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SYNOPSIS

Incidence and prevalence of osteoporosis reldisdrders is on the rise
worldwide. Approximately one in two women and onefour men above 50 years
will have osteoporotic fractures. Further, agingpadccelerates the extent of bone loss
in postmenopausal women. In osteoporotic subjestsessive bone loss is attributed
to the increased activity of osteoclast cells amgaired activity of the osteoblast
cells, thus increasing fracture susceptibility andidence. Since such bone is
unlikely to heal on its own, patients frequentlydargo surgical procedures. But pull-
out of implants (especially metals) is frequenthserved and hence implants have to
be anchored using screws, wires, or nails. Manifmraof fracture environment using
tissue engineering applications of growth factecsffold and cells at the implant site

has emerged as a promising strategy in the fietegénerative medicine.

In-house developed hydroxyapatite based scaffodde Iproved to be highly
osteoconductive and its efficacy has been provermoime defect models in small and
large animals. Improvedh vivo osteogenic efficacy of tissue engineered ceramic
systems (using stem cells- to incorporate osteaiivii properties) has also been
reported. Though hydroxyapatite is found to be mstaductive, they do not address
the accelerated demineralization in the osteoporatbjects at the defect site. Hence

an ideal biomaterial for osteoporotic fracture doregulate bone resorption and
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simultaneously favor osteogenesis, so as to abatter osteointegration and bone
healing. Strontium (Sr) has recently gained intefeisosteoporotic applications as it
has shown to enhance osteoblast cell replicatiodnsanultaneously reduce osteoclast
activity. Incorporation of Silica (Si) ions into dactive ceramics is also of great
interest, attributed to the improved apatite foipratand osteointegration ability of
Silica incorporated ceramic scaffolds. Thereforelbgal and targeted delivery of
Si/Sr from the implant at the bone defect site,sitlegitimate to assume that
osteointegration and osteogenesis may be promdiad. work is focused on the
hypothesis that cell-based tissue engineering imucation with Hydroxyapatite

modified with Sr/Si may enhance bone defect heahngsteoporotic condition.

To prove the hypothesis, the defined objectivesewer

(1) Phase | - Characterization of scaffold of choicestTmaterials — Silica coated
Hydroxyapatite (HASI) and 10% Strontium incorpochtg¢ydroxyapatite (SrHA);
Control material — Hydroxyapatite (HA).

(2) Phase Il - Fabrication of tissue engineeredff@ids using rat derived
Mesenchymal Stem Cells (rMSCs) followed inyitro andin vivo evaluation in
rat osteoporotic model.

(3) Phase Il - Fabrication of tissue engineeredffslds using sheep derived
Mesenchymal Stem Cells (sSMSCs) followedibyitro andin vivo evaluation in
sheep osteoporotic model.

Thesis is divided into following chapters — Intration (Chapter 1), Literature review
(Chapter 2), Materials and Methods (Chapter 3),uRe$Chapter 4,5,6), Discussion

(Chapter 7) and Summary and Conclusion (chapter 8).
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Chapter 1 gives an overview about osteoporosis, epidemiologfy
osteoporotic fractures, different treatment modsitand the challenges faced. The
chapter also highlights the significance of tissrmgineering application by the
incorporation of bioactive molecules/ ions/ cellat®m the ceramic scaffolds for

regulating osteogenesis and excessive resorptiost@oporotic subjects.

Chapter 2 covers an extensive review on basic bone biolagplogy of
osteoporosis, fracture healing mechanism and fa@ssociated with delayed healing
in osteoporotic patients. Significance of the reseamethodology adopted in the
present study including relevance of stem celle ob Sr/Si therapy and significance

of the animal models chosen is also mentioned.

Chapter 3includes a detailed depiction of protocols, materéand equipment
used in the study. Scaffold materials — HydroxyapdtiA), Strontium incorporated
HA (SrHA) and Silica coated HA (HASI) were synthasi and gifted by Bioceramic
Laboratory, SCTIMST. The microstructure, porosityhase composition, functional
group analysis and degradation properties of thaffads were evaluated using
Scanning Electron Microscopy (SEM), Micro CT, X-rdiffraction (XRD), Fourier
transform infrared spectroscopy (FTIR) and IndwdinCoupled Plasma techniques in
Phase |. Cytocompatibility was evaluated using ¢esextract method. Phase Il and

Phase Il involved adoption of techniques like g stem cell isolation, MSC
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characterization (using flow cytometry, lineagefetiéntiation ability) and fabrication
of tissue engineered constructs named as cHA, cH¥&Si cSrHA. Osteoporotic
models were developed by combination of ovariect@ngt Calcium deficient diet.
Osteoporotic model development was evaluated bgheimical analysis, histology
and micro CT. Surgical procedures adopted for amgation and post implantation

evaluation techniques like radiography, histologg enicro CT is also described.

Chapter 4, 5, 6Gillustrated the results of phase I, Il and llidigs respectively.

Phase | studies proved the scaffolds to be nporous with rough surface
topography. HA and SrHA were found to have singlage, while HASi was found to
have three phases. Micro CT studies revealed thespy of scaffolds in the order
HASI > HA > SrHA and apparent density in the reverse ordeASiHexhibited
highestin vitro degradation rate followed by SrHA and HA. Releak8rfrom SrHA
scaffolds were found to be within the therapeuwitge, equivalent to 0.11mM per mg

of the material. Cytocompatibility of the scaffoldere also proved using L929 cells.

Phase Il results proved tive vitro cytocompatibility andn vitro osteogenic
efficacy of all the three scaffolds using rat banarrow derived MSCs -rBMSCs
(rBMSCs were chosen owing to its high osteogeditferential potential) followed

by in vivo osteogenic efficacy assessment in rat osteoparaditel. Isolated rBMSCs
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were proven to be of mesenchymal origin with ddéferation ability. HA, HASI and
SrHA scaffolds supporteth vitro osteogenic differentiation, as evident from the
Alkaline Phosphatase assay. Meanwhile, the ost&oglge-cursor cells seeded on
SrHA scaffolds could not maintain their normal musjpgy compared to HA and
HASI, indicative of the anti-osteoclastic activiay Sr incorporated scaffolds. Highest
in vivo regeneration potential on par with material degiiadawas exhibited by
cSrHA implants followed by SrHA, cHASI, HASi and HASince the improved
therapeutical application of SrHA based implants baen signified from the rat

studies, further investigation in sheep model pedeel with HA & SrHA scaffolds.

Phase Il results proved the cytocompatibilityl @m vitro osteogenic efficacy
of HA and SrHA implants using sheep adipose derid8Cs - sDAMSCs
(SADMSCs were chosen as fat tissue may be proawuithdless morbidity compared
to BMSCs and increased yield has also been reported vitro osteogenic
differentiation studies proved the differentiatiahbility of the isolated SADMSCs and
tissue engineered constructs proved to favour adlhesion and proliferation.
Implantation studies in osteoporotic sheep modeVveaked the improved
osteointegration and osteogenic ability of cSrHAplamts, evident from the
radiographs, histology (in terms of regeneraticiiciehcy -new bone formed /total

defect area) and micro CT evaluations. Moreover iraproved mineralization
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efficiency of thede-novobone was evident from the density histograms gtedr

using micro CT.

The results obtained in the study are discussedietail in chapter 7.
Implantation studies in rat and sheep osteoporoticlel emphasized the enhanced
osteogenesis using cSrHA and SrHA implants. Suppteation of MSCs and Sr
aidedin vivo osteogenesis and possibly regulated the oste@dtsity enabling bone

tissue in growth and osteointegration.

Chapter 8 presents the summary and important conclusiongetefrom the
study. The present study has been successfulinlatialy the concept of fabrication of
a scaffold to aid local delivery of Strontium ioasd MSCs at the defect site in
perspective of bone regeneration/repair in cliniogteoporotic situations. The
acceptance of proposed scaffold material witlvitro data was further supported by
performance in two animal models, paving hope fdure applications using this
indigenous technology for bone reconstructive sytg8rHA may also be used as
implant coating to improve fixation of metal imptanand further research is
warranted on this line. It is anticipated thatus®ngineered Strontium incorporated
implants may revolutionize the current availableriggec osteoporotic defect

treatment strategies in the Health Care System.
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CHAPTER 1

INTRODUCTION

1. Bone

Bone is a dynamic tissue which provides structstgdport to the body
and also plays an important role in maintainingceah homeostasis in blood.
Thus bone exerts a regulatory role in almost all ¢tell signalling pathways.
Anatomically bone is comprised of the outer compeattical bone and the
inner less compact trabecular bone. Cortical barens 80% of the skeleton
and contributes to the mechanical strength, whetedsecular bone comprises
of only 20%. But trabecular bones have larger stafarea and are responsible

for the stress responsive changes in bone mineeslnolism.

1.1. Composition

Bone comprises of an organic matrix and a minetedse. The organic
matrix comprises of collagen (type | collagendaulifferent non collagenous
proteins, which together influences the resistasfdéie bone towards tractional
and torsional forces (Caetano-Lopes al., 2011). Non collagenous proteins
include osteocalcin and glycoproteins including aditke phosphatase (ALP),
osteonectin etc. The organic matrix also includg®wth factors like
transforming growth factors (TGB); platelet-derived growth factors (PDGF),
insulin-like growth factor (IGF) and a number offf@omorphogenetic proteins

(BMP) like BMP2, BMP4 and BMP6.



The mineral phase mainly includes Calcium (Ca) &mbsphorous (P).
Other minerals include magnesium (Mg), sodium (Naaces of fluorine (F),
Strontium (Sr) (Dorozhkin, 2010). The Ca and P eomtdetermines the extent
of crystallization in bone. Mature bone formationcors by the process of
crystallization followed by mineralization which tuhately leads to the

formation of hydroxyapatite (HA) — the basic companhof the bone.
1.2. Cellular composition:

Cellular composition of bone includes osteoclaststeoblasts and
osteocytes. These cells act unanimously to maintdie normal bone
remodelling cycle and thus help in maintaining af@arm bone mineral density
(BMD). Osteoblast cells are descendants of bonerovaderived stem cells and
are responsible for the synthesis of the collagemmotein. Osteoblast cells also
organize Ca and P to form hydroxyapatite - the banmeral phase
(Manolagas, 2000). Osteocytes are the inactiveesting osteoblasts which get
activated under physiological stress or stimuli anidiates bone remodelling
process (Klein-Nulenat al., 2002). Osteoclast cells are the multinucleally je
fish-like cells derived from the monocyte-macropbalineages which are
responsible for bone resorption process. Osteockllst have ruffled borders by
which they attach to the bone surface and secreitt and enzymes into the
mineralized bone, which results in the deminerdiaaof the bone. Stimulants
of osteoclast cells include receptor activation wficlear factorx p-ligands
(RANKL) and macrophage colony stimulating fastdM-CSF) (Laceyet al.,

1998).



1.3. Bone remodelling:

Bone is in a state of continuous remodelling thromg the life.
Remodelling is required to maintain the physiolagistructure and mineral
homeostasis of bone. Optimum bone remodelling alltdve skeleton to increase
in size, respond to structural damages due to stifeacture or fatigue and
maintain the normal BMD. During childhood and adakence, bone formation
exceeds resorption, thereby denser and longer banedormed. But as the
growing stage attains maturity, both the processuxin a balanced manner
with equal resorption and formation. After adolesm® resorption exceeds
formation and thus bone loss is initiated. Boneslgets accelerated with
menopause in women. Level of peak bone mass aahiaveuberty/maturity
determines the bone quality and later determines etent of bone loss in
women after menopause. Aging also contributes padradone loss in both sexes.
Age related decline in BMD in the trabecular bomestimated to be 40% at the

age of 50 (Seeman, 2008). _
Bone remodelling” (figure 1A) occurs in a non-taegetmanner and

consists of three consecutive phases: Phase lfptsn - osteoclasts digest old
bone; Phase Il — reversal - mononuclear cells appa the bone surface; and
Phase Ill - formation - osteoblasts lay down newnd until the resorbed

bone is completely restored (Clarke, 2008).citurs in definite sites known as
the bone remodelling units (BMU). A healthy perseill have approximately 4

million BMUs formed per year. BMU also occurs witihe help of osteocytes at
bone surfaces (Kennedyet al., 2012). Rate of remodelling is higher in the

trabecular bone.
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Figure 1 - Bone remodelling cycle: 1A Bone formation by osteoblast cells and
resorption by osteoclast cells (adapted from Kapiaad Delany, 2011}%B: key

signalling pathways (adapted from Das and Crocl2&i3).

The osteoprotegerin / receptor activator of leac factor kappa-B
| receptor activator of nuclear factor kappa-f0PG/RANKL/RANK)
the main system regulating osteoblast ancoatdst interaction (figure 1B).
RANKL is found on the surface of osteoblast celitsdas responsible for the
activation of osteoclast cells. When RANKL bindsRANK receptor present on

surface of osteoclast cells, Nuclear Factor Kapglatichain-enhancer of



cells (NFxB) get translocated to the nucleus causing ane@s in the
of genes involved in osteoclastogenesis. RANK-RANKhteraction and
could be inhibited solely by the decoy reoeposteoprotegerin (OPG),

eventually terminates resorption of the osteoclesdts (Das and Crockett,

1.4. Osteoporosis:

Osteoporosis is a condition of skeletal fragilityacacterized by weak
bone mass and increased fracture susceptibilitplpG2011). T-score value of
zero is considered as the mean BMD of young femaldult (Kanis et al.,
2008). Osteoporosis is defined by World Health Ougation (WHO) as a value
for BMD 2.5 SD below from the mean BMD of femaleudtdand is referred to as
a T-score value of —2.5. Patients with osteoporssifer a reduction in bone
mineral density, as a consequence of the increawedineralization by the
osteoclast cells resulting in fragile bones. Morlphal features of osteoporotic
bone (figure 2) include cortical thinning and dexse in trabecular number
which results in the reduction in bone quality. § hultimately lead to fracture,
pain and disability in osteoporotic patients (Cogpd997). Since the
advancement of the disease occurs insidiouslg, niaimed as the “silent disease”

and is often diagnosed when a clinical fractureuosc
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Figure 2 - Morphological features of osteoporotic bnes(adapted from
http://www.neuros.net/en/osteoporotic fractures)php

Women are at a greater risk for osteoporosis dulbwer peak bone
mass and hormonal changes. Approximately one iniawmen and one in four
men over the age 50 will have osteoporosis reldtadture (Gudenaet al.,
2011). This increased incident rate in women isabse of the effect of
hormonal changes during menopause, inadequate gahyactivity and low
calcium intake. In aging population also, osteopiereertebral fractures are
becoming more and more frequent and the increassdent rate is associated

with significant morbidity and mortality.
1.5. Osteoporosis epidemiology

Osteoporosis is a well recognized public healthbpem worldwide and is
associated with increased morbidity and health cao®ts. Osteoporosis has
a common disease and it is estimated that worldvid@200 million people
osteoporosis and associated fragility fracture @&soet al., 1992) (figure 3).
has been considered as an important factor foropst®sis and associated

The increased incidence is expected to reach t@80hip fractures per year in
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and up to 1.8 million in women (Dreinhéfest al., 2005). A UK based study has
predicted that one in two women and one in five roear the age of 50 years
have osteoporosis related fractures (Das and CtHcR613), where as men
risk rate of 15% compared to women with 40%. Thisederated bone loss in
is due to the decreased estrogen level associatedwenopause (Mullendeet
2005). Shorter life expectancy and higher peak borass is found to be the
behind the low incidence of osteoporosis in menuitaan et al., 2000). Age,
genetic predisposition and family history also cadmite to low BMD.
osteoporosis has been associated with severalrfasioch as drug treatment

corticosteroid use), hypogonadism, malnutrition etc

EYall}

.
Projected
to reach
3.250

million in
Asia by
2050

Figure 3 - Osteoporosis epidemiology worldwidéadapted from Cooper
etal., 1992).



1.6. Osteoporosis incidence in India:

In India, osteoporosis is emerging as a major aptedic
challenge. Census study on Indian population, sstggethat among 163 million
aged people nearly 20% percent of women and 10-@bfben were affected by
osteoporosis (Malhotra and Mithal, 2008). Evenuio in Western countries a
high incidence is seen among the women populatiomdia majority of studies
indicate that the incident rate is almost samedthtsexes (Guptat al., 2010).
But it has also been reported that after menoptheséncident rate is very high
in women (Marwahaet al., 2011). Low Ca intake and low vitamin D level leav
been attributed to the increased incidence of @stewsis in India. Even with
high sunlight exposure, low vitamin D level is digethe genetic polymorphisms
in the vitamin D receptor gene and estrogen regegéme (Vupputuriet al.,
2006). This could be attributed to differencesskeletal size and poor bone
health status of Indians, which is a contributoagtbr for osteoporosis. Hence
there is a pressing need to develop and validatest effective bone substitute
for faster bone regeneration and fracture repairosteoporotic patients in

India.
1.7. Problems associated with fragility fractures:

Osteoporotic people have high bone turnover. Bowmenover is an
determinant of the structural integrity of bone.eDo the poor quality of bone
only is the risk of fracture high (Kanist al., 2008) but also there is an increase
fracture comminution. Increased bone porosity camdpce a disproportionate

reduction in bone strength and is associated wittradased fracture risk. In



biomechanical stability in the fracture fragments &lso important.
leads to a lower degree of stem cell activationiciwieads to delayed fracture
healing. In osteoporotic condition reduced prokfeon and differentiation
the Mesenchymal Stem Cells (MSCs) and the ostebbédls have been reported
(Benisch et al., 2012). Increased susceptibility to fractures amuerent weak
architecture increases the chances of implant failand non union of the

bone.

In osteoporosis, anchoring of screws, wires, ailsnin bone is very
difficult because of low bone mass. Consequently-aut of implants and
dislocations of bone fragments is frequently obsdrvClinical reports have
suggested that the absence of inherent osteoirtiegrability of osteoporotic
bone is the major cause of increased implant putland non-union. In most
cases the fractures do not heal and often re-fracat the same site, worsening
the situation. Bonnairet al., (2005) has reported that fracture at one site

increases the incidence of further fractures invibiity by 2-3 times.
1.8. Osteoporotic fixation strategies:

With increase in the number of aging populatiorg thedical and socio-
economic burden associated with osteoporotic freatuncreases. Treatment of
osteoporotic fracture has a huge impact on a pé&sprality of life as bones are
often associated with morbidity. Researches on opsteosis and related
have so far focused mainly on the pathophysiologyel therapeutic agents for

prevention and treatment of osteoporosis. Very sewdies have focused on the



diagnosis and treatment of patients with osteoporfractures. Orthopaedic
have understood that treatment strategies for pstexic fractures should not
provide a mechanical support for the fractured bdng also address the

pathology of the weak bone for better fracture tiima and bone regeneration.

In osteoporotic patients, when surgery is sid@red as the most
advisable treatment, both rarefaction of bonel dnological drawbacks due
to local factor impairment (cytokines, growthcfars etc) seem to be
responsible for implant failures and non-unidherefore, they require the
adoption of particular surgical orthopedic $tgges and adjuvant therapies

that enhance integration and strength at the {oopéant interface.

Para Thyroid Hormone (PTH) supplementation has hmesidered as
the most promising approach to treat osteoporosist @nhances BMD by
bone formation. But PTH administration also incesasbone resorption.
Bisphosphonate (BP) therapy which is known to inthlone resorption has also
proven to inhibit bone turnover, thus helping inintaining the bone density
micro-architecture. But the therapeutic role of BPprominent only in long
supplementation studies. Recently, the concernsardigg the side effects
with long term treatment has been raised as thee hlgh chances of
(Durie et al., 2005). Therefore neither PTH nor BP are preféreattain early
osteointegration and osteogenesis. PTH and BPdalswt address the inherent
impaired bone remodeling in osteoporosis (Gentlertaa., 2010). Therefore
therapies that can aid faster osteointegration,eogg&nesis with the

ability to regulate bone remodeling ability may peado be more beneficial.
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1.9. Tissue engineering and osteoporosis:

Tissue engineering strategies may be adopted foteopsrotic
applications, wherein the cellular part of the gadf helps in bone regeneration
and the scaffold/implant helps to maintain the ocamtand aesthetics of the
fractured bone. This approach may be particulaglewant for large bone
defects (trauma, tumors, etc.) or for osteoporp#titents for whom the number
and renewal capability of osteoprogenitors are lowéanipulation of both the
local fracture environment in terms of applicatioingrowth factors, scaffolds,
MSCs and systemic administration of agents prongotine formation and
bone strength have been considered as a treatnpgéiohan orthopedics from

WhichIgromising results may arise.
1.9.1. Role of Mesenchymal Stem cells:

In aged and osteoporotic patients the number aflees MSCs and their
proliferation, differentiation potential is repodt¢o be impaired (Bonyad al.,
2003). Stem cell therapy in osteoporotic fractuseexpected to augment BMD
and reduce fracture susceptibility by increasing ttumber and proliferation
potential of resident stem cells (Antediial., 2014). Culture expanded MSCs
may also be combined with bioactive ceramics or MSf@n be induced to
differentiate into active osteoblasts on bioactbexamicsin vitro and then be

implanted at the defect site (Naét al., 2009a).
1.9.2. Significance of Strontium incorporation:

Studies have proven that Strontium (Sr) ions camrekse bone
and increase bone formation simultaneously withoatfecting bone

11



(Meunier et al., 2002) raising the possibility that Sr may be atemtial

osteoporotic bone reconstruction. Strontium rateela being used widely for
prevention and treatment of osteoporosis. But sy&teral administration of
has only weak effect on osteoporotic bone healimg prolonged healing period
be required for complete bone regeneration. Systeamd prolonged oral
of Sralso might cause adverse reactions such as epidemwgeolysis. By local

targeted delivery of Sr from the implant to the maumding tissues, it is
assume that it might inhibit excessive de-minegdlan and promote
osteointegration, osteogenesis. Incorporation of ntay also improve the
of the scaffolds and may aid in bettar vivo tracking for assessing bone

(Lépez et al., 2014).

1.9.3. Significance of Silica incorporation:

Silica (Si) is found to play important role in tlearly bone calcification
bone remodelling process (Carlisle, 1981). Si edatcaffolds have proved to
better bone in growth and exhibit improved ostémgmation abilityin vitro
vivo (Patel et al., 2002). Si incorporation also increases the dlissm property
HA based scaffolds (Pietalet al., 2007). The increased dissolution property
also assist increased Ca release and thereby iraposteointegrative ability.
and HA incorporation in PLGA composite improved thiecompatibility and
osteoinductivity of the composite in rabbit bonded¢ model (Heet al., 2016).
Together with the increased dissolution propertysteoconductive and
osteointegrative ability - Silica incorporation HA may aid osteoporotic bone

healing and bone-implant bonding.
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1.9.4. Carrier scaffold for local delivery of thergeutic agents:

Hydroxyapatite with the highest osteoconductive asfleointegrative
ability may be chosen as the carrier to aid loe&tdrs that can hasten up the
bone healing process in osteoporotic situations. & been proven effective
for osteoporotic fracture fixation and have beerdusffectively as void fillers
or for augmentation purposes, when metal implants ased. HA coated
implants are also being currently used for osteoporapplications. Therefore
incorporation of additional bone regulatory agemtdbgics with anti-
resorptive and osteogenic ability may help in motdHA as a better scaffold
for osteoporotic applications. Even though hightgyemconductive HA is devoid
of any intrinsic osteoinductive property, incorptioa of Si, Sr, growth factors,
cells and related osteogenic hybrids may proveddieneficial (Nair et al.,
2009b). Therefore HA based scaffolds may servenaisl@al carrier to aid local
delivery of therapeutic ions at the fracture/boeéedt site for osteoporotic bone

reconstruction.
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CHAPTER 2

REVIEW OF LITERATURE

2.1. Osteoporosis and fracture healing pathology:

Osteoporosis is associated with decreased mimamaient of the bone
the activity of osteoclast cells. Crystallinity éhe HA phase in the bone
along with increase in carbonate content, but thera decrease in the acid
level (Boskeyet al., 2005). These micro architectural changes leadetrease
the cross linking efficiency, bone thinning, deea tolerance in response to
mechanical stress and thus osteoporotic become sumeeptible to fractures.
Mechanical strength of the cortical bone decreasi#ls the accelerated bone
bone architecture becomes more and more poroustic@brthinning pre-
bone to fragility fractures. Not only there is retion in bone density and
mechanical strength, the composition and structurgjanisation are also

osteoporosis (Currest al., 1996).

Osteoporosis increases fracture incidence. In aedases the number of
fractures may be limited to a single forearm fraetwr hip fracture, but
multiple numbers of fractures are also not rar@dture incidence at one site is
known to increase the fracture incidence at neasitgs by two — three folds.

classic fracture sites are hip, wrist and spine.

Fracture healing in osteoporotic bones exhibits affemnt

than expected during normal bone healing procésacture healing ability is a
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complex process which depends on the surroundica leiche, ensuing micro-
vasculature and biomechanical condition. Etiologidactors that cause
like aging, hypogonadism, thyroid, parathyroid ders - all contributes to
fracture healing in osteoporotic condition. Accelexd bone loss further
the bone regeneration potential. Osteoinductiveireadf bone matrix decreases
osteoporosis, as evident in ovariectomised ratssii{a¢ et al., 1991). It was

from thein vivo studies using rat osteoporotic model that thera jprolonged

of endoconrdal ossification as well as a higher gghaf bone turnover that
contributes to the delayed healing ability (NamkiMagtthaiet al., 2001). Bone

formation rate in human osteoporotic patients isoahdversely affected by

bone formation due to diminished osteoblast agtifidarieet al., 1989).

