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Introduction and Objectives

1 Introduction and Objectives

1.1 Introduction

Orthopaedic trauma is a global problem and conssta significant source of
morbidity and mortality for all ages and both gensdd]. This health detriment
iIs mainly caused by violence or accidental injung affects every nation in the
world [2]. Various forms of traumatic injury lead long-term consequences for
individuals as well as for the society, making welive percent of the gobal
disease burden [1, 2]. Trauma-related fractureshaading of bone defects still
provide a clinical problem in orthopaedic surgesy. [Cases with fractures and
delayed healing or non-unions may result in a numbie surgeries and
contribute to increased health care costs [4]. lgmus bone graft that may
enhance bone healing processes is not always lhaifasufficient quantity to
enable treatment of these kinds of fractures [$le Timited amount of graft
material and the associated morbidity of the gnafivested procedure are well-
known drawbacks of this treatment despite whidateptresents the current gold
standard technique [6]. As an alternative to agols bone used in fracture
treatment, various synthetic materials such as Igjeteeramics, glasses,
polymers and composites are frequently used eéithex bone substitute or as a
bone graft extender. In particular, ceramics basedalcium phosphates have a
long history of successful orthopaedic applicatisash as bone void filling and
augmentation [7]. These are attractive as theyamontalcium which is also
present in the mineral phase of bone. Over thedastdes, they have been
widely used and have proven to have excellentvo biocompatibility and bone
repair abilities when used as synthetic osteocanduscaffolds [8-12].

In addition to the above mentioned causes for pdbdic trauma, fractures can
also be related to certain musculoskeletal diseases as osteoporosis. This

particular metabolic bone disease is characterigediecreased bone mineral
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density. Many orthopaedic patients, predominantigtmenopausal women, are
affected by osteoporosis resulting in an increaskdof bone fractures [13]. For
the year 2000, nine million new osteoporotic fragesuwere estimated world-
wide [14]. The application of standard implants flvacture fixation of
osteoporotic bone is limited due to poor bone dqualnd fixation failures are
more likely to occur [15, 16]. Various drugs ancaphaceutical products have
been developed for the treatment and prevention osteoporosis.
Bisphosphonates, a major class of antiporotic drings been shown to be
among the most effective inhibitors of bone resompfl7].

During the last decade, numerous studies have listiath a new field of
research focussing on and development of a combimaf active bone drugs
and medical devices for use in an osteoporotic bemaronment. Calcium
phosphates have the ability to incorporate sew#ramical substances on their
surfaces, for instance proteins, antibiotics ofi-tumor agents [18-20]. Based
on clinical needs, bioceramics may be loaded byratisn with active agents to
offer the potential for innovative drug deliveryssggms. A candidate bone
substitute material must have the ability to incogbe pharmaceuticals in a
target load and to release it appropriately to $sherounding bone tissue.
Moreover, there is an increasing interest in antexhél local pharmacological
treatment to generate an added clinical value RJ0{dany research activities
focus on maximizing controlled drug release at ggedone sites and
maintaining a prolonged drug concentration level ilsth avoiding
pharmacological side effects [27].

A combination product which offers an osteocondigctmatrix for new bone
growth and is also a carrier for local controlladpbhosphonate delivery, could
be very attractive in the treatment of osteopordti&ctures. In this, the
implantation of bone substitute materials releasitige bisphosphonate
zoledronic acid (ZOL) would potentially both, red@udone resorption and

maintain bone mass [28, 29].




Introduction and Objectives

1.2 Objectives

There is growing interest in combining the bisplasmte zoledronic acid
(ZOL) with orthopaedic implants with the goal ofpneving bone quality at the
implant-bone interface and reducing the risk oflampmigration and failure.
The first objective of the present thesis was tal@ate the feasibility of
different calcium phosphate based bioceramics &snpal drug carriers. The
properties of the materials were tested by usimgiraber of physico-chemical
methods. The second aim was to develop a straogivafd method for reliably
and repeatably combining ZOL with bone substitutgemals using a short-term
dipping technique which could be promising for @ai application in terms of
loading bone substitutes directly prior or duringrgery with defined drug
content. The third goal was to evaluate the mdsewndth respect to their ZOL
loading capacity in a time and concentration depahdianner. The fourth aim
was to assess the bone substitutes as releasensyite ZOL in anin vitro
approach. Furthermore, ZOL stability under différestorage conditions,
cytotoxicity of ZOL with a cell line and a charagsation of modified cement
formulations had to be performed to design an imipdgoplicable for an animal
model. Dependent on the findings, the final obyecivas to test the short-term
in vivo efficacy of a ZOL loaded bone cement plug. Fos thurpose, a bone
defect model in the proximal tibia of rats was us@a in vivo study was
conducted to gain experience on how to influenceekbmplant contact, bone
regeneration, and bone area around the implantaimceatlous bone. The
interpretation of a drug loading and releasing ephaising a preshaped bone
cement plug was supported by performing quantgatpolymerase chain
reaction (QPCR) and histological analysis.

The present work is an additional contribution te knowledge of how ZOL
interacts with different forms of calcium phosphatel what effects ZOL could

have in ann vivo animal model.
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2 Theoretical background

2.1 Bone

Bone is a complex and dynamic tissue with severattions such as locomotion
of the human body and self maintenance of its nsici structure through
continuous remodelling [30]. Bones act as an omgaponsible for the mineral
balance of the body which is controlled by hormof#d. It acts as a reservoir
for calcium and phosphate in the preservation afmad mineral homeostasis
[32]. Additionally, bone allows elasticity and rifiiy to withstand bending,
torsion and combinations of forces without fraagtgriand provides mechanical
support for joints, tendons, and ligaments [33]tik@rmore, bone protects vital
organs from damage [34]. A typical structure of &as shown in Figure 2.1.
Bone is divided into cortical and trabecular stoues and each of these forms
differ in respect of cellular content, metaboliterand remodelling process [35].
Cortical bone makes up the majority of bone witpragimately 80% of skeletal
bone mass. It is denser than trabecular bone withvesurface area to volume
ratio and is mainly present in the shafts of logés. It also forms the outer
layer of all bones [32]. This type of bone is fodniey the Haversian system
which consists of osteons, forming concentric l|da®elof bone tissue
surrounding a central canal containing blood vesg8]. Approximately 20%
of skeletal bone mass consists of trabecular ocedbmus bone. It offers porous
structures and has a lower density than corticaed80]. Cancellous bone is
located in the centre of flat bones, vertebrae,l@otd at the centre and the ends
of long bones. This bone structure is characteribgdan interconnecting
meshwork of defined patterns consisting of a largember of bony trabecular
cells combined into a three-dimensional matrix vetlarge surface area [34, 37,
38]. A high metabolic turnover and concentrationbohe cells is specific for
trabecular bone [39]. Caused by an increased ®udaea, the remodelling of

trabecular bone proceeds more rapidly comparedrtacal bone [30].
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Figure 2.1:  Schematic drawing of bone structure ified from Rahn [40].

2.1.1 Composition

Bone is composed of a uniqgue combination of interee calcified material

(bone matrix) and bone cells (Figure 2.2). Bonerixas a composite material
consisting of organic and inorganic components tvingcinitially deposited by

osteoblasts as unmineralized precursor substarsteo(d) [41]. The organic
component usually makes up approximately 20% ofatbeweight of bone and
mainly consists of collagen and other non-collagisnproteins [42]. Collagen
fibres are the major structural component of boarimy whereby the majority
is type | [34]. The distribution of collagen andnaral provides bone with its
ability to balance its flexibility and stiffness q@rements [43]. The non-
collageneous macromolecules are important for obimg the attachment of
bone cells to the matrix and regulating cell atfivassociated with the
biomineralization process and remodelling in bassue [44]. Some of these

substances (e.g. osteocalcin) are specific to ddor-specific macromolecules
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(e.g. osteopontin, fibronectin and growth factoasg also present in other
connective tissues [45]. The inorganic componenttrdautes approximately
70% of the wet weight of bone and serves as avessestoring approximately
99% of total body calcium, 85% of phosphorus aneb@®% of body’s sodium
and magnesium [34]. The mineralized components gfr@ngth and rigidity and
fulfill the main mechanical support function withithe human body. They
consist of a mineral hydroxyapatite phase depositeah organic matrix [34].
The stability of the skeleton to withstand pressteresion, bending, and torsion,
Is based upon inclusion of inorganic componentshi organic intercellular
matrix [39]. The main component is hydroxyapatiteit also fluoroapatite,
carbonated apatite, calcium carbonate, and magnesaarbonate are
components in the mineral phase of bone [46]. Tdscbcomposition of bone is
the same for all bones, but the components of thee hypes are combined

differently to form cortical or trabecular struadsr

Figure 2.2:  Overview of the main bone composition.
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2.1.2 Bone cells

In human bone, different cell types can be idegdif(Figure 2.2). Bone tissue
principially contains bone resorption cells (ostasts) and bone formation cells
(including osteoblasts, osteocytes, bone linindgscahd osteoprogenitor cells)
[41]. The extracellular materials providing a matior these cells are organic
material (e.g. collagen), inorganic material (enginerals like calcium and
phosphate), and water [34].

Bone resorption processes and resorption of borstitute materials are
mediated by osteoclasts which are differentiatedhfhematopoietic stem cells
of the monocyte-macrophage lineage in the bone awarf47]. The
differentiation is regulated by cytokines and hon@® to activate remodelling
processes or increase calcium and phosphate coaiens in the blood which
Is important for calcium and phosphate homeos{d&§E Osteoclasts are large
multinucleated cells and responsible for the aldsmrpand removal of bone
[49]. Attached to the bone surface, the osteoclastate an acidic environment
and bone tissue is dissolved by proteinase andnemactivity to break down
bone matrix effectively [50].

Osteoblasts are responsible for bone formationgases of organic matrix and
osteogenesis [51]. These cells are differentiatech fmesenchymal stem cells.
The differentiation is controlled by many cytokinasd can be divided into
several stages (proliferation, extracellular matteposition, matrix maturation
and mineralisation) [52]. The osteoblast synthaesmed secretes collagen and
non-collagenous proteins that comprise the organatrix of bone and
subsequently mineralise the bone matrix [53]. Astesis express high levels of
alkaline phosphatase (ALP), a serum marker of bonamation [54]. Some
osteoblasts disappear through programmed cell dégtbptosis), whereas
others differentiate into flat cells lining the lsurface (bone lining cells) or

become osteocytes surrounded by the bone matsmall lacunae [34, 55].
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Both lining cells and osteocytes play an importate in the regulatory process
of maintaining bone. Bone lining cells mediate bomaover by activation of
remodelling processes by secreting enzymes [34].

Osteocytes are characterized by long cell procesggsh form a complex
network throughout the bone matrix [56]. Thesescealle trapped within the
bone matrix during the process of bone formatiom @emmunicate with
osteoblasts and bone lining cells at the bone saffa’]. They express a variety
of molecules which make them respond to both, machh and hormonal

stimuli.

2.1.3 Bone modelling and remodelling

Active bone tissue is able to modulate structured mass in response to
changing requirements. Under physiological condgjothere is a balance
between bone-resorbing and bone-forming eventssél beocesses are realized
by many cell activities, including bone repair, \gtb, modelling and
remodelling [41]. A higher metabolic bone turnowerd remodelling rate take
place in cancellous bone (approximately 30% per)yas compared to cortical
bone (approximately 3% per year) [39, 58].

Bone modelling involves activation and isolated éaasorption or formation.
The process of bone formation and resorption dumogelling does not happen
at the same location. Modelling primarily occursridg bone growth and
usually declines in adults. Stimuli for bone mougjl processes in adults are
increased mechanical loading, administration ofafmdroid hormone (PTH)
and specific drugs [31]. Bone modelling is a preces add or remove bone
tissue from an existing bone surface to modify bgeemetry. It leads to
changes in the size and shape of bone. This igwasthiby uncoupled actions of
osteoblasts and osteoclasts. Remodelling of theahuimone matrix is a
physiological process of bone reconstruction wigads of bone are replaced

by new bone. It occurs permanently and involvesradioated actions of
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osteoblasts and osteoclasts. These cells build lbasiticellular units (BMUSs)
which remodel bone by activation, resorption, aodnftion processes. Bone
remodelling is necessary to maintain calcium horasis and to repair damage
in bone. In the BMU, osteoclastic bone resorptioitiates osteoblastic bone
formation [59]. The general bone remodelling cylmyea BMU is schematically
shown in Figure 2.3. A stimulus activates ostedidgsecursors to differentiate
into multinucleated osteoclasts (cutting cone) eOsliastic cells bind to the bone
surface and resorb bone. Bone resorption involissollition of crystalline
calcium phosphates and degradation of collageharektra cellular resorption
lacunae with the secretion of acids and enzymessbgoclasts [50]. Following
behind the osteoclasts, osteoblasts deposit layarsteoid (unmineralized bone
matrix). Osteoblasts always follow osteoclasts WUWB The resorption and
formation processes are coupled. The organic comperof the matrix are then
hydrolysed and osteoblasts are responsible for buoa&ix formation and
differentiate afterwards into osteocytes and bamrd cells [60].

