) was used as surfactant beceaursoparticles
using this emulsifier are relatively uniform and smallerize sand are easy to redisperse
in aqueous medium (26). Also, nanopatrticles loaded with amine functeshajiantum
dots composed of an In/Ga/P core surrounded by a ZnS shell and GpREE»ating
functionalized with an amine linker group were prepared.

For nanoparticles loaded with quantum dots (QD), 3 ml of QD solutidouble
distilled ionized water at a concentration of 9 X ihol/ ml was prepared and added to
the PLGA organic phase and vortexed for 3 min. PLGA organic phasemepared by
dissolving 300 mg PLGA in 10ml dichloromethane and acetone mixture W&2by
vortexing. 20 mL of aqueous PVA solution was prepared at concentrafidns, 1, 2,
and 2.5% wi/v. The oil-water (O/W) emulsion was obtained by pouringrfanic phase
into the aqueous phase, vortexing for a min and then sonicating pitba at 90W for
15 minutes over an ice bath. The organic solvents were allowedgorat@while being
stirred at atmospheric pressure. The solidified nanoparticlee wetlected by
ultracentrifugation at 10000 rpm for 15 min to eliminate the big nanofes;tand then
washed three times with double distilled ionized water at 35,000ap8&0 minutes. The

final product was dried by lyophilization.
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For nanopatrticles loaded with nafcillin, 300 mg PLGA was dissoluetiOi ml
dichloromethane and acetone mixture (8:2, v/v) by vortexing. 100 mg of Nafcillin sodium
was dissolved in 10 ml of the co-solvent, acetone and 18 drops of wateraaded.
These two organic phases were mixed together by vortexing and s@@® ml 0.5%
PVA solution. Then the mixture was sonicated for 15 minutes (ampltbévibracell,
VCX 130PB, Sonics and Materials, Inc., Newtown, CT) over an ide Bat oil in water
(o/w) emulsion was formed. The organic solvents were evaporatedmatspheric
pressure for 72 hours under constant stirring (250 rpm). The predpitateparticles
were collected by ultracentrifugation (20,000 rpm, 30 min). Nanopartiaes washed 3
times with water followed by ultracentrifugation to remoweess PVA and nafcillin
sodium. Purified nanoparticles were dried by lyophilization. UnloadedsAPL
nanoparticles (nanoparticles without nafcillin) were also prepargd skngle
emulsion/solvent evaporation method.

Characterization of nanoparticles:
Particle Size, Zeta potential and Morphology:

0.1 mg of nanoparticles were suspended in 5 ml of double distilled dowater
and the suspension was sonicated for 5 min. The particle size angdential of the
nanoparticles were then determined by dynamic light scattéZietq Pals, Brookhaven
Instruments corp., Holtsville, NY). The morphology of the nanoparticks studied by
scanning electron microscope (Raith 150, Raith USA, Ronkonkoma, NY) bydswgea

the particles over an aluminum holder.
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Drug loading measurements:

Drug loading of nanoparticles was determined by UV-Vis spsctipy (Cary 300
Bio, Varian Australia PTY Ltd, Australia). Nafcillin-loadednoparticles were dissolved
in DMSO and the absorbance was measured at 325 nm and 335nm (37). The drug
concentration was determined by using calibration curves obtaired $tandard
solutions of nafcillin in DMSO.

Drug loading (%, w/w) =_mass of drug in nanoparticke$00

mass of nanoparticles
In vitro drug release:

Thein vitro degradation studies as well as the early stages of thereleage
profile have been studied using phosphate buffer saline (PBS, pH 7.4), adetme
medium.In vitro drug release studies of nanoparticles were conducted incabaitor
shaker (Lab line, Labline Instruments Inc, Melrose Park, ILL) in phate buffer saline
(PBS) (pH 7.4, 0.15M). The temperature of the system was maintain@¥°@.
SpectraPor dialysis tubing was used for the study. The didiysisg was first activated
by treating with sodium bicarbonate and sodium EDTA. Fifty maqaitillin loaded
nanoparticles were suspended in 5 ml phosphate buffer saline and platalysis bag
and both ends were sealed with clips. SpectraPor (MWCO 6000) dialysis tubingedias us
for PLGA 50:50 and SpectraPor (MWCO 12,000-14,000) dialysis tubing walsfoise
PLGA 75:25. The bag was immersed into a glass bottle containing LOD nelease
media (PBS) and closed tightly. The system was kept under nbshtking at 100 rpm
to keep the concentration of drug in the buffer uniform. One ml of thersdfution was

sampled periodically at predetermined intervals and was replaitecdme ml of fresh
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PBS. The drug concentration was measured using UV-Vis spegisost 325 nm and
335 nm using calibration curves obtained from standard solutions. The espewas
repeated with nafcillin sodium without polymer nanoparticles. Nafcgodium was
dissolved in 5 ml PBS and loaded in a dialysis bag and the releadeugfwas
determined. These results were compared with that of rele@sedfug loaded PLGA
nanoparticles in PBS solution.

Viability study

Normal mouse osteoblast cell culture:

Primary osteoblasts were isolated from mouse neonatal caVayisequential
digestion with collagenase and protease according to a method phewdessribed for
chick embryos (30, 31). The periostea were removed, the frontal bonehargested
free of the suture regions, and the bones were incubated for 1& @fC in 10 ml of
digestion medium containing collagenase (375 U/ml, type VII;m@igChemical
Company, St. Louis, MO) and protease (7.5U/ml; Sigma). Cellssedleduring an initial
7 min digestion were discarded. Ten milliliters of fresh digestnedium was added, and
incubation continued for another 20 min. Cells were harvested by fagation and
rinsed three times in 25 mM HEPES- buffered Hanks’ balancedsalaition (pH 7.4,
HBSS). The digestion step was repeated twice, and the thrasotalés were pooled in
mouse osteoblast growth medium (OBGM) consisting of Dulbecco’s fieddeagle
medium containing 25 mM HEPES, 10% fetal bovine serum (Atlanta@adls, GA), 2
g of sodium bicarbonate per liter, 75 mg of glycine/ml, 100 mg afrbgracid, 40 ng of
vitamin B;o/ml, 2 mg ofp-aminobenzoic acid/ml, 200 ng of biotin/ml, and penicillin (100

U/ml)-streptomycin (10Qug/ml)-amphotericin B (25ug/ml) (pH 7.4) (30). Osteoblasts
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were seeded on a coverslip in 24-well culture dishes (for cdnfuceoscopy) or 6-well
culture dishes (for viability studies) and incubated &C3in a 5% CQ atmosphere until
they reached confluence (2-7 days).

Confocal microscopy analysis:

Once the cells reached confluency, cells were washed once wik'sHmlanced
salt solution (HBSS) and were treated with quantum dots alone or quantungdets tia
nanoparticles suspended in 1X phosphate-buffered saline (PBS). Folkhiffangnt time
periods of incubation, the quantum dots with and without nanoparticlesremeved
and rinsed twice with 1X PBS. Cell layers were rinsed twiitk 1X PBS and were fixed
using prefer fixative (Anatech Ltd, MI) for 20 minutes. The i@ was then removed
and the cells were washed twice with 1X PBS. Cells were cmtaieed with 4'-6-
diamidino-2-phenylindole (DAPI) for 10 minutes to visualize the ews] which stains
blue with DAPI. The excess DAPI stain was then removed ansl welle washed twice
with 1X PBS. Finally, the extent of fluorescence present ircéfie was visualized using
a FLUOVIEW FV500 confocal laser scanning biological microscopenilyis America
Inc., Melville, NY).

Bacterial strain and growth conditions:

Saphylococcus aureus strain UAMS-1 (ATCC 49230) is a human osteomyelitis
clinical isolate, and was grown overnight with aeration in 75 ml gpfic soy broth
(TSB) at 37C. The bacteria were harvested by centrifugation at 43pfbx 10 minutes
at #C and the cell pellet was resuspended in osteoblast growth mgdB@M) lacking
antibiotics. Following resuspension of bacteria in OBGM, bacteedl density was

determined via spectrophotometric analysis.
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Invasion assay and S. aureus viability:

PLGA (50:50) and PLGA (75:25) loaded with nafcillin were used forstiuely.
Samples G1 (PLGA 50:50, unloaded), G2 (PLGA 75:25, unloaded), G1.1 (PLGA 50:50,
loaded), G1.2 (PLGA 50:50, loaded), G2.1 (PLGA 75:25, loaded) and G2.2 (PLGA
75:25, loaded) were used in these experiments. Nafcillin loadedlgamiere suspended
in the growth medium at a concentration of 13Pml. Once the osteoblasts reached
confluency, cells were washed with OBGM lacking antibiotics agaltéid with 75ul of
the S aureus suspension (approximately 2 x°Iblony forming units) in OBGM lacking
antibiotics. Following a 45 min infection at ¥7, bacteria were removed and cell
cultures were washed once with OBGM lacking antibiotics. @edi® then incubated for
1 hour at 37C in OBGM containing either gentamicin (2% /ml) (to kill remaining
extracellular bacteria) and unloaded nanoparticles or OBGM oamgagentamicin and
nafcillin loaded nanoparticles. Following 1 hour incubation period (time 0 ho&EM
containing nanoparticles were removed and the cells were &ext by treating with
0.1% triton X 100 for 5 minutes at 32 or the cells were incubated for an additional 24-
48 hours and then lysed. Serial dilutions of the cell lysates platied on to tryptic soy
agar plates (TSA) and the numbers of viable intracellular bacteere quantified
following an overnight incubation of the plates at@7
Statistical analysis:

Data are all expressed as mean + S.E.M utilizing three emdiemt osteoblast
cultures. The statistical significance of results was aealyusing a student t-test

(Sigmastat, SPSS Inc.) and a p value of less than 0.05 was considered significant



CHAPTER 7: RESULTS

Intracellular diffusion of quantum dots tagged to nanoparticles into osteoblasts:

In the present study, we tested the ability of nanoparticéeted with nafcillin to
cross the osteoblast cell membrane to ensure better drugrgétivatracellular bacteria.
To provide proof of concept, we first examined the ability of nanapestitagged to
guantum dots to be incorporated inside osteoblasts. Nanoparticles ofigmigiefco-
glycolide) were prepared by single emulsion solvent evaporatidmitpe. Three
different copolymer compositions were used and the amount of the eenujsiiyvinyl
alcohol (PVA), was also varied. The particle size of nanoparsalpensions was
determined and results are summarized in Table 1. Primary mdesblasts were then
treated with these quantum dots tagged to PLGA nanoparticles.iddtdration periods
of 1 and 2 h followed by Prefer fixation, the cultures were emadivia confocal
microscopy to observe the extent of fluorescence present irltaeAs shown in Fig. 1,
the tagged particles were internalized by osteoblasts anel leegited adjacent to the
osteoblast nuclei.

Characterization of nanoparticles|oaded with nafcillin:

Nanoparticles were then loaded with nafcillin and the particle size of ndictga

suspensions along with the drug loading of the dry nanoparticles etasnithed and

results are summarized in Table 2. Scannin electron microscegyngof nanoparticles
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shows that they are spherical in shape with a smooth surfage?jFirhe zeta potential
of plain PLGA nanoparticles was measured to be -45 mV. The eetdasafcillin from
nafcillin-PBS solution loaded in a dialysis bag is shown in Bgsand 3b. The release of
nafcillin from nafcillin-PBS solution without polymer nanopaki followed a rapid
profile with 97% of the drug being released within the first #igs. 4 and 5 show the
release of nafcillin from PLGA 75:25 and PLGA 50:50 respectively. diiug release
followed a biphasic profile with 42-47% of the drug being releasenim4t8 h of study
(burst release) and the entire drug released within 35-40 days.

Viability of S. aureus inside osteoblasts exposed to nafcillin loaded nanoparticles:

As detailed in Fig. 6, following 24 and 48 hours of incubation, all fortraua of
nanoparticles loaded with nafcillin significantly reduced the numlzérintracellular
bacteria. G1.2 and G2.2 formulations of nanopatrticles loaded with naksiled all of
the intracellular bacteria. Other loaded formulations of padjdb1.1 and G2.1, caused a
significant decrease in the viability of intracellufaraureus inside infected osteoblasts.
For all time points, the numbers of intracellular bacteria fosteoblasts infected with
aureus, in the absence of any further treatment, were comparable touthbers of
bacteria obtained from infected osteoblasts treated with the unlasateaparticles

formulations (G1 and G2).