Compositional difference in vitamin D and local gt factors have
considered as the key role players for delayed nmeggtion potential (Raisz,
Estrogen deficiency in women adversely affects tiiamin D level and other
cytokines which are responsible for bone formatigstrogen plays a dominant
in  maintaining cortical bone formation and prevegti bone resorption
al., 2011). Depletion of estrogen level in women afteznopause accelerates the
bone loss in them, making women population, a mouinerable group
to osteoporotic fractures. The regulatory role sfregen is attributed to it's
stimulatory effect on RANK L (Venkeret al., 2008). Increased RANK L
leads to up regulation of osteoclast activity whiehhances bone resorption

in weak and fragile bones (Boykt al., 2003). In men testosterone plays a

15



role in maintaining BMD. Decline in PTH also resulin decreased Ca

and there by decrease in the bone density.

2.2. Osteoporosis and osteogenesis:

Cellular changes associated with osteoporosis decla decrease in the
number, proliferation and osteogenic differentiatfpotential of MSCs residing
the bone marrow micro-environment. MSCs residinghia bone marrow are
recruited at the site of fracture healing and theteraction with the residing
along with the local niche determines the bone ihgaéfficacy. In adult or
individuals red marrow forms the major part of bonearrow, but in
condition marrow becomes populated with adiposds cetsulting in white
(Gimble et al., 2007). This irreversible differentiation abilitynplies their

to form mature bone during the bone healing pro¢saischet al., 2012).

Bone regeneration ability in fracture healing isoalseen impaired
et al.,2012). It has been suggested that the impairecerdifitial potential is
to the impairment in type | collagen synthesis (Hgdezet al., 2000). Aging
associated decline in the osteogenic differentrapotential also contributes to

delayed healing in osteoporosis (Se¢hal., 2006).

2.3. Osteoporosis and osteointegration:

High rate of implant failures has been reportedsteoporotic patients.
most serious fragility fractures occur in the hipdaan annual mortality rate of
to 24% has been reported (Amghal., 2014). Implant failure statistics shows

there is 2-10% non union, 4-40% mal-alignment aftergery and re-operation
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of 3-23% (Syeckt al., 2004). Implant failure is also reported in thadtures

associated with the metaphyseal region of long bofdinical reports suggest
absence of inherent osteointegrative ability of éeeeoporotic bone is the major
cause of increased implant pull out and non-uni®egenerative capability of
host bone also plays a crucial role in establishingtable bone —implant
(Fini et al., 2004). Osteointegration is defined as the attammef stable

in the host bone by establishing direct chemicaiding between implant and
(Albrektsson and Johansson, 2001). Histologicadiieointegration is defined as

direct anchorage of the implant in the host bomep{ant gets surrounded by

Osteointegrative ability also depends on the osthactive and
osteoconductive property of the implant. Researshélave focused on
biomaterials/implants with better osteointegrataeility to suit osteoporotic
applications. Strategies like increasing surfacegtmess and coating with HA
have proven to improve osteointegration ability tbk inert metals. But in
osteoporotic patients, the number of cells with lipeoative ability and
local factors like growth factors are limited. Tlkérre osteoporotic bones need
osteoinductive or osteoconductive implant material® stimulate

favour bone regeneration.
2.4. Osteoporotic fracture fixation:

Clinical reports have suggested osteoporosis ashkafactor for poor
fixation especially in femoral and spine fractuf&shneideret al., 2005). Due

compromised healing ability and the weak architegtutreatment of
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fractures is often complicated and there is higbkance of implant failure.
Orthopaedic surgeons have realised that osteomorofiracture
should reduce further fracture incidence along wislvouring bone defect

(Dreinhoferet al., 2005).

Autografts have been considered as the most optinsubstitute for
engineering applications. Autografts exhibit betteacceptance and
along with functional outcome in aged patients €fimarket al., 2003). Even
aging has been associated with diminished osteogéiffierentiation ability,
satisfactory results were obtained from hip rephaeet studies using auto
But the weak and compromised host bone limits tbage of such patients as

source of autografts, especially in severe ostemjocases.

2.4.1. Drugs and osteoporotic fracture fixation:

Majority of the osteoporotic drugs exert their edby inhibiting bone
resorption rather than favouring bone formationireeseased resorption is the
factor that leads to the impaired healing in osteofic patients.
forms the major class of drugs that regulate thgelyactivity of the osteoclasts.
Other drugs include selective estrogen receptor utaidrs (SERMS),
strontium ranelate and the more recent denosumlabf ehich functions as
resorbers (Das and Crockett, 2013). In contrashéocatabolic drugs, anabolic
that favour bone formation include parathyroid homa analog (PTH) and
teriparatide. But for the drugs to be effectiveattelerating fracture healing, a
term systemic administration of drugs is requireAnd long term

most of these drugs has been often associated sith effects such as
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incidence of atypical fractures, thromboembolisnd amcreased cardiovascular
(Rheinboldt et al., 2014). So a better strategy is to deliver thesggdidocally at

defect site using drug loaded implants. But drogded implant also do have
limitation of drug release for a limited period anequire reloading of the drug
exert a long term effect on osteoporotic fractuedirig. Hence, scaffolds with
controlled drug release may also be suggested fmlopged osteoporotic

applications.
2.4.2. Surgical strategies and improvised implants:

Reduced mechanical strength and weak osteopobatih® presents an
orthopaedic challenge to minimise the morbidity oassted with surgical
during fracture repair. Surgical procedure itselight create additional
the nearby vicinity of the previous fracture. Sige treatment aims at
stability to fractured bone, with minimum treatmeassociated trauma.
fixators are not usually recommended for osteoporiwacture fixation due to
poor anchorage of the fixator screws leading t@wcpull out and non union.
external circular fixators have been found usefw s$tabilize certain
fractures using conventional wire to prevent nomoanlt has been suggested
use of HA coated pin/screws help in providing bettelding strength for the
(Moroni et al., 2001). Conventional plating techniques can alsouked in
combination with the use of HA coated screws oessrwith improved threads

(Kramer et al., 2000).

Implants designed for fracture repair in normal &omay fail in bone of

bone quality. Usage of inert metallic implants isteoporotic condition, even
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provides the desired mechanical strength, it isagbvassociated with problems
less osteointegration, inflammation associated wiktal related stress fatigue,
wearing at the bone implant interphase etc. Ostemipofracture fixation often
augmentation using percutaneous cement injecticmierlandeet al., 2016)
has become a widely accepted method (Levieteal., 2000) . The aim is to
a strong bone implant interphase and prevent intdi@hure. PMMA has been
extensively used for augmentation purposes as ivides the desired
strength (Bartuccgt al., 1985) (Alenezgt al., 2016). Nevertheless, use of PMMA
often associated with exothermal reaction, inflaniora and difficulty in
revision surgery is desired. ldeally, usage of ast@uctive or osteoconductive
grafts maintains fracture reduction. Osteocondectscaffolds provide a
for de novo bone formation and favour bone in-growth at the éoamplant
interphase, thus aiding bone regeneration and iodégpration (Sterling and

Guelcher, 2014).

2.4.3. Improved implant fixation using Hydroxyapatite:

Hydroxyapatite has been considered as the gold dstiah for
applications because of its chemical similarityhtoman bone and its excellent
activity (Costantincet al., 1991). 95% of inorganic part of bone is composed o
Important characteristic of hydroxyapatite scaffaddits interaction with the
tissue and also it does not induce any foreign badwgction, toxic or
response. HA is osteoconductive in nature and eéklgbod osteointegration
In vivo studies in small and large animal models have tloergd the efficacy of

house developed HA to favour bone in growth (Natial., 2009a). Self setting
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calcium phosphate cements (CPC) have also beenexdedsively as bone void

fillers in osteoporotic fractures (Cornetlal., 2003).

HA based scaffold possess the additional benéfét the variations in its
lattice and morphology help in ionic substitutietike Mg, Zn, Si, F, Cl, Sr etc
et al., 2012). Therefore HA with improved osteointegratamed osteoconductive
nature may be used as a delivery vehicle to aidass of therapeutic ions at

concentrations at the fracture healing site.

2.4.4. Local delivery of therapeutic ions at the dect site:

2.4.4.1. Role of silica:

Silicon is a trace element found in bone (100 pg&chwarz, 1973). Si is
found to play important role in the early bone daation and its localization
active bone forming areas have been reported (§leri981). Supplementation
has been reported to improve BMD in men and posthapausal women
(Jugdaohsinglet al., 2004). Silicon supplementation has also increasede
and strength in numerous animal modelsA 30% increase in mineral

osteogenesis was reported in ovariectomised ratetaod

In addition, silica based HA scaffolds exhibit astissolution than bare
demonstrating that Si incorporation in HA would tdig and destabilize basic
structure to dissolve rapidly. The increased diggan property may also serve
increased Ca release and thereby better apatiteafbon and osteogenesis at
implant interphase. This may prove to be benefidial improving the

ability in osteoporotic patients. Follow up studf repair of a segmental
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sheep model wusing tri calcium phosphate revedlhst after 2 years Si
incorporated material was completely resorbed onwith new bone formation
(Mastrogiacomeet al., 2007). The proposed mechanism of improved biodgtiv
(figure 4A) is due to the generation of more eleoEgative surface at the
interphase that promotes osteogenesis or elemeailiedn as such may be
which directly stimulates the differentiation andofiferation of bone forming

osteoblasts (Pricet al., 2013).

In vitro studies have proved the ability of Si to differexié
to mature osteoblast, thereby favouring better baoegenerationin vivo
al., 2009). Silica incorporated bioglass has also pdaweform a strong bonding
the host bone by the formation of HA layer at thmplant interphase, indicative
improved osteointegration ability (Hench, 1991)bAtter bone in growth and
improved osteointegration ability was also evid&oim in vivo implantation in
models studies using Silica coated HA (0.8 wt %JA%I) (Patelet al., 2002).
application of Si becomes significant especially tothopaedic applications in

craniofacial, maxillofacial and periodontics.

The time required for forming the spontaneous [pi¢éation of
apatite layer is reported to increase with incregsilicate ion substitution. Si
concentration in the human body is highly variabbnging from plasma basal
of 2-10 uM. A concentration of 10-20 uM elicitedeogxpression of collagen
expression in MG63 cell line thereby improving agfenic response. But a
concentration above 50 uM revealed an inhibitorie r@Reffitt et al., 2003).

studies have reported the inhibitory role of Si RAW,s47 cells, at a higher
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concentrations of 200-500 uM (Costa-Rodrigues t28l16). Formation of very
osteoclast cells with distorted morphology on 1.3%ca containing HA, post
days of culture substantiates the inhibitory effeétSi on osteoclast cells

(Friederichst al., 2015), but not much is known about the mechanism.

Role of Silicon A

Increases ceramic dissolution and loss of soluble Si(OH),leads to
formation of Si-OH coating on the bone surface

Si-OH combine with glycosaminoglycogen —protein complexes —
Protein complexes activate Osteoblasts through ALP and osteocalcin

Ca and PO, precipitate out leading to nucleation and apatite formation
by incorporation of OH and CO;

Lead to osteoid mineralization and improve osteointegration of the

implant
¢ [Stontium raneate | B
: ¥
= . ) " @ @ Pre-osteoclasts
CaSR ~r :
+Other receptor I ' l
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Figure 4 -Therapeutic role of Silica and Strontium in bone tissue
engineering: 4A —anabolic role of Silica in osteogenesis and ostegiration
(Adapted from Hench, 2006)4B —anabolic role of Strontium in osteogenesis
catabolic role in osteoclast activity (adapted frtarie, 2006).

23



2.4.4.2. Role of Strontium in osteoporosis:

Strontium has recently gained interest as it hasvehto highly influence
bone remodeling, where it not only favors bone fatibn and enhances
proliferation (Canaliset al., 1996) but also reduces osteoclast activity (Madtie
2001) (figure 4B). Studies indicate that strontiwontaining drugs like
ranelate (sold under the trade name Prof@ldecreases bone resorption and
maintains a high bone formation rate in osteoparoéts, thereby preventing
loss (Buehlegt al., 2001). The proposed cellular mechanisms behingts#ive
effects of strontium is in the prevention of fornoat of ruffled border by the
osteoclast cells, thus preventing it from maturatand limits its pit formation
(Bonnelyeet al., 2008). It has also been reported that Sr up regsilthe Ca
receptor activity by raising Ca concentration ire tmicro environment and

promotes osteogenesis by the osteoblast cellsglzaet al., 1996).

The influence of Sr on bone metabolism has beelestdd to research
1950’s. The beneficial effect of Sr incorporated ldA bone mass at the bone
implant interphase has been proven in rabbits (Beeal., 2013).Even though
Strontium ranelate is not FDA approved, it is lised (oral formulation of 2
for restricted use in case of vertebral and nertebral osteoporotic
the European Union (EU). The prescribing guidediméso mention about the
updates on the adverse effects of prolonged swontranelate treatment,
skin rashes and deep vein thrombosis (Das and @tHcR013) on prolonged

treatment.
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2.4.4.3. Rational for 10% strontium incorporatiomiHA:

Administration of strontium at low concentrationshibits bone
and hence Sr salts were formulated in many of teeaporotic drugs for
bone density (Meunieet al., 2002). At high concentrations Sr is reported to
the normal bone mineralization and alter the boneemal profile in rodents.
attributed to the increased substitution of Ca byirs the bone which also
defective intestinal absorption of Ca (Dadtlal., 2001). Accepted low dose of
strontium is less than 4mmol Sr/kg/day (Maeieal., 2001) and a dosage above
mmol Sr/kg/day is found to negatively affect bonmaeralization (Morohashet
1995). Administration of Sr in the form of stromth carbonate at a very low
0.11-0.13 mmol Sr/kg/day for an osteoporotic persoth 60kg body weight
stimulated endosteal bone formation (Magieal., 2001) Sr incorporation has
proven to improve the osteogenic efficacy as thpyegulate the expression of

when using 100% Sr incorporated bioglass scaff@Bentlemanet al., 2010).

Ca and Sr are alkaline earth metals and they relseedzh other, with
Strontium having a greater atomic radius than Cle Themical similarity
the development of Sr incorporated HydroxyapatBeHA) scaffolds by the
replacement of Ca by desired concentration of Sm@xzon et al., 1998). Sr
easily be incorporated in bone by ion exchange rmaem (Likinset al., 1959).
uptake in human bone during adulthood occurs thinotlgs ionic exchange
mechanism. But theoretical limitation for Sr substion is one out of ten Ca
(Boivin et al., 1996). Sr replacement by more than 50% altersitistallinity of

scaffolds from monoclinic to rhombohedral. Therefoa lower concentration
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in retaining the physcio-chemical properties of H#thout affecting its
(Qiu et al., 2006a). But contradictions to this have been madanother group
has proved that even 15% or more Sr incorporatioay nthange the
suggested 10% incorporation as optimumeiial., 2007). It has been suggested
1-10% is the suggested optimum concentration fdeagorotic applications,
and 10% seemed to improve vitro osteoblast differentiation (Zhang al.,
Even though 5% SrHA is also expected to exhibitilsimosteogenic efficacy to
of 10% SrHA, the latter may exhibit better radiopydoo and thus aid in
vivo tracking for assessing bone regeneration. If Sr¢dkh aid in the local
Srat the desired concentration, then similar effe€tstrontium ranelate can be
expectedn vivo at the local implant site. Since HA is osteoconduecin nature,
incorporation in HA would help in developing a leattscaffold with improved
osteointegrative ability, simultaneously incorpangtthe anti-resorptive ability

Suit osteoporotic applications.

2.4.5. Role of stem cells:

Stem cell research and therapy have got immensnpal in skin, bone,
cartilage tissue engineering etc. In aged ostedpommatients, the number of
MSCs and their differentiation potential is repart® be impaired (Bonyadit
2003). Stem cell therapy in osteoporotic fractuiegxpected to augment the
and reduce fracture susceptibility by increasing ttumber and proliferation
potential of resident stem cells (Antediial., 2014). Delivery of mesenchymal
cells (MSCs) from PLGA microspheres too enhanceaeboegeneration in

bone defects in OVX rats (Yet al., 2012).
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Stem cells can be procured from sources like borarow, adipose,
umbilical cord, embryo etc. Recent studies havewshahat umbilical cord
blood derived stem cells (UCBSCs) also hold didtitherapeutical potential in
osteoporotic application as they can be easily é@sted without much
morbidity, possess less immunogenic potential addbét strong differentiation
potential. Application of human UCBSCs could efieely prevent OVX-
mediated bone loss in nude mice (&ral., 2013). Stem cells derived from dental
pulp (DPSCs) and from that of exfoliated teeth hals® proven to have strong
application in orthopaedics (Alkaist al., 2013), but the feasibility of their

application in osteoporotic condition has to badaied.

Due to the intrinsic ability for osteogenic differteation, ease of
and possibility of genetic modification have madeSGk to be the most
source (Antebiet al., 2014). Out of all the sources, the highest ostemge
regeneration potential is expected from the bonerova derived mesenchymal
cells (BMSCs). But the differentiation potential carthe overall number of

has found to be inversely proportional with advagcage and osteoporosis.

In the mean time, Adipose derived mesenchymahstells (ADMSCs)
emerging as a more reliable source, as ADMSCs canredsily isolated in
without much morbidity and produce larger yield vitro. The in vitro
time required is also less compared to BMSCs gtial., 2012). Various studies
have evaluated the functionality of ADMSCs from yjguand aged mice and
aging to have minimum effect on its vitro proliferation and differentiation

(Chenet al., 2012).
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2.4.6. Bone Tissue engineering:

To effectively mimic the natural process of bonepair, tissue
strategies have been optimized for the deliveryimductive growth and
differentiation factors at the defect site, as vwasdlthe development of suitable
biodegradable scaffolds (better mimicking the Ibshe tissue) to support the
attachment, proliferation and migration of osteapmoitors. Bone defects that
compromise the host source of osteoprogenitors aviagnefit from cell-based
therapies in which cells with osteogenic potenta¢ transferred to the site of
loss (Antebiet al., 2014). In a ground-breaking study, Friedensttia., (1966)
isolated cells; clonogenic fibroblast precursorlsc¢CFU-F) from whole bone
marrow and showed that they were capable of forntiage and cartilage like
colonies. Clinical and experimental studies havewshthat marrow aspirates
used in combination with biomaterials to improvenboformation. Systemic
of MSCs have been used to treat children with ssVerms of osteogenesis
imperfecta (OI). Horwitz et al., (2005) reported that patients subjected to the
treatments showed reduced fractures in bones. Gaidypanded MSCs may
combined with bioactive ceramics and implanted c$®4 can be induced to
differentiate into active osteoblasts on bioactcezamicsin vitro and then be

implanted at the defect site (Naitral., 2009b).
2.5. Need for an osteoporotic animal model:

The intended function of the proposed implant miateis as an aid in

healing of bone defects in females with osteopsroshe US Food and Drug
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Administration (FDA) Guidelines for pre-clinical dnclinical evaluation of
used in the treatment or prevention of postmenoplaussteoporosis
therapeutic agents to be evaluated in twéfedent animal species, first in
ovariectomised rats followed by non-rodent largevea model which possesses
Haversian systems and remodeling patterns simibathe human situation
al., 2001 and Pearcet al., 2007). Therefore it is always desirable to stuldg t
efficacy of the proposed material first in a ratimal model. The selection
a large osteoporotic animal model should be confpativith humans with

anatomy, hormone profile, metabolism and bone agchite.

2.5.1. Rat Osteoporotic model:

Rat is the most frequently used laboratory animalstudying osteoporosis.
Advantages of rat as a model are - inexpensiveutelpase and maintain, grow
rapidly, have a relatively short lifespan, have @lwharacterized skeleton and
proven to be an excellent model for most commoh fastors for osteoporosis.
will give results more rapidly than other animals they reach maturity in a
span of life. Induction of osteoporosis by ovarosoly in rodents induced a
significant trabecular bone loss with 3-6 monthadBet al., 1997). A decrease

BMD, cortical thickness and reduced fracture heplability have also been

Zhang et al.,, 2013 has prepared strontium-incorporated mesopor
glass scaffolds and investigated theivo osteogenic efficacy in rat osteoporotic
models developed by ovariectomy. In yet anotherdgtChenget al., 2013
compared the regenerative efficacy of porous CHPEimposite scaffolds in

osteoporotic rats induced by bilateral ovariectomy.
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2.5.2. Sheep Osteoporotic model:

The selection of an animal model for investigatinrosteoporotic bone has
so far been based on the comparable size of longsbo animals and humans,
suitable for the implantation of human implants anastheses.  Sheep seems to
be a promising model for osteoporotic studies fanynreasons (Turneet al., 2001
and Finiet al., 2000):

. Sheep is used in 9-12% of orthopaedic researaiivimg fractures

. Ewes ovulate spontaneously and have sex hormoffileprsimilar to women.

. Size and basic anatomy of the sheep skeleton areraly comparable with
the human situation. Mechanical characteristickhefskeleton are comparable
to humans which make their large vertebral bodiegernsuited to conventional
surgical procedures.

. Sheep and humans have a similar pattern of borgrowwth into porous
implants over time.

. They are docile and easy to handle.

Additionally, previous studies have also shown thstteep develop
at various sites to different extents following oeatomy (Hornbyet al., 1995),
chronic steroid therapy (Chavassieaixal., 1997) or combinations of these
treatments along with diet restrictions (Létl al., 2000). Egermanet al (2005)
established a sheep model for osteoporosis by aungpiestrogen deficiency,
calcium and vitamin D-deficient diet with steroid dm=ation (1800 mg
methylprednisolone). It was also reported that Bi&s reduced by 30% after
weeks of induction and mimicked human osteoporosituation with

changes in the micro-architecture and mechanicap@rties (Egermanat al.,
30



In yet another study, Michele Roccet al., (2002) evaluated the
osteointegration of HA-coated and uncoated titanisenews in the cortical
long-term (24 months) ovariectomised sheep (OVXughocompared to sham-
sheep (Control group). Cylindrical tapered screv&5 mm in outer diameter
mm in length were inserted into the diaphyseal &orof femoral and tibial
of the sheep model using 2.7 mm diameter drill.tA@sweeks of implantation,
animals were sacrificed and the histomorphometrglysis indicated that HA
screws exhibited an affinity index (in terms of leemplant contact) of
compared to uncoated Ti screws of 61.15+13.12. Diemechanical and
histomorphometry results achieved suggest employi#gcoated screws in
osteopenic cortical bone. Long-term ovariectomisbdep can be used to study
vivo osteointegration in the osteoporotic spine Ni@blal., (2002). HA coated
screws proved to improve bone fixation and bonescinterface strength in
and osteopenic animals. The histomorphometric abidmechanic results
suggest that the role of HA coated steel inithgrovement of the bone-screw
interface strictly depends on the osteoconditgti of bioceramic materials

nature of bone-implant bonding (Aldira al., 2002).

2.6. Development of Hypothesis:

Osteoporotic fracture healing is compromised duethi® weak host bone
structure, accelerated demineralization and togetvith the imbalance in bone
remodelling, osteogenesis makes osteoporotic fracfixation an orthopaedic

challenge. . As a solution to this problem, reviefniterature portrays the use of
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titanium and ceramic implants in osteoporotic raid asheep models giving

satisfactory results.

Nevertheless in this present study, we hypothefiae choosing an implant
with better osteointegrative and osteogenic aliélvery of local factors at the
bone defect site would aid better bone regeneratiarsteoporotic fractures. Hence
Hydroxyapatite (gold standard for orthopaedic aggtion) has been modified with
silica /strontium and chosen as the carrier mdtésrastem cell delivery rather than
systemic administration of osteoporotic drugs teate anabolic effect on bone
healing. Finally, the burden of proof of conceps leeen validated in osteoporosis
induced rat and sheep models so as to extrapdiatédta to clinical osteoporotic

applications.

2.7. OBJECTIVES:

The main objective of the research study is to sploychemically
characterize a hydroxyapatite scaffold modifiedhwiilica or Strontium optimized
for osteoporotic applications. It was also our riegt to validaten vitro andin vivo
osteointegrative and osteogenic ability of tissugimeered bioactive HA based
constructs in osteoporotic animal models, so asxtoapolate the data to clinical
application. To achieve these objectives and testipothesis, the study objectives

were divided into following phases -

(1) Phase I- Characterization of scaffold of choicestTmaterials — Silica coated
Hydroxyapatite (HASi) and 10% Strontium incorpochtédydroxyapatite

(SrHA); Control material — Hydroxyapatite (HA).
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(2) Phase II- Fabrication of tissue engineered ttoats using rat bone marrow
derived Mesenchymal Stem Cells (rBMSCs) followeditbwitro and in vivo

evaluation in rat osteoporotic model.