Many diseases are caused as a result of abnoesahtbone remodelling which
compromise the architecture, structure, and mechhrstrength leading to
clinical symptoms [17]. Consequently, there is @agng interest in defining the

molecular mechanism by which bone remodelling gailaed [53].

Figure 2.3:  Bone remodelling process by a BMU diésat by Canalis et al.
[60].
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2.1.4 Fracture healing

A bone fracture is a break in the normal continafybone. When a fracture
occurs, the bone, periosteum or surrounding tissliles muscles, nerves or
blood vessels, may be damaged or destroyed. Thegsof fracture healing is
a complex cascade of specific events on a cellatr molecular level that
ideally ends in complete structural and functioredtoration of the involved
bone [36]. Many different molecules and cells aresolved, including
inflammatory cytokines, growth factors, antioxidggnbsteoclasts, osteoblasts,
hormones, amino acids, and other nutrients [61jmBaent bone remodelling
provides a mechanism for healing and regeneraficilamaged bone tissue [62].
This property is initiated in response to injurydamealing of bone around and
within implants [63]. Multiple factors influence énmolecular mechanism that
regulates bone tissue formation during bone rdpai: Bone repair is typically
divided into direct or primary and indirect or sedary fracture healing [62].
Primary or directfracture healing (intramembranous ossificationyiescribed
as the basic principle of fracture healing and czeuhen fracture surfaces are
rigidly held in contact. This type of healing islprmpossible under absolutely
stable conditions and is characterized by the cetapabsence of a fracture
callus [62]. In this situation, intramembranousifsation, bone formation, and
the osteoid are directly effected by mesemchynsaug [36]. Osteoclasts cross
fracture sites whereby reestablishing new Haversystems to form the cutting
cone. Therefore, they provide pathways for the fratien of blood vessels [64].
Many fractures heal when micromotion between tlaetére surfaces occurs
[65]. If the construct is extremely rigid, there n® stimulus for healing. In
practice the primary or direct fracture type is taeest [36].

Secondary or indiredracture healing (chondral ossification) is chéeazed by
callus formation which is subsequently replaceddyellar bone. It is found in

less rigid, more flexible fixation that allows art@n amount of micromotion in
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a wider fracture gap. This type of healing bendfiisn micromotion [36]. It is a

complex process that involves the formation of @ding callus of cartilage,

bone and connective tissue cells, restoring thenabbone structure. In this
situation, an interaction between bone forming gobklasts), bone resorbing
(osteoclasts) cells and the influence of differgrdwth factors, cytokines, and
hormones in the formation of fracture callus ocd6g.

Secondary fracture healing is typically characttiby different overlapping

stages, such as an early initial inflammatory respo (heamatoma,

inflammation, angiogenesis), a repair phase (egitibus callus formation and
replacement of callus by lamellar bone), and abatee remodelling phase [36].
These phases take place in the bone marrow, cqrégigsteum, and external
soft tissues and they can overlap in time [62, B6facture can lead to damage
of cortical and cancellous bone, bone marrow, eedos, periosteum, and
adjacent soft tissues. During the inflammatory phalse hematoma is invaded
and replaced by callus. Fracture healing is notdgenous within the callus. A
callus consists of fibrovascular tissue in whicluradant amounts of collagen
fibers and woven bone matrix are laid down. Themzaines are the medullary
canal, the area between the cortices, the subpsaldayer, and the surrounding
soft tissue [61]. The fibrous callus (soft callugjhin the fracture gap (cortical

and medullary callus) creates bone by endochorussification. Membranous

ossification is found in the external callus, faomh the fracture site (hard
callus). It is a result of direct osteoblast atyiwhich forms both compact and
trabecular bone directly without first forming dkge.

Within the early inflammatory phase a blood cloedmatoma) is formed

between the bone ends (Figure 2.4 a). Without #anmmatory process, bone
will not heal. An inhibition of the cyclo-oxygenagpathway appears to inhibit
bone formation [67]. The heamatoma itself is a sewf signalling molecules

for macrophages and chondroblast precursors whiehiraportant for the

regulation of cell differentiation and angiogend&2, 68]. Inflammatory cells
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secrete growth factors and cytokines which havenchactic effects on other
inflammatory cells and osteoblast precursors [6, The major signalling
molecules in the cascade are interleukin 1 (ILtdderleukin 6 (IL-6) [69],
transforming growth factor b (TGF b) [71], insulike growth factor (IGF)
[72], fibroblast growth factor (FGF) [73], plateléerived growth factor (PDGF)
[74], and bone morphogenetic proteins (BMPs) [&Fijanulocytes, mast cells
and monocytes infiltrate locally. In addition, ppotent stem cells of
mesenchymal origin as precursors of osteoblastsateignto the fracture gap.
Within this time period, granulation tissue and naaod vessels rebuild under
the influence of growth factors. Fibroblasts, cgdla type |, capillaries, and
initial mineral deposits are the main componentshef granulation tissue and
replace the fracture hematoma by fibrocartilagin@adus (Figure 2.4 b).
During the reparative phase, the blood clot isaegd by fibrovascular tissue
which lays down the collagen fibres and the matvixch will later become
mineralised to form the woven bone of the primaalius (Figure 2.4 c) [36].
Proliferation and differentiation of mesenchymatl asteoprogenitor cells into
chondroblasts and osteoblasts lead to vasculagmedilation tissue and fibrous
tissue with the production of extracellular mataxd collagen fibres [75].
Subsequently, these cells begin to form cartilagkvwaoven bone to increase the
mechanical stability of the fracture site (chondnogsis). To promote
osteoblastic proliferation, macrophages secreteem® such as osteocalcin and
BMPs. BMUs are formed and break down damaged bimey are responsible
for newly formed woven bone and a process of irsgdanineralization occurs.
The remodelling phase of fracture healing is loagfthg and can take several
years (Figure 2.4 d). Through this process, untetenvoven bone is replaced
by mature lamellar bone, which is characterized lsense structure of osteons,
I.e. central Haversian canals with concentric layarsurrounding bone. Under
ideal circumstances, the original tissue and itxtion are almost completely
restored [36].

12
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Figure 2.4:  Overlapping stages of secondary fraetdrealing: hematoma
formation (a), fibrocartilaginous callus formatioifb), bony

callus formation (c) and bone remodelling (d).

Differences in fracture healing processes betwaenams and animals pose a
limitation on preclinical research. Fracture heglrates in rats, for example are
about twice that in humans [61]. The main cellidad molecular processes of
fracture healing in rodents are described by Einij62]. Phillips describes the
time period of fracture healing in rats as folloj@&]. Briefly, a heamatoma is
formed in the first hours following a fracture anflammatory cells are released
[69, 76]. Within the first day, mesenchymal steniscexpress a number of
BMPs which induce angiogenesis, chemotaxis, mitegisn cell differentiation,
and proliferation. From day two to five, hard calliormation originates in the
subperiosteal area. Promoted by micromotion, indrabranous ossification
occurs. In the area between the bone ends (sofspatarly cartilage formation
starts between days four and seven. Undifferetiatesenchymal stem cells
begin to proliferate by day three. Osteocalcinxpressed in the hard callus
from day six to 10. In days 11 to 20, cellular geshtion decreases in the areas
of hard callus formation. In the soft callus, tletitage begins to calcify. From

days 21 to 25, there is no more cellular proliferat The structure in the hard
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callus area turned into woven bone. In the soflusalchondrocytes begin to
undergo apoptosis and there is some cellular niscrslid union with woven
bone is present by around 35 days, succeeded bydediing and formation of

lamellar bone [61].

2.1.5 Biochemical markers

Bone metabolism can be monitored by using speamhlemical markers. The
cellular and molecular process of signals triggeiione regeneration events is
becoming more and more understaoditro, but thein vivo response is still to
a certain extent unclear. Early bone reaction targslant is not yet understood
completely although primary stability and long-teperformance are thought to
be related [50]. Biological processes leading tegmation of an implant in bone
mainly take place at the tissue-implant interfacg.[However, the cellular and
molecular events that occur during normal bone ihgaprocesses can be
influenced by the presence of a biomaterial. Boealihg processes under
different conditions have been widely describediterature and may result in
different bone formation. Also, molecular and clafusignalling of bone healing
scenarios can be different. Multiple factors inflae and control the complex
interactions during bone healing. Special precsraod molecules of cytokines,
chemokines, integrins and growth factors are teamdgrrecruited into the
circulation [78]. These biochemical markers chamgpidly in response to
changes in bone formation and resorption and camdeitored by different
techniqgues such as immunohistochemistry, enzynkedinimmunosorbent
assay, western blot, microarray analyss, situ hybridisation, and semi-
guantitative polymerase-chain reaction [79-84].

Proinflammatory cytokines can indicate processesnduthe bone healing
cascade [85]. Further biochemical markers are lswdhssified into those
accociated with bone formation and resorption g, Osteogenic cells start to

express specific substances during their diffeagiot within the bone healing
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cascade. Early signals of fracture healing in arlyestage of bone repair
comparing non-fractured with post-fractured ratémhave been identified [88].
Specific markers can indicate changes in bone psgseand can exemplarily be
used in the monitoring of anti-osteoporotic therd®9, 90]. The analytic and
biologic variability of bone markers can be sigraint and needs to be
considered when they are used [91]. In the predegis, quantitative PCR
together with histological tools were used to expline bone-implant interface.

2.1.5.1Proinflammatory cytokines

The major proinflammatory cytokines are tumor-ne@dactor-alpha (TNF)
and interleukin-1 beta (IL-). They are secreted by hematopoietic immune cells
such as macrophages and neutrophils and have aramnde of effects [92].
Locksley et al. described the widespread effectENF member (RANKL) and
TNF receptor superfamiliy (OPG) on signalling paftys for cell proliferation,
survival, and differentiation and their use in ttneatment for many human
diseases [93]. Furthermore, the direct effects ™NMF-T and IL-1 on
osteoclastogenic differentiation have been largelyestigated [94]. IL-1 is
responsible for various biological activities invetl in the immune and
inflammatory response [95]. Generally, proinflamamgit cytokines modulate
inflammatory response and have a beneficial effectegulating bone fracture
repair [96]. TNF- and IL-1 inhibit the expression of genes for cartilage
extracellular matrix and potential functions in unj-induced inflammatory
response [96]. The expression of proinflammatoriokipes increases during

the initial inflammatory phase after bone injuntim the first 24 hours [85].
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2.1.5.2Bone resorption markers

During bone resorption processes, an acidic enwiestt is created by
osteoclasts [31]. The released bone resorption emarkan be divided into
collagenous and non-collagenous molecules. Nomagetious markers include
the enzymes tartrate-resistant acid phosphataseARYTRand cathepsin K
(CATK) [54]. TRAPs are metalloenzymes that catalysehydrolysis of various
phosphate esters under acidic conditions. Six iatgoare identified in human
tissue. Isoform 5 is expressed in osteoclasts amctaphages [97]. Isoform 5b
can be used as a marker of bone resorption andatedi the number of active
osteoclasts [98]. In bone, TRAP is found in ostasid and in mononuclear cells
(osteoclast precursor cells) [99]. Not only in oslasts, but also in osteoblasts
and osteocytes TRAP is expressed, but the lewvaeuch lower [100]. CATK is a
member of cysteine protease family and is localiredacuoles at the ruffled
border membrane of osteoclasts [101]. This enzyase the unique ability to
cleave helical and telopeptide regions of collatyge | which is the major type
of collagen in bone [102]. The degradation of apdia is a major event during

bone resorption and CATK has an important rolesiteoclastic activities [102].

