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CHAPTER1
I. INTRODUCTION
Bone graftsare scaffold constructsequired for the treatment of bone diseases and
fracture when a defect is above a critical size to heal natdrabipg bone norunions, spinal
fusion, tumor resection, dental and craniofacial applications, and screw augmeartatbthe
many conditionsand treatment optionthat necessitate tHe6 million bone grafting procedures
performed annually in the nited State$® Together these grafting procedures generate an
estimated cost exceedir®)5 billion US dollars per yedrAutograft (AG) bone is the gold
standard in bone grafting since it is osteoinductive, osteoconductive, and osté8dtoiever,
there are significant limitations in availability and donor site morbiditythermore, the peri
and postbperative cost associated with autograft is greater than when graft substitutes are used.
Allograft bone graftis marketed as an alternatiieut immune rejection and high failure rates
preclude its use® Synthetic bone grafts have evolved as a substitute forsivGe they are
relatively simple to manufacture, broadly available, and generally lower Thstbone graft
substitute market generates around 1 billion US dollars annually abérkéts associated with
syntheticoptions, in particularhaveled to ananticipated15% amual growth raté® Tissue
engineering strategies aim to develop synthetic, biomaterial scaffolds to guide bone healing and
achieve complete regeneration of the natural bone tigegeideal biomaterial for a regenerative
bone graft will promote cellular proliferatm and osteogenesis, degrade to-toxic breakdown
products at a rate that complements neotissue formation, and exhibit mechanical properties close
to those of the innate bone tissue surrounding the imglanamics, such as bioactive glasSes,
calcium phosphate granul&sand injectable calcium phosphate ceméhtsave been used
extensively for bone grafting due to their similarities in chemical composition to the mineral

components in bee.



PolyurethanesRUR9 have been investigated as synthgidymeric bone grafts-This
family of materialscan be formulatedo beinjectable and settable and have the advantages o
tunable mechanical propertiespntrolled degradatiomto noncytotoxic breakdown products
and local diffusion-controlled release of biologigeaking them a promising candidate for bone
tissue engineering scaffolds The Guelcherdab has successfully demonstrated lydiased
PURs promote osteogenesis and support remodalintyo.r>!” Previous work has showthese
lysine triisocyanate (LTHderived poly(ester urethane)s (PEURS) undergdocatalytic

hydrolytic degradation in which acidic breakdoprmoducts accelerate resorptitii®

1.1. Specific Ams

The central goal of this works to develop a lysindased poly(thioketal urethane)
(PTKUR) for a synthetic bone graft that degrades in the presence of reactive oxygen species
(ROS)produced by the cells involved in healing but remains stable in hydrolytic condiftues.
goal was achievetthrough the completion of the following aims:

Aim |: Fabricate a settable, cellegradable poly(thioketal urethane) with cemdike
properties.

PTKURs have been shown to selectively degrad®®©$ produced by cells involved in tissue
healing. We propose a novel, low molecular weight thioketal (TK) crosslinker that can be used in
the synthesis of a PTKUR thatnsechanically robust anldydrolyticdly stable butdegrades in

the presence of ROS. We hypothesize that combining ceramic particles with the polymer will
yield a moldable PTKUR composite that curnes situ with strengths exceeding those of
trabecular boneTo our knowledge, this will be tHest ROSdegradable biomaterial for bone
tissue engineering applications.

Aim 1I: _Develop poly(thioketal urethane) for application as a moldable, settable autograft
extender.

Autograft AG) is the gold standard in bone grafting since it is osteogesiepconductive, and

2



osteoinductive. The goal of this aim is to incorporate AG with-adeffradable PTKURor an

AG extenderthat can be molded in to the defect site to facilitate implantation and cure to a
compression resistant AG extender. Furthermorehypothesize the AG necessary to maintain
osteoinductivity may be minimized by the AG extendervivo studies will provide proof of
concept that the PTKUR AG extender exhibits cellular infiltration and differentiation and
maintains AG within the defectpace The AG extender willthen be evaluated in the
mechanically and biologicallghallenging environment of spinemodel and the lead candidate
will be implanted inarabbit radius model.

Aim lll:  Augmentpoly(thioketal urethane¥or acceleratedntegration with the host bonand
optimal mechanical properties fgpotential in weightbearing applications.

Previous work in our lab has proven the potential for lybiased polyurethane/ceramic
composites in weigHbearing defects; however, resorptigaps and biomaterial/host bone
mechanical mismatcim vivoare major limitations of current formulations. The objective of Aim
3 is tosynthesize a nanocrystalline hydroxyapatite (HPAKUR ceramic hybrid polymer. This
material is hypothesized to havegawented mechanical properties to allow for incorporation of
someporosity without sacrificing material mechani€arosity will be introducedto accelerate
infiltration and peripheral remodelingifter selection of an appropriate porogen, effects of
porogen loading on mechanicaropertieswill be investigated Lead candidate materialgll be
tested in anonweight bearing rabbit femoral condyle plug defect model and remodeling
investigated up to 18 months pasiplantation. Conclusions from this aim willictate

implantation in a weighbearing model in a large animal.

1.2. Approach
Chapter 1 of this work gives a brief introduction to bone tissue engineering approaches

and the potential foPURSs In this chapter, PTKURs are briefly introduced and the goal of the



dissertation describedChapter 2 provides background information necessary to justify the
approachof developing a celtlegradable tissue engineering bone guaft.overview of lmne
tissueengineeringrequirements forraidealbone graft and currently available technologye
presentedfollowed by discussion of the science involvedtihe development of a PTKUR for
bone tissue engineering.

Chapter 3 of this work develops a lysiAgasedPTKUR for a synthetic bone graft that
degrades in the presenceR®DSproduced by the cells involved in healing but remains stable in
hydrolytic conditions. Combining osteoconductive ceramic particles with the polymer yields a
moldable PTKUR composite thauresin situ with mechanical properties exceeding those of
trabecular boneDegradation mechanisms and remodeling of the resulting PTKUR composite
were evaluated in a lateral condyle defect model in rabbitss Tell-degradable PKUR
addresssthe demands of a tissue engineering bone graft with inherent properties that can be
adapted for use in a multitude of orthopedic applicatembhecamehe foundation of this work
In this chapterAim | of this dissertation is addressed.

The developmat of a celldegradable PTKUR led to its use as an AG extendlér.
substitutes have been studied extensively, but synthetic grafts alone do not match the osteogenic
nature of AG. AG extendetsave been proposed ¢combine the benefits of synthetic boneftyra
with the osteogenicity of AG?8 In Chapter 4, an injectable, settabRTKUR AG extender is
formulated and remodeling assessed in a biologically and mechamigaligusin vivo model.
Histological evidence of cellular infiltration and new bone formation leidhfdementation in a
more relevant longone segmental defectodelin the rabbit radius iChapter 5. Chapters 4 &

5 describe the first demonstration of an injectable/moldable, settable poly&t@eztenderand

collectively comprisédim Il of this dissertation.



Chapters 6 addresssthe overall goal ofAim Il to enhance early integration tfe
grafts with the hostbone and optimize mechanical properties of lysihased PTKUR bone
graftsfor potential use in a weighttearing defectCurrently available ceramic bone cements are
geneally brittle and lack the resilience necessary for a-sgdtaining, weighbearing grafé®
Polymer/ceramic composites have emerged as an alternative to combine the mechanical
attributes of both materiaf8.In Chapter 6,conclusions fromwork outside the scope of this
dissertationare amassedo investigate the addition of a porogen to a RPIRKUR ceramic
hybrid polymerto identify the optimal material properties faisettable boneoid filler. First,
nHA is incorporated in the structure of PTKWRd the material propertieharacterizedThe
addition of a porogen was hypothesized to enhance cellular infiltration and increase the surface
area of the celtlegradable material to accelerate resorption and remodElimghermorenHA
was expected to enhance overall activity of the cellslweebin remodelingLead candidate
composites were implanted in a naeightbearing, femoral plug defeat rabbitsto eliminate
initial mechanical challenge3his study was taken out to 18 months to investigate-terg
remodeling.Results from this sty are anticipated to lead to implantation itaege animal
model.

Finally, Chapter 7 summarizes the ovdtdindings of this work andsuggestions for
future directiondased orthese conclusiorsre discussed i@hapter 8.

This research strategy address the limitations of currently available synthetic bone

grafts from biomaterial, biological, and mechanical perspectivétiese chapters build upon

one another to culminate in a degradable biomaterial that balances osteoconductivity and
osteoinductivitywith biomaterial properties for optimal bone graft remodeling for a given

implantation site.
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CHAPTER 2

[I. BACKGROUND

Adapted from:

Fernando, S\MicEnery, M, Guel cher, SA. APolyurethanes f
Advances in Polyurethane Biomaterié?916, 481.

2.1. BoneTissue Engineering

Tissue engineering is thaultidisciplinaryscience of combiningatural and/or synthetic
saaffolds with exogenous or locatells and biologics for theegeneration ohative tissué:?
Although the concept of regenerating a pat&niatural tissue has been considered for centuries,
the discipline of tissue engineeringgmerged in the late 1980snd transformed intdhe
interpretation we now appreciatethe early 1990%* More recently, fom 2012 to 2014, nearly
$3 billion in federal fundig was invested in the field of regenerative medicine which includes
tissue engineeringTissue engineering strategies are currently being investigated for soft and
hard tissue applications including vasculatuskin,® muscle!® ligaments!! cartilage!? and
bone!?2° Bone tissue engineering is of significant interest in the fiélcegenerative medicine
given thenumerous indiations to which it can be applied. Bone is constargiyjodeling
throughan infinite cycle of osteoclastic breakdown and osteoblastie banmation. Given this
dynamicstate small fractures can heal independeftiiowever, @fectslarger than a critical
size and those that necessitate guidance to heal cormagjlyireinterventionto support bone
ingrowth?22 Examples ofidications for bone grafts include trauma, summon fractures, bone
voids (ie. following tumor resection), implant fixation, craniomaxillofacial defects, dental
implantation, sinus augmetmian, and spinal fusianDepending on the defect and patient
conditions, autograft and allograft may be insufficient for complete hedlggthetic bone

substituteshave beernntroduced as amlternative.Non-resorbable poly(methyl methacrylate)
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(PMMA)-based bone cements are the most commonly used synthetic boseugedftin the
clinic due totheir high strength andlesirablehandling properties. While considered one of the
A most enduring mat er i dak dioinernnatae oftiheonpaterdhli and s ur g e
mechanical mismatch hinder bony ingrowth and can lead to stress shielding and subsequent
tissue damage or implant loosenfig® Titanium meshesand cagesare used toprovide
structural support andhaintain graft placement (idractures, spinafusion procedures and
autograft implantation following bone atrophy mrecedingdental implantation?%2° However,
these meshedo not remodeand may requir@n invasive followup procedurdor removalafter
new bone hafilled the void3°

The goal of bone tissue engineering is to replace these strategies with materials that
match tke physical, chemical, and mechanical properties of the host tissue to induce an
osteogenic niche and biomimetic mechanical environthémat promotes natural healing and
remodeling. An iddatissue engineering bone graft material is both @msthctive and
osteoconductive andhaintains space throughout the remodeling procksgeneral, tissue
engineeringgraftscomprisea nontoxic, biodegradable scaffold that is replaced by natural tissue
as it is resorbedAn orchestrated@ombination of cell populationgsethe graft as a scaffoldo
supportproliferation and differentiation and guide tissue regeneration by providing a substrate
onto which new matrix can be depositéithese substrates che designed focontrolledrelease
of drugs®?3* biologics??7*%38 or particles containing such carfgd for local delivery
applications’®4! Furthermore, these scaffolds canseededvith a variety ofcell populations to
Apri meo t h einitigtec differéntidticch and oproliferationin vitro and accelerate
regeneration once implantéti Alternatively, cells can be encapsulatéal the biomaterial to

mimic natural regeneration without requiring endogenous osteoprogehitors.



Saffolds are ideally designed to recapitulate the physical and mechanical properties of
the tissue being regenerated. An interconnected porous architecture mimics ttladeofilar
(spongy bone and allow for cellular infiltration along with nutrient and wastensport
throughout the graftLiterature suggests a range of pore sizesn 100900 pm for optimal
osteogenesign vivo, with 100 pm being the minimum suggested fdequatecellular
infiltration.*+*®  Similarly, the overall porosity affects the rate of regeneration and
vascularization.Together, porosity and pore size can d&tdte mechanism of regeneration.
Research taircumventporosity requirementds currently underway for weighitearing bone

tissueengineering applications

2.2 Biology of Bonésraft Remodeling

Bone graft remodeling follows a similar cellular responsé¢ht bonefracture healing
cascadeThe most common form ofdcture healingsecondaryis initiated bythe formation of a
hematoma and subsequeninmune response characterized by an influnetrophils B cells,
T cells,and macrophage$*® Pro-inflammatory M1 macrophages are initially crucial to fracture
healingto remove necrotic tissue ammhhance leukocyte infiltratiorPolarization tothe antr
inflammatory M2 macrophaggherotype terminates the inflammatory stagéd2 macrophages
eventually release factors to stimulate angiogenesis and tissue remét®lihgcal and
systemic mesenchymaiesn cellsqMSCs)are then recruitedifferentiation to chondrocyteasnd
the pesence of fibroblasts leadis an unmineralized, cartilaginous soft caffti$dypertrophic
chondrocytes release cytokines to promarigiogenesié* Vascularizatiorbrings oxygen to the
fracture site promoting MSC differentiation tobone forming osteoblast$’ Simultaneous
chondrocyte apoptosisallus breakdown by osteoclasisidosteoblastic bone formatiorplace

the soft callus with a hard callgs Finally, the had callusis remodeledby osteoclasts and
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osteoblasts anMSCsdifferentiate toosteocyteghataresurrounded by an organiajineralized
matrix.21°0

Both intramembranous and endochondral ossification are involved in fracture healing and
both forms have been noted in bone graft remodéfifty® Endochondrabone formatiormost
closdy resembles secondary fracture healiM&Csproceed down the chondrogenic pathnay
cartilaginous callus iformedand therremodeled to bon¥:*° Intramembranous bone formation
describes the diredlifferentiation of MSCs to osteoblasts and the subsequent deposition of
bone>>°® Literature has shown that the mechanical environment surrouradiingcture or
implant plays a significant role in determining which route of bone formation will ensue. In a
stabilized fracture, little cartilaginous tisswas produced but a natabilized fracture produced
a soft callus made up of cartilaginous tis3uUBISC differentiation to the chondrocyte lineage
can also be promoted by the availability of oxygen to the remodeling site. Chondrogenesis
thrives in hypoxic conditions whereas osteogenesis is more likelgccur in oxygenated
tissue®°® Growth factors surrounding the site of tissue healadgo influence the route of
osteogenesi®:** These will be described in detail in section 2.5.

Creeping substitian describesa remodeling mechanism in which bone grafts are
replaced by new bone (accompanied by vascularization) as they are resorbed by osteoclasts and
remodeling progresses toward the interior of the g@dteoclastic breakdown and osteoblastic
boneformation take place concurrenfi§®? Alternatively, reverse creeping substitution refers to
the osteoclastic breakdown of graft followed $ybsequenbone formation. This process is
generally the mechanism of dense, cortical autograft remodélidgth processes have been
demorstrated in the remodeling of synthetic bone gr$64® Furthermore literature has

shown that remodeling of synthetic bone grafts invethe orchestration of many different cell
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types and can incorporate one or many ofafleeementioned remodeling mechanisihs.

2.2. Bone Grafts
When discussing materials used fegenerativebonegrafts it is important to describe

the categories of materials that are generally used for bone tissue regeneration. These categories
are briefly reviewed below.
2.2.1 Bone void fillersBone void fillers (BVFs) are used to promote more reproducible healing
of metaphyseal bone defects. BVFs are designed to fill a large bone void and provide an
osteoconductive scaffold for new bone formation, thereby preventing failure of fixation,
supporting alignment of bone articulating surfaces, and preventing formatiobradditissue
(scarring)®® In contrast to bone cements, BVFs do not require {ikaestrength, and therefore
are used in notoadbearing metaphyseal bone defects. Materiased for BVFs include
autograft(AG) bone, allograft bone (including demineralized bone matrix), ceramatsral and
synthetic polymersand composites of two or more of these materials

AG is considered the gold standard since it is osteoconduastepinductive, and
mitigates the risk of immune rejecti6h? AG i s generally harvested
crest or local AGcan be used depending on the indicafiorl. Therefore, quantity is limited and
AG harvesting is associated with donor site morbidity and prolonged surgery diffes.
Furthermore, AG lacks mechanical integrity and space maintenance capdBifi@sxtenders
comprise a combination of AG and one orrmof the other BVFs listed abo¥eAG extenders
will be discussed further in Section 2Allograft bone harvested from a human cadasaar be
usedto avoid limitations in quantity and patient morbidity; however, immune rejection and high
failure rates restilig from diminished osteogenicity limit its use as a B{f82

Ceramic BVFsare the most commonlysed synthetic BVF andhclude calcium sulfate
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(plaster of Paris)a family of calcium phosphaté€aPs) and bioactive glass thatcan be used

in particulate or in an injectable and settable falistussed in théllowing section Ceramics

are generallyosteoconductive but associated with brittle mechanical properties and slow
resorptioré*83 Calcium sulfate is osteoconductive and {ost, but acceleretl resorption and a
non-porous structure make it a less desirable option for a B\FaP BVFs primarily include
hydroxyapatite(HA, Ca(PQs):0H), -tfr i c al c i u m-TGPhGCad@uh)aandk bipliadic
calcium phosphate (BCP) that -TERFMHAMakesup tha ¢ o mb
majority of the mineral content of boA&The similarity in chemical makeup to that of baarel

high porositymakeHA the most widely used Cadince it is osteoconductive and integrates well
with the hostbore8® HA is often blended with a second phase for a composite BVF to address
limitations of brittle and weak mechanical properties. HAs been added to natural and
synthetic polymerdo combine the osteogenproperties of HA with the ductile properties of
polymeric materialsuch as PUR%E#%°1 PLGA °2 methacrylées?®%3and collagef?**to name a
few.*>% HA carbon nanotube composites have also been proposed to emfgtistio HA2* The
development of nanocrystalline HA (nHA) BVIRasled to enhanced osteoclast differentiation
and thus accelerated resorption and increased new bone ford&fiéhFurthernore, the
surface hydroxyl (OH) groups of Hpotentiate surface grafting of organic molecules to enhance
dispersion in organic polymers for enhanced mecharmiodl biological properties of hybrid
polymer/ceramic compositd§!® pb-TCP is similarly highly osteoconductive, big generally
more porous than HA antesorbs more rapidR#8101 Medtronic marketsFood and Drug
Administration FDA) approvedBVF, MASTERGRAFT(MG), a BCP available in granular and
putty fornrst hat ¢ on s iTER ad 16% HAVIE %as been shown to achieve balanced

remodeling and new bone formationvivo when used in its neat state or added to PUR for a
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PUR/MG conposite?’-62:102.103