CHAPTER 8: DISCUSSION

Osteomyelitis is an inflammatory disease of the bone thahasacterized by
extensive bone destruction and its primary causative bacteriftiapls/lococcus aureus.
The organism is a capable bone pathogen, with adhesins thaatadibtbinding to bone
matrix and toxin secretion capable of stimulating bone resorptian ingreasing
osteoclast activity (23, 25). Previous studies in our lab have shot@ thaeus can be
internalized by osteoblasts (14). Intracellular invasion provides piaieérom the
humoral immune response and several classes of antibiotics. Tbess, faoupled with
the fact that antibiotics cannot effectively penetrate intitdledy-infected eukaryotic
cells could explain the recalcitrant nature of this diseasetdespat can be considered
adequate surgical and antibiotic management (7). We have sucgedsfuthinstrated the
use of nafcillin-loaded nanoparticles to target intracell8araureus. Nafcillin was
chosen in these studies, sir@eureus clinical isolate UAMS-1 is sensitive to the drug,
nafcillin is often prescribed fo& aureus infections, and nafcillin does not have the
ability to enter eukaryotic cells in its native form.

Poly(lactide-co-glycolide) [PLGA] particles were firsigged to quantum dots
(In/Ga/P amine functionalized QDs) in order to model the diffusioim®mnanoparticles
across the osteoblast cell membrane. The QD was composed of aiPIntGre
surrounded by a ZnS shell and a lipid coating to make it water sol@ther bio-

molecules such as antibiotics can be potentially conjugated to time dinker group
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functionalized to the lipid coat. PLGA nanoparticles were preparesingye-emulsion
solvent evaporation technique and the lactide content of the copolyaraxd from 50,
75 to 100%. The effect of the stabilizer in the nanoparticle se® studied by using
different amounts of polyvinyl alcohol (0, 0.5, 1, 2, and 2.5%). For all copolymer
compositions, optimum results in terms of particle size and nafcillin loadasgtained
when 0.5% of PVA was used to prepare the PLGA nanoparticles r{dathown) and
was henceforth chosen as the optimum stabilizer concentratiorefmarption of PLGA
particles loaded with nafcillin. An interesting phenomenon observedhgagduction in
the particle size of nanoparticles upon loading of nafcillin coethb#o that of unloaded
PLGA nanopatrticles (Table 2). As observed in other studies, a hydropdhoig such as
nafcillin with its aromatic rings in its molecular structungight decrease the interfacial
tension between the agueous phase and the organic phase, which resuilteinase of
the area to volume ratio which results in a reduction of parsizie (38). The PLGA
nanoparticles prepared in these studies were spherical in shép@awticle size in the
range of 200 nm (Fig. 2). The negative zeta potential of theselgsrdue the presence
of free carboxyl groups on the polymer surface, was in agreeninprevious studies
(15). Fluorescent confocal microscopy verified that PLGA nanabestiloaded with
QDs diffused inside osteoblasts and were located in the periphdvg aticleus (Fig. 1)
(29).

We then evaluated the drug release profiles of nafcillin atGA
nanoparticles. Firstly, the drug release profile of nafcilliusoh in PBS across dialysis
tubing was measured and the majority of the drug was rapmtigiged within the first 9

hours (Fig. 3). This shows that the transport of drug through the idiatgsnbrane is not
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a rate-limiting factor. Drug release measured from rafddaded PLGA nanoparticles
followed a biphasic profile with an initial rapid release followgy a more controlled
release as shown in Figs. 4 and 5. Biodegradable polymers can bariratassified
into two groups - bulk eroding (homogeneous) and surface eroding (@esteaus)
polymers. In the case of surface-eroding polymers, polymeadation is much faster
than water intrusion into the polymer bulk and hence, the erosion affdgtthe surface
and not the inner parts of the matrix. In bulk eroding polymers, watekeigty the
system is much faster than polymer degradation which raaulte hydration of entire
polymer and cleavage of polymer chains inside the polymer. Theoerpsocess is
therefore not confined to the outer surface alone. PLGA is documemtied a bulk
eroding polymer (2, 34) as corroborated by the release profile odseeve. The initial
burst release was probably due to the drug that was preesattol the surface and the
second phase of slow release was due to simultaneous polymedadiegraand drug
diffusion. Such a release profile is important because an initiagl belease may help
control the rapid growth of the organism in osteoblasts.

Lastly, we investigated the effects of nafcillin-loaddd5A nanoparticles on the
viability of intracellular S. aureus in infected osteoblasts. Our viability study data
demonstrate that effective killing of intracellul&r aureus is possible by treating the
infected osteoblasts with nanoparticles loaded with nafcillin. Thadeles released the
drug and eliminated all of the intracellular bacteria followamgincubation period of 24-
48 h (27).

In summary, we have provided compelling data substantiating a appebach

using antibiotic-loaded nanopatrticles to enter inside infected oastshthich results in
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killing of all intracellular bacteria. One of the potential apgtions of such a unique
approach can be the development of a spray device that can be usedetiately treat
injured patients, target extracellular and intracellular badtpathogens and be a topical
application replacing systemic antibiotic therapy with th@aased risk of selection for

resistant bacteria.
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FIGURES

PLGA PLGA PVA Particle size / | QD Loading

Composition| (mg) | (mg, %) PD, (nm) (%)
50:50 313 116, 0.5 263 (0.13) 9x10™* nmol/mL
75:25 304 107,0.5 301 (0.20) | 9x10™* nmol/mL

100:0 305 107.0.5 228 (0.18) 9x10™ nmol/mL

Table 1: Characterization of poly(lactide-co-glycolide) [PLGA] nanopdes tagged to
Quantum dots (QD) prepared by emulsion solvent evaporation technique.

Figure 1: Confocal microscopy images of poly(lactide-co-glycolide) [PLGA]
nanoparticles tagged to quantum dots (QD) (50:50; upper panel, 75:25; lowéer panel
inside primary mouse osteoblasts. Quantum dots fluoresce red wtatiblast nuclei

fluoresce blue.
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Sample Type of Weight of Weight of Weight of Particle Zeta Drug
number  polymer PLGA PVA Nafcillin Size Pot Loading
(mg) (mg) (mg) (hm)  (mV) (%, wiw)
G1 PLGA 50:50 900 305 Nil 373 -45
Gl1.1 PLGAS50:50 910 306 310 140 -78 10
Gl.2 PLGA50:50 908 305 300 168 -77 09
G1.3 PLGA50:50 300 100 100 160 - 66 10
G2 PLGA 75: 25 905 102 Nil 280 -45 -
G2.1 PLGA75:25 905 300 305 162 -84 07
G2.2 PLGA75:25 903 300 305 207 -82 11
G2.3 PLGA75:25 302 101 100 180 -73 12

Table 2: Characterization of poly(lactide-co-glycolide) [PLGA] unloadex aafcillin
loaded nanoparticles prepared by emulsion solvent evaporation technique.

™

Figure 2: Scanning electron micrograph (SEM) of a PLGA nanopatrticle
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Figure 3: Release of drug from nafcillin-PBS solution loaded in a dislysg at
37°C. a) MWCO 6 kDa; b) MWCO 12-14 KDa.
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Figure 4: Release of nafcillin from PLGA 75:25 nanoparticles in PBS &€37
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Figure 5: Release of nafcillin from PLGA 50:50 nanoparticles in PBS &€37
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Figure 6: Viability of intracellularS aureus from osteoblasts treated with nanoparticles

or nanopatrticles loaded with nafcillin. Primary mouse osteoblasts weresthfect
intracellularly withS. aureus and were subsequently treated with unloaded nanoparticles
(G1 and G2) or nanoparticles loaded with nafcillin (G1.1, 1.2, 2.1 and 2.2) for 1 (0 hour),
24 and 48 hours. Osteoblasts were subsequently lysed at these time intervals with a
solution containing 0.1% triton X-100 and serial dilutions of the lysates were plated on
tryptic soy agar (TSA). Following an overnight incubation &3he numbers of
intracellular bacteria were enumerated. *, P < 0.05 veé3saig eus- treated osteoblasts at
the same time point.



CHAPTER 9: INTRODUCTION

Artificial joints and orthopedic implants are used to repairestore function to
damaged and diseased tissue. Conventionally, such devices are cedsbfuntetals
such as titanium and cobalt-chromium which are relatively non-immuamggen-toxic,
and resist corrosion when placed in contact with host tissuesH84)ever, the most
significant problem encountered with such biomaterials is inade@gaeointegration, or
intimate apposition of bone to the implant surface (11). As a rabdtfunctional
lifespan of artificial prostheses is estimated at about 1%syedich makes them
unsuitable for active and younger patients (34). Implant failurdoearaused by various
factors, but tends to be the result of mechanical fatigue or lowserithe device.
Enhancement of biomaterials is therefore necessary in ordercrtease the implant
success rate and extend their functional lifespan.

Osseointegration is desirable for the clinical success of insplagtause it
provides a functional connection between the implant and bone by strong bontheg of
surrounding bone tissue on implant-material surfaces. Formation aiparpinterface
requires immediate and rigid immobilization of the implant as ieaplant motion can
also cause release of particle debris which can initiate letedeus inflammatory
response (19). At the cellular level, a proper interface doan requires osteoblast

adhesion and subsequent functions pertinent to osteogenesis (2).
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Bone is an anisotropic and dynamic tissue consisting of cellofasts and
osteoclasts), connective tissue (primarily type 1 collagen)manerals (hydroxyapatite).
Osteoblasts form a bone matrix (the osteoid) that later beconmesralized. The
extracellular matrix (ECM) secreted by osteoblasts isapmately 90% collagen and
10% non-collagenic proteins such as osteocalcin, osteonectin, sialoproteins,
proteoglycans, osteopontin, and fibronectin (50). Successful communicatweehet
cells and the ECM is mediated by a family of cell surfi@meptors called integrins that
stimulate signal transduction pathways and mediate osteoblastadhgsieading, cell
differentiation and bone morphogenesis (21, 23, 37). Specifically, intagtimation
induces expression of osteoblast specific transcripts such as absitecand type |
collagen and is required for differentiation of osteoblast precursors (55).

Saphylococcus aureus is a gram-positive bacterium capable of binding to and
colonizing tissues via a collection of cell-surface adhesinsreeféo as microbial surface
components recognizing adhesive matrix molecules (MSCRAMNMESCRAMMS
recognizing collagen, bone sialoprotein, fibronectin, and fibrinogen mextiagrence of
S aureus to bone and biomaterials coated with host proteins (28). There inegiteat
S aureus can bind to cells (16, 48) and biomaterials (25, 26) directly. ktieraof S.
aureus with host cells via MSCRAMMSs can induce signal transductigimsine kinase
activity, and cytoskeletal rearrangement (15, 16) . UV-killedureus is also able to
attach efficiently osteoblasts (29). Although viaBleureus cells are potent inducers of
immune modulator expression by osteoblasts, UV-kilfedaureus does not induce
significant expression of such molecules (4-6). In summary, U¥ekl aureus can

tenaciously bind biomaterials and effectively colonize bone which criaté cell-
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signaling cascades that can potentiate osteogenesis. Theme iatriguing combination

of properties with respect to bone-implant interfaces and the cymrepbsal addresses
the efficacy of S aureus as a novel osteoconductive coating for bone-associated
biomaterials.

Here, we investigated the effects of coating Ti surfacds déad bacteria on
osteoblast functions pertinent to new bone formation. For this purposedbesion,
proliferation as well as synthesis and mineralization of theaesfiular matrix were
examined using mouse calvarial osteoblasts, a well-charadiece# culture model.
Osteoblast differentiation on Ti-6Al-4V alloy coated with fibromeqTi-Fn) surfaces
was compared to Ti-Fn surfaces coated with UV-kifledureus (Ti-Fn-SA). Fibronectin
was chosen to pre-coat the polymer surface as it is pre-adsorbakdl lmomaterials
following insertion and is considered to be the model host protein that profhatesus
attachment to biomaterial surfaces (2, 52). Results of these sstddmonstrate that
compared to the Ti-Fn surface, osteoblast attachment and adhesienhaased on Ti-
Fn surfaces coated with bacteria. On both substrates, cellepatiih was sustained at
comparable levels while markers of osteoblast differentiatiorh sas collagen,
osteocalcin, alkaline phosphatase and mineralized nodule formationnesrased on
Ti-Fn-SA alloys compared to Ti-Fn surfaces. A productive agigon of bone-associated
biomaterials with osteoblasts, aided 8yaureus, thus suggests a unique role far

aureusto increase apposition of bone to implant surfaces.