2.1.5.3Bone formation markers

Bone formation markers indicate osteoblastic atiyb4]. Two specific and
sensitive markers include osteocalcin (OC) and hleae specific alkaline
phosphatase (ALP) which reflects different aspetissteoblastic activity [103-
105]. OC is a major non-collagenous extracellulatrin protein with 46-50
amino acids. The protein is an abundant osteobjaestific non-collagenous
protein and is produced during late phases of bmmmation [106]. The
structure of the protein is characterised by threarboxyglutamic acid residues
(Gla) with a high affinity to hydroxyapatite [107steocalcin is mostly

deposited in the extracellular matrix of bone, Butmall amount can also be
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detected by immunoassay in the blood [108]. ALPaidwydrolase enzyme
responsible for removing phosphate groups from nsagtances. Several ALP
isoforms exist and some of them are bone spedifibone, ALP is primarily
expressed on the osteoblast cell surface. The enzgma potent inhibitor of
mineralisation and important for cleaving inorgarpgrophosphates which
promote mineral deposition vivo [109]. Whereas OC represents a late marker
during osteogenic differentiations for bone formoafi ALP is considered an
early differentiation marker [110]. OC and ALP gemepressions are already

used in rat studies to indicate bone formation @sses [35, 111].

2.2 Calcium phosphates

Calcium phosphate-like bone substitute materialseha long history of
successful orthopaedic applications such as borefiing and augmentation
[7]. Many patients are treated with a bone sulbistitnaterial to repair a bone
defect resulting from an injury or a disease. Beubstitute materials based on
calcium phosphates are of particular interestiesé clinical applications.

They have been demonstrated to be effective in rabeu of bone healing
applications. Bone substitutes are proven to hawme e&cellentin vivo
biocompatibility and bone repair properties for mpde stimulating tissue
regeneration [8-12]. Biomaterials play an importante in reconstructive
orthopaedic surgery and it is necessary to undetstiae biological effects of
these materials for their optimal application [112]

Bioceramic materials most commonly in recent tinfes/e been based on
hydroxyapatite and beta-tricalcium phosphate aeddloffer a similar structure
to the human mineral bone phase. The large rangealmium phosphate
formulations available can mainly be divided intoree subgroups: sintered
hydroxyapatites, solid tricalcium phosphates, aalticm phosphate cements
[7]. Hydroxyapatite is the main inorganic compone&fthuman bones and

widely used as the main component of an implantatdelical device [113].
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Sintered hydroxyapatites are often used as prefbrmmatrices with an
interconnecting pore system to allow bone ingroy&h]. Furthermore, the
degradation rate of water-insoluble hydroxyapattiemulations is very slow
[114, 115]. Solid -tricalcium phosphates are often used as a porous
osteoconductive bone graft substitute. An advantégetricalcium phosphate is
a reduced dissolution time when compared to sidtdrgdroxyapatite and
calcium phosphate cements. A disadvantage is tthieetli mechanical strength.
Commercially available -tricalcium phosphate products are preformed
granules, blocks, or wedges [7]. Calcium phospbateents usually consist of
calcium phosphate powders that are mixed with aidiqvater or phosphate
solution to obtain an injectable paste. After inmpédion, the compound hardens
in situ with almost no exothermal reaction [7]. The cemennhouldable which
ensures perfect fit at the implant site. Remodglim bone substitutes is slow
and incomplete, but by adding more and larger pdres in ultraporous -
tricalcium phosphate, complete or nearly complesorption can be achieved
[7]. Different surface structure and shape of comuma#ly available biominerals
are a result of their manufacturing process. Giitigarameters are sintering
temperature and time [116]. All these bioceramitarte the formation of new
bone by their osteoconductive properties during tia¢ural mineralisation
process [8-12]. Calcium phosphates act as syntlsteoconductive matrices
after implantation in bone. When placed in a statdafiguration adjacent to
bone, osteoid will be formed directly on the suefaxf the calcium phosphate
with no soft tissue interposed [7]. Such biomatsraaie frequently used for bone
void filling to replace bone loss [117]. A bone ddilling leads subsequently to
a bone regeneration and repair [118].

In the clinical use of bone void fillers based @lcaum phosphates, there is an
increasing interest in an additional local pharnhagical treatment to generate
further benefits [20-23]. Many investigations hdeen conducted to maximize

controlled drug release to specific bone sites @intain a prolonged drug
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concentration level and avoid pharmacological seftects [27]. Calcium
phosphates are able to adsorb several chemicatasgles on their surfaces,
such as proteins, antibiotics or chemotherapegen® [18-20]. The adsorptive
affinity of these materials to active pharmaceusiceaan be used for the
development of innovative drug delivery systemsp@ential bone substitute
material must have the ability to incorporate phegeuticals at a target load and
to deliver it to the surrounding bone tissue ifiintended to be used as a drug
carrier. Offering an osteoconductive matrix for nbane growth and being a
carrier for local and controlled bisphosphonateveey, a combination product
iIs very attractive for the treatment of bone dissadMaintenance of bone
density and reduction of bone resorption can thealey be enhanced after
implantation of bone substitute materials releabisghosphonates [28].

Several parameters can influence both, drug loadmd) release properties. A
careful physico-chemical characterisation of bondsstute materials is,
therefore, necessary to evaluate the feasibilityedfig optimal candidates for an
innovative local drug delivery system. A short-tedimpping technique for drug
loading could be promising for a clinical applicetiin terms of loading bone
substitutes directly prior or during surgery witelixdefined drug content. In the
present study, a sintered body, differently sizeangles, and powders were
selected as bone substitute materials to investitp@t major influencing factors.
The choice of bone substitute materials represtmese common forms of
materials: solid, granular and an injectable p#sé setsn situ. Whilst there is

a lot of literature on drug delivery through imptiaiole devices, there still is
much to be learned about how to do this safely effettively. At the time of
writing, there is no product (combining a calciunhopphate with a
bisphosphonate) yet available for clinical applmatthat is approved for use in
either Europe or United States of America. It i®Wn that a company called
Graftys has initiated a clinical trial in which alcium phosphate cement is used
to deliver a bisphosphonate [119].
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2.3 Osteoporosis

The previously described bone processes do nat t@fmetabolic and disease-
related changes in bone structure. In additionhto gabove mentioned healthy
conditions, bone structures can also be modifiedbbge diseases such as
osteoporosis. Many orthopaedic patients are affidoyeosteoporosis resulting in
an increased risk of bone fractures [13]. For thary2000, nine million new
osteoporotic fractures were estimated world-widd].[10steoporosis is a
metabolic disease affecting bone which is an ingrrissue within the geriatric
population primarily affecting women [120]. The el#se pattern is characterized
by a decreased bone mineral density (BMD) and rarctotectural deterioration
of bone tissue (Figure 2.5). The mechanical strengft bone is strongly
determined by its mass [17]. It is also shown timateased bone turnover
correlates with an increased fracture risk [121jisTrelationship has been seen
in therapeutic trials with bisphosphonates, in Whitcreased bone density and
decreased bone turnover have correlated with reddiccture risk [122].
Osteoporotic bone leads to a consequent increaséome fragility and
susceptibility to fracture [123]. Studies have shaavclose correlation between
low BMD and increased fracture risk [124, 125]. Baarchitecture is not only
affected in cancellous bone (thinning and losgalféculae) but also in cortical
bone (thinning of the cortex and increase in irdgrcal porosity). In healthy
bone, osteoclasts and osteoblasts constantly atieisione density balance. If
the number of osteoclasts is higher than the nurobersteoblasts, the bone
density decreases. In osteoporosis, the amountcb¥eaosteoclasts and
remodelling units are elevated and shift the baandavour of resorption [13].
Furthermore, the osteoblasts are less active ahtbfaompletely restock the
resorption lacunae. This results in incrementabpsrstructures of bones. With
aging, less bone is formed by osteoblasts than vechdy osteoclasts [13].
Estrogen deficiency increases osteoclasts’ whilaukaneously decreasing
osteoblasts’ life span. This results in an incrdasge of bone remodelling
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during the menopause which increases the risk ofeopsrosis in
postmenopausal patients [13]. The aim of medicamporosis treatment is to
maintain or increase BMD and reduce exceeding bonever [126]. Many
pharmacological treatments are available to atbecte loss [127]. This can be
achieved by inhibiting bone resorption or by stiatilg osteoblasts to induce
bone formation. In first line therapy for treatmeand prevention of
osteoporosis, bisphosphonates have been showndoebef the most effective
inhibitors of bone resorption [17].

The use of conventional implants in fracture figatiof osteoporotic bone is
limited as fixation failures are more likely to ac@s a consequence of the weak
bone structure [15, 16]. Current research thatdamuimplant fixation in weak
bone structure includes optimized implant-bone rfates such as
hydroxyapatite coating or biodegradable welded anfd [128-130].
Osteoporotic fractures and their adequate fixatwa an important future

challenge in traumatology.

Figure 2.5:  Trabecular bone architecture of norm@) and osteoporotic

cancellous bone (b) described by Moritz et al. [[131
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2.4 Bisphosphonates

During the last decades, bisphosphonates have saxtfn been developed as
drugs for the treatment and prevention of boneadisge [132]. Nowadays, there
is preclinical evidence that bisphosphonates haw@uanor activity and are
appropriate for the treatment of metabolic boneabes [133]. Bisphosphonates
are drugs that influence the quality of bone inigmas suffering from
osteoporosis. The mechanisms underlying their effeare still not fully
understood. Bisphosphonates have been used wideltha treatment of
disorders associated with excessive bone resorpfidrey are effective
inhibitors of bone resorption and one of the mdf#otive agents available for
the treatment and prevention of osteoporosis [1BHis property leads to their
use in the treatment of other metabolic bone deseas which abnormal bone
resorption occurs such as Paget's disease of Wdmeus dysplasia, and
metastatic cancer of bone [135]. Bisphosphonates séable analogues of
inorganic pyrophosphate (P-O-P), an endogenous lategu of calcium
metabolism preventing ectopic calcification [138he bridging oxygen has
been replaced by carbon. They are compounds ckarstt by two C-P bonds.
The metabolic stable P-C-P structure allows a graanber of chemical
variations. The two lateral chains on the carbanlmachanged or the phosphate
groups can be esterized [132]. Nevertheless, dwephosphonate has its own
chemical, physicochemical, and biological charasties which implies that it is
not possible to extrapolate from the results of eompound to others with
respect to its actions [132]. Caused by a stabl@ocestructure, bisphosphonates
are resistent against hydrolysis under acidic erfte as decribed for
osteoclastic enviroments. The half-life of bispHusmates in the circulation are
short, and they adsorp rapidly into bone becaus¢heir high affinity for
calcium and hydroxyapatite and bind directly to enalized bone [137]. There
are two main generations of bisphosphonates. Niagan-containing (e.g.
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etidronate (Didron&) and clodronate (Ostd) and nitrogen-containing
bisphosphonates (e.g. pamidronate (Ar8giaalendronate (Fosamax
risedronate (Acton8), ibandronate (Bondrorfgtand zolendronate (Zomé&j
have different molecular structure modificationsalfle 2.1). Russell et al.

described their different molecular actions [138].

Table 2.1: Chemical structures of major bisphosgtes and their relative
potency to inhibit bone resorption in rats modifiedm Fleisch
[132].
Basic bisphosphonate structure
Agent R; R, Rel. potency Brand name
Etidonate —OH —CH ~ 1x Didronel®
Clodonate —Cl —Cl ~ 10x Osta®
Pamidronate] —OH —(CH—NH, ~ 100x Aredia®
Alendronate| —OH —(Chis—NH, >100 - <1000x | Fosama¥
_ =N
Risedronate| —OH| _ .y — >1000 - <10000x|  Actonef’
2N\ /
Ibandronate| —OH >1000 - <10000x| Bondronat
Zoledronate| —OH >10000x Zomet&

The highest potency of bisphosphonates to inhibitebresorption in rats is
demonstrated by ZOL which is a member of the mesemt generation of
bisphosphonates [132]. ZOL is a very potent N-coig bisphosphonate

which may decrease the resorption of newly formexhebin rats [139].
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Furthermore, ZOL inhibits osteoclastic activity amedjulates cell proliferation,
differentiation, and gene expression in osteoblasi$34]. ZOL
pharmacologically acts in the mevalonate pathwagufié 2.6). ZOL inhibits
the farnesyl diphosphate synthase (FPPS) whicksisonsible for the synthesis
of farnesyl diphosphate (FPP) and its downstrearalmodite geranylgeranyl
diphosphate (GGP) [140]. FPP and GGP trigger thelifnation of small
GTPases which are important for the regulationstéaclasts functions [141].