(3) Phase Ill -Fabrication of tissue engineeredstmicts using adipose derived
Mesenchymal Stem Cells (ADMSCs) followed ilmyitro andin vivo evaluation

in sheep osteoporotic models.
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CHAPTER 3

MATERIALS AND METHODS

PHASE | - MATERIAL SYNTHESIS AND
CHARACTERIZATION

3.1. Materials:

Bare hydroxyapatite (HA) as the control materiaheneas HA modified
with Silica coating (HASi) and HA modified with Stntium incorporation
(SrHA), as the test materials were the scaffoldstafice. All materials were
synthesized and developed at the Bioceramics Laboya SCTIMST,
Trivandrum, India. All chemicals used for the syedls were obtained from

Rankem chemicals, India.
3.2. Material synthesis:

3.2.1. Synthesis of Hydroxyapatite:

Hydroxyapatite - Ca(PO4)(OH), based scaffolds were synthesized by
in-house developed method (Chandmiral., 2016) (figure 5). Because of high
solubility, calcium nitrate decahydrate (Ca(lf4H.O) was taken as the
salt and ammonium dihydrogen orthophosphate asptimsphate salt. HA
was prepared by wet precipitation method involvehgw addition of aqueous
ammoniated solution of ammonium dihydrogen orthgggimate into the
ammoniated solution of calcium nitrate under couatins stirring at 80°C.

procedure pH was maintained at the range of 10 1o The amount
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of calcium and phosphate ions were retained inrtiode ratio of 1.67. After
the precipitate was collected by centrifugationstwd with de-ionized water to
avoid impurities, oven-dried and calcined at 3008&lcined precipitate were
ball milled and sieved to collect HA powder belo&5um. HA powder was
subjected to freeze drying for 24 hours and thdegaflispersed in polyvinyl
solution and stirred along with glutaraldehyde &srdinking agent), benzoyl
peroxide dispersed in benzene (initiator) and N#Mathyl aniline (activator).
porous foam of slurry was then transferred intosptamoulds and kept for
gelation at room temperature (RT). It was then sedeinto blocks, dried,

fired at 600°C to expel the additives and sintea¢dl175°C to get porous HA

10C3.(NQ3)2 + 6NH4H,PO4+4NH,OH—

Calo(PO4)6(O H) >+10NHsNO3+4H,0

3.2.2. Synthesis of Silica coated Hydroxyapatite:

To synthesize HASI scaffolds, porous HA blocksrevesynthesized as
detailed in section 3.2.1. Silica sol was prepaatxhgside HA synthesis by the
hydrolysis of Tetraethyl orthosilicate (TEOS) inhatol water system.
blocks were then dipped in silica sol gel (in etblawater system) for one
and later sintered at 1230°C for 2 h, to get aiogaof Silica on HA. It has been
confirmed from previous studies that HASI scaffottlsveloped using the same
procedure ensured the presence of silica (15-1%t)pnly at the periphery but

towards the internal core (Nat al., 2009a).
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3.2.3. Synthesis of Strontium incorporated Hydroxypatite:

To synthesize SrHA - G&r,(PO4)(OH), the procedure used was almost
similar to that employed in the fabrication of Haaffold as in section 3.2.1.
only difference was at the precipitation step whé@ mol% of calcium nitrate
solution was replaced with the corresponding amoaihtstrontium nitrate
et al., 2016). Briefly, aqueous ammoniated solution of asnmm dihydrogen
orthophosphate was dropped into agueous solutiomacong calcium nitrate
tetrahydrate and strontium nitrate in the moleadti9. During precipitation,
kept above 10 and temperature at 80°C. Resultiegipitate was subjected to
various processes like aging, freeze-drying, ankhtgen at RT, followed by

sintering at high temperature (1175°C) to get psrSuHA blocks.

Ca (NO,) ,.4H20 + NH,H,PO, \
Wet precipitation -

\ Cross linked

Porous Sidip coating HA blocks
HASi blocks " | Ca,(PO,)s(OH),

Figure 5 - Flowchart for the synthesis of scaffold materials- HA, HASi and
SrHA.
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3.2.4. Fabrication of experimental scaffolds:

Prior toin vitro andin vivo applications, ceramic blocks were shaped

requisite size/shape to suit each experimentalyaisal

* Disc shaped (5mm diameter x 1-2mm thickness) ferrhvitro studies.

e Micro-granular (350-400m) scaffolds forin vitro andin vivo studies in rat
osteoporotic model. Micro granules were generatgananual crushing of
ceramic blocks, which were then selectively sietetbugh specific sieves
350um and 40Qm.

e Cylindrical scaffolds (12 mm x 4mm) fon vitro andin vivo studies in sheep
osteoporotic model. Polishing and shaping were darenually on the

polisher (Buehler Ecomet, Germany).

3.2.5. Sterilization of scaffolds:

The scaffolds of desired dimensions (figure 6) weseshed thrice with
distilled water and subjected to ultrasonic clegn{Bransonic, USA) for 10
each (5 times) at 37°C, for the removal of fine pews and other impurities.
the scaffolds were autoclaved by steam sterilizatio121°C, 15 psi pressure for

min.
3.3. Physicochemical characterizations of scaffolds

3.3.1. Microstructure evaluation — Scanning Electro Microscope:

For evaluating the surface morphology and micracture, SrHA, HASI
HA discs were gold coated using ion sputter (Hitiig€-1010) and viewed under

Scanning Electron Microscope (Hitachi S-2400 — SEISA).
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Figure 6 - Gross images of different scaffold typegsed in the study.
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3.3.2. Pore Size & Porosity estimation - Micro CT:

Scaffolds were evaluated for its bulk porosity gyate size distribution
micro CT desktop scanner CT 40, Scanco Medical ABruftisellen,
Scanning was performed at 70 kVp and 114pA. Pae distribution was
based on the data generated from approximatelyn8@@bers of slices of 20um
thickness. Bulk porosity (in terms of percentage)dach scaffold type was then

calculated as given below -

Porosity (%) ={1- (Bv/ TV)}*100.
(Bv - Bone volume, TV - Trabecular Volume)

3.3.3. Phase analysis - X-ray diffraction:

Phase analyses of the scaffolds were determinewlgusiray powder
diffraction (XRD) measurement and compared withehmiational Centre for
diffraction data (ICDD) database for chemical idBoation. Scaffolds were
powdered and XRD analysis was done with monochraedtCu k radiation
(Bruker D8 Advance, Germany) at an operational tubkage of 40 kV and

30 mA and 2Theta range , n=20-50.

3.3.4. Functional group analysis - FTIR:

Functional group analysis of the synthesized st@d$f was done using
Fourier Transform Infrared Spectroscopy (FTIR). SThwas performed on
scaffold materials mixed with optical grade KBowder using diffuse

(DRIFT) mode in Thermo Nicolet 5700 spectrometeiSA). Pure KBr was
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the control. FTIR spectra were recorded at a regoiuof 4 cm* and scanned

between 400 and 4000 chand 64 scans were done for each sample.
3.3.5. Density estimation - Micro CT:

For apparent density estimation, micro-CT desktognser CT 40 was
as per the scan settings as in section 3.3.2. Rhen2D slices generated, three-
dimensional volumetric model reconstruction wasfpened using micro CT
evaluation program V6.5. The apparent density df the materials was

evaluate the apparent opacity of the scaffolds.
3.3.6. Radiopacity evaluation - Radiography and imge J analysis:

Radiopacity of the scaffolds were assessed fronraldgographs taken at
standard conditions using X ray film unit CR -30XK@FA, USA). Generated
radiographs were further evaluated using Image fivaoe (Version 1.48v)
compared against a standard curve plotted usingwaninium wedge (figure 7)

(scaled 0.1- 1mm).

Aluminium wedge

Figure 7 - Aluminium wedge used for quantificationof radiopacity of the
scaffolds.
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3.4. Assessment ah vitro degradation ability in PBS — ICP:

Aseptic degradation studies were performed for 3sdin Calcium
Magnesium free PBS. Scaffolds (10 x 10 x 2fof equal weight were sterilized
and then immersed in 10ml PBS (pH — 7) in polypilepg vials at 37°C for 30
with medium renewal every 3 days. The elementalysis (C&", P, St* and
of the degradation fluid in which the material wiasubated was performed
Inductively Coupled Plasma (ICP) optical emissi@thnique (PerkinElmer
(Waltham, MA) by Optical Emission Spectrometer (tlop 5300 DV, USA)).
to ICP analysis, collected fluids were acidifiedhwhnitric acid and were diluted

known volume and then dissolution ratio per mghef imaterial was calculated.
3.5. Evaluation ofin vitro apatite formation ability in SBF:

Aseptic degradation studies were performed in esimulated body
(SBF) for 30 days (Kokubo and Takadama, 2006). Sk (10 x 10 x 2mr) of
equal weight were pre-sterilized. Scaffolds werenthmmersed in 10ml SBF
7.4) in polypropylene vials at 37°C for 30 daystlwmedium renewal every 3
Incubated scaffolds were evaluated at regular wasrof 0, 7, 14, 21 days for
formation using Environmental Scanning Electron Mgsrope (E-SEM) (FEI
Quanta 200, Netherlands). Characterization of th&tite structure formed on

scaffolds on 28 day of incubation was analyzed using FTIR as utisa 3.3.4.
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3.6. Cytotoxicity evaluation — MTT assay:

In vitro cytotoxicity was done using test on extract methéxitract was
prepared by incubating disc scaffolds of equal weigmn 1 ml DMEM LG
USA) culture medium at 37+1°C for 24 + 2 hrs. Meuibroblast L929 cells
1, NCTC clone 929) (1000 cells per well) were cudtdi in 96 well plate and
maintained for 24 hours at 5% G@nd 37+1°C. Extracts of test and control
were then added onto the cells cultured in the 8B plates and incubated for
another 24 hours. Phenol was chosen as the positweérol. 5 mg/ml of
Blue Tetrazolium Bromide (MTT) (Sigma, USA) reagemas added and after
formazan crystals formed were dissolved in iso-@mog. Absorbance measured
using an ELISA plate reader (BioRad systems, UMgdsuring wavelength:

570nm, Reference wavelength: 630nm).

Metabolic activity of cells (Cm) expressed as patege (Ayestet al., 2014) was

calculated as follows:

Cm = (ODof sample extract Mean ODcejl aione control wel X 100
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PHASE Il — IN VITRO & IN VIVO STUDIES USING rBMSCs IN
RAT OSTEOPOROTIC MODEL

ETHICAL STATEMENT:

All invitro andin vivo studies using rat derived cells and rat osteoporoti
model were performed as per the guidelines and mewendations of the
for the Purpose of Control and Supervision of Expents on Animals
India and with the approval of the Institutional iAral Ethics Committee
B Form No: B11122009 IV. Approval from Institution@ommittee for Stem
Research and Therapy (ICSCRT) was also obtainethforat derived stem cell

research work - Approval No:— SCT/IC-SCRT/08/JWwi2

ANIMAL WELFARE:

Animals were housed in individually ventilated cagdVC, Citizen
Industries, India) at 22+2°C and 55+10% Relativentidity (RH). Light levels
measured at 1 meter height less than 300 Lux ad@:82 hour dark: light
was maintained. Animals were fed with standardgted rat feed and drinking
ad libitum. Animal colony was health monitored as per Federatfor
Animal Science Associations (FELASA) guidelines foarasitology (Rabbitst
2014) and was stamped negative of any infectiousntsy The study also
the Animal Research: Reporting Bkperiments (ARRIVE) guidelines for the

execution, evaluation and reporting of ithe/ivo study (Kilkenny et al., 2011).
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PART A- IN VITRO EVALUATION OF HA, HASiI AND SrHA
DISC SCAFFOLDS USING rBMSCs

3.7. Isolation, culture and characterization of - BMSCs:

3.7.1. Isolation and culture of rBMSCs:

Rat Bone Marrow derived Mesenchymal Stem CellsM8s) were
from the bone marrow of normal female rats age® 3aonths and weighing
approximately 180-200mg. Rats were euthanized by @@alation in a CQ
chamber. The skin was shaved and disinfected wetadine solution. A skin
incision of approximately 1-2 cm in length was mawé¢he hind leg through the
muscle flap and the femur, tibial bones were exgofones were retrieved,
removed off any muscle tissue and then collected PBBS with double

of antibiotic -antimycotic (Gibco BRL, USA) (2ml &ébiotics/100m| PBS).

Under sterile conditions inside a laarimir flow, each hind limb was
bisected by cutting through the knee joint. Bonesenexposed at the ends using
bone cutter and bone marrow was flushed out thrahhghbone shaft using an
gauge needle into a centrifuge tube containing DME®! (Life technologies,
growth medium. Marrow plug is dispersed in the nuedi followed by
at 2500 rpm for 10 minutes. The pellet obtained was suspended in 5mi
LG, seeded in tissue culture treated flasks andhtaaied in a C® incubator
37°C, 5% CQ and 95% RH. On the third day, medium was changed a
supplemented with fresh growth medium to remove béxbd cells and other

adherent cells and were further cultured until bogricy — B passage.
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On confluency, the cells were trypsinised by agdih25% Trypsin
(Life technologies, USA) in the culture dish fornsinutes. Fresh medium was
to stop the action of trypsin, and the trypsinsedl suspension was then
at 2500 rpm for 10 minutes to collect the pelletbheTpellet was re-seeded again

and further cultured and passaged with medium rahewery 3 days till P

3.7.2. Characterizations of rBMSCs:

3.7.2.1 Fluorescent staining —Actin and nuclear siang:

To evaluate the morphology of isolated rBMSCsscail B, passage were
cultured on sterile cover slips for 24 hours anénthfixed in 3.7% para-
formaldehyde. Fixed cells were permeabalized quinl% triton (Sigma
India) for 5 minutes followed by PBS wash. Fixesllx were initially stained
Actin stain - rhodamine-phalloidin (Life technolegi USA) in 1: 100 dilution
incubated for 30 minutes in dark at RT. After a erPBS wash, cells were
counter stained with the nuclear stain — DAPI (Sagahemicals, USA) for 10
minutes at RT in dark incubation. Stained covepsslvere washed twice with

mounted and imaged using fluorescent microscopedD®O (Leica, Germany).

3.7.2.2. Surface marker analysis - Flow cytometry:

For flow cytometry analysis, cells ingPpassage were collected and
twice in PBS. Cell suspension was then blocked Bi#% BSA for 30 minutes to
prevent non-specific binding. After blocking celleliet was obtained by
centrifugation and following a PBS wash, cell suspien was subdivided. To

cell suspension in tube, antibodies against CDAlficém) or CD 34 (Abcam)
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added at 1:100 dilution and incubated for 2 hourglark at 4C. Following a

PBS wash, FITC conjugated secondary antibody iQ:dilution specific to

antibody was added into each suspension and fuiitfrbated for 1 hour in
4°, Cells stained with secondary alone served asrobrtained cells were then
fixed in 3.7% paraformaldehyde for 20 minutes atodesd in 4°C until analysis.
suspension was analysed using flow cytometer (FA@8§, BD Biosciences) and
percentage of FITC positive cells was quantified dpplying suitable gating

Diva software.
3.7.2.3. Differentiation potential - Alizarin red &il red O staining:

Osteogenic differentiation and alizarin red stagnin

For osteogenic induction, sPcells were cultured in osteogenic
medium (DMEM — LG containing 15% FBS, 10 mpglycerophosphate, M
dexamethasone, 0.05 mg / ml L-ascorbic acid (Sighmamicals, USA) and 1%
antibiotics). Further, the osteogenic induced cellsre maintained in the
induction medium for 14 days for osteogenic diffetration with medium

every 3 days.

Cell-seeded cover slips were then washed thrice WBS — 10 minute
fixed in 3.7% paraformaldehyde and stained with Pzarin red (Sigma
Chemicals) to determine calcium deposition. Posinsiig the cover slips were

mounted with anti-fadent (Dako, Denmark) and miceqghed using DM 6000.
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Adipogenic differentiation and oil red O staining:

For adipogenic induction,sRells were cultured in adipogenic induction
medium 100mM Iso butyl (sigma), 1mM dexamethasdsgma), 1mM
Indomethacin (sigma), 5g/ml insulin (Merk) , 10% $BL% antibiotics) for 24
hours. After that the adipogenically induced celisre further maintained in
adipogenic maintenance medium (5mg/ml Insulin (K)erl0% FBS, 1%

for 14 days with medium renewal every 3 days.

Cell-seeded cover slips were then washed thrice WiBS — 10 minute
fixed in 3.7% paraformaldehyde and stained withred O (sigma, India) .
staining, cover slips were mounted with anti-fadébtako, Denmark) and

micrographed using DM 6000.

3.8. Fabrication & characterization of tissue engieered constructs -

cHA, cHASI & cSrHA:

Isolated cells were cultured and expanded uniilpBssage. Scaffolds
pre-conditioned in DMEM LG culture medium for 3-4oudrs prior to
tissue engineered (TE) constructs. Cells were skeddahe disc shaped scaffolds
HA, HASi and SrHA at a density 1x10”4 cells to fadate cHA, cHASI and
respectively and maintained for 4-5 hours with miom medium
to allow maximum adhesion of cells onto scaffoldrfage. Subsequently,
was added to immerse the cell-seeded scaffoldsceuffly and maintained in
growth medium under culture conditions of 5% £&nd 37°C for furthein

assessments.
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3.8.1.In vitro cytocompatibility assessment:
3.8.1.1. Cell adhesion on scaffolds - E-SEM:

Tissue engineered constructs - cHA, cHASI and cScdigured for 24 hours,
were fixed in 1% glutaraldehyde and subsequen#dyed under E-SEM under high
vacuum.

3.8.2. Osteogenic induction of the TE constructscHA, cHASI and cSrHA:

To osteogenically induce the cells seeded on thecdlstructs, post 24
of culture in the growth medium TE constructs waeraintained in osteogenic
induction medium containing FOM Dexamethasone (dex), 0.05mg/ml L-
Acid (LAA) and 10mM$p Glycerophosphate{GP) for desired culture period.
3.8.3.In vitro osteogenic efficacy assessment:
3.8.3.1. Cell adhesion on scaffolds — E-SEM:

Post osteogenic induction (7 days), TE construatse assessed for cell
adhesion using E-SEM as in section 3.8.1.1.
3.8.3.2. Osteogenic efficacy assessment — ALP assay

For in vitro osteogenic assessment, osteogenically induced hEtiaects
were evaluated using Alkaline Phosphatase actiAlyP) assay. ALP assay is
on the hydrolysis of p-nitro phenyl phosphate (Sigamemicals, USA) to p-nitro
phenol. TE constructs (n=3), were assessed for @dtRity at 7, 14, 21 and 28 days
of induction. TE constructs were collected at déinntervals, given PBS wash
twice and kept at -80°C until analysis.

Prior to ALP estimation, frozen cell seeded samplese thawed on ice for

20 min and lysed with 1% Triton X-100 for 50 mined®iltant cell lysate was
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collected and 2l was taken for ALP assay. 126 ALP substrate (prepared using
ALP buffer) was added to the lysate and incubate®® minutes at 37°C. Reaction
was stopped using 1N NaOH and centrifuged to dottex supernatant. Absorbance
was measured at 405 nm using a multifunction  plaeader (Hidex
calibration line was plotted using different conications of p-nitro phenol
(Sigma chemicals, India) using the same ALP buff&R activity of TE constructs

were expressed as concentration of pNP/30 minutes.

3.9. Compatibility of scaffolds using osteoclast @-cursor cells -

RAW 4 7

Scaffolds — HA, HASi and SrHA were pre-conditioneddMEM-LG for
hours prior to seeding of the osteoclast pre-cuisis — RAWe4.7 - National
for Cell Sciences (NCCS, Pune, India). Pre- coondiid scaffolds — HA, HASI
SrHA were then seeded with RAW cells at a densitylx10"5 cells and
24 hours. Cell seeded scaffolds were then fixedl P glutaraldehyde and then

micrographed using E-SEM as in section 3.8.1.1.

PART B - DEVELOPMENT & EVALUATION OF RAT
OSTEOPOROTIC MODEL

3.10. Development of rat osteoporotic model — suical procedure:

Osteoporosis was induced in female Wistar ratdb:S&/| rats (figure 8)
(Outbred Wistar rats) aged 3 months and weighingraximately 200 g by
interventional bilateral ovariectomy (figure 9). e¢iments were performed
general anesthesia using 80 mg/kg ketamine (A¥edn Lab, and India) and 5

mg/kg xylazine (Xylaxin, Neon Lab, India). Brieflthe area for surgical
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intervention was clipped and prepared with 5% Ponril iodine solution
Win Media care, India). A longitudinal skin incisiovas made on the lateral
the level of flank. Using a pair of fine tweezethe peritoneal fat pad was
and exteriorized to view the ovary and uterine honneach side. The vascular
to ovary was clamped using mosquito forceps andoweas excised. After
clamping the distal region of the uterine horn,catn of the uterine horn was
excised. Clamps were removed and ascertained thexrnbstasis was achieved.
tissue and fat pad was retracted to the peritooaaty using the blunt end of a
vascular forceps and skin was closed using 3-@dechsilk (Mersilk, Johnson
Johnson, USA) in simple interrupted pattern. Powigl iodine solution was
daily for 7 post operative days until the suturesrevremoved. Post surgery
received subcutaneous injection of Analgesic- Mielam (Melonex, Indian
Immunologicals Ltd, India) @ 1mg/kg S/C once dadyd Buprenorphine
(Buprigesic, Neon Lab, India) @ 0.05 mg/Kg i/m tevidaily for 7 days. Induced
animals were maintained for 10 months post indurctio develop long term
osteoporosis induced aged models (LOA). Animalsdad@ months were

the age matched control group (n=5).

Figure 8 - Rat model: A- Control animal and- long term osteoporosis induced

aged models (LOA).
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Figure 9 - Surgical procedure for ovariectomy: A-F- Osteoporosis induction in
rat model.

3.11. Rat osteoporotic model evaluation:

3.11.1. Histology of excised tissue - H& E staining
Ovaries collected during ovariectomy procedure wieted in 10%

neutral buffered formalin (NBF) and stored at RTilunistological evaluation. For
histological evaluation formalin fixed ovaries welehydrated in ascending series of
alcohol - 80% isopropyl alcohol (2 hours), 95%isyl alcohol (2 hours), 95%
isopropyl alcohol (1 hour), 100% isopropyl alcohd hour — three changes)
followed by clearing in xylene (45 minutes — threleanges) and infiltrated in
paraffin wax (1 hour — two changes followed by 2itso- one change).

Post processing, tissue capsules were embeddedssettes into paraffin

blocks and thin paraffin sections of approximatélynicron thickness were taken
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using rotary microtome (RM 2255, Leica, Germanyctns were then transferred
to the hot air oven set at 37°C for one day.

For hematoxylin and eosin (H & E) staining, paraffections were first
deparaffinised using xylene (15 minutes — 2 timasyl then processed in descending
series of isopropanol — 100%, 80% and 70% (3 m#etxh), exposed to running
tap water (5 minutes), stained with Haris Hematox{lsigma chemicals, India) (12
minutes) and washed again in running tap water iffut®s). Sections were then
given two times fast 1% acid alcohol dip followeg incubation in 0.2% ammonia
water solution (2 minutes). Sections were courdérstt with Eosin (sigma
chemicals, India) (5 minutes) and underwent dehiarain ascending series of
alcohol — 95% and 100% (2 minutes each); three gdwrof xylene wash (15
minutes) and mounted using DPX. H & E stained sestiwvere then viewed and
micrographed using DM 6000 microscope.

3.11.2. Evaluation of trabecular bone loss in thexduced models:
3.11.2.1. Histological evaluation - H & E staining:

Post 10 months of osteoporotic induction, animaéyevsacrificed and
osteoporotic model development was assessed. Pabxirbial head was
from LOA model, age matched control animal and dix@ 10% NBF for
analysis. Bone tissues were decalcified using 12BTA prior to paraffin
embedding. Paraffin sections were then taken framresponding blocks of
and induced group and stained using H& E stainingcedure as in section

The micrographs were then evaluated for qualitatredecular bone loss.
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3.11.2.2. Micro CT evaluation:

Quantitative and qualitative estimation of bonsslin the induced model
were assessed using micro-CT desktop scanner CTSednco Medical AG.
Metaphyseal cancellous bone at the tibial headoregf the LOA model and
animals were scanned using micro CT set at 70kvVg aMpA. Volume of
(VOI) (trabecular bone) was chosen by selectivntauring of approximately
slices of 20um thickness from the tibial plateaud athree dimensional
model reconstruction was performed using in budttware V6.5. The bone
parameters like trabecular number (Tb.N.), trab&cwdpacing (Th.Sp.) and
density at the trabecular area were assessed inL@® model (n=5) and
with the control group (n=5). Bone volume per totalume (Bv/Tv) was also
analyzed within the contoured VOI zone and compawvdgth that of age
control rat.

3.11.3. Biochemical evaluation of serum:

Blood samples were collected from induced model3jnand age
control animals at time period 0, 5 and 10 montbst psteoporotic induction.
was isolated from the animals by centrifugation1&00 rpm at 37°C for 10
and stored in freezer until analysis. Isolated serwere then analyzed for
concentration based on the Arsenazo Il method emunt as per
protocol (Cat No: BLT0O001 Erba, Germany) (1 ml reaggmixed with 20 ul
sample and absorbance read at 630 nm against bla@laicium concentration
calculated as
Calcium (mg/dl) = (absorbance of test/absorbancetafdard) x concentration

standard (mg/dl).
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3.11.4. Evaluation of bone healing efficacy:
3.11.4.1. Surgical procedure:

In vivo healing efficacy at 3, 6 and 8 weeks (n=6) weresessed by
sham defect (figure 10) of 3mm x 1.5mm in the feaidsone of LOA models.
Xylazine-Ketamine anaesthesia @ 5mg/Kg& 80mg/kgpoeesively as in section

3.10, distal femur was exposed through a latergdrapch and a defect was

with surgical drill (Marathon, Saeyang microtechgri€a).

Figure 10 - Implantation procedure: A-D Sham defects created in the rat model.

Bone healing ability in LOA model was compared wtthat of control
animals with the same sham defect size in the fe@uweeks study). Post

implantation, all rats received antibiotic and aesic injection intramuscularly
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seven postoperative days. Animals received subeatasinjection of Analgesic-
Meloxicam (Melonex, Indian Immunologicals Ltd, Imji@ 1mg/kg S/C once
and Buprenorphine (Buprigesic, Neon Lab, India) @0ng/Kg i/m twice daily
7 days.

All animals were euthanized at the end of studyiqukr3, 6 and 8 weeks
implantation and implant site along with the adjschost bone was dissected
and fixed in 10% NBF. Gross evaluations of retei@explants were done prior
other evaluations.
3.11.4.2. Micro CT evaluation:

Effect of osteoporosis on bone healing ability waessessed from the
fixed samples of 3, 6 and 8 weeks implantation &sidn LOA model. The
were scanned using desktop uCT (UCT 40, Scanco ddedG, Bruttisellen,
Switzerland) as in section 3.11.2.2. Scout selactvas made including the ‘drill
hole’ defect area in the tibial bone of osteoparatiduced model and 2D and
morphometry images generated from micro CT weressed for evaluating
overall healing efficacy.In vivo healing in the LOA models was compared with
of control animal post 8 weeks of implantation. &Algle novo bone
(of the host bone andke novo bone) was assessed post 8 weeks of implantation
the control and LOA models using density histogsamgenerated from
corresponding 2 D slices of control and indugealup.
3.11.4.3. Histological evaluation:

Animals were euthanized eight weeks post surgeny #re defect site
with the adjacent bone was dissected out withosiiudbing the defect area. The

retrieved bone samples were then formalin fixed amdlerwent series of
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steps in isopropyl alcohol - 70% isopropyl alcolfdl days), 80% isopropyl
(4 days), 95% isopropyl alcohol (4 days), 100% reqyl alcohol (2 days),
alcohol: Acetone (1:1 ratio) (1 day), 100% isopybalcohol (2 days). Samples
then infiltrated in MMA, followed by embedding in MIA containing 1%

peroxide under vacuum in desiccator.

Embedded blocks were then sectioned at a thickofes30-150 microns,
using high-speed precision saw (Isomet TM 2000 Biwt Saw, Buehler, USA).
Plastic sections were polished down manually t6—9D microns using variable
speed grinder polisher (Ecomet 3000, Buehler, U&#J stained with Stevenal’'s
blue and van Gieson’s picrofuchsin (Mohainal., 2013). Briefly, the staining
procedure was followed as — PMMA sections were rated in hot water (3
minutes), immersed in the pre-heated Stevenalig Btain (stain filtered and
heated to a temperature of 60-65°C) for (5-15 rtes)) given water wash and
counter stained with van Gieson’s Picrofuchsin §8ainutes). Excess stain
out with tissue paper and stained sections were thiero-graphed using DM
microscope.

PART C — EFFICACY ASSESSMENT OF MICRO-GRANULAR

SCAFFOLDS IN RAT OSTEOPOROTIC MODEL
3.12. Fabrication andin vitro characterization of micro-granular
scaffolds:

3.12.1. Fabrication of micro-granular scaffolds:
Micro-granules of HA, HASi and SrHA were generatbg manual

of the corresponding ceramic blocks as in sectiahl3 3.2.2. and 3.2.3.
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respectively. Selective sieving ensured the micrangilles to be within the size
of 350-40Qum.
3.12.2. Micro-structure and surface morphology evalation - SEM:

For evaluating surface morphology, micro-granwaaffolds were gold
coated using ion sputter (Hittachi E-1010) and @dwinder Scanning Electron
Microscope (Hitachi S-2400 — SEM, USA).

3.12.3. Radiopacity evaluation - Image J analysis:

Radiopaque property of equal volume (50mg) of wmgranular
were evaluated and quantified using image J arsésin section 3.3.6.

3.12.4. Cytocompatibility assessment:
3.12.4.1. Direct contact assay - phase contrastroscopy:

Cytocompatibility of the micro-granular scaffoldasvassessed by direct
contact assay. rBMSCs were seeded at a densitylo*4 cells in 48 well plates
incubated for culture expansion for 24 hours. Migranules (10 mg each) were
added on to growing rBMSCs and evaluated using @ltastrast microscopy
assessing any change in morphology or growth ot#tis in direct contact with
micro-granules.
3.12.4.2. Cytotoxicity - MTT assay:

Cytotoxicity of the micro-granules (10 mg each)swevaluated using test
extract method as in section 3.6.
3.12.4.3. Cell adhesion on the micro-granules - E8:

Micro-granules (pre-conditioned for 4-5 hours) weseeded with

(cHA, cHASI and cSrHA) at a density of 1x1074 calisd cultured for 7 days in
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growth medium. Micro-granular TE constructs wererthevaluated for cell

using E-SEM as in section 3.8.3.1.
3.13.In vivo osteogenic efficacy of tissue engineered micro-grales:

3.13.1. Surgical procedure for implantation:

For implantation study, ‘drill hole’ defects - 3mm1.5mm dimension
made at the proximal end of each femur (figure &%)in section 3.11.4.1.
under general anesthesia distal femur was expdsexigh a lateral approach
‘drill hole defect’ was created with surgical driMarathon, Saeyang microtech,
Korea) under profuse irrigation. Approximately 10rmafjthe micro-granules
tight packed into the defects and muscle flap regda In-house developed and
designed stainless steel canula with separate rpike holder was used to
the micro-granular bare and TE constructs at theplamt site. Post
rats received antibiotic and analgesic for sevestquerative days. All animals

maintained in individually ventilated cages untitther analysis.
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Figure 11 - Surgical procedure in LOA model: A-D- implantation of micro-
granules in ‘drill hole defect’ in rat model.

Implantation experiments were designed (table thdhat four implant
sites each were made available for the implantsyp®&lA, HASIi, cHASI, STHA

and cSrHA. Sham group was also included.

Table : Experimental design in Osteoporosis induced
rat model
Sham 3 W (n=4) 6 W (n=4) 8 W (n=4)

HA 8 W (n=4)
HASI 8 W (n=4)
cHASI 8 W (n=4)
SrHA 8 W (n=4)
CcSrHA 8 W (n=4)
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3.13.2. Gross evaluation:

All animals were euthanized 8 weeks post implaotaténd implant site
along with the adjacent host bone was dissected leaihur was removed off
any overlaying tissue and fixed in 10% NBF. Gressluations of retrieved
explants were done prior to any other evaluations.

3.13.3. Histological evaluation - Plastic embeddingnd staining:

For histopathological evaluation folmafixed explants underwent
embedding in methyl methacrylate (MMA) as in secti8.11.4.3. PMMA
were then stained using Stevenal’s blue and vasdais picrofuchsin stain.
3.13.4. Histomorphometry analysis - Q win software:

Histomorphometry was done to assess the osteotiegr and
ability of micro-granular scaffolds. Histomorphoirme analysis was performed
three consecutive sections of each implant andyaedlusing image analyzing
software (Leica Qwin, Germany). Bone formation iced were evaluated
defect boundaries alone. Parameters measured extltite total implant area
area ofde novo bone in-growth. Regeneration efficiency (RE) ofpiant
was expressed as ratio of new bone formed to thdéédct area. Measurements
taken from equidistant sites across sections usdere magnification.

3.13.5. Micro CT evaluation:

To assess the extent of mineralization (in-termbafe density) of the
formed bone, explants were scanned using micro € Tescribed in section
Scout selection was made including the ‘drill halefect area in the tibial bone
osteoporotic-induced moddde novo bone mineralization was assessed from the

density histograms (included host bone alechovo bone) generated from 2 D
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of control and test group. Mineralization wasinestted from the density
drawn on corresponding 2D slices.
3.13.6. Estimation of Strontium accumulation in diferent organs - ICP:

Post implantation, organs like kidney, liver andegm were collected
with explants, from the experimental animals tolease the accumulation of Sr
leached out from the implant at any of these orgamsich may be later
for the survival of the animal model. Harvestedang (0.5g each) were washed
any blood stains and stored at -80°C until analy&inic concentration of Sr
each of the collected organs from the HA implantggdup, HASIi implanted
and SrHA implanted group were analysed using IC&® prie-digestion in sand

using pure grade nitric acid. lon concentrationgewnealculated as in section
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PHASE IlIl — IN VITRO AND IN VIVO STUDIES USING sADMSCs
IN SHEEP OSTEOPOROTIC MODEL

ETHICAL STATEMENT:

All invitro andin vivo studies using sheep derived cells and sheep animal
models were performed as per the guidelines andnmetendations of the
for the Purpose of Control and Supervision of Exmpents on Animals
India and with the approval from Institute Animalhics Committee (IAEC). —
Form no: B462010 XVII. Approval from Institution@ommittee for Stem cell
Research and Therapy (ICSCRT) was also acquizedhe research work -
Approval No :— SCT/IC-SCRT/08/Jun 2013. ARRIVE gelides forin vivo

experiments in animals has also been followed & study (Kilkenny et al.,

ANIMAL WELFARE:

Animals were group housed in ghheuse under natural conditions
following CPCSEA guidelines for Laboratory Animahgility under. Clinically
healthy animals with unremarkable hematological amthemical parameters
selected for the experiment and randomly assigmedontrol and test arms.
animals were fed in-house formulated sheep feedpecmimg of 30% Crude
and 1.14 % of Calcium along with roughages. Watas wrovidedad-libitum to
the animals. Ovarectomized animals were fed withmmercial calcium
sourced from Sai durga feeds; India partially alavith in-house formulated
feed prior to ovariectomy till implantation and wawitched totally to Ca
diet once they adjusted to the new feed in a tweksgeriod after implantation.

roughages were fed to these animals.
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PART A - IN VITRO EVALUATION OF HA AND SrHA DISC
SCAFFOLDS USING sADMSCs

3.14. Isolation, culture and characterization of S®MSCs:

3.14.1. Isolation and culture of SADMSCs:
Sheep adipose derived MSCs (SADMSCs) were isolafedm

fat pad of control sheep (figure 12) aged 6 mordhgl weighing around 20-
Under general anaesthesia and maintaining asepnditons, a skin incision
made on the lateral side near the thigh area ampdoxpmately 5-10gm of fat
was collected in PBS containing 2x antibiotics. MiS@lation was done in sterile
condition inside a laminar hood. Briefly, Adiposissue was thoroughly
using 2x and 1x antibiotics (1 ml antibiotics pedOinl PBS), washed fat were
fine minced and digested using type 1 collager(&gma Aldrich, St. Louis,
followed by centrifugation and the pellet obtaingds re-suspended in DMEM
complete growth medium. Cells were cultured and-sulbured at 37°C, 5%

95% humidity until P3.
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Figure 12 - Surgical procedure for adipose tissuesolation: A-D - isolation of
subcutaneous adipose tissue from the sheep model.
3.14.2. Characterization of SADMSCs:

3.14.2.1. Fluorescent staining — Actin and nuclestiaining:

SADMSCs from R passage were seeded on sterile cover slips and
maintained for 24 hours as in section 3.7.2.1. Cef#re then fixed in 3.7 %
paraformaldehyde and then stained using DAPI amdlamine.

3.14.2.2. Surface marker analysis - Flow cytometry:

For flow cytometry analysis, cells ingBassage were trypsinised and

underwent the procedure detailed in section 3.7.Po2each cell suspension in
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antibodies against CD 44 (Abcam) and CD 34 (Abcaveje added at 1:100
Stained cell suspension was then kept for 2 houdsirk at 4C. Cells were then
washed with PBS. FITC conjugated secondary antibadyl:100 dilution

each antibody was added into each suspension atltefuincubated for 1 hour
dark at £. Cells stained with secondary antibody alone wesed as a control

analysis was done as in 3.7.2.2.

Stained cells were then fixed in 3.7% paraformaldiehfor 20 minutes
and stored in 4°C until analysis. Each suspensi@s wnalysed using flow
cytometer (FACS Aria, BD Biosciences) and fluoregcentensity of each

surface marker was quantified by applying suitaj@déng using Diva software.

3.14.2.3. Differentiation potential - Alizarin re& Oil red O staining:

Osteogenic differentiation and Alizarin red staiqin

The cells in B passage seeded on cover slips underwent osteogenic
differentiation as in section 3.7.2.3. Cell-seededer slips were then washed
with PBS — 10 minutes each, fixed in 3.7% parafoldehyde and stained with
Alizarin red (Sigma Chemicals).

Adipogenic differentiation and oil red O staining:

For adipogenic induction SADMSCs fromg Passage were seeded on
slips. They were further maintained in adipogeniduction and differentiation
medium as in 3.7.2.3. Oil red O staining was alssfgrmed to assess the

efficacy.
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3.15. Fabrication & characterization of tissue engjieered constructs

- cHA and cSrHA:

Isolated SADMSCs were cultured and expandedstpd3sage. Scaffolds
HA and SrHA were pre-conditioned in DMEM LG cultumeedium as in section
and cells were seeded on the disc shaped scaffwldsdensity 1x1074 cells to
fabricate cHA and cSrHA respectively. TE construwese then maintained for
hours with minimum medium supplementation to allmaximum adhesion of
onto scaffold surface. Later, required volume ofdilnen was supplemented for
promoting cell growth. TE constructs were maintairia growth medium in

conditions of 5% C@and 37°C for furtheim vitro assessments.
3.15.1.In vitro cytocompatibility assessment:

3.15.1.1 Direct contact assay-phase contrast micopy:

Direct contact assay was done using SADMSCs inctlicentact with HA
SrHA disc for 48 hours as in section 3.12.4.1
3.15.1.2. Osteogenic induction of the TE construetsHA and cSrHA:

To osteogenically induce the cells seeded on thecditstructs , post 24
of culture in the growth medium, TE constructs &emaintained in osteogenic
induction medium containing TOM Dexamethasone (dex), 0.05mg/ml L-
Acid (LAA) and 10mM$p Glycerophospahtg(—GP) for desired culture periods.
3.15.1.3. Cell adhesion on disc scaffolds — E-SEM:

Cell adhesion on TE constructs — cHA and cSrHA esmuated by seeding

SADMSCs at a density 1x 10" 4 cells and maintainiag 7 and 28 days in
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osteogenic induction medium. Cell seeded scaffoMge then fixed in 1%
glutaraldehyde and processed and further vieweusiSEM as in section 3.8.1.1.
3.15.2.In vitro osteogenic efficacy assessment — ALP assay:

For in vitro osteogenic assessment, TE constructs were osteadjgni

induced and evaluated using ALP assay as in se8tkB.2.

PART B - DEVELOPMENT AND EVALUATION OF
SHEEP OSTEOPOROTIC MODEL

3.16. Development of sheep osteoporotic model - gigal procedure:

Ten mature female (10-12 years old) sheep (figlBewlith an average
weight of 25-28 kg were used for the study. Outltg ten animals, only two
served as the control, while eight animals wereuget! for osteoporosis (figure
via ovariectomy and calcium deficient diet. Animalere anaesthetized with a
combination of Atropine sulphate (@ 0.01mg/kg boggight) - Xylazine (@
0.3mg/kg body weight) and Ketamine (@ 7mg/kg bodyght). Animals were
intubated with a size - 9 cuffed endotracheal tafter a bolus of Propofol (@
3mg/kg body weight) intravenously. Sheep were tkhentilated with a tidal
of 10-12 ml/kg body weight to maintain an Etg& 30-35 mm of KO under 1.8
Isofluorane for maintenance.

Following aseptic precautions, an oblique righh#tancision was made,
uterus was located and both ovaries were extemdrizigated. The ovarian
along with the bursa was excised and uterus wakaceg into the peritoneal
Post surgery, wound was closed routinely. As pgsirative care, all animals

given Strepto-penicillin (Indian Immunologicals Ltdndia) 15mg/kg body
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antibiotic and Meloxicam (Indian Immunologicals Ltdindia) 0.5mg/kg as
for 7 days. Ovariectomised animals were fed witmomercial calcium deficient

(Sai Durga feeds & foods company Pvt Ltd., Indiagdurther maintained for

months for osteoporosis induction (L&t al., 2002).

V)

Figure 13 - Surgical procedure for osteoporosis ingction by ovariectomy (A-D)
in sheep model.

|

Figure 14 - Sheep osteoporotic model developed byaviectomy followed by
maintenance under Calcium deficient diet.
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3.17. Validation of sheep osteoporotic model:
3.17.1. Histology of excised tissue - H& E staining

Sheep ovary excised during ovariectomy was colkeeted fixed in 10%
neutral buffered formalin for histology analysisngs H& E staining as in section
3.11.1.

3.17.2. Evaluation of trabecular bone loss in thexduced models — micro CT:

Bone loss in the osteoporosis induced models wasated qualitatively
guantitatively using micro CT (Scanco Micro CT &itzerland). Post 10
of osteoporosis induction period, hind limbs wemdlected by sacrificing the
model and same aged control animal. Distal endbad twvas scanned by micro
15um voxel resolution, using x rays at energy okVi® and an intensity of
A reference line was drawn at the distal end plaitehe tibia so that each
had the same starting point for analysis. Fromrédference line, a cylindrical
of the trabecular area from similar anatomical towma was selected and
the induced model and control animal. Further onm3@rphology (trabecular
thickness profile) was reconstructed using in bgiftware. The trabecular
parameters - Tb.N., Tb.Th., Tb.Sp. and Bv/Tv wexampared with that of the
control animal to quantify the extent of bone lassthe osteoporosis induced
animals.

3.17.3. Biochemical evaluation of serum - Calciumnal vitamin D3:

Blood samples were collected from induced osteopomodel, post 10
months of osteoporosis induction and also from agdgched control animals.
was isolated from the animals by centrifugation1&800 rpm at 37°C for 10

and stored in freezer until analysis. Isolated serwas then analyzed for
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concentration as in section 3.11.3. Serum colleatasl also analyzed for vitamin

3 level estimation using commercially available Risorne CLA (Italy).

PART C - EFFICACY ASSESSMENT IN SHEEP
OSTEOPOROTIC MO DEL
3.18. Fabrication and in vitro characterization of cylindrical

scaffolds:

3.18.1. Fabrication of cylindrical scaffolds:

Cylindrical scaffolds (12 mm x 4mm) were develogsdmanual trimming

polishing of ceramic blocks of HA and SrHA as ictsen 3.2.4.
3.18.2. Micro-structure and surface morphology - SHI:

Cylindrical scaffolds were surface characterizeth@$SEM analysis as in

section 3.3.1.
3.18.3. Radiopacity evaluation - Image J analysis:

Radiopaque property of cylindrical scaffolds — HAdaSrHA were

and quantified using image J analysis of the raiphs as in section 3.3.6.

3.18.4. Fabrication of TE cylindrical constructs am cytocompatibility

assessment:

Cylindrical scaffolds HA and SrHA were sterilizashd pre-conditioned
DMEM-LG growth medium for 4-5 hours. SADMSCsjs(BPassage) were then

on to the pre-conditioned scaffolds at a densikgy 10" 4, to fabricate TE cHA
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cSrHA and maintained in osteogenic induction mediton further in vitro

orinvivo implantation studies.

3.18.4.1. Cell adhesion on the scaffolds — DAPIlistag:

cHA and cSrHA were cultured for 7 days, fixed in Igfutaraldehyde,

processed and stained using the nuclear stain &R section 3.7.2.1.

3.18.4.2. Cell viability assessment - Live deadhgss

Post 7 days of culture of the TE constructs in agéaic medium,
representative scaffolds were assessed for cdflilit\g prior to implantation.
viability on the scaffolds was assessed usingdiead assay. Live dead assay was
done using Acridine orange (AcrO) (10 pg/ml PBSjgfsa chemicals) and

bromide (EtBr) (15 pg/ml PBS) (Sigma chemicals)rstay.

For live dead assay cell seeded scaffolds wereupaidt in osteogenic
induction medium for 7 days and then washed inilste#BS. TE constructs
then incubated for 20 minutes at RT in solution m@ntaining 1:100 dilution
and EtBr such that the scaffold gets fully immersiedst staining, the scaffolds
again washed in PBS (twice — 5 minutes each) aadad using confocal Laser
Scanning Microscope (cLSM) (Carl Zeiss LSM Meta) at excitation and

wavelength of 480nm / 526nm and 518nm / 605nm far@\ and EtBr
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3.19. In vivo osteogenic efficacy of tissue engineered cylindalc

implants:
3.19. 1. Surgical procedure for bone implantationn sheep model:

Implantation (figure 15) was done in 10 months optaosis induced
(n=4) to assess the osteogenic efficacy of HA, cBAJ1A and cSrHA implants.
Animals were anaesthetized with Atropine- Xylaziéetamine combination
ventilated as in section 3.16. Following all asepirecautions, a linear incision
made on the distal one third of the lateral thighekpose junction of tensor
lata and biceps femoris muscle. The muscles weparsged to expose the distal
femur. Periosteum was elevated and the site wagetefor a 12mm X 4mm
(Pearceet al., 2007) created with 2mm drill bit using a micro-mo{Marathon,
Saeyang microtech, Korea). A press fit method basen adopted for the
implantation of cylindrical constructs and the dgfarea was approached as
surgical procedure detailed by Nwgsl., 2006. Muscles were then apposed and
incision was closed routinely. Animals were undeailyl observation and given
intramuscular injections of antibiotics (ceftriax@nand anti inflammatory
(Meloxicam) for 5 days postoperatively. Suturegseveemoved on seventh post

operative day.
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Figure 15 - Surgical procedure - implantation of glindrical implants: (A-F)-
Press fit method adopted in the osteoporosis iadwsheep model.

73



Two implant sites were made (one defect per legaoh animal, so as to

provide for duplicate samples for each implant type

Table 2: Experimental design in Osteoporosis inducesheep model.
(2 defects per animal)

HA 2 M (n=2)
cHA 2 M (n=2)
SrHA 2M (n-2)

CcSrHA 2 M (n=2)

3.19.2. Serum analysis for inflammatory responsesogt implantation:

Blood was collected from the animals post zero, @ag week, two weeks
and two months of implantation to assess any infleatory reactions associated
the implanted scaffolds. Serum collected from blsadnples by centrifugation
1500 rpm for 10 minutes and routine biochemical lgsiga was done using
haematology analyser (Nihon Kohden) to assess ahatcof White Blood cells
(WBC), Neutrophils, Lymphocytes and Eosinophils.eT¢ounts obtained from
serum samples of experimental animals were compavéhd that of the

values in healthy adult animals (table 3).
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Table 3 Reference range of serum parameters in normal shpe

normal value
WBC - 8-13
Neut% - 22-10
Lymp% - 50-75
Eos% 1-8

3.19.3. Radiopacity of the implantsn vivo - image J analysis:

Two months post explantation, bone samples wetdeked from the
models without disturbing the implant area. Exp&amrbntaining cHA and
were radiographed at standard conditions using Xfilen unit and imaging
CR -30X (AGFA, USA) as in section 3.3.6. For estimg the radiopaque
of the two months explanted sample, Image J amalyss further done on the

radiographs.

3.19.4. Post implantation evaluation:

3.19.4.1. Gross evaluation:

All animals were euthanized by excess dose of &me¢iss - Thiopentone
(100mg/kg), Pancuronium Bromide (0.08mg/kg) and b of 7.5% w/v of

Potassium chloride intravenously, post 2 monthgwgdlantation. Implant site
with the adjacent host bone was dissected out. Femas removed off any
overlaying tissue and fixed in 10% NBF. Healingswmeventful and there was
neither inflammation nor infection at the surgisgke before humane killing of

animals post 2 months implantation.
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3.19.4.2. Radiographic evaluation:

Radiographs taken as in section 3.19.3 at 0 dayofhth and 2 months
implantation were further assessed in detail toeusthnd the osteointegrative
of the implants — HA, cHA, SrHA and cSrHA basedtbe presence or absence

radiolucent zones around the implant at the bonagamt interphase.

3.19.4.3. Histological evaluation:

Retrieved bone explants were fixed in 10% NBF amdbedded in
methacrylate (MMA) as in section 3.11.4.3. PMMA tsaes were also stained
Stevenal’s blue and van Gieson’s picrofuchsin staiistology images of 5x
magnification were stitched together using in bustiftware in DM 6000
so as to include the entire bone defect area as R@l different bone
could be assessed in detail. Evaluation of the deteplefect area may enable a

better understanding on bone regeneration on p#r mwiaterial resorptiomn

3.19.4.4. Histomorphometry:

Blinded histomorphometric analysis was performedngisimage J
software (Version 1.48v) by applying selective ttreld to generate masked
to specifically identify and quantify the new bofiNB), material remnants (MR)
within in the entire defect area (TA) as reported Bgan et al., 2012.
efficiency (RE) was calculated based on the ratioew bone formed per total
defect area (NB/TA) and the ratio of material remharesent per total bone
area (MR/TA). Degradation rate was estimated asMR/TA)*100. Higher

magnification images (20X) were further evaluated assess the structural
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organisation of the osteoid matrix within tlde novo bone across different

groups.

3.19.4.5. Micro CT evaluation:

Retrieved explants were scanned using micro CT tdgskcanner. For
evaluating the bone regeneration efficiency, ROswhosen in such a manner
that the scout selection was made comprising ofethiére implant area (12 -
15mm long) in the sheep bone. Using in-built safte; 2D slices were generated
and analysed. Density histograms generated fraspeaive 2D slices of HA,
SrHA and cSrHA bone implants were assessed to ataluhe extent of

mineralization in thede novo bone (in terms of bone density) at the bone

BrRrGiatigtibaksevaluations:

Results were analyzed and data’s were expressadeas * standard
deviation (SD). Statistical analyses and graphiegdresentation was plotted
Microsoft excel or using Graph pad prism (Versiaf1§. p-value< 0.05 was

considered statistically significant in all anabysi

In vitro osteogenic efficacy of HA, HASI and SrHA scaffoldgh rBMSCs was
evaluated by multiple comparison (Dunnet's test)ngs2way analyses of
(ANOVA). Significance of the data generated fromcmoi CT for rat
model evaluation was assessed using unpaired THestbiochemical analyses
serum calcium concentration 2 way ANOVA (with mplgé comparisons) was
Unpaired T test (two tailed) was performed to asalthe results of cytotoxicity

assay using HA, HASi and SrHA micro-granules and29.ells. One-way
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were performed for evaluating the histomorphometaga obtained from the
vivo studies. Multiple comparisons with Bonferronis’srieection were applied
assessing the statistical significance of the Imstgpphometry dataln vitro
osteogenic efficacy of HA and SrHA scaffolds withDIMSCs was evaluated by
multiple comparison (Dunnet’'s test) wusing 2way ANAV For
analysis of the data obtained from the vivo studies in sheep, multiple

were done using 2-way ANOVA with Tukey test corient
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RESULTS

The results of the present study are illustratethia section. Findings of

study are divided into three chapters - Chaptethdpter 5 and chapter 6.
CHAPTER 4 -PHASE | - MATERIAL CHARACTERIZATONS

CHAPTER 5 -PHASE II- IN VITRO & IN VIVO STUDIES USING rBMSCs

RAT OSTEOPOROTIC MODEL

CHATER 6 - PHASE Il — IN VITRO AND IN VIVO STUDIES USING

SADMSCs IN SHEEP OSTEOPOROTIC MODEL.
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CHAPTER 4

RESULTS — PHASE | - MATERIAL CHARACTERIZATIONS

4.1. Physicochemical characterizations of HA, HASand SrHA:

4.1.1. Microstructure evaluation:

Scanning electron micrographs depicted that thé&dda had a rough
surface topography with interconnected pores. HWwl &ASi appeared to be
porous compared to SrHA scaffolds (figure 16A-16@)igher magnified
micrographs (figure 16D-16F) revealed the amorphaasure of HASi and
scaffolds in which the crystal boarders could n@& fkecognized. But HA

exhibited cubical crystals of almost uniform sizéhadistinct borders.

Figure 16 - Surface characterization of the scaffdl materials: Rough and
nature of HA, HASi and SrHA scaffolds evidentAnB & C respectively.
maghnification imaged-F) depicted the crystal boundary in HA, HASi and
scaffolds A- C: scale bar = 2mmD-F: scale bar = 10um).

80



4.1.2. Pore size & porosity estimation:

Micro CT studies evaluated the average pore sk @verall porosity
distribution in each scaffold. It was evident frotihe pore size distribution
that HA scaffolds (figure 17 A) had the highest @®ize range of 144-288 um,
whereas HASI (figure 17 B) and SrHA (figure 17 Qhibited a pore size range

140-220 pm and 80-100 pum respectively.
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Figure 17 - Pore size distribution graph of the sdéolds: Micro CT generated
size distribution graphs of HA, HASi and SrHA degid inA, B andC
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Percentage porosity calculated on the basis of BvAlue indicated that
HASI had the highest porosity of 37.05%, compar@dtHA and SrHA scaffolds

30.4% and 20.1% respectively (table 4).

Table 4: Percentage porosity of the scaffolds — HAJASI and SrHA.

Scaffolds| BV/TV | % porosity

HA 0.696 30.4

HASI 0.6295 37.05

SrHA 0.799 20.1

4.1.3. Phase analysis:

XRD pattern of HA (figure 18) exhibited well de&d and adequate
around B values of 25.9 31.8 & 32.9° which matched with the JCPDS Pattern
PDF No. 09-0432. The presence of single crystalipmase in HA was also
Whereas the XRD pattern of HASi (fig 19) matchedth®e JCPDS pattern
PDF No. 09-0432, PDF No. 09-0348, PDF No. 09-O5wlidating the presence of
apatite phase, calcium phosphate phase and walitstphase and confirmed
triphasic nature. SrHA peak pattern (fig 20) copmsded to JCPDS pattern —
No. 34-0484. Peaks at aroun@\&alues of 25.% 31.6 & 32.8° exhibited a similar
pattern to that of XRD pattern of HA; indicatingatthStrontium incorporation
did not induce any phase change in SrHA. Presehaharper peaks in HA

its crystalline nature compared to other scaffolds.
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Figure 18 - X-ray diffraction pattern of HA: Peak of HA represented in black
the matching JCPDS pattern no — PDF 00-009-0432essmted in red.
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Figure 19 - X-ray diffraction pattern of HASi: Peak of HASI represented in

and the matching JCPDS pattern no — PDF 00-009;03@& 00-009-0432 and
00-042-0547 represented in green, red and bluesctisply.
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Figure 20 - X-ray diffraction pattern of SrHA: Peak of SrHA represented in
and the matching JCPDS pattern no — PDF 00-034-8d8resented in red.

4.1.4. Functional group analysis:

The FTIR spectra exhibited the characteristic apson bands
to functional groups present in each scaffold. Glogeristic HA bands were
appreciated between wave numbers 3500 and 500. BpéRtrum of HA (figure
represented a typical structure containing sharp ff@tching bands at 1200 -
cm? region and bending band at 650 -450'cresence of carbonate peak was
identified at 1985 cmand hydroxyl group at 3569 ¢hand at 631 ci In
additional peak at 436/424 ¢htorresponded to silicate group confirming Silica
coating on HA (figure 22). Compared to FTIR speatraf HA the OH bands at
cm' and 3569 cm disappeared gradually in SrHA (figure 23), whileet

bands remained as such.
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Figure 21- Fourier Transform Infrared Spectrum of HA.

Kubelka-Munk

44.HASI

1035

42
40!
38
36
341
324
301
281

26

424

241
221
204
184
161
141

121
104
08
061

04:

021
00:

3500 3000 2500 2000 Tis00 1000 500
Wavenumbers {cm-1)

Figure 22 - Fourier Transform Infrared Spectrum of HASI.
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4.4 JHAST
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Figure 23 - Fourier Transform Infrared Spectrum of SrHA.
4.1.5. Density estimation:
Mean density of the scaffolds were evaluated usmgo CT (figure 24)
indicated that SrHA exhibited the highest density2439.91 mg HA/ccm,
HA and HASI exhibited a lower density of 1744.71 mM§/ccm and 1693.74 mg

HA/ccm respectively.
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Figure 24 - Mean density of the scaffolddvlicro CT evaluation depicted the
comparative density of HA, HASi and SrHA in ternfsxag HA/ccm.
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4.1.6. Radiopacity evaluation:

Radiopaque property of the scaffolds was evaluatgidg radiography
25) and quantified using Image J analysis softwéirevas estimated from the
radiographs, that SrHA exhibited an improved radigfy equivalent to
thick aluminium, whereas HA and HASI exhibited raplacity equivalent to

and 0.52mm thick aluminium respectively (table 5).

Figure 25 - Radiopacity evaluation of the scaffoldsRadiograph of HA, HASI
SrHA scaffolds in comparison to aluminium wedge.

Table 5: Radiopacity of the scaffolds compared tolaminium wedge.

HA HASI SrHA

Radiopacity (equivalent to
0.80 0.52 0.99
aluminium thickness in mm)
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4.2. Assessment ah vitro degradation ability in PBS:

In vitro degradation studies in PBS helped in the evaluatbnons
from the scaffolds so as to predict the resorppveperty of HA, HASi and

scaffolds.
4.2.1. Calcium ion release profile:

ICP studies indicated that after an initial buathost a steady release
of C&* (figure 26) at the rate of approximately 0.009mg/was exhibited by
scaffolds. Highest release of 0.14 pg/mg was exdibiby HASi scaffolds,
of its rapid degradation ability, which is in comcent with the XRD data
the study. SrHA seemed to have improved degradadioility (0.04 pg/mg)

compared to HA scaffolds.

0012 Ca?" release profile
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0.02
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No: of days

Figure 26 - Calcium release profile in PBSICP analysis indicated the highest
release from HASI scaffolds compared to HA and SrddAffolds.
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4.2.2. Phosphorus release profile:

Release of Phosphorus ions (figure 27) exhibitedbat a steady pattern
1.1 to 1.5 pg per mg of the material in all thefidds. Even though HA
exhibited a comparatively higher release, no sigaift difference was found in

release pattern across the scaffolds.
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Figure 27 - Phosphorous release profile in PBSCP analysis indicated almost a
uniform release pattern from the scaffolds HA, HA8d SrHA.

4.2.3. Silicon release profile:

Silicon release profile (figure 28) indicated a fonm release pattern
HASI scaffolds. With the advancement in the incudatperiod there was a
increase in the concentration of Silica released.d@y 3 a release of 0.03 pg per
was noted. Further on, Si release rate seemedctease until 18 day, after

steady release of 0.10 pg per mg was exhibiteth@ll2" day of analysis
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Figure 28 - Silicon release profile in PBSICP analysis indicated the Si release
exhibit a steady increase until@8ay.

4.2.4. Strontium release profile:

The release of strontium ions (figure 29) fron?A&rHA needs to be in
therapeutic range to enable its application in @sbeotic bone defect healing.
studies implied that after an initial burst, a wnih release of 0.01 pug per mg of
material could be attained post 12 days of incudmatn PBS and further on a

uniform release pattern was exhibited by the Sridéffelds.

SrZt release profile
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Figure 29 - Strontium release profile in PBSICP analysis indicated a steady
release of Sr from the SrHA scaffolds on day 6 ordga
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4.3. Evaluation ofin vitro apatite formation ability in SBF:

Thein vitro bioactivity of the scaffolds was assessed by itigating the

apatite formation ability post incubation in SBF 20 days.
4.3.1. Assessment of apatite formed using E-SEM:

Apatite formation of the scaffolds across 0, 7, ddd 21 days were
using E-SEM (figure 30 and figure 31). On day 7atge formation ability was
exhibited by HA, HASiI and SrHA scaffolds. But it wanteresting to observe
14" day and 2% day HASi and SrHA exhibited better apatite fornoatibility,
compared to HA. E-SEM studies indicated that ak tcaffolds supported
formation when incubated in SBF. The layers coesigif inter-grown nodules

formed by small entangled apatite crystals.

Figure 30 -Apatite formation ability of the scaffolds (0, 7):E-SEM images
the nodular structures formed on the scaffolds(AAD), HASI (B, E) and
(C, F) post incubation in SBF for 0 and 7 days respebti(scale bar = 30um).
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Figure 31 - Apatite formation ability of the scaffolds (14, 21) E-SEM images
depict the nodular structures formed on the sca$fdfA (A, D), HASI (B, E)
and SrHA(C, F) post incubation in SBF for 14 and 21 days (scale#$€30um).

4.3.2. FTIR analysis of apatite formed on scaffolds

To further assess the apatite formation abilitysohffolds, scaffolds
incubated for 28 days in SBF were evaluated usiigRF(figure 32). FTIR
of SrHA scaffolds indicated that a prominent carhtnpeak at 1459 chand a
broad hydroxyl group at 3355 ¢mHASI scaffolds also exhibited a similar
spectrum, but less prominent carbonate peak at ¢419 In FTIR spectrum
scaffolds hydroxyl group at 3571 ¢mwas more prominent compared to

group at 1459 ci
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Figure 32 — Apatite formation ability of the scaffdds assessed using FTIR:
Fourier Transform Infrared Spectra of scaffoldsuibated in SBF (28 days)
an improved apatite formation in SrHA scaffolds gmaned to HA and HASI

scaffolds. HA A28 — green), HASIB-28-red) and SrHAE28-blue).

4.4. Cytotoxicity evaluation:

The cytotoxicity test done using test on extracthmoe indicated that the
L929 cells could maintain its morphology and praidtion ability in the
the scaffold materials — HA, HASIi and SrHA. MTT ags(figure 33) also
that the cells metabolic activity was not affeceeen after 24hrs of incubation
the scaffolds SrHA and HA exhibited a percentagé metabolic activity of
whereas HASI exhibited 82%, compared to contratliscalone. No significant
difference was found in the metabolic activity e$t materials — HASI (p value -

0.2710) and SrHA (p value - 0.6543) when compamedhe control scaffold —
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MTT assay

150+

100+

50+

% cell survival

Figure 33 — Cytotoxicity evaluation using MTT assayL929 cells exhibited a
similar metabolic activity after culturing in thegsence of HA, HASi and SrHA
scaffolds for 24 hours. (ns — non significant; puea HA vs. HASI - 0.2710; HA

SrHA — 0.6543).
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CHAPTER 5

PHASE Il — IN VITRO & IN VIVO STUDIES USING rBMSCs

IN RAT OSTEOPOROTIC MODEL

* PART A - In vitro evaluation of HA, HASI and SrHA disc

scaffolds using rBMSCs
» Part B - Development & Evaluation of rat osteoporoic model

» Part C - Efficacy Assessment of micro-granular HAHASI,

cHASI, SrHA and cSrHA in rat osteoporotic model
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CHAPTER 5 - RESULTS

PART A - IN VITRO EVALUATION OF HA, HASi AND SrHA
DISC USING rBMSCs

5.1 Isolation, culture and characterization of - BMCs:

5.1.1. Isolation and culture of rBMSCs:

rBMSCs were isolated from the rat bone marrow asgirbased on their
adherence (figure 34). Even though rBMSCs prolifmmawas slow during the
period of primary culture, they proliferated exteety and became confluent

attaining the typical spindle morphology by 8-1@sla

Figure 34 -Phase contrast images of r BMSCs isolatécbm bone marrow: A
— Py passage (day 1B - Py passage (day 5%- P passage (day 10)p- Ps
(scale bar = 200um).
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5.1.2. Characterization of rBMSCs:
5.1.2.1 Fluorescent staining:

Fluorescent staining using DAPI and rhodamine deplicthe typical

spindle morphology of the cultured rBMSCs on cosigrs (figure 35).

Figure 35 — Fluorescent micrographs of rBMSCs on ar slips: Actin fibers
stained red with Rhodamine Phalloidin and nucléased blue with DAPI
(scale bar = 200um).

5.1.2.2. Surface marker analysis:

Quantitative characterization using flow cytometigdicated the
cells to be 97% positive for the positive markerd0Ofigure 36B). Only 0.9%

positivity was observed for the hematopoietic nagamarker CD34 (fig 36C).
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Figure 36 - Flow cytometry analysis of the expressn of CD 90 and CD34 on
cultured rBMSCs: A — Control cellsB- CD 90 stained cells,
C- CD 34 stained cells.

5.1.2.3. Differentiation potential:

Plasticity of the cultured cells was evaluated bgsessing its
ability. Alizarin red staining depicted the calciundeposited by the
differentiated rBMSCs as reddish brown patchesha tulture dish (figure
red O staining indicated the presence of fat glebistained as red globules) in

adipogenically differentiated rBMSCs (figure 37B).

Figure 37 — Light micrographs depicting differentiaion ability of rBMSCs:
A - Osteogenic differentiation proved by alizarird itaining B - adipogenic
differentiation provedy oil red O staining

(scale bar A =200um; B = 50um).
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5.2.In vitro cytocompatibility and osteogenic efficacy assessnteof

HA, HASI and SrHA scaffolds:

5.2.1In vitro cytocompatibility assessment:
5.2.1.1 Cell adhesion on disc scaffolds:

Osteogenically induced rBMSCs were seeded on d@dsffand assessed
using E-SEM. Scanning electron micrographs (Fig& depicted cell
adhesion on all the scaffolds — HA, HASi and SriMlhered cells maintained

the typical spindle morphology post one day of gt

Figure 38 - SEM images depicting cell adhesion on the scaff@dScanning
electron micrographs indicating cell adhesionferHA, B- HASi andC- SrHA
scaffolds, post 24 hours of culture (scale bar g8}

5.2.2.In vitro osteogenic efficacy assessment:

Osteogenic efficacy assessed in terms of ALP dgtiyfigure 39)
that HA, HASi and SrHA scaffolds favourdd vitro osteogenesis. All the TE
constructs exhibited highest ALP activity by 21 dayf culture, after which
was a decline in the ALP level. Amongst the threaffelds, cells seeded on
scaffolds favoured a comparatively better ALP prottn of 13.89£1.5 pumol
30 minutes, whereas cells on HA and HASi exhibifdd® levels of 12.44+2.6
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12.85+£2.2 umol pNp/30 minuteespectively. Multiple comparison (Dunnet’s
using 2way ANOVA in graph pad prism indicated ngrsiicant difference at
time points in HASi or SrHA, compared to HA scaffsl (p values - Day 7: HA
HASI - 0.9737; HA vs. StHA — 0.3866. Day 14: KA. HASI - 0.9461; HA vs.
SrHA — 0.412. Day 21: HA vs. HASI - 0.927; HA.NSrHA — 0.4256, Day 28:

HA vs. HASI - 0.2404; HA vs. StHA — 0.4868).

ALP assay

pmol pNp/ 30 minutes

Figure 39 — ALP activity of rBMSCs on HA, HASi andSrHA: Biochemical
estimation based on ALP assay for 7,14,21 and %8 oalicated that all the
scaffolds exhibited high ALP activity at 21day. SrHA exhibited comparitively
(not significant) ALP expression on day 21 compat@¢eASi
(day 21 - p values - HA vs. HASI - 0.927; HA ®&HA — 0.4256).

5.3. Compatibility of scaffolds using osteoclast @-cursor cells -

RAW 264.7

Osteoclast precursor cells were seeded on SrH#&osds and post 18

of seeding the cells exhibited a distorted elondateorphology, indicating its
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adherence (figure 40C). It was interesting to bt the RAWe, 7cells seeded
HA and HASI scaffolds maintained their typical mbgbogy — flattened cell
numerous broad lamellopodia along with slendempbldia (figure 40A and 40B

respectively).
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Figure 40 - Adhesion of osteoclast precursor celts1 the scaffolds: Scanning
electron micrographs depicted the adhesion of R&Weells with numerous
extensions o\- HA andB- HASI. Elongated and distorted morphology was
on the cells seeded @ SrHA scaffolds, post 18 hours of culture
(scale bar = 20 um).

PART B -DEVELOPMENT & EVALUATION OF RAT

OSTEOPOROTIC MODEL

Part B of chapter 5 includes the validation of tl¢ osteoporotic model
developed by ovariectomy. Rat model was assessedsfteoporotic induction

post 10 months of ovariectomy.
5.4. Validation of Rat Osteoporotic model:

5.4.1. Histology of excised tissue:

Histological evaluation of the excised ovary by B&taining (figure 41)
depicted the presence of primordial follicle, primdollicle and late primary

which confirmed the typical ovarian organisatiordarllular structure.
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Figure 41- H & E stained icgap of rat oary. Histolgy |e dpicted
the presence of follicles in the tissue confirmthg structural features of
tissue (scale bar = 100um).

5.4.2. Evaluation of trabecular bone loss:
Trabecular bone loss at the tibial epiphyses of thduced rat

osteoporotic models was qualitatively and quanititedy assessed.
5.4.2.1. Histological evaluation:

Histology sections of the proximal epiphysis djidél bone, stained with
indicated the extent of trabecular bone loss. Cama@do the trabecular pattern
normal rat model (figure 42A), ten months osteopi@ronodel exhibited a
in the trabecular volume (figure 42B). Trabeculanb (TB) thinning with large

spaces could also be appreciated from the histaologge.
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Figure 42 - Evaluation of trabecular bone loss byistology: H & E stained
micrograph depicting the extent of trabecular blmss in the proximal
tibial bone inA - control rat and - LOA model. Osteoporosis induction caused
trabecular thinning and disruption. (CB — Cortibahe, TB- trabecular bone)
(scale bar = 100um).

5.4.2.2. Micro CT evaluation:

2D slices generated using micro CT from the tibialpdyises of the
model post six and ten months of induction, exieithi a decrease in the
bone volume concurrent to the histological obsaoret (figure 43B and 43C
respectively). In the control animal presence deasgive trabecular bone was

observed (figure 43A).

Figure 43 - Evaluation of trabecular bone loss usmmicro CT: 2D slices from

micro CT depicted the trabecular bone loss in @ontrol animal, B - 6 months

osteoporosis induction and C - 10 months post getessis induction. Thinner
trabeculae with less trabecular bone volume wergeex in the induced

104



3D morphometry evaluation of trabecular volume e proximal tibia
induced model also indicated appreciable amouriioofe loss compared to the
similar aged control animals. Trabecular bone disian was evident in the six
ten months induced model (figure 44C and 44D retbypalyg), since the
network was seen only near the tibial head regdiorthe control animal (young
aged - figure 44A and 44B) the trabecular netwoderded further down from
tibial plateau. Presence of thick trabecular banéhie control animals can also
appreciated from the color coded images. Greenrgta aepresents a thicker

trabeculae.

Figure 44 - Evaluation of trabecular bone loss usm 3D morphometry images: A
& B - 3D trabecular thickness of tibial epiphyses inrygand aged control
C & D - trabecular bone loss in the tibial region ahénths and 10 months
osteoporosis induced rat models (color coding becalar thickness increases
green to red color; scale bar = 1mm).
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Further quantification of bone loss was done by leating the
bone parameters like Th.N. and Tb.Sp. (figure 48 46 respectively). The
of bone loss associated with the aging processaits were assessed and
in table 4. Micro CT evaluation indicated that imarmal rat, Th.N. increased
2.79 1/mm to 3.63 1/mm at 12 months old. Furthethvaging associated bone
was evident as the Tbh.N. decreased to 3.12 (1/nsmjilarly control animals
exhibited Tbh.Sp. values of 0.36 mm, 0.26 mm and /2 at 6, 12 and 16

old, indicating aging associated bone loss onl{Gaionths.

At six months of induction Th.N. decreased to A49nm) in the induced
models (table 6). LOA rat models (n=5) were furtle@aluated post 10 months
induction to assess the extent of bone loss. Tnalbecnumber (Th.N.) in the
model exhibited a statistically significant (p vald.0001) decrease of 1.26+.04
(1/mm) compared to age matched control animals whi&d a Th.N. of 3.63+.01
(1/mm). Trabecular space (Tbh.Sp.) increased in lt@&A models to 0.85+.03
when compared to control animals with a spacin®.86+.003 (mm) (p value
<.0001). Bone density (trabecular) also decreaseitheninduced model, as the
density in control animals were 331.1+14.54 (mg &bWi) and the induced
had 223.2+6.5 (mg HA/ccm) (p value - 0.0025). Cohtanimals exhibited a
ratio of 0.278+0.007, whereas the LOA model exkdita significantly low

ratio of 0.205+0.009 (p valu€0.05) (figure 47).
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Table 6: Trabecular bone parameters — Tb.N. Tb.Spand Tb.Th. in
control animals aged 6, 12 and 16 months.

Control

group | Th.N. | Tb.Sp.| Th.Th.
age
6 M 2.79 0.36 0.062
12M 3.637 | 0.2612 0.1003
16M 3.12 0.32 0.108

Table 7: Trabecular bone parameters — Tb.N., Th.Spand Tb.Th. in 6 and 10
months osteoporosis induced LOA model.

Th.N (1/mm)

OVVX 1y N. | Th.Sp. | Tb.Th

group

6M i

OVX 2.49 0.45 0.1085

10M

OVX 1.29 0.855 0.12

4 I

Em Control Group
LOA group

34
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Figure 45 — Quantification of trabecular bone loss- Th.N.: Graphical
representation comparing the Tb.N. (1/mm) in coh&red LOA group

(**** Sign

ificant; p value<0.0001).
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Figure 46 — Quantification of trabecular bone loss- Th.Sp.: Graphical
representation comparing the Th.Sp. (mm) in conarad LOA group
(**** significant; p value<0.0001).
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Figure 47 — Quantification of trabecular bone loss-Bv/Tv: Graphical
representation comparing the Bv/Tv in control ar@A.group
(* significant; p value<0.05).

5.4.3. Biochemical analysis of serum:

LOA group exhibited a high calcium concentration1@.77+.30 mg/dI

10 months of induction, whereas the control groxpil@ted a low value of
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11.45+.56 mg/dl. No significant difference was ebged at earlier time points of

zero months and five months post induction (figd8g.

Serum Ca?* estimation
20- x

154

104 - - @8 Control group
Induced group
54
0-

Months after induction

mg/dl Ca%*

Figure 48 — Biochemical analysis of serum CalciunGraphical
representation of calcium concentration in the seai the control and induced
model at 0, 5 and 10 months (* p value — 0.0218).

5.4.4. Evaluation of bone healing efficacy:

All animals were euthanized at the end of studyiquerand gross
of retrieved explants was done prior to other eatbns. Gross evaluation
uneventful healing, without any inflammatory resperat the implant site at all

periods.
5.4. 4.1. Micro CT evaluation:

3D morphology images of the defect area obtaineminfrmicro CT

that defect area was clearly distinguishable aée¢hand six weeks post surgery
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LOA model (figure 49A and 49B). But eight weeks pasirgery; defect area
not be identified from the 3D images, indicative wbund closure in both

LOA models (figure 49C and 49D).

Further analysis of the defect area from the 2Beslidepicted that even
though wound area seemed to be healed at eightsam@ekn the 3D images,
healing was incomplete in the LOA models. The deteea was bridged at the
peripheral region of the cortex, but void spacesgldde appreciated towards
marrow region. In Control animals cortical bridgimgas complete with new

tissue filling the entire defect area without mwoid spaces.

Figure 49 — Healing of the sham defect site in cai and LOA model: 3D
morphometry image depicting drill hole bone defeealing inA — post 3 weeks
implantation in LOA modelB — post 6 weeks of implantation in LOA modél,

post 8 weeks of implantation in control animals &dost 8 weeks of
in LOA model (scale bar = 1mm).
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A quantitative estimation of bone density across tefect area in the
control (figure 50A) and LOA models (figure 50B)saldepicted that the new
bone formed in the LOA models were having a poonenal content at eight
weeks post implantation, as evident from the hisdogs generated from the

corresponding 2D slices.

Figure 50- Density histograms of the bone defect site post 8eks of
implantation: A - control animal an® - LOA model; density histograms
from 2D slices using micro CT.

5.4. 4.2. Histological evaluation:

Histological evaluation of the healing of sham a@&fé8 mm x 1.5 mm)
carried out at eight weeks. In the Control anim@igure 51A), 8 weeks post
the defect area was almost filled with new osseiiesue. But in the induced
(figure 51B) even after eight weeks of surgery waitbridging and closure of
defect area was not evident. Loosely arrangedoogtes (immature bone

organization) could be distinguished in tti®novo bone matrix in the control
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animals. But more void spaces with scarce new Bomaation were evident in

LOA models, indicative of poor healing.

100.0 ym
—_—

Figure 51- Histological evaluation of bone defectdaling: Stevenal’s blue and
Gieson’s picrofuchsin stained plastic sections ci@pg in vivo healing in control
LOA rats 8 weeks after surgerd.- Defect area was almost bridged by tee
bone tissue in control ratB- Large void spaces in the defect area in the LOA
indicates delayed healing in BIB- New Bone) (scale bar = 100um).

PART C - EFFICACY ASSESSMENT OF MICRO-GRANULAR
HA, HASI AND SrHA; cHASI AND cSrHA IN RAT

OSTEOPOROTIC MODEL

5.5.In vitro characterization of micro-granular scaffolds:
5.5.1. Micro-structure and surface morphology:

Scanning Electron Micrographs of the HA, HASi aBdHA micro-
depicted the 3D rough surface topography of théfalds (figure 52A, 52B and

respectively) with inter connected pores in the sange of 350-400 microns.
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Figure 52 Surface morphology of micro-granular scdblds: Scanning Electron
Micrographs depicted rough and porous micro-granw# - HA micro-
HASI micro-granule an€ — SrHA micro-granule (scale bar = 200pum).

5.5.2. Radiopacity evaluation:
Radiographic evaluation of SrHA micro-granulesibexied an improved
radiopacity equivalent to 2.63 mm thick aluminiurhA and HASI revealed a

radiopacity equivalent to 2.39 mm and 1.79 mm thabkminium (figure 53).

Figure 53 — Radiopacity evaluationRadiograph depicts the radiopacity of HA,

HASi and SrHA micro-granular scaffolds in compango aluminium wedge.
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5.5.3. Cytocompatibility assessment:
5.5.3.1. Direct contact assay:

Cytocompatibility of the micro-granular scaffoldvatuated by direct
assay indicated that the cells proliferated weltlirect contact with L929 cells,
24 hours of incubation. The cells maintained theormal morphology and
confluent proving the non toxicity of HA, HASi an8rHA micro-granules

54A, 54B and 54C respectively).

SO {-\' b
"4»;« )

S

Figure 54 - Cytocompatibility assessment of the mio-granules: Phase contrast
micrographs indicating the cytocompatibility 4f HA, B - HASi andC - SrHA
micro-granular scaffolds in direct contact assan@4.929 cells
(scale bar =150 um).

5.5.3.2. Cytotoxicity assay:

Post 24 hours of incubation, MTT assay (figure &sp proved the non-
toxicity and cytocompatibility of the micro gransleBoth HASi and SrHA
exhibited an improved metabolic activity (in pertage) of 108.8 + 11 and 111
compared to the cell alone control and HA micro myri@s. HA granules
cells exhibited a metabolic activity of (in percageé) 112 £7. One way analysis
variance indicated a statistically significant iease in metabolic activity of cells
incubated with SrHA (p value — 0.039) and HA (pual 0.026), compared to

alone control.
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Figure 55 — Cytotoxicity assay using micro-granulesMTT assay indicated that
HA, HASi and SrHA supported metabolic activity d29 cells. (p value Cell
vs. HA - * 0.026; Cell alone vs. HAS?0.154; Cell alone vs. SrHA * 0.039)

5.5.3.3. Cell adhesion on the micro-granules:

Adhesion of rBMSCs evaluated using E-SEM (FigureAs€), depicted
spindle morphology of the cells seen attached om ghrface of the micro-
Cells could adhere and spread well on the surfdamioro-granules, without
occluding the micropores present in them. All tleaf®old materials favoured

adhesion, again indicating the cytocompatibilitytloé micro-granules.
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Figure 56 - Cell adhesion on the micro-granular sdéolds: Scanning electron
micrographs indicating cell adhesion An HA, B- HASi andC - SrHA micro-
granular scaffolds post 7 days of culture (scaleb80 um).

5.6.In vivo osteogenic efficacy of tissue engineered micro-grales:

5.6.1. Gross evaluation:

Post implantation healing was uneventful in ak implantation in rat

osteoporotic model, without any fibrous tissue fation and necrosis.
5.6.2. Histological evaluation:

In HA implanted group (figure 57C), there were taiist void spaces
filled with cellular infiltration (cellular infiltilation stained blue with Stevenal’s
blue) in between the newly formed osteoid sheetiristd yellow). Remnants of
micro-granules (black) were also seen embeddeldedd novo osteoid matrix at
the defect site in HA, HASI (figure 58A) and cHASigure 58C) implanted
groups. Whereas sham group exhibited a very pogeneration ability (figure
57A), as more void spaces and less cellular nafilon were observed even after

eight weeks of implantation.
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Figure 57 - Histological evaluation of retrieved eglants — sham & HA:
Stevenal’s Blue and van Gieson’s picrofuchsin stdihistology images
depicting the healing pattern in shaA®B ) and HA C&D ) implanted groups
respectively. KIB-Host BoneNB- New Bone VS — Void SpacedV- Material
Remnants) (A &C - scale bar = 200um, B&Bcale bar = 100 um).
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Figure 58 - Histological evaluation of retrieved eglants — HASi & cHAS:I:
Stevenal’s Blue and van Gieson’s picrofuchsin stdihistology images
depicting the healing pattern in HARi&B ) and cHASI C&D ) implanted
groups respectivelyHB-Host BoneNB- New Bone VS — Void Spaced\ -
Material Remnants) (A &C - scale bar = 200pum, B&Bcale bar = 100 pm).

Undecalcified stained  plastic sections demonstratedood
osteointegration and improved osteoid formationgosl stained yellow with
Van Gieson’s picrofuchsin) across the defect areaSrHA (figure 59C) and
SrHA implanted group (figure 59A). Also, materiadmnnants were not seen
amidst the newly formed bone in HASi and SrHA (baaed cell seeded)

implanted site, indicating the improved osteointdgrn ability of those

scaffolesy 4 closer visualization, it was observed thaSmHA (bare and cell

implanted group (figure 59B and 590J¢ novo bone formed exhibited a more
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lamellar pattern with uniform sized osteocyteseated in line with the
cells resembling typical mature bone. Where as ASH(bare and cell seeded)
implanted group, woven bone with scattered collafijears were seen (figure

and 58D).

Figure 59 - Histological evaluation of retrieved eglants — SrHA & cSrHA:
Stevenal’s Blue and van Gieson’s picrofuchsin stdihistology images
the healing pattern in STHAA&B ) and cSrHA C&D) implanted groups
respectively. KIB-Host BoneNB- New Bone) (A &C - scale bar = 200pum, B&D
scale bar = 100 pm).

5.6.3. Histomorphometry:

Osteogenic efficacy of implant materials assedsetiistomorphometry
demonstrated a significantly increasdd novo osteoid formation in cSrHA

implanted group. cSrHA implanted group exhibitede thighest RE (New
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defect area) ratio of 0.98 £ 0.01, followed by SriHAving a RE ratio of 0.97+
whereas cHASI, HASIi, HA and Sham group exhibiteddo RE ratio of 0.92+
0.90+ 0.04, 0.68+ 0.08 and 0.65 + 0.13 respectivBhatistical evaluation using
way ANOVA indicated that cSrHA and SrHA implantedogps exhibited a
significant (p value <0.0001) increase in RE ratio compared to sham group
(p value -<0.0005) and cHASI (p value <0.0002) implanted group also
significant improvement in the RE ratio. But HA ilapted group alone did not
exhibit any statistically significant improvemen galue - 0.4275) in the RE

indicating the relevance of other implant groupsha study.
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Figure 60 — Quantitative evaluation of regeneratiorefficiency in LOA model:
SrHA and cSrHA implanted group exhibited signifitlgrhigh RE ratio
compared to other implant groups (significance:i8ha. HA - ns- non-

significant (p value - 0.4275), Sham vs. HASI - {{J value <0.0005), Sham vs.
cHASI - *** (p value -<0.0002), Sham vs. SrHA - **** (p value<0.0001),
Sham vs. cSrHA - **** (p value <0.0001).
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5.6.4. Micro CT evaluation:

Mineralization of the new bone formed at the baiefect area was
from the density histograms generated from corradpay 2D slices of different
implant groups. New bone formed in sham and HASilanted group (figure
exhibited a poor mineralization efficiency comparwdthe mineral content of
host bone. HA implanted group exhibited an improvatheralization ofde
bone. In SrHA and cSrHA implanted group (figure ,@2tter osteointegration
was exhibited as the bone density (in terms of migckEim) of thede novo bone

equalised to that of the host bone, indicating ioyed mineralization efficiency.

-. N
-- )

HASI

Figure 61 - Density histograms ofle novobone and 2D slices of explants —
Sham, HA & HASi: Sham, HA and HASI post 8 weeks of implantation. @A
model.
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cSrHA

Figure 62 - Density histograms ofle novobone and 2D slices of explants —
cHASI, SrHA & cSrHA: cHASI, SrHA and cSrHA post 8 weeks of implantation
in LOA model.

5.6.5. Estimation of Strontium accumulation in diferent rat organs:

It was observed that Strontium levels in kidney dindr was less
in SrHA implanted group compared to the organsectdid from HA and HASI
implanted groups. However, an increased strontiopamcentration was

observed in the spleen of STHA implanted group l&&).
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Table 8: Strontium concentration in organs collectd from HA, HASi and SrHA
implanted LOA groups.

[OrgangHA (ug/g)HASI (ug/g) SrTHA (ug/g)

Kidney| 0.750 0.240 0.360
Liver | 0.500 0.000 0.265
Spleeny 0.600 0.450 1.980
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CHAPTER 6 - RESULTS

PHASE IlIl — IN VITRO AND IN VIVO STUDIES USING sADMSCs
IN SHEEP OSTEOPOROTIC MODEL

 Part A —Invitro evaluation of HA and SrHA disc scaffolds

using SADMSCs

* Part B - Development & Evaluation of sheep osteopotic

model

» Part C - Efficacy Assessment of cylindrical HA, cHA SrHA

and cSrHA in sheep Osteoporotic Model
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PART A - IN VITRO EVALUATION OF HA AND SrHA DISC
SCAFFOLDS USING sADMSCs

Prior toin vivo application studies in sheep osteoporotic modeDMACs

isolated and assessed farvitro cytocompatibility and osteogenic efficacy.
6.1. Isolation, culture and characterization of SADISCs:

6.1.1. Isolation and culture of SADMSCs:

SADMSCs were isolated from the sub-cutaneous fedug based on their
adherence on TCPS (figure 63). Proliferation raftsADMSCs during initial
of primary culture was high and confluency was iagd in R stage by 6-8

With further passaging days for attaining conflugdecreased to 3-4 days.

Figure 63 - Phase contrast micrographs of SADMSCsolated from adipose
tissue: A— Ry passage (day 1B - P, passage (day 5§- P, passage (day 8D-
passage (scale bar = 200 pum).
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6.1.2. Characterization of SADMSCs:
6.1.2.1.Fluorescent staining:

Fluorescent staining using DAPI and rhodamineicted the typical

morphology of the cultured SADMSCs (figure 64).

200 pm

Figure 64 - Fluorescent micrographs of SADMSCs onower slips: Actin fibers
stained red with Rhodamine Phalloidin and nucléasmed blue with DAPI
(scale bar = 200um).

6.1.2.2. Surface marker analysis:

Quantitative characterization using flow cytometigdicated the
cells to be 98.3% positive for the positive markd#44 (figure 65C). Only 1.3%

positivity was reported for the hematopoietic negatmarker CD34 (figure
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Figure 65 - Flow cytometry analysis of the expressn of CD 44 & CD 34 on
cultured sADMSCs: A — Control cellsB- cells stained with CD 34;- cells
stained with CD 44.

6.1.2.3. Differentiation potential:

Plasticity of the cultured cells was evaluated bgsessing its
ability towards osteogenic and adipogenic lineagearin red staining (figure
depicted the calcium deposited by the osteogewiddififerentiated MSCs as
brown patches. Oil red O staining (figure 66B) ratied the presence of fat

(stained as red globules) by the adipogenicallfedéntiated SADMSCs.

Figure 66 : Light micrographs depicting differentiation ability of
SADMSCs: A - Osteogenic differentiation proved by alizarird rtaining B -
adipogenic differentiation proved by oil red O siiag

(scale bar A= 200um; B =50um).
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6.2.In vitro cytocompatibility and osteogenic efficacy assessnteof

the HA and SrHA scaffolds:

6.2.1.In vitro cytocompatibility assessment:
6.2.1.1. Direct contact assay:

Cytocompatibility of the scaffolds evaluated usidgect contact assay
indicated that SADMSCs proliferated well, post 481hs of incubation with HA
(figure 67A) and SrHA discs (figure 67B). The ceffsintained their typical

morphology and became confluent proving the nomctgxof these scaffolds.

Figure 67 - Cytocompatibility assessment of the affolds using SADMSCs:
Phase contrast micrographs indicating the cytocarbpisy of A- HA, B —
scaffolds in direct contact assay with SADMSCs liscer = 200 pm).

6.2.1.2. Cell adhesion on disc scaffolds:

SADMSCs were seeded on HA and SrHA scaffolds, cogrically
for 7 and 28 days and assessed using E-SEM. Sugrehectron micrographs
depicted cell adhesion on the HA and SrHA scaffgidst 7 days of culture
68A and 68C respectively). On day 28 cells probfedd and formed a canopy on

surface of scaffolds HA and SrHA (figure 68B and6&spectively).
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Figure 68 - Cell adhesion on the scaffoldScanning electron micrographs
indicating cell adhesion oA & C — HA and SrHA post 7 days of culturg;& D
HA and SrHA post 28 days of culture (scale bar 150).

6.2.2.In vitro osteogenic efficacy assessment:

Osteogenic efficacy assessed in terms of ALP #dygtimdicated that both
and SrHA scaffolds favouredn vitro osteogenesis (figure 69). But a
higher level of ALP expression was exhibited by tleds seeded on HA scaffolds
post 28 days of culture. In both scaffolds, ALP eegsion was seen to be
post 21 days of culture. At 21 days cells seede#iArexpressed an ALP activity
24.5+1.9 pmol pNp/ 30 minutes, where as cells dd/Sexpressed an activity of
20.08+.59 pmol pNp/ 30 minutes. HA scaffolds extedi highest ALP activity at

day 21, whereas SrHA scaffolds exhibited an inceda&LP activity at day 14.
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Statistical evaluation using 2way ANOVA indicated significant difference in
expression between the scaffolds at any time po{ptsalue : HA vs. SrHA day

0.9833, day 14 — 0.9873, day 21 - 0.0681, day @®899)

ALP assay
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Figure 69 — ALP activity of SADMSCs on HA and SrHA:Biochemical
based on ALP assay for 7,14,21 and 28 days indictiat HA scaffolds
highest ALP activity at 21 days. SrHA seemed toileitthighest ALP activity on
14 (p value HA vs. SrHA day 7 — 0.9833, day 149803, day 21 - 0.0681, day 28
0.9899).

PART B - DEVELOPMENT AND EVALUATION OF SHEEP

OSTEOPOROTIC MODEL

Part B includes the results of validation of theeh osteoporotic model
developed by ovariectomy and calcium deficient .dgdteep model was assessed

osteoporosis development post 10 months of indactio
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6.3. Validation of sheep osteoporotic model:

6.3.1. Histology of excised tissue:

Post ovariectomy, the excised tissue was evaluasaty histology (figure
70). H&E staining of the excised tissue depicted pmesence of oocyte, growing
follicle, atretic follicle etc, which in turn comnfined typical ovarian organisation

cellular structure.

Growing Follicle

Part of Graafian

Atretic follicle

Corpus albicans
E Corpus luteum

Figure 70 - H & E stained micrograph of sheep ovary Histology images
the presence of follicles in the tissue confirmthg structural features of
tissue (scale bar = 500pm).

6.3.2. Evaluation of trabecular bone loss:

Trabecular bone loss at the tibial epiphyses of ihéuced sheep
models was qualitatively and quantitatively asseésssing micro CT. 3D
morphometry evaluation of trabecular volume in th&tal epiphyses of tibia of

induced model indicated appreciable amount of blmss compared to age

131



control animals. Thickness profile (figure 71) bettrabecular bone at similar
anatomical locations depicted bone loss in the oedumodel compared to
animals. Large void spaces were seen from the pralkxend towards the distal
of the tibial bone. Presence of thicker trabecudane in the control animals
appreciated from the color coded images. Greenallow areas represent

of thicker trabecular.

Figure 71 -Evaluation of trabecular bone loss usin@D morphometry images: A
& B depict the 3D trabecular thickness of tibial epigpds in control and
induced sheep model. Extensive trabecular bondanode tibial region was
at the proximal end of tibia in the induced modaihpared to control animal
coding — trabecular thickness increases from gteerd color) (scale bar =

Further, bone loss was estimated by evaluating ttladecular bone
parameters like Th.N., Tb.Sp. and Tb.Th. (figurg. 7tlhduced model exhibited
Th.N. value of 0.64 (1/mm), whereas control anireghibited a comparatively
increased Tb.N. value of 1.51 (1/mm). Tbh.Sp. inseghto 1.62 (mm) compared
control animals having a Th.Sp. value of 0.66 (muolike the rat osteoporotic

models, where no difference was found in the Thimthhe osteoporosis induced

132



sheep model a decline in the Tb.Th. was also no@uahtrol animal had an
trabecular thickness of — 0.19 mm, whereas thedadwanimal had a trabecular
thickness of 0.13mm only. Bone density (trabecukdso decreased drastically
the induced models, as the mean density in corandinals were 257.91 (mg
HA/ccm), compared to 76.79 (mg HA/ccm) in the isdd models. Also control
animals exhibited a Bv/Tv ratio of 0.2534, wher¢las induced model exhibited

low Bv/Tv ratio of 0.105.

Sheep Osteoporotic model evaluation - Micro CT
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Figure 72 — Evaluation of trabecular bone loss usgnmicro CT: Graphical
representation comparing the Bv./Tv., Tb.N. (1/mi), Th. (mm) and Tbh.Sp.
in control and induced model.

6.3.3. Biochemical analysis of serum:

Biochemical analysis of serum was performed to @atd serum calcium

vitamin D level as markers for the onset of osteop® in the sheep model.
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calcium concentration was 3.02+0.60 mg/dl beforuiction and with the onset
osteoporosis, the level increased to 4.9+0.5 mgéfM8+ 0.93 mg/dl and

6.17+0.86mg/dl post 3, 6, and 10 months respedtiifgjure 73).

Calcium concentration
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Figure 73 — Biochemical evaluation of Ca in the sam of sheep osteoporotic
model: Serum Ca concentration increased with advancidgdtion period.

Meanwhile, vitamin D level in serum (figure 74) deased, post 10
of induction. The induced model has a vitamin Deastcation of 35.75+3.74

whereas the age matchched control animal had 66xEd.
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Figure 74 — Biochemical evaluation of vitamin D irthe serum of sheep
osteoporotic model: Vitamin D level seemed to decrease with increasing
period.
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PART C - EFFICACY ASSESSMENT IN SHEEP

OSTEOPOROTIC MODEL

6.4. Fabrication andin vitro characterization of cylindrical scaffolds:

6.4.1. Micro-structure and surface morphology:

Scanning Electron Micrographs of the cylindricaaolds — HA and

depicted its 3D rough surface topography with intemected pores.
6.4.2. Radiopacity evaluation:

Radiographic evaluation of SrHA cylindrical scaffe (figure 75)
an improved radiopacity equivalent to 0.98+0.2 ninck aluminium, whereas

exhibited radiopacity equivalent to 0.44+0.3 mncthaluminium.

Figure 75 - Radiopacity evaluation:Radiograph depicts the radiopacity of HA
SrHA scaffolds in comparison to aluminium wedge.
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6.4.3. Cytocompatibility assessment:
6.4.3.1. Cell adhesion on the scaffolds:

Cell adhesion studies using DAPI staining (figu® ihdicated that the
cylindrical scaffolds — HA and SrHA favoured celiteesion. Nuclear stained
fluorescent images depicted uniform distribution sKDMSCs on HA and

scaffolds post 7 days of culture.

Figure 76 - Fluorescent micrographs depicting cethdhesion and distribution:
DAPI staining depicted the SADMSCs to adhere onstingace of scaffoldé. -
andB - SrHA (scale bar = 200um).

6.4.3.2. Cell viability assessment:

Post 7 days of culturing and prior to implantatgtndies representative
constructs were evaluated using and live dead affsaye 77). Fluorescent
micrographs depicted the presence of live cellnsth green which indicated

viability of SADMSCs on the scaffolds.
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200 pm -, 200 pm

Figure 77 — Evaluation of cell viability on the scHolds: Confocal laser scanning
micrographs depicted viable cells An HA andB - SrHA scaffolds post 7 days
culture (scale bar =2Q0m).

6.5. Serum analysis for inflammatory responses posnplantation:

Serum was collected from the animals before andrafhplantation at
two weeks and two months of implantation to assegsinflammatory reactions
associated with the implanted scaffolds (figure.7B)was noted from the
haematology analysis that the WBC, lymphocyte drmadosinophil counts were
within the reference range at all time points. tBwn exception of higher
count of 73 was observed post one week of implaortatvhich later subsided to

and 46 post two weeks and two months respectively.
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Figure 78 — Evaluation of inflammatory responses p& implantation: Serum
analysis done before (Bl) and 1 week (Al-1), 2 wegkl- 2) and 2 months (Exp)
post implantation indicated no acute inflammatoggponse in the implanted

6.6. Radiopacity of the implant@r?%el\lio:

Radiographic evaluation (figure 79) of the expkntdicated that even
two months of implantation, SrHA implants revealath improved radiopacity
equivalent to 0.67+0.01 mm thick aluminium, wheré&ds implants exhibited a

radiopacity equivalent to 0.46x0.01mm thick alu noimi.
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Figure 79 - In vivo radiopacity evaluation of the implants:Radiographs of cHA
and cSrHA indicated the improved radiopacity 8fidA scaffolds, post two
months of implantation.

cSrHA

cHA

0 0.2 0.4 0.6 0.8

mm thick Alumina

Figure 80 — Quantification of Radiopacity of explams: Image J analysis depicted
improved radiopaque property of cSrHA implants camrgd to cHA.
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6.7.In vivo osteogenic efficacy of tissue engineered implants:

6.7.1. Gross evaluation:

All animals survived the implantation procedureblealing was
and there was neither inflammation nor infectiontla¢ surgical site before
killing of the animals post 2 months implantatioBross evaluation of the
further confirmed the absence of any fibrous tissuenflammatory tissue area

bone defect site.
6.7.2. Radiographic evaluation:

The osteointegrative ability of HA, cHA, SrHA arc&rHA implants was
evaluated by close examination of host implantrifaee from the radiographs.
month,i.e., immediately after surgery, gaps between the impkard host bone
well evident in the radiographs of HA, cHA, SrHA darcSrHA implanted
press fit method was adopted for implantation pdage (figure 81A, 81D, 82A
82D respectively). One month post implantatiorerethough an improvement
osteointegration ability was noted in all implarmbgps, HA & cHA implanted
groups indicated clear zone of poor osteointegratradiolucent areas marked
arrows — figure 81B & 81E). But comparatively lessdiolucent zones were
appreciated around SrHA and cSrHA implants (fig@28 and 82E). Two
post implantation, cSrHA became integrated with tost bone without any
radiolucent zone at the host implant interfaceuffeg 82F) and SrHA scaffolds
exhibited an improved osteointegration with reducadiolucent areas around
implant (figure 82C). But in HA and cHA implantedogips, clear radiolucent

still persisted post two months of implantatiorg(fie 81C and 81F).
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Figure 81- Evaluation of osteointegrative ability 6the scaffolds — HA & cHA:
Radiographs depict indicating the osteointegratibility post 0, 1, 2 months of
implantation in HA(A-C) cHA (D-F). (Red arrow heads indicate poor

osteointegration at bone implant interphase).

1§

Figure 82- Evaluation of osteointegrative ability éthe scaffolds — SfHA &
cSrHA: Radiographs depict indicating the osteointegratbility post 0, 1, 2
months of implantation in STHAA-C) cSrHA (D-F). (Red arrow heads indicate
poor osteointegration at bone implant interphase).
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6.7.3. Histological evaluation:

Post implantation, undeclacified explants werdeated by histology for
their osteogenic efficacy and osteointegrationtc8gd images of the Stevenal’s
& van Gieson’s picrofuchsin stained plastic sectiggortrayed enhanced new
formation in cSrHA implanted group (figure 83D) atlie void spaces within
cylindrical implants were almost filled witllle novo bone (stained yellow).
implants also lost its cylindrical morphology (meated stained black), indicative
its improved degradative property. Compared to baagerial, an improved
degradation was exhibited by the TE implants - cai#d cSrHA. Nevertheless
implants (figure 83B) also exhibited improved ogfewesis within the pores of
explant compared to bare HA and SrHA implants (f@gB3A and 83C
But HA implanted group exhibited the least osteagesificacy as large void
could be identified with scarce osteoid formationdathe retainment of
morphology after two months of implantation indieatit poor degradative

properties.
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Figure 83 - Histological evaluation of explants irsheep osteoporotic modelsA,

B, C & D - stitched histology images of retrieved explaoftslA , cHA, STHA &

cSrHA respectively, stained using Stevenal’s Buean Gieson’s picrofuchsin
(scale bar = 2mm).
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Detailed examination of the healing pattern acrdgferent implant
groups were assessed from higher magnificationoloigy sections. In HA
implanted group (figure 84) the bone cells in tlsteoid matrix were loosely
arranged and distinct cellular infiltration zonssajned blue) were noticed. The
cellular organisation depicted the initial phaseboine formation and hence
exhibited early phase of bone healing. In cHA inmpkad group (figure 85) the
defect area exhibited improved osteogenesis anddép®sited new bone cells
were seen to be arranged in line with other boris,deut complete lamellar

arrangement could not be appreciated from the loiggdmages.

Figure 84 - Histological evaluation of retrieved eglants of HA: Stevenal’s Blue
& Van Gieson’s stained plastic embedded sectiompsctiag the beginning of
lamellar organisation in HA implanted group alonghacellular infiltration.

New BoneM — Material remnantCl — Cellular Infiltration,VS — Void Space)

(scale bar = 100pum).
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Figure 85 - Histological evaluation of retrieved eglants of cHA: Stevenal’s Blue
& van Gieson’s stained plastic embedded sectiopsctiag the beginning of
lamellar organisationNB — New BoneM — Material remnantCl — Cellular

Infiltration, VS — Void Space) (scale bar = 100pum).

A detailed examination of the histology sectionshaggher magnification
indicated improved bone formation with mature bdike organisation in
cSrHA implanted group (figure 87). Moreovde novo bone formed, exhibited
mature bone like morphology in cSrHA implanted gopas the newly formed
bone cells were seen arranged in concentric rifiggneellae forming individual
osteons, resembling Haversian organisation. In Siplanted group (figure
86), loosely arranged bone cells in the osteoid rmaleading to lamellar
arrangement was noticed. Nevertheless prominent beumof lamellar
organisations was observed in cSrHA implanted gr@ompared to SrHA

implanted group.

145



Figure 86 - Histological evaluation of retrieved gplants of SrHA: Stevenal’s
Blue & van Gieson’s stained plastic embedded sestaepicting the formation
of lamellar organisation (red arrow head) resenthhmature bone like
organisation. NB — New BoneM — Material remnant) (scale bar = 100um).

Figure 87 - Histological evaluation of retrieved eplants of cSrHA: Stevenal’s
Blue & van Gieson’s stained plastic embedded sestaepicting complete
(arrow 1, 2) and early phase of (arrow 3) lamedlaganisation with mature
bone like morphology. (NB — New Bone, M — Materiamnant) (scale bar =
100um).
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6.7.4. Histomorphometry:

Osteogenic efficacy in terms of regeneration efficy (RE) ratio (New
bone formed per total defect area) of the implamtenials — HA, cHA, SrHA
and cSrHA was assessed by histomorphometry (fig88¢. Statistically
significant increase inde novo bone formation was evident in the cSrHA
implanted group since they exhibited the highest REo (New bone/Total
defect area) of 0.52 £ 0.05 (p value - 0.006),0fokbd by cHA implanted group
having a RE ratio of 0.37+ 0.06 (p value - 0.073%rHA implanted group

exhibited a RE ratio of 0.27£0.02 (p value - 0.840)d HA implanted group
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Figure 88 — Histomorphometry analysis of the explats in terms of
Regeneration Efficiency (RE):RE ratio of HA, cHA, SrHA and cSrHA post 2
months of implantation in sheep model (p value —\$AcHA —"0.073; HA vs.

SrHA ="0.840; HA vs. cSrHA - ** 0.006).

Material resorption ability (figure 89) was assesge terms of material
remnants per total defect area. Improved degradathlity was evident in the
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cSrHA implanted group as they exhibited a MR/TAioaif 0.36+.05 compared
other implant groups HA, cHA and SrHA with MR/TA tra of 0.68+0.03,
and 0.75%£0.03 respectively. Compared to HA impldntgroup, cSrHA
group exhibited a statistically significant improwent in the resorption

value - 0.005), whereas cHA exhibited an improvedt mon significant

property.
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Figure 89 — Histomorphometry analysis of the explats in terms of
material remnants per total area (MR/TA): Degradation ratio of HA, cHA,
SrHA and cSrHA post 2 months of implantation inegenodel (p value — HA
vs. cHA ="°0.319; HA vs. SrHA £9.559; HA vs. cSrHA - ** 0.005).

6.7.5. Micro CT evaluation:

3D morphology (figure 90A, B, C & D respectivelyf) the implants — HA,
cHA, SrHA and cSrHA was evaluated using micro ©Tassess the placement
implants at the defect site and evaluate osteorategn. It was evident from the
morphometry images that all implants became ostegmated with the host

establishing a bonding between host bone and trente implant. Cylindrical
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defect area (pointed by red arrow head) with theadhimplant material was
evident in the material alone implanted groupshetfeough not much evident

TE implanted groups, especially in cSrHA implantgadup.

Figure 90 — 3D morphology of the implants in sheemodel: Micro CT
depicted the osteointegration of HA)( cHA (B), SrHA (C) & cSrHA (D)
post 2 months of implantation (red arrow pints toasathe cylindrical bone
area) (scale bar = 1mm).

Osteointegration ability of HA, cHA, SrHA and cSAHmplants was
assessed using 2D slices and their correspondingitgehistograms generated
micro CT. Representative 2D slices from HA, cHAH&rand cSrHA implanted

groups (figure 91 A, C, E &G) confirmed the estabihent of physical contact
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between the implant and host bone in all groupsliation of osteointegration
ability in terms of bone density at the host bomgliant interphase indicated
even though physical contact was evident in alugo In HA implanted group
(figure 91B) bone density at the implant interptsas@s low compared to that
host bone, whereas in SrHA implanted group (fig9dd=) a comparatively
bone density was observed at one of the interphBse.groups with the tissue
engineered implants — cHA and cSrHA (figure 91D &éspectively), exhibited
almost a comparable bone density with that of tlsthbone at both the

indicative of the significance of cells in oste@gtation

Density of the new bone formed within the porestlod material was
compared to assess the osteogenic efficacy of maplant. It was interesting to
that thede novo bone formed within the pores of SrHA and cSrHA é&itad an
improved bone density compared to that of HA impéaoor bone density was
exhibited by thede novo bone formed within the pores of HA implants, whexea
the cHA implanted group a comparable bone densitly that of the host bone
depicted. The results hint towards the improve@astegrative and osteogenic

efficacy of the strontium incorporated tissue eregired scaffolds.
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Figure 91 — 2D slices and corresponding density hagrams of the implants in
sheep modelA, C, E & G — 2D slices depicting osteointegration in HA, cHA,
SrHA & cSrHA implanted group respectively, post tmonths of implantation.
D, F & H - Corresponding density histograms depicting bonesidg (mg
distribution across the bone defect site in HA, ¢I%4HA & cSrHA group
respectively KiB- Host BoneNB- New BoneM — Material).
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CHAPTER 7

DISCUSSION

Chapter 7 — Discussion of the results presente@hapter 4, 5 and 6
interpretations and correlations to published atemre. Significance of the

also suggested intermittently to bring out the vatece of this work.
Chapter 7 is divided into three phases:-
PHASE | - MATERIAL CHARACTERIZATONS

PHASE II- IN VITRO & IN VIVO STUDIES USING rBMSCs IN RAT

OSTEOPOROTIC MODEL

PHASE IIl — IN VITRO AND IN VIVO STUDIES USING sADMSCs IN SHEEP

OSTEOPOROTIC MODEL.
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PHASE | - MATERIAL CHARACTERIZATONS

7.1. Scaffolds of choice for the study:

An ideal scaffold for orthopedic application showslerve as a structural
functional framework for the uniform distributiorf bost cells throughout its
dimensional lattices, facilitating easy transptidia of signaling molecules /
chemokine factors to favor tissue in-growth (Kosegal., 2013). HA has been
proven to have inherent osteoconductive nature pasksess the additional
that variations in its lattice and morphology heéhpionic substitution — like
Si, F, ClI, Sr etc in HA (Niet al., 2012). Therefore HA was chosen as a delivery
vehicle to aid controlled delivery of therapeutns at desired concentration at

fracture healing site.

Synthetic HA powders may be produced by a varietyceramic
routes such as wet precipitation, sol-gel technigoembustion synthesis,
hydrothermal synthesis, solid state reaction etet Wecipitation is widely used
the synthesis of stoichiometric hydroxyapatite inlkblevel because of low
temperature, high yield and inexpensive equipmetuirement (Sureshbabu
2012). In wet precipitation method, a homogenouspeélision/solution of
is reacted with stoichiometric amount of phosphatdution to cause the

of hydroxyapatite.

Bioactive glass systems are reported to be muchenmoactive and
than pure hydroxyapatite and are also proved tal biith soft tissue (Nairet
2009b). Supplementation of Si has been reportachprove BMD in men and

menopausal women (Jugdaohsiraglal., 2004). Silica incorporated bioglass has
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proved to form a strong bonding at the implant iptease by formation of HA
on their surface, indicative of its improved ostdegration ability (Hench,
Silicon incorporation improves collagen depositiand mineralization ability
contributing to improved osteointegrative abilitywdais osteoconductive in
This may prove to be beneficial in improving thetemsntegrative ability in
osteoporotic patients. In the present study HASiffelds were fabricated by
state reaction between the calcined HA scaffoldd silica sol. The amount of
sol incorporated into the HA scaffold was so adgdsthat it will not convert HA
completely into TCP — wollastonite composite, botnfis a triphasic system
comprising HA-TCP- wollastonite. HASI scaffoldseachemically a bioactive
system consisting of hydroxyapatite, tricalcium ghlate and wollastonite

al., 2008).

Strontium is reported to prevent the bone resorptotivity of mature
osteoclast by regulating the calcium sensing remspiCanalist al., 1996). The
chemical similarity between Ca and Sr helps in tevelopment of SrHA
of Ca replacement by desired concentration of Son@dxzonet al., 1998).
role of in-house developed Sr (50%) incorporated H&affolds in
were evident from thén vivo studies in rabbit ulna defect model (Beestal.,
Post 12 weeks of implantation in critical-sizedb(ttm) rabbit ulna defect model
50% Sr incorporated HA exhibited improved bone fatimmn on par with
resorption. High concentration of Sr substitutionHA, is reported to alter the
crystallinity of HA (Qiu et al., 2006a). It has been reported earlier that up to
incorporation does not affect the physiochemicavparties of HA (Liet al.,

But a lower concentration of 1-10% has been suggesis the optimum
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concentration in which Sr can be incorporated in, H& exert its therapeutic
inhibiting osteoclast activity and simultaneouslyromoting osteoblast
(Zhanget al., 2010). Sr incorporation is anticipated to improagiopacity too
may aid in betterin vivo tracking and implant imaging for assessing bone
regeneration (LOopezt al., 2014). 10% strontium incorporated HA is thus
exhibit all physcio-chemical properties of HA anéncein vitro and in vivo

osteogenic efficacy of the 10% SrHA scaffold waslaated in the present

Prior to the evaluation of the biological performta of modified HA, it
important to evaluate how each modification has@#d the physiochemical

properties of HA.
7.2. Physicochemical characterizations of scaffolmhaterials:

One of the crucial aspects to be considered fohagedic scaffolds is its
surface property, as the surface is the first pahtcontact for the host
following implant placement. The Scanning Electidicrographs depicted the
surface topography of the material to be unevemghoand micro-porous in
It has been suggested that implant materials wih rough and uneven
topography induce three-dimensional growth ainffeckntiation of cells
osteogenic lineage by activation of several ostemgassociated genes like
collagen, alkaline phosphatase, osteonectin, osteap etc (Karageorgiou and

Kaplan, 2005).

Porosity of the scaffold material also influencde osteogenic and
osteointegrative property of implants. Scaffoldshwincreased porosity are

to favor cell proliferation and bone in-growth, wkas scaffolds with lower
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favor improved ALP activity and express more ostdco (Takahashi and
2004). Normal bone Haversian system is estimatedog¢ 100-200 pm in
and so it is suggested that scaffolds for orthopexgtiplication should also fall
this range, to exhibit optimum activity vivo (Hulbert et al., 1970) Micro CT
emerged as a powerful tool to characterize cerasc@ffolds in terms of
related architectural parameters, density etc @drt et al., 2011). It was
from the micro CT evaluation that HA and HASI scédis exhibited a pore size
ranging from 150-200 um with an average porosity30f35%. It has been
that ceramic scaffolds with 150-220 um porous std#f and 36% porosity
with rabbit MSCs improved bone formation in nudecenectopically (Chenet
2002). Similar results may be expected from théamse developed ceramic
scaffolds too. Sr incorporation in HA has decreaskd porosity of SrHA
and the average pore size was noted to be 80-100 Amminimum
pore aperture diameter of 1Q0n has been proven sufficient for am vivo
to encourage neo-vascularization that is required initiation of bone
(Hench and Jones, 2005). Degradation rate of ddafis also dependent on its
porosity. So HASI scaffolds with high porosity aexpected to exhibit an

degradation rate.

Phase identification of the manufactured scaffaldsig XRD helped in
evaluating the medical application of materialsheTcrystalline phases present
the degree of crystallinity influence the osteograion and degradation ability
the scaffolds. The narrow XRD pattern of the in-b®weveloped HA scaffolds
indicated high level of crystallinity of the apatitphase. Crystalline

exhibit the slowest degradation compared to othaohous hydroxyapatites
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and Liu, 2008), limiting its orthopaedic applicatido a certain extent. HASI

exhibited crystalline nature, but the crystalliniyas less when compared to
XRD pattern of HASI depicted the presence of thphases- apatite, tri calcium
phosphate and wollastanite (Calcium Silicate). i assumed that during
coating of HA by sol gel dipping, silicate iormmay have entered into some of
sites of phosphates ions in HA and the process heye accompanied the
of silicate with calcium ions to form calciumsilicate phase. Again, this
may have also reduced the Ca or Ca /P contentthe material that

the formation of TCP phase (Naét al., 2009b).

XRD pattern of 10% SrHA was very similar to thatkdf, which imply
Sr substitution in HA by 10 mol% Ca replacement dimt induce any phase
in HA. Thus, SrHA may exhibit almost similar physahemical characters of
the optimum scaffold for orthopedic applicationswis also mentioned that Sr
incorporation by more than 15% affects the crygtdit of SrHA, wherein the
monoclinic system would change to rhombohedral éLal., 2007). This further
supports the rational of our study in choosing lthveer concentration of Sr for
substitution in HA. Slightly broader crystallinegk of STHA compared to HA
indicative of its amorphous nature which may furthecrease its dissolution
favor nucleation and apatite formation (Christo$iem et al., 1997). Change in
crystallinity may be due to the replacement of'Oa HA with SF#*, which is

larger atomic radius.

The FTIR spectra showed the characteristic absmrptband

the functional groups present in each scaffold. Bi#affolds demonstrated
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characteristic peaks for phosphate and hydroxyugso(Walterset al., 1990).
Phosphate and silicate groups shared similar speidadtional modes due to
structural similarity, and hence it was difficutt tifferentiate their peaks from
spectra. It has been suggested that Silica iorss getorporated as silicate ions
onto phosphate sites in the HA lattice in HASi ahé charge is maintained
the loss of hydroxyl ions (Gibsost al., 1999), which was evident from the weak
intensity of hydroxyl group in the FTIR spectrumtfASi. The FTIR spectra of
and SrHA exhibited different but comparable modésmwmlecular vibration
characteristic of the apatites. However, the istgnof OH™ bands at 3571 and
cm'seemed to be diminished due to the incorporaticBrads already reported

(Beenaet al., 2013).

Radiopacity is typically a clinical requirement rfanonitoring the
and progress of implant aided healimgvivo (L6pez et al., 2014). Strontium
and strontium chloride have been investigated fee as radio pacifiers for
applications (Alkhraisaét al., 2008) In addition to its reported therapeutic role
regulating the osteoclast cells, incorporationtobstium fluoride or strontium
chloride in smaller amounts has proven to imprdve tadiopacity of calcium

phosphate based scaffolds.

Radiographical evaluation and micro CT studies ptbthe improved
radiopaque property of in-house developed 10% Soriporated HA scaffolds.
Increasing Sr concentration aid in improving theiopacity of HA scaffolds
et al., 2013). However, in the present study the scaffalds being tested for its

application in osteoporotic condition; where the rggulated osteoclast cells
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be regulated to aid osteogenesis and osteointegr.a8®io far reported literatures
suggest 1-10% Sr incorporation to regulate the cotast activity favorably.
in the present study, the upper limit value of 18%incorporation was chosen,
to incorporate the dual characteristics of anteoslastic activity and

single scaffold.
7.3. Assessment of degradation ability i vitro studies in PBS:

In vitro degradation ability was estimated in PBS to evauae release
ions from the scaffolds. Highest Ca release washédd by HASi scaffolds,
indicative of its high degradation ability which e@ncurrent with the XRD
Amorphous nature of HASI scaffolds might have cdmited to the increased
dissolution property. Again, SrHA exhibited impravedegradation ability
to HA, which may be attributed to the Sr incorpawatin the scaffold. Landit
has reported from thein vitro studies that Sr and Mg incorporated HA micro-
granules exhibited an increased dissolution ratéh whe release of ionic
(Landi et al.,, 2013). HA scaffolds exhibited the least Calease profile,

its poor resorption properties.

ICP studies indicated that with the advancementtha incubation
there was a steady increase in the concentrati@i océleased from HASI. This
be attributed to the increased degradative propeftthe HASI scaffolds as
from its Carelease profile. Gentlemest al., 2010 has also proved using ICP
that release of Si from bioglass increase with bation time. Human
cultures treated with ionic dissolution producterfr bioactive glass (BG) has

reported to increase collagen-I synthesis and eodasteoblast differentiation
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(Gupta et al., 2010). Similar results may be expected from indedeveloped

scaffolds too.

ICP analyses also confirmed a stable release eD®1ug (equivalent to
0.11 mM per mg) from SrHA scaffold. Schumachetr al., (2013) has
that release of 0.001-0.1 mM may be sufficient giouo regulate bone
favourably, so as to exert its therapeutic rolesteoporosis pathology. Since a
similar Sr release pattern could be attained usivegin-house developed 10%
invitro, it is expected that SrHA scaffolds may exhibsimilar release pattern
vivo too thereby promoting bone healing with controlledne remodelling.
Administration of Sr in the form of strontium canbate (orally) at a very low
6.8-8 mmol Sr/day that is 0.11-0.13 mmol Sr/kg/étayan osteoporotic person
60kg body weight stimulated endosteal bone fornratiMarie et al., 2001).
Therefore it is anticipated that if oral adminigioa improved bone formation
osteoporotic patients by 6 months, local delivefgame concentration of Sr at
fracture healing site may help in better bone fotioraat a much earlier stage,

facilitating faster rehabilitation in the osteopticcsubjects.
7.4. Evaluation ofin vitro apatite formation ability in SBF:

In vitro bioactivity of scaffolds in SBF is an indirect imditor of its
osteointegration abilityin vivo (Kokubo and Takadama, 2006)t is well
that the ability to form a bone-like apatite laymr the surface of scaffold plays
important role in forming chemical bond between thwgplant and the living
tissue (Ni and Chang, 2009). In this respect, h# scaffolds in this study

formation of apatite layer as evident from the Sdag Electron Micrographs,
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indicating that the surface is bioactive. The pregm mechanism of apatite
has been well explained by Hench based on bioagtivi Bioglass in SBF
and Paschall, 1973). He suggested that when imrdenseSBF, rapid ion
of alkali and alkaline-earth cations present in soaffolds with H or HzO"
SBF solution occurs, followed by loss of solublicai Si(OH),. Later SiQ-rich
formed on the scaffold surface provides sites fdrogphate nucleation

growth of amorphous calcium phosphate followed kbystallization to form

Apatite formation is facilitated by the substitutiof carbonate group at
positions of hydroxyl groups. Hence to assess fhatite formation ability, the
relative intensity of carbonate and hydroxyl in Soaffolds (28 days incubated)
assessed using FTIR. SrHA scaffolds exhibited apaformation ability
HA and HASI scaffolds. Previous studies have algported that Sr and Si
from scaffolds can induce apatite formation andverbto be bioactive (Zhaet
2007).In vitro apatite formation on bioglasses indicated that,etktent of bone
growth increased dramatically in terms of their tfea forming ability.
HAp crystal spectral bands were recognized at at6@0, 566 and 603 chas
already reported by Zhang al., (2010). Therefore it is reasonable to expect
HASi and SrHA scaffolds would help in improving tbheteointegration ability

scaffolds post implantation in osteoporotic models.
7.5. Cytotoxicity evaluation:

Cytotoxicity studies form an integral part of pr@ical evaluation
techniques for establishing the non toxicity of swaffolds of choice before its

engineering applicatiom vitro or in vivo (Rose and Oreffo, 2002)MTT assay
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proved the non toxic nature of the ionic produatsni HASI and 10% SrHA
scaffolds on L929 mouse fibroblast-like cells swgjgey the suitability of the
scaffolds for tissue engineering applications. wds also reported previously
concentration of Sr substitution (1-10% ) does afféct the cell viability and
osteogenic ability in terms of ALP activity usindpet osteoblast cell line —
and partial cytotoxicity is usually exhibited at%0 Sr substitution only (Qitet
2006b). The results suggest HA, HASIi and SrHA sitdff to be compatible for
tissue engineering applications, thus suggestimgr ttherapeutic potential for

tissue engineering applications.

PHASE IlI- IN VITRO & IN VIVO STUDIES USING rBMSCs IN

RAT OSTEOPOROTIC MODEL

7.6.In vitro evaluation of HA, HASi and SrHA disc using rBMSCs:

When a fracture occurs in bone, neutrophils andtmelés are initially
recruited to the site (acute inflammatory resporiskpwed by the infiltration
MSCs and osteoblast progenitor cells through muoapHlaries to favour bone
regeneration and mineralization (Ziat al., 1988). Nevertheless, under
condition there is impairment in recruitment of fw@genitors and the resident
MSCs itself lack normal proliferation and osteogedifferentiation potential.
such a pathological condition, effectiveness of ebascaffolds with
nature alone may often be limited (EI-Ghannam, 20B8&nce, ceramic based
scaffolds incorporated with growth factors or ogfoic cells may induce
osteoinductive properties for tissue engineeringliaptions as discussed in the

review of literature.
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Tissue engineering necessitates the use of ceragaffolds for the
of cells and bioactive molecules so as to accedetheé bone healing process
MSCs have been extensively used farvitro andin vivo tissue engineering
applications because of its multipotent nature. rBdlect this aspect, the
Society for Cellular Therapy (ICST) has declaredafternative terminology for
Mesenchymal Stem Cells, referring to these cellsnasltipotent mesenchymal
stromal cells” (Horwitz et al., 2002). When use of MSCs is planned for tissue
engineering applications, it is crucial to obtamlatively pure autologous cells
retain good multiplication/differentiation potentiato enable/sustain
tissue (Renjith et al., 2014). Prior toin vivo applications, MSCs were
for expression of surface markers and plasticitp. dingle specific surface
that is unique to mesenchymal stromal cells hasnbesported till date.
with literature, cells isolated in our study exhéud positivity for CD90, while
negligible expression was exhibited for the negativarker CD34 (Sobh, 2014).
Flow cytometry data together with the osteogenid amlipogenic potential of

isolated cells confirmed the mesenchymal origintteé cells isolated from rat

Even though cell therapy using fresh marrow catid anriched marrow
been considered as a viable approach in tissueeagng,in vitro culturing of
isolated MSCs from the marrow cells helps in anynii) the availability of cells
10 times even with single passaging (Jaiswtdl., 1997). Culture expanded rat
MSCs when combined with porous ceramics have im@dom vivo osteogenic
potential at a much earlier period in ectopic imyiktion sites (Goshimaet al.,
1991). E-SEM analysis proved that HASi and SrHAffetds served in the

of rBMSCs proving its cytocompatibility comparedHa scaffolds.
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ALP activity is crucial for the bone mineralizatigmocessn vitro andin
vivo; as the phosphatase enzyme acts on the organgpphte releasing free
phosphate ions and active transport of ions actiesscell membrane initiates
process of formation of calcium phosphate crysta&ling to mineralization
(Ciapettiet al., 2003). Addition of osteogenic supplements on BM&@Gures up
regulate the production of collagen-rich matringieased expression of non-
collagenous proteins like ALP, osteocalcin etc (Gg¢tg and Caplan, 1999).
Osteogenic differentiation using dexamethasone)(dardp glycerophosphate
(BGP) is reported to accelerate the stem cell poaéidi fabricate a voluminous
mineral matrixin vitro (Ohgushiet al., 1989a). A similar approach has been
employed in this study by fabrication of tissue ieegred ceramic constructs
rBMSCs, followed by their osteogenic differentiation the scaffolds prior to
implantation. In the present study, isolated rBMS@xe differentiated using

osteogenic differentiation medium supplemented wlieél,GP and LAA.

ALP estimation of tissue engineered cHA, cHASI aisdHA proved that
the scaffolds supported osteogenic differentiatiQru et al., (2006) could prove
improved metabolic ability of Sr doped calcium ppbate scaffolds in terms of
proliferation and ALP activity using rat OB sarcontells. The in-house
tissue engineered ceramic with 50% Strontium stiosdin has also proved its
efficacy for improved osteogenic abilitg vitro using rabbit ADMSCs (Beenat
2013). Srconcentrations from 0.1 to 1 mM stimulate osteoblsmation
et al., 2008). Sr released from the in house develope® BYHA also falls
the range, indicating the therapeutical potentfahe scaffolds for osteoporotic

applications.Studies on varying the Si concentration showed trahosilicic
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physiological concentrations (0-50 pM) could stiatel differentiation of
osteoblast-like cells (Reffittt al., 2003). Studies using osteoblast cells have also
proved that silica coated surfaces induce a mucheedone nodule formation,
indicating its improved bone bonding ability (Zhabal., 2007). Improvedn
osteogenic efficacy of in-house developed HASI fatdfusing goat and rabbit
ADMSCs has been proven (Naiet al.,, 2009a and Fernandezt al., 2012).
Appropriate pore dimensions of the in-house dewstbpgcaffolds may have
contributed towards the improved osteogenic diffieiagion, as it has been
that a pore size within the range of 100 — 200 gnoptimum for promoting
infiltration in 3D scaffolds. Again, interconnectexicropores in scaffolds may
better cell — cell interactiom vitro, thereby improving neo vascularisation and

mineralizationin vivo (Takahashi and Tabata, 2004).
7.7. Osteoclast precursor cell adhesion on the stalfls:

Osteoclast originates from precursor monocytes athchment of
on to the scaffold surface occurs during the egrériod of implantation.
extensive cellular micro extensioni, fillopodia is the typical morphology of
osteoclast cells. To be functional, osteoclassaatled to adhere on to the apatite
surface and maintain their flattened morphologyhwitiffled boarders which
active centres that forms resorption pits, whichimétely causes bone
demineralization (Salteét al., 2004 and Roy and Bose, 2012). Hence adhesion of
osteoclast precursor cell -RA) 7on the scaffolds was evaluated to assess the
osteoclast ability of HA doped substitutes. HA atdSi scaffolds favoured cell

adhesion and attached cells retained the typicatpim@ogy with extended
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appendages, post 18 hours of culture. But lack refgyential attachment of
osteoclast precursor cells, with typical morpholeggs evident on 10% SrHA
scaffolds. Modulation of OPG and RANK L expressisnreported to prevent
formation of the ruffled borders (Bonnelgt al., 2008). Sincen vitro release
proved that 10% SrHA releases Sr within the recomaeel therapeutic range
osteoporotic applications, it is anticipated thate treleased Sr may have
the expression of OPG and RANK L thereby alteritng ttell morphology.
studies have also suggested that Sr at varyingecanations from 1% to 10%
onto ceramic blocks regulate osteoclast actiuntyitro (Capucciniet al., 2009

Baieret al., 2013).

The Sr release profile together with the SEM imatiass supports the
hypothesis that 10% Sr exerts a negative role iaam$ast activity. Even though
incorporation in HA did not prove to be toxic toetlRAW cells, presence of Sr
the scaffold surface affected cell adhesion andcalpmorphology. Therefore it
anticipated that in-house developed 10% SrHA stddfanay regulate the
activity in vivo also,signifying the therapeutic potential of Sr incorption in

for osteoporotic bone regeneration.
7.8. Development and evaluation of rat osteoporotimodel:

Rat osteoporotic model has been considered as amwm model as it
many similarities to human pathological conditiokelthe skeletal responses to
depletion of estrogen, as well as the pharmacodbgtfects on bone turn-over
and Ezawa, 2011). There are various methods ofdimguosteoporosis in rats

as ovariectomy, low calcium diet, steroid admimagion etc (Lasota and
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Klonowska, 2004). Most of thim vivo studies employ a short term period (3-4
months) of estrogen deficiency for osteoporoticuation (Habermanret al.,
The effect of long-term estrogen deficiency in maddels to better mimic the

situation in post-menopausal women has not beelo sxg.

Aging also pre-disposes the bone to excessive lmmseand the incidence
osteoporosis is also more prevalent among the gmmzllation (Kerschan-
al., 2014). Impaired bone healing associated with sembkteoporosis is
only in long term osteoporotic aged models (Olieeal., 2013). But most of the
researches have been focused on rat osteoporotielsjonduced in young rat
models. Therefore osteoporotic animal models shooltsider the aging factor
S0 as to better mimic the human clinical pathologyarious outcomes have
reported on the short-term effects of estrogenceeicy on fracture healing. It
suggested that young rat skeleton cannot be coresides an appropriate model
osteoporosis because bone turnover in them is rwoge(bone formation
bone resorption) whereas, in human osteoporosie bommover is considered as
remodelling (bone resorption precedes bone fornmytiblowever, it has also
suggested that rat skeleton shows a gradual tiansirom modelling to
with aging (Dennisonet al., 2005). So it is relevant to consider the bone aitd

of the rat model in research on therapeutic moiealit

The present study has evaluated the bone lossiassbavith prolonged
ovariectomy in the aged rat model. The current malgpractice could be
skillfully in bilateral ovariectomy - the muscleylar was perforated with a very

nick to expose the ovary and a simple interrupiadls suture was adequate to
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the wound. Histology of proximal tibial head of LOat model exhibited a
prominent decrease in the trabeculature, indicaboge loss associated with
term osteoporosis induction. Cortical thickness wasaffected by ovariectomy,
which is concurrent with literature suggesting tloateoporosis mainly affects
areas where bone remodelling occurs at a highee (&ompston, 2011).
area near the tibial epiphysis is one such arearatigh bone turn-over
slices from micro CT representing the tibial hedd OA models supported a
similar pattern of bone loss where in, an apprdeidbss in the trabecular

compared to control animals was evident.

Qualitative and quantitative parameters evaluatethgu micro CT
substantiated the bone loss. Pathology of ostegm®ron humans is
a reduction in trabecular number and an increag@entrabecular separation
al., 2000). Animal models reviewed for osteoporosisuiction also exhibited a
similar trend in trabecular micro-architecture addmonstrated a loss of
bone mass (Majumdaet al., 1997). Similarly, results from our study also
significant decrease in trabecular number compaocedontrols. Histological
evaluation using H&E staining depicted the presewnfethick trabecular
the control group animals, whereas in the induceddeh the trabecular

seen to be thinner with large void spaces.

7.9. Impaired bone healing in the long term osteoposis induced
aged rat model:
Meyeret al., (2001) has reported that prolonged osteoporosisdtidn

period significantly impair the process of fractuhealing. Osteoinductive
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the bone matrix is also reported to decrease wifimga(Syftestad and Urist,
Accordingly LOA rat model in the study was evaluhttor assessing bone
ability. In control animals, post 8 weeks of surnger complete closure of the
defect was observed. Presence of more woven bortbeatlefect site in the
animals may have facilitated the bone remodellimgcpss to occur normally

promoted bone healing (Bruetlal., 2011).

Impaired healing ability was evident in the LOA ratodel. De novo
trabecular bone formed at the bone defect sitepgrrted to exhibit an irregular
organisation indicating a histological impairmentwound healing (Wanget
2005) and was evident in plastic sections from L@®Adel too. The delay in
ability in the induced models might be due to theggested delay in cellular
differentiation within the fracture callus. Impadre proliferation and
potential of the resident MSCs has been reportedidi@ay bone healing in
osteoporotic subjects (Namkung-Mattleaal., 2001). An impaired calcification
the fracture callus has also been reported in pstexdic animals (Li and
1994). A considerable delay in the remineralizatairthe fractured bone was
evident in aged osteoporotic rats (Bak and Andreass989). In ovariectomised
this could be due to an alteration in the compositf the mineral matrix and
in local milieu including cytokines, growth factors etc, whichrequired for the
normal healing of the bone (Giannoudssal., 2007). Reduced estrogen level in
ovariectomised rats may lead to impaired bone n@ismh and a reduced rate

fracture healing (Walskt al., 1997).
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7.10. Osteogenic efficacy assessment of micro-grdaruscaffolds in

LOA model:

Improved drug delivery application of ceramic basmicro-granules
interconnected pore structure has been proven tlgggfonget al., 2015). High
surface area to volume ratio of micro-granules fatps the release of
from the implants, thus making them relevant fougldelivery applications in
tissue regeneration (Bracet al., 2009). In this perspective, HA, HASIi and
micro-granular scaffolds were fabricated using rBBASand the osteogenic,

osteointegrative ability were assessed in LOA ratlet.

Gross evaluation indicated no signs of inflammation fibrosis.
evaluation revealed that the bone defect area wialgydd with newly formed
bone in both HASi and SrHA (bare and cell seede@upgs post 8 weeks of
implantation, indicative of the improved osteogealulity of the modified HA
scaffolds. It was interesting to note that the selkded scaffolds (cHASiI and
paved way for more osteoid formation compared taebacaffolds. The
osteogenically induced cells on the scaffolds mibglave released chemokine
and other soluble factors that might have attractede native cells to adhere
scaffolds and generate more bony tissue. HA imglédoaded with bone marrow

have proven to improve bone healing in healthy matdels (Ohgushiet al.,

The addition of dopants like Si into tricalcium @phate ceramics
osteoinductive properties in HASi scaffolds (Fielgiand Bose, 2013). In the
study HASi and cHASiI micro-granular scaffolds exted improved bone
compared to bare HA scaffolds. The capability ¢éitaiincorporated scaffolds
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facilitate cell migration and osteogenic differeatton were depicted in earlier
using healthy rabbit and goat models (Fernaneesdt., 2012 and Nair et al.,
Increasing Silica content in HA enhanced its digsoh property, which in turn
promoted bone apposition in new Zealand white resbfiHing et al., 2006).
up study of repair of a segmental defect heep model using tri calcium
phosphate revealed that Si incorporated materia @ganpletely resorbed on
with new bone formation two years post implantat{dastrogiacomo et al.,
Hence the osteoinductive and osteoconductive natofreHASI scaffolds,

with its resorptive properties favored bone healprpcess in the LOA rat

Cortical bridging was visible in HASi and SrHA ingpited groups, but a
better resurfacing ande novo bone organization at the defect area was evident
cSrHA and SrHA implanted groups. This may be atitéad to the improved
bioactivity of the SrHA scaffolds to form apatit®r released from the implant
have also contributed to better osteointegratiomegp®rted by Cardemét al.,
and Moharet al., 2013. Improved osteointegration with systemic adstimation
Sr containing drugs have been proven in rat ostemtpomodel (Li et al., 2012).
However, the improved osteointegration was evidenly after 12 weeks of
implantation, which is a very long duration in rathen the process of bone
might have been completed. Interestingly, in theespnt study new bone
on par with material resorption was evident poswéeks of implantation.
Histomorphometry studies also proved marginal dédfece in osteogenic

SrHA micro-granules implanig vivo.
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Bioactivity and resorbability have been consideasdimportant factors
implant integration and stability (Dagamegal., 2008). It was interesting to note
in the HASI and SrHA implanted groups remnants loé tmicro-granular
could not be appreciated within the bone defece, sdven though micro-
were seen attached towards the outer muscle flapeabone defect site. This is
concurrent to the results obtained from thevitro degradation study, which
predicted faster dissolution property of Sr andirffiorporated HA scaffolds

compared to bare HA.

Micro CT is an efficient non-invasive tool to evale osteointegration
bone density (Bouxseid al., 2010 and Sabareeswaratnal., 2013). Micro CT
depicted improved mineralization in the SrHA andl& implanted group. It
observed thate novo bone formed exhibited an improved mineral content
to HA and HASI implanted group. Sr released frome SrHA implant may
positively regulated the excessive mineralizatiowl dogether with the inherent
bioactivity of osteogenically induced cells, impeav osteogenesis and
was attained in the cSrHA implanted group. Furtheren an analysis of the
biomechanical properties of explants together watblecular analysis of genes
involved in bone remodeling could have substantiatee healing cascades

in long term osteoporosis induced pathology.

7.11. Strontium accumulation in LOA model:

The accumulation of the Sr in the organs of différenplant groups was
assessed using ICP, post eight weeks of implantatiche LOA model. It has

reported that Sr released from scaffolds may beorddesl and retained in a
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manner by which Ca is absorbed and gets trappedearplasma, extracellular
skeleton (Boivinet al., 1996). Unbound Sr may also be excreted througheuri
feces. ICP studies indicated presence of Sr iméyd liver and spleen in HA
HASI implant groups, indicative of the fact thatiSmpresent in minimal level in
organs (Takahashat al., 2000). It was evident from the ICP data that SrHA
implanted group did not exhibit any comparativergese in Sr accumulation in
kidney or liver. An increased Sr concentration gared to other groups was
evident in the spleen. The average value of Sr downthe bone is 264ug/g and
reported minimum toxic concentration of Sr is 10kgg(lyengaret al., 2004).
Hence the observed spleen Sr concentration (1.899 ugthe SrHA implanted
falls much less than the minimum toxic concentratand is not expected to

any adverse reaction in rats.

From thein vitro andin vivo studies in the rat osteoporotic model, it was
evident that cSrHA scaffolds exhibited an improveasteogenic and
ability compared to HA and HASI scaffolds. Therefofor further efficacy
assessment studies (proof of concept) in largeopsttic model cSrHA

alone was chosen as the test material.
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PHASE IlIl — IN VITRO AND IN VIVO STUDIES USING sADMSCs

IN SHEEP OSTEOPOROTIC MODEL

7.12. Adipose derived MSCs - better cell sourcerfassue
engineering applications:

Implants intended for osteoporotic application ndedbe specifically
made and fabricated into living constructs takimgoi consideration of the
status of the osteoporotic patient and the quatiftybone stock. BMSC
transplantation has been considered as a potestrategy to address the
fracture healing in osteoporotic models (Ocarigoal., 2010 and Wanget al.,
2006). BMSCs have been considered to exhibit impdovosteogenic
ability from the in vivo studies in rat osteoporotic model using in-house
tissue engineered HA constructs (Chandetral., 2016). But bone marrow
is associated with significant morbidity and recpsira longer culture periad
to obtain sufficient number of cells for clinicapplication (Peiet al., 2015).
from the deleterious effects of osteoporosis, adgiag also got adverse effects on
proliferation and differentiation potential of rdent BMSCs (Giannoudi al.,
2007). Thereby, the impaired osteogenic abilitBdSC also contributes to the
delayed healing ability in osteoporotic models (¥@ta et al.,, 2011). So to
clinical perspective in real pathological conditicm better source from which

cells can be isolated without much morbidity sholbédconsidered.

ADMSCs have emerged as a suitable and viable soafrsgem cells for

tissue engineering applications. Ease of tissuevdsiing without much
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abundant availability and osteogenic differentiatiability of fat derived stem
signifies its therapeutical application. A compavatstudy on the osteogenic
differentiation ability of ADMSCs from aged and yog mice indicated minimal
effect of aging on then vitro differentiation potential (Chenet al., 2012). But
controversies do exist, as certain studies havevshibe decreased proliferation
differentiation potential of ADMSCs with aging (Liet al., 2012).In vivo studies
osteoporotic aged sheep model using autologousaioldgous MSCs suggested
allologous cell based tissue engineering offers gbtential for “Off the Shelf”
tissue-engineered products (Bernetr al., 2013). Recently the therapeutic
ADMSCs in re-establishing normal bone homeostasis &nhancing bone
osteoporotic mice has been reported (Mirsatdil., 2014). This supported the
hypothesis of ADMSC based tissue engineering apgrdar osteoporotic bone
regeneration If promising results emerges, the wtmay be further extended
evaluating thein vivo efficacy of tissue engineered SrHA scaffolds using

ADMSCs from osteoporotic animals.

7.13. In vitro evaluation of HA and SrHA disc scaffolds using

SADMSCs:

In the present study Sheep ADMSCs wsokated from the fat pad of
allogenic sheep model and cultured based on tHastip adherence on culture
plates. Quantitative characterization indicated thltured cells to be almost
positive for the CD marker - CD44. CD 44 has beenstdered as a marker for
characterization of sheep and human ADMSCs (Fatlal., 2011). Grzesiaket

(2011) has reported a similar level of expressiorthie Somalian sheep model.
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plasticity/differentiation ability of sADMSCs was ethonstrated from the
and adipogenic differentiation studies that congdrnthe multipotent nature of

MSCs.

Cytocompatibility studies using SADMSCs indicatdt cells proliferated
direct contact with the Sr incorporated scaffoldgimaining its typical spindle
morphology. Tissue engineered constructs were ¢abbed and prior to
in vitro cultured constructs were evaluated using live dasshy. SrHA discs
to be cytocompatible with sADMSCs for tissue engineg applications. Cell
adhesion studies indicated that the cylindricalffetds favoured cell adhesion
retained their spindle morphology confirming thetampmpatibility of the
Post 7 days of culture, DAPI staining indicatedttttee cells spread well on the
cylindrical scaffolds and the live dead staininglicated the presence of viable
As mentioned earlier it is assumed that osteogdipicdifferentiated cells
with the ECM secreted on the scaffolds would create anabolic effect

vivo osteogenesis under osteoporotic conditions.

Osteogenic potential exhibiting collagen syntheaisd calcification of
BMSCs on HA scaffold for bone tissue engineeringplagations has been
by Sulaimanet al., (2013). Similarly in the present study post 28 days
induction, thick cellular coating (cell sheet) wasident on the SrHA and HA
scaffolds revealing cell-cell and cell-material endction, proving their
cytocompatibility. It has been well discussed inrlea sections that ECM
the osteogenically differentiated stem cells on Blzaffold may pave way for

improved osteoid synthesis and mineralizatiowitro. A similar phenomenon
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be anticipated with implanted tissue engineered ASathd HA scaffolds with
differentiated cells in osteoporotic sheep modesEADMSCs exhibited a
(not statistically significant) osteogenic diffetetion ability compared to HA
scaffold. It has been reported th@t glycerophospahte in the osteogenic
media serves as a source of organic phosphateralute mineralizatiom vitro
the same has been supported with the bone like laodumation in SrHA
post two weeks of induction (Chang al., 2000). We have already reported that
house developed 50% SrHA favounrvitro andin vivo osteogenic ability (Beena
al., 2013) in ulna segmental defects of healthy rablids the contrary, in this
only 10% Sr was incorporated so that the scaffoldy regulate the osteoclast
activity rather than improve the osteogenic abilifythe scaffolds. ADMSCs
OVX animals have already proven to hawevivo osteogenic differentiation
in different animal models (Yet al., 2014). Hence it is legitimate to assume that
house developed 10% SrHA scaffolds in conjunctioithwosteogenically
differentiated cells may exhibit an improved osktdegrative and osteogenic
in vivo.

7.14. Development and evaluation of sheep osteoptbcanodel:

International standard recommends using large ahnimadels like
dog etc for evaluating biomaterials indented forhopaedic application (Pearce
al., 2007). Sheep has been a preferred model for pstetic research as they
docile, spontaneously ovulate, have similar hormpnafile to that of humans

sheep bones provide enough space to evaluate nge implants (Wet al.,

Severe osteoporosis can be induced in sheep byioechlireatments of
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ovariectomy, calcium/vitamin D-restricted diet, asikroids (Lill et al., 2000).
steroid administration in osteoporotic sheep mdued exhibited to reverse the
BMD with the discontinuation of steroid. Steroid raihistration is also
with high chance of infection at the fracture sitering implantation studies
(Deloffre et al., 1995). Sheep osteoporotic model induced by oveamey and
calcium deficient diet for six months have shownetdibit similar bone loss
compared to human subjects (Liét al., 2002). However, short term
induction period failed to exhibit BMD and biomecheal properties associated
human osteoporosis (Fiet al., 2000). Hence it has been suggested that 12-24
months of induction period induce statistically réfgcant changes in
histomorphometry and mechanical parameters innndaced sheep model (Lill
2002). It has also been suggested that 9-10 yehrwks exhibit a bone loss
comparable to post menopausal women (Tureteal., 2001). Also secondary
remodelling exhibited by the human bone is evidemly in aged ewes (Pearce
2007). To overcome these problems in our studyl 94dars old sheep were
with a combination regimen of ovariectomy and Qafeideficient diet. Post 10
months of induction a statistical significant loss bone density and
was evident in the tibial bones of the induced nhodmnfirming the
the osteoporotic model. So selection of aged slieepsteoporotic induction
combined induction method (OVX + Calcium deficiediet) employed in the

study helped in developing an appropriate animaldehofor human

Induced osteoporotic sheep model was qualitatieaigd quantitatively
assessed using micro CT. As already mentioned,etndbr bone parameters

been considered as a good indicator for estimabioge loss in osteoporotic
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as osteoporosis related bone loss is more evidentabecular area of active
remodelling. 3D morphometry image along with theleation of trabecular
parameters at the proximal epiphyseal end of tibtacated a significant bone
the induced sheep model. Reduction in the trabequdaameter by more than
has been considered as substantial to confirm madeiction in sheep (Lillet
2002). In the present study the trabeculature wasudted drastically,

the age matched control model.

Vitamin D deficiency is associated with the metldbbone diseases like
osteoporosis and osteopenia and it is more prevafenhe aged population.
Observational population based studies have suggddsiat decreased vitamin
levels in serum is associated with fragility fracta and weak bone mass (Ohta
al., 2014). Herein too, the osteoporosis induced maddiibited a decline in
vitamin D level confirming the onset of the diseaééso the serum Ca level

to increase, further supporting bone loss in tluged sheep model.

7.15. Post implantation evaluation for inflammatoryresponses:

Inflammatory response towards an implant plays emmediate and
role in regulating bone regeneration efficiency idgr bone defect healing
al., 2010). Inflammatory cells at the fracture sitesalthe local concentration of
growth factors, cytokines and affect normal bonalimg process. Neutrophils
macrophages are the most representative leukotlytdsform the first line of
defence when tissues are exposed to a foreign mipi@aterial. Neutrophils
first followed by macrophages (Mountziarit al., 2011). Serum analysis post

day, two weeks and two months of implantation ire@lthat WBC, lymphocyte
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the eosinophil count were within the reference maag all time points. But the
neutrophil level was seen elevated from the normeaige post 1 week of
implantation. Inflammatory modulators are reportedbe regulated due to
interventions in animal models and if the implantaterial is compatible,
inflammatory mediators are expected to subside iwifliew days. (Caetano-
al., 2011 and Papet al., 2010). Decline in the neutrophil count, post 2 week

implantation indirectly proved the biocompatibilityf allogenic cell seeded
scaffolds. These results are in line with the obagons in mini-pigs by Guet

(2009) wherein allogenic MSCs resulted in a mininrmmunological reaction
implantation. Allogenic BMSCs were also safely delied for scaffold based
regeneration in a large segmental defect modelgedasheep (Berneet al.,

MSCs retain their immunological properties aftewitro osteogenic induction,
signifying the potential clinical application of éhin-house developed TE

(Niemeyeret al., 2010).

7.16. Efficacy Assessment of tissue engineered SrHnstructs in

sheep osteoporotic model:

Osteointegration is a pre-requisite for proper lamp fixation during
osteoporotic fracture healing. Implant instabilagd aseptic loosening are the
problems faced by orthopaedic surgeons fixing gsteotic fractures.
plays significant role in fracture repair as theyve as a source for cell supply
significant regeneration potential (De Baeet al., 2001). However in natural
the periosteum layer often tears away thereby frtlsuppressing the

ability. So in the present study, to mimic the al fracture situation, the
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periosteum layer was removed prior to implant fimat Sheep model provide
advantage as they exhibit a similar pattern of biangrowth to that of humans,

attributed to the greater amount of cancellous HoYidi et al., 2004).

ISO and ASTM standards recommend that implant dsioers must be
chosen based on the size of the animal bone talgwihological fractures. ISO
recommends a dimension of 4mm diameter and 12 mgttebone defect in the
femur and tibia of sheep models to test the effiac@dhe biomaterial (Pearcet
2007). It has also been suggested that in sheeplmmglant dimensions may
to 5mm in diameter, provided the implantation isndoat the tibia and
(Huffer et al., 2007). It has also been suggested that a minirmm implant
in rabbits or a minimum of 2 implant sites in heghanimal models like sheep,
or pig should be included in the study at each anphtion period, through
appropriate power calculations (Peareeal., 2007). Therefore in the present

the materials were tested in duplicates in the gloséeoporotic model.

A press fit method has been adopted in this stedytie implantation of
cylindrical constructs and the defect area was apphed as per the surgical
procedure detailed by Nuss al., (2006). Press fit method only provides a weak
stability to the implants placed and so the sucocdsthe implant depends on
growth into the material so as to establish struat@and functional connection
host implant interphase,.e, osteointegration (Borsariet al., 2007).
occurs when there is direct contact between thd bose and the implant
without interposition of soft tissue. The radioghs clearly depicted the

osteointegrative ability of cSrHA implants as theras hardly any area around
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implant, without direct contact with the host borieisappearance of the
zone post two months implantation compared to chplants clearly indicated
improved osteointegration ability of SfHA and cSriAplants. In the cHA and
implanted groups there were distinct radiolucememeven after two months
implantation. The presence of radiolucent zone datid non-union or low
mineralization at the implant interface (Nairet al., 2009b, 2009c). The
radiopacity of SrHA implant compared to HA implawis also evident from
radiographs. This gain in radiopacity is attributiedthe incorporation of Sr

may serve in then vivo tracking of the implants.

Histological evaluation of stained plastic sectiorsealed that new bone
formation was well osteoconducted over cSrHA implaarfaces, compared to
other implant groups. Tissue engineered implant$iA and cSrHA exhibited
improved osteogenic efficacy, as majority of thegmin the implants were filled
with de novo bone. Improved bone in growth and material resorptvas also
well evident from the histology studies. Post twonths of implantation, cSrHA
implants lost its cylindrical morphology comparedHA implants, indicative of
the fasterin vivo dissolution property. It is proposed that post iarghktion the
bioactivity would be initiated by the host cell emaction at the implant

interphase leading to material dissolution into B@M (Changet al., 2000).

Again, secondary haversian organisation was alsbh mentified in
implanted group, indicative of its improved osteoigedifferentiation ability.
Compared to HA scaffolds bare SrHA also supporgaddllar organisation, but

prominent number of osteon units were identifiedc8rHA implanted group.
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results signified the therapeutic potential of Srcdrporated scaffolds to
regulate bone remodelling process to pave way fature bone formation.
remodelling in sheep is more prevalent in maturedagheep. It has been
that strontium leached out from the implant regelexcessive resorption at the
implant interphase and better osteointegration rbayattained (Liebschner,
The osteogenic differentiated cells, their secrei€M and optimum pore size
scaffolds that encouraged bone in-growth may atttebto the improved bone
maturation and haversian organisation in cSrHA mmpéd group. Accelerated
dissolution of Sr incorporated implants, lead teida Sr release and earlier
have suggested the positive influence of the Srregulating the bone
positively and favouring bone implant integratidacilitating better bone in-
(Tao et al., 2016 and Newmast al., 2014).The mechanism of osteointegration
explained by Wonget al., using SrHA bone cement samples using Transmission
Electron Microscopy. It was reported that SrHA paweay for mature bone
formation, as collagen fibres in tlde novo bone was perpendicularly arranged

seen in mature rabbit bone (Womgal., 2004).

Micro CT results further substantiated the improweteointegration
of cSrHA and SrHA implants in osteoporotic conditioCompared to cHA
an improved bone density at the host implant irdeef comparable to that of
bone was depicted in the cSrHA implants. Similasults have been reported in
rabbit model using 100% Sr incorporated implantab@eeswararet al.,
the present study even at two months post impl@oriatsing 10% cSrHA,
osteointegration was attained. But the improveceastegrative ability and

osteogenic ability cannot be attributed to the agémically differentiated cells
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scaffold alone, as in SrHA implanted group alske, novo bone exhibited
mineralization, indicative of mature bone formatioln a study where
osteointegration among young, aged and osteoposbgep models in a similar
bone defect were assessed using titanium and ditartoated with HA rough
surfaces, it was observed that HA coated implantgluéenced the
ability in osteoporotic condition (Borsagi al., 2007). Implants that aid the local
delivery of drugs like bisphosphonate at the boeéed site improved bone
and exhibited a better fixation of implant in ogteootic sheep models
et al., 2008). Local delivery of bisphosphonate servedegulating the excessive
resorption paved way for earlier implant fixati@imilarly, in-house developed
SrHA served in local delivery of Sr at the defeotain the sheep bone, thereby

facilitating better osteointegration.

Therefore the results indicate that a combinatibstoontium ions and
cells together exert a positive role in osteogenesnd osteointegration in
osteoporotic condition, thus supporting the proposeypothesis thereby

the relevance of the work in the clinical perspesti
7.17. Limitations of the study:

1. Evaluation of the osteointegration ability basedmachanical pull out
studies of the implant would have helped in validgtthe cSrHA
for better implant fixation