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Abstract

Critical-sized segmental bone defearea challenging problem for orthopedic surgeons. These
defectsare unabletth e al spontaneousl|l y wi tbiomateriaarepisetl o eepair 6 s | i
such defect@nd provide a substitute for the |dstnein order to recover both structure afushction.

Biomaterials shoulddeally be osteoconductivesteoinductive and resorbabléo stimulate osteogenic
differentiation and remodelingn addition to having sufficientmechanical propertieBiomaterias

designed to undergemodeling should prest a balance betwe¢neb i o mat eri al 6s resorp
tissue formation. Thus, the interactiorenfy novelbiomaterial with bone cells, osteoblasts and osteoclasts

should be investigated.

In this research, a set of nov@D printablenanocomposite bmaterials containing acrylated
epoxidized soybean oil (AESQ)r methacrylated AESO (mAESO), polyethylene glycol diacrylate
(PEGDA), and nanohydroxyapatite (nHA) was produced usingsked stereolithography (mSL-Aased
3D printer.The effecs of volume fraction of nHAand methacrylated AESE@n the interactionsof bone
cells (osteoblasts and osteoclastith the nanocompositewere evaluatedin vitro and compared to a
control biomaterial hydroxyapatite (HA) Two separate studie®ne using osteddists and the other
osteoclastsyere performed to characterize cell response.

In the osteoblast studynmortalizedmouse preosteoblast MC3TE1 cells were differentiated to
osteoblasts (AMC3TF®B). The effects of the addition of nHA and methacrylabdbAESO onosteoblast
like cellswere studiedAdhesion, proliferation, and activity of dMC313B were studied by seeding cells
on the 3Dprinted discs for 1, 3, and 7 days. Overall, each of the nanocomposites was shown to support
dMC3T3-0OB cells adhesia, proliferation, and activityandcomparedo the HA contral Incorporating
higher amourgof nHA enhancedceh d hesi on and proliferation,, althou
as measured by Alkaline Phosphatase (AdRg presence ochAESO in the nanocompositessulted in
greater adhesion, proliferation, and activity at daympared tadhe AESO nanocompositesvhich may

be explained byheincreasén stiffness ofimnAESOnanocomposites



In the osteoclast study, mouse RAW 264.7 maragpswere differentiated to osteoclasts using
receptor activator of nuclear factor kapgpa | i (RANKId). The differentiated cells were purified by
serum gradient purification and then were cultured on nanocomposites to evaluate their catedcdst
resorption.The alhesionand activity ofthe differentiatedand purified RAW 264.7cells (RAW-OC,
ostealastlike cells) were studied by seeditige cells on 3Dprinted discsfor 7 days.The effect of
methacrylation of AESO on the adhesitartrateresistant acid phosphatase (TRAP) staining, actin ring
size, number of osteoclaliite cells, and number of nuclei per osteoclasese investigated.Results
showedexcellent osteocladike cells survival, defined actin rings, large multinucleated cells, and higher
number of TRAP-positive cellson mAESGbased nanocomposites compared to AE@&edone. The
osteoclastesponsen the mMAESO disowasalsocomparable to the HA contrdTalcein staing was used
to visualize pit formation on the biomateriaKESO-based andnAESObased nanocompositeand
surprisingly theHA discs did not exhibit any sign of resorptiguits formedby the osteoclastike cells.
While we were unable to obtain osteastimediated resorption gita confocal image of a piike structure
was obtained as a preof-concept tqperformdepthand volume calculation

Taken all together, theesults presented in this thesis demonstrated mhAESCbased
nanocomposite contaning higher amourg of nHA had betterinteractiors with osteoblastike and
osteoclastike cells comparable to interactions with HA controls. This suggests fpnbential for bone

defect repair.
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1 Introduction

Critically-sized segmental bone defects (CSBDs) resulting from bone metastases resection, severe
fractures, traumatic injuries, and severe infection resection are a significant clinical orthopedic challenge
[1][2]. A critical-sized bone defect is defined as a segmental bone loss when the idefectength is
greater than 2.5 times the diameter of the affecledg bone Figure1-1) [1][3]. Although bone tissue
has a remarkable ability to regenerate and heal itséitally sizedsegmental bone defects and complex
fractures do not heal spontaneously within a pati
[4]. Regeneration/reconstruction of these defects requires-deniged or synthetic graf{s][6].

Annually, billions of dollars are spent in the United States to repair critically sized bone defects,
and over two million operations are performed glob@lyAs of 2013, there were 59 bone graft substitutes
marketed by 17 companies in the UK available for implantation. Only 37% d@gi©ohad clinical data
[8]. Although there are synthetic biomaterials available that have represented good clinical success in the
treatment of bone injuries, to the best of our knowledge, none of the currently available synthetic grafts
have combined load-bearing property resorbabity, and the ability to match the osteogenic and
osteoinductive qualities of natural bone gféft Thereis thusaneed fora biomaterial that can fill critici

sizedbone defectssupporting th@steogeit process and resorbing at a controlled rate.

Figure 1-1. A radiograph ofa critical-sized bone defeof the ulnaof a dog Reprinted with permission frofh0].
Bonegraft is ranked as the second most commnansplantedissue[11]. Roughlyspeaking2.2
million bone grafting surgeries are done worldwide annually at the cost of $2.5 Qill@nAlthoughan
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autograff a piece obonethati s harvested from t he p-badbearmgates heal t

(like iliac crest or pelvis) and then implanted at the defect[$itg is the gold standard of care for bone
defects, it is complicated by donor site morbidity, anesthesia time, and insufficient graft volume for CSBDs
treatmentFigure1-2-a) [4][13]. Thus,current treatment®r CSBD reconstruction are allograftspiece

of bone that is taken from human cadawardonors [11]and metamegaprosthesean implant designed

to replace the resected large bone segigntFigurel-2-b, c) Allografts have bettemechanicastability
than autografts, allowing large bone defect reconstruction without donor site mofbijitjHowever,
allografts do not repair as quickly as completelyas autograftdhey carry some risk afonorto-recipient
disease transmission and have limited ability to revascularize and refd8ileMassive structural
allografts (those used to treat CSBave several complications, including fracture, infection, and
nonunion[15]. For example40% of failures aredue to fracture when allograf are used for CSBD
reconstructiorfl3]. Reconstruction with metal alloy megaprosthdsame of théreatmens of large bone
defects.While megaprostheses are used to provide structural and mechanical §appotthey have
different shortcomings such asseptic loosning, fatigue fracturg local recurrence of the tumor, deep
infections, mechanical failure, and dislocatjid][18][19][20]. The high complication rate assated with
allografts and metal alloy megmosthesebashighlightedthe needor developing new approaebusing

novel synthetic biomateriatngineeredo serve as bone graft substitut&3].

Figure 1-2. Different graftdypes usedh the bone defects treatmeand;autograftharvested from iliac cre$21], b)
allograft [22], ¢) metal megaprosthesis systé&eprinted with permission fino[23].



These engineered biomaterials should posspssperties that match both the mechanical and
biological context obone tissue matrij24]. The biomaterials should promote integration with host bone,
ogeogenesisand angiogenesis while havitigedesired and sufficient mechanical stability dadlitating
load transfeunder weightbearing condition§l]. The biomaterial must have essential properties such as
biocompatibility, osteoconductivity (i.eability to support the attachment of osteoprogenitorsaatid
osteoblasts) osteoinductivity (i.e.,ability to inaease the osteoprogenitor cell differentiation into
osteoblasts)and bioactivity (i.e.ability to develop a direct and robust bonding with bone tissue through
the formation of bondike apatite[25]) [6]. A bone biomaterial should be replaced by mature bone without
transient loss of mechanical suppdrhis means the biomaterial should be resorbable controlled
manner[26]. Also, to conformto irregularly shaped defects and match patspatcific anatomythe
biomaterial should be 3D printable

Poly (methyl methacrylate) (PMMA), calcium phosphate cements (GRAS) bioactive glass
composites are some examples of synthetic biomaterialrdtatrrentlyusedo repaimon-critically sized
defects Despite having &igh strengti( 70 MPg, PMMA is nonresorbableand does not integrate with
host bone, which leads to deviceseningand longterm failure[27][28]. Ceramic biomaterials composed
of hydroxyapatite or trcalcium phosphate are attractive options since they are resddegjpéelablend
osteoconductive and asimilar to natural bone in copression[13]. However, tleir use islimited by
brittleness andthey are subjedb fractuing due to the repeated loadif2P]. Moreover, bioactive glass
composites present remarkable mechanical properties but uncontrolled res{@ptioSince thee
conventional biomaterials are unsuitable for CSBD reconstructiomposite biomaterials are being
developed to attaithe desiedmechanical and biological propertigs].