Figure 2.6:  Simplified pharmacological action of ZOn the mevalonate

pathway.

The efficacy and safety of a yearly infusion ofefimilligram ZOL have been
investigated in placebo-controlled, multicenterfermational trials for the
treatment of osteoporosis and the reduction otdracrisk [142, 143]. A side-
effect associated with the use of bisphosphonaebisphosphonate-related
osteonecrosis of the jaw, but the pathogenesishisf éffect is still mostly
unclear [144-146]. Up to date, there is no evideot@ specific association
between osteonecrosis of the jaw and ZOL in theeslased for treatment of
osteoporosis in postmenopausal women [147]. Itdiss been suggested that
there are risks of femoral fracture, however, iBk here is considered small in
relation to the benefit [148]. There is growingeirgst in using these drugs in

combination with orthopaedic implants with the gohimproving the quality of
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bone at the implant-bone interface and reducingrigie of implant migration
and failure. Bisphosphonates are occasionally thestntommonly used
osteoporosis treatment, but there are other thesapiat impact on bone loss.
Current alternatives to bisphosphonates are sedecBstrogen receptor
modulators (SERMs), parathyroid hormone (PTH), rdtuon ranelate, and
calcitonin. Calcium and vitamin D are also asseclatwith osteoporosis
treatment. They are usually taken at the same teother drugs [127].
Nevertheless, it is mainly bisphosphonates thaeHhmen evaluated in the role
of combination with orthopaedic implants for thergase of improving bony
support or fixation. One factor that might expldims focus is the affinity for
calcium salts and these form the basis for mose mubstitutes and implant

coatings in common use today.

2.5 Local drug delivery

The site of pharmacological action of a drug cannigabe divided into
systemic and local [149]. A systemic drug theragiers mainly to a treatment
that affects the whole body or that acts specificah systems that involve the
entire body (e.g. cardiovascular, respiratory, rgasestinal, or nervous
systems). A local drug therapy is mainly limited @adreatment that affects a
certain location in the body. The aim of every dthgrapy is to maximize the
therapeutic effect of the drug and minimize drulgtexl site effects. This can be
mainly achieved by delivering the drug locally he tsite of pharmacological
action [150]. Not all convential systemic applicas have an adequate
biological availability. By systemic administratioautes often only small drug
amounts reach the target tissue. Furthermore, doogdd also accumulate
locally. The general objective of local applicasois to release a desired drug
concentration level for long periods of time withe@eaching a toxic level [151,
152]. Defining a locally delivered dose for bengficbiological effects

frequently provides a lot of challenges. Nevertbgldhe use of combination
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implants as drug carriers in orthopaedic surgeniccbave an added value for
bone tissue [130]. A local drug application genesathany benefits as lower
pharmacological side effects compared to systermpication due to lower
dosages, better control of bioavailability and ¢ttty and a longer duration of
drug delivery at the site of pharmacological acfi®s3]. Furthermore, a drug-
loaded implant provides the possibility to combiihe controlled and local drug
delivery with systemic therapy strategies. HoweweGareful testing of drug-
loaded implants has to be undertaken to provedtedaclinical value.

Different techniques are available to combine bagpihonates with an implant
[154]. The carrier systems used are mainly calcplrasphate coatings [129,
155], polylactic-glycolic adid polymer coatings @5 and cross-linked
fibrinogen layers which are linked to metals vidases [157, 158]. In the
present thesis, different calcium phosphate based delivery systems were
chosen for a local application of ZOL. Calcium phiaates are proven materials
already approved for implantation as a bone suibstivhilst fibrinogen and
polylactic-glycolic acid are well known per se bagt a coating have many

unknowns [7].
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3 Materials

3.1 Zoledronic acid (ZOL)

ZOL (1-hydroxy-2-[(1-H-imidazole-1-yl)ethylideneldisphosphonate) was
obtained from Alexis Biochemicals (Lausen, Switaed) and used as active
pharmaceutical agent. ZOL is a white, crystalliogvder. The water used in the

investigations was of double-distilled quality.

3.2 Bone substitutes

The selected bone substitute materials varied mufia&turing processes, shapes
and compositions. These were also selected astregspond to the main bone
substitute implant forms available today.

1) A LagFix® cylinder (Stryker Trauma GmbH, Schonkirchen, Getma
This is a hollow tube structure made up of sintelsdiroxyapatite
granules. It is designed for use in augmenting degys fixation in
fractures of the proximal femur.

2) BoneSav@ granules (Stryker Howmedica Osteonics, Limerio&land)
These are granules that contain calcium phosplmatae form of 80%
tricalcium phosphate and 20% hydroxyapatite. Theyawvailable in two
different sizes of 2-4 mm and 4-6 mm. These granale indicated for
the filling of bone voids that are non load bearargl not intrinsic to the
stability of the bony structure.

3) HydroSe? (Stryker Leibinger GmbH, Freiburg, Germany)

This is an injectable self-setting calcium phosphaement that is
provided in a self contained surgical set contgraniquid-filled syringe
and a powder. The liquid contains sodium hydrogedmosphate,

polyvinylpyrrolidone (PVP) and water. The powderdsn the present
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investigations contains dicalcium phosphate dinyd@nd tetracalcium
phosphate as well as trisodium citrate dihydratee ¢ement is indicated
for non load bearing bone void filling, and in tEeiropean Union is

additionally approved for augmenting screws.
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4 Methods

4.1 BoneSave sieve fractions

To achieve BoneSaVefractions in the desired particle size range, M6
BoneSav8 granules were ground with a mortar and a pestievied by sieving
on a Retsch Sieve Tower, Type Vibro (Retsch, H&zrmany) using sieves
500, 355, 90 and 63 PhEur.

4.2 Physico-chemical characterisation

A sufficient investigation of the physico-chemicaharacterisation of bone
substitute materials was neccessary to assesspbtntial as drug carriers.
Several parameters influence both, drug loading aeléase properties.
Accordingly, the physico-chemical properties of thaaterials were

characterized by using a number of investigativéhous.

4.2.1 Microscopy

Surface structures were assessed by a digital mtrtoscope (Keyence VHX-
500K, Keyence Deutschland GmbH, Neu-Isenburg, Geyna/isualisation of
particle size and morphology was achieved by scaneiectron microscopy
(SEM). Scanning electron micrographs at differertgmfications were taken
using a Carl Zeiss DSM 940 scanning electron maops (Carl Zeiss AG,
Oberkochen, Germany). A piece of bone material fvasl on an aluminium
stub with conductive double-sided adhesive tapet{[abs, Plano GmbH,
Wetzlar, Germany) and sputter-coated with goldnraagyon atmosphere (50 Pa)

at 50 mA for 65 seconds (Sputter coater, Bal-Te¢ ¥&luz, Liechtenstein).
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4.2.2 True density

Determination of true density was performed witlhelium pycnometer from
Pycnomatic ATC (Porotec GmbH, Hofheim/Taunus, GeryhaResults are

shown in Table 5.1. All measurements were carrigdrotriplicate.

4.2.3 Specific surface area

The specific surface area of the bioceramic sampéssdetermined with a BET
gas adsorption method. Degassing of the samplescorapleted for one hour
under vacuum at 40°C prior to analyzing the sampiés a Gemini 2360 BET
surface area analyzer (Micromeritics, Norcross, YSA&ing nitrogen as
measuring gas. The BET multipoint method was usechtculate the specific

surface area (Table 5.1). All measurements wergedaout in triplicate.

4.2.4 Particle size

The volume based particle size distribution of @& powder was measured
with a Sympatec HELOS laser diffractometer (Sympa@&mbH, Clausthal
Zellerfeld, Germany) in dry powder form after dispirg with compressed air
(2 bar). The particle size distribution is charaeed by the ¥, value, giving the
percentage undersize. Values presented are theagevewf at least three

determinations.
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4.2.5 Dynamic vapour sorption (DVS)

Dynamic vapour sorption experiments were carriedvath a DVS 1 (Surface
Measurement Systems Ltd., London, UK) using a gmattic approach to
determine the water sorption kinetics of the ddfdér bioceramics.
Approximately 55 mg of each bone substitute materas weighed onto a Cahn
microbalance and dried in a dry nitrogen flow ah@st 0.0% relative humidity
(RH) until equilibrium; dry mass was used for thecalation of water uptake.
The drying step was followed by increasing stepwigeRH in 10% increments
until equilibrium moisture uptake was achieved o@tRH of 90%. Then, again
the sample was stepwise dried in 10% steps to aoRB10%, followed by a

second cycle using the same protocol.

4.2.6 pH value of agueous bone substitute suspensions

2 g of HydroSét powder, BoneSave2-4 mm and LagFiX cylinder were added
to 10 mL water to determine the pH value. This dase after 1, 6 and 24 hours
with a pH 540 GLP glass electrode (Weilheim, GermyanAfter each
measurement the pH value was adjusted to thelipilaralue of 7.2 with nitric

acid. The samples were shaken on a laboratory skEE@ mir').
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4.3 HPLC analysis of ZOL

The quantification of ZOL was carried out with higbressure liquid
chromatography (HPLC) for determination of drug teorh and release kinetics.
The mobile phase was a mixture of methanol (10%), ahd 5 mmol sodium
hydrogen phosphate buffer (90%, v/v) that contathsmmol tetrabutyl-
ammonium hydrogen sulphate as ion-pair for ZOL pHaof 2.6. A flow rate of
0.8 mL/min and a wavelength of 208 nm were utilisedthe HPLC (Waters
Corp. Milford, MA, USA) analysis. The instrument ngisted of an RP-18
column (LiChroChart 125-4, LiChroSpher 100 RP-18,8) with a pre-column
(LiChroChart 4-4, LiChroSpher 100 RP-18, 5 um, bobtained from Merck,
Darmstadt, Germany) as stationary phase, a higtisowa pump (Waters 600E
Multisolvent Delivery System), an autosampler (Wataline Degasser AF and
a Waters 717 plus autosampler), and a Waters U\éctet (Waters 996
Photodiode array detector). Data analysis was pedd using the Waters
Empower 1154 software. A volume of 100 pL was itgdc

In addition, three-dimensional HPLC scans were ggad. As shown in Figure
4.1, these plots provide a three-dimensional vizatibn of the data. The data
was plotted on three axes; the x-axis represenigs {iminutes), the y-axis
represents absorbance units (intensity), and thgisz+epresents wavelength
(nm). This enables the detection of all detectabl@ponents in the sample and

can, for instance, be used for stability evaluation
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Figure 4.1:  Three-dimensional HPLC plot of ZOL dised in water.

4.3.1 Limit of detection (LOD)

The LOD is the lowest concentration in a samplé daam be detected, but not
necessarily quantified, under the stated experiaherdnditions. The LOD is
important for the assays of dosages containingdiwg levels, especially for the
in vitro release kinetics presented. The parameter LODdetesmined on the
basis of signal to noise ratio (3:1). AdditionallyOD was calculated by the
method which is based on the standard deviation) (8@he response and the
slope (SI) of the calibration curve using the faling general equation [159]:
LOD = 3.3 x (SD/SI).

The LOD was confirmed by analyzing a number of damymear this value.
Furthermore three-dimensional scans were usedisoalevaluation. Due to a
difficult analytic and low ZOL release rates, LO@svused as the lowest level

to quantify drug release samplasvitro.
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4.4 ZOL load and release

4.4.1 Drug loading procedure

Incorporation of ZOL into the different bone suhg® materials was carried out
by dipping the biomaterials in aqueous ZOL soluiorDrug loading
experiments were performed in a time and conceotralependent manner. The
biomaterials were dipped for 5, 15 and 30 minuteS mL of variable aqueous
ZOL solutions (2.25x18, 2.25x10°, 2.25x10%, and 2.25x18 mol/L) on a
laboratory shaker (150 nifj

For drug loading experiments, a LagFixylinder (740 mg) and for all
BoneSav8 experiments 300 mg of each material were used s@h®le weight
of HydroSe? powder was 200 mg. Furthermore, placebo plughefanimal
study were also used for drug loading experimeMi®r dipping, the materials
were removed from the drug solution. The remainangount of ZOL in the
supernatant at the end of the loading proceduredstesmined by HPLC. The
difference to the initial amount of ZOL presenttlire solution was assumed as
the drug adsorbed onto the biomaterials. All ZOhadimg experiments were
done in triplicate to confirm reproducibility oféHoading procedure.