CHAPTER 10: MATERIALS AND METHODS

Normal mouse osteoblast cell culture:

Primary osteoblasts were isolated from mouse neonatal caMayisequential
digestion with collagenase and protease according to a methodysiguiescribed for
chick embryos (43). The periostea were removed, the frontal boneshaefested free
of the suture regions, and the bones were incubated for 10 mirf@ti37.0 ml of
digestion medium containing collagenase (375 U/ml, type VII;m@igChemical
Company, St. Louis, MO) and protease (7.5U/ml; Sigma). Cellsseddleduring an initial
7 min digestion were discarded. Ten milliliters of fresh digesthedium was added, and
incubation continued for another 20 min. Cells were harvested by fagation and
rinsed three times in 25 mM HEPES- buffered Hanks’ balancedsaslaition (pH 7.4,
HBSS). The digestion step was repeated twice, and the thrasotalés were pooled in
mouse osteoblast growth medium (OBGM) consisting of Dulbecco’s fieddeagle
medium containing 25 mM HEPES, 10% fetal bovine serum (Atlanta@udls, GA), 2
g of sodium bicarbonate per liter, 75 mg of glycine/ml, 100 mg afrbgracid, 40 ng of
vitamin B;o/ml, 2 mg ofp-aminobenzoic acid/ml, 200 ng of biotin/ml, and penicillin (100
U/ml)-streptomycin (10Qug/ml)-amphotericin B (25ug/ml) (pH 7.4) (42). Osteoblasts
were seeded in 25 énilasks and incubated at 37 in a 5% C@® atmosphere until they

reached confluence (6-7 days). Cells were then washed with @DHESS, treated with
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5 ml of trypsin (Sigma) for 5 min at 3Z. Following centrifugation, osteoblasts were
seeded on to the biomaterial surfaces as described below.
Biomaterial preparation:

12- well polystyrene tissue culture dishes were coated withté#meum alloy Ti-
6Al-4V (hereby abbreviated as Ti) (Teledyne Allvac/Vasco, N€ihg electron beam
deposition (Varian 3125 electron beam evaporator). Ti-coated dishestlvesn treated
with osteoblast growth medium (OBGM) supplemented with mouse Fibmor{bereby
abbreviated as Fn) (Affiland Company, Belgium) at a concentrati@ugfml for 24 hr
at 37° C. Following incubation, plates were rinsed with Hank’s bathrsalt solution
(HBSS) to remove unbound Fn. Selected plates were incubated an ati@4idwawith
different doses of UV-kille®. aureus - 1 x 16, 10’ and 18 numbers of bacteria per well.
For all experiments, Ti-Fn coated plates with no bacteria (ieabbreviated as Ti-Fn)
served as controls for comparison with bacteria-coated surfacebyhabbreviated as
Ti-Fn-SA). Following incubation, plates were rinsed with HBSS @mave unbound
bacteria. Osteoblasts subcultured from tissue culture flasksglgscribed above) were
seeded into Ti-Fn +/- deafl aureus-coated 12 well dishes at a density of 2 ¥ 10
cells/cnf and incubated at 37°C at 5% €for various time points.

Bacterial strain, growth conditions and UV-killing:

S aureus strain UAMS-4 is a co-isogenic mutant of osteomyelitisicél isolate
UAMS-1 (ATCC 49230) with an inactivateabr (accessory gene regulator) locus (20).
Theagr locus encodes a trans-activator of multile@ureus virulence-associated genes
and is also responsible for growth-phase-dependent expression ofudattesand

secreted virulence factors. Tagr locus is inactive during exponential growth where cell
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surface adhesins are maximally expressed (38). Entry intorgtet phase results in
activation ofagr, down-regulation of cell surface adhesins, and up-regulation oftesgécre
proteins. Thereforeggr mutants retain the ability to colonize host tissue, but demonstrate
decreased virulence (20, 38). UAMS-4 was grown overnight in 15 myutfdrsoy broth
(TSB) supplemented with erythromycin ((§/ml) (Em5) at 37°C with aeration. Ten ml
of this overnight culture was then transferred to 1 liter of EsiS and grown for 3 hr in
conditions as described above. Bacteria were harvested in tittthngesxponential phase
to ensure maximal expression of cell surface adhesions. @ells harvested by
centrifugation at 4300 g at 4°C for 10 min and washed in HBSS. Bacteria were killed
by exposure to short-wave (254 nm) ultraviolet radiation for 5 mincamtrifuged at
conditions described above. Subsequently, bacteria were suspended in OBB#Iithe
final concentration of 1 to 5 x 1@olony-forming units (CFU/mI). To verify successful
killing, aliquots of the cell suspension were plated on tryptic sggr ATSA)
supplemented with erythromycin (1@/ml) (Em10), followed by incubation for 24 h at
37°C.

Osteoblast attachment:

Attachment of osteoblasts to Ti in the presence and absence &flley-S
aureus was analyzed using phosphor-screen autoradiography (10). Before wtibgult
onto Ti-Fn +/-S aureus surfaces, osteoblasts were incubated with methionine-free
DMEM supplemented with GCi/ml **S-methionine. Following 18 h incubation with the
labeling medium, cells were removed from flasks using 0.05% trypsin/OBERYA,
washed in OBGM, and seeded into culture dishes prepared asbddseaiove.

Osteoblasts suspended in the labeling medium were seeded datoafd Ti-Fn-SA
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coated plates and cell attachment was assessed at 1 and 36 h. At the indiegtedhts,

culture plates were rinsed 3 times with HBSS, air dried, and edptus a phosphor
screen for 2 hrs. Following exposure, the screen was analged a Typhoon 8600
Variable Mode Phosphor Imager and the pixel intensities, indicativiheofrelative

number of attached osteoblasts, were measured using appropriateresgqMolecular

Dynamics, CA).

Osteoblast adhesion:

Cell adhesion was assessed by reduction of the yellow tetrazelin3-(4.5-
dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophg3H-tetrazolium
(MTS) to the blue formazan product (Promega, WI) (18). Ostesbleste incubated on
Ti-Fn and Ti-Fn-SA surfaces for 1, 3, 7 and 10 days. At the indicatedpoints, culture
medium was removed; the wells were washed with HBSS and rdpleite OBGM
without phenol red (Hyclone labs, UT). Twenilyof MTS reagent was added to each
well and incubated overnight at 37 °C in a humidified atmosphere with 6% The
extent of osteoblast adhesion was determined by measuring thbaadzsoof the culture
media at 540 nm in a plate reader.

Osteoblast proliferation:

Osteoblast proliferation was assessed by measuring incorporatidrttofmidine
into osteoblasts (13). Briefly, osteoblasts were seeded onto Ti-Fid&mdSA-coated
dishes as described earlier. Cells were incubated®@ti@’% CQ in OBGM containing
0.5 uCi/ml tritiated thymidine (methy?H) (Amersham, MA). At 24, 48, and 72 h,
labeling media were removed from individual plates, and the wels mresed once with

PBS to remove unincorporated tritiated thymidine. Adherent caltge then lysed in 0.5
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ml of a 5 mM Tris (pH 8.0), 20 mM EDTA, 0.5% Triton X-100 solution. Samplere
treated with NaOH (2.0 N), followed by HCI (2.0 N), and then incubated overnig?€ at
in 0.6 N perchloric acid. Cell lysates were centrifuged, tipeeshatant discarded, and the
pellet resuspended in 100 uL of Tris-EDTA buffer. Liquid scintillago@lysis was then
used to quantify the amount of tritiated thymidine present in sactple. Radioactivity
levels (disintegrations/minute, dpm) serve as an indicator lbfpeeliferation on a
particular substrate.

I nsoluble matrix collagen synthesis assay:

To determine the bone-matrix forming ability of osteoblasts, promuctif
insoluble collagen was measured to assess the bone matrixadaability of osteoblasts
as described (49). Osteoblasts suspended in OBGM were plateeFaraind Ti-Fn-SA-
coated surfaces and incubated afC37n 5% CQ for 3, 6 and 9 days. Following
incubation at the different time points, media was aspiratedehthyers were fixed for
1 hour in picric acid: 37% formaldehyde containing 4.8% acetic @ij. Cell layers
were then air dried and stained for 1 hr with 0.1% Sirius r&lif3icric acid (Sigma) ,
a dye that binds to the [gly-x-y] helical structure found incallagens without staining
other components of the extracellular matrix (33, 51). The stainkdagers were
washed with 0.01N HCI and the bound dye was released using 0.1 Na@H. Th
absorbance of the released dye was measured spectrophotometrically at 540 nm.
Osteocalcin production:

Osteoblasts were cultured in growth medium (OBGM) on Ti-Fn anénT$A-
coated dishes for 7, 14 and 21 days. Cell culture media was collected at thedhtiica

points and osteocalcin production was measured in the culture media using a
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commercially available osteocalcin enzyme linked immuno as$ayiSA) kit
(Biomedical Technologies, Inc., MA) as described previously (53). Mkeasurement
sensitivity was 1 ng/ml.

Measurement of alkaline phosphatase activity:

Alkaline phosphatase activity was measured using an assay basede on t
hydrolysis of p-nitrophenyl phosphate (p-NPP) to p-nitrophenol (p-{4/). Briefly,
cells suspended in OBGM were seeded in 12-well plates coated miin and Ti-Fn-SA
coated surfaces and incubated for 3, 6 and 9 days. At the indicateghdins, cell
culture media was decanted, cell layers washed once witlsHB8 then lysed with 1%
triton X-100. Enzyme activity in the cell lysate was spectrophotiocadly measured at
410 nm as released p-nitrophenol (p-NP) over a 5-minute period. Nmol prochutd
was calculated assuming 48 = 64 nMol p-NP (36). Measurement of total protein
content in each sample using the BCA protein assay kit (PIERCRas performed to
allow a determination of alkaline phosphatase specific activitiessteoblasts attached
to the different substrates. Alkaline phosphatase specific gctivéls expressed as
nanomoles of product (p-nitrophenol) produced per milligram of protein.

Osteoblast mineralization:

The degree of mineralization was determined using Alizarin RethiSing as
described (1). Osteoblasts were suspended in mineralizationa m@VEM
supplemented with 10% FBS, 10 nvglycerophosphate3¢GP) and 5Qug/ml ascorbic
acid), plated on Ti-Fn and Ti-Fn-SA-coated surfaces and inedlat 7, 14 and 21 days.
Following the indicated times of culture, media was removedlandells were fixed for

1 hr with ice-cold 70% ethanol. Following fixation, cell layers weansed twice with
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deionized water and stained with 40 mM Alizarin Red S solution (pHfdr.2)0 minutes
at room temperature. The dye was aspirated; cells weetrthsee times with deionized
water and then washed with PBS for 10 min to remove nonspetdiicing. After
removal of the PBS, the cells were destained from the @lixxby incubation in 10%
cetyl-pyridinium chloride (Sigma) in 10 mM sodium phosphate (pH-7.01%ominutes.
Finally, the absorbance of the extracted stain was measuresl7Gatm with a
spectrophotometer.
Statistical analysis:

Data are reported as mean = SEM of triplicate values framgle experiment.
All experiments were repeated three times and yieldedasimesults. The statistical
significance of results was analyzed using a one way asalygariance (ANOVA) with
one repeated measure, followed by a Dunnett’s testgostdnoc comparison (Sigmastat,

SPSS Inc.). A p value of less than 0.05 was considered significant.



CHAPTER 11: RESULTS

Osteoblast attachment, adhesion and proliferation:

Ti-6Al-4V alloy was deposited on to tissue culture plastic antedoaith mouse
fibronectin alone (Ti-Fn surface) or with fibronectin followed by-killed S. aureus
(Ti-Fn-SA). Osteoblasts were incubated on these Ti surfacedifferent time periods.
Osteoblast attachment to Ti-Fn H-aureus surfaces was measured by phosphor-screen
autoradiography following 1 and 36 hours of incubation. Results from thedess
(Fig.1) demonstrate that using deddaureus enhances osteoblast attachment in a dose
dependent manner to thin films of titanium alloy, following 1 and 36 hafurscubation.
The magnitude of attachment, as estimated by the average pixel intsnd&gendent on
the numbers of bacteria added. When pixel intensity was quantitatedebynage
phosphor, a significant increase in attachment was noted in osteahldsted in the
presence of the 1@&nd 18 doses of bacteria, following 36 hours of incubation (Fig.2).

Especially in the field of biomaterials, attachment refers ao initial
physicochemical interaction between two surfaces mediated ly aoni van der Walls
forces while adhesion is a more complex cellular process thatves/aictivation of
transcription factors, altered gene expression, and formatiorcalf dohesion points (2).
Therefore, we tested if increased cell attachment in themresof dead bacteria also
resulted in corresponding increase in cell adhesion. Osteoblastcedbedoth surfaces

was indirectly estimated by measuring the absorbance ofnth@r@duct of MTS dye
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degradation, formazan. Figure 3 shows a dose-dependent as well as kinedgeinctbe
number of osteoblasts that adhere on to Ti-Fn surfaces coated egithSdaureus
compared to those incubated on Ti-Fn surfaces. There is a sghificcrease in
osteoblast adhesion in the presence of highest dose of bacteriarfglivd and 10 days
of incubation.