Composite biomateriajsrovide the possibility of making bone grafts equivalenh&autogenous
bone by integrating all the factors associated witeoconduction, osteoinduction, osteogenicityd
bioresorbability{31]. Naturd bone has a unique physiologic microstructure, a nanocomposite of collagen
and hydroxyapatite, rmideal framework for bone development and physiologic regenerafid2).
Accordingly, synthetic grafts are designed as nanoositgs to mimic bone microstructupgresenbone

3



like strength, stimulate osteogenic differentiatiand be resdxableat a controlled rate relevant to patient
biology [2][29]. Bonecel sattachment, spreadingnd differentiation on implanted graft materials are
crucial for bone formation33]. Once implanted, bone graft biomaterials interact wiih local cells,
osteoblasts (i.e., borferming cells), and osteoclasts (i.e., barsorbing cells)Prior worls indicate that
osteoblasts are more critical for implant osseointegrdB8di{35]. However, osteoclastare critical in
determiningani mp | a nt 0 §36][B7¢. A goetrolledregorption rate isritical since implant strength
should & maintained until the regenerated tissue can provide mechanical support, cell penetration, and
vascularizatiorf38]. Through controlled resorptiothe biomaterial integratesith the bone remodeling
process[6], which is the most important physiological process in the skeleton that osteoblasts and
osteoclasts are involved [ih6][39].

In-vitro testing is essentialin estimaing the maerial propertiesof biomaterials,such as
biocompatibility and cytotoxicity[32]. In-vitro cell-based assays are easy, reproducible, and inexpensive
compared tdn vivostudied6]. Most of the publishetesearch reports on biocompatibility @ndvitro cell-
material interactions use only osteoblasts, and few studies consider the significance of the osteoclast
respons¢40]. However, osteoblasts and osteoclasts work cooperatively during bone tissue remgdeling
both areessential for developingew healthy bone within a defect sjtl][42]. The osteoclast response
evaluation provide valuable informatiorregardingosteoclastmediated resorption of a new biomaterial
and indicateits potential as a future bone graft matef&d]. Therefore, the study of both osteoblast and
osteoclast responses is requiredrisure theomplete characterization of a new synthetic bone biomaterial.

My thesisis a crucial part of a research program focused on developing competenngible
nanocomposite biomaterials for criticalbjzed bone defect reconstructioFhe nanocomposite system
developed in the Waterloo Composite Biomaterial Systems Laboratory (WCQB81hines an inorganic
phase, nanbydroxyapatite (nHA), and an organic phase, acrylated epoxidized soybean oil (AESO)
methacrylated AESO (MAES(gnd polyethylene glycol diacry&a(PEGDA). This thesis providea novel
and robust means for evaluating our new class of advanced 3D printable nhanocomposite btlased on
responsesf osteoblastand osteoclast The new methods and materiptesented herein widignificantly
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impact K el et al bi omat er i al s 6f nadet bord goafi pubstititdo aenodstruste | e c t i
critically sized segmental bone defects (CSBDs).

This thesis is organized as follov@hapter 2ncludes the literature review relevant to this research
thesis.Chaptes 3 and 4present the objectivAg/pothesesind the materials and methods, respectively. In
Chapter 5, the results and discussion of the osteoblast study are reported, and Chapter 6 presents the
investigation with osteoclasts. Finally, in Chapterc@nclusion, limitations, and recommendations for

future work are presented.



2 Literature Review

2.1 Bone biology and structure

Bone isa living tissuematerial that canadapt to changes in its physiological or mechanical
environmeng43]. It is essential tanderstandbone composition, architecture, and bone matrix organization
to develop borndénspired graft materials successfulls shown inFigure 2-1, bone has a hierarchical
structure from the nanoscale to the mascale:collagen molecules, bone mineral crystalad nor
collagenous organic proteins; collagen fibridgne lamellaHaversian systemsnd osteons; cancellous
andcortical bond44].

Bone is a composite material with two major phases: 65 wt% of bone consists of an inorganic phase
known as mineralized matrix, and 35 wt% is an orgamitrix [45][46]. The mineralized matrix is
composed opoorly crystalline, highly substituted hydroxyapati@aoPOs)s(OH).) with other minute
constituents such as carbonate, citrate, magnesium, fluoride, and strp#dlunThe organic matrix
comprises 90% type | collagen and 10% noncollagenous proteins such as glycoproteins, proteoglycans,
morphogenetic proteins, integtinding proteins, and growth factde6]. Hydroxyapatite nucleates into
collagen fibrils where collagen fibrils provide a nestale structural template, and hydroxyapatite gives

the strength and stiffness to the structural frameittastand compression and bending strep8gl46].

Collagen
molecule

Collagen C‘g{)ﬁen g l
fiber M

Cancellous bone

Bone
Crystals

Microstructure Nanostructure
Macrostructure Sub-microstructure Sub-nanostructure

Figure 2-1. Hierarchical structural organization of bone with different levels and structiRegrinted with
permission from[47].



Bone has physical and physiological functions. Its physicalifumgincludesupporting the body
operating as a lever system during movemant] protectingorgansfrom shock and injuryFrom a
physiological point of view, bone functions areematopoiesissource of progenitor cellgnd mineral
homeostasi§44]. At the macroscopic level, a mature basidivided into the cortical (compact) and the
trabecular bones (also known as cancellous or spongy bone), which differ in densiticeosiructure

(Figure2-2) [47].

Spongy bone

Compact bone

Figure 2-2. Trabecular (spongy) and cortical (compact) bone tissues différeir microarchitecture and porosity
Reprinted with permission frof48].

Cortical bone has a compact structure with 10% porosity and constitutes 80% of the whole bone
mass found irthe skull, iliac crest, long bone diaphysis, atheé shells of vertebrae and other bones
containing relativly large amounts of cancellous bod®]. The primary function of cortical bone it
give structuralsupport and protection to the skeleton framevwédf[45]. Osteons (Haversian systenasg
the main structural unit of the cortical lrtemented tamne another but separated by interstitzadd
circumferentialamellae[50]. Each osteon contains a longitudinahtral canalthe Haversian canal, that
houses nerves and blood vessels supplying the bone with nutrients. Haversian canals are connected to one
anot her , to the Dblood supply and49bThe &lindershaped w c a v i
layers of the osteonsalled concentric lamella@recomposed o calcified matrix (collagen fibers and
impure hydroxyapatiteFigure 2-3-a). There are also circumferential lamellae that run along the
periosteumlt covers the outside of bonedong the endosteurwhich lines the inner spongy bone tissue
and the interstitial lamellae between oste@steocytes aramprisonedin small space calleldcuna The

lacunae in the central canal are connected to each other through small canals called canaliculi, to provide



intercellular communication and nutrient delivery to the osteocyte Tokstabecular bone constitutes the
remaining 20% of bone maasd carbe found in the inner part of the cortical botiee long bone ends,
theiliac crest, and the vertebrae anostiSpongy bone has a lattitike matrix network called trabeculae
surrounded bythe bone marrow.The trabecular bone less dense and more porpusth a higher
concentration of blood vesseleancompact bonelhe trabeculae are thin rods made up ohibel lamellae
composed of bone matrix, osteocytes and canalicukaveredoy endosteumRigure2-3-b) [44] [45][49].

Microscopically boneis classified into two phenotypes; woven and lamellar §60¢ Woven
bone ismmature newly deposited bone or primargne tissuéound in theembryonic development stages
and young children. It is composed of randomly orienteddisatganized collagen fibers. Lamellar bone
is a mature bone composed of highly organized collagen fibers oriented in concentric sheets termed lamellae
(Figure2-4) [44][47].
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Figure 2-3. lllustration of structure of cortical and cancellous bareg components of compact bofid ], andb)
spongy bongperiosteum, and endosteli2]. License CC BY: Attribution.
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Figure 2-4. Diagram of immaturebone(Woven)and matureboone(Lamellar). Reprinted with permission frof&3].
2.2 Bone cells

Bone comprisedour cell types: osteoblasts, osteoclasts, osteqcyias osteoprogenitor (or
osteogenic) cellsHigure2-5) [54]. Each cell type has a unique function and is found in different locations
in bones. The osteoblast is found in the periosteum (outer surface of the dodesteum (inner surface of
the bony tissue)and inside osteondis responsible for depositing bone matrix and forming new bone
[51][54]. When osteoblasts get trapped withiire calcified matrix (mineralized bone), th@inenotype
changs, and they mature abg&come osteocyt¢s1][54]. The teocyte is the primary cell of mature bone
and the most common type of bone cell responsible for maintaining the mineral concentration of the matrix
and sensing and responding to strdisg][54]. These cells are located in lacuna and comefctr
intercellular communication and nutrient delivery via canali&dl][54]. Mature steoblasts and osteges
do not divide, so the osteogenic cells located in the periosteum and the marrow are responsible for
replenishing then [51][54]. Osteogenic cells are immature and undifferentiated belfsthat develop into
osteoblastsThe last cell type ighe osteoclasta multinucleated cell responsible for bone resorption

[51][54].



Osteocyte Osteoblast Osteogenic cell Osteoclast
(maintains (forms bone matrix) (stem cell) (resorbs bone)
bone tissue)

Figure 2-5. Four types of cellare found withinbone tissueReprinted with permission frofa1].