Bioactive glasss a silicabased bone graft that has demonstrated strong bonding to the
hostbone and activey remodels to form new boneDissolution of bioactive glass in
physiological fluidsreleases soluble silica and calcium ions thdiate a cellular responder
bone remodeling. Ahydroxycarbonate apatite layer is formed on the glass suvdueh
promdes integration with the host baffe!%*1% 45S5bioactive glasss commercially available
and one of the most commonly used formulations (composed of 46.1 mol©6238i@ mol%
NaO, 26.9 mol% CaO, and 2.6 mol%@2). Like other ceramicshioactive glass is often
implanted as aomposite'®*1%*111 Fyrctionalization of the bioactive glass surface allows for
surface grafting of proteins such as BMHor additional bioactivityand controlled protein
delivery?or or gani ¢ nreaprolaond te Bnprdvé theemethanical properties of
bioactive glass/polymer hybrid&}
2.2.2 Weightbearing bone cementBonecements are used for metaphyseal bone defects where
the mechanical forces that the graft will be subjeateuire bondike strengthlintra-articula
fracturesgenerallyinvolve a weightbearing joint andequireinternal and externdixation to
maintain articular congruence and mitigate the loss of redutfidttFurthermore, patient nen
complian@ during recovery has led to the failure of 25% of setibial plateau fractures-
Regions of the spine are also load bearing and special consideratiorbenteten when
selecting a bone graft for various fusion applicati®r@alcium phosphate cemer(GPCs)have
been reported to be superior to autograft for reconstruction of wesgihing tibial plateau
fracturesand required minimal fixatioaH®1!’ However, the risk of micrerack formation and
resaption gaps have led to its contraindication as a webghating bone graf1%®18Non-

resorbable PMMAcements are frequently uséd hip replacements ansbine applications to
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stabilize vertebral fractures by vertebropla$f*?°The compressive strength of PMMA (70
90 MPa) serves as a baseline for mechanicapgsties required for weigitearing bone
grafts®711812L122Tisse engineering approaches aim to replace these syrithwetiaterials with
resorbablébonegrafts that will stabilize the defect throughout remodelsgd requireminimal
fixation. An ideal weightbearing bone graft will allow for early loadbearing to reduce
complications associated with patigmmn-compliancet>18This will require a grafthat rapidly
achievesbonelike mechanical propertieand resorbsas it is replaced by bone to maintain
os®ous integrity!%®
2.2.3 Settable tissue engineering bogfts. Injectableand settabléone grafts caspacefill
irregularly shapediefects and enhance early integration with the native bemehermore,
implantation via a blunted syringe twy handaffords the potential for minimally invasive
surgical technique®¥3 An injectable material ideally exhibits a viscosity that allows for
controlledinjection without filter-pressing or losing homogeneignaximum of 100 N and
shear thinning properties aid in delivery as w&ettable materials musgxhibit clinically
relevant working timeg~10 minutes) and setting times of-18 minutes?® The reat of
reaction through settingmust below enoughto maintain viability of host cels. Many
polymerization reactions are exothermic aodtact with temperatuse O 5 00 1Anthutd o r
can causéissue necrosi® 124

The graft design must consider cellular infiltration and the transport of nutrients and
waste throughout the grafted site. Furthere, a successful graft will degrade at a rate that
complements the rate of cellular infiltration and new tissue generdtiBnemature degradation
may lead to the formation of scar tissue, and an over stable material may hinder cellular

infiltration and prevent remodeling® Requirements for mechanical properties are of significant
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importance in orthopediapplications and must be tailored to match the defect site and the tissue
being replaced® For example, literature has reported a bulk modulus of 1 MPa as the lower limit
for compressionesistage in the mandibular ridgé. Cancellous bone is reported to have a
compressive strength of ® MPa and modulus of 500 MPa thusdepending on the defect
site, asettable bone graft should ideally cure to mechanical properties within this'f&hée.
Currently available polymerisettable bone graftdike PMMA provide the strength
necessary for orthopedic applicatidid$;however, these do not degrade and integration is
limited. Injectable polyurethane(PUR) foamg/’395262651001282 gang mpoldable PUR
cementd’19811813have been studied extensively for bone tissue engineering applications. PURs
will be discussed in detail in theolfowing sections.Propylene fumarate dimethacrylate
polymeric foams are also being investigated as settable bone grafts that promote osteogenic
differentiationin vitro.2913413¢ The majority ofcommerciallyavailable injectable bone grafts are
ceramic in natur€® CaPs in particular are attractive since they aegy osteoconductive but
brittle mechanical propertieand slow resorption limit thapplicatiors in which the material is
favorable Settable plymer/ceramic composites combine the ductility of polymers with the
strength of ceramic®, however, balancing porosity and mechanical properties remains a

chdlenge.There is a clinical need for gesorbable osteoconductivesettable bone cement that

provides themechanical propertiesiecessary for weigHiearing orthopedic applications and

remodels at a rate comparable to the gold standard.

2.3. Polyurethang in Bone Tissue Engineering

2.3.1 Chemisry of polyurethane bone graft3'he chemistry of polyurethane scaffolds for tissue
regeneration has been reviewéd®’ PUR linkages are characterized b HC=0OOR andcan

be derived from a number of raw materials for a range of applications. In this s&dtiBn,
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chemistry relevant torthopedicscaffolds will be presented.

Polyisocyanates.Polyisocyanates are characterizednwyltiple i N=C=0 functionality
and react with polyalcohols (polyols), polyamines, or water to form urethane or(iurea
R N H C = O N HIiRkages. Their chemistry has been extensively revie®d® The eactions
with polyols and polyamines are known as the gelling reaction, since the two liquid components
react to form a solid crosslinked polymer. The water (blowing) reaction is important for the
synthesis oPUR foams, wherecarbon dioxide gas functioras a biocompatible blowing agent.
While carboxylic acids, ureas, urethanes, and amides also react with isocyanates, these reactions
are generally much slower and not as important for the syntheBldRbone graftsThe choice
of polyisocyanate can dranlly impact the degradation and mechanical properties of the
resulting graft. PUR bone grafts are most frequently synthesized from either hsine
hexamethylenelerived aliphatic polyisocyanates due to toxicity concerns associated with
aromatic polyisoyanateg3132.140.141| ysine triisocyanate (LTHlerived PURs demonstrate
higher mechanical properties alstbwer resorption compared to lysine diisocyanate (LDI)
derived, as anticipated for the different functionalitf@sHexamethylene diisocyanate (HDIt)
has also been used but slow to negligible resorption was rep&t&dFinally, dphenyl
diisocyanate (MDI}**14°and butandased isocyanat&§ have also been used in the synthesis
of biodegradabl®UR bone grafts.

Polyols Polyols are multfunctional alcoholsthat generally comprise& polyether,
polyester, or polycarbonate backbone. They are typically viscous liquids with molecular weights
ranging from 200 5,000 g/mol. The polyol component of the polyurethane significantly affects
the degradation rate of the final curBdJR Typicdly, the rate of hydrolytic degradation of

polyols observes the order polycarbonate < polyether < polyésighermore, the molecular

17



weight and functionality can impact the mechanical properties of the reshltiRgIn general,
high molecular weight gdgols lead to a weakePUR and higher functionality lends stronger
mechanical properties.

PrepolymersPrepolymers are frequently used in injectable-b@mponent systems to
improve handling propertieand reduce toxicity. Isocyanaterminated prepolymer are
prepared by reacting an excess of a polyisocyanate with a polyol @@®G%C with or withouta
urethane catalyst, such as dibutyltin dilaur@khough a prepolymer is defined as having an
NCO:OH molar ratio of 2:1, quaprepolymers with a ranga functionalities are often used. By
varying the molar ratio of polyisocyanate:polyol, prepolymers with targieesdNCO content
and average molecular weightind desired handling propertiean be prepared. The NCO
content of prepolymers typically rarggrom 5i 25 wt%, while less viscous quagrepolymers
typically have NCO content exceeding 25%.

Reactiveliquid molding. Two-componentPURs can be fabricated by reactive liquid
molding, a process in which a polyisocyanatésocyanate functiongdrepolymer is mixed with
a polyol and either injecteish situ or cast into a mold. The reactive liquid mixture cures after
injection to form a solid scaffold. Water can be included as a blowing agent to generate carbon
dioxide gas andconsequently form poréé’1*® To enhance the osteoconductivity and
mechanical properties of the scaffolds, allograft bdh&? bioactive glass!**®2or ceramié>3
particles can be added to the reactdR liquid. SegmentedPUR elastomers, crosslinked cast
elastomers, porous crosslinked foams, and crosslifRBé/ceramic composites can be
processed by reactive liquid molding. If the extehchemical crosslinking is sufficiently high
(functionality > 2), then the material is an insoluble thermoset. Triols and hexols, as well as low

molecular weight triol and triamine crosslinkers, are commonly used to prepare chemically
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crosslinkedPURs!%8

2.3.2 Polyurethanegor orthopedicapplications. PURsare an attractive material for use in bone
grafting applcations such a8VFs, bone cements, and osteoconductive scaffolds due to their
tunability!® These materials offer the necessary handling properties for injectability and
moldability 12314 Furthermore, mechanical properties and degradation rates are easily altered to
match the demands of the implantation site by altering the PUR cherfistrgxample PUR

bone grafts have demonstrated strengths ranging from 40 kPa for-foanasup to 190 MPa for
cements and modulidm the kPA to GPa rangé*132140The isocyanatevater reaction produces
carbon dioxide gas which has been utilized for the formation of porasdymodulation of
mechanicapropertiesin gas blown bone tissue engineering scaffolds that fioagitu,132:1°0.156

The isocyanat@olyol reaction offers th flexibility of forming solid scaffolds or porous foams
depending on the catalyst and water can be added to dictate scaffold porosity. Isocyanate
functional prepolymersre also frequently used in the synthesi®0OR bone graftso further
optimize readvity and handling propertie’s! By adjusting the functionality of the precursor
materials, the extent of crosslinking (and therefore, the resulting polymer propesiiede
tuned for the desired applicatioRecent work aimed to enhance the osteoconductivity of
polyurethane scaffoldsals focused on incorporating calcium phosphate ceramic partfcles
bioactive glas$*!! and allogaft®>'*8for PUR compositeszurthermoremechanical properties
andcellular activityareenhanced when nanocrystalline hydroxyapatite (nHA) is incorporated in
the structure of the PUR:1%118while previous work has proven the benefits of using PURs in
orthopedic applicationgurrent strategies have yet to meet the desired balanceogties and

remodeling required for expanding their utility to more demanding implantation sites.
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24. Oxidatively Degradable Biomaterial Scaffolds

As described in preceding sectionise tendogenous bone healing cascade begins with
hematoma formation thahitiates an immune response and the release ofnfleanmatory
factoré¢’. The hematoma is replaced by a soft callus and the generation of woven, mineralized
bone follows*® Cells involved in the inflammatory phase have been shown to produce free
radicals referred to as reactive oxygen species (ROEP Hydroxyl radicals (OH), hydrogen
peroxides (HO.), peroxynitrites (ONOQ, and superoxide$O,) are example of cellularly
produced ROS%! A subclass of environmentally responsive polymers has recently been under
investigation to take advantage of the oxidative environment surrouniSegse andissue
injuries. In the scope of bone graftingxidatively degradable biomaterials aretiaipated to
degrade in response ROS produced by inflammatory cells and osteocliastslved in thebone
healing cascadi?

Thioketal (TK) bonds are cleaved HYOS leading to chain scission of Tiased
polymerst®? This degradation mechanism has compelled the developmepolygthioketals
(PTKSy for targeted drug and biolagdelivery and the chemistry has recently been implemented
for scaffold based delivery!61163184pgly(ether), poly(ester), and poly(carbonate urethanes)
have all been shown to be susceptibl@xidationto some extent®>14*Combining the material
properties of TKs and PURs offers an appealing strateggdioirolling degradation itissue
engineering applications. A PTKUR foam fartated with a 1000 g mdITK diol degraded in
oxidative conditions and supported tissue regeneration in a subcutaneous't¥ddmdever,
the molecular weight of this TK diol limned mechanical properties of the resulting PTKUR and
bonelike strengthwas notachieved. A low molecular weight TK diol crosslinkeould allow
for the synthesis ofh mechanically robust PTKUR that expfoithe benefits of an RGS

degradable biomaterial for bone tissue engineering applications.
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2.5. Strategies to Confer Osteoinductivity

2.5.1 Biologics.Ostea@onductivescaffolds provide a platform on which cells can proliferate and
new bone can form buio not directly guide osteogene¥isSome large defects or defects
located in lesshiologically active sites may require osieductive factors to initiate bone
formation and stimulate osteoblastic differentiation. Augmenting polymeric biomaterials with
biologics like bone morphogenetic protein (BMP) has been heavily investigated to add
osteoinductivityto bone tissue engineering grafts®1%°Urist is credited with theliscovery of a
morphogenetic growth factor that indudeaine formation that was later determinetamily of
BMPsthat belong to a superfamiiytransforming growth factebeta (TGFb }568 BMPs have
been shown to promote osteoblast diffeiign and proliferation during bone regenerafith.
Of these, BMP2 and BMR7 (osteogenic proteit, OR1) have been shown to be most effective
andare ofgreatesinterestin bone tissue engineerinf*’? These promising results led to the
FDA approval of rBMP-2 for posterolateral spal fusion, tibial fractures, and sinus and
alveolar ridge augmentatioiNFUSE®, Medtronic Spinal and BiologicsMemphis, TN)and
BMP-7 for revision posterolateral lumbar fusiadowever,off-label use and side effects like
swelling, ectopic bone formation, and carcinogenic risks have steered researchers to other
options3®173178 To circumvent risks associated with a bolesease of BMPs, literature has
demonstrated release of BMPfrom PUR grafts can be controlled by the incorporation of BMP
containing microspherd&s or by altering material properties like porosity or degradation
rate27,179

RGD peptide (argininglycine-aspartic acid) has been studied extensively as a biologic
biomaterial surface modification to enhance cellular attachmeamtd accelerate

vascularizatiorf?8 Increasing the concentration ofRGD covalently incorporated in a

21



poly(ethylene glycol) @crylate has been shown to significantly increaseression of bone
related marker§! and PMMA with covalently bound RGD demonstrated binding of osteoblasts
in vitro and accelerated integration with the Hoshe in vivo.!®? RGD-functionalized PEG
hydrogels stimulated osteoblastic bone formdfiband an increase in cell spreading was
observed for a propylene funade dimethacrylate polyHIPBone graftsvith RGD peptide at the
pore surfacen vitro.184185Literature presents methods faovalently binding RGD peptide to
the PUR backbone explaitg the potential to incorporafGD in a PUR bone graft® While
lysine-based PURs alone have been shown to support cell attackwaadjtion of RGD may
accelerate differentiation.

2.5.2 Cell-Based StrategiesEncapsulation of cells within biomaterial bone scaffolds has been
explored to acceleratategration and remodelingnd to promote healingesenchymal stem
cells are an attractive cdijpe for these materials since they are capable of maintaining
pluripotency during proliferation and given their multilineage differentiation potenfial.
Alternatively, differentiated osteoblastan be encapsulated accelerate bone formation
vivo.183 Maintaining cell viability is the biggeshallenge for translation of cellularized scaffolds.
The graft material must exhibit porosity and interconnectivity for transport of cell nutrients and
waste Cell delivery fromhydrophobicmaterials, likePURs is limited since aqueous nutrients
are morereadily transportedhrough hydrophilic materiad. Furthermore, @action byproducts

like COz and the heat of reactionust also be considered foone graftghat curen situ*>°8To
address concerns of cell viabilitst settable PUR was fabricated with cells encapsulatedlin cel
shielding partially oxidizedalginate beads that readily degradevivo after the PUR reaction
takes placé® A similar approach was investigated for CP&s8Poly(ethylene glycol) (P&)

offers another material attractive for use in cell delivery given the mild reaction conditions and
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preferential biocompatibility; however, hydrogels do not exhibit the mechanical properties
necessary for orthopedic applicatidfis.

25.3 Autograft. To avoid the concerns associated with biologics, strategies to exploit the
osteoinductivity of the gold standard are of significant interest to the field. CétaHic 619

193 and polymerit®1%41% materials have been investigated as AG extenders to address volume
concerns andb prolong the presence of AG at théesof healing. The wide range of properties
discussed above make PUR biomaterials a superior candidate for use as a settable AG extender
that is moldable and resorbable. A aekdiated oxidative polymer degradation mechanism may
enhance the rate of remdidg and new bone quality even further by shielding AG from
premature resorption until cells have migrated (by means efimesliated polymer degradation)

to the biologically active AG.

AG extenders have gained particular interest for PLF applicationthdotreatment of
various spinal disorders since the complicated biology surrounding the site necessitates the
highly osteoinductive factors found in AG to achieve fusibfihis pro@dure requires a large
volume of AG to be explanted from a second surgical site (usually the iliac crest) and requires an
invasive cage or device to contain AG at the fusion site and resist compression from the
surrounding musculature. We propose a sedtdbTKUR AG extender would address the
challenges of this environment by conveying mechanical integrity to the osteoinductive
characteristics of AG. Furthermore, supplementing AG volume with an osteoconductive
PTKUR/ceramic composite yields the potential monimize AG volume and determine the
absolute minimum AG required to convey osteoinductivity. This strategy may also permit the
use of osteoinductive AG in defects previously thought too large for the AG volume available

(ie. long bone defects).
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2.6. In Vivo Investigation oBoneTissue Engineering Constructs

Preclinicalin vivo studies are necessarydemonstratefficacy, biocompatibility, safety,
and dose responsd# tissue engineering constructdnlike in vitro characterizationjn vivo
studes showthe comprehensiviéssue response whictompriseghe interactions and signaling
of all cell typesinvolved inthe remodeling proces3he animalmodelused depends on the
construct, intended applicatioresd the hypothesis being testédchoosing a sgries, the bone
microarchitecture and physiology, cost, aardmal maintenance should all be considet&d®
Animal age should be chosen for the desired rate of bone turnover and strength as bone quality
and remodeling rate may be lower in older animi¥ldurthermore, thamicro- and macre
mechanical load to which the implant will be subjected should be taken into consid&fation.

The FDA requires proof of efficacy irm minimum ofone small animal model and one
larger animal model?® Pearce, et al. provide an overview of the most comynused animals in
bone research in terms of bone structure, composition, and remodeling in relation to that of
humans®” Rodent models are primarily used for initial proof of concept studies and are useful
for tracking cellular activity and differentiation, especially over th{é®*The low cost and ease
of handling allow for studies involving many replicates, time points, and sample groups.
However, clinical translation is limitedside from rats, rabbits are used the mosbrthopedics
due to ease of handly, size, and cosRabbit bone is the least similar to humans out ohthre
rodentanimal models; however, the bones have similar strength, elastic modulus, and fracture
toughness compared to humafst®*Bone turnover and remodeling is faster in rabbits than for
some other species, but they are prime candidates for preliminary screetimssgegtngineering
constructg®’

Larger animals are best for clinical translation given their similarity in bone size and

body massCaninegpurposebred beagles and coon hourdsng themost reproducible), sheep,
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goats, and pigs are the most utilized due to similarities in bone composition and Iotbgy

of humans'®”1%8Caninebone most closely matelthe biochemical makeup and fracture stress
of humans although the remodeling rate éneyally fastet?”2%° They are the most commonly
used animal model for spinal fusion amale utilityin cranomaxillofacial models despiteublic
criticism of the use oftompanion animals in research. Nomman primates may be the most
predictive of the biological response and clinical performance in humans given their closeness in
species. However, primates agenerally expensive, difficult to maintain, and responses vary
greatly between specié¥ Pigs have similar healing capacity to humdng are seldom used
because they are difficult to handle and maintain. Slaepbgoatsare attractive animslfor
investigating bone graft remodeling since they demonstrate similar remodeling gattern
response to bony implant¥’

There are a number afifferent defectsthat can be adapted based on the material or
implant of interest. Criticatized segmental defects are very useful to monitor and compare
healing anceffects of bioactive factors (ie. antibiotics, growth factors, cell seeding) in dieghys
bone!32:201202Cyitical-sized defects arthose that will not heal on their own and are generally
1.52 times the diameter of the bone in which the defect is made. The femur and tibia are
commonly usedor segmental defect§:>° Other bones like the radius, ulna, and metatarsals are
attractive alternatives since thég notrequire fixationt®-198:201.20Cyjindrical defects are a good
model for temporal studies and for detecting differemceemodelingoetween material groups
These defects are often createdh@highly vasculazed metaphysis of long bones to encourage
cellular infiltration and revascularizatid?f Intertransverse posterolateral fusiPLF) models
provide a biologically and mechanically challenging environment in which to investigate

remodeling. This defct is often used as an initial proof of concept model in rabbits since their
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spinal anatomy is similar to that of humans and the iliac crests are large enough to harvest for a
control®® Canines, gat, sheep, and pigs may also be used to model fusion; however, these
generally require fixation and the mechanical challenge will differ in quadrupeds compared to
humans®® Craniomaxillofacialdefects are used to model comnindicationsand applications

such as sinus augmentation, alveolar ridge augmentation for dental implants, and mandibular
defects?’ Calvarial defects are also useful for modeling scaffold performance since defect
creation is reproducible and the empty defect challenges bonesratien?1%

Power calculations should be used to determine the number of animalsedequi
achieve the desired significanaghen analyzing the results gdreclinical stuées These
calculationsshould be taken into account when choosingodel. Analysis methods include
vivo computed tomography (CT) andray which allowfor monitoringhealing over time in the
same animalFluorochrome injections provide another, more precise dynamic method to monitor
temporal mineralization. Tetracyclines, calcein green, alizarin red, and xylenol orange are
examples of the most commonly used fluoroomeg®°1232%3These are injected subcutaneously
and bind selectively to activelyineralizing tissueduring the time of circulation (around 24
hours)?®* Specimen are fixed, embedded, and sectioned using standdettaloified histology
methods (decalcification will dissolve the fluorochrome label) and the fluorochrome labels are
detectable using fluorescent microscéffyBy injecting fluorochromes with diffent emission
wavelengths at various times, one can monitor the progression of mineralizakionthe same
subject.