The proliferation of osteoblasts on Ti-Fn and Ti-Fn-SA surfacesmeasured by
liquid scintillation analysis following 24, 48 and 72 hours of incubation. Tlag¢ive cell
proliferation rate was determined by measuring the amount®-bthymidine
incorporated. Data are reported as the number of disintegrationsimeesn(dpm) per
well. There were no significant differences in the proliferatiate of osteoblasts on Ti-
Fn surfaces compared to Ti-Fn surfaces coated with differenibemnsnof dead aureus
bacteria at any time point studied (Fig.4).

Extracellular matrix synthesis and mineralization:

Primary mouse osteoblasts undergo an ordered sequence of diffierentiath
results in the formation of a mineralized extracellular xatnat consists of type |
collagen, alkaline phosphatase and specialized noncollagenous proteify€Séhce of
a collagen matrix is required for mineralization to occur asbibree cells mineralize
collagen by surrounding it with the hard mineral component, hydroxyap@liAP)
which consists of calcium phosphate primarily (39). Osteocalcimassecond most
abundant protein in bone after collagen and binds to both collagen and HAP. Moreover, it
is believed to assist in the deposition of HAP onto collagen andfdheneenders the
matrix competent for mineralization to occur. Therefore, lessis of the total insoluble

collagen as well as osteocalcin production was determined as anahd&iracellular
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matrix synthesis on both Ti-Fn and Ti-Fn-SA surfaces. As showigurd=5, the kinetics
of total collagen synthesis, as measured by staining with asjgeific for collagen,
Sirius red F3B, is similar when osteoblasts were culturedifog periods of 3 and 6
days. After 9 days of incubation, however, collagen production walsedig increased
in the presence of 1@nd 168 doses of bacteria.

The synthesis of osteocalcin protein was measured by osteoblabig-nrand
Ti-Fn-SA surfaces following 7, 14 and 21 days of incubation. As shiowable 1, there
is an at least 25-fold increase in the amount of osteocalcin podusm osteoblasts
grown on Ti-Fn coated with the highest dos&dureus versus osteoblasts grown on Ti-
Fn coated dishes. Osteocalcin secretion from osteoblasts incubated-oralone and
Ti-Fn surface with 1Dor 10 bacteria remained below the detection limits of the assay.

Having verified increased deposition of extracellular matrix dsteoblasts
cultured on Ti-Fn-SA, the ability of dead bacteria to induce sstdemineralization
activity from the osteoblasts was examined. Alkaline phosphatdd®) (s an enzyme
that is involved in the bone mineralization process and hydrolyzesiorghosphates to
release inorganic phosphate which is incorporated at the sitairgralization (3).
Therefore, ALP activity was measured as an index of minataliz activity in
osteoblasts on Ti-Fn and Ti-Fn-SA surfaces following 3, 6 anay8 df incubation. As
shown in Figure 6, ALP activity of osteoblasts added on both TrEMTaFn-SAcoated
dishes increased in a time-dependent manner. However, significaetiter enzyme
activity was observed in osteoblasts incubated on the Ti-Fn surtmted with 10

numbers of bacteria at day 6 compared with the Ti-Fn surface.
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When osteoblast cultures are maintained in mineralizing conditiomgisgn
osteoblast growth medium supplemented wjkglycerophosphate), calcium and
phosphate are incorporated into the cell layers to form the micemgbonent (HAP).
Alizarin red-S stains the calcium incorporated in the matnixi we can indirectly
estimate the extent of mineralization activity by measgurine amount of calcium
extracted from the matrix. As shown in Figure 7, there is @-dependent increase in
mineralization activity in osteoblasts grown on Ti-Fn-SA-coatedases compared to
Ti-Fn group following 7, 14 and 21 days of incubation in the culture mediall time
periods, the highest dose of bacteria induces a significant inécneamseeralization from

osteoblasts grown on Ti-Fn-SA surface.



CHAPTER 12: DISCUSSION

Titanium alloys, such as Ti-6Al-4V, are the most common orthopeajptant
materials because they offer excellent mechanical propeuigs as resistance to wear
and corrosion (34). However, a major disadvantage of titanium akgsbiomaterial is
that they are relatively inert biologically and do not fé@i® or mediate osseointegration
which is intimate apposition of bone to the implant surface (11).dgegration is
desirable because it represents formation of an appropriatéaceteand provides a
functional connection between the implant and bone. A number of techhguedeen
employed to enhance such biomaterials, including alteration of surf@eghness,
wettability, porosity, and hydrophobicity in an attempt to enhanceoimdéegration and
mediate proper interface formation (2, 34, 54). Recently, techniques bavsed on
coating implants with biological materials such as cell serfaceptors and extracellular
matrix (ECM) components (e.g., collagen, fibronectin, and vitrone@&@in)4, 32, 34, 35,
41). Some of these techniques have enhanced binding of osteoblasts to sonbéenats,
but have failed to enhance cellular functions and formation of a pirtpéiace between
implant and bone. Therefore, any implant surface that would promateiniegration
would need to facilitate osteoblast adhesion as well as praliierahd demonstrate
production of a mineralized extracellular matrix (ECM).

Saphylococcus aureus is a gram-positive bacterium capable of binding to host

cells (16, 48) and biomaterials (25, 26) directly. A collection of-setface adhesins
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referred to as microbial surface components recognizing adhesitrex mmlecules
(MSCRAMMS) (28, 29) are responsible for localizationSoawureus both to bone tissue
as well as biomaterials coated with host proteins and includeiaglisegh as fibronectin
binding proteins (FNBPs), fibrinogen binding proteins, collagen-binding sadrend
bone sialoprotein-binding adhesin (28). MSCRAMM-mediated interactidd afireus
with ECM or with osteoblasts, via integrin receptors on theiaserfcan induce tyrosine
kinase activity, cytoskeletal rearrangement and signal transduction (15, 16).

Previous studies from our lab have demonstrated that UV-I&ledreus retain
the ability to attach efficiently to osteoblasts but, in conttaslive bacteria, do not
induce the expression of immune modulators such as interleukin (IL)-62 land
monocyte chemoattractant protein (MCP-1) (4-6, 29). ThereforeS amireus can
tenaciously bind biomaterials, effectively colonize bone, and stiulsignal
transduction in host cells, we examined the efficacy of UV««kilfe aureus as an
osteoconductive coating for titanium alloy in the current study.afeexperiments, the
ability of dead S aureus to enhance osteoblast adhesion, proliferation and matrix
synthesis was compared to fibronectin (Fn)-coated Ti surfaces (Tfmg a component
of plasma that coats virtually any device implanted within theybadd more
importantly, osteoblasts have been demonstrated to bind Fn preferentiady
compared to other serum proteins (2, 52).

Osteoblast attachment and adhesion to the implant interface nscial gre-
requisite for successful osseointegration of the implant (31, 40). Guitseshow that
osteoblasts effectively attach to Ti-Fn surfaces, both caatdduncoated, within 1 h in

vitro. However, osteoblasts attach significantly more on Ti swsfaoated with dead
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bacteria especially after 36 h of incubation (Fig. 1,2). Ostechtttstsion, in contrast to
osteoblast attachment, involves activation of transcription faatmtsformation of focal
adhesion points which involves the cell membrane as well as prassosiated with the
cytoskeleton (vinculin, talin) and ECM (fibronectin, type | collag@)) As indicated in
Fig. 3, we have demonstrated that osteoblasts adhere better onSAH-Burfaces
compared to Ti-Fn surfaces alone and sustain increased adheretwel@pdays in
culture. This increase in osteoblast attachment and adherence caxplamed by
enhanced hydrophilicity of the Ti-Fn surface coated wdthaureus as it has been
established that surface hydrophilicity of a biomaterial serfgreatly facilitates cell
adhesion (2, 24). Metals, such as Ti alloy, have an oxide layeistisgtontaneously
deposited on all their surfaces and are therefore hydrophilic duegence of hydroxyl
groups present on the oxide layer (56). However, it is possible thasutiace
hydrophilicity is compromised by coating with fibronectin as wdagdthe case in both
Ti-Fn as well as Ti-Fn-SA substrates. However, coatingTiHen alloy with bacteria
renders the surface more hydrophilic because bacterial ssiifaegueous solutions are
always ionized (27). Moreover, the cell wall 8f aureus is slightly more negatively
charged because of the presence of teichoic acids in theirat|(22). As a result, Ti-
Fn-SA surfaces by being considerably more hydrophilic than Talene substrate
facilitate enhanced binding of osteoblasts.

The strength of the ECM and osteoblast interactions in the preaedcabsence
of deadS aureus can also be a contributing factor for observed differences in cel
adhesion on both substrates. Successful formation of bone requires contalogdedi

between osteoblasts and components of the extracellular mat@)(Esuch as
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fibronectin, type | collagen etc. Such communication between cetisttle ECM is
mediated by a family of cell surface receptors called riieg21, 23). It is known that
the affinity of Fn binding to thesp;- integrin receptor, present on the osteoblast surface,
is much lower with &4 = 8 x 10’ M compared to binding o aureus to fibronectin.
Through its fibronectin-binding receptor (FnBP), there is sevarsible interaction with
a dissociation constant ¢y = 1.8 x 10’ M (16). Also, in addition to FnBP, other
MSCRAMMSs present on th& aureus surface may subsequently interact with other
ligands of the extracellular matrix as the matrix productiouessfurther ‘cementing’
the osteoblasts in a cohort of multivalent ECM-cell interactamsutlined in Figure 8.
Therefore, single process interaction of fibronectin (Fn) witegrin on the osteoblast
surface is weaker in strength than the array of processeblpdssiween osteoblasts and
ECM are potentiated by the surface receptors of the interlying bacteria

The developmental phase of an osteoblast involves three stageferatioh,
extracellular matrix synthesis and mineralization. Theegf@a temporal sequence of
events in osteoblast differentiation is characterized by a)eaqgtroliferation of
osteoblasts, which is accompanied by the onset of expression ohzimes alkaline
phosphatase b) synthesis of high levels of several collagens (pypealrily) and other
non collagenous proteins such as osteocalcin and osteopontin, and c) deposh®n of
mineral component, hydroxyapatite (CafpQn the extracellular matrix (50). We
measured rates of proliferation of osteoblasts cultured on both Ti-Bnalreus by
liquid scintillation analysis. In spite of increase in celaetiment and adhesion on Ti-Fn-
SA surfaces compared to Ti-Fn alone, osteoblast proliferation odceiqueally well on

both substrates, revealing no significant differences at allstiofeincubation. One
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possible explanation is that osteoblasts on Ti-Fn-SA surface, whinbnstrate increase

in all indices of bone formation (Figs. 5-7, table 1), may auto-a¢guheir proliferation
rates to prevent aberrant bone deposition which is a likely soehahiere is increased
cell proliferation. Also, Steiret al have discussed the existence of a restriction point in
the developmental sequence of an osteoblast where a decreas®lntass proliferation

is coupled with the subsequent induction of genes associated wiik maturation and
mineralization (50). Therefore, proliferation of osteoblasts grown idfnISA may be
down-regulated following the onset of a more differentiated phenobtypé¢he alloy
surface (Figs. 5-7).

We next examined the synthesis of collagen and osteocalcin wigdinea key
proteinaceous constituents of the extracellular matrix sy dy osteoblasts. In this
study, osteoblasts grown on Ti-Fn surfaces coated with 8eadreus were found to
express insoluble collagen at similar levels when compared tmtioated levels up to 6
days in culture, followed by a significant increase at lateretpoints (Fig. 5).
Osteocalcin production is also significantly upregulated on baeteated alloy
compared to Ti-Fn surface up to 3 weeks of culture (Table 1xeTtesults suggest that
osteoblasts cultured on dedl aureus-coated titanium alloy demonstrate a more
differentiated phenotype compared to their counterparts grown on Ti-Fn alone. l@ven t
cell adhesion, a necessary pre-requisite for subsequent celbfigoti biomaterials was
enhanced in the presence of the bacteria, it is corroboratitesyimshesis of an
extracellular matrix on bone-biomaterial interface is increased on t#fe-$A surface.