2.2.1 Osteoblasts: Osteoblastogenesis and bofegmation

Osteoblasts areuboidal cells thatonstitute4-6% of the total residerftumanbone cells[55]
derived from mesenchymal stem cells (MSCs) found in bone mgB6lv A sequential cascade of
biological processes drives the osteogenesis process (bone formiatissequencs startedy migrating
MSCs to bone remodeling sitéallowed by proliferation, lineage commitment, expression of lineage
specific markers, collagen secretion, axtracellular matriYECM) mineralization[57]. This process is
briefly explainedbelow (for more details, please refer[&8][59]).

First, MSCs are committed to osteoprogenitor§hen the generated osteoprogenitaaese
differentiated into osteoblastic lineage the expression of transcription factors RUNR]. RUNX2 is
a key component in the osteogenesis process that upregustdeblatrelated genes such as alkaline
phosphatase (ALP), osteocalcin (OCN), and bone sialoprotein (BH1]. Osteoprogenitors proliferate
into pre-osteoblast which do not secre®CM and danotshowALP activity. Theycontinuedifferentiation
into nonproliferating and matribproducingmature osteoblastdhe first deposited and unmineralized
ECM i s knownmaadeup &f tysetl eoltaged, (vaollagen proteins (osteocalcin, osteopontin,
bone sialoproteins), proteoglycans, and bhooephogenetic proteirj45][59]. Osteoblasteeleaseenzymes

10



that breakdownthe proteoglycansand as a result, calciunons (previously immobilized by the
proteoglycans)are releasedrom proteoglycansAdditionally, ALP secreted by osteoblasts degrades
phosphatecontaining compoundsnd consequentlyphosphate ions are releagé8]. The accumulation

of calcium phosphate in the form of hydroxyapatite leads to mineralizatithre osteoid resulting ina

hard but lightweight material that makes bfs@]. Mature osteoblasts have different fates: apoptosis, bone
lining cells or osteocytegFigure 2-6) [60]. Osteocytes are the main mechanosensitive skeletal cell type,

and bone lining cells are flat osteoblast lineage cells lining the bone siH%$HE2].

Mesenchymal
precursor

Committed

®
osteoprogenitor .
@

Preosteoblast

Mature
osteoblast .
Apoptosis Lining cell Osteocyte

Figure 2-6. Strategies obsteoblastogenesiReprinted with permission frof&0].
2.2.1.1 Experimental model to study osteoblasts Hvitro
Human primary cells are isolated directly from bone marrow to be insétto for osteogenic
differentiation [63]. Although these cells maintain their origin tissue's morphological and functional

characteristics, they do not live forever, haveited sourceg¢from the same donognd ability for sel
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renewal and differentiation. Also, the donors' genetic characteristics and age might cause different cell
behavios under the same culture conditions. These cells are more sensitive than immortalized cell lines,
cellsthat have been manipulated to grow indefinitely and can be cultured for longer periods Bfitimaey

cells usually need special media, additional imuntts, and growth factors. Since the early® 2entury,
immortalized cell lines have been used as a powerful tool to study biological processes and perform
preliminary screenings or primary investigations such as cytoto @4}y These cell linesare cost
effective, widely available, easy to work witktayalive for longer periodsandleadto higherexperimental
reproducibility[64][59].

The undifferentiated preosteoblastic cell line MCHB is the standardh vitro model of
osteogenesis and has been widely used in transcriptional regulation, mineralization, and bone tissue
engineering65]. The MC3T3EL1 cell lines are differentiated to mature osteoblasts by specific reagents
such asascorbic acid phosphateb-glycerophosphate, and melatoriéb]. The differentiationcan be
confirmed by alizarin red staininghich identifies calciundeposiion by osteoblastsAlkaline phosphatase
(ALP) is a byproduct of osteoblast activitpnsidereda hallmarkof the osteoblast phenotype and widely
recognized as biochemical marker for new bone formatifg6][67]. Therefore, ALP expression is an
early marker for ostogenesislt can be detected beacting with go-nitrophenylphosphatehromogenic

substratd66].

2.2.2 Osteoclasts: Osteoclastogenesis andr®resorption

Osteoclasts play a crucial role in bone growth, bone remodeling, and bone healing by degrading
and demineralizingthe bone matrix They are also critical actois regulating calcium homeostasis by
releasing calcium into the bloodstrep#d][68]. Osteoclastare gianand multinucleatedellsderived from
hematopoietic stem cellgijth 2 to 30nuclei and varying in diameter between 10 af0 Bm(Figure2-7)
[69][70]. In the formation of osteoclastsyo cytokinesplay vital roles: macrophage colongtimulating
factor (M-CSF) and receptor activator of nuclear fadtBrligand (RANKL) [58]. Briefly speaking,

hematopoietic stem cells within the bone marrow give rise to macrophage progenitors under the influence
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of M-CSF. MCSF is primarily responsible fahe proliferation and survival of osteoclast precussor

produced by the adjanebone marrow stromal cells and osteobligig[72]. The M-CSF binds to its

receptorin osteoclast precursqrsFMS, andhen thiscombinationrs t i mul at es precur sor C ¢
and prevents their apoptosjg3]. Osteoclast precursor cells are positive for tartragéstant acid
phosphatase (TRAPan enzymendicative of osteoclast activityThen the binding of RANKL to its

receptor on osteoclast precursors, RANK, induces a signaling cascade leading diféenetttiate into
mononucleated osteoclasts and subsequently fuse to become multinucleated og#EdcRANKL is an
essentiafactor for osteoclastogenesis aisdexpressed by bone marrow stromal cells, osteoblasts, and
osteocyteg58]. The resultant mitinucleated osteoclasts resorb bone matrix by secretioipns(H"),

proteases (e.g., Cathep&iy and matrix metalloproteinases (MMPS).
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Figure 2-7. Osteoclastogenesgathway Reprinted with permission frof@0].
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Bone resmption isthe demineralizatiorand degradatioof inorganic and organic components of
bone by osteoclastsespectivelyThe mechanism of bone resorption is showFigure2-8. Osteocytes
recruit osteoclasts to the resorption site by detecting skeletal microdamage or for regulating mineral
homeostasifs8]. The migration of osteoclast precursor from the circulation into bone or within the bone
cavity is controlled by several chekines such as Cxcl9r4][75]. Osteoclastare normally attached to
the surface ofthe bone Their function depends on the tight connectiothisbone matrix(formation of
resorption pigealing zone) andsteoblastike cells(activation of RANKvia interactionwith osteoblast
derived RANKLD [76]. The plasma membrane of the osteoclast attaches to the bone through the binding of
Ubs-integrin to proteinsincluding osteopontin and bone sialoprotein (B$58]. This attachment creates
the resorption compartmera closed and sealed microenvironméetweerthe osteoclast and the bone.
Then, steoclasts develop several invaginationa | | e d @ r uoh thdir plasmaénemlorane facing
the bone to be resorbethe wffled borderhelps the process dfgestiveenzymedeliveryandthecreation
of an acidic environmen® he hydrogen ion§protons)are derived from carbonic anhydrase in th#'s
cytoplasmand pumped into the resorption compartment via proton p{if@mhsChloride ions (C) are also
transported into the resorption compartment via chloridenredla to maintain electroneutrality The
secretion of hydrogen and chloride ioo®atesan acidicenvironment,leading tothe dissolution of
hydroxyapatiteandthe exposure of therganic matri{76]. The orgait and inorganic mattersf the bone
matrix aredigestedby the action of several enzymlédge tartrateresistant acid phosphatasathepsirk,
and matrix metalloproteinasg78]. These enzymes are formed in the cytoplasm of ostdscad
packaged into vesicles to be releasedhauffled border into the resorption lacunae. When the matrix is
digested, shallow depression al | e d fi Ho ws dreicrediesl Followinguesaapéon, degraded
products are endocytosed via the ruffled border, packed into vesicles, and released extracellularly by
exocytosis through the membrane opposite the ruffled borleer completion ofthe resorption

osteoclasts undergo apoptd&iS].
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Figure 2-8. Mechanism of bone resorption. Ctsk: cathepsifEprinted with permission frof@7].

2.2.2.1 Experimental model to study osteoclasts hvitro

Identificaion of RANKL and MCSFmade a revolutionary change in tipeneration and study of
osteoclastsThese two cytokineallow researchert generate osteoclastsvitro in the absence of other
cell types. A variety of cell populationincluding adult mouséone marrow cells and mouse/human
peripheral bloognononuclear cellxan be differentiatkinto osteoclastfr9]. Like osteoblasts (see section
2.2.1.1), osteoclasts can be generated from immortalized cell lines such as the RAW 264.7 murine
macrophage cell line rather th@nimary cells[80]. Using RAW264.7 cells remogehe necessity of
treatment with MCSF since these cells express both-GBF and its receptor-fms. Therefore,
supplementing theulture medim with RANKL is sufficientto differentiateRAW 264.7 cells into mature
osteoclastfr9][81]. The dfferentiatedRAW 264.7 cellsanthenbecultured orbonetissueor biomateials
to assessesorptionn vitro [79].