Micro-computed tomographyuCT) analysis allows for qualitative and quantitative
evaluation of preclinical studies. 2D and 3D reconsioastof mineralized tissue within the

defects allow for visualization of remodeling. BV/TV (bone volume/total volume), Th. S.
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(trabecular spacing), and Tb. Th. (trabecular thickness) common outputs thatan be
calculated within a specified volume oftenest (VOI) to quantify bone quantity and quality. It
should be noted that if the implant contains a mineralized compdrentA, tricalcium
phosphate, etc.glistinguishingoonefrom implant may be difficult.

Histology can be performed on decalcifipdyaffin embedded sections or-decalcified,
plastic embedded, ground sectioAdthough generally much thicker, tHatter may be more
appropriate for implants containing a calcHased component that may not demineraliziag
general methodOsteobhsts and osteoclast may also be more distinguishable from the bone
surface when samples are embedded in a methaebdagsl resid® Histological stains used in
studies for bone tissue engineering constructaudeltrichrome stains (ie. Mass@oldners,
Sandersonds Rapid Bone Stain, Stevenel 6s Bl ue
nuclei, and collagen depending on the chosen $taft?>104133.2%08 Safranin O/Fast Green is
commonly used to detect cartilage and may be useful for interpreting healing mechH&m8ins.
Hematoxylin and eosin (H&Ej)s a commonly used histological dye that distinguishes various
cell features and phenotypasd bluidine blue and acid fuchstan beused together taentify
new bonet®

Immunohistochenstry (IHC) and immunofluorescee (IF) techniques can also be
employed to identifythe different types of cells involved in remodeling andetacidatetissue
types.IHC utilizes labels to visualize specific binding of selected antibodies with an antigen of
interes that identifies a cell genotype, phenotypegwent?!! A counterstain like hematoxylin
may be used to localize positive binding. follows the same principles as IHC with the
incorporation of a fluorescent labelualized using a fluorescent microscopd¢C and IF are

most commonly performed in paraffin sections since these are very thin. However, ninetheds
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been adaptefbr use in thick, ground, plastic sectior.
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CHAPTER 3

[ll. OXIDATIVELY DEGRADAB LE POLY(THIOKETAL URETHANE) CERAMIC
COMPOSITE BONE CEMENS WITH BONELIKE STRENGTH
Adapted with permission from The Royal Society of Chemistry:
McEnery, MAP, Lu, S Gupta, MK, Zienkiewicz, KJ, Wenke, JC, Kalpakci, KN, Shimko,
DA, Duvall, CL, Guelcher, SAiiOxidatively degradableoly(thioketal urethane)/ceramic

composite bone cements with bdie strengtho RSC Advancef016,6(111), 109414
109424.

3.1 Abstract
Synthetic bone cements are commonly used in orthopaedic procedures to aid in bone

regenerationfollowing trauma ordisease. Polymeric cements like PMMA provide the
mechanical strength necesséoy orthopaedic applications, but they are not resorbable and
do not integrate with host bone. Ceraro@nents have a chemical composition similar to
that of bone, but their litie mechanical propertiebmit their use in weighbearing
applications. In this study, we designed oxidatively degradgbolgmeric bone cements
with mechanical properties suitable for bone tissue engineering applicatides.
synthesized a novel thioted (TK) diol, which was crosslinked with a lysine triisocyanate
(LTI) prepolymer to create hydrolytically stable poly(thioketal urethane)s (PTKUR) that
degrade in the oxidativenvironment associated with bone defects. PTKUR films were
hydrolytically stalte for up to 6months butdegraded rapidly (<1 week) under simulated
oxidative conditions in vitro. When combined witleramic micre or nanoparticles,
PTKUR cements exhibited working times comparable to calghosphate cements and
strengths exceeding dke of trabecular bone. PTKUR/ceramic compogsitaments

supported appositional bone growth and integrated with host bone near theeboeTd
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interface at 6 and 12 weeks pasiplantation in rabbit femoral condyle plug defects.
Histological evidence of ogtoclastmediated resorption of the cements was observed at 6
and 12 weeks. Thedindings demonstrate that a PTKUR bone cement with fikae
strength can be selectively resorbed d®lls involved in bone remodeling, and thus
represent an important initigtep toward the developmeuit resorbable bone cements for

weightbearing applications.

3.2 Introduction

Injectable and settable bone cements restore function to bone damaged by trauma or
disease in a number of orthopaedic procedures, such as versbyppépair of tibial
plateau fractures, and screw augmentation. Poly(methyl methacrylate) (PMMA) bone
cements exhibit mechanical properties exceeding those of trabecular bone, and therefore
provide mechanical stability to damaged béndowever, PMMA cements are non
resorbable and do not integrate with host bone. Ceramic bone cements@rerahuctive
and integrate with host bone, but their brittle mechanical properties preclude their use in
weightbearing application$Thus, composites of ceramics with resorbable polymers have
emerged as an alternative approach that combinesiutide mechanical properties of
polymers with the osteoconductivity of ceramics to provide mechanical stability and
integration with host bone.

Poly(ester urethane)s (PEUR) have been investigatedexsable bone grafts due
to their injectability, settability, tunable mechanical properties, and resorption to
breakdown products easily cleared from the body. PEUR grafts set within clinically
relevant working times and attain strengths in the range ofSOMPa*® Lysine-derived
PEUR composites incorporating ceramic particles or allograft bonen satu with no

surgical complications and support bone remodeling in sheep, rats, and YaFsisious
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work has shown LTFdHerived PEURs undergo autocatalytic hydrolytic degradation in
which the acidic breakdown products accelerate resorptfbA. degradation mechanism

that allows for a more controlled and predictable degradation rate is desired to ensure that
the graft degrades at a ratmplementary to bone formation and remodeling.

Bone remodeling is commonly achieved by creeping substitution, a process by
which osteoclasts resorb residual graft and osteoblasts deposit new mineralized matrix near
the graftbone interfacé'® The normal endogenous bone healing cascade involves an
initial hematoma formation that induces the immune response accompanied by a release of
pro-inflammatory factors? The inflammatory phase fsllowed by a soft callus formation
that is rapidly replaced by woven mineralized b&heAs a result of the inflammatory
response, reactive oxygen species (ROS) are generated by infiltrating cells at the defect
site1®1’ Mature osteoclasts at sites of active bone remodeling are also associated with an
increase in RO%™'® These findings suggest that hydrolytically stable biomaterials that
degrade in response to esicreted ROS may be a useful new approach for the design of
cell-degradable bone cements.

Thioketals (TKs), the sulfur analogs of ketals, degrade in response teseelieted
ROS to thiol decomposition products with low cytotoxiéty! PTKUR foams synthesized
from a TK macrodiol (1000 g md) have been reported to support R@Sdiated
degradation and heaf) in cutaneous wound8. However, macrodiebased PTKURs
cannot achieve boHd&e strength or the number of degradable units affbrole the new
single TK-containing crosslinker. Furthermore, fiased biomaterials have not been
previously investigated in bone. In this study, a novel low molecular weight TK diol was

synthesized and utilized to formulate PTKUR bone cements that arelytighlly stable
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but degradable by ceflecreted ROS. The TK diol was reacted with LTI to form a
moldable and settable PTKUR cement with bbke strength using a lowoxicity iron

(Il1) acetylacetonate gelling catalyst. To enhance the osteocondyativihe PTKUR, it

was combined with two different types of ceramics: (1) 8¥%icalcium phosphatebf
TCP)/15% hydroxyapatite (HA) ceramic migianules (MASTERGRAFY, MG), or (2)
nanocrystalline hydroxyapatite (nHA) partické$? The reactivity, rheological properties,
mechanical properties, degradation rate, and cell proliferation response of the cements
were assesseth vitro. The biocompatibility and remodeling of PTKUR/ceramic
composite cements were investigated in a rabbit femoral condyle plug defect model to

assessnaterial resorption and integration with the host bone.

3.3 Methods
Materials. Thioglycolic acid, 2,2Zimethoxypropane, bismuth chloride, lithium

al umi num -baprdlactorst,e nHA(<200 nm), and anhydrous solvents were

purchased from Sigmal dri ch (St . l-capuolactone wdOtreated Wwithe U

magnesium sulfate, and nHA was dried under vacuum at 80°C for at least 24 hours prior to
use. Acros Organics iron (lll) acetylacetongfeeAA) was purchased from Fisher
Scientific and used as receivéd.l was purchased from Jinan Haohua Industry Co., LTD
(Jinan, China) and carbdreated in methytertbutyl ether 3 times for 24 hours at 70°C to

remove impuritiesMG particles supplied bedtronic (Memphis, TN) were ground to

100300 em di ameter particles using a mortar a

em sieves. The resulting microparticles
water, and dried under vacuum.

MC3T3el | s were supplied by A-MEMmedivManass
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penicillin/streptomycin (P/S) and a PiercekE
purchased from Thermo Scientffit (Waltham, MA). Sterile phosphate buffered saline

(PBS) and 0.25% trygin were purchased from Corning Cellgro (Manassas, VA) and fetal

bovine serum (FBS) from HyClone (Pittsburgh, PA). Reagents for cell fixation including
glutaraldehyde and osmium tetroxide were purchased from Fisher Scientific and Sigma

Aldrich, respective}.

Thioketal diol synthesid.he schematic for thioketal diol synthesis is illustrated in
Figure 3.1A. Bismuth (lll) chloride was added to a dry boiling flask that was subsequently
dried with a hot air gun under vacuum for about 5 minutes to ensure c¢elynpley
catalyst conditions. The flask was then purged with nitrogen and left under a positive
pressure with nitrogen for the remainder of the reaction. Anhydrous acetonitrile was
charged to the flask to dissolve the catalyst-diRethoxypropane and thglycolic acid
were added to the flask, and the reaction was allowed to proceed for 24 hours while stirring
at room temperature. The carboxgtminated intermediate was filtered with a Buchner
funnel, rotary evaporated (Buchi Rotovap2B0, 35 °C), and ded under vacuum
overnight. The carboxyl groups were then reduced to produce a hytieoxyhated TK. A
3-neck boiling flask was fitted to a 10 °C condenser capped wittvaylglass stojgock, a
constant pressure dropping funnel, and a rubber stopperea@btor was heated with a heat
gun under vacuum for about 5 minutes to ensure completely dry reaction conditions. The
reactor was then placed in an ice bath, purged with dry nitrogen, and maintained under
positive pressure with nitrogen throughout thenctionalization. Lithium aluminum
hydride (LiAlHs) was added to the-Beck boiling flask and dissolved in diethyl ether.

Using anhydrous techniques, anhydrous tetrahydrofuran was added to the boiling flask
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containing the carboxyterminated TK. The resuttg solution was then transferred to the
dropping funnel and added to the LiAldolutiondropwise at 0 °C. After all of the TK
solution was added, the ice bath was replaced with an oil bath and the reaction mixture was
refluxed at 52°C for 68 hours. Uneacted LiAlH was quenched by adding DI water
dropwise followed by 1M sodium hydroxide to aid in product extractionp®ygucts of

the reaction were filtered using a Buchner funnel and filtration flask, and a separation
funnel and diethyl ether were usedextract and isolate the TK diol product. The solvent
was removed by rotary evaporation and the product dried under vacuum overnight for a
completely dry, solverfree TK diol. Nuclear magnetic resonance spectroscip MR,

Bruker 400 MHz NMR) in dimétylsulfoxide (DMSO) and attenuated total reflectance
Fourier transform infrared spectroscopy (AFRIR) verified the chemical structure of the

TK diol. Titration of a sample reacted with excgs$oluenesulfonyl isocyanate with
tetrabutylammonium hydroxideas used to determine the hydroxyl (OH) number of the
TK diol according to ASTM E189982* The molecular weight (N} was calculated from

the OH number using EQ.Q):

v - 56,100

OH Number (31)

Quastprepolymer synthesis and characterizatioA. quastprepolymer was
prepared according to methods previously deschbe@riefly, a 2.5:1 molar ratio of
LTI:TK (3.75:1 NCO:OH equivalent ratio) was charged to a-tQ0boiling flask and
purged with nitrogen while stirring in an oil bath at 45°C. TK diol was added to LT} drop
wise from a syringe through a 16G needle inserted through the rubber stopper. Tbe react

was allowed to proceed for 3 hours yielding an -I'Rl quastprepolymer. The NCO
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number was determined by titration according to ASTM D2872°

Polyurethane/ceramic composite synthesis and characterizaRi®UR/ceramic
composites were fabricated by reactive liquid molding and catalyzed using a 5% FeAA
s ol ut icapmlactome. The isocyaeahdex (NCO:OH equivalent ratio * 100) was 140
for all material€ TK diol, LTI-TK prepolymer, and 55 wt% MG or 60 wt% nHA particles
were hanemixed to yield a reactive paste. These concentrations of the ceramic particles
were selected as the maximum values that could be added while maintaining a cohesive
reactive paste. Once homogeneous, 0.06 wt% FeAA (in solution) was added to catalyze the
reaction between the LATK prepolymer and the TK diol. The morphology of the
composite was verified by scanning electron microscopy (Hitachi S4200 SEM) following
gold sputter coating of thin sections of sample (Cressington Q108) for 45 seconds at 30
mA.

PTKUR films (without ceramic) synthesized using varying isocyanate indices were
submerged in water for 2 weeks and water uptake measured periodically by weighing the
samples. Swelling of films with indices of 110, 125, and 140 was calculated according to
Eq @.2), where M is the swollen mass andoNk the initial mass. This informationas

used to determine effects of index on extent of crosslinking.

M
% Swelling = ———C x 100%
M
0 (32)

Reaction kinetics and working tim€&he reaction kinetics of the composite were
assessed using methods described previGdSIATR-FTIR was used to evaluate the
reaction rate of the isocyanaerminated LTITK prepolymer with the other components

of the composite individually byuantifying the disappearance of the isocyanate peak
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(around 2270 crb. The isocyanate peaks were calibrated to a standard curve of known
NCO concentrations to find an initial rate constant for each reaction during the first 6
minutes. These rate constaatsng with the initial concentrations of each component were
input into a Matlab program to calculate the number of isocyanate and hydroxyl
equivalents versus time assuming seeorter chemical kinetics. Isocyanate and hydroxyl
conversion versus time wedetermined from the calculated numbers of equivalents.

The working time for the MG composites was defined using a rheometer with 25
mm plates. A gap size of 1.5 mm and constant strain (1%) and frequency (1 Hz) were
applied to the composite and the worlg t i me def i ned biyGotdohe
crossover point. This time was compared to the-feek time which was defined as when
the material no longer stuck to a metal spatula.

Compressive mechanical propertieSamples for compressive studies were
prepared by injecting composites into 6 mm diameter tubes and compressing under a 0.96
kg weight to ensure cohesion throughout initial c8r®amples were cut to a height equal
to 2 times their diameter (12 mm) using a Buehler IsoMet Low Speed Saw (Lake Bluff, Il).
Modulus and strength were measured at various time points ovewxeek?2 period to
determine when the composites were catedy crosslinked. Specimens were preloaded to
12 N and compressed at a rate of 25 mnmmising an MTS 858 Bionix Servohydraulic
Test System (Eden Prairie, MN). The engineering stress was calculated by dividing the
load by the plateontacting surfaceraa and the engineering strain determined by
dividing the displacement by initial sample height. The slope of the {&laatic portion of
the resulting stresstrain curve was identified as the compressive modulus and the

maximum stress as the compressistrength. When a maximum stress could not be
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identified, the stress at 10% strain was repotted.

Degradation. The degradation characteristics of PTKUR were assessed in
hydrolytic and oxidative conditions. An accelerated degradation medium comprising 20
wt% hydrogen peroxide in 0.1 M cobalt chloride in DI water simulatedetivironment
produced by reactive oxygen species at the implant®sité!PTKUR films (17 mg) were
i mmersed in 350 €L (1 mL/50 mg initial sampl
table at 37°C. PTKUR degradation was compared to |yd@mved poly(caprolactone
urethane) (PCLUR), which was expected to undergo minimal hgdrodlegradation.
Oxidative media was changed every 72 hours when time points exceeded 3 days to ensure
the presence of oxidizing radicals. Samples were washed 3X with 100 mL DI water, dried
under vacuum for at least 48 hours, and weighed at variouspbines to determine the
degradation rate. Samples were gold sputteted for 45 seconds and imaged using SEM
to visualize the change in architecture with degradation.

Rheology. Viscosity was characterized using a TA Instruments AR 2000ex
rheometer fittd with 25mm parallel plates at 25 °C. For the starting materials (TK diol
and LTFTK prepolymer), a small sample was injected between the plates which were
subsequently depressed to a gap size of 500 um. A frequency sweep was applied at a
constant strairn the linear viscoelastic region (0.2 for the TK diol and 0.5 for the quasi
prepolymer). A CoxMerz transformation related the dynamic data to viscosity as a
function of shear rate. The rheological properties of uncatalyzedr@amtive) composites
were found using a gap size of 1.5 mm. A constant strain of 1% was applied to the
composite through a frequency sweep and a-Kewxz transformation applied to

characterize injectability.
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In vitro characterization.The surface chemistry of PTKUR polymer films sva
observed by water contact angle using a Rblaé Goniometer (Mountain Lakes, NJ) to
predict cellular behavior at the material interface. Cellular attachment was verified using
SEM and proliferation was observed using a BCA Protein Assay kit. MC3T3veetés
seeded (2 x TOcells/mL) onto thin sections of MG and nHA composites that were
conditioned in complete UMEM medium with 10¢
were submerged in 5% glutaraldehyde followed by 2% osmium tetroxide and an ethanol
dehydraibn ladder to fix for SEM after 24 hours incubation. To measure proliferation,
samples were taken from culture at 1, 4, and 7 days. Samples were transferred to a new
well, washed with PBS, and the cells trypsinized. Cell pellets were lysed using RIPA
buffer to extract the cellular protein. The BCA kit was used to quantify total protein at each
time point3?

Implantation of PTKUR/ceramic composite cements in rabBifUR/ceramic
composites were evaluated in cylindrical femoral condyle plug defects in eight New
Zealand White rabbits weighing3tkg. All surgical and care procedures were carried out
at IBEX Preclinical Research, Inc. (Logan, UT) under aseptic condipienthe approved
IACUC protocol. The reactive components (TK diol, FeAA catalyst-TKIprepolymer,
MasterGraft, and nHA) were gamrraadiated using a dose of approximately 25 kGY
prior to use. After administration of anesthesia, bilateral defe@srh deep x 5 mm
diameter were drilled in the femoral condyle of the distal femurs of 8 rabbits.
PTKUR/ceramic composites incorporating either MG or nHA (n=3) were mixed on site,
injected into the defect, and allowed to cure for 10 minutes prior to clostngialind.

Animals were euthanized and femurs harvested at 6 and 12 weeks to evaluate healing and
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polymer degradation. Microomputed tomography (Scanco uCT 50) was performed with
a voxel size of 17.2 pm and a threshold of 237 (386 mg HA/tmmatch the itensity of
the native trabecular bone surrounding the defect. Histology preparation was performed by
Histion. Calcified samples were embedded in PMMA and sections taken from the center of
the defect ar ea,; t he sect i onematomdiraad essinai ned
(H&E) to identify new bone formation and cellular activity at the defect site.

Statistical analysisAnova with post hoc comparisons
comparisons test was applied to compression testing data to compare stdiffdregices
with cure time. The Holrbidak multiple comparison test was used to evaluate
significance in total protein over time for each composite individually, and the plot shows
standard error of the mean (SEM). All other data was plotted with staddeiation, and

p < 0.05 was considered statistically significant.

3.4 Results and Discussion

Thioketal diol and quagbrepolymer characterization.The TK diol was
synthesized following the twstep reaction scheme Figure 3.1A. The characteristic
NMR peak for the methyl (1.59 ppm) and hydroxyl (4.8 ppm) groups of the TK diol
indicatal that the targeted product was achievédgire 3.1B), and an ATRFTIR
absorbance peak around 3400 ‘cmonfirmed hydroxyl functionalizatiof’. The OH
number was found to be 574 mg KOH/g, which corresponds to a molecular weight of 196
g mof! (Eq3.1). These dataombined with GPC elution dat&igure 3.1C) confirm that
the desired product with a theoretical molecular weight of 196.3 ¢ wen achieved. This
low-molecular weight TK diol had a viscosity of 0.11 Pa s at a shear rate ‘bfafds

exhibited near Newtonian behavior at shear rates below1@gure 3.1D).
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Figure 3.1. Synthesis and characterization of low molecular weight thioketal diol. (A)
Synthesis scheme. {B8) Characterization by (B) NMR and (C) GPC indicate that the
targeted molecular structure was obtained. (D) Viscosity of the TK diol is independent of
sheer ree.

A quastprepolymer was synthesized to improve handling by increasing LTI
viscosity, lowering the reaction exotherm, and minimizing phase separation during
polymerization. TK diol was reacted with a 2.5 molar excess of LTI to form afrKTlI
prepolymer Figure 3.2A). The excess of LTI greater than 2 renders this component a
quastprepolymer, although it will be referred to as a prepolymer in this Stitlye LTI
TK prepolymer exhibited Newtonian behavior, but the viscosity of 61 Pa s (measured at 5
s?, Figure 3.2B) was considerably greatthan that measured for TK diol or LTI (0.086
0.061 Pa s} The %NCO number of the prepolymer determineditsgtion was 25.1%,
which is slightly lower than the theoretical NCO number of 26.7% based on stoichiometry.

Composite characterizationCrosslinked PTKUR compositesFigure 3.2C)
incorporating either MG or nHA patrticles were fabricated according to the schematic in
Figure 3.2D. Figure 3.2E shows the initial (e.g., uncatalyzed) dynamic viscosities of both

MG and nHA composites up to shear rates of 1b@Bsth materials exhibitrear thinning
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behavior that is more prominent at lower shear rates, which enhances injectability, and
have viscosities of 2@5 Pa s at a shear rate of 100 SEM images of the composites
showed minimal porosity was achieved using a-towcity, iron-based gelling catalyst

(25:1 gel:blow Figure 3.2F-G) compared to previously investigated ambased catalysts

with high blowing power (1:20 gel:blow{:13.23:34
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Figure 3.2. Synthesis of poly(thioketal urethane) (PTKUR)/ceramic composites. (A)
Synthesis scheme for LATNK prepolymer. (B) Viscosity of the L¥TK prepolymer is
independent of shear rate. (C) Reaction of TK diol with-LKI prepolymer to form a
crosslinked PTKUR @etwork. (D) Fabrication of PTKUR/ceramic composites by mixing
LTI-TK prepolymer, TK diol, and ceramic particles (MG or nHA). (E) The viscosity of
uncatalyzed (nomeactive) LTHK/TK diol/ceramic mixtures decreases with increasing
shear rate, providing ed¢énce of sheahinning behavior. (F&) SEM images of (F) MG
and (G) nHA composites show lack of porosity. Due to their relatively large sizé (100

300 mm), MG particles (light grey) can be distinguished from the PTKUR phase (dark
grey).
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PTKUR films weremade by mixing TK and LTFTK prepolymer with iron catalyst

without incorporating ceramic particles. The polymer film exhibited a contact angle of

70.2° indicating a moderately hydrophobic surface. Films of indices 110, 125, and 140 all
swelled less than.8% after soaking in water for 2 weeks and the differences between them

were not significant. Since there was no difference in swelling and the swelling was less

than 5% for all samples, all of the indices were considered suitable fon wse. An

indexof 140 was chosen for the studies in this work to ensure complete crosslinking and a

more rigid composite as reported previofst§
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Figure 3.3. Kinetics of the setting reaction. (A) The reaction rate constant (k) of a second
order reaction is calculated from the slope of the line of 1/[NCO] with time. The rate

constant of the LFITK prepolymesT K di o | reaction (1anthats subst

measured for MG (), nHA (3), or water §). (B) Using the rate constant for the dominant
reaction TK diol + LTTK prepolymer, the conversion of the NCO and OH functional
groups was <calculated versus t i mtbereactifeC)
(catalyzed) LTATK/TK diol/MG mixture. The gel point (i.e., working time) is identified as
t heG&&b6crossover point to be 6.7 min.

The reactivity of the polymer was investigated using AARR. The secondrder
rate constantk(, Eq (33)) of each component was calculated based on the initial

isocyanate concentrationd)and the disappearance of the isocyanate peak®fC).

1 1
—=kt+—

C )
“ (3.3)
The catalyst was reduced by half (compared toitheivo studies) for the reactiy
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experiments to slow the reaction, which was necessary to investigate the reaction
mechanismsFigure 3.3A shows the calculation of the initial rate constdg} for each
reaction from the slope of thé“order rate plot, in which the inverse concatitn of

NCO equivalents (g / equiv NCO) is plotted versus time. The plot is linear for the first 6
minutes of the reaction, which confirms that the reactions are second order as
anticipated?3® Further, the very small slope for MG, nHAnd water with LTHTK
indicates these components have very low reactivity, and thus they were not included in the
conversion calculations. The relatively high rate constant for theTKITK gelling
reaction compared to the LTMK/water blowing reactior(25:1 gel:blow ratio) confirms

the preferential gelling activity of the iron acetylacetonate (FeAA) catalyst compared to the
triethylene diamine (TEDA) catalyst investigated previously (1:20 gel:biéw)The
concentration of LHTK prepolymer (I) and TK diol (D) were calculated as:

ac  dC
rE=—t= _k/)C/)C/M
dt dt (3.4)

whereC; is the concentration of each component (I or D, g ebmiin?) and M is the mass
of the composite (g). The conversions of HK prepolymer and TK diol were calculated

from the seconarder kinetic model as:

jo (35)

Conversion of NCO and OH grps are shown ifrigure 3.3B. The hydroxyl groups in the

TK diol are completely converted and an excess of isocyanate functional groups remain, as
anticipated from the high isocyanate index of 140. The excess isocyanate is anticipated to

slowly react with he ceramic and environmental water, as reported previously for allograft
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bone compositésdue to the substantially lower reactivity of the I prepolymer with
these components. The taftke time was determined by hand to be 6 mirfitafter
mixing, whichagrees witlthe working timemeasured by rheometr§igure 3.3C) andis
comparable to the setting times for calcium phosphate cenents.

MG composites achieved a maximum compressive yield strength of 40 = 7 MPa
and modulus of 936 + 46 MPa after 1 week of curing in air atFRju(e 3.4A-B). These
composites had an initial strength of 7.7 MPa and modulus of 36 MPa after 16 hours curing
at RT. nHA composites exhibited initial strength and moduli much greater than MG
composites as expected due to the increased surfacedoa@ame ratio of the
mechanically robust nanoparticfs® These cements had an initial compressive yield
strength and modulus of 31 + 3 MPa and 452 + 35 MPa, respectively. The composites
reached a yield strength of 90 + 6 MRadanodulus of 1267 + 277 MPa after 1 week
(Figure 3.4C-D). The mechanical properties of both composites increased over the first
week, indicating that complete crosslinking was achieved 1 week after fabrication. The
physical appearance of the compositestpompression supports this finding. MG
composites up to 48 hours cure time experience some elastic recovery to their original
shape around 30 minutes pasimpression, where plastic deformation is more evident in
the T and 2week samplesHigure 3.4E). These changes in resilience are less apparent in
the stronger nHA samplesFiQure 3.4F). Trabecular bone is reported to have a
compressive strength of B MPa and modulus of 00 MP&!%*2 Therefore, the initial
compressive strength and modulus of MG composites are close to the properties of
trabecular bone and nHA composites exceed these properties. Both composites are

mechanically stronger than trabecut@ne after 1 week.
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Figure 34. Mechanical properties of PTKUR/ceramic composites under static
compressive loading. (A) Yield strength and (B) modulus of PTKUR/MG composites
measured versus time for up to two weeks. (C) Yield strength and (D) modulus of
PTKUR/NHA composites measured ses time for up to two weeks. Maximum
compressive properties were achieved aftaregk cure time. The physical appearance of
(E) MG and (F) nHA composites after compressive testing supports this finding.

The degradation rate of PTKUR films under hydralydnd oxidative conditions
was measureth vitro. PTKUR was compared to PCLUR as this material has been shown
to degrade slowlyn vivo.> PTKUR degraded completely after 4 daysvitro in oxidative
media Figure 3.5A) but experienced minimal hydrolytic degradation in PBS after 4
months Figure 35B). SEM images of PTKUR after 24, 48, and 72 hours in oxidative
media show miphological changes in the films in response to degradation, as evidenced

by the formation of pores in the materikigure 3.5C-E). PCLUR degraded minimally in
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PBS as expected and did not completely degrade in oxidative media until about 5 months.

A B

120
g 100
£ 80 -©-PCLUR hydrolytic
i 60 -®-PCLUR oxidative
jE © BPTKUR hydrolytic
E 20 & PTKUR oxidative
4

Figure 35. Degradation of PCLUR and PTKUR films. (A) PTKUR films were
hydrolytically stable in PBS despite their rapid degradation in oxidative media after only 4
days. (B) After 4 months, PCLUR and PTKUR substantially degradedxidative
medium, while no degradation was observed in PBSE)YSEM images show the effects

of oxidative degradation on the architecture of the PTKUR films after (C) 24 h, (D) 48 h,
and (E) 72 h.

In vitro characterizationThe osteoblast precursor MC3€8ll line was used in all
in vitro studies to assess cell attachment and proliferation. SEM images show that cells
attached and spread on M&idure 3.6A) and nHA Figure 3.6B) composites after 24 h
culture. Cell proliferation on the films was assessadujp to 7 days posteeding by
measuring the change in total protein with tiffigure 3.6C shows that the cell population
on MG composites increased with time, but the differences were not signifieziig.
proliferated on nHA composites, as evidencedhgyincrease in total protein from day 1 to
day 7. Hydroxyapatite is the primary mineral component in bone, and therefore MC3T3
cells were expected to adhere and proliferate on scaffolds comprising 60 wt9%® nHA.
While MG contains only 15% HA, the betar i cal ci u mTGPhoompprierd tse (b

also an osteoconductive cerarffié¢®
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Figure 36. MC3T3 cells (arrows) attached and spread on (A) MG and (B) nHA
composites after 24 h incubation. Scal e bai
versus time indicate that cells proliferated fastenHA composites.

The slower proliferation rate of MC3T3 cells on MG composites could potentially be
explained by the relatively large size (T0800 mm) of the MG micropatrticles, resulting in
relatively large areas of polymer trakless osteoconductive than the ceramic. In contrast,
phaseseparation of the nHA and polymer components was not observed in the nHA
composites, suggesting that the nHA is more uniformly distributed due to its smaller
particle size.

Tissue and cellular regmse in the femoral condyle defect modéle composites
were injected into femoral condyle plug defects in rabbits to assess bone healing and
cement resorptiorin vivo x-ray imaging immediately following the surgery indicated good
placement and complef#l of the defect with the materialstlCT images of MG and nHA
cements at 6 and 12 weeks are showRigure 3.7. Trabecular densification was evident
at the periphery of the defects, indicating that the material was integrated with the host
bone and iniating a healing response. Lawagnification (2X) images of histological
sections stained with Stevenel ds Blue stain

bone near the host boegement interface at 12 weelk&dure 3.8).
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Figure 3.7. Images of transverse&CT sections of PTKUR/MG and PTKUR/nHA
composite cements explanted at 6 and 12 weeks. Higher magnification images of the
defect periphery show evidence of trabecular infiltration (single white arrows) and
trabeculadensification (double white arrows). Scale bar = 1 mm.

12 weeks ____6 weeks 12 weeks

Figure 3.8. Images of transverse histological sections of PTKUR/MG and PTKUR/nHA
composite cements. Lemagnification (2X) images of cements at 12 weeks show
appositional ggpwth of dense trabecular bone near the hostdseneent interface. Higher
magnification (2040X) images of PTKUR/MG cements at 6 and 12 weeks reveal evidence
of residual MG (dark grey) particles, resorption of PTKUR (P, light grey), cellular
infiltration (blue), osteoid (arrows), and new bone (NB, red) formation. Similar
observations were made for PTKUR/nHA cements, but the nHA particles could not be
distinguished due to their small size. Resorption of the cement (CM) was evident in the
histological sectios.
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The materials were wetblerated by the host tissue and no adverse reactions were evident.
Higher magnification (2@10X) images show remodeling and integration of the cements
with host bone near the surface of the cements at 6 and 12 weeks. Duediatihely
large size of MG particles (100300 mm), the PKTUR (P) and MG particles (MG) could
be distinguished in the histological sections. PTKUR resorption near the interface was
observed, resulting in cellular infiltration and new bone (NB, redn&bion. Osteoid
(arrows) was observed near the surface of the residual PTKUR. While the nHA particles
were too small to distinguish in the histological sections, similar phenomena were observed
for nHA cements. Resorption of the cement (CM) near thebbms interface resulted in
new bone formation and osteoid was evident near the surface of the cement.

Resorption appeared to be emlediated, as indicated by the irregular morphology
of the cement (black arrows;igure 3.9) and the presence of osteoclblst cells,
identified as large (>5@m) multi-nucleated (nuclei stained dark blkggure 3.9) cells,

near the boneement interface.
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Figure 3.9. Resorption of PTKUR/MG and PTKUR/nHA cements mediated by osteoclast
like cells at 6 and 12 weeks. Osteoclasts are identified as largenpbtulti-nucleated
(nucleus stains dark blue) cells near the host{oengent interface.

In contrast, negligible ebradation was observed in the interior of the cement. These
findings are consistent with the notion that resorption of the cements was suddeted

by osteoclasts and/or macrophages through an ROS mechdiggne(3.5) as we have

reported previouslyor PTKUR scaffolds implanted in cutaneous wouffiBue to their
relatively large size (166 00 & m) , MG particles can be obse
di stinct pFlgares 22F).( B8iMd& osteoclasts are smaller than MG particles,
resorption of the MG and PTKUR phases is anticipated to proceeiffesert rates. In

contrast, the smaller nHA particles (100 nm) cannot be distinguished from the PTKUR
component Figure 3.2G). At the length scale of an osteoclast, the nHA composites
comprise a single phase and are anticipated to resorb at a rate d\e@gthe resorption

rates of the individual nHA and PTKUR components. Thus, differences in MG and nHA
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particle size may affect graft resorption. Due to the low (<10%) porosity of the cements,
the rate of cellular infiltration and remodeling was slowcreasing the porosity would be

anticipated to accelerate infiltration of cells and consequent new bone forfation.

3.5 Conclusion

In this study, a novel lownolecular weight thioketal diol crosslinker was
synthesized to prepare celkégradable bone cements with initial bdike strength. The
cements exhibited initial compressive strength exceeding that of trabecular bone, working
times comparable to commercial bone cements 16 min), and degradation in response
to reactive oxygen species secreted by cells. When implamtedemoral condyle plug
defects in rabbits, the cements supported appositional new bone growth, osteoclast
mediated resorption, and integration with host bone. These findings highlight the potential
of poly(thioketal urethane)/ceramic composite bone cegsfer repair of bone damaged by

trauma or disease.
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CHAPTER 4

IV. REMODELING OF ASETTABLE, CELL-DEGRADABLE POLY(THIOKETAL-
URETHANE) AUTOGRAFTEXTENDER FOR A MINIMALLY INVASIVE BONE
GRAFT IN RABBITS
Adapted from:
McGough, MAP, Shiels, SM, Zienkiewicz, KJ, Wenke, JC, GuelcheX,. AfRemodel ing

a settable, cell degradable poly(thioketal urethane) autograft extender for a minimally
invasive bone graft in rabbits.

4.1 Abstract
lliac crest autograft (AG) is the gold standard for bone igigaft Due to the limited supply

of AG, calcium phosphate ceramibhave been proposed as AG extenders to minimize the
volume of AG required to maintain osteoinductivity. Current strategiesto improve
handling and afford mechanical integrity to the graft for a minimally invasive procedure.
In this study, a moldable, settable poly(thioketal urethane) (PTKUR) AG extender with a
setting time of 20-30 minutes was developed to expand the useAGf and provide
mechanical stability to the defect throughout remodeling. ddlemediated degradation
mechanism of PTKUR makes the material a promising candidate for use as an AG
extende. AG was anticipated to enhance infiltration of cells into the defect, thereby
initiating oxidative degradation of PTKUR and accelerating remodeling. Histological
analysisof a preliminary study in a rat model showed that cells were able to infiltrate the
PTKUR AG extender and osteogenesis was ongoing at 4 weeks. Subsequent implantation
in a biologically stringent spine model showed ample remodeling from the superior and
inferior transverse processes. Histological analysis combining data from stains and
fluorochrome injections showed lamellar bone formation ongoing near the base of the

transverse processes after 8 weeks. Similar findings in a second group incorporating
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calcium phosphate particles with the PTKUR AG extender provided evidence that AG may
be extended further. These findings show that PTKUR AG extenders resorb at a rate
complementary to bone regeneration and highlight the potential to further minimize the

volume d AG needed while enhancing bone regeneration.

4.2 Introduction

The American Academy of Orthopaedic Surgeons repbatover half a million
bone grafting procedures are performed every year in the United Stéites.crest
autograft (AG) is the gold standafor bone grafting of open fractures and has utility in
extremity, spine, and craniomaxillofacial bone regeneratiéd However, aside fim the
well-known limitations of available quantity and donor site morbidity, AG lacks
mechanical integrity and generally requires the additional implantation of a retainer to
maintain graft placement throughout healinigocal delivery of growth factorssuch as
recombinant human bone morphogenetic pre2e(rhBMP-2), from synthetic scaffolds is
used clinically and new carriers are being investigatedut the risks of adverse events
associated with these growth factors have been reported to be higher than thosedssociate
with iliac crest AGI%! AG extenders have been proposed to combine the osteoinductivity
of AG with the osteoconductivity and mechanical integrity of established bone graft
substitutes? Additionally, AG extendersmay allowthe use of AG in large defects that
require moregraft than can be harvested or conserve AG for revision or future use.
Furthermore, use of an extender may eliminate the need for multiple surgical sites, thereby
reducing patient morbitli.

Ceramics such as hydroxyapatifet r i cal ci um-TGPh angl paicamh e (b
sulfate have been proposed as porod& extenders to minimize the volume of AG

required andtnhancesteoconductivity>!® Clinical studies have shown that blending AG
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bone with ceramic particles at ratios up to 1:1 leads to comparable or improved new bone
formation than achieved with AG alok&!*1%20 While these extenders enhance
osteogenesis and reduce the amount of AG needed, their particulate form vyields
unfavorable handling properties that could lead to implantation and fixation challenges that
may limit their applicatiorf®?* A ceramic/collagen puttpG extender has been reported to
improve new bone formation in rabbits at ratios of 1:1 AG:extelfdelowever, a settable

AG extender With mechanical properties comparable to those of trabecular bone has not
been previously reported.

While polymeric AG extenders have also shown promise in small animal
model$?2°2¢ injectable and settable polymsdrave not been previously investigated in this
application. In Chapter 3,njectable and settablely(thioketal urethane)s (PTKURSsEgt
to yield bone cements witmechanical properties matching those of trabecular Bone.
Furthermore, PTKURIegradsin the oxidativemicroenvironmengenerated bgpsteoclasts
and macrophages present during wound healing and bone remddé&inthus, the
favorable handling, mechanical, and resorppivepertiesof PTKUR render ita promising
candidate for use as a sdtle AG extender that can be moldead¢¢mform to the geometry
of the defect where it cures situ.

An AG extender exhibiting handling and mechanical properties comparable to bone
cements while maintaining sufficient osteoinductivity to promote boneinigeabuld
potentially improve outcomes for a number of orthopedic procedures, but these materials
are currently not available. In this study, we report injectable and settable PTKUR AG
extenders designed to exploibet osteoinductive properties of AG whilgroviding

injectability using minimally invasive surgical techniques, rapid cure (e.g-ftaektime
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10-20 min), and bonéke mechanicalproperties. We hypothesized that cells would
infiltrate the PTKUR AG extenderthrough celmediated resorption of ¢hpolymer,
resulting in remodeling of the AG particles and consequent new bone formation. Handling
properties were measured by direct measurement offitaekand setting times, and
mechanical properties were assessed by compression testing. RemddelitdJ®R AG
extenders was evaluated in two stringent models of bone regenerdaaroral segmental
defect model in ratand a posterolateral intertransverse process bone formation model in
rabbits To our knowledge, this is the first report of a settaloempressiomesistant

autograft extender investigated in this challenging;instrumented model in rabbits.

4.3 Materials and Methods
Experimentaldesign A moldable PTKUR AG extender was formulated to cure to

a compressiomesistant solidin situ at a clinically relevant rateThe potential of this
approachwas first investigated in a critical sized defect in rat femurs. After observing
successful implantation, space maintenance, and cellular infiltration, the remodeling
potential was evaluated amcommonlyused and stringent rabbit spine model.

Materials. Materials for thioketal diol (TK) synthesis, including solvents, were
purchased from SigmaAldrich. Lysine triisocyanat@oly(ethylene glycgl prepolymer
(LTI-PEG) wasacquiredfrom Ricerca Bigciences LLC and used as received. Iron (ll)
acetylacetonate (FeAA) catalyst was purchased from Fisher Scie@afiium phosphate
ceramic particles GaP  MASTERGRAFT®: 8 5 %-TAP/15% hydroxyapatite) were
acquired from Medtronic and ground to 1800 umdiameter particles using a mortar and
pestle.

Synthesis othioketal diol. A TK diol (MW = 196 g/mo) was synthesized as

described previousl¥/. Briefly, thioglycolic acid and 2;2limethoypropane were reacted
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in the presence of bismuth (Ill) chloride for 24 hours at room temperature. The
intermediate product was filtered and dried for 24 hours under vacuum. The intermediate
was then dissolved in 100 mL of tetrahydrofuran (THF) and slowlyed to lithium
aluminum hydride (LiAIH) in diethyl ether at 0°C. After all of the intermediate was
added, the reaction was refluxed at 52°C overnight. Excess LiAkk$ quenched by
adding water dropwise. The product was then filtered from thgrdguctsand extracted

using aqueous NaOH and diethyl ether. The aqueous layer was removed using a separation
funnel and sodium sulfate. After filtering, solvent was removed from the product using
rotary evaporation and the product dried under vacuum at leasiu2d. iFeAA catalyst

was dissolved directly in the dry TK did.6% FeAA in TK by stirring in a closed vial
overnight.

Autograft extender fabrication andcharacterization Settable PTKUR AGand
AG/CaP extenders wer@reparedby adapting a reactive liquid moldjntechnique. Two
volume fractions of AG were investigated, and the volume fraction PTKUR was selected
as the minimal amount required to provide desirable handling properties. The AG extender
incorporated 69 vol% AG, wbh was the highest concentration that could be achieved to
maintain a cohesive paste when mixed with the reactive PTKUR (31 vol%). The AG/CaP
extender incorporated 44 vol% AG, which is at the low end of the range that has been
previously reported to beffective for bone regeneratidd!41°2026 CapP particles (17
vol%) were added to enhance the osteoconductivity while maintaining a cohesive paste
when mixed with thegactive PTKUR (39 vol%). AG was weighed and (when appropriate)

mixed with CaPprior to reactingwith the polymer componentSeparately, Tkdiol (with

catalyst) and.TI-PEG prepolymer (NCO©21%) were hand mixebgetheirfor 45 seconds.
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An NCO:OH index of 18 was used for all extenderAG or AG/CaPRwvas thenadded to
thereactivepolymer mixureand mixed vigorously unthomogeneousl ack-free time was
reported as the time when a metal spatula no longer stuck to the composite material.
Settingtime was meased by hand as the time after which the material was no longer
moldable. The morphology of the PTKUR AG extenders was visualized by scanning
electron microscopy (SEM, Ziess Merlin) of gold coated specimens.

The degradation characteristics &fTKUR were nvestigated in accelerated
oxidative conditions to estimate degradatianvivo?’?® PTKUR films, without AG or
CaP,were cast in cylindrical tubes amdredovernight. The material was cut into small
discs (50mg) using an IsoMet Low Speed Saw. The initial mass of each sample was
recorded before immersing the samples in oxidative media (20 wt% hydrogen peroxide in
0.1 M cobalt chloride) or PBS (hydrolytic control). Samples were incubated at 37 °C on a
shaker tabléor 72 hours. They were then washed 3X in 1 mdebnizedwater and dried
under vacuum for 48 hours. The mass of the dry sample was compared to the initial mass
to determine extent of degradation in oxidative and hydrolytic conditions. The degradation
characteristics of the PTKUR films were compared to those of a polyestd?EGI
polyurethangdPEUR)that has been shown to degrade hydrolyticif}.

Bulk compressive properties were tested to understand the mechanicablithizs
material. AG andAG/CaPextenders were synthesized as described above and molded into
cylindrical tubes with a diameter of 6 mm (n=3). ®peecimens wereompressed under a
weight (0.96 kg) for 2 hours to ensure cohesion and mimic forces of suimgund
musculaturen vivo.2’2 After 24 hours, completely cured materials were removed from the

molds and hydrated over night with wet gauze at 37 °C. Hydrated samples were cut to a
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height of 12 mm (2X diameter) prior to mechanical testing. Prepared specimens were
compressed betwa flat platens to a preload ofN and then to failure at a rate of 25 mm
mint (MTS 858 Bionix Servohydraulic Test System). The strain and load were recorded
throughout the test and used to calculate engineering stress and engineering strain based on
the specimen geometry. The compressive modulus, strength, and yield strain were
calculated from the resulting strestsain curve.

In vivo analysis All animal procedures were approved by the Institutional Animal
Care and Use Committee of the US Army Ins@itwf Surgical ResearchH-ort Sam
Houston, TX, and were conducted in compliance with the Animal Welfare Act,
implementing Animal Welfare Regulations, and the principles of the Guide for the Care
and Use of Laboratory Animals.

PTKUR AGextender in aodentmodel A critical-sizesegmental defedh athymic
nude rat femursvas usedo assess cellular infiltration of the PTKUR AG extender at an
early time point (4 weeks)-resh iliac credbone graffICBG) was harvested from donated
New Zealand White (NZW)abbit cadavers ands ed i n pl acferthefat naut og
study.For purposes of clarity, we refer toet xenograftCBG as autografin this studyand
the use of athymic rats prevents the immune rejeéti®hAG from the same animalsd
syngeneic grafts were not used because of the lack of cancellous bonéSirodtsyving
humaneeuthanization, th&NZW rabbit ICs were exposg and AG aseptically removed
using an oscillating sawrhe AG was scraped of soft tissue and processed using a bone
mill (R. Quetin) to yield particulated bopapproximately 3 mm in diameteBone was
patted dry with sterile gauze agét asideuntil use.

Immediately following AG harvesting, ar@m segmental defect was created in the
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right femurs of six anesthetized athymic nude rats (Harlan Laboratories, Houston TX;
341+8.5 g). Animals were premedicated with SR Buprenorphine (1.2 mg/kg SC) and
anesthetied with £3% isoflurane in oxygen. The right hindlimb was shaved and prepped
for sterile surgery with alternating 70% ethanol and betadine scrubs. The right femur was
exposed, a stabilizing polyacetyl plate affixed with 4 threadeurks, and a 6 mm mid
diaphyseal segment of the bone remo¥efl.Animals received one of two treatment
groups: AG only (n=3) or PTKUR AG extender (n=3he PTKUR AG extendes were
mixed as described above withe composition of 69 vol% AG/31 vol% PTKURQ wt%
AG/40 wt% PTKUR) described aboveThe PTKUR AG extenderwas loaded into a
blunted1 ccsyringefive minutes prior to useThe AG extender was then injected into the
defect spacand positionedising a smalsurgicalelevator to ensure contact with the bone
on each sideThe materialsured for 10 minutesn situ prior to wound approximation and
closure High resolution xay images(Faxitron X20) were acquired and the animal
recovered Similar volumes of AG onlfno PTKUR) wereused aglinical controk. Four
weeks posbperative, aimals weresedated euthanized and the femurs harvested and
placed in 10% neutral buffered formalinor € CT a nBonehragenératibnocagdy
material degradatiorwere assessed via UCT (Scanco puCT 50) ammhrdecalcified
histology.Formalin fixed femurs were dehydrated in ethanol amtbedded in PMMA for
histological analysis. Sagittal sections wexken from the center of the defect and stained
with Sandersonos Rapi d Bone Stain and Van
infiltration, bone regeneration, and polymer degradation.

Autograft extender inchallengingin vivo spine model After confirming cellular

infiltration at early time points in the rat modetmodeling oPTKUR AG extenders was
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evaluated in atringentposterolateraintertransverse process bone formatmwadel in B
New Zealand White rabbit@l.0+0.06kg). The same groups frorhdrodent modektudy
were used in thisn vivo study with the addition of an AG €aP extender (AGCaP
hypothesized to reduce the AG content even further. This additional group con#grised
vol% AG blended with 17 vol%aPand39 vol% PTKUR (65 wt%otal solids in 35 wt%
PTKUR). All graft componentsvere gamma irradiated at approximately 25 kGY prior to
surgery.

Animals were premedicated with SR Buprenorphine (0.5 mg/kg SC). Anesthesia
was induced with ketamine/xyaline (25/5 mg/kg IM, respectivahg maintained with-1
3% isoflurane via a laryngeal mask airway. Animal dorsums were shaved and prepped for
sterile harvest and surgery with alternating 70% ethanol and betadine scrubs. The IC
harvest and placement of bone graft procedwere accesseddm a singlecutaneous
midline incisionfrom L4 to L7. First,3 cc of IC was harvested from each IC. Briefly, sharp
dissection was used to access the IC through the posterior musculature and blunt dissection
used to elevate the muscle off the IC. Usingadillating saw, the dorsal third of each IC
was removed followed by closure of the musculature over the remainingCBG was
morselized as desced above using a bone mill asét asideuntil implantation of the
bone grafts Following ICBG harvest two paramedian incisions were made through the
fascia and musculature ovlre L5L6 transverse processddsing blunt dissection, the
plane between the multifundus and longissimus muscles was developed to expose the
transverse processes as well as the natesterse membran&he dorsolateral twehirds
of the transvers@rocesses were decorticated usimgedectricburr to enhance cellular

activity at the tissue/implant interface.
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Materials werepreparedas described above. For the AaP extender, AG and
CaP were mixed by hand until homogeneous before adding to the polymer mixture.
Materials were loaded into a blunted 5 cc syringe and delivenethe paraspinal bed,
betweenthe decorticatedransverseprocesses. A surgical elevator was used to adjust
posiioning and ensure contact between the material antlahsversgrocesses. Once the
material was placed, the surrounding musculature was sutured and the woundlclosed.
vivo CT scans (Prime Aquilon TS803A, Toshiba) weracquired immediateland at4
and 8 weeks postperatively to investigate the progression of mineralizathoueous
fluorochroms were injected subcutaneously at twal¢ein green10 mgkg) and six
(xylenol orange 90 mgkg) weeks as a complementary tool to investigate this
mineralizationprogressiort?

Eight weeks posimplantation, the animals were anesthetized and euthanized with
sodium pentobarbital (Fatal Plus®), the spinal segmentd )l4vere harvested, and the
soft tissue removed. Spinal segments were chaihlongitudinally then immersed in 10%
formalin for uCT and nordecalcified histologyuCT was acquired at a voxel size of 24.2
pm and evaluated from both coronal and sagittal viewsugirdhe entirety of the implant
followed by dehydration andmbedding in PMMA for histological analysisongitudinal
histology sections were made to assess bone formation between the L5 and L6 transverse
processesSerial sagittal sections (3® um), with both L5 and L6 in view, were cut from
the lateral most indence of the implant, until the spinal column was reached. Every other
section was stained wi t/Wan Giasonbevisusliaencéllslar Rapi d
activity and neotissue formation. The remaining sections were used for fluorochrome

analysis. AnOlympus BX60 microscope equipped with a Luminera Infinity 2 camera and
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an Olympus Reflected Light Fluorescence attachment was used to image sections at 2X
magnification. 2X images were stitched together to visualize the continuity of new bone
and fluorescece throughout the entirgection Magnified images were also acquired for
cellular detail. Stained and fluorescent images were overlaid to provide an understanding
of the mechanism of bone regeneration fromtthasversgrocesses and implanted AG.
For each specimen, the section with the largest area of new bone without reaching the
vertebral column was selected for further analysmge J was used to quanttfye front
of new bone growtlandintertransverse process (ITP) spdtmensionsat each time q@int
(2 weeksgreen, 6 weeksrange8 weeksr ed ( Sander sond.dnoleawi d Bone
make consistent measurements between groups, the transverse processes were included
when measuring distances in both the fluorescent and brightfield images. The
measurements were then normalized by the entire procgsecess distance for each
sample Figure 4.7A).

Statistical methods. Unpaired {tests were used to compare the handling and
mechanical properties of the extenders and the data is reported widardtaeviation.
Progression of bridging between the processes was calculated as the slope of the linear
regression of normalized bridging with time. The data is reported with standard error of the
mean (SEM). A twevay ANOVA (GraphPad Prism) was used tanpare the statistical
significance between groups and time points. Ajpostc Tukeyds mul tipl e cc
compared the difference in bridging between the AG extender, AG/CaP extender, and AG
control at each individual time point. A second plost Tule y 6 s t es't compar e

increase in bridging over time for each individual group.

4.4 Results

Synthesis of PTKUR AG extenderBhe FeAA catalyst has a high selectivity for
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the gelling reaction (gelling reaction rate constant / blowing reaction rate mbrsta

6.4)2749 However, the AG particles contained a significant amoumbaiture. PTKUR

AG and AG/CaP extenders were prepared by manipulating the fabrication technique to

I nitiate the polymerization reaction- prior
reactiono time of 45 s ®E@readtion t@aninatevoeedthet he TK
water/LTFPEG reaction when AG was added. After-pgacting about 1 minute, the

material was too crosslinked to homogeneously mix the AG or AG/CAP components into

the polymer phase.

Table 41. Material properties of PTKUR AG extenders.

Tack-Free Time Setting Time Modulus Ultimate Yield Yield Strai
Material (min:sec) (min:sec) (MPa) Strength (MPa) __'ild Strain (%) |
AG Extender 18:29+0:42 29:04 +2:25 5.91+0.789 1.17 + 0.0950 18.4+ 2.87
AGICaP Extender 11:27 + 2:23* 23:02+2:17* 12.5+ 0.868*** 2.05+0.126** 17.6+1.00

(*P<0.05 *P<00], ***: P<0001)

Tackfree and setting times are reportedleble 4.1 Thus, the AG/CaP extender
set faster (23:02 + 2:17 min) than the AG extender (29:04 + 2:25), but both cured in less
than 30 min. Representative SEM imagéshe AG Figure 4.1A) and AG/CaP Kigure
4.1B) extenders indicate minimal porosity and an irregular pore architecture. The AG
particles are not readily detectable likely due to the small size of the particulated AG and
its cohesive integration within tHeTKUR. The CaP particles (arrowsgure 4.1B) can
be observed in the AG/CaP extender, which also showed evidence of spherical pores

associated with gas blowing due to the water reaétion.
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Figure 4.1. SEM images of AG and AG/CaP extenders. (A) The AG extender indicates
minimal porosity and an irregular architecture. (B) The AG/CaP extender has irregular
pores and interconnects throughout the material. Arrows indicate CaP particles.

PTKUR films were inmersed in oxidative media to evaluate degradation in
oxidative conditions simulating the wound healing microenvironment. Degradation of the
PTKUR was compared to that of a degradable PEUR composed of a 300 g/mol polyester
tri ol -caprplacionep-dlycolideco-DL-lactide) and LTIPEG prepolymetl#2
While the PTKUR film had completgldegraded after 72 h in oxidative media, it showed
no measurable degradation when immersed in PBS. In contrast, PEUR films showed a
mass loss of 8.0% in oxidative conditions and 5.7% in PBS, which indicates a combination
of degradation mechanisms when gyester triol is used in PUR synthesis. These data
suggest that PTKUR selectively degrades in response to ROS secreted by infiltrating cells.
Mechanical properties were assessed after 24 h of cure time followed by hydration at 37°C
overnight. The comgssive modulus and strength of the AG/CaP extenders (12.5 £ 0.9
MPa and 2.05 + 0.1 MPa, respectively) were significantly higher than the AG extenders
(5.91 £ 0.8 MPa and 1.17 = 0.1 MPa, respectivégble 4.1). This difference can be
attributed to the higer modulus and strength of the CaP particles comparngatticulated
bone. Despite the difference in yield strength, the yield strain for both extenders was 18%.

Cellular infiltration in arat model In vivo cellular infiltration of the lowporosity
81



PTKUR AG extender was first assessed in a segmental defect in rats. This study employed
athymic rats and rabbit ICs to eliminate graft volume limitations. Histological sections of
the AG extender group showed evidence of new bone formation throughout tlatimpl
after 4 weeksKigure 4.2A, B). Bone forming cells were identified at the center of the
defect area in both the AG extendé&igure 4.2A, B, arrows) and AG controlRjgure

4.2C, D, arrows) groups and ongoing bone formation was indicated by the red staining in
Figures 4.2B, D. These proebf-concept experiments showed that {parosity PTKUR

AG extenders support cellular infiltration at 4 weeks, thereby justifying evaluation in the

more challenging rabbit spine model.

Figure 4.2. Images of histological sections of femoral segmental defects in the rat at 4
weeks postmplantation showing areas of cellular activity (arrows) and new bone
formation near edges of implanted AG.-B) AG extender at (A) 2X and (B) 40X
magnification. (GD) AG contr ol at (C) 2X and (D) 40X
cel | nucl ei: dark) bl ue, PTKUR: teal (APO)
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AG extenderremodeling inrabbits The rabbit spine model requires 2 cc graft to
bridge L5and L6 Figure 4.3A) on each side of the vertebral column (4 cc total/animal).
The PTKUR AG and AG/CaP extenders received 1.4 cc and 0.88 cc AG, respectively.
Althoughin vivo CT images cannot provide sufficient resolution to image trabeculae, they
showed correct placement of the implants at the time of surgery and provided qualitative
data for temporal ossification. These images show a déhBepace for the AG control
than the experimental groups initiallyigure 4.3B) since more AG was implanted for this
group. This trend is reversed at weeks 4 and 8, where the radiodensity is greatest for the
area surrounding the AG/CaP extender and lowest for the AG control. All groups appear

to have similarly sized intertransverz®cess masses at 4 and 8 weeks.
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Figure 4.3. (A) Anatomical representation of graft placement fromiLh6. Materials
were implanted bilaterally. (B) 3D in vivo CT images of L9.6 at time of surgery, 4
weeks postmplantation, and 8 weeks péastplantation. Dorsal views show an increase in
mineralized tissue in all groups.

Coronal sections of uCT images showed trabecular bone formation in the ITP space
from the transverse processes for all groupgure 4.4A). Serial 2D sagittal sections
exemplified the healing pattern throughout the graft. The AG control groups showed new
bone growth on the transverse processes, but radiographical bridging of the processes did
not occur before reaching the vertebral boBiggre 4.4B). Both the AG extender and

AG/CaP extender showed similar growth patterns as the vertebral body was approached
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(Figure 4.4B). Bone appeared to grow from both processes towards the center of the ITP
space in the plane of the transverse processes, with superior and inferior growths

appro&hing complete bridging near the vertebral body.

AG Control AG Extender AG/CaP Extender

AG Control

AG Extender

AG/CaP;Extender

Figure 4.4. uCT images of half of spines when cut down the spinal column. (A) Coronal
sections of AG control, AG extender, and AG/CaP extender. Arrows show new bone
formation. (Note: AG extender materialcovering the superior lateral process.) (B) Serial
sagittal sections taken from the end of the lateral processes (left) to the vertebral body
(right) for the AG control, AG extender, and AG/CaP extender show ingrowth of new bone
between the lateral presses. White arrows indicate new bone.
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Serial sagittal sections were cut throughout the defect to assess bone growth
patterns histologically. Stained histojogections indicated small gaps of connective tissue
where specimens were close to bridging ofghecesses with new bonEigure 4.5B, D,

F - single arrows: ongoing lamellar bone formation, double arrows: new bone). Fluorescent
images of unstained sections demonstrated the chronological patterns of osteogenesis for
each graft type. The AG contreshowed mineralization throughout the graft at 2 weeks
postimplantation Figure 4.5C, green).There was some continuation of growth at 6 weeks
(orange fluorescence) within the graft; however, the perimeter of bone evident in the
stained section was produtbetween 6 and 8 (red, stained histology) weeks. Bfiglak

and fluorescent images of adjacent slides were compareebysglde in an effort to
differentiate implanted AG from new bone. Fluorescent images of the AG extender and
AG/CaP extender revealeditofluorescence of the polymer; therefore, it was not possible

to quantify mineralization far from the processes and this area was excluded from the
fluorescent images for analysis. The fluorescent images of the PTKUR AG extender group
showed initial boa growth near the processes at 2 weeks (green) followed by -dirseani
continuation along the base of the ITP space from process to process at 6 weeks (orange,
Figure 45E). Orange and green fluorescence within the graft may indicate mineralization
from the presence of osteoblasts throughout the ITP space, originating from either the
implanted AG or migrating from the transverse processes. To eliminate discrimination
between autdluorescent polymer and mineralization within the graft, analysis was
focusal on the area of interest spanning the base of the processes. The AG/CaP extender

showed a similar growth pattern from process to prodégsie 4.5G).
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AG/CaP Extender

L. 7
-

Figure 4.5. Images of histological sections of AG control, AG extender, and AG/CaP
extender implantk on the L5- L6 lateral processeqA) X-ray image detailing the
histological sectioning procedure. Spines were cut in half along the spinal column. After
embedding, sagittal serial sections were cut from the lateral most instance of the
intertransverserpcess mass until the process was reache)(Bistological sections of

L5 7 L6 in the sagittal plain showing the mass in the intertransverse process space.
Sections are stained with S-abong:geadscelmdcleii Rapi d
dark bue, PTKUR: teal, CaP: black, cartilaljee tissue: purple) or unstained and imaged
under a fluorescent microscope (C, E, G). Single arrows show areas of ongoing
mineralization of soft tissue, double arrows indicate new bone. (C, E, G) Dynamic
histomorphoretry, where calcein green (green fluorescence) labeled actively mineralizing
tissue at 2 weeks and xylenol orange (orange fluorescence) labeled actively mineralizing
tissue at 6 weeks, shows remodeling was ongoing from 2 to 6 weeks as growth towards
bridging continued.
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Figure 4.6. Magnified images (40X) of histological sections of the AG control (top row),
AG extender (middle row), and AG/CaP extender (bottom row).40% images in the

plane of the processes (yellow box in the 2X image) show colfigés that are visible

as bundles with their long axes alignsth{le arrowy a pattern characteristic of lamellar
bone structures. Evidence of new bone formation was also observed (*). (B) Similar
cellular activity was observed in the interior of thieP space far from the processes
(orange box in the 2X image). (C) 40X images of the AG extender in the plane of the
processes (yellow box in the 2X image) show evidence of aligned collagen fslomte(
arrowg, new bone formation (*), residual polym@?), and residual autograft (AG). (D)

40X images of the AG extender in the graft space far from the processes (orange box in the
2X image) also show evidence of new bone formation and residual polymer, indicating
cells were able to infiltrate into the imter of AG extender(double arrows)Residual
autograft particles (AG) embedded in polymer (P) are also obsen«(.4&X images of

the AG/CaP extender (E) in the plane of the processes (yellow box) and (F) in the graft
space (orange box) show evidendeatigned collagen fibrils, new bone, and residual
polymer. Arrows: aligned collagen fibrils, *: new bone, P: residual polymer, AG: residual
autograft.
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Magnified histology images taken from the center of stained sections indicate that
cells double arrows) infiltrated the AG extenderFHgure 4.6D) and AG/CaP extender
(Figure 4.6F), resulting in new bone formation (indicated by *Higure 4.6). Cells were
also identified within the remodeled graft space of the AG confiigufe 4.6A) despite
large voids whre no implanted AG and little new bone remained. The striated cellular
patterns at the base of the ITP space, from process to process, suggest that lamellar bone

formation is ongoing between the procesdegure 4.6A, C, E, single arrows in all

groups.
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Figure 4.7. Quantification of bridging. (A) Method used to measure bridging. The green

lines extend the front of the green fluorescence. These were added together for the length

of bridging at 2 weeks and then normalized by the length of the ITP (black line). This wa
repeated for the orange fluorescence (6 weeks) and red staining (8 weeks). (B) Normalized
bridging of the ITP space spanning theiLB6 transverse processes indicates progression

from 2 to 8 weeks for all groups as assessed by histomorphometry. (t8geassion was

calculated and included on the plot. Statistical symbols on {lvee®& data represent a
significant increase from theen\e ek ti me poi nt . * P O 0.05,
0.0001).

Combining data from the fluorescent dyes and histologitaah and focusing on
the plane of the processes allowed for temporal investigation of the mechanisms of neo
osteogenesis. Because osteogenesis generally started at the processes, the processes were

included in quantification of the osteogenesis frontd@@ng) to eliminate bias associated
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with process sizeHigure 4.7A). Figure 4.7B shows that osteogenesis was ongoing at the
base of the ITP space from 2 to 8 weeks in all groups, indicated by a significant increase in
bridging. At 2 weeks, the extendeiogps performed similarly to the control. At the time of
sacrifice, bridging for both extenders was greater than at 6 weeks, although these
differences were not significant. The rate of bridging was calculated from the plot in
Figure 4.7B. Both extenders lsthan average bridging rate of 2% per week (AG extender:
2.2 £ 0.0076%, AG/CaP extender: 2.4 + 0.35%) while the AG control had an average
bridging rate 2.7 3 times that of the extenders (6.4 + 0.23%). These data suggest that
although slower than the AG wwol, osteogenesis in the PTKUR extender groups is

ongoing (R > 0.98 for all groups).

4.5 Discussion

It is widely accepted that AG is the gold standard in bone graftingp@Gessed
using a bone mill retainsits osteoinductivity and growth factors thaid in bone
regeneratiort®** The importance of osteocytes in orchestrating bone regeneration has
recently been highlightéei*¢ and a recent study hatown that milled AG releases the
signaling molecules involved in directing the activity of osteoblasts and osted€lEhts.
finite availkbility, invasive harvesting methods, and unpredictable resorption have
stimulated interest in synthetic materials to extend the osteoinductive caygfa&®/?*In
this work, aPTKUR was formulated to incorporatailled AG and curan vivoto yield a
compressiofresistantpxidatively degradable AG extender.

An athymic rat model allowed for the use of rabbit xenograftich has highe
graft volume available for implantatioA. PTKUR extender was used since these materials
have previously been reported to degrade selectively by ostelikéasells in rabbit$’

The xemgraft was well tolerated by the rats and there was no evidence of graft rejection.
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Histologcal analysisrevealed e presence of cells at the center of the desegjgeshg
thatcells were able to degrade and infiltrate the PTKUR AG extender. Enhaeltel@dr
activity near the AGvas observed, which revealedidence of osteoclastresorptionand
osteoblastic bone formation(Figure 4.2B, D. These qualitative observations
representative afellular infiltration and graft remodelirgupported morextensive testing
in therabbit spinemodel.

The posterolateral intertransverse process bone formatiotel has beenused to
investigate osteogenesis in a biologicadlyingent environment.Synthetic and natural
autograft extenders in preclinical and natal lumbar spine applications have been
reviewed?*8In this modelhostcdls migrateinto the graft from théransversgrocesses.
The space maintenance aspect of the graft is also cascdbemonstrated by insufficient
bone induction when clinically relevant rnBMPdoses were delivered via a mechanically
compliant collagersponge in nonhuman primat¥sGravitational compression, tensjon
torsion from rotational movemenand compression from theuscles posterior to the
lumbar spineall exert forces on the graft in this challenging mof&larious particulated
ceramic AG ext entCe+&C hydroxyaphtittd i naynahlbiunb
pyrophosphaté, have been used in clinical trials with successful outcomes compérable
an AG control demonstrated3lLyears postoperatively. These formulations all involved
mixing granular ceramic particles with autograft (local and/or ICBG) and lacked
mechanical integrityThe PTKUR AG extender isjectable andnoldable initially and
cures toform arigid graft that adheres to the bone surface upon implantatiose€heng
characteristic$acilitate the minimally invasivemplantation of the materialvhich has the

potential to decrease pegperative pain and morbidity amainimize the length of hospital

91



stay and recoveryt

Fluorochromes allowed for the differentiation of implanted AG and new bone
growth and also provided insighhto the egeneration patterns of tHeTKUR AG
extenders compared to the contrdhe distance of the osteogenesis frdot each
fluorochrome and the final stain were compared to investigate phases of remoteasy.
of fluorescence within the graftere coelocalizedwith more darkly stained areas of stained
sections.There was evidence a#ndochondral bone formation in these areas where a
cartilaginous phase (stains dark bjugple) was actively being calcified into boftegure
4.5). Stained histology slidesowed evidence of possibseudarthosis specimens from
all groups Figure 4.5, single arrows)ThisA f a | s eof cartiaigimotisotissue centrally
located between the 2 processeay have had enough mechanistdbility to smulate
bridging of the proessesThishas been described as the fArepa
of weeks 46 post implantation when there is a lag between cartilage formation and
ossification®°2 This reparative phase was delayed for the PTKUR AG extenders, which
could be due to the lower concentration of osteoinductive AG particles near the vertebral
bodies compared to the AG control. Bone grew around the entire implantesh ghaf AG
controls whereas a planar growth from process to process was ongoing in both AG
extender groups=gure 4.5).

Enhanced new bone formation compared to an autograft control has been reported
for a ceramic extender (25 or 75% MASTERGRAFT graruileshe same rabbit model
used in the present stu#fy.When a MASTERGRAFT strip was used, the 50%
MASTERGRAFT AG extender group exhibitesew bone formation superior to the

autograft control while the 75% MASTERGRAFT group generated less bone than the AG
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control > However, neither of these AG extenders was formulated to cure to a compression
resistant solidn vivo. In the present study, new bone formation was observed in the AG
and AG/CaP extender groups, but completey bridging of the processes was not
observed Kigure 4.7B). These findings suggest that while the settable polymer enhanced
the handling and mechanical properties of the AG extender, the presence of the cell
degradable polymer slowed cellular infilin into the graftsince the polymer must be
degraded by infiltrating cells

When implanted alone, AG undergoes rapid and unpredictable resorption compared
to some synthetic graftS? Premature graft resorption could result in incomplete healing
and the formation of fibrous tiss2A non-settable polymeric AG exteer comprising
poly(lactideco-glycolide) (PLGA)/hyaluronic acid (50 vol% AG) has been investigated in
the same rabbit model used in this stéftyrogression was notdebm 3 to 6 months and a
radiographic bone fill scoref 4.5 (35 scale, 5=81100% bone fill) reported for the AG
extender 6 months peshplantation. The AG extender group exhibited a score of 4.0 at 3
months compared to 4.75 for the control anim@lse authors also noted PLGA extender
material remaining at the implantation site at 3 months. These observations are consistent
with our findings that implementation of a degradable polymeric AG extender protects
against premature AG resorption and maintaipgemsistent and osteoinductive scaffold at
the defect site throughout the remodeling phases. Furthermore, the persistence of
resorbable, polymeric AG extenders may support more extensive bridging of the transverse
processes at later time pointsitéire stalies will investigate remodeling of the PTKUR AG
extender at longer time points aadn to find the minimum amount of AG required to

maintain osteoinductivity of the AG extender.
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4.6 Conclusion

In this study, injectablesettable, celdegradablePTKUR AG extendes were
formulated and tested ini@ vivo models. Bone regeneration and cellular infiltratiogrev
evident in a rat femoral segmental defesbdel This initial study was followed by
investigation in a stringertione formatiormodel in rabbits. Té ease of implantation of
the moldable AG extenders compared to the particulated AG control was particularly
important fora minimally invasive procedurdhis model further demonstrated that cells
were present throughout the graft space astively degraling the PTKUR. The inclusion
of an AGLCaP group established that AG content can be reduced further without
significantly compromisingoone healing Bone growth along the posterior plane of the
processes was consistent from Htweeks for the AG and AGZaP extenders and bone
regeneration was evident within tH€P spaceaway from the processedhis work
provides evidence for the potential of a PTKUR AG extender to expand the utility of AG

and allow for its use in larger, more demanding defects.
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CHAPTER 5

V. A COMPRESSION REISTANT POLY(THIOKETAL URETHANE) AUTOGRAFT
EXTENDER IN A RABBIT RADIUS MODEL

5.1 Abstract
lliac crest autograft (AG) is the standard for bone grafts, but patient pain and morbidity

limit the amount of bone available for harvesting, prompting a search for alternatives. Bone
graft substitutes have been studied extensively but designing a symfaétito match the
osteogenic properties of autologous bone is challenging. Synthetic AG extenders have
recently been proposed to minimize the volume of AG required to maintain
osteoinductivity, alleviating the repercussions associated with AG hamdsis Iwork, a
moldable, settable, and celégradable poly(thioketal urethane) (PTKUR) AG extender
was developed to afford mechanical integrity to ease implantation and improve fixation for
a minimally invasive procedure. The PTKUR was formulated to yeldG extender that
incorporated 70 wt% morselized AG without sacrificing handling properties. The PTKUR
AG extender exhibited a clinically relevant working time of 35 minutes and set in less than
one hour to a compression resistant bone graft with & meaulus of 4.5 MPa when
completely cured. The PTKUR AG extender was implanted in a stringent 20 mm rabbit
radius model for 12 weeks to investigate cellular infiltration and graft remodeling. Packed,
morselized AG was included as a controlray and pd indicated bone growth from the
defect interfaces in both groups. Positive fluorochrome binding within the PTKUR AG
extender at 4 and 8 weeks suggests implanted AG may have acted as nucleation sites for
mineralization and cells were identified at the eerdf the defect in 1%eek histology
sections. The defect space was bridged to some extent in all specimens from the control

group; however, bone quality was inconsistent and implanted AG was completely
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resorbed. The PTKUR AG extender persisted in theaiemaintained implanted AG, and
remodeling was ongoing 12 weeks pwsplantation. These findings highlight the
potential to combine the compression resistance and desirable handling properties of a cell
degradable PTKUR with osteoinductive AG and suggemsistent osteogenesis and

improved new bone quality over the gold standard.

5.2 Introduction

Autograft (AG) bone is the gold standard in bone grafting since it is osteoinductive,
osteoconductive, and osteogehfc.Cancellous bone specificall undergoes rapid
revascularization and remodeling by inherent cells from both the donor and host tissue
upon implantatiod. Autogenous cortical bone can also be used; however, the density of
this bone causes slower revascularization and limited initial cellular infiltration prompting
surgeons to use cancellous bone when possibds is most commonly harvested from
the iliac crest (IC) which is associated waiignificant limitations inavailability and donor
site morbiditythat limit its use in larger defect§ Local AG is sometimes taken from the
implant site in cases like spinal fusion and some maxillofacial procedures; however,
availability is a hindrance limiting the applications for which this technique can be
applied”** Furthermore, AG chips cannot conform to irregularly shaped defects and
morselized AG lacks mechanical properties. Retainers and surgical meshes marketed to
maintain AG space and placement generally require a second operati@mforal or
remain in place for t%H% duration of the pati

Allograft is marketed as an alternative, but immune rejection and high failure rates
preclude its usé!>®Synthetic bone grafts have evolved as a substitute for AG, but none
have been showto match all of the benefits provided by A@Bthout the use of potentially

harmful biologics like rhBMP2.1"?! Tissue engineering approaches to combine AG with
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synthetic, resorbable AG extenders have recently been suggested to m#etain
osteogenic properties of AG while overcoming the limited availability. Various forms of
cerami cst siuc &l ais u mTOPhaodshpdhoryapatite ( afbng with bioactive
glass patrticles, have been investigated as bone graft extenders inlspgddpne non

union, and maxillofacial applicatior$2® Poly(propylene fumaratelnd poly(lactideco-
glycolide) (PLGA}based polymers have also been proposed in morselized and paste
forms3%3 This concept of blending AG with synthetic extenders has the potential to
minimize AG necessary for osteoinductivity, expanding the applications for which AG can
be used to include larger bone injuries and etsf€urthermore, adapting these techniques

to a settable formulation may afford space maintenance and compression resistance to the
biological benefits of AG to maximize its utility.

In Chapter 3, we showed that gsihebased poly(thioketal urethane)TIRUR)
degradesselectively in the oxidative environment surrounding bone he#ihg Chapter
4, this PTKUR was combined with AG for a moldable AG extender that cured to a rigid
bone graftin situ. The extender was shown to generate new bone in a challenging spinal
application when combined with AG and the presence of cells was evident throughout the
AG extender indicating cellular infiltration and polymer resorption.

In this studya setthle and compression resistant, resorbable PTKUR AG extender
is compared to an AG control in an aggressive 20 mm segmental defect model in the rabbit
radius to investigate remodeling capabilities in a clinically relevant application. The
presence of the unallows for a minimally invasive procedure that does not require
fixation of the defect for comparison against an AG coritrdl.In this work, catalyzed

PTKUR is blended with fresh IC AG and molded for implantation into the defect where it
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curesin situ. AG extender remodeling is investigated 12 weeks-ppstatively and xay

images and fluorochrome injections are employed to visualize osteogenesis temporally.

5.3 Materials and Methods
Materials. Materials for TK diol synthesis including thioglycolic acid, 2,2

dimethoxypropane, bismuth (lll) chloridetHium aluminum hydride, acetonitrile, and
tetrahydrofuran (THF) were purchased from Sigidrich. Anhydrous diethyl ether from
Fisher Scientific was also used in the TK diol synthesis. Iron (lll) acetylacetonate (FeAA)
catalyst was purchased from Sigkdrich and lysine triisocyanataolyethylene glycol
(LTI-PEG) prepolymer (NCO=21.7%) from Ricerca Biosciences LLC.

Thioketal diol synthesisTK diol was synthesized as discussedChapter 3* An
excess of 22limethoxypropane was reacted with thioglycolic acid in the presence of
bismuth(lll) chloride at room temperature. After 24 hours, the product was filtered and the
solvent removed. Lithium aluminum hydride (LiAJHwas charged to a #& containing
ether which was then chilled in an ice bath. The intermediate was dissolved in THF and
added to LiAlH dropwise under anhydrous conditions. The reaction was refluxed at 52°C
for 18 hours and excess LiAlHjuenched with water. The product widtered, extracted
with NaOH and ether, and dried for 48 hours under vacuum. 0.5% (w/w) FeAA catalyst
was dissolved in the dry TK diol by stirring overnight under inert conditions.

Autograft extender fabrication and characterizatioRTKUR AG extendersvere
fabricated via reactive liquid molding adapting methods described previauShapter 4
Briefly, TK/FeAA was mixed with LTAPEG prepolymer at an index of 200. Morselized
AG was added to the mixture (70 wt%) and stirred by hand until homogedwaG
extender was then molded or loaded into a syringe for delivery into the defect where it

curedin situ. The handling properties were defined by the aek time (TFT) and the
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working time (WT). TFT was determined as the time when a metal spatidager stuck

to the material and the working time was measured by hand as the time after which the
material lost cohesiveness from continued hand molding. The architecture of cured AG
extenders was visualized using scanning electron microscopy (SEM, Meibs) after
sputter coating the specimen with gold.

The compressive mechanical properties were measured to define the compression
resistance limits of the PTKUR AG extender. Specimens were fabricated as described
above (n=4). After a final mix time of Bninutes, the materials were molded into
cylindrical tubes (6 mm diameter). They were compressed and cured under a weight (0.96
kg) for at least 1 hour to simulate the compressive forces of surrounding musculature and
other soft tissuein vivo. Approximatdy 24 hours postabrication, the cylindrical
specimens were wrapped in PBS soaked gauze and sealed in glass vials. The vials were
kept at 37 °C for 24 hours. The PTKUR AG extenders were cut to a height of 12 mm (2:1
length:diameter) prior to testirf§. Hydrated specimens were preloaded between flat
platens (1.5 N), then compressed at a rate of 25 mrit toidailure (MTS 858 Bionix
Servohydraulic System). The compressive force and displacement were recorded
throughout testing and used to calculate eegiing stress and engineering strain. The
modulus was calculated as the slope of the linear elastic portion of thessta@ssurve.

Yield strength and strain were reported using the 2.0 % offset method and ultimate strength
defined as the maximum ssebefore failure.

Autograft extender in rabbit radius defecthis animal procedure was approved by
the Institutional Animal Care and Use Committee of the US Army Institute of Surgical

Research, Fort Sam Houston, TX. Procedures were performed in anocgphvith the
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Animal Welfare Act, Animal Welfare Regulations, and the Guide for the Care and Use of
Laboratory Animals.

Remodeling of a PTKUR AG extender was compared to an AG control in a
unilateral segmental defect in the radii of 8 New Zealand Whiteitss}33’ The animals
were anesthetized with isofluraif&-3% in oxygen). AG was harvested from the &t |
using an oscillating saw (0@L5 g). Excess soft tissue was removed and the harvested bone
chip morselized using a bonemill (R. Quetin). Following closure of the IC harvest site, the
right radius was eosed and a 20 mm segmental diaphyseal defect created using an
oscillating saw. PTKUR AG extenders were prepared as described above and shaped using
a rectangulapolyacetyl mold (2 mm x 20 mm). Theaterial was then placed in the defect
using a surgical levator to ensure correct placement and contact with the host bone.
Morselized AG (without PTKUR) was used as a clinical control. The AG was packed into
the mold and carefully formed to the defect. The wound was closed in layers and post
operative xray images (Faxitron X20YXaken prior to recovery. Fluorochromes were
injected and xay images acquired at 4 (calcein green) and 8 (xylenol orange) weeks post
operatively. Animals were anesthetized and euthanized at 12 weeks followed by a final x
ray prior to tssue harvesting. Micro computed tomography (Scanco uCT 50) and histology
were used to assess bone graft remodeling after 12 weeks.

MCT analysis uCT data was attained at a voxel size 10f.2 umand twe
dimensional and thregimensional images analyzedr fimduced bone formation through
the defect. Bone regeneration patterns were analyzed quantitatively following methods
previously describeéf**Bone area was calculated for each reconstructed 2D, axial section

(every 17.2um) starting from the proximal onset of the defect extending the totalr@0 m
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defect length. The area of interest (AOI) was chosen to include the defect and the ulna
since there was significant bone growth in the interosseous syndesmosis, interfacing the
ulna. Bone area was plotted for the defect length where 0 mm correspohdgptoximal
interface of the defect and 20 mm is the distal end.

Histological evaluation After fixing in 10% formalin, calcified samples were
dehydrated and embedded in PMMA for histological analysis. Two serial coronal sections
were taken fromthe ent er of the defect. One section w
Bone Stain and magnified images (Olympus BX60 microscope) assessed for osteogenesis
and cellular infiltration. The other section was left unstained and fluorochrome binding
analyzed usinga fluorescent microscope (Olympus Reflected Light Fluorescence
attachment). Fluorescent (4 and 8 weeks) and stained (total) areas were quantified to
compare bone growth in the experimental versus control group at the various time points.

An inclusive 20 x5 mm AOI was selected from the fluorescent image to include any area
of fluorescenceKigure 5.6A). The ulna rarely exhibited fluorescence, but the boundary
was set to exclude the ulna if this did occur. The AOI on the stained image was chosen to
match tlat of the fluorescent section. Fluorescent images of the sections were analyzed
adjacent to the stained sections to describe the regeneration patterns qualitatively.

Statisticalanalysis All data including WT/TFT (n=3), mechanical analyses (n=4),
and pCT evaluation were reported with standard deviatraphPad Prism software was
used to compute @awo-way ANOVA and Bonferroni 6s muol t i pl e

compare UCT densities of the two grogbeng the length ahe defect

5.4 Results
PTKUR AG exterder characterization Settable PTKUR AG extenders

incorporated 70 wt% AG derived from the iliac crest of New Zealand White rabbits. An
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NCO:OH ratio of 2.0 and the addition of solid AG lent handling properties of a moldable
material that could be formed todesired shape by hand or using a mold. The materials
exhibited a TFT of 8:37 £ 0:33 (min:seconds) and a WT of 34:28 £+ 2:11. The materials
were incompressible by hand 48 + 6 minutes after the start of fabrication. A representative
SEM image revealed a ndge microarchitecture with intermittent pores of various sizes
(Figure 5.1). The AG is indistinguishable among the polymer indicating the AG was well
integrated within the PTKUR. Compressive mechanical properties were measured for
hydrated, cylindrical speémens approximately 48 hours pdabrication to mimicn vivo
conditions and ensure the PTKUR AG extender was completely cured. The mechanical

characteristics are summarizedliable 5.1.

Figure 5.1. SEM image of PTKUR AG extender indicates minimal porosity and irregular
micro-architecture.

Table 5.1.Mechanical properties of a PTKUR AG extentleibe investigated ia rabbit
radius defect model.

Modulus Yield Strength Yield Strain Strain to Failure
(MPa) (kPa) (%) (%)
4.71 + 0.36 l 903 + 70 [ 16.5 + 1.3 l 226 +2.3
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PTKUR AGextender inrabbit radius defectmodel PTKUR AG extenders were
placed in the defect site approximately 10 minutes after the start of fabrication at which
point the material was no longer tacky, but still workable to adhere to the host bone. The
PTKUR AG extender was cohesive throughout placerffagure 5.2A). The AG control
formed to the mold given the inherent moisture of bone marrow and soft tissue remnants;
however, the lack of a cohesiveinder sometimes made implantation and shape

maintenance throughout the procedure problemgigite 5.2B).

Figure 5.2. Photographs of (A) PTKUR AG extender and (B) AG control in the 20 mm
defect prior to closure.

Radiographs demonstrate healing progression from 0 to 12 wEgked 5.3).
New bone formation is ongoing for both groups from 0 to 12 weeks the defect
interfaces are still distinct. The AG extender is maintained at the defect for 12 weeks and
new bone growth is evident from the defect interfadeigufe 5.3, double arrows).
Complete bridging of the AG control is evident on the medial, sigiposite the ulna
(Figure 5.3, single arrow). However, the low radiodensity at the center of the defect

indicates the bone quality may be lacking away from this edge.
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PTKUR
AG Extender

AG Control

Figure 5.3. CT images acquired immediately pagieratively, at 4, 8, and 12 weeks.
Remodeling of the PTKUR AG extender progresses each time (double arrows) and a
perimeter of new bone is evident on the lateral surface of the control defect at 12 weeks
(single arrow)

Two-dimensional representative UCT reconstructions of the Aigneer Figure
54A) and the AG controlHigure 5.4B) at 12 weeks provide more detail of the extent of

graft remodeling and bone quality.
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Figure 5.4.uCT reconstructions showing remodeling of (A) the AG extender and (B) the
control 12 weeks posiperatvely. (C) Bone area measurements by UCT, from the
proximal to distal interfaces of the defect (including the ulna) for the AG extender and AG
control groups. Corresponding dotted lines are standard deviation.
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Although implanted AG and new bone are indigtiishable using uCT, reconstructions
confirm that the AG extender maintains implanted AG throughout the defect after 12
weeks. Furthermore, new bone from the proximal interface along the medial perimeter of
the defect is evident. The high density of thierosseous syndesmosis in all experimental
specimens confirms significant new bone growth occurred in this space and along the ulna.
Half of the specimens from the experimental group show complete bridging of the defect
interfaces through the calcifiedterosseous syndesmosis and the other half are bridged at
one interface and close to bridging at the other. The AG control is completely bridged at
the lateral perimeter of the defect; however, calcified tissue is minimal and sporadic
throughout the defectspace. The AG control exhibited a calcified interosseous
syndesmosis and also showed significant new bone growth along the surface of the ulna.

HCT was used to quantify the difference in bone formation between the AG
extender and AG control groups alohg length of the defect. The boundaries of the ulna
were indistinguishable at 12 weeks pwsplantation, so the entire forearm, from the
proximal to distal defect interface, was included in the analysis. Increased axial bone areas
were reported for eacproup toward the interfaces with a gradual decrease as the center
was approachedF{gure 54C). This trend indicates a bone growth front from the
interfaces, as anticipated. The bone area was higher for the experimental group at the
defect interfaces, butery similar toward the centeGiven the small sample size, these
differences were not significant.

Histological analysis echoed pCT data. Sections from the PTKUR AG extender
group stained 12 weeks pastplantation verify that th&G extendel(PTKUR stains dark

teal/black) was maintained in the defect space and implanted AG persists within the
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extender Figure 55A, stained). Furthermore, these sections exhibited new bone (red)
from the defect interfaces along the medial perimeter of the A@ndar and into the
interosseous syndesmosis spastined sections from the control group demongtrate
inconsistentremodeling12 weeks posimplantation. Figure 55B). Two of the four
defects treated with AG were filled with trabecular bone. Howelierpther two formed a
sporadic perimeter of bone with little trabecula evident within the defect sp@ceontrol
sections imaged under fluorescence indicate mineralization extending the length of the
defect as early as 4 weeks. Eigigek fluorochrome inding (orange) extends from the 4

week fluorescence.

A

Figure 5.5.Dynamic (fluorescent) and 2Reek (stained) histology for all specimen in the
(A) AG extender group and (B) control group allude to the rate and patterns of bone
regeneration and the variation in bone quality for each group.
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Fluorochrome injections bind to tissue that is activelyaralizing within 2436
hours of injectiorf®4! Unstained sections from the PTKUR AG extender group imaged
under a fluorescent microscope show temporal regeneration patters. These validate that
bone grew from the defect interfaces at 4 weeks (green) and growth continued towards
defect bridging at 8 wés (orange). Mineralization is evident within the PTKUR AG
extender at 4 and 8 weeks which is indicative of mineralization nucleating from implanted
AG particles within the extender. The PTKUR AG extender exhibited slightly less
mineralizationthan the AGcontrolat 4 weeks, but this difference is not significdfig(ire

5.6B).

pmmm PTKUR AG Extender
AG Control

40
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Figure 5.6.An area of interest (AOI) was selected to include new bone growth throughout
the defect space (A)(B) Histomorphometrical area measurements indicated similar
mineralization at 4 and 8 weeks for both groups and the difference between groups was not
significant. The difference in the restiained area (12 weeks) between the 2 groups was not
significant indicating the AG extender performed similarly to the control.

A similar amount of mineralization activitfrom 4 to 8 weeks indicates a linear
mineralization rate in the 20 mm defe&tatistically comparable staining between the
experimental and control groups at 12 weeks showsdbather, new bone and implanted
AG mantained within thePTKUR AG extenderequated to aimilar amount of bone

generated in the control group histologicaliagnified images of stained histological
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sections show the formation of haversian cdikal structures, the functional units of
cortical bone identified by concentric lamell&en new bone amedial edge of the defect
(Figure 5.7A, single arrow). A magnified image from within the PTKUR AG extender
exhibits bone lining cells at the PTKUR interfadgglre 5.7B, double arrows) and the
light green staining of the small void suggests the presehfceolagen indicating
intramembranous bone formation is ongoing. Haversian -ddealstructures are also
evident in the AG controlRigure 5.7C, single arrow) and cellular activity is evident near

the bone surfacd={gure 5.7D).

200 um
SR

Figure 5.7. Magnified histology images show (A) the formation of Haversian ekl
structures (single arrow) forming at the interface of the AG extender and the calcified
interosseous syndesmosis (20X). (B) Bone forming cells (double arrows) are actively
remodelig the PTKUR AG extender at the polymer surface and intramembranous bone
formation is ongoing towards the center of the AG extender. (C) Haversianlikanal
structures are also evident in the AG control group (arrow) and (D) bone remodeling is
evident. (Bme forming cells: double arrow, NB: new bone, AG: autograft, P: Polymer,
scale bar=200um)
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5.5 Discussion

In this work, the formulation of PTKUR was modified for application as an AG
extender to expand the utility of AG in bone tissue engineering. TIH&RTAG extender
exhibited compression resistance, prevented premature AG resorption and graft
displacement, and supported cellular infiltration, differentiation, and new bone growth. By
increasing the NCO:OH index to 200, a maximum of 70 wt% AG was iocatgyd in this
PTKUR AG extender without sacrificing mechanical properties. At this index, a TFT under
10 minutes was achieved compared to 18 minutethenprevious studypresented in
Chapter 4 Despite the increase in index, the mechanical properties slightly reduced
given the simultaneous increase in mechanically weak AG. Previous work in the mandible
and spine have shown a modulus greater than 1 MPa lends compression resistant
properties, so the PTKUR AG extender is anticipated to maintain thet dgi@ce in most
applicationg?43

This material was implanted in a challenging 20 mm defect in the rabbit radius to
investigate remodelingy vivo. While some have reported ranion of an untreated 10
mm segmental defect in the radius after 8 wéeR&this model has been shown to heal to
some degree without intervention for bat5 and 20 mm defect lengths after 12 weeks
and is therefore not considered critical siz&. However, given that the ulna does not
eliminate all micromotion at the defect interfaces and the inconsistent regeneration patterns
in empty deécts, this norunion model is considered stringent for investigating bone graft
remodeling®® Polymeric AG extenders consisting of -25% autograft have shown
enhanced or equivalent remodeling compared to AG alone in vamioi® models*246In
this work, the maximum AG conterttdt maintained handling, cure rate, and mechanical
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properties was incorporated in the PTKUR AG extender.

Subcutaneous injections of fluorochromes with distinguishable emission spectra
were implemented to bind calcium ions to detect active tissue miegrati throughout
the study?”“° This technique was especially valuable in this studydifferentiate
implanted AG from new bone growth since the AG extender preserved implanted AG at
the defect site up to 12 weeks. Qualitatively, mineralization was detected at 4 and 8 weeks
at the center of the AG extender. Highly porous,-sedided hydixyapatite implants in
radius defects of only 10 mm did not exhibit positive fluorochrome binding throughout the
defect until the sixth week peshplantation which suggests enhanced bioactivity of
encapsulated AG compared to undifferentiated stem celMS(Bs)3’ Implanted AG
maintains some cell viability and releases paracrine factors that may have drawn cells in to
the center of the defect and initiated this turnover within the AG extén@&imilarly,
grafts containing demineralized bone matrix (DBM), which has been show to retain
osteoinductie bone morphogenetic protein (BMP), exhibited greater bone formation in a
15 mm radius defect compared to a collagentbetai cal ci um -TPM*® sphat e
Histological analysis indicated comparable perfaroeabetween the AG extender and the
control since there was no significant difference in fluorescent/stained bone area between
the AG extender and AG control at any time point. Furthermore, the statistically equivalent
fluorescent area at 4 and 8 weeksvehi@a consistent healing rate through 8 weBkslde,
et al. suggests healing between 8 and 12 weeks may be éfitiasture workshould
incorporate a distinguishable fluorochrome mankeor to the final time point to quantify
bone growth in the final week.

Multiple studies performed in the rabbit radius have reported bone growth from the
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proximal, distal, and medial (interosseous membrane) directions with and without a
scaffold3>373%948The interosseous syndesmosis is a fibrous joint that contains a membrane
connecting the ulna and the radius. Significant ossification of the interosseous membrane
and fusion of the ulna and radius validated the consideration of the two bones as a unit for
UCT analysis®3649Despite the ossification of the ulna, uCT quantification showed more
bone towards the proximal and distal ends of theatefas anticipated for a creeping
substitution mechanism from the defect interfaces. Histology showed, and pCT verified,
slightly less bone generation at the distal end of the defect for both gfeigpse(5.4-

55).

A settable poly(propylene fumaratéPPF) extender showed enhanced bone
formation when combined with either 50% AG or 50% allograft in metaphyseal and
cortical defects when compared to an AG conffdihe AG extender had a significantly
higher renodeling index, validating the use of AG over allogfaftydroxylapatite was
added to the PPF material to enhance the osteoconductivity of the extender. AG was
minimized to 25% in this formulation without sacrificing new bone voldtn&hese
studies advocate the use of settable, polymeric AG extenders to expand the application of
AG. Furthermore, a PTKUR AG extender with an additional calcium phosphate filler may
minimize the AG needed for osteogenesis even furthethe aforementiorte study, he
extender porosity and small defect sizes allowed for early infiltration. Remodelihgsaf
PPFbased polymeric AG extenders should be evaluated in larger defects at later time
points to compargraftresorption and bone formatiam critical sized defects

While the handling properties of a particulate AG extender may not be sufficient

for some applications,idiactive glas$ias been investigated as a bone graft extender given
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its osteogenic propertié$.Bioactive glass AG extenders with as little as 40 wt% AG
showed increased new bone formation in cranial defé@he same study showed 20 wt%
AG was insufficient to improve osteogenesis. Another study concluded a 1:1 blend of AG
and bioactive glasparticlesmay not be adgiate after implantation in a mechanically
loaded, 16 mm segmental defect in the canine féfWihis study included torsional
testing as anuput parameter. Although these anatomical environments are very different,
these contradictions allude to mechanical testing as an important assessment for bone
quality when investigating bone graft remodeling in segmental defects.

Future work will idetify the minimum AG content that will preserve
osteoinductivity of the PTKUR AG extender. These studies will go beyond 12 weeks to
investigate the complete remodeling rate. Additional-pastest mechanical analysis will

also be included to investigaterie quality at these late time points.

5.6 Conclusion

This work describes the formulation of a moldable and settable PTKUR AG
extender that affords handling properties to AG, the gold standard bone graft material. The
AG extender incorporated 70 wt% AG darcured to a compression resistant, -cell
degradable tissue engineering bone graft. When implanted in a large rabbit radius
segmental defect modehoneforming cells were identified at the center of the AG
extender after 12 weeks. AG was maintained indékect and remodeling was ongoing.
The results described herein demonstrate a minimally invasive PTKUR AG extender that
incorporates the osteoinductive properties of AG and the potential for consistent and

improved bone quality.
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CHAPTERG

VI. LONG-TERM REMODELING OF ANANOCRYSTALLINE
HYDROXYAPATITE-POLY(THIOKETAL URETHANE) BONE VOID FILLER IN A
FEMORAL CONDYLE DEFECT

6.1 Abstract
Polyurethanes (PURs) are an attractiveterial for tissue engineering bone graft

substitutessince they can be formulated to be injectabédtable and biocompatible, and

their mechanical propertiesnd degradation ratesan be tuned for specifiorthopedic
applications. Recently a novel poly(thioketal urethanelPTKUR) bone graft was
developed to address unpredictable resorption associatechydtblytic degradation of

ester groups in poly(ester urethane) bone graftsvivo. In the present study
nanocrystalline hydroxyapatite (nHA) was incorporated with PTKUR to exploit the
ostegenicand mechanicabenefits onHA in a polymeric nHAPTKUR bone graftnHA

was grafted with lysine triisocyanate to enhance nHA dispersion in a-lyasesl nHA
PTKUR hybrid polymer that exhibits a complementary combination ofnecediated
resorptionmechanisms as PTKUR degrades by ROS and nHA is resorbed by osteoclasts
that release ROS\HA-PTKUR #Agl ue, 0 without inorganic
vol% nHA, degraded rapidly in oxidative conditions, and remained ssblent% mass
lossafter 10 days in hydrolytic conditionslechanical analysis revealed a modulus of 370
MPa and ultimate strength of 53 MR$A-P T KUR A g4 wvd% nélA)contaired45

wt% calcium phosphate particleE¢P, 10 wt% CaP/35 wt% sucrose porogen, or 45 wt%
swecrose to explore the addition of slowdegrading, mechanically robust, and
osteoconductive CaP particles and porosity on mechanical properties and remiodeling
vivo. NnHA-PTKUR glue and putties demonstrateellular infiltration, a combination of

endochodral and intramembranous bone formatiaand new calcified bone within
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femoral condyle defectss early as four month$his work presents a critical stépvards
the development of a nHRTKUR bone graft with potential application in weidigaring

defecs.

6.2 Introduction

Previous work has demonstrated thadvantagesof lysinebased poly(ester
urethane)(PEUR) as a settable, tissue engineering bone §réfAs discusedin the
preceding chaptersthese PEURs undergo autocatalytic degradation in hydrolytic
environments leading to unpredictable resorption that may not match patient Bibitmy.
Chapter 3,a poly(thioketal urethaneYPTKUR) was introducedto overcome the
shortcomings oPEURSs. Anovel thioketal (TK) diol was synthesized for fabrication of a
hydrolytically stable PTKURhatundergoes oxidation of the lysine and TK residues in the
presence of celjenerated reactive oxygen species (RBBTKURs demonstrated bone
like strength and ibtological analysisshowed evidence of osteoclasediated resorption
of the cements at 6 and 12 we@ksivo.

Hydroxyapatite(HA) makes ub0-70% of native bone making it atiner attractive
bone graft substitute*® Nanocrystalline hydroxyapatite (nHA) in particular has been
shown to stimulate new bone foation by enhancing osteoblastic differentiattmmpared
to micronscale hydroxyapatit®?° PolyurethaneHA composite bone grafts have been
proposed to take advantage of the propertish@two components:>® However, @spite
the inherentstrength ofHA, limited HA-polymer bondig and HA aggregation gendsa
decrease the mechanical properties of these compbSifesovercome thisthe surface
hydroxyl (OH) groug of nHA can be grafted with isocyana(BlCO) for NCO-grafted
nHA prepolymer and synthesis of nHRUR hybrid polymes.®?22426 previously, we

presented enhanced dispersionlysine triisocyanate graftedHA (nHA-LTI) in nHA-
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LTI-PEUR nanocompositesynthesized from nHATI/LTI prepolymer and PCL triol
(MW=300). LTI graftingyieldedcompressive propertiemdbending strengthsuitablefor
weightbearing applicationgnd in vitro studies demonstrateenhancedmineralization
compared with nHAPEUR nanocompositesn which the nHA was not grafted in a
prepolymer step® Furthermore nHA-LTI-PEUR nanocompositéscorporating55 wt%
CaP particles méanically stabilized wmnstrumented tibial plateau defects in sheep and
supported remodeling and osteogenesis at 16 weeks.

In this study, the osteogeni@roperties of nHAwere combined withthe bulk
material propertie®f PTKURs in a new class afettablenHA-PTKUR hybrid polymer
synthesized by the reaction of nHAI/LTI prepolymer and TK diolA complementary
combination of celmediated resorption meafiamswasanticipatel as PTKUR degrade
by ROS and nHA is resorbed by osteocldbtt release RQ%272° The bulk material
propertieswere characterizegrior to implantation in a rabbit femoral condyle defect
model. The material was aldested in a small notch defeict the tibial diaphysiso
investigate persistence of the nHWKUR bone graft in a nearitical defect. These
studies were carried out 18 months to exploedular infiltration, differentiationof
osteoprogenitor cellsand nHA-PTKUR resorptionlongterm. The addition of CaP
particles and two ranges of sucrose porageaiso investigated to determine the effects of

slowly-degradingCaP and porosity on mechanical properties and remodalirigo.

6.3 Materials and Methods
Materials. All reagents for thioketal (TK) diol synthesison (Ill) acetylacetonate

(FeAA) catalyst,Ucaprolactoneand sucrose were purchased from Sigma Aldrich. FeAA
was dissolved in dryJcaprolactone(5 % w/w) prior to use for a flowable, low

concentration catalyst solutioysine triisocyanate (LTI) was purchased from Jinan
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Haohua Industry Co., LTD (Jinan, China) and carbon treated hbbugrkmethyl ether
(TBME, Acros Organics) prior to usé®2>Nanostim™ Synthetic Bone Paste (NS) and
ceramiccalcium phosphate (CaPparticles were provided by Medtronic (Memphis, TN).
Upon receipt, particles were ground to 43 pm, washed with acetone and water, and
dried under vacuum (100 °&3.

Hydroxyapatite dewateringNanoscale hydroxyapatite (nHA) was isolated from
the NS suspension for use in nHWKUR synthesis. Approximately 5 cc NS was
dispensed into a 50 mL centrifuge tube. The ckge tube was filled with 40 mL-2
propanol and the mixture vortexed until the NS suspension was dispersed in the solvent.
The nHA was separated using centrifugation and the process repeated 3 times. The isolated
nNHA pellet was dried under vacuum overnighd then under vacuum at 80 °C for at least
24 hours. The dry pellet was morselized to nacaled particles using a mortar and pestle.
Transmission electron microscopy (TEM) wased to visualize the geometry of the
resulting nHA patrticles and Image Jrteeasure particle diameter from SEM images. The
nHA was redried for at least 48 hours at 80 °C immediately prior to use. Dry material was
sent to Micromeritics Analytical Services for analysis. The density and surface area were
evaluated by gas displacemgimelium) and the BET method according to ISO 9277,
respectively®

Hydroxyapatite surface modification.nHA was grafted with polycaprolactone
(PCL-g-nHA) or LTI (LTI-g-nHA) for addition to the diol and isocyanate phases,
respectively, adapting methods described previod$R?! Dr y-captblactone was
charged to a threeeck boiling flask containing dry nHA particles (3.7:1) and equipped

with a condenser. The reaction was stirred for 24 hours at 150 °C. Grafted particles were
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recover ed fcapootactorexby samisatind) witthloroform four times. PCL
grafted nHA was dried under vacuum at 80 °C overnight. LTI was grafted to the surface of
nHA by combining dry nHA particles with LTI (1:1) and mixing for 1 minute (FlackTek
SpeedMixer, DAC 150 FVXK). FeAA catalyst solution (0.8 w/w) was added and the
suspension mixed at maximum speed for a total of 10 minutes. Surface modified particles
were washed from excess LTI and catalyst with TBME. Cleang-NI5 was dried under
vacuum.

Nancscale hydroxyapatite thioketal synthesfs. TK diol was synthesized as
describedn the previous chaptet$ 2,2-dimethoxypropane was reacted with thioglycolic
acid in acetonitrile for 24 hours at room temperature. The intermeudgstdiltered and the
solvent removed. Dry intermediate was dissolved in tetrahydrofuran and added to lithium
aluminum hydride in diethyl ether dropwise in an ice bath. The reaction was refluxed at 52
°C overnight and the product extracted. The productdsiadl under vacuum for at least 48
hours to ensure all solvents were removed. FeAA catalyst was dissolved in the TK diol (for
total of 0.125 wt% FeAA in nHATKUR materialfor composite putties or 0.0625% for
NHA-PTKUR glug on a stir plate overnight. Treatalyzed TK was then blended 1:1 with
dry PCL-g-NS and mixed until homogeneous (about 5 minutes) using a speed mixer. The
nNHA-TK was stored at 4 °C.

NHA-LTI prepolymer synthesisThe prepolymer was synthesized according to
methods published previousiy?° Dry, LTI-g-NS was ground with a mortar and pestle to
ensure namscale powder. Then, HA was added to a mixing cup followed by the addition
of LTI for 40 wt% LTI-g-NS in LTI. The mixture was mixed inrinute intervals using a

speed mixer until homogeneous (about 5 minutes). The NCO number was verified by NCO
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titration.32

NHA-PTKUR fabrication and characterizationRemodeling of asettable nHA
PTKUR hybrid polymer bone graft was investigated with and without porogerCaRd
All formulations were fabricated by first blendirmgtalyzed nHAPTKUR andnHA-LTI
prepolymerat an NCO:OH index of 14fbr composites and 120 for nHRTKUR glue
The lower index of the glue was chosen to achieve approximately equal volumes-of nHA
LTI and nHA-PTKUR. The solids CaP+ sucroseWwerethen added and mixed by hand
until homogeneous, about 30 secontise materialwas molded or loaded into a syringe
for the desired delivery method. The materials were cured overnight in cylindrical tubes (6
mm diameter) for characterization. Cured samples were then leached in water at 37 °C for
5 days to ensure all sucrose was remo&d. mp | es wi t ho-imadiatedaatai ds wer
dose of 25 kGY and sent NAMSAfor cytotoxicity testing to ensureHA-PTKUR
biocompatibility. There,in vitro cytotoxicity testing was performed according to ISO
109935 under an ISO 13485 certified Quality 8 with the test method accredited to
ISO 17025.

Topographical characterizationThe HA content in the polymer allowed for the
use of micro computed tomography (UCT) to quantify porosity. Cured, leached samples
wereimaged via uCTBV/TV analysis was peofmed on the center of the sample and the
complement taken as the porosity. The appropriate threshold for analysis was determined
for each group. Scanning electron microscopy (SEM, Zeiss Merlin) was performed on gold
coated samples to expand on the findifrgm pCT.

Degradation mechanisnSamples without filler were incubated in both accelerated

oxidative and hydrolytic conditions to explore the degradation mechanisms of nHA
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PTKUR. Oxidative media was made as descriimethe preceding chaptet$?’2320 wt%
hydrogen peroxide was added to 0.1 M cobalt chloride and stirred to form solution. The
media was stored at 4 °C protected from light. Cylindrical samples were cu4® 189
samples and dried under vacuum. The initial mass was recorded kseforeerging
samples in oxidative media or PBS. Samples were removed from the solutions periodically,
washed 3 times with deionized water, and dried under vacuum for 48 hours. Dry samples
were massed and-metroduced to fresh media. The mass was comparéoktinitial mass

to approximate a degradation rate.

Mechanical characterizationQuaststatic compression testing was performed on
all groups to quantify the mechanical characteristics and investigate the mechanical
consequences of sucrose additib?f:>>Leached cylindrical samples were cut to a height
of 12 mm (2X diameter) using an et Low Speed Saw to ensure flat, parallel edges.
The samples were compressed between circular platens at a rate of 25 mm/min and the
force and displacement recorded (MTS 858 Bionix Servohydraulic Test System).
Engineering stress and strain were calculatedi used to determine the modulus,
maximum stressaind yieldpointfor each material.

NHA-PTKUR in rabbitsAll surgical and care procedures were carried out at IBEX
Preclinical Research, Inc. (Logan, UT) under aseptic conditions per the approved IACUC
protocol.nHA-PTKUR putties containing 45 wt%aP (CaPgroup), 35 wt%sucroseplus
10 wt% CaP (CaHS group), or 45 wt% sucrose (S group), and an#fHAKUR fA gl ueo
without solids were implanted in bilateral cylindrical defects (5 @m8 mm) in the distal
femoral condyles of rabbits. Unilateral skd¢fects {0 mmlengthx 2 mm) were also

created in the right tibia and filled with the glue material or left empty as a control. Each
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rabbit received a different graft in each femur for n=Bdach group at each time point.
Animals were sacrificed at 4, 12 and 18 months. The femurs and tibias were harvested and
fixed in 10% formalin for two weeks.

In vivo analysis. While in formalin, he bones were scanned with a voxel size of
17.2 pum usinga UCT 50 (Scanco®2D images were taken at the center of the defect and the
defect length measured using Imagé&be length of the graft was measured at three
different points on the grafor each 2D imagand an average reported for each specimen.
Bone wlume percent (BV/TV) was quantified for three concentric, annular cylinders
(Aringso) with a width of 0.8 mm1l&md a cent
(Figure 6.4B). Theoretically, the inner bound &fipel is at the interface of the defect and
the hostboneand consists of mostly host borkéhe cylinders were morphed to a length
encompassing the center 5 mm of the de#®&@donstant analysis threshold was maintained
for all groupg(Figure 6.4C).

Calcified specimens were processed plagticembedded by Histiofor histology
Sections were taken from the center of the defect, ground-#® 30n, and stained with
Stevenel 6s Bl ue f Methods desdribed peayioushavere ada@ed jos i s .
quantitative histomorphometry. A 2rmx 8 mm rectangle was created 2 mm from the
insertionpointof the cylindrical defect. The rectangle was divided into 8 smaller rectangles
that were 1 mm X mm to compare staining at various regions from the-lhmse¢, host
bone/defect interface and withthe defect at 4, 12, and 18 mon(Rgyure 6.7). Thedistal
4 regions were included in analysis since the marrow gjpadaded in the most proximal
regions)will introduce significant errorOne section from each group was stained with

Safranin O andFast Green which better distinguishes cartilage and badhesimilar
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histomorphometric analysis was performed for these sections, although these se&yions
not have been taketirectly from the center of the defect.

Statistical methodsAll data is repaied as the average + standard deviation unless
otherwisespecified. A onavay ANOVA (GraphPad Prismyvith a posthoc Tukey Test
was used to test for significance of mechanical properfees. St u d-€esttwas t
performed to detect differences in defectggnwith time for a given material group.
two-way ANOVA with a posthoc Tukey Testwas used tanvestigate differences in
BV/TV for each pipe at the various time points for each material. Because the common
threshold may have included more or less grafiending on the group, BV/TV could not
be compared between the different materialswo-way ANOVA was also performed on
histomorphometry data with a pdsto c Sidakods mul tiple

Histomorphometry is plotted with standard error of the n{&&M).

6.4 Preliminary Results
NHA-PTKUR characterization. NS nHA was used to synthesize nHPAKUR.

After dewatering, NS particles werhort fiberswith a width of20 nm Figure 6.1). This
shape yielded a high surface area of &grand a density 0.9 g/cni. Surface grafting

did not affect the shape of the fibers.
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Width Density  Surface Area
(nm) (g/cm?®) (Sp, m?/g)

20 nm 2.9 58 +0.7

Figure6.1.Dewat ered NanoSti mE nHA particles Vi

NHA-TK, nHA-LTI, CaP, and sucrose were sterilized using radiation and
composites fabricated under sterdenditions for cytotoxicity testingdoth the glue and
the CaP/S putty showed no signs of causing cell lysis or toxidiy.nHAPTKUR glue
was subjected to an accelerated oxidative environment to investigate degradation
mechanisms of the polymer. Specimeexhibited a mass loss of 41% after 24 hours in
oxidative media and were mostly degraded after 48 hdTwswersely, in hydrolytic
conditions, NHAPTKUR had a mass loss of 4 wt% after 10 daryd remained stabfer
90 dayswhen the experiment was ended

The putties incorporated total of 14 vol% nHAand nHAPTKUR glue contained
25 vol% This high HA contentallowed for visualizatiorof the nHAPTKUR polymer
using PCT. 2D uCT reconstructions of leached samples revealed minimal porosity for the
45 wt% C#& group and an increase in porosity with increasing sucrose, as anticipated
(Figure 6.2A). SEM images paralleled these findingsg(re 6.2B). All samples were

leached in water for 5 days prior to mechanical testing. -RHKUR glue exhibited a
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significantly higher ultimate strength, yield strength, and yield strain than any of the putties
and the addition of sucrose porogen did not hasgumificanteffecton these parameters
(Figure 6.3B-D). The moduli of the glue and CaP putty were sin(i8&0 MPa) but there

was a significant difference between the modulus of the CaP putty and the CaP/S putty that

incorporated porogeffFigure 6.3A).

45 wt% CaP 45 wt% CaP/S  45wt% S

Figure 6.2.Qualitative analysis of three material groups tegtedvo as visualized by (A)
uCT and (B) EM.
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Figure 6.3.Mechanical analysis of material groups includethimin vivo study revealed a

statistically significant difference in modulus between the CaP and CaP/S group (A). nHA

PTKUR had a significantly higher (B) ultimate strength, (C) yield strength, and (D) yield
strain compared to any 00f0O5t,he *putht iCes0. O(1#H:. P

In vivo analysis of nHATKUR in rabbit hindimb defects.Remodeling of nHA
PTKUR (fAgl ueo) and putties with three diffe
investigated in femoral condyle plug defects in rabbits. uCT analysigaled a
statistically significant decrease in defect length from 4 to 18 months in all gaodpall
groups trended shorter for each timepoiRig@re 6.4A). BV/TV analysis revealed

temporal and spatial changes in bone voluRigure 6.4D-G).
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Figure 6.4.(A) 2D uCT reconstructions were used to measure the length of the defects at
4, 12, and 18 months. (B) A schematic representation of the BV/TV uCT analysis
procedure demonstrates the selection of concentric annular cylinders represented by the
colored pipes. The dotted line and outer edge of the green circle represent the defect
diameter. (B) Sample 2D images show the effects of thresholding on each of the different
material groups. (B5) The results of the BV/TV analysis are presented for the (D) glue

(E) CaP, (F) CaP/S, and (G) sucrose groups.
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A constant threshold that included bone but eliminated ®FHKUR and CaP patrticles
was maintained for all groups at all time pointag@re 6.4C). However, the high
radiodensity of CaP particles caused theaurding nHAPTKUR to appear denser than
in other groupsand consequently an increasing BV/TV as the core of the defect was
approached was observeHBiqure 6.4E). Therefore, BV/TV could only be compared
within each material grougChanges in BV/TV as reveal by uCT were negligible in
most cases with the most changes occurring in Pipe 1, at the outer perimeter of the defect.
The CaPPS group trended as anticipated with a slightly higher BV/TV at each time point
for all Pipes Figure 6.4F).

New bone, cellulaactivity, and material degradatiotan bedistinguished using
St e v e n ehisfogicddtainé\ combination of endochondral and intramembranous
ossification was evident for all groupg 4 and 12 monthdHistological analysis of
implants 18 months pog@hplantation is ongoing.The glue material demonstrated
significant cellular infiltrateat the periphery of thegraft at four monthsHigure 65A).
New bone (*) was evident within the graft space, mulideated osteocladike cells
(double arrow) were seen at the interface of the fHIAKUR glue, and bor#orming cells
were depositingosteoid (single arrow) at the interfaces of new bone and-RHARUR.
Cartilagelike, dark nodules were abundant near thénpeter of the graft (#) and cartilage
mineralization (**) was ongoingA similar response is evident at 12 months and cartilage
mineralization progressedrigure 6.5B). The CaP group had less cellular infiltration at
four monthsthan other groups={gure 6.5C), but a greater response of macrophages and
giant cells was evident at tlgeaft perimeterCartilage nodules were dispersed thraugh

the polymer towards the center of the graft aadilage mineralization was ongoing at 12
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months Figure 6.5D, **). The CalPS groupdemonstrated new bone (*), endochondral
bone formation (**), and intramembranous bone formation (arrow) at four mdfithe¢
6.5E), and asimilar combination bone formation pattern was seleser to the center of
the graftat 12 monthgFigure 6.5F. The response to the sucrose group was similar to the
CaP/S group with new bone evident further within the implant at just four mdsithed
6.5G-H). Positive staining of Safarnin OFast Green verified the presence of cartilage
noduleswithin the grafts(pink stain) and better demonstrated mineralizaftoinquoise

stain)of cartilage(Figure 6.6).
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Figure 6.5. Magnified histology images at @A, C, E, G)and 12(B, D, F, H) months
demonstrate a combination of endochondral bdoemation, indicated by the
mineralization (**) of cartilagdike nodules (#), and intramembranous bone formation,
indicated by bone formation (single arrows) and ostectikastells (double arrows) at the
PTKUR interface. New bone (*) is evident withihe PTKUR bone grafts at 4 and 12
months. (scale bar = 200 um, *: new bone, **:mineralizing cartilage, #: carlilege
nodules, single arrow: bone lining cells and osteoid, double arrows: ostdikelasls)
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