It is well documented that osteoblast differentiation and respodeesg

osseointegration are affected by implant surface topography anoh¢heasing surface
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roughness of implants is greatly beneficial to their biologieaformance as osteoblast
differentiation is enhanced on rougher biomaterial surfaces (7, 30, 4&d®pared to
smoother surfaces, osteoblast proliferation on rough surfacepasréd and phenotypes
of cells cultured on rough surfaces shows attributes of more afhffated osteoblasts,
such as increased osteocalcin, ALP production and mineralizatiostya¢8, 44-46).
These findings suggest that coating the Ti surfaces with loi@etéria could render the
surface ‘rougher’ compared to Ti alloy alone which can explklne enhanced
differentiation of osteoblasts on bacterial-coated surfaces versus uncoédedssur
Another aspect of osteoblast differentiation is the mineraizaif bone matrix
which occurs by deposition of apatite (CaP@mponent along the collagen framework.
Alkaline phosphatase (ALP), an enzyme characteristic of the bonetgpe, is essential
for matrix mineralization as it cleavesglycerophosphate to release inorganic phosphate
that comprises the phosphate phase of the apatite component. Nge+oalia proteins
such as osteocalcin also support the deposition of the mineral phasefindngs
demonstrate that the difference in ALP activity between T8Rnand Ti-Fn alloy was
maximal on day 6 and is insignificant at later time pointg.(lB). These results are
consistent with earlier findings where increased osteocalcethtegwith enhanced cell
layer alkaline phosphatase activity have also been demonstrateteoblasts cultured
on Ti surfaces with high surface energy (56), as is the cabeTwkn-SA alloy. As
shown in Fig. 7, osteoblasts also showed a dose-dependent and kimetisenaf apatite
deposition on surfaces coated with dead bacteria as early as Ballows et al have
demonstrated that initiation and progression of mineralization areasegehenomena

and that alkaline phosphatase is critical for the former bufptbgression of matrix
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mineralization is ALP-independent (3). Given the sustained minatializ activity
demonstrated by osteoblasts on both surfaces at day 14 and 21, arspdbiallg
enhanced mineral deposition in the presence of dead bacteria, trberother ALP-
independent phenomena that facilitate mineral deposition on the TARw$ce. One
possible explanation is that the presence of both hydroxyl groups andrat o&gative
charge orts. aureus cell walls facilitate the deposition of calcium and phosphate aons
Ti-Fn-SA surfaces.

It is possible that the above changes in gene expression, ifajlde interaction
of the osteoblasts with the extracellular matomponents on the Ti-Fn-SA implant
surface, occur as a resuolt differences in integrin-mediated cell adhesion and shape,
which in turn can influence regulation of downstream signalingackscas demonstrated
in other studies (47). One potential downstream target molecule coldrbe/ Cbhfal
(Core binding factoral), a DNA-binding transcription factor that is a critical for
regulation of osteoblast differentiation and for the development ofireraized
phenotype. It can positively upregulate genes responsible forxnssanthesis (type |
collagen, osteocalcin, osteopontin) by binding to the promoter of magwhiast genes
(14, 55).

In conclusion, Ti-Fn alloy coated with de&daureus has been shown here to
promote osteoblast adhesion, sustain cell proliferation and enhanceptlesseon of a
mineralized extracellular matrix. Collectively, these findirsgipport our hypothesis that
inactivated S. aureus enhances osseointegration on implant surfaces. Thus, further
investigations are warranted to determine the biocompatibilitypaselointegration of Ti-

Fn-SA alloy in animal models.
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FIGURES
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Figure 1. Osteoblast attachment to Ti-Fn and Ti&raureus-coated culture dishes at 1
and 36 hours of incubation. Cells were cultured in standard osteoblagh gr@asium
supplemented with FCi/ml **S-methionine. The emission density, indicative of relative
number of osteoblasts attaching to each substrate, was detecteghusspdpor-screen
autoradiography. The data are representative of three sepapse@ments performed in
triplicate.
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Figure 2. Average pixel intensity, an index of osteoblast attachmenfeasured from

Ti-Fn and Ti-FnS. aureus-coated culture dishes following 1 and 36 hours of incubation.

Pixel intensity was calculated using the appropriate image phospftaare. Results are

expressed as means + SEM. The data are representative ofdpgrate experiments

performed in triplicate. * p < 0.05 compared to Ti-Fn at 36 hr.
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Osteoblast adhesion
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Figure 3. Osteoblast adhesion to Ti-Fn and Ti-&Emaureus-coated culture dishes at 1
and 36 hours of incubation. Cells were treated with MTS dye and fomitformazan
product, proportional to the number of adherent cells, was spectrophotaithetric
measured at 540 nm. Results are expressed as means + SEM.alaee dapresentative
of three separate experiments performed in triplicate <O@5 compared to Ti-Fn at all
time points.
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Osteoblast proliferation
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Figure 4. Osteoblast proliferation rate as measured from Ti-Fn and -B-Rareus-
coated culture dishes following 24, 48 and 72 hours of incubation. Cebliscwitured in
standard osteoblast growth medium supplemented withuQisnl tritiated thymidine
(®*H). Disintegrations per minute were determined by meastirrigcorporation. Results
are expressed as means + SEM. The data are representdtireecfeparate experiments
performed in triplicate.
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Insoluble matrix synthesis
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Figure 5. Insoluble collagen matrix synthesis activity by osteoblastsi¢mTand Ti-Fn-

S aureus-coated culture dishes following 3, 6 and 9 days of incubation.. Cells wer
cultured and stained with Sirius red F3B to quantify total collagen synthetas.efition
with NaOH, total absorbance of the released dye was measpeetrophotometrically at
540 nm. Results are expressed as means + SEM. The data asentgiinee of three
separate experiments performed in triplicate. * p < 0.05 compared to Ti-Fn at day 9.
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Amount of osteocalcin secreted | No S, 10°/ well | 10/ 10° / well
(ng/ml) aureus well
7 days <1ng/ml| <1ng/ml| <1ng/mb 25 ng/ ml
(*)
14 days <1ng/ml| <1ng/ml| <21ng/mb 25 ng/ ml
(*)
21 days <1ng/ml| <1ng/ml| <21ng/mb 25 ng/ ml
(*)

Table 1. Osteocalcin synthesis from osteoblasts on Ti-Fn and T8-Fawreus-coated
culture dishes following 7, 14 and 21 days of incubation. Concentration of deiedca
the cell culture supernatents was measured by ELISA. Theadateepresentative of
three separate experiments performed in triplicate. * p < 0.0%a®u to Ti-Fn at the
respective time points.
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Figure 6. Alkaline phosphatase specific activity, on Ti-Fn and TiS-awureus-coated

culture dishes following 3, 6 and 9 days of incubation. Cells weraredltand enzyme
activity was measured by conversion of a p-Nitrophenol Phosph&@Rp-substrate to
p-Nitrophenol (p-NP). Specific activites are expressed as nmop-Nitrophenol

produced per minute per millgram of protein. Results are expressetkans + SEM.
The data are representative of three separate experimefuismget in triplicate. * p <
0.05 compared to Ti-Fn at day 6.
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Osteoblast mineralization
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Figure 7. Osteoblast mineralization on Ti-Fn and Ti-Bnaureus-coated culture dishes
following 7, 14 and 21 days of incubation. Cells were cultured and staiiechzarin
Red S to quantify the extent of mineralization. Alizarin redv& then eluted and
measured spectrophotemetrically at 570 nm. Results are expressedrss + SEM. The
data are representative of three separate experimentsnpedfam triplicate. * p < 0.05
compared to Ti-Fn at the respective time points.
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Figure 8. Schematic to describe binding interaction of osteoblasts on ingldiaces. a)
Ti-Fn implant; b) Ti-Fn-SA implant, Titanium, Ti; Fibronectin, FOsteoblast, Osb;
Extracellular matrix, ECM.



CHAPTER 13: INTRODUCTION

Artificial joints and orthopedic implants are used to repairestore function to
damaged and diseased tissue. Following insertion, the host respongéatdsnmvolves

a series of events, both at a cellular and molecular level, wdheelly should result in

osseointegration. Depending on the surface properties and composition of the

biomaterial, osseointegration has been defined either as direct barstiappon the
implant surface or indirectly, with a fibrous layer at the bonglant surface (1, 33). The
clinical success of such devices is dependent upon them fulfilluiegadecriteria such as
a) biocompatibility, b) intimate deposition of bone onto the implant seirfand c)
dissipation of forces resulting from the load by the implantoosutrounding bone (32).
In the long term, the newly formed bone may persist and undergmeding depending
on the mechanical stresses it needs to transfer during load-bearing.

Of the various implant materials, titanium (Ti) and cobalt-chuomi(Co-Cr)
alloys as well as bioactive ceramics such as calcium phasphaincipally
hydroxyapatite, and bioglass are most commonly used (32). Howevariummitalloys
such as Ti-6Al-4V are the preferred material of choice ftmogedic applications as it
offers excellent biocompatibility due to the interaction oggentaneously formed oxide
layer with biological fluids, resistance to corrosion and exceleechanical properties
(31, 32). However, a major disadvantage of titanium alloys as a taoalas that they

are relatively bio-inert and do not facilitate or mediate sigffit bone growth or contact
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around the implant. Considerable strategies have therefore beslopdel to generate
either osteoconductive, providing a template for new bone growth, eoingtictive,
inducing bone formation, Ti-based biomaterials. Some of these gsémténclude
modulating the implant surface by applying coatings of hydroxitepéHAP), bone
sialoprotein (BSP), cell adhesion peptides; Arg-Gly-Asp (RGD) astdotropic growth
factors such as bone morphogenetic proteins: BMPs and transfagrowvth factor-beta;
TGF (12, 14, 17, 34). Several studies have also examined the ability atestektures
(plasma spray coating, acid etching and sand blasting) to stamubete formation in
vivo (30, 41, 44, 45). However, there are still long-term complications arithiions
associated with these methods such as high temperatures needeatifay i case of
HAP which in turn alters both mineral as well as metal stracind variable thickness of
deposited coatings and their subsequent dissolution from the substréte$7541). In
addition, the short half-life of osteoinductive growth factors alonth wieir high
concentrations locally can cause ectopic bone formation which is oércomt their
applications. Lastly, not all of the above surface treatments inbitegically-specific
receptor-mediated mechanisms.

Bone is an anisotropic and dynamic tissue consisting of cellsofdasts and
osteoclasts), connective tissue (primarily type 1 collagen)manerals (hydroxyapatite).
Osteoblasts form a bone matrix (the osteoid) that later beconmesralized. The
extracellular matrix (ECM) secreted by osteoblasts isaqmately 90% collagen and
10% non-collagenic proteins such as osteocalcin, osteonectin, sialoproteins,
proteoglycans, osteopontin, and fibronectin (39). On a macroscopic scalesdrohe

classified as dense areas with cavities called compaataidibne and areas with many
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cavities called spongy/trabecular/cancellous bone. In long borasasuthe femur and
tibia, the bulbous ends are comprised primarily of spongy bone surroundadhiry
layer of cortical bone. The central shaft region, the diaphysisistemsostly of cortical
bone around the bone marrow cavity. Microscopically, bone can exist as
primary/immature/woven bone and secondary/mature/lamellar bone. Wovenidone
temporarily formed either during embryonic development or during bone mpaesses
and is characterized by random deposition of collagen fibers. ubsequently replaced
by the lamellar bone which consists of organized deposition of collBgee. formation
can also be divided into two categories: endochondral ossificatiomhich bone
formation takes place by replacing pre-existing cartilaged intramembranous
ossification, in which bone formation occurs by direct matrix dejposénd subsequent
mineralization by osteoblasts (35).