Three featuresisually distinguisithe presence and activity of osteoclastsiltinucleated cells
TRAP expressionand thebone/biomaterial resorpticability [82]. Theosteoclast phenotype confirmed
by staining the nuclei (labeling DNA@BNnd steoclastactivity is detectedby TRAP expressin and

osteoclastnediatedesorptionpits (Rpits) [79]. Most research on the resorbing activity of osteoclasts has
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been restricted to 2D qualitative analysis usinged#int staining method83]. For example, multinuclear

cell morphology, TRARactivity, and the number and area of formed resorption pits on bone or dentine
surfaces have been stained with histochemical or immunological staining and studied by reflective
microscopy [84][85]. Osteoclastic bone resorption happens inilBivo. So, it is essential to evaluate
resorption pits in 3D usingdvanceanethods like scanning electron microscopy, confocal microscopy, and
atomic force microscope (AFMB6]i [89]. Confocalmicroscopy is a thredimensional methothat can

be usedfor measuring surface topography over a wide range of size soaddig it possilbe to
characterizeesorption pitgeometryprecisely in 3068][90].

The primary function of osteoclasts is bone resorption, and its microscopic measurement is the
most widely used approad¢fl]. Once osteoclasts are cultured on bonerteble biomaterialm vitro,
resorptive lacunae (Rpit) are formed simifao those created during bone resorptiomivo. The number
and size (length, width, and depth) of Ryitrad s det e
[92]. It was found by Hetftet al.that the size of resorption pits in native bone and titanium and zirconia
surfaces were quite similar &ize[93]. According to a study by Arnett drDempster, pits were stained by
toluidine blue and then identified and quantified by a simple microscope with-bafghillumination[94].
However, this approach can only be ugmdbone slices or biomaterials containing proteins like collagen
molecules. Toluidine blue cannot be used to stain calciumpphtes, making ithallengingto observe
resorbed areas aertain bionaterialshat do not contain collagg@1].

Althoughthe volume of resorption pits in bone indicates the work done by osteoclasts, the plane
area of the pithias mostly beensedto quantifythe work by osteoclas{95]i [99]. Some authordhave
claimed that measuring plane area is not a reliable indicatothéoextent of resorption and have
emphasized the needor or advantage of volumetric measurement$100]i[102]. As such,
Stereomorphometry dBEM imageshave beerused to determine the volume of resorption fi3].
Yamadaet al. showed that the area, depth, and volume of resorption pits @lsolde assessed accurately

by a 3D laser scanning microscope. They compared the resorption capacity of misoctasts on
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tricalcium phosphate (TCP) and zioontaining TCP (ZnTCP) and demonstrated that there avas

significant difference in pit volume for two different biomaterials with the same pi{Hida

2.3 Bone remodeling

Synthetic bone graft materials must be resorbable and support the ingrowth of boneAtissue.
materialimpermeabldo cellular infiltration leads to a slowerteaof resorption and new bone formation.
The se of allografts shosithat dense tissue can undergo extensive osseous integration by osteoclasts and
osteoblast§105]. Thus abone graft substitute shoube designed telowly integrate into the skeleton via
controled remodelingBone remodeling is aontinuous proceswhereold or damaged bone tissue is
removed by osteoclasts and replaced with new bone tissue formed by ost§@®jaske remodeling rate
varies based on areas of the skeleton and also areé#®oé. For example, tioerticalbone along théong
boneshaft is alteredtamuch lower rate than the bone on the femur's lfighld In adultsthere isabout
10% of bone tissueemodelingeach yeaf106]. Remodelingtakes placdo helpreshape and helbne
tissueafter a fracture, repair miciteracks due to normaictivities, and supply calcium and minerals to
other tissues as demand ari§&87][106]. In the following paragraphthe bone remodeling process

describedas well as irFigure2-9.
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Figure 2-9. The obne remodeling procesReprinted with permission frofh08].
The first step ighe activation of osteocytesiduced bychanges in mechanical forces, calcium

homeostasis, or hormone lev§l96]. Next, theremodeling cgle is initiated andhas three phases: bone
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resorption, transition or reversal, and bone formafsj. Osteoclast progenitors are recruitedtie
damageebone surface/degradation sitethe resorption phaqdé0]. Subsequentlythese cells makée
local environmentacidic and the minerals are dissolveals desgbed in section 2.2.2As a result,
resorption cavitiegre formedwith depth vaying between 4660 pm.When a certain amount of bone is
resorbedthe reversalphasestarts wherebone resorption stopssteoclasts begin to die, and osteoblast
progenitors are recruitg80][106][109]. Direct and indirect communications between mature osteoclasts
and osteoblastsave been reported to ocaluring the reversal pha§e8]. Molecules called semaphorins
and ephrins are involved in thesemmunicationsbut the direct contact betweehese twacells has not
been demonstrated vivo, and it is stillan area ofontrovery [58][110][111]. For moredetails regarding
the mechanisms involved in the reversal phase and osteoblast/osteoclast communéafatiotg r
[58][60][112]. The completion othefirst two phasesnenticed aboveakes roughly 23 weekq106]. In
the last phaséformation phasg mature osteoblasts produaenew bone matrix (osteoid) that fills the
resorption cavitieg113]. The bone remodeling phase completes by matrix mineralization and the
differentiation of some osteolsis into osteocytes his step continues for montlasd results in dense
mineralized bone tiss|#&06].

Bone remodeling in caellous bone happens on the trabecslagaceandtakesabout 200 days
in normal bone. On the other hand, dyele duratioris shorter in cortical bon&ith amedian of 120 days
[109]. Remodeling is triggered by osteoclastic resorption, which erodes a resorption lacuna with a depth of
60 um in young people and 40 pum in elderly peqpe day[109]. Cortical bone has a lower surfat®
volume ratio; so, the resorption proceeds in tunnels (osteonal remodeling) through the bdaé9isélf
is worth mentioning thatuting normal bone remodeling, a balance between bone resorption (removal of
calcified tissue) and bone formation is controlled by several coordinatedisggmechanisms (signaling,
antiresorptive, and anabolic pathwgitd4]) to couple formation to resorptigil5]. This balance is
maintained inthe mature healthy bone to ensure sanificantnet changes in bone mass or mechanical

strengthhappenrafter each remodeling cyclambalancemay occurunder certain pathological conditions
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resulting in abnormal bone remodeling and the development of bone disorderssfeaporosisj115].

The remodeling process is also active during the healing of injureddogiained in théollowing section.

2.4 The bone fracture healing mechanism

Bone fracture is a medical condition caused by sports, accidents, falls, or osteopmasss,
characterizethy theloss of bone anatomic continuity and mechanical stalpd}. There are two types of
fracture healing: direct (primary) healing and indirect (secondary) hddBhgDirect bone healing occurs
when the fracture gap is less than 0.1,ramd the fracture site is stabiliz€l6]. There is no vascular
disruption and no callus formation in direct bone heal#@]. Inflammatian activates a process of
continuous ossificatigrwhich directly produces a new lamellar bone structure to fill the bone gap and
subsequent Haversian remodel[td6].

Indirect bone healing is more common and happens when the frgetuiisless than twice the
diameter otheinjured bong117]. Once the fracturbappensthe bone healing process starts immediately
[118]. Four stages are involved in the secondary bone fracture healiligstrated inFigure2-10 [51]:
hematoma formation followed by inflammation, soft callus formation (initially granuléienefollowed
by fibrocartilage formation and mineralization of cartilage), hard callus formation (formation of
woven/trabecular bone), and bone remodeling (reestablishment of cortical bountéry cone drmation
of osteons]49][51][118]. A variety of cellular components is alsequred for the bonehealing process

[119]. In the followingparagraphsthe indirect bone healing process islakped in more detail.

blood
vessels

(A) Hematoma (B) Soft callus (C) Hard callus (D) Bone
formation formation formation remodeling \
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Figure 2-10. lllustration of the four stages of the bone healing procBsprinted with permission frofh20].
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Immediately after the fracturen hematomgcollection of blood, most often clotted formed
because of the tear in blood ves$&l®9]. The hematoma is enriched with bioactineleculessuch as bone
morphogenetic proteiand coagulation and inflamnaay factorsfor platelet activatiorand recruitment of
inflammatory cells (macrophages and neutrophils), neovascularization, fibrpbladtesteoprogenitor
cells[118]. As seen in Figure 2-10, the hematoma acts as a sealing zone covering the affected area.
Platelets, macrophages, osteoclasts, and varioasnimfatory cellpenetratehe sealing zone@ndsecrete
cytokinesand growth factors[118][119]. Macrophagesand osteoclastsn the hematomadelp remowe
degenerated cells, injured and devitalized tissue, and other REjisl 9].

The second stage the soft callus formation where both chondrocytes and fibrobladtsrm
granulation tissue arfibrocartilage[118]. The fibrocartilagdills the space between the broken £add
holds them togethdi 18]. In this phase, mesenchymal stem cells are recrtotedgenerate@asculature
and differentiate into osteoblasts to initiate bone formdd8i{119]. This is followed by the thirdtage,
hard callus formatiorwherean increase in osteoblast activity anitheralized matrix formatiomakes place
As a result, he soft callus igiraduallytransformed into dard callus andconsequentlywoven bone is
formed[118].

In the last phaséone remodeling which can take several months, woven bngegradedy
osteoclastandreplaced with mature lamellar botad down by osteoblast¥he process is continuous
until the bone has been fullymmdeled to new bone indistinguishable from uninjured ti§s18][121].