The samples for analysing the drug release rates prepared as follows: for
HydroSef, BoneSav8 63-90 um and BoneSaV&55-500 um powder a special
technique for determination of drug release kirseticas developed. 200 mg
HydroSef, BoneSav® 63-90 um or BoneSa%e 355-500 pm powder,
respectively, was transferred into 5 mL of a 2.Z5kinol concentrated ZOL
solution in a centrifugation tube. After two minsitehaking, the suspension was
centrifuged for three minutes. After these five utes the ZOL loading solution
was removed for analysis by HPLC and the powder dveesl for two hours at
60°C. LagFiX cylinder was loaded by dipping 15 minutes in 5ot a

2.25x10" mol aqueous ZOL solution as described previou$$0 mg
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BoneSav@ 2-4 mm granules were loaded by dipping 22 hours5immL

2.25x10" molar aqueous ZOL solution.

4.4.2 Invitro drug release of ZOL

For the drug release tests, a LadFigylinder (740 mg) loaded with
77.76 £1.06 ug ZOL, 200 mg BoneSavé3-90 um fraction loaded with
132.64 + 2.22 ug, 200 mg BoneS8v&55-500 pm fraction loaded with
4412 + 2.47 ng, 350 mg BoneS&ve2-4 mm granules loaded with
160.28 + 2.07 ug and 200 mg HydroSebwder loaded with 91.04 + 1.82 pg
were used. Additionally, the described drug loagétebo plugs and verum
implants were used for evaluationiofvitro release kinetics.

Thein vitro drug release studies were performed by incubdheglrug loaded
bone substitute material in 3 mL of water at ro@mperature and horizontal
shaking. The dissolution medium of drug loaded phags reduced to 1 mL. In
intervals of 5, 15 and 30 minutes, the dissolutmedium was collected for
analysis and completely replaced with fresh waldre ZOL content was
assayed by HPLC at each time point. For Bone%&8&&-500 pm, BoneSale
63-90 pm and HydroSet powders 3 minutes for centrifugation of the
suspension was included in each test occasioninAlitro release tests were

carried out in triplicate.
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4.4.3 Statistical analysis

For statistical comparison of drug load and releagegeriments, data of each
material group and dipping time points were sumpeati (n = 9). After
summarizing the valid data points, all relevantcdpsive parameters were
identified to assess central position and variabbrhe data. Normality of all
continuous variables was assessed with the ShgyikoTest. Due to the small
sample sizes in each group (n = 9) the predictiba aormal distribution is
imprecise, regardless of the Shapiro-Wilk Test ooe. Therefore, the unpaired
Mann-Whitney Test was selected for comparison. Memte Carlo Simulation
was used to raise precision of test outcome. Tved & significance for all tests
was set to 95% (p < 0.05 was significant). All cédtions were performed with
the software PASW Statistics Version 18.0.2 (SPSYS).
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4.5 Stability

Drug stability is an essential assessment to daterthe quality and efficacy of
different ZOL formulations. In order to ensure agia® drug stability, a stability
test of ZOL under different storage conditions wwasformed. For the dipping
technique used, ZOL was dissolved in water. Theegfibwas necessary to gain
information about drug stability in an aqueous 8otuover a defined period of
time when stored in different materials. The terapge dependent stability of
ZOL stored in glass or plastic was tested. Furtloeemthe stability of different

ZOL lyophilisates was evaluated. The concentratmin ZOL at various

conditions was monitored over time by HPLC.

4.5.1 Lyophilisation of ZOL

The ZOL solutions were produced by first dissolvidgferent amounts of
mannitol (Roquette Freres, Lestrem, France), tosigatihydrate (Fluka AG,
Buchs, Switzerland) or sucrose (Merck KGaA, Darmlist&ermany) followed
by ZOL in double distilled water under constantrstg. The solutions prepared,
resulted in a ZOL concentration of 100 pg/mL andcarier amount of
5 to 20 mg/mL. Freeze-drying of the solutions wagied out using an Alpha
1-4 laboratory-scale freeze-dryer (Christ GmbH,e@sde, Germany). 1.0 mL-
aliquots of the solutions were filled into 2R-Viagtsrtially stoppered and cooled
to below minus 27°C. Then, primary drying was s@rtfor 24 hours.
Afterwards, secondary drying at elevated tempeesatiwook place for another
24 hours to remove the unfrozen water. After comngieof the lyophilization
cycle, samples were stoppered under nitrogen atmeospand then removed
from the freeze-dryer.
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4.5.2 ZOL stability tests

The first test series was performed to evaluatedaihmperature influence to ZOL
stability when stored in glass over a time peribd&0 days. A 2.25xIHmol/L
ZOL solution was prepared and samples of 1 mL vetoeed in HPLC glass
vials (Waters, Milford, USA), protected from lightpr defined time points,
under four different temperature conditions (2-826;C, 40°C and 60°C) in a
drying chamber (Heraeus, Hanau, Germany). The 2@5mol/L ZOL stock
solution was measured directly after preparatiahsarved as reference.

For a second test series, a 2.25%hbl/L ZOL solution was stored in glass or
plastic vials for a time period of 55 days. 1 mLA®L solution was added to
HPLC glass vials and HPLC plastic vials (Waterslfédd, USA). The samples
were stored under two different temperature coowl#i(2-8°C and 25°C). 1 mL
water was added to the freeze-dried sample forilisgabesting of different
lyophilisate formulations. The lyophilisates wettered in glass vials at room
temperature. At defined time points, all samplesewaeasured by the described
HPLC method for determination of the ZOL concembrat Additionally, three-
dimensional plots were calculated for visualisatibisample changes. Triplicate
HPLC determinations were performed at each timatpdiurthermore, visual
examination of the samples was performed in norlaabratory light. The

samples were examined for precipitation, colour eadty.
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4.6 Cytotoxicity test

An in vitro cytotoxicity test was performed to evaluate theidity of ZOL.
Suchin vitro studies are helpful to screen the toxicity of newd established
excipients used in special formulations prior t@ghnical assessment in an
animal study [160]. Cell cultures can be usednagtro model for toxicity test

in a living system [161].

46.1 Cellline

In the present study, a Calu-3 cell line was usadtdxicity tests of ZOL
according to the method described by Scherlie3][1Bie Calu-3 (HTB-55)
cells were obtained from the American Type Cult@ellection (ATCC,
Manassas, VA, USA). Passage numbers 42-50 haveuseenfor all toxicity
tests. The cells are an adherent cell line deriviemm a bronchial
adenocarcinoma (25 years old male Caucasian). €h& form a monolayer
culture and can be cultivated in flasks, 96-wedltps and on membrane inserts
[161]. Briefly, the cells were cultivated in minimassential medium (MEM)
with Earle’s salts supplemented with 10% fetal bevserum, 1% Penicillin-
Streptomycin, 1% non-essential amino acids and ddwm pyruvate (all from
Biochrom AG, Berlin, Germany) in plastic cultureagsks at 37°C in an
atmosphere of air humidified supplemented with 5@.CG-or the test, the cells
were seeded in 96 well plates to allow numerous sintultaneous sample

determinations.
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4.6.2 Sample preparation

Thein vitro toxicity of ZOL was tested under three differeqiaous conditions.
Within the first test series, 1.59 mg ZOL was digsd in 1.5 mL water. For
preparation of eight further samples the stocktemiu1060 pug/mL) was diluted
with water resulting in 530, 265, 132.5, 66.25, 133. 16.56, 8.28, and
4.14 pg/mL. For the second test, 9.93 mg ZOL wasalved in 10 mL water.
For preparation of eight further samples the stsckition (993 ug/mL) was
diluted with water resulting in 496.5, 248.25, 112%1.62.06, 31.03, 15.52, 7.76,
and 3.88 ug/mL. After sample preparation, the oanityl was adjusted with
sodium chloride to a value between 290-310 mosmibe osmolarity was
determined with an Osmomat 030-D (Gonotec GmbH|ilBeGermany). The
pH values were not adjusted. In the third tesese®.36 mg ZOL was dissolved
in 10 mL buffer (defined mixture of water, sodiutngsphate and citric acid) to
assure a pH of 6.8 (pH 540 GLP (Weilheim, Germarfyg) preparation of eight
further samples the stock solution (936 pg/mL) diisted with buffer resulting
in 468, 234, 117, 58.5, 29.25, 14.63, 7.31, an@ Bg/mL. Afterwards, the iso-
osmolarity (290-298 mosmol) was adjusted with sodichloride. For
evaluating the toxicity of HydroSewerum and placebo plugs, defined samples
from in vitro release tests were determined. For this, two phfiggach implant
type were incubated in 3 mL water at room tempeeatunder horizontal
shaking (150 mif). After a time interval of three hours and fiveysathe
osmolarity of the dissolution medium was adjusted290-300 mosmol and

used fornn vitro cytotoxicity tests.
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4.6.3 MTT assay

The toxicity of ZOL was evaluated using an MTT asdascribed by Scherliel3
[161]. The test is based on the inhibition of mitoodrial succinate
dehydrogenase, involving the reduction of yellow Miinder tetrazolium ring
cleavage to a water-insoluble purple-blue formagaduct. First, the medium
was removed from the cells, 200 uL of the prepaachples were pipetted to
each well (quadruple determination) and were intedat 37°C for four hours.
Afterwards, the samples were removed and 25 pL MalGtion (5 mg/mL in
HBSS+HEPES) were added to each well and incubatedtWo hours.
Subsequently, all cells were lysed with 100 pL dysolution (5% SDS in
DMF:water 50:50, pH 4.7) per well. A solution oM SDS (sodium dodecyl
sulphate) in HBSS+HEPES was used as positive dori@@ viability).
Negative control (100% viability) was HBSS+HEPES.etéxtion and
quantification of the formazan was performed by altmvell plate reader
(Thermo Spectra Ill Reader with software easyWIifif, V6.0a, Tecan,

Austria) at 570 nm (reference wavelength 690 nm).

4.6.4 Data analysis

For data analysis the optical density was measacedunting for the number of
living cells. The relative cellular viability wasalculated from the adsorbance
values as a percent of the negative control. Afloggtions were converted to
viability results individually. The mean value aur determinations was then

taken for further calculations and analysis.
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4.7 Characterisation of modified HydroSef® cement formulations

For the animal study, a ZOL-loaded implant basetherHydroSét cement had

to be developed. A characterisation of modified té@kf cement formulations
was required to evaluate the most practical loagirggedure for ZOL-loaded
implants without influencing the cement hardnesghis section, the additional
amount of water for complete wetting of HydroSebwder was evaluated to
ensure homogenous drug distribution. Furthermdre,influence of different
drug loading procedures on the cement hardnessohlae determined. Finally,
the solubility of ZOL in the HydroS&thardening solution was tested to evaluate

the feasibility of directly solving ZOL in the harding solution.

4.7.1 Semi-quantitative wetting of HydroSef’ powder

To achieve homogenous drug distribution the povinderto be fully surrounded
by water. A wetting study was performed to find batv much additional water
is required to completely wet HydroSetowder. Therefore, 2 cm3 HydroSet
powder was placed in the standard mixing contaseoom temperature. The
initial conditions were used as dry mass for tHeutation of water uptake. 5%
additional water was stepwise added to the powd#r & micropipette. The
suspension was homogenously mixed after each addfi water. The wetting
status was macroscopically evaluated and calculayethe needed percentage
amount of water for a fully surrounded distributioof water. These

measurements were done in triplicate.
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4.7.2 Characterisation of cement hardness

Hardness measurements of different cement fornomisitwere conducted by
using a Zwicki Z2.5/TN1S testing machine (Zwick Gtl& Co. KG, Ulm,
Germany). A special experimental setup for samplgcgment and nail
penetration into the formulations was developedyfé 4.2). The different
samples were placed in the sample holder (@ 1.7 drhge formulation
penetration resistance was measured by moving dildnadenter into contact
with the bone cement formulation placed in a sarhpleer. The measurement
began with a contact force of 0.04 N with a tegtespof 0.2 mm/s and ended at
a penetration of 2.5 mm into the formulation. Dgricompression the force-
penetration profiles could be followed on a compst@een and were recorded
by testXpeft software (version 10.0, Zwick GmbH & Co. KG, Ul@ermany).
The tests were performed at room temperature (21B@3h formulation was
measured at a time interval of 3, 6, 9, 12, 15, Hdhinutes. All time points of
each formulation were determined in the same sainpléer. Therefore, the
sample holder had to turn 60° prior each measurenk@m cement hardness
tests four different formulations were used anggred as follows:

Each formulation was mixed in the regular Hydr6Setixing container and
quantitatively transferred to the sample holdere Tinst sample was a mixture
of 1.5 cm HydroSe? powder and 1.5 mL hardening solution. The second
sample were prepared by mixing 1.5%drydroSe? powder, 1.5 mL hardening
solution and 50 pL ZOL solution (3.18 mg/mL). Théird formulation
contained 1.5 cthHydroSe? powder, 1.5 mL hardening solution and 475 pL
water. For the fourth sample, 1.5%tkydroSe? powder was dipped in 5 mL
water for 5 minutes. The powder was dried for 2dreat 55°C and then mixed

with 1.5 mL hardening solution.

43



Methods

Figure 4.2:  Experimental setup for the determinatod cement hardness.

4.7.3 Solubility of ZOL in HydroSet® hardening solution

A semi-quantitative solubility of ZOL was determihén normal HydroSét

hardening solution at room temperature. Definedwrteoof ZOL were given to
500 pL hardening solution. The solubility was macapically determined after
30 minutes equilibration on a laboratory shakerO(18in'). The results are

shown in Table 5.2.
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4.8 In vivo animal study

A proximal tibia bone defect rat model was used tisting the short-term
in vivo efficacy of a ZOL loaded bone cement plug.

Male Sprague-Dawley rats were bred at the locainahicare facility (EBM,
Gothenburg University, Sweden) and housed in aecare with guidelines of
the Animal Committee of the University of GothenpurThe animal
experiments were approved by the University of &oburg Local Ethical
Committee for Laboratory Animals (Dnr 301/09). Senigs, keeping and
accommodation of the rats were carried out at ERidility in Gothenburg
(Sweden). A pilot study with three rats was perfednintended to verify
surgical and post-operative procedures. Gene esipreanalysis was conducted
at TATAA Biocenter AB (Gothenburg, Sweden). Hisgilal preparation and
analysis were performed at the Institute of Biomate and Cell Therapy
(IBCT, Gothenburg, Sweden) [162]. An additional kpatve and semi-
guantitative analysis of histological slides was@ened by Biomatech (Chasse
sur Rhoéne, France) [163]. The animal study was cuiegp and funded by
Stryker Trauma GmbH (Schonkirchen, Germany).
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4.8.1 Implants

Moulded bone cement plugs were used for implamagoylindrical head:
A 3.5 mm, 1.3 mm depth; cylindric bod¢E 2.4 mm, 3.0 mm depth; volume:
14.5 mni (head) + 14.7 min(body) = 29.2 mri). At the bottom the plugs were
rounded (Figure 4.3 a).

The basic bone substitute material for the moulgedys was HydroS&t
Moulding of HydroSet plugs that were both loaded with and without ZO&sw
performed under aseptic conditions. The procedwere carried out under
laminar airflow in a ventilated and disinfected b&xquipment to be used during
manufacturing was either disinfected with isoprapgair0% or by heat
sterilisation or autoclaving, depending on what wagpropriate for the
respective material. ZOL was used in a concentratitended to result in a drug
load of 50 pg per implant (verum). Hydroeilugs without ZOL served as
controls (placebo). For the preparation of the Zdlution, the drug was added
directly to the sterile HydroSehardening solution, followed by sterile filtration
(0.2 um). The sterile hardening solution was adtedHydroSet powder
(powder was propounded in the normal mixing comsaiof HydroSet). After
mixing both compounds with the HydroSespatula for 30-45 seconds the
mixture was loaded into a sterile two-piece-mouddsystem (Figure 4.3 b). For
a homogeneous distribution of the still free-flogricement mixture the cement
was mixed with the help of a stainless steel Adter the hardening process the
drug loaded and non-loaded HydrdSptugs were removed from the moulds,
transferred into PE bags (Steriéjnwhich were heat-sealed to allow transport
without the risk of contamination (Figure 4.3 cddabeled according to good

preclinical practice requirements.
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Figure 4.3:  Geometric shape of the HydrdSpiug (a), the corresponding
two-piece moulding systems for manufacturing (b)d an

packaging of sterile implants (c).

a7



Methods

4.8.2 Crushing strength of the HydroSef bone cement plugs

The crushing strength of the Hydro%dione cement plugs was investigated
using a Pharmatest PTB 300 (Pharmatest GmbH, GgjmBetermination of
crushing strength of verum and placebo plugs wafoqmeed in triplicate one
week after plug manufacture. Wetted verum and plagaugs were tested in
addition. Accordingly, the plugs were stored in L water for one minute and

tested immediately after removal. The test prireciplshown in Figure 4.4.

Figure 4.4:  Principle of crushing strength test felydroSet bone cement

plug.

4.8.3 Sterility of HydroSet® bone cement plugs

A product intended for use in amvivo study has to pass the PhEur sterility test.
The test was performed by membrane filtration usirgteritest Il pump and a
presterilised disposable system consisting of tulration vessels with
membranes, connecting tubes and needle by MilligBikerica, MA USA).
The system was attached to the pump, requiredlter the samples and to
transfer the test media onto the membranes. Theegduoe took place under
aseptic conditions in a laminar air flow cabin §d&) surrounded by a
cleanroom, standard B (determined at rest). A satierdrawing of sterility test
principle is shown in Figure 4.5. Implant samplés5(plugs per test, according
to batch size) were rinsed in a sterile bottle viiehmL sterile sodium chloride
peptone broth buffered, containing 0.01% polysai&&, by shaking for
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5 minutes. A portion of about 10 mL of sterile saliwas transferred to the
membranes and was filtrated. Subsequently, theemhalume of the test fluid

used for rinsing the samples was transferred tontkeenbranes followed by
filtration. Thereafter, the membranes were rinsgairmausing 100 mL of sterile
saline. The vessels were closed at the bottom ided Wwith the thioglycollate

(thio bouillon) test media and fluid soybean casdigest medium (CASO
bouillon) (Figure 4.5). The incoming tubes were titough and closed by
sterile clamps. The containers with the test mediae incubated for 14 days,
thioglycollate medium at 34°C and soybean casegesli at 22.5°C. During
incubation, the test media were visually controtiiedy for any sign of turbidity

development representing microbial growth. A sangdleach batch produced

for the animal study was tested for sterility asalded above (test frequency).

Figure 4.5:  Schematic drawing of sterility testrmiple.
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4.8.4 Surgical procedure

Thirty-six male Sprague-Dawley rats (380-390 g, 110-weeks old) were
divided into four experimental groups. A total afjle rats for each time point
(one and three weeks) were designated for the F@aRrsas (n = 8) and ten rats
were designated for histological analysis. Eacimahwas intended to receive
one test (verum) and one control (placebo) implant.

Animals were fed on a standard pellet diet, reckwaterad libitumand were
housed under standard conditions. For surgery,uraderwent anesthesia using
a Univentor 400 anesthesia unit (Univentor, Zejtiglta) under isoflurane
(Isob& Vet, Schering-Plough, Uxbridge, England) inhatat{@% with an air
flow of 650 mL/min). Anesthesia was maintained loptnuous administration
of isoflurane (2.7% with an air flow of 450 mL/minysing a mask.
Preoperatively, analgesic treatment (Temgesic &g, Reckitt & Coleman,
Hull, Great Britain) was administrated subcutangoug#fter shaving and
cleaning (5 mg/mL chlorhexidine in 70% ethanol)e tmedial aspect of the
proximal tibial metaphysis was exposed through @& B longitudinalskin
incision, followed by skin and periosteum refleatiovith blunt instrument
dorsally to the physis. The cortex was opened uaidg§2.1 mm dental drill,
followed by performing & 2.5 mm and 3.0 mm deep drill defect, 3—6 mm from
the proximal physis (Figure 4.6 a-c). After rinsimgth saline solution, in a
bilateral approach, one test or control implant vasgrted in each tibia (Figure
4.6 d). Implantation was blinded and randomized fp¢scebo and verum
implants.

Subcutaneously, the wound was closed with resoebadilyglactin sutures (5-0,
Vicryl, Ethicon, Johnson & Johnson, Brussels, Baigi and, finally, the skin
using Monocryl 4-0 (Ethicon) which is shown in Figu4.6 e-f. Animals were
monitored until complete recovery and afterwardsirreed to their cages. The

animals recovered within a few minutes of surgene do the controlled
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anaesthetic dose. Each rat received analgesic mieat postoperatively
(Temgesic 0.03 mg/kg, Reckitt & Coleman, Hull, GrBatain) twice a day for

a period of 48 hours.

Figure 4.6:  Drilling procedure: 2.1 mmEdental drill (cortex opening) (a),
2.5 mm 4 dental drill (b), bone defect (c), final implant

position (d), wound closure (e) and after surgdjy (
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4.8.5 Implant retrieval and processing

The retrieval procedure was performed after onetarek weeks. The rats were
euthanized by intraperitoneal application of sodipemtobarbital (60 mg/mL;
ATL Apoteket Production & Laboratories, Kungens ¥arSweden).

For gPCR analysis, a trephine with an internal @imof 3.6 mm was chosen
to harvest the implant-tissue blocks. (Figure 4ahd c). This diameter allowed
cutting around the outer diameter of the implarite Diopsy was immediately
immersed in RNA Later solution (Quiagen GmbH, Hid&ermany) and stored
at 4°C until analysis. The sample was then homagehifollowed by RNA
extraction and purification. Prior to gPCR analysith the designed primers,
the RNA was reverse transcribed to cDNA [164].

The implant-tissue blocks for histology and histopfmmetry were harvested
en bloc by transverse sawing, and immediately teared into formalin (Figure
4.7 b). After dehydration in a graded series ofaeth, resin infiltration and
embedding, ground-sections were prepared by saandggrinding until a final
thickness of 15-20m was obtained [165]. The ground-sections wer@asthby
toluidine blue followed by light microscopical euation (Nikon Eclipse E600,
Japan). The measurements were performed using ageirsoftware analysis
(Easy Image Measurement 2000, Tekno Optik AB, Sweddth x10 eyepiece
at 10x magnification while magnification up to 4@as used for visualization

during measurements.
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Figure 4.7:  Plug before dissection (a), medial agpef the tibia before
trephine drilling (b), trephine drilled sample fgPCR (c) and
sample for histology (d).
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4.8.6 Quantitative PCR

Quantitative PCR was performed to determine thelle¥ gene expression in
cells, harvested out of the peri-implant tissuee Gene panel was composed of
reference genes (18S RNA and glyceraldehyde-3-fiatspdehydrogenase
(GAPDH)), genes for bone formation (OC and ALP)n®&daesorption (TRAP
and CATK) and inflammatory markers (TNFand IL1-). Statistics were
performed for both, normalized data and non-nomedlidata. The quantities of
target genes were normalized using the expres$it8% RNA. The normalized
relative quantities were calculated using the d€ltamethod and 90% PCR
efficiency (k*1.9 %) [166].

4.8.7 Histology

The histological sections were prepared for quartaevaluation and observed
under light microscopy (Nikon Eclipse E80i, Japaqyipped with x2, x4, x10,
x20 and x40 objectives.

Additonal qualitative and semi-quantitative anatysd the local effects were
performed according to the evaluation scheme, eeti in the attachment E
of the 1ISO 10993-6 standard. The parameters ewaluatluded cellular events
during the inflammatory reaction (polymorphonuclezells, lymphocytes,
plasma cells, macrophages, giant cells/ osteoclastis), signs of necrosis,
fibroplasia, fibrosis, fatty infiltrate, osteolysisell or tissue degeneration, as
well as amount of fibrin, level of encapsulatiordanaterial degradation. Bone
regeneration performance was qualitatively and sprantitatively assessed by
analyzing signs of osteointegration, woven bonetealdastic cells,
osteoconduction, bone density, neovessels, bongowasigns, and bone
remodelling. All parameters were assessed usingoee swith a 0-4 grading
scale (0: absent, 1. slight, 2: moderate, 3: markedsevere) as defined in

Table 10.6 and Table 10.7. The cell type respondeparformance parameters
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are selected based on ISO 10993-6 and previouddyisped systems [167,
168].

4.8.8 Histomorphometry

Blinded histomorphometric analysis was conducted @sound-section
technology using light optical microscopy. The paeters being assessed were
bone-implant contact (BIC) along the implant suefgerimeter and bone area
(BA) adjacent to the implant surface as well ag distance from the surface.

As shown in Figure 4.8, the bone-implant contadiC)Band bone area (BA)
were divided into different areas (80f) and zones (800x250n) along the
implant, representing the cortical level, endoste&alel and the marrow
compartment. For bone-implant contact (BIC), thiatien of the perimeter of
direct bone to plug contact (length of bone comtgcthe implant surface) and
the entire perimeter of the implant (total lengthh® implant surface) was taken
into account. For bone area (BA), the area occupietbone was determined
according to the areas close to the implant (0428() and at a distance (250-
500 um) (Figure 4.8). The statistical analysis wasformed for total bone-
implant contact (mean value for A, B, area 1, 2 &nfibr both proximal and
distal side and D) and mean bone areas (mean valwgsa 1, 2 and 3 for both
proximal and distal side).

One implant of each type from a single rat of the aveek group was used for
performing x-ray analysis (data not included) amastwas not considered in the
quantitative evaluation. Finally, the sample sizasw = 9 for the one week

group and n = 10 for the three week group.
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Figure 4.8:  Schematic drawing of histomorphomedraluation areas.

4.8.9 Statistical analysis

After summarizing valid data points, all relevamsdriptive parameters were
identified to assess central position and variabbrhe data. Normality of all
continuous variables was assessed with the Sh#ikoTest [169]. Due to the
8-10) thaigien of a normal

small sample sizes in each group (n
distribution is imprecise, regardless of the Shapifilk Test outcome.
Therefore, the paired non-parametric Wilcoxon Rdmst and the unpaired
Mann-Whitney Test were selected for comparison [171]. Also Monte Carlo
Simulation was used to raise precision of test aute [172]. The level of
significance for all tests was set to 95% (p < 0wW&s significant). All
calculations were performed with the software PASWtistics Version 18.0.2
(SPSS). For comparison and to avoid biological atems, qPCR data were
normalized. Normalization of the values to 18S wasormed for each target
gene sample. Therefore, the relative quantity vahas divided by the value
derived from 18S control sequence in the corresipgnarget gene.

For graphical visualization and comparison box- aisker plots were chosen
for all variables (placebo and verum) and time t{one or three weeks). The

box corresponds to the range in which the middié (3®%) of the data are
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included (Figure 4.9). The median is shown as a iinthe box. Furthermore,
the lower quartile (25%) marks the onset of the &od the upper quartile (75%)
the end of the box. The whiskers mark the minim@%) and the maximum

data value (100%) of the data that are not outliéedues deviating more than
1.5 times the interquartile distance from the medieere considered as outliers
and marked as circles. Values shown in the graplps<o0.05 were considered
significant and values of p < 0.01 highly signifita Statistically significant

differences between the implant types (placebovandm) and time points (one
and three weeks) are labeled in the diagram bye dnd the corresponding

p-value.

Figure 4.9:  Information from a box- and whiskertplo
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5 Results

5.1 Physico-chemical characterisation

5.1.1 Light microscopy/ SEM

The visualisation of microstructures by light miscopy and SEM gave
qualitative information about the three differenbderamic structures. The
LagFiX® cylinder, BoneSave material and HydroS&t powder varied in
porosity, pore structure, pore- and crystal size pore size distribution which
are mainly caused by the different manufacturingcesses (Figure 5.1 and
Figure 5.2). As shown in Figure 5.1, all the cer@rhave non-interconnecting
pores whilst the individual materials differ sulmgtally with respect to the type
of pores. LagFik cylinder showed a few macro- and micropores withemy
interconnectivity. Only BoneSaVegranules in both sizes of 2-4 mm and
4-6 mm demonstrated a pore size range from 10 pgur@ 5.2 b) to 300 um
(Figure 5.1 c). The pictures show macro- and microgity of BoneSave
granules. For the smaller-sized BoneSavections (Figure 5.1 d-f), the
macroporosity is partly destroyed by the grindinggess. The surface structures
and microporosity of big and small sized BoneSagmnules are very similar
(Figure 5.1 c-f). HydroS&tpowder does not show pores and structure at all du
to the small particle size. The SEM pictures illast the construction principle
of the different materials and demonstrated hovsalio and homogeneously

fused the hydroxyapatite crystals are (Figure &2 a
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Figure 5.1:  Light microscopy of LagFheylinder (a), HydroSé&tpowder (b)
and different sizes of granules: BoneSav@-4 mm (c),
BoneSavé 63-90 um (d), BoneSave90-355um (e) and
BoneSave355-500 pum (f).
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Figure 5.2:  Scanning electron microscopy (SEM) efjEix® cylinder (a),
BoneSavégranules (b) and HydroSepowder (c).
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5.1.2 True density and specific surface area

Another important parameter for the characterisati@s the determination of
the true density and the specific surface arealélai). The true density of the
three different bioceramics resulted in a rang®.66 to 3.24 g/cth LagFix®
cylinder had a low surface area of less 0’gm BoneSavé granules
demonstrated a particle size dependent specifitacirarea. A low carrier
particle size (63-90 pm) resulted in the highest#it surface area of 0.74fg
which decreases exponentially to 0.1%grfor BoneSave 4-6 mm (Table 5.1).
HydroSe? powder had a surface area of 0.4%5gnThe light microscopic and
SEM photographs (Figure 5.1 and Figure 5.2) corddrthat the small specific
surface area of the bioceramics used compareducah&édone mineral is caused

by sintering and the disappearance of micro- ancropares.

Table 5.1: True density and specific surface arkedifferent bone substitute

materials (n = 3; errors = standard deviation).

Bone substitute True density Specific surface area
(glcn) (m*/g)

LagFix® cylinder 3.24 + 0.02 <0.1
BoneSav8 63-90 pm 0.74 +0.07
BoneSav& 90-355 pm 0.58 + 0.01
BoneSav@ 355-500 pm 3.11+0.02 0.44 +0.01
BoneSav& 2000-4000 um 0.27 £ 0.01
BoneSav& 4000-6000 pm 0.14 +0.03
HydroSe? powder 2.65+0.01 0.45+0.01
(Xs0=21.0 £ 0.4 um)
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5.1.3 Particle size

As shown in Figure 5.3, the particle size distributof HydroSet powder

measured in compressed air exhibited grok21 = 0.4 um.

Figure 5.3:  Particle size distribution of HydroSetowder.

5.1.4 Dynamic vapour sorption (DVS)

Water sorption kinetics was investigated by usingSDand gave information
about the potential of a drug adsorption by dippmgn aqueous drug solution.
LagFix® cylinder and BoneSaVegranules had a low water uptake of less than
0.03% during the whole humidity program (Figure B.4and b). HydroS&t
powder showed a water uptake up to 3% during tlogram. An increase in
water uptake at 90% relative humidity was measufée. powder also showed

higher water desorption than adsorption (Figurech.4
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Figure 5.4: DVS kinetics of LagFixcylinder (a), BoneSaVegranules (b)
and HydroSét powder (c).
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5.1.5 pH value of aqueous bone substitute suspensions

The results of pH value determination are showkigure 5.5. The initial pH
value was adjusted to 7.2 for all materials testbdiroSe? powder resulted in
a pH value of 8.70 = 0.16 after one hour. Afteruating the initial pH value,
HydroSef powder was measured to have a pH value of 7.40% 8fter six
hours and a pH value of 7.46 £ 0.05 after 24 holine highest pH value of
9.64 + 0.22 was measured for BoneSa2et mm after one hour. After six and
24 hours, the pH value resulted in 9.44 + 0.20%66 + 0.17. LagFiX cylinder
demonstrated the lowest pH values. A pH value 49 Z 0.21 after one hour, a
value of 7.44 + 0.24 after six hours, and a pHeat7.26 £ 0.19 after 24 hours

were measured.

Figure 5.5:  pH value of bone substitute materidieadifferent time periods

(n = 3; error bars = standard deviation).
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5.2 Limit of detection (LOD)

The LOD of ZOL with the HPLC was found to be 1.®4 pg/mL. In order to
visualize different drug concentrations around ¢hkeulated LOD, additionally
three-dimensional plots are shown in Figure 5.6e Pots visualize ZOL
detection at drug concentrations of 8.44 and 4@ (Figure 5.6 a and b)
and scans near the evaluated LOD of 2.11 and QO&6Lu(Figure 5.6 ¢ and d).
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Figure 5.6:  Three-dimensional plots of differenhcentrated ZOL solutions:

8.44 pg/mL (a), 4.22 pg/mL (b), 2.11 pg/mL (c)53u@/mL (d).
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5.3 Drug load

The objective of drug loading experiments was tal@ate the influence of drug
concentration and the dipping time on the resultingg adsorption.

In Figure 5.7 the time dependent ZOL adsorptionmgrof the corresponding
bone substitute after dipping in 5 mL of a 2.25%h@lar ZOL solution is
shown. The experimental setup gave information tliba potential of a
controlled short-term loading. After 5 minutes digpa ZOL incorporation of
0.06 ug per mg was measured for the LagRidinder. The ZOL adsorption of
the LagFiX cylinder increased in a time dependent manner.tdta drug load
after 15 minutes was found to be 0.11 pg and OdlLafter 30 minutes per mg
material, respectively. The BoneS8wmaterial demonstrated both, a time and
particle size dependent ZOL adsorption. The Bone%ak6 mm granules
showed the lowest drug adsorption of the used BawefSfractions of
0.04 pg/mg after 5 minutes and 0.05pug/mg after rBihutes dipping.
BoneSav@ 2-4 mm granules were loaded with 0.12 ug/mg aBeninutes,
increasing to 0.14 pg/mg after 15 minutes and Qd/6ng after 30 minutes
dipping. For the three sieve fractions of BoneSawaterial, an increased ZOL
incorporation for lower particle sizes was measu@dneSavé 355-500 pm
was loaded in a range of 0.15 to 0.24 ug ZOL per magerial during the
30 minutes dipping experiment. A loading of 0.28mg after 5 minutes and
0.37 pg/mg after 30 minutes dipping was measured tfe BoneSave
90-355 um fraction. BoneSavé3-90 um fraction showed the highest drug load
of all used materials. The material was loaded \0ith7 pug after 5 minutes,
increased to 0.59 ug after 15 minutes and 0.64ftegy 80 minutes per mg
material. HydroSét powder resulted in 0.45 pg/mg loading after 5 rrésy
0.50 pg/mg after 15 minutes and 0.52 pg/mg aftemButes. No change in

surface structures was detected after the dippiogeplure.
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Statistical analysis demonstrated significant défees between all material
groups in the experimental setup presented. Sdlestististically significant
differences are shown in Figure 5.7. Under testditimms, BoneSave

63-90 um demonstrated significantly higher drugdlog compared to all other
materials tested.

Figure 5.7:  Time dependent ZOL load (ng/mg) ontaebsubstitutes after
dipping in 5 mL of a 2.25x10molar ZOL solution (n = 3; error
bars = standard deviation). Selected statisticaflignificant
differences between the material types are labeldde diagram

by a line and the corresponding p-value (n = 9).
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Figure 5.8 demonstrates the time and concentratmendent ZOL adsorption
per mg HydroSé&tpowder by dipping in differently concentrated Z&dlutions.
HydroSe? powder was loaded with 1.48 pg ZOL per mg matdsiadipping

5 minutes in 5mL of a 2.25xFanolar concentrated ZOL solution. After
15 minutes an increased loading of 1.69 pug per mdy a&ter 30 minutes a
loading of 1.86 ug/mg was determined. By dipping di#5e®f powder

5 minutes in 5 mL 2.25x1Dmolar concentrated ZOL solution, a loading of
0.45ug per mg was measured. The values increasied &5 minutes
(0.50 pg/mg) and 30 minutes (0.52 ug/mg). A corgcbland reproducible drug
load in a time and concentration dependent manhetydroSe? powder was

also shown to be feasible.

Figure 5.8: Time and concentration dependent ZOkoagtion (Lg/mg) to
HydroSet powder after dipping in 5 mL aqueous solution of
different ZOL concentrations (n = 3; error bars #asdard

deviation).
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Furthermore, loading efficiency (ug/mg) versus acef area (cm?) of 300 mg
BoneSave fractions was calculated and is shown in Figuée Bhe calculations
for different BoneSave fractions allow suggestion of the dependency ef th
surface area and the amount of drug load. The satéhce area (cm?) of 300 mg
of each BoneSavefraction was calculated with BET data (Table 5ahd
related to drug loading results (Figure 5.7). Galigra higher surface area
resulted in a higher ZOL loading. The lowest ZOlLadong of 0.039-
0.048 pg/mg by dipping 5 to 30 minutes could bewaked for a BoneSa¥e
surface area of 4200 cm?. A surface area of 81GOisoorporated ZOL in a
range of 0.118-0.161 pg/mg during dipping time. Uktler increase in ZOL
loading was calculated for surface areas of 132@0 1&400 cm?, resulting in
0.146-0.244 pg/mg and 0.275-0.368 ug/mg, respégctiVee highest drug load
of 0.574-0.637 pg/mg was demonstrated for the Bbiglserface area of
22200 cm?2,

Figure 5.9:  Loading efficiency (ug/mg) versus scefarea (cm?2) of 300 mg

BoneSavefractions (n = 3; error bars = standard deviatian)
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Finally, HydroSet placebo plugs which were used for the animal stwdye
tested within drug loading experiments. Therefanegach case three placebo
plugs were dipped in a time and concentration deégein manner in 5 mL
aqueous solution of different ZOL concentrationsie Tresults of total ZOL
adsorption (ug) to each placebo plug are showngarg 5.10.

Under test conditions, a placebo plug was loadett W2.69 + 0.65 ug ZOL
after dipping in 5 mL of a 2.25xT0molar concentrated ZOL solution for
5 minutes. The drug load increased to 17.71 + A@after 15 minutes and to
23.57 + 1.64 ug after 30 minutes dipping. By digpimm 5mL of a
2.25x10" molar concentrated ZOL solution, the drug load ¥eamd to be in a
range of 5.18-14.06 pg in the tested time periadvest drug load in a range of
3.21-9.42 nug was measured for the lowest concentrdDOL dipping solution
(2.25x10" molar) for the different dipping time points. Theight of a single
placebo plug was 35.08 £ 0.58 mg. In comparisondag load per mg
HydroSe? powder (Figure 5.8), ZOL load per mg bone ceméu pvas less at

all dipping times and drug concentrations.

Figure 5.10: Time and concentration dependent Z@sogption (ug) to a
placebo plug after dipping in 5 mL aqueous soluibdmlifferent

ZOL concentrations (n = 3; error bars = standardviigtion).
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5.4 Drug release

Besides drug adsorption, the ZOL release from dhedd bone substitutes was
evaluated. The release profiles (ZOL release irpgigmg material) of five of
the loaded formulations are shown in Figure 5.1dné&gally the release of ZOL
was greatest during the first 30 minutes for alterials when compared to later
test occasions where the drug release per timellyagecreased. The release
rates at later test occasions in the release studi¢he materials were mainly
limited by the detection limit of ZOL. Data for eslse rates less than the LOD
could not be quantified and are not shown. In amlditthe levels of released
ZOL did not correlate with the drug amount adsortiethe different ceramics
within the experimental time.

The total ZOL release from LagFixylinder was 0.02 pg/mg during the first
30 minutes and indicated the lowest release rdt&Oh in the materials used.
A slightly higher release rate was observed for €8av& 2-4 mm granules
which demonstrated a release of 0.04 ug/mg afteniBQtesin vitro. The total
ZOL release of BoneSa¥@55-500 mm was increased compared to BonéSave
2-4 mm granules and LagFixcylinder, respectively 0.07 pg/mg versus
0.04 pg/mg and 0.02 pg/mg. The highest drug releatsefor the BoneSaVe
materials was seen for the BoneSaw3-90 um fraction and resulted in
0.14 pg/mg after 30 minutes. Finally, the ZOL rekedrom HydroSét powder
was 0.18 pg/mg after 30 minutes.

Statistical analysis demonstrated significant défeees between all material
groups in the presented experimental setup. Sdlesttistically significant
differences are shown in Figure 5.11. Under testlitons, HydroSét powder
demonstrated the highest drug release profile cozdp#o all other tested

materials.
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Figure 5.11:

Cumulative ZOL release (ug/mg) fromdiyse? powder,
BoneSavé 63-90 um, BoneSaVe355-500 um, BoneSave2-
4 mm, and LagFiX cylinder (n = 3; error bars = standard
deviation). Selected statistically significant eifnces between
the release profiles of the material types are lablein the

diagram by a line and the corresponding p-value @).
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In addition, the cumulative ZOL release per unitfate area (ug/cth was
calculated. As shown in Figure 5.12, the ZOL redepsr unit surface area for
the BoneSavEmaterials was less than 0.01 pgfater 5 minutes. The values
increased to 0.01-0.02 pg/cnafter 15 minutes and to 0.02 pgfcrafter
30 minutes. The values for BoneSavwe3-90 pm were higher compared to
BoneSav@ 355-500 pm and BoneS&ve2-4 mm. Furthermore, HydroSet
powder showed a ZOL release of 0.03 pd/afier 5 minutes. After 15 and
30 minutes HydroS&thad a cumulative drug release of 0.04 pg/cm

Figure 5.12: Cumulative ZOL release per surface aar@ug/cm) from
HydroSet powder, BoneSaVe 63-90 um, BoneSaVe 355-
500 pm, and BoneS&€-4 mm (n = 3; error bars = standard

deviation).

Finally, the drug release of verum plugs and daagéd placebo plugs was
tested. All release rates from these plug formoieti were less than the
evaluated LOD of the described HPLC method anddcoat be quantified.
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5.5 ZOL stability test

At each sampling time, there was no evidence ofcipitation. Visual
examination of all tested vials showed them to learcand without any change

of colour.

5.5.1 Temperature profile

The results of ZOL stability in a temperature dejsrt manner are shown in
Figure 5.13. A ZOL content of more than 98% up Sadhys was measured at a
storage temperature of 2-8°C. The drug contentedsed to 95.91 + 2.0% after
42 days. The ZOL content decreased to 88.40 + aftép 180 days storage. At
storage temperature of 25°C, the ZOL content waB7% 2.9% after 15 days.
At day 42, the ZOL amount was measured to be 98.873%. Finally, a ZOL
content of 81.85 = 5.5% was determined after 188.dAt a storage condition
of 40°C, the ZOL content was 91.43 + 4.2% afteda$s. A decrease to 85.69 +
4.2% was observed at day 42. After 180 days staaag@®°C, the ZOL content
was 72.57 £ 6.8%. At a storage temperature of 60f€CZOL content was 86.90
+ 4.3% after 15 days. A decrease to 65.39 + 6.8%m@asured at day 42. The
ZOL content further decreased to 5.93 + 5.2% df@érdays.
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Figure 5.13: Temperature profile of ZOL stability & 3; error bars =
standard deviation).

To confirm and visualize sample changes in the,datae-dimensional scans
were generated and evaluated. The highest degradafs seen at a storage
temperature of 60°C. Selected three-dimensionalssshowing these sample
changes at 60°C in a time-dependent manner arergessin Figure 5.14.

In Figure 5.14 a, the three-dimensional scan aP& 210" molar ZOL solution
at day zero is shown. The peak intensity was apmately at 0.20 adsorption
units (AU) under test conditions. After 15 daysrage at 60°C, the peak
intensity decreased to 0.14 AU (Figure 5.14 b). phak geometry was similar
to the peak measured at day zero. The peak ingedsitreased further to
0.12 AU at day 42 (Figure 5.14 c). Additionallyetbmall peak prior to the main
ZOL peak slightly increased. After 99 days stordfge,peak intensity was about
0.055 AU (Figure 5.14 d). The convergence of baghkpintensities is clearly

seen.
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Figure 5.14: Three-dimensional evaluation of tinregendent ZOL stability at

a storage temperature of 60°C.

5.5.2 Stability at different storage conditions (plasticversus glass)

To evaluate the influence of the storage matepiaktic storage containers were
compared to glass containers. The stability resulthfferent storage conditions
(plastic and glass) are summarized in Figure 5.15.

During storage in plastic, a ZOL content of morarnt®9% was demonstrated
when stored for 55 days at 2-8°C and 25°C. Comp#oestorage in plastic,
ZOL demonstrated less stability when stored ingl@ddter 19 days storage at
2-8°C in glass, the drug content decreased to 9% ¥48%. Under the same test

conditions, a drug concentration of 95.63 + 2.196 watermined after 55 days
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storage. At a storage temperature of 25°C in gldasy assay decreased to
95.94 + 2.2% after 19 days and to 90.20 + 2.6% &feadays.

Figure 5.15: ZOL stability stored in glass and pilast different temperatures

(n = 3; error bars = standard deviation).

In Figure 5.16, two-dimensional HPLC scans of taens concentrated ZOL
solution are shown when stored in different maker{plastic and glass). The
ZOL chromatogram (when stored in plastic) showexldiug peak with a peak
area of 5.35x1Darea units (Figure 5.16 a). No other peaks ariblgisn this
chromatogram. The same ZOL concentration resultad ai different
chromatogram when stored in glass (Figure 5.1&kgddition to the main peak

at a retention time of about 3 minutes, anothek peas discovered at a lower
retention time. The main peak with the greatemisity had an area of 5.0410
area units. The small peak had an area of 23tk units. Overall, both peaks
had a total peak area of 5.33%Hdea units. This total peak area corresponded to

almost the total peak area of the main ZOL peakwdtered in plastic.
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Figure 5.16: 2.25x10 mol/L concentrated ZOL solution stored in a plkasti

vial (a) and a glass vial (b)

The differences in the chromatograms of differetaragye conditions were
additionally visualized by three-dimensional HPLWtp (Figure 5.17). The
additional peak can clearly be seen in the ZOL $amsfored in glass (Figure
5.17 b).
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Figure 5.17: Three-dimensional plots of a 2.25%¥fol/L concentrated ZOL
solution stored for one day at 40°C in plastic éad glass (b).

5.5.3 Stability of lyophilisates

A light microscopy picture of the lyophilisate stture containing 100 ug ZOL
and 20 mg mannitol is shown in Figure 5.18. Theup& demonstrates the
lyophilisate structure after 223 days storage anrdemperature. The process
parameters selected resulted in a stable struettre mannitol as a carrier
excipient which remained intact even after sevarahths of storage at room

temperature.
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Figure 5.18: Light microscopy picture of a lyopkdie containing 20 mg
mannitol and 100 pg ZOL.

In Figure 5.19, a photograph of the different Iyitipate formulations is shown.
All mannitol formulations result in a stable netkaofl-4). The formulations
with trehalose (5) or sucrose (6) as carrier forLZ@sulted directly after

manufacturing in lyophilisates that are partiallyjcompletely collapsed.

Figure 5.19: Photograph of different lyophilisatesntaining 100 pg ZOL and
5mg (1), 10mg (2), 15mg (3), 20 mg (4) mannifdd,mg

trehalose (5) or 15 mg sucrose (6).
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The stability results of different lyophilisate foulations are shown in Figure
5.20. The data demonstrated stability with morentB8% drug content of all
formulations during a storage period of 223 day®ain temperature.

Figure 5.20: Stability of different ZOL lyophiliggt (n = 3; error bars =

standard deviation).

Furthermore, three-dimensional HPLC scans were tséeémonstrate an exact
determination of ZOL in the lyophilisate formulai® with the established
HPLC method. The different lyophilisates immedigtdissolved in water. In
Figure 5.21, the three-dimensional plots of thded#nt mannitol lyophisates
dissolved in water are shown. The ZOL peak appeateal retention time of
about 3 minutes with the same intensity in evemynidation. The ZOL peak
showed a higher intensity in every shown mannaoiiulation compared to the
mannitol peak at a lower retention time. The insmeg amounts of mannitol in

the different formulations can clearly be detected.
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