Saphylococcus aureus is a gram-positive bacterium capable of binding to and
colonizing tissues via a collection of cell-surface adhesinsreef¢o as microbial surface
components recognizing adhesive matrix molecules (MSCRAMNMESCRAMMS
recognizing collagen, bone sialoprotein, fibronectin, and fibrinogen mextiagrence of
S aureus to bone and biomaterials coated with host proteins (25). There inegitieat
S aureus can bind to cells (16, 37) and biomaterials (23, 24) directly. ketieraof S
aureus with host cells via MSCRAMMSs can induce signal transductigmmsine kinase
activity, and cytoskeletal rearrangement (15, 16) . UV-killedureus is also able to
attach efficiently osteoblasts (26). Although viaBleureus cells are potent inducers of
immune modulator expression by osteoblasts, UV-kilfedaureus does not induce

significant expression of such molecules (7-9). In summary, U¥ekl aureus can
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tenaciously bind biomaterials and effectively colonize bone which criaté cell-
signaling cascades that can potentiate osteogenesis. Theme iatriguing combination
of properties with respect to bone-implant interfaces and the cuvoehtaddresses the
efficacy ofS aureus as a novel osteoconductive coating for bone-associated biomaterials.
In the previous chapter, we investigated the in vitro effecbating Ti surfaces
with dead bacteria on osteoblast functions pertinent to new bone ifmmma@isteoblast
differentiation on Ti-6Al-4V alloy coated with fibronectin (Ti-Fn) sw#s was compared
to Ti-Fn surfaces coated with UV-killedl aureus (Ti-Fn-SA). Fibronectin was chosen to
pre-coat the polymer surface as it is pre-adsorbed on all teaaia following insertion
and is considered to be the model host protein that prorSotageus attachment to
biomaterial surfaces (3, 43). Results of those studies, discustexipreceeding chapter,
demonstrate that compared to the Ti-Fn surface, osteoblastnagiaicand adhesion was
enhanced on Ti-Fn surface coated with bacteria. On both substrdtpsolderation was
sustained at comparable levels while markers of osteoblasredifi#ion such as
collagen, osteocalcin, alkaline phosphatase and mineralized nodule dornvetre
increased on Ti-Fn-SA alloy compared to control surfaces. freeent study was
designed to evaluate the tissue response to Ti-Fn-SA implantat femurs. The pilot
data, from histological and electron microscopy studies, showed noficgighi
inflammatory response and also demonstrated that the osteoconduabivitesth
surfaces, Ti-Fn and Ti-Fn-SA, are comparable at 8 weeks postiopefeurther studies

to evaluate the mechanical strength of the implants are warranted.



CHAPTER 14: MATERIALS AND METHODS
Animals:

Sprague-Dawley male rats (Charles River Laboratories, M¥dighing
approximately 450 g were used in this study. All the animalse weused in a
temperature-controlled room and were given water and &oddbitum throughout the
study. The IACUC of University of North Carolina at Charlottpprved the
experimental protocol used in this study.

I mplant material preparation:

Orthopedic implant grade Ti-6Al-4V wires were a generousfmfih Perryman
Company, PA. Ti wires were then trimmed to 15 mm in length andriir64n diameter
and sterilized with 100% alcohol and stored until use. Wires wene tteated with
osteoblast growth medium (OBGM) supplemented with rat fibrone¢tiereby
abbreviated as Fn) (Affiland Company, Belgium) at a concentrati@ugfml for 24 hr
at 37° C. Following incubation, wires were rinsed with Hank’s balane#édsslution
(HBSS) to remove unbound Fn. Ti wires were incubated an additional @étrhd(®
UV-killed S aureus. For all experiments, Ti-Fn coated wires with no bacteriaefhe
abbreviated as Ti-Fn) served as controls for comparison witlerimcbated surfaces
(hereby abbreviated as Ti-Fn-SA). Following incubation, wires wasedi with HBSS to

remove unbound bacteria and implanted inside rat femurs during the surgical procedure.
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Bacterial strain, growth conditions and UV-killing:

S aureus strain UAMS-4 is a co-isogenic mutant of osteomyelitisicél isolate
UAMS-1 (ATCC 49230) with an inactivateabr (accessory gene regulator) locus (18).
Theagr locus encodes a trans-activator of multil@ureus virulence-associated genes
and is also responsible for growth-phase-dependent expression ofudattesand
secreted virulence factors. Tagr locus is inactive during exponential growth where cell
surface adhesins are maximally expressed (36). Entry intiorstey phase results in
activation ofagr, down-regulation of cell surface adhesins, and up-regulation oftegécre
proteins. Thereforeagr mutants retain the ability to colonize host tissue, but demonstrate
decreased virulence (18, 36). UAMS-4 was grown overnight in 15 myutfdrsoy broth
(TSB) supplemented with erythromycin ((§/ml) (Em5) at 37°C with aeration. Ten ml
of this overnight culture was then transferred to 1 liter of EsiS and grown for 3 hr in
conditions as described above. Bacteria were harvested in tittehngesexponential phase
to ensure maximal expression of cell surface adhesions. @ells harvested by
centrifugation at 4300 g at 4°C for 10 min and washed in HBSS. Bacteria were killed
by exposure to short-wave (254 nm) ultraviolet radiation for 5 mincamtrifuged at
conditions described above. Subsequently, bacteria were suspended in OBB#Iithe
final concentration of 1 to 5 x 1@olony-forming units (CFU/mI). To verify successful
killing, aliquots of the cell suspension were plated on tryptic sggr TSA)
supplemented with erythromycin (1@/ml) (Em10), followed by incubation for 24 h at

37°C.
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Surgical procedure:

Thirty minutes prior to surgery, rats were given 0.05 mg/kg buprenorpt@ie
(Reckitt and Colmant Pharmaceuticals Inc., VA) and 5 mg/kg Carpadeanalgesics.
Animals were then anesthetized by utilizing isofluorane and the skin adfttierhur was
shaved and cleaned with 70% ethanol. Under aseptic conditions, the skite fagsia
and periosteum were retracted using an 18-gauge needle to gass @octhe distal
epiphysis. A Dremel drill with a 1.5 mm autoclaved bit wasdu® penetrate the cortical
bone of the patellar groove to gain access to the femoral mgdegiaal. The canal was
further reamed with a 16-gauge needle and the implants (dr-FRFn-SA) were press-
fitted into the shaft of the femur. Some holes were left emgtgoatrols which would
constitute the ‘reaming’ only experimental group. One femur wasatgge per animal
and the contralateral femur was utilized as the unoperated conftienl.idsertion of the
implant, the skin was sutured using autoclips. Postoperative analgasiansured by
subcutaneous injection of buprenorphine HCL (Reckitt and Colmant Parmacetrials,
VA) (0.05 mg/kg) every 12 h for 24 h. If the animals were Wwelgearing on the
operated leg and were ingesting rodent chow daily, buprenorplene discontinued
after the 24 h. The site of insertion was examined for 48 h foltpgurgery, quantity of
food consumed was monitored for a week following surgery to observeigny of
malaise and the animals were weighed weekly until the dagcoffise. Any animal that
demonstrated either hematoma formation at the wound site, lackgiftibearing on the
operated leg after 24 hours or lack of appetite with associatéghtwi®ss were

immediately euthanized.
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Tissue harvesting:

Rat femurs, both operated and unoperated, were harvested 1, 4 and 8 weeks
following implantation of the Ti wires. Animals were anesthedizvith pentobarbital
sodium administered intraperitoneally at the dose of 110 mg/kg andsedrvia the
cardiac aorta with 1X Phosphate buffered Saline (PBS) (fotretemicroscopy) or with
1X phosphate buffered saline (PBS) followed by buffered-fornfiative (for Masson-
Goldner and TRAP staining). The operated femurs were harvestednwlants inside
them and dissected free of soft tissue and muddie. position of all implants was
verified by radiological analysis and it was observed that notieeaimplants traversed
past the mid-diaphysis region (Fig. 1). Those animals whose ntspleeren’t inserted
inside the femoral shaft were omitted for the purpose of expetananalysis. Based on
the radiological location of the implant, a Dremel drill withraiating bit was used to
approximately generate three equal sized transverse fragaofeghts femoral region that
encompassed the implant while the implant was simultaneously removed. For the purpose
of analysis, the resulting fragments; A, B and C, were ldbplegressing from the
proximal end of the mid-shaft region towards the distal epiphydiss $ystematic
sectioning technique assured that the sectioned bone area wasmtgiree of the entire
length of the inserted implant. Masson-goldner, toluidine blue followectleégtron
microscopy and TRAP staining were performed on bone specimeranane the bone-
implant interface and determine osteoclast numbers respectively.

Masson- Goldner trichrome staining:
Bone specimens A, B and C from each leg of each animal wese iin 10%

buffered formalin for 24 h at°€, were placed in 70% ethanol until dehydration, trimmed
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at the ends, dehydrated and embedded in methyl methacrylatecabatkepreviously
(22). Briefly, specimens were dehydrated in 95% and 100% ethan@nabedded in a
final working solution of 85% methyl methacrylate, 10% glycol metfate, 5% dibutyl
phthalate and 5% (w/v) polyethylene glycol. Undecalcified secfi@nsendicular to the
long axis of the bone shaft were cupum from the distal end of each embedded bone
block using a Leica microtome, collected in tissue culture paatdsstained as described
previously (19). Sections were flattened using a drop of distiliater and stained for 7
min using a 1:1 Harris hematoxylin: Ferric chloride mixture sotut(1.25 g of
Hematoxylin in 100 ml of 25% Ethanol: 2.5 g Ferric Chloride in 1 mCohcentrated
HCI and 99 ml of distilled water). The stain was removed, sectiosed twice with
warm tap water and incubated in 2:1 Ponceau deoxylidine-acid fustasning solution
(1 g of Ponceau deoxylidine in 1 ml of glacial acetic acid in 100fndistilled water: 1
gm of acid fuchsin in 1 ml of glacial acetic acid in 100 ml stitded water) for 5 min.
The stain was removed and sections rinsed with 1% acetic aci®Phbt®phomolybdic
acid solution was applied for 6 min, stain removed and rinsed Withagdetic acid.
Sections were stained with light green staining solution (0.15 gt IGgeen Yellowish
SF in 0.2 ml glacial acetic acid in 100 ml of distilled watfer) 2 min, de-stained and
rinsed twice with 1% acetic acid. Sections were dried on bibulous paemight, rinsed
in 2% ethanol in xylene to clear and soften and mounted using Pef@nsalition. All
reagents were obtained from Sigma Aldrich Co. The stained seuwtemesevaluated and
scored in a blinded manner for different parameters adapied drprevious report by

Jansen et al. (28) (Table 1). Specifically, qualitative parasmettated to bone reparative
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process such as presence of inflammation, woven bone (immaturgllala bone
(mature) and soft tissue fibrosis were noted.
Tartrate- resistant acid phosphatase (TRAP) staining:

Bone specimens A, B and C from each leg of each animal wee iin 10%
buffered formalin for 24 h at°€, were placed in 70% ethanol until dehydration, trimmed
at the ends, dehydrated and embedded in methyl methacrylatecabatepreviously
(22). Briefly, specimens were dehydrated in 95% and 100% ethananabedded in a
final working solution of 85% methyl methacrylate, 10% glycol metfiate, 5% dibutyl
phthalate and 5% (w/v) polyethylene glycol. Undecalcified secti@ngendicular to the
long axis of the bone shaft were cupum from the distal end of each embedded bone
block using a Leica microtome, collected in tissue culture paatdsstained as described
previously (21). 1 ml of pararosaniline solution was added to sodium sibtisgion (60
mg of sodium nitrite in 1 ml of water). Twenty five ml of sodiacetate working buffer
was added to the above solution and pH was adjusted to 5.0 using Na@hblMe5-

TR phosphate solution (1 mg of Naphthol AS-TR phosphate dissolved in 2 mNef N
dimethylformamide) was added to the former solution along with &f sodium tartrate
and 10 drops of 10% Mngto make the substrate solution. Sections were stained with
this substrate solution for 1 h at°®7and rinsed with distilled water. Counterstaining was
achieved by incubating sections for 1 min in the following solutbrpart of 3.9 ml
working thionin (5.5 mg thionin in 42 ml water) and 1.2 ml working methy¢igr®.1 g
Methyl green in 100 ml water) mixed with 13.5 ml 0.02 M citrhtdfer (15 ml of
solution A [4.2 g of citric acid in 1 L distilled water] and 85 ofilsolution B [5.9 ml of

sodium citrate in 1 L distilled water]) solution mixed with 4 tpaof 0.02 M citrate
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buffer). Sections were rinsed with distilled water, dried on bibuloy®mavernight,
rinsed in 2% ethanol in xylene to clear and soften and mounted usingURreER
solution. All reagents were obtained from Sigma Aldrich Co. TRASitive cells on the
bone surface were visualized via light microscopy as cells ioomgareddish pink dye
deposits. The number of TRAP-positive cells was enumerated froenettiffsections in a
blinded manner by visualizing 5 random fields of view around the imglttwith an
original magnification of 40X objective.

Transmission electron microscopy:

Bone specimens A, B and C from each leg of each animal weed fix
Karnovsky's fixative (3% glutaraldehyde, 3% paraformaldehyde, 0.Cz86h in 0.2
mol/L sodium cacodylate buffer [pH 7.3]) &tCGlfor 24 h and then decalcified in Rapid
Bone Decalcifier solution (American MasterTech Scientifid) @r 24-48 h (depending
on the age of the animals). Following decalcification, bone fragnveerts trimmed at
each end and three slices were cut from each end such that gHfacetis more
maximally exposed compared to the outer cortical bone surfagel{y. The bone
sections were then rinsed twice in 0.2 M cacodylate buffer (pHar.@0 sec, post-fixed
in 2% osmium tetroxide supplemented with 2% ruthenium red in 0.4 M catedyffer
(pH 7.6) for 6 min, again rinsed twice in 0.2 M cacodydate buffer {j for 40 sec,
dehydrated in a series of ethanol (50, 70, 95, 100 and 100%) for 40 sexceédahtly
embedded in Spurr’s resin as described previously (38). To obtain reptesesections
for examination via electron microscopy, blocks were thick secti@®dum) and then
stained for 2-5 secs in 1% toluidine blue and 1% tetraborate. Fotjosxamination of

the thicked sections via light microscopy, blocks were seleotetthihning and ultra thin
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sections (95 nm) of bone were cut with a diamond knife on an ultretonse. Sections
were collected on thin-bar hexagonal, 200-mesh copper grids and $taii&dmin with
2% uranylacetate in 25% ethanol followed by 5 min in a modificatfo8ato’s triple
lead citrate (1% Pb nitrate, 1% Pb acetate, 1% Pb citratdN@%itrate, 0.72% NaOH)
and viewed at 60 KV on a Phillips CM10 transmission electron micpas¢Phillips,

Netherlands).



CHAPTER 15: RESULTS

Ti-Fn and Ti-Fn-SA wires were inserted inside the medultamty of rat femurs
for 1, 4 and 8 weeks. Following reaming, some holes inside the feratgdeft empty to
examine the bone response in the absence of the biomaterial. Onevi@snyperated on
per animal and the contralateral leg was evaluated as an adddaorieol. Following
implantation, all animals ambulated normally within 12 h after syrged were weight-
bearing on the operated leg with no evidence of swelling at theiamssite. However,
the reaming only animals all developed hematomas at the surtgewithin 24 h after
surgery and had to be euthanized. For the Ti-Fn and Ti-Fn-SA groupgsXaken on
the day of the sacrifice revealed that the implants wereréttes inside the majority of
femurs and those which were implanted successfully were locadekk ithe medullary
space extending from the distal epiphysis towards the diaptfigis1). Amongst the
inserted implants, some were positioned more prominently in the diptphysis-
metaphysis area while the others were lodged more proxinmalihe metaphysis-
diaphysis area. As indicated in Fig. 1, fragments A, B and C olet@ned from the
length of the bone that approximately traverses the implanto8satiere obtained from
each fragment as outlined in Fig. 1 and the interface was obsasiheg Masson-
Goldner (MG) stain, Toluidine blue (TB) stain and by tranmissiontre microscopy

(TEM). Masson- Goldner discriminates mineralized bone mati@&n green), immature
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new matrix or osteoid (stains red), and osteoid seam, the kepereen the newly
deposited bone and mineralized tissue (stains magenta).

Data presented and discussed here onward are representatagnuérit B only.
Some of the implants that were lodged more distally were omotdf to be in contact
within the region that encompasses fragment A and thereforésrésuh this fragment
were omitted for purpose of analysis. Data interpretation frognfeat C, which was
especially hard to decalcify, was complicated by the pressntative trabecular bone in
the metaphysis area which couldn’t be delineated from new bomation in response
to the implant. As shown in Fig. 1, this was more prominent a problér8 iand TEM
data where transverse sections weren't obtained, which would havedthe advantage
of an obvious implant insertion site; hence accurate estimation oboee around the
interface site wasn’t possible in this region of bone. Thergffune the purpose of
predicting tissue response following implantation, the bone-implantfangerwas
examined in fragment B only and the results are presented below.

A severe inflammatory reaction around the implant would have mtedfes
tissue swelling, exudate formation or redness around the wound siteveto none of
the above signs were observed following surgery or at the tirmacuifice. In addition,
radiological evidence of inflammation such as periosteal magtasn’t detected in any
of the implanted femurs either. Histologically, an increased infitixeutrophils and
macrophages, which can be distinguished by multilobed nuclei and TRAR«pasills
outside the bone surface, respectively, can be indicative of an mé#tory environment.
However, following examination of the implant interface in thed@et-stained sections,

such an exacerbated influx of inflammatory cells wasn’ectet. The resident cells in
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the implant interface appeared to be mostly fibroblasts, osteqblastsocytes,
osteoclasts or possibly, osteoprogenitor cells of mesenchymal origin (f68g9).2
1 week data:

By week 1, there was evidence of mineralized woven bone formatondthe
implant site in both Ti-Fn and Ti-Fn-SA groups as observed by dagSoldner stain
(Fig. 2). These bone spicules consisted of mineralized matrix ligeasteoid seams
which were in contact with cuboidal osteoblasts. The formation of bot®th cases
proceeded from the endosteal cortex surface towards the cenier miedullary cavity.
Formation of a fibrous tissue layer interposed between the wovenabdnthe implant
surface was also observed in both Ti-Fn and Ti-Fn-SA femurs, #tioeker in the latter
group. The toluidine blue stained sections along with TEM confirmed tlserpre of
woven bony spicules as characterized by the extensive presence of both esteocye
and osteoblasts (Figs. 3 and 4). As demonstrated in Figs. 3b androis ftissue
formation (1-3 spindle shaped elongated cell layers in thicknessewdent around the
Ti-Fn insertion site, while a fibrotic 2-6 cell layer was aled in Ti-Fn-SA femurs,
respectively. Goldner data obtained was representative from anelger group while
Toluidine blue/ electron microscopy data was representative of two arparajsoup.

4 week data:

After 4 weeks within a Ti-Fn implanted femur, more mature léan@lew bone
formation was observed around the insertion site with an interveamgective fibrous
tissue layer. However, in case of Ti-Fn-SA femur, extensiarow fibrosis was
observed in the area adjacent to the implant surface. Extemsivédbone formation of

woven character with thickened osteoid seams was observed adjadéet fibrotic
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tissue away from the implant insertion site (Fig. 5). Theofibrtissue in the space
between the implant and the woven bone was filled with a large muafbaval or
spindle shaped cells and lightly stained matrix.

8 week data:

After 8 weeks, trabeculae of mature lamellar bone were obdedirectly in
contact with the implant insertion site without an intervening fibtayer at the interface
in both Ti-Fn and Ti-Fn-SA femurs. The extent of bone formation suadar in both
groups (Fig. 6).

The toluidine blue and electron microscopy data following 4 and 8 wafeks
implant insertion haven’t been included for purpose of analysis. Somme dimitations
associated with these sections were the presence of eithetim&agments in the bone
tissue that seemed to result from thermal necrosis whilengutack of an intact implant
interface due to method of sectioning employed (Fig. 1), or the muesef native
trabecular bone which confounded the data interpretation.

Blinded qualitative evaluation of tissue reaction around the implant and bone
implant interface of Masson- Goldner stained sections was pextbusing the scoring
system as outlined in Table 1 and the results are represenpiicghy in Figs. 7 and 8,
respectively. The numbers of TRAP-positive osteoclasts wersurezhin both Ti-Fn
and Ti-Fn-SA femurs (Fig. 9). The number of osteoclasts waesign both the implant
groups following 1 week of implantation compared to 4 and 8 week fimrgs. There
was no discernable difference in osteoclast numbers betweenwthegroups in
histological sections obtained at 1 week. However, Ti-Fn-SA denatedta slight

increase in the number of osteoclasts compared to Ti-Fn at batd 8 weeks but a
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statistically significant difference is hard to predict dgse of the small sample size in
each group (n=1).

For all time points, histological sections of fragment B of cdatesal
unimplanted femurs demonstrated bone marrow next to the corticabbas¢he case in
the diaphysis area of the long bones (data not shown). Although few-pRsgitive cells
were observed inside the marrow cavity in the femurs, thesensgksn't in contact with

a bone surface and therefore weren't considered to be osteoclasts.
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CHAPTER 16: DISCUSSION

The goal of osseointegration of implants is the achievement efiable and
mechanically stable connection between the living bone and implantesufiar implant
success, bone-bonding is a key factor which is established by fdirewtion of bone
onto the implant surface. Bone formation on the implant interface invalvesmplex
sequence of events that includes the recruitment of precursrdiférentiation of bone
cells, production of bone matrix and remodeling of the formed bone. Having
demonstrated enhanced osteoblast functions on Ti-Fn-SA surfacestran we
investigated the in vivo use of UV-kille&aphylococcus aureus as a bioactive-coating
for implant materials in this study.

The portion of rat bone we have focused our results on is fragméng BLf, the
midshaft region of the femur, as in this location any new bonaeid would be in
response to the implant only. The implant interface was observexdogistlly using
Masson- Goldner trichrome, Toluidine blue staining and Transmissioctragle
microscopy. TRAP staining was also done on the sections to detemsteoclast
numbers. The histologic sections of the implant interface did meakany distinct signs
of inflammation consistent with lack of any visible inflammatsrgns at the implant
insertion site. Particularly, apart from the cell types radiyrfound in bone (osteoblasts,
osteoclasts and osteocytes), no differences in extent of imfigfranflammatory cells

(neutrophils, macrophages) were observed between Ti-Fn and Ti-Sedians. At all
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time points, we never detected cartilage and found evidencenoboee formation in
fragment B (Figs. 2-6). Thus the bone healing seemed to occur iegblugrough

intramembraneous ossification which is believed to be the form of epaé that occurs
following implant fixation (11, 14, 40).

After 1 week, formation of both fibrous tissue and woven bone wemipent
findings. The fibrous tissue was thicker in case of Ti-Fn-SAamisl The marrow cavity
in both groups was filled with osteoid and mineralized matrix (Fig. 2). Toluidineaiidie
electron microscopy corroborated the results obtained from Goldneinst (Figs. 3, 4).
The increased number of TRAP-positive osteoclasts along with wovendbseeved
within 1 week of implant insertion supports that bone resorption andatamoccur
concomitantly, which is consistent with the findings in other stu(®&$. Titanium is
known to act as an inert yet well tolerated metal in bone andofeny induces fibrous
tissue formation around itself which is believed to limit theaimimatory response. After
4 weeks, a more extensive fibrous tissue layer (about 4-5 getl thick) was observed
around Ti-Fn-SA implant compared to a thinner soft tissue layetr toethe Ti-Fn
implant surface. In addition, the bone formed around the Ti-Fn intehfadtea lamellar
appearance compared to a more woven bone character with egpewts| osteoid
seams around the Ti-Fn-SA interface. The thick fibrous camsolend the Ti-Fn-SA
implant may be especially rich in mesenchymal progenitdés edlich could differentiate
into either osteoblasts or fibroblasts. Cells surrounding the implantbalieved to
assume a fibroblastic phenotype if the space surrounding the impansssts of
particles smaller than 1 (10). It is possible that that while ‘press-fitting’ these

implants, some bacteria, whose diameter would be in the ordercobrmsj may have
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been released into the surrounding site and favored the formation fbrthes tissue
immediate to the implant site. The high density of progenitos qaksent inside the
fibrous tissue or migrated from the endosteal surface explairt®titimued formation of
woven bone in Ti-Fn-SA animal group following 4 weeks of insertiorhil&V/such
hypercellularity can result in rapid deposition of osteoid, the oatmineralization may
not correlate with the former which could explain the occurrencinefwide osteoid
seams in Ti-Fn-SA group at 4 weeks (Fig. 5). However, in ca3efeh group, woven
bone formed earlier appears to have been resorbed and replaced by lamellgigo@)e (
After 8 weeks, both Ti-Fn and Ti-Fn-SA femora showed lamellar bameation directly
in contact with the implant surface. The osteoclast numbers attitins point had
decreased, suggesting that bone formation and resorption had balanc@englyffior
the maintainance of normal bone structure. The phase between 1waaks$ could be
the healing period related to the removal of injured tissue ahtbdace and stabilizing
the implant inside the bone.

A striking parallel exists between the phases of bone repain@aolskere and the
cascade of events that occurs following marrow depletion injurgieneng bones. In
both, infiltration of mesenchymal cells, their differentiation intsteoblasts and
osteoblast proliferation, formation of woven osteoid and calcificatigdhisfwoven bone
matrix, induction of lamellar bone formation in the marrow are ofeserThis is
followed by a period of bone remodeling, during which bone resorption obefose
regeneration of bone marrow in case of marrow ablation, wherehs case of implant
insertion, some bone may still be left in contact with the impfalbwing bone

resorption (2, 4, 14, 27). The mechanical role of the residual bone isismitahe load
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from implant to the skeleton. The woven bone that appears in responseiriputpes
believed to be produced by endosteal osteoblasts or osteoblastsl dienaeorogenitor
stem cells inside the hematopoietic tissue (27). However, theséseare influenced by
the environment of the wound area and hence, also by the surfabe ahplant.
Depending on the implant site, other environmental factors determimether
mesenchymal cells differentiate into fibroblasts, osteoblastchondrocytes. It is
possible that the first osteoblasts to arrive at the biombteteaface may secrete soluble
or insoluble factors that can recruit more osteoblasts in thetyigihich can explain the
intense proliferation observed. Some of these factors include loealradctive factors
such as bone morphogenic protein (BMP) and other growth facthisasul ransforming
growth factor (TGF), Fibroblast growth factor (FGF), and inslike-growth factor
(IGF) which can stimulate osseous proliferation, differentiatimh extracellular matrix
synthesis (42).

Compared to our in vitro data which demonstrated increased ostealnlesbris
on Ti-Fn-SA versus Ti-Fn surfaces, we didn’'t observe as draraatieffect following
implant insertion in femurs. In vitro models are more static coegpto the dynamic
environment the implant is exposed to in vivo. Some of the additional \egiablivo
include implant design, device load, interaction of different ceglesy exposure to
biological fluids such as serum etc. In addition, given the smalplsasizes of our in
vivo groups and other important considerations such as dose of bactdréadoating
and method of delivery, which may be critical but not easy to a@pmteutral findings
associated with use of kille8 aureus need to be interpreted with caution before it is

concluded thaa given approach lacks utility. For instance, we propose that tilaldea
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surface area and therefore amount of adherent bacteria omptent surfaces may
account for the difference in trends between the in vitro and in ngsponses. The
surface area of the implant available for bacterial binding mash less in vivo
compared to in vitro. As a result, the implant surface on the thwir€iinserted inside
the femur may not have been as saturated with bacteriavas n the in vitro surface,
whereby the initial adhesion step, which was much enhanced in vitro, heay
compromised in vivo and may lead to decreased osteoblast binding suequent
decrease in bone apposition around the implant surface. When we enuntleeated
numbers of live bacteria bound on the implant surface coated under siamtitions as
the UV-killed bacteria, we found almost a four-log drop in the numloérbacteria
compared to the highest possible dose of bound bacteria observed in vitrogidsn
that the implants were ‘press-fitted’ into the medullary casitier reaming, the shear
stress involved in inserting the implant may be more than suffiteerdislodge the
bacteria from the implant and deposit them in the dead space hetlnee@nplant and
bone thereby initiating undesired responses. As a result, theidagege most likely
engulfed by fibrous tissue to occlude it which can also explaimtiieased thickness of
fibrous layer in Ti-Fn-SA implants compared to Ti-Fn only followih@nd 4 weeks of
implantation. The dislodged bacteria may create an insulatingbaround the implant
at 4 weeks which may prevent the direct apposition of bone around thantmpl
Assuming that bone deposition on implant entails that osteoblagtgdinn the vicinity
of implant surface, it is understandable that unless the insulatingrbaf fibrous tissue
be cleared, apposition of osteoblasts and subsequent bone deposition galnnoénce.

We therefore conclude that the Ti-Fn-SA implants failed aftHeA interface instead of
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at bone-implant interface and postulate that a more appropriaenfagsn of bacteria
on the prosthesis would result in improved direct bone-implant contact.

The qualitative examination of a few histological sections jasrted in this study
permits no assessment of osseointegration from a mechanical starimiioieen the Ti-
Fn and Ti-Fn-SA groups. Although the bone-implant contact isn’t signitig different
among the two groups, the pull out strength of the Ti-Fn-SA implaatruach higher
than Ti-Fn alone among three of the animals tested as evaluadiimided fashion. The
results of some studies indicate that the percentage of swdaeeage of implant with
bone is not as sensitive an indicator of osseintegration as mechastsaare (13, 45).
Specifically, implants which had higher pull out strengths did noesssily show
increased bone coverage or bone-implant contact compared to groups thdesser
integrated in the tissue. This poor correlation between the effabie coating and on
bone-implant contact suggests that there may be other parathetiensight be critical
such as more bone ingrowth in the nanometric pits of the Ti-Facgudoated with
bacteria which could generate more potent bone interlocking at the implafatcaeté3).

It is therefore likely tha& aureus coating did have a mechanical effect, but that it simply
was not detectable as these pits are under the resolution potherte€hniques utilized

in this study. It is essential to conduct pull out tests in futiwdiess so as to measure the
mechanical fixation of the implant which is an important consigerad evaluate the
functional competence of the regenerdtede.

The fact that there wasn’'t a marked difference in bone formbgbomeen the Ti-
Fn and Ti-Fn-SA surfaces may also likely be due to our smoottamnmodel which

doesn’t offer as much surface area for bony interlock. This issndbe overcome in
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future studies by either ‘roughening’ the surface texture by sasttiy/ acid etching the
Ti surface or by using threaded implant designs before g¢puaifithh bacteria. Increasing
roughness creates more surface area for interdigitation of boch {gads to more pull
out force.

In the course of this pilot study, we made other observations that would contribute
towards an improved animal model in the future. For instance, in saloidine blue
stained sections, we observed tissue fragments that appeamdncaktifact as a result
of thermal necrosis following high speed drilling (data not showmjgaling the
medullary cavity with cold saline before implant insertion catuce the thermal injury
and also flush out bone debris generated during the drilling process itselfsdt esiecial
when making histologic and morphometric measurements in bone thaintpérgy sites
are accurate in all groups and the sections be obtained in the agprpfare with no
obliquity.

In the chosen rodent model, bone activity changes in response taothatimere
confounded greatly by bone formation associated with endochondralcatssifi that
invariably accompanies growth cartilage activity in the emghyduring normal
elongation of long bones in rats. This observation was especiallyigmewafragment C
and was therefore excluded for the purpose of data analysis. lboe &tudies, we
recommend using animal models with fused epiphysis as they wetdth rbone
remodeling without bone elongation. In the case of rats, growth plailages close
earlier in females than in males, such that bone elongationscaiaare age where useful
experimental time for implant studies still remains (29)ngsanimal models with fused

epiphysis in conjunction with a fluorochrome label as a marker for fuyneation will
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clearly demonstrate the extent and rate of new bone depositiorhidnregard,
tetracycline labeling is a commonly used fluorochrome that hmdalcium exclusively
on newly mineralizing bone surfaces. By administering differerdredl tetracyclines at
various times during the duration of study and before sacrifice, s new bone
formation can be measured (20).

In contrast to the implant groups, our reaming only group demonstrated
hematoma formation at the surgery site and animals were moriblodif surgery. It
is possible that the access hole in the reaming groups magvebeen small enough to
enable the control of bleeding by mere closure of the skin incisiontlee debris
resulting from the drilling may have potentiated the inflanumatesponse at the site.
Preliminary data have indicated that it is possible to subverptbblem in the future by
cauterizing the blood vessels in the medullary canal to stem the bleedaagel of Ti-Fn
and Ti-Fn-SA groups, the process of inserting the implant irtbielerilled cavity may
have eliminated some debris and also served to plug the influx efsefitids. The
contralateral unoperated leg showed no signs of bone remodeling irapigsis region
at any times thus indicating that the factors released dumuny on the operated leg had
only local and not systemic effects.

In this context of an animal model with inherent limitations, tlestnemarkable
in vivo observation of this pilot study was the stimulation of new bormadtion around
the Ti-Fn-SA implant, i.e, the osteoconductiveness of the implardrl¢lenore rigorous
in vivo studies and mechanical testing with greater sample smest be carried out

before recommending this material for hard tissue implant atiglres. In summary, this
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preliminary study indicates that Ti-Fn-SA has the potentialaasandidate implant

coating.
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FIGURES

Masson- Goldner,
TRAP

- — 7
Fragment B

Toluidine blue,
TEM

Figure 1. Schematic diagram of implant insertion and tissue sectioningistwlogical
staining and electron microscopy analysis.

Reaction zone Response Score

Tissue reaction around the implant Similar to odgjimone 5
Lamellar or woven bone with bone forming activity 4
Lamellar or woven bone with bone forming and odesiic activity 3
Other tissue than bone (e.g., fibrous tissue) 2
Inflammation 1

Bone- implant interface Direct bone- implant contaithout intervening soft tissue 5
Remodelizing lacuna with osteoblasts and/or oséstelon surface 4
Localized fibrous tissue not arranged as capsule 3
Thick fibrous tissue capsule 2
Inflammation 1

Table 1. Histologic scoring system for bone reaction around the implant asdeti
formation at the implant interface as observed on Masson- Goifagred sections
following 1, 4 and 8 weeks of insertion.
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Figure 2. Masson- Goldner staining of bone surrounding the implant site following 1
week of insertion in the medullary cavity of rat femur (L0X)Tialn implant; b) Ti-Fn-
SA implant; Implant site, IS; Fibrous tissue, FT; Woven bone, WB.
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Figure 3.a) Toluidine blue staining of bone surrounding the Ti-Fn implant sli@ing
4 weeks of insertion in the medullary cavity of rat femur (2@X)Tranmission electron
micrograph of fibrous tissue observed at the implant interface (1950X)aomission
electron micrograph of woven bone observed around the implant (1950X)ntrsjity
IS; Fibrous tissue, FT; Woven bone, WB; Fibroblast, Fib; Osteocyte, Ost.
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Figure 4. a) Toluidine blue staining of bone surrounding the Ti-Fn-SA implant site
following 1 week of insertion in the medullary cavity of rat ferf@0X). b) Tranmission
electron micrograph of fibrous tissue observed at the implantfaoée (1950X) c)
Tranmission electron micrograph of woven bone observed around piening1950X).
Implant site, IS; Fibrous tissue, FT; Woven bone, WB; Fibroblast, Fib; Osteosyte, O
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Figure 5. Masson- Goldner staining of bone surrounding the implant site following 4
weeks of insertion in the medullary cavity of rat femur (1L0X)ligyn implant; b) Ti-Fn-
SA; Implant site, IS; Fibrous tissue, FT; Woven bone, WB; Lambl&e, LB; Osteoid

seam, OS.
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Figure 6. Masson- Goldner staining of bone surrounding the implant site following 8
weeks of insertion in the medullary cavity of rat femur (1L0X)ligyn implant; b) Ti-Fn-
SA Implant site, IS; Lamellar bone, LB.
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Figure 7. Histologic scoring system for bone reaction around Ti-Fn and Ti-Fn-SA
implant surface as observed on Masson- Goldner stained sectiongrfgliby4 and 8
weeks of insertion.
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Figure 8. Histologic scoring system for tissue reaction around Ti-Fn arBEnI$A
implant interface as observed on Masson- Goldner stained sectitmvgrigl 1, 4 and 8
weeks of insertion.
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Figure 9. Tartrate-resistant acid phosphatase (TRAP) staining of osséndla bone
surrounding the implant site following 1, 4 and 8 weeks of insertiomannedullary
cavity of rat femur.
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SUMMARY

This dissertation is a compilation of experiments that investigthe responses
of osteoblasts followin&. aureus infection as well as the therapeutic use of nanoparticles
loaded with antibiotic to target intracellular and extracellubacteria. Finally we
examined whether UV-kille®. aureus could act as an osteoconductive coating on bone-
associated biomaterials.

By determining that RANK-L and PGEre up-regulated in osteoblasts infected
by S. aureus, we have identified possible key molecules involved in the bone destructi
observed during osteomyelitis. We have also observed that ther&Bse iRdependent
pathway(s) responsible for RANK-L induction in infected osteoblastsa Bemonstrate
that all formulations of PLGA patrticles loaded with the antibiagécillin either killed or
significantly reduced all viable intracellul& aureus. The use of the data obtained by
this study and future investigations of the molecular pathwayshied inS. aureus-
induced osteomyelitis can result in more effective, alternatireatrhents for
osteomyelitis. UV-killedS. aureus is indeed a bioactive coating on bone- associated
biomaterials both in vivo and in vitro. Osteoblast attachment and adhesion wareezhha
on titanium alloy surfaces coated with bacteria compared toated surfaces. Cell
proliferation was sustained at comparable levels in the presexcabsence @& aureus
while markers of osteoblast differentiation such as collagen srathesteocalcin
synthesis, alkaline phosphatase activity and mineralized nodule ionmatre increased
on Ti alloy coated witts. aureus compared to uncoated control surfaces. In vivo results

showed no significant inflammatory response resulting from impleoéged withS.
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aureus and preliminary results suggest that the osteoconductivit&s afreus-coated

and uncoated implants were comparable at 8 weeks post-operation.
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