As explained, boneanregain full functionality after injury (minor fractures) due to the physiological
healing process and its regeneration ability {sgthir and selfemodeling ability). Howeer, there are

conditions such as large segmental defetisrethe bone fails to heallefinedasi n am i ons 0.

2.5 Ciritical -sized segmental bone defect and current treatment
Bone defectsresuling from severetraumatic injuries and large bone resection forarious
pathologiesare challenging ithe orthopedicfield due to the limitedegenerative capacity of boiresuch

defects[44][122]. The critically-sized segmental bone defect (CSBR3gJefined as the smallest osseous
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defect in a particular bone thdwesnot heal spontaneously over a long period of {ib23]. The minimum
size that rentecala Habtebeteficdefined as a segment
2-2.5 times the diameter of the affecledg bone[124]. In addition to surgical and researchdlenges,
the nortunion caused by such defects ¢ead toprolonged angbostoperative treatment costsd affect
the quality [125] patientsd | ives
Bone grafting is a key solution for significambne defects hat f il 1l s t he defect (
mechanicakupport, and enhances the defect's biological r¢p2ft]. Autograft has been consideréu
gold standard for bone defect healing due to possessing most requiréntndsng osteoconductivity
andosteoinductivity for successful bone regenergtl@7]. Howeveranautograft is associated wittonor
site morbidity It also has the disadvantagepoblonged surgical and anesthesiological time that can cause
a proportionally increased risk of infectidgh27][128]. Autograft is not commonly used to reconstruct
CSBDs. The treatment of CSBDshieh is required to prevent amputation, has changed over the years
[129]. The arrent standard solutisrfor CSBDs reconstruction are allograftsased structurand metal
alloy megaprostheses.
Allografts obtained from human cadavers are good alternatives to autpgoafssitutingabout
34% of the bone substitutgl?][126]. They areelativelyeasy to obtain, avoid donsite morbidity, show
optimal osteoconductity and biomechanical characteristics duetheir threedimensional structure
similarity with the human bor{@26]. However, allografts are usually not osteoinductive or osteoganic,
associated with riskof immunogenicity, viral disease transmissiandbacterialinfection This leads to
inadequate mechanical pefies for badbearing bone applicatiordue to the lack of remodeling and
repair, which lead¢o microcracks and eventually fatigue failyd26]. Al | ogr af ishighyqual i t
dependent on donor characteristics leading to the vanainildinical result§44][126]. The failure rate of
allograftshas been reported in the rangeb6% and 35%n the literaturg130][131].
Metal alloy megaprostheses for CSBf¥econstruction have been used more frequently in the last
three decades to replace the affected bone tissue instead of reggrimwagtissue(Figure2-11) [129].
Their components have been developeddsistcorrosion,avoid fractures, and presentbetter fixation
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[129][132]. Despite theadvances in materials and implant designs, megaprostheses have complications and
a highfailure rae [133]. The complicatiorrate for megaprostheshas been reported bebetween 25%
and92%][134][135][136]. Asepticloosening, mechanical failure, and infectame factors causiritpe high
incidence of complicationgs][19]. According to the literature, infection is the most common mode of
failure in megaprostheses, ranging between 5% and AG7A]. The complications associated with
autografts, allografts, and metal mggastheses for critical defects have identified a need for new
approaches[12]. In the next section, theequired properties fobone biomaterialand composites as

suitable biomaterial for bone defect reconstructiomexplained.

Figure 2-11. A: Fracture of the distal femur after a road traffic accide®it Distal femur reconstructiowith
megaprosthesiskeprinted with permission frofh37], C: Implantation of a total femoral prosthesis after resection
of the tumor Reprinted with permission frofg].

2.6 Biomaterials for bone reconstruction
2.6.1 Required properties for bone biomaterials

Due to the mentioned limitations, considerable work has been conducted toward developing
synthetic bone graft materials. Alternative biomaterials must be compatible with bone cells, support cellular
attachment and proliferatiotve resorbable, and suppdtte ingrowth of new bone tissuBurthermore,
biomaterialsshould mainly provide the combinatiof mechanical support and ostesgeneratior138],

which involvefour significantbiological properties: osteoindueitly, osteoconductity, osteogertity, and
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osseointegrativity139]. Thebiomaterals should possess mechanical propediesparable toatural bone
andhave similar strength to threplaced bongl40]. Biomechanical properties of corticahd cancellous
bones arshownin (Table2-1) [31]. The biomagrials should support the attachment and migration of new
osteoblastsand osteoprogenitor cells (osteoconductivity), in situ mineralization of the collagen matrix
produced by osteoblasts to form new bone (osteogenicity), the recruitment and differemtiation
osteoprogenitor cells into osteoblast (osteoinductivity),thatbrmation of intimate bonding between the
newly formed mineralized tissue and host bone (osseointegrafd2§)127].

Table2-1: Biomechanical properties of bonReprinted with permission frofg1].

Properties Measurements

Cortical bone Cancellousone
Youngd6s modul ucs 1420 0.050.5
Tensile strength (MPa) 50-150 10-20
Compressive strength (MPa) 170193 7-10
Fracture toughness (MP&a/M 2-12 0.1
Strain tofailure 1-3 5-7
Density (g/cnd) 1822 0.1-1
Apparent density (g/cfp 1.82.0 0.1-1.0
Surface/bone volume (nffmn?®) 2.5 20
Total bone volume (m#h 1.4 x 106 0.35 x 16
Total internal surfacémmy) 3.5x 16 7.0 x 106

Therefore, a synthetic biomaterial for bone graft substitutes should alloadbelsion, migration,
proliferation and differentiation to enhance bone defeetling[141]. Moreover, itshould bring desired
mechanical properties while resorption is balanced with bone formatitbout spontaneous degradation
[31]. Quick material degradation could result in mechanical failure. On the other hand, if it does not degrade
quickly enough mechanical failure could occur an inflammatory response could be stimulated, which
impairs tissue regeneratiqd42]. In other words, deally, the mature bone should replace the bone
substitute witout transient loss of mechanical supord stability]7].

Boneimplantsarecommonlymade of metals, ceramics, polymers #rar compositessgeTable
2-2). Metals are great candidatéor loadbearing orthopedicapplications because of their excellent

mechanical properties, compressive strengtid fatigue resistandé43]. However,they are known as
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non-bioactive materials with no osteoinductivity and osteoconductj#®y. Also, insufficientinterfacial

bonding between the metal and host tissue limits the osegmitivity and leads tasepticimplant

loosening[31][144]. Although metal implants exhibit adequate mechamcaperties, their application is

limited due to their stiffness and nbiodegradability{31]. Conventional biomaterials are inadequate for

CSBD reconstruction because ttennotsustain the combined loading experience by natural bone while

aiding in new bondormation[2]. Recent studies have shown that dense, cstdactive, bonenspired

nanocomposite biomaterials might be a potential and promising alternative approach for CSBD

reconstructio29][145]. In the followingsection nanocompositbiomaterialsare reviewedh more detail.

Table2-2:

Bi o ma t ssificatienlfos lbnepgliGations Adaptedwith permissiorfrom [31].

Biomaterials

Advantages

Disadvantages

Applications

Examples

Metal and alloy

Strong andften ductile

Too stiff, Dense, may
corrode

Bone plates, loatiearing
bone implants, dental
arch wire, and dental
brackets

Titanium, stainless steel,
Co-Cr alloys, and Ti
alloys

Ceramic Bioinert Brittle, poor tensile Hip joints and load Alumina, zirconia
Bioactive strength bearing bone implants
Bioresorbable Bone filler, coatings on
High resistance to wear bio-implants, orbital HA, bioglass, TCP
implant, alveolar ridge
augmentation,
maxillofacial
reconstruction, and bone
tissue engineering
Polymer Flexible, resilient, Not strong, toxicity of Bone tissue scaffolds, Collagen, gelatin,
surface modifiable, some degradation bone screws, pins, bone chitosan, alginate, PLA,
selection of chemical products plates, bone and dental PGA, PLGA, PCL,
functional groups filler, and bone drug PMMA, PE
delivery
Composite Strong, design flexibility, Bone graft substitutes, = HA/collagen, HA/gelatin,

enhanced mechanical
reliability than
monolithic materials

middle ear implants,
bone tissue scaffolds,
guided bone regenenae
membranes, and bone
drug delivery

HA/chitosan,
HA/alginate, HA/PLGA,
HA/PLLA, HA/PE
HA/PEEK

Nanocomposite

Large surface area, high
surface reactivity,
relatively strong
interfaces

No optimized technique
for material processing

Major areas of
orthopedics, tissue
engineering, and drug
delivery

NanoHA/collagen,
NanoHA/gelatin, Nane
HA/chitosan, Nane
HA/PLLA
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2.6.2 Nanocompositebiomaterials

Singlephase materials do not necessarily have all the characteristics needed for bone grafting, and
they are far from the properties of an actual autogenous boneGpafposites are a combination of two
or more materials that differ in morphology or composifib46]. In this approach, isifeasible to control
the mechanical properties of composites clos#rgaatural bone by usingsecondary substitution phase.
Basically,inorganicorganic compositeare inspired byhecomposite nature ofatual bone In particular,
in such composite the toughness of a polymer phdeeganic phase) is combined withe stiffness and
strengthof aninorganic phae to produce bioactive materials with improved mechanical properties and
degradation profile$109]. Laurencinet al. [147] developed a bioresorbable HA/PLGA composite and
demonstrated that the composite supported osteoblasts proliferation and differentiation suitable for bone
tissue regeneratiom arother study, Paxtoat al. demonstrated that adding HA to poly (ethylene glycol)
diacrylate (PEGDA) increased mechanical strength, cell attachment, and ability to form an interface with
biological materialsincrease in HA content in hydroxyapatfielyurethane (HAPU) composite also
enhanced cytocompatibility and osteogenesis capa[ilt§]. However,incorporating high levels of HA
also leads to composite brittleng$49].

Figure2-12 presents a graptal representation of the relationship between toughness and modulus
of HA-based composites compared to a natural dughlighting howthe fracture toughness and elastic
modulus of HA-polymer composites is comparable to that of human cortical Han¢his regard,
Hydroxyapatite and polymer biomaterigds components of composites for bone applicasiendescribed

in more details below.
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Figure 2-12. A graphical representation of relationship between toughnessramtlilus of various HAased
composite materialReprinted with permission frofh50].

2.6.2.1 Hydroxyapatite

Calcium phosphate (GR)}based materials are commonly usedrthopedic for their outstanding
biocompatibility and bioactivity, specifically in the creation of cohesive bone bonding that results in
effective and rapid osseointegrati{@®1]. The mineral phase of the bone is mostly made ngi@bscopic
crystals of calcium phosphates, in which the hydroxyapatite (HA) is the most imgagantHA is one
of the two calcium phosphate phases that i s chemi
(373 and around 7, respectivelp53].

Hydroxyapatite is a promising candidate for bone reconstruction because it is chemically
comparable to the mineral component of mammalian bde. The stoichiometric HA has a chemical
composition of Ca10(P&Q6(OH), with Ca/P ratio of 1.6/HA is biocompatible, has a high osteoinductivity,
and is capable of bonding to bone tis§iB5]. Non-cytotoxicity, noninflammatory behaviour, nen
immunogenicity, and direct bonding with new bone without the need for intermediate connective tissues
are all appeatig features of HA to be used in beraated applicationgl53][155]. The main application
of HA includes bone repair, filler to reconstruct bone defects (graft ralsdi56][157], or coatings for

implants[158][159]to promote bone ingrowth in orthopedic applicatifit&0][160]. Despite the fact that
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HA has been studied for clinical applications, it has not been insegaises where high load is applied
because it is brittleand it has mostly been used as coatihi§&] [162]. Coatings on the surface of metallic
implants, for example, have been developed to enhance the contact area of bone implants or to boost
osteoblast activity[163][164]. In this way, HA coatingsenhanced implant biological fixation,
biocompatibility, and bioactivity of implanfd66]. Various publications show th&A promotes bone
formation by increasing cellular resporj$67]i [169]. Augmenting atrophic alveolar ridges, repairing long

bone defectandununited bone fractures, middle ear prostheses, spinal fusion, cranioplasty, craniofacial
repair, and vertebral fusions a@me of thefew possible clinical uses for Hf31].

Recently, nanoscale H&HA, ~10-100 nm) has attracted much attention because of its enhanced
functional properties, especially surface reactivity and i@ structure, which are the most critical
features for tissugraft interaction upon implantation. During the past few yehi#,, compared to micro
HA, has been shown to promote osteoblast adhesion, differentiation, proliferation, osseointegration, and
increase calciungontaining mineral deposition on its surface, resulting in enhanced new bone tissue
formation in a shorter tim[170]. Although HA is a outstanding bone graft material, its usage in some
orthopedic applications has been limited due to its inherent low fracture toughness, particularly in heavy
load-bearing situatiofl171]. To increase HA's reliability, it needs to be incorporated mew composite
matrix materials with the appropriate mechanical properties, and intensive research is being conducted to
develop HAbased composites with a polymer matrix mat¢8a].

Some research studies have investigated the effect of incorporation of nHfpoljoner phase.

An HA/collagen micrecomposite was found to take Ia@rgto remodel into the bone and exhibited poor
mechanical properties for lodmbaring applications compared to its corresponding nanocomfibaie

Jia Huanget al. showed that nanbydroxyapatitereinforced composites were bioactive and sugatiite
growth and proliferation of primary human osteoblast ¢&ll8]. In another study, Webstet al.reported
that osteoblast proliferation was significantly greater on nHA after S alayscompared to conventional
ceramics More importantly, they observed that ALP synthesis and calciumtaining mineral deposition
was significantly higher in osteoblasts cultured on nHA after 21 and 28[H&yk In [174], Wei et al.
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indicated that nanblA/polylactic acid (nHA/PLLA) composites had higher mechanical properties than
their corresponding microompositesandalso provided a better substrate for attachment and migration of
cells in bone tissue engineering. [475], naneHA/polyamine a&id (nHA/PAA) effectively induced
osteogenesiand led to the repair of long segmental bone defeativoin New Zealand White rabbits

While all of these studies were performed with primary cells, other work has also used immortalized
pre-osteoblast ell lines. Wanget al. developed 3Bprintable GelMAPEGDA-nHA composite hydrogel
for bone defect repair and showed that the nanocomposite had good MCBT3c el | s6 vi abi |
proliferation [176]. Excellentbiocompatibility was also observed with posteoblast MC3TE1 cells
interacting with bonanimetic polysaccharide/naftdA (nHCP'CG) compositegl77]. However, while
exhibiting excellent celinaterial interactions, these composites hydrogels have poor mechanical properties,
which make them unsuitable to replace bone.

Most of the research on nHA applicationcomposites for bone applications has focussed on the
interactions with cells of the osteoblast lineage. To the best of our knowledge, there is currently little
literature available on osteoclast interactions with Ab#&ed composites. In 2014 et al. developed
nHA-poly (ester urethane) (hnHA/PEUR) compositdsich had a strength comparaltenonresorbable
PMMA bone cemenandpromoteal bone healing at weighiearing site$29]. They al® useda coculture
model with MC3T3 cells and RAW 264.7 celaddemonstratethat thér compositenot only promoted
osteogenic differentiatioputalso showed signs of osteoclase¢diatedesoptionafter 28 daysasobserved
by SEM[29]. However no controlswithout cellswere presented which makes it difficultdiearly assess
if the pits observed by SEM weosteoclasimediatedesorption pits and not material defects

Although HA has excellent biocompatibility and bioactivity, the low fracture toughnessnd
thereforeensile strength of HA compromise its use by itself for bone regenermastnuctural applications
[178]. In order to complement the limitations of HA, studies on bone regenerative applications have been
conducted by mixing HA with soft nerials such as polymefd61]. Several studies have foumlgiat
combining HA with a biopolymer can signiflblfantly
[155].
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2.6.2.2 Polymers

Polymers are widely used as bone graft substithezsmuseof their biocompatibility, design
flexibility, functional group availability, surface modifiability, lightweight, and ductile behavior
[179][173]. Polymers can be either natural or synthdtits shown that atural polymers such as collagen,
fibrin, gelatin, starch, hyaluronic agidr chitosan exhibit good biocompatibjlitbiodegradability and
osteoconductivityf180][181]. This class opolymersis also bioactivesincethey can potentiallyinteract
wi th the hlibey aré sftent usesl Snucemposites or chemically modified to increase their
mechanical strength and reduce their ldglgradation ratg4d.81].

On the other hand, synthetic polymers preggeeat versatility since they can be synthesized with
different porosities, pore sizes, degradation rates, and mechanical properties. The most commonly synthetic
polymers used as bone grafts pody-glycolic acid (PGA) poly-lactic acid(PLA), poly(lactic-co-glycolic
acid) (PLGA), poly(caprolactonefPCL), andpoly(ethylene glycol) (PEG]142]. Poly(ethylene glycol)
diacrylate PEGDA) is one of the most commonly used resins for biomedical biomaterials so far, although
it has inherent bidnert propertie§182]. The maindrawbacksof synthetic polymerarepoor mechanical
propertiesandhigh local concentrations of acidic degradation prod@btmsequentlythiscan affect cell
differentiationon the substratan vitro andtrigger an inflammatory response vivo [181]. Both natural
and synthetic polyers have relatively poor lodikaring capacity when used alone compared to metallic
and ceramic compoundsicorporating HA into a polymer matrix as a filleas beemn approachisedto
improve both bioactivity and mechanigabpertiesasdiscussedn the previous sectiofil42][181].

Recently biebased polymersave receivedmore attention due to environmental issfi83]. Any
polymer derived from living organisms such as plants, trees, andisigassified as bio-based polymer
Vegetable oils from both plants (soy, palnd sunflower oils) and animals (fish oils) hatgacted a lot
of research interesiecause daheir universal availability, inherent biodegradability, low toxicégd price
[184]. Plant oitbased polymers have also shown excellent cytocompatibHfity example, good

cytocompatibility with murine fibroblasts was observed with phosphoesterlotked vegetable oils and

29



their metabolites and the materials degraded and was absorbed entirely-rafb@th3subdermal

implantation in rat$182].

2.6.2.2.1 Acrylated epoxidizedsoybean oll

Soybean oil is thenost widely available biodegradable and sustainable edible vegetglil@sjil
It is a triglyceride with two dominant fatty acid residues, linoleic acid and oleic acidnavdrage number
of dowle bonds per molecule of 4584][185]. Acrylated epoxidized soybean ¢AESO) is a novel and
renewable liquid resin made by the epoxidation of fatty acid double bond followed by epoxgryilagion
(Figure 2-13) [186]. Additionally, AESO is an excellent option for 3D printing (section 2.7) and
photopolymerization to fabricate complex structurediomedical applicationd.87]. Multiple studies on
AESObasel polymers have shown no cytotoxicity apdomising success as biomedical scaffolds
[182][185][188]. In [182], Miao et al. showedthat AESO-based scaffoslweredetermined biocompatible
following observations of high attachment and proliferation of human mesenchymal stem cells (hMSCs).
FurthermoreAESO/nHA-based nanocomposite scaffolds with 20 vol% ratéi2-Hydroxyethyl Acrylate
(HEA) or PEGDAfabricated in outab by Mondalet al. showed excellent viability and proliferation of

human bone marrowerived mesenchymal stem cells (BWSCs)on all compositions of scaffold$87].

Figure 2-13. The chemical structure of AESReprinted with permission frofh86].
2.6.2.2.1.1Functionalization of AESO
AESO is highly viscous at room temperature and has a low-iné#sg capacity due to its
aliphatic chains and low degree of unsaturai@9]. The physical properties can be controlled by varying
the concentration of polymers, crosslinkers, andeakegf crosslinking190]. So, areactive dilueh(RD),
such as a comonomer, is highly desired to tslpthesize a low viscosity resin and form a three
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dimensional network with high crodisking density after the resin cured. Styrene isftenused as an RD
that is miscible with AESO and can crdgs efficiently; however, it is carcinogén Methyl methacrylate

is a monomer thdtas beemised to replace styrene in AESO resins to fabricatebio-based composites
(mAESO) [189]. Furthermore methacrylated AESO (mAESO) is produced by reacting methacrylate

anhydride to create more functional gro@pgure2-14).
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Figure 2-14. Reaction during the modification of AESO to synthesize mAE§®inted with permission from
[189].

In general, methacrylation has been reported to have some effects qrotidration and
differentiation Sukulet al.tested two degrees of methacrylation (69% and 84%) in gelatin methacrylated
hydrogel on the growth and differentiation of primary human osteoblasts and observed that cell proliferation
was higher on the matel with the higher degree of methacrylatid@90]. However, whilethe expression
of early osteogenic marker (ALP) was not affected by the degree of methacrylation, the secretion of late
osteogenic markers, suchasteoprotegerin, osteopontin, osteocalain angiogenic factors was inversely
related to the degree of methacrylation, with higher production observed with a lower degree of
methacrylatior{190]. Bencherifet al. studied the degree of methacrylationhyaluronicacid hydrogels
with a higher degree of methacrylation (60% compared to 32%) were also shown to be more mechanically
robust as crosknking density increased, but different degrees of methacrylation had a minimal effect on

mousemnuscle fibroblast C2C12 ddinesinteractions (morphology, attachment, and proliferation) with the
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hydrogels[191]. Overall results around methacrylation suggest that it could potentially have a positive

effect on cellmaterial interactions.

2.7 Overview of 3D-printing

Several fabrication techniques exist create3D structures, including electrosping, fiber
bonding, casting, additive manufacturing, melt molding, extrusion, gas foaming-thezg and phase
separatior[192][193]. Among these methodadditive manufacturing, also &wn as 3D printing, has
obtained more attentiobecause ofits low cost, high resolution, high precision, repeatability, and
reproducibility [194][195][196][197]. 3D printing compared to traditional fabrication methods including
casting, injection moldinggtc, allows for more flexibility and freedom in design and manufacturing of
complex,hierarchical, andpatientspecific geometriegl97].

The nanocomposite ink (AESO/nHeased)evelopedy Mondalet al, which will be used in this
research study, has been-Bbnted with two additive manufacturif8f printingtechniques Direct Ink
Writing (DIW) and masked stereolithography (mSL#&jgure 2-15) [187][198][199]. The formation of
constructs in thex¢rusionbased 3D printing of biomaterial inks depends on a balance of material viscosity
and stabilization upon extrusi¢®00]. DIW can be used for 3printing of natural or synthetic polymers
containing photeacrosslinkable functional groups at room temperafli®2]. This technique uses viscou
ink to construct nanocomposite biomaterial grafts with complex strudi2@é$ In the DIW technique,
once the ink is extruded on a build plate, it is solidified by polymerization in-bgykyer assembly. The
combination of DIW and UV irradiated photopolymerization techniques brings the possibility for easy
fabrication of bioceramiebased nanammposites into complex microstructures. It is worth mentioning that
no postfabrication processing is needed for the-tifed nanocomposites. This helps maintaith
ceramic and polymers' physiochemical and biological progeitiehe compositegl87]. In a study by
Mondal et al, a 3D-printed AESO/nHA/PEGDA nanocoposites by DIW showedufficientmechanical
properties and celhaterial interactionsvith bone marrow mesenchymal stem d&B7]. While time

consuming DIW isideal for printing porous 3D scaffolds usiAgSO/NHA/PEGDA nanocomposite inks
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with high HA conten{187]. However, die to the rheological properties of the ink, it is challenging to print
nornporous and defedtee nanocomposite graftith complex and precise geometrj@98].

Another additive manufacturing process is masked stereolithography (mSLA) which takes a design
created in a 3D modeling software to print astixcturemSLA, known as a form of photopolymerization
based stereolithograpl3D printing is a highresolution lightassisted printing technique in which a
light/UV sensitive liquid resin is solidified (cured) layley-layer by light/UV exposureln the mSLA
printing method, the machine has at that holds the resin aralbuild plate. The printing process is as
follows: first, the buildplateis submerged in the resifihen, the resin surfaée exposed to UV lightand
polymerization of the liquid photopolymer occufidie resubmerging othe build plate into the resin is
repeated, and the 3@bjectis created layer by layeFigure2-15) [198][202]. In this technique, each layer
prints all at oncamaking ita costeffective, defecfree, and fast method compared to otbehniquesuch
as fused deposition modeling (FDM) or stereolithography (3263].

The critical matter inmSLA-based 3Dprinting is thatthe ink viscosity must be low enough
allow the build platform to move easily through the ink. The viscosity suggested for cetaasied
nanocomposite inks is 5 Pa.s or I1§&83][204]. The viscosity of AESO at room temperature is 25 Pa.s
[205]. Adding PEGDA to AESO/nHA ink helpgduce the ink's total viscosi&s itis avery low viscosity
(0.025 Pa.sheactive diluentPEGDA has two acrylate groups which imprdve mechanical propertiby
increasing the crosslinking dens[t498], andalso improves nanopatrticle dispersidid87]. Additionally,
PEGDAcan beused as a crodmking agent inrAESO/nHAnhanocompositeto prepare polymer netwask

by UV-initiated freeradical polymerization with AES{199].
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3 Objectives and Hypotheses

The Waterloo Composite Biomaterial Systems Laboratory, led by \Rilbétt, is developing 3B
printable synthetic biomaterials for the reconstruction of criticaiped segmental bone defects. The
biomaterial should be mechanically robust, osteoconductive, and support osteoblasts' attachment,
proliferation, and differentiation. Moreover, the biomaterial should be remodeled by the normal
physiological processes (ostdastmediated resorption) rather than degrade by hydrolysis or enzymolysis.
The rate of the biomaterial's resorption should be compatible with the rate of new bone formation to
maintain the balance between graft resorption and the generation of new bone.

In vitro studies allow for the initial evaluation of novel biomaterials. In this project, experimental
protocols were developed and applied to evaluatenthiéro response of bone celloth osteoblasts and
osteoclasts to the novel biomaterials. Tlmmposite system tested was the combination of the inorganic
phase, calciundeficient nanehydroxyapatite nanorods, and an organic phase, acrylated epoxidized
soybean oil (AESO) or methacrylated AESO (mAESO) with poly (ethylene glycol) diacrylate (PEGDA).
Based on the two preceding chapters, the following objectives and hypotheses were developed for this
thesis to contribute to achieving the bigger research program goal of developing competent 3D printable
nanocomposite biomaterials for large bone defemmstruction:

Objective #1 Evaluate in vitro osteoblastcells' interactions with the 3D-printed AESQGbased
nanocomposites
Hypothesis 1.1AESO/nHA-based nanocomposites support osteoblast adhesion, proliferation, and
activity to the same level as an Hantrol.
Hypothesis 1.2 A greater volume fractionof nHA in the AESGbased nanocomposites will
increase osteoblast adhesion, proliferation, and activity.
Hypothesis 1.3 Methacrylation of AESOQMAESO/nHAbased nanocompositeslill increase
osteoblagtadhesion, proliferation, and activity.
Objective #2: Evaluate in vitro osteoclast interactions with the 3binted AESOnHA-based
nanocomposites
Hypothesis 2.1AESQnHA-based nanocomposites support osteoclast adhesion.
Hypothesis 2.2Methacrylation of £SO will increase osteoclast adhesion.
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Hypothesi.3 Osteoclastwill createresorption pit®n theAESO'nHA-basecand mMAESO/nHA
basedhanocomposites
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4 Materials and Methods

After making nanocomposite inks and disicsyitro cell studies were conducted to evaluate the
interaction of osteoblasts and osteoclasts wittp8bted AESO/nHAbased nanocomposite discs. The first
generation of the biomaterial tested was the combimaifoacrylated epoxidized soybean oil (AESO),
nanchydroxyapatite (nHA), and polyethylene glycol diacrylate (PEGDA, 250 MW). PEGDA was added
as a diluent and dispersant, because AESO is too viscous for our printing methods and nHA dispersion is
important br cellmaterial interactions and material strength. Its addition helps to reduce the viscosity,
making the ink 3Bprintable. In the second generation of the nanocomposite biomaterials, AESO was
functionalized with methacrylate groups (MAESO) and AESO wedaced by mAESO in the
nanocomposite inks. For the osteoblast study, mousespeeblast immortalized MC3TB1 cells were
differentiated to osteoblasts (dMC3TB). Alizarin Red staining assay was used to confirm that cells had
differentiated into ostdwlasts. To characterize osteobilis¢ cells interactions with biomaterials, cell
proliferation (XTT), live/dead, and alkaline phosphatase (ALP) assays were performed on different
nanocomposite compositians

The nanocomposite biomaterial's emlédiatedresorption was assessed usingitro culture of
osteoclast cells. Mouse RAW 264.7 macrophages were differentiated to osteoclasts usingdRAneh
purified by serum gradient purification (ARA®C). To chaacterize osteoclasti ke cel | s6 i nter
biomaterialsn uc | ei st a-diamidinog-phenylindole MNRI)Hhalloidin stainingand detection
of tartrateresistant acid phosphatase (TRAMre done on nanocomposites staining protocol was
developed to stain the biomaterial's surface to visualize osteowdasated resorption pits. Tledfect of
methacrylated AESO oosteoclastike cells' interactiorwith nanocompositewasstudied HA discswere
used as our control biomaterial and a bematk to compare against our novel nanocomposite biomaterials

Greater detail of the materials and methods is provided in the negestibns.
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4.1 Fabrication of 3D-printed nanocomposite discs

4.1.1 3D-printing nanocomposite discs with mSLA printer

The nanocompdte ink was produced, and cylindrical discs were printed in the WQBSDr.
Dibakar Mondal (postdoctoral fellow)'he nanocomposite inks weaemixture of AESO or mAESO,
PEGDA, and nHA. The calciwdeficient nanehydroxyapatite powder (nHApd-shaped, approximately
120 nm long and 3@0 nm diameter) was obtained from MKNano (M K Impex Corp., Mississauga,
Canada) and had a calcitmphosphorous ratio of 1.52, with a specific gravity of 2.92 and an approximate
crystallinity index of 0.520.54[187]. This nHA powder was used as the nanopatrticle constitfahe
nanocomposite irdkk AESO was functionalized with methacrylate groups (mMAESO), and the mixture of
AESO or mAESO and PEGDA (Sigma Aldrich Co., Bbuis, USA) constitute the biopolymer matrix.
Igracure 819 (Phenylbis (2,4tBmethylbenzoyl) phosphe oxide, Sigma Aldrich Co.) was added to the
material as a UV photoinitiatoMore details on synthesis and chemical modifications can be found in
[187][198].

For making the inkwith different amountof nancehydroxyapatite (0, 510, and 309% the
photoinitiator Igracure 819 was mixed with PEGDA with an ultrasonic homogenizer (Branson Sonifier 450,
Emerson Inc., USA) until it dissolved. AESO was added to the mixture of Igracure and PEGDA and was
sonicated for 2 minutes. For the methacrylated nanocomposite inks, methacrylic anhydride (MAA, Sigma
Aldrich) was combined with-4Dimethyl Amino)pyridine (DMAP) (Alfa Aesar) and added to the AESO,
which produced a nehiopolymermamed mAESCOThe sametgps werdollowedfor making the inks with
MAESQO. Once the nanocomposite ink was ready, it was printed as a cylindrical disc (8 mm diameter and 1
mm thickness) using an Anycubic Photon 3D printer with Hoyelayer UV curing Figure 4-1). After
printing discs, a UV pogtrint curing step was done in a Creative CADworks curing unit (CureZone,
Canada). The nanocomposite discs were exposed to lower intensity UV light on eafdr Signinutes

and then washed with acetone &8oethanolto remove any debris and uncuredterialon the surface.
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Six nanocomposite inks were preparedlaswn in(

in all compositions was 50/50.

Table4-1. Compositions of nanocomposite inks

Table4-1). The ratio of AESO/PEGDA

nHA AESO (S) MAESO (mS) PEGDA (P)
(vol%) (volos) (vol9%) (vol%)
SPO 0 50 ] 50
SP5 5 47.5 ] 47.5
SP10 10 45 y 45
SP30 30 35 ] 35
mSP10 10 . 45 45
mSP30 30 ; 35 35

Figure 4-1. (Left) Image of the AnyCubRhoton mSLA 3irinter and (Right) AES@ased nanocomposite discs
printed using the AnyCubic Photon mSLA printer.

4.2 In vitro osteoblast study on nanocomposite biomaterials

4.2.1 Osteoblastic differentiation and alizarin red staining
Mouse preosteoblast immortatied MC3T3EL cells (ATCC,Manassas, Virginia, USAwere

differentiated to osteoblasts using an osteogenesis assay kit (MilliporeSigma, Oakville, Ontario, Canada).
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The kit contained osteogenesisiucing biological compounds, including ascorbic acighdsfh a t € b
glycerophosphate, and melatonithe MC3T3-E1 cells were cultured in a cell incubator with 5%,@0

373 and maintained FMEM §%odetal Hovinesediin LOfpenicilin/streptomycin

1%) in a flask for 6 days until 80-90% confluery. The cells were detached from the bottom of the flask
using TrypLE Express artkntrifuged at 300xg for 7 minutes to pellet the cells. Aftsuspending cells
andcounting cells using a hemocytometer, 1xd€lls per well were seeded in a-@4ll plate. Once the

cells beame confluent, the osteogenesis induction medium#1 was added to each well and changed every
2-3 days to induce osteoblast differentiation. On day 6, the medium was replaced with osteogenesis
induction medium#2 and changed ever@ Bays. The amount of each ingredient to make 10 ml of the
medium is provideéh Table4-2.

Table4-2: Ingredients to make 10lrof osteogenesis induction media

OSTEOGENESIS INDUCTION MEDIUM #1

Component Stock Conc. Amount Final Conc.

/ St t OdzA ( dzZNEVEM EoRtairday fetdl Bowided I | 100% 9.88 i 99% (approx.)
serum andantibiotics)

Ascorbic Acid-Phosphate Solution 0.1 M 20 pL 0.2 mM
Glycerol 2Phosphate Solution 1M 100 pL 10 mM
OSTEOGENESIS INDUCTION MEDIUM #2

/I St t OdzA ( dzZNEVEM EoRtairday fetal Bowided I | 100% 9.87 i 98% (approx.)
serum andantibiotics)

Ascorbic Acid-Phosphate Solution 0.1M 20 pL 0.2mM
Glycerol 2Phosphate Solution 1M 100 pL 10 mM
Melatonin Solution 50 uM 10 L 50 nM

Qualitative analysis using Alizarin Red was performed to confirm differentiation through the
presence of calciunm the matrix deposited bysteoblastsAfter 14 and 21 differentiation dayshe cells
were fixed and stained with Alizarin Rethinsolution (EMD Millipore Corp, USA). Briefly, cells were
washed with PBS and fixed with 10% formaldehyde for 15 minutes at remperaturéRT). Then,the
cells were rinsed with distilled water three times, and afrAlizarin Red solution was added to each well.
After 20 minutes, the excess dye was washed four times with deionized water. Visual inspection by

microscope was then performddifferentiated cls stain bright recbnce exposed tthe Alizarin Red
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solution, an indication of mineral deposition and thus confirming the osteoblast pheabtME€3T3 E1
cells after 21 days of differentiatigRigure4-2).

The dfferentiated cells formed a layer at the bottom of each well after 21 Tagsewere
collected and put in a flask (T75) in a growth medium to allow differentiated cells to migrate out of the
layers and gead out. After two weeks of culture in osteogenesis mediuriédells weredetachedvith
TrypLE Express, and aliquots of differentiateiC3T3-E1 cells (dAMC3T30B) werefrozen in diquid

nitrogentank for future experiments.

Figure4-2. MC3T3EL1 after 14 (A, B) and 21 (C, D) days of osteogenic differentiation. Cells differeittate
mature osteoblastic lineage as indicatedyAlizarin Red staining (B, D). Alizarin Red staining is not observed in
undfferentiated MC3T&1 cells (A, C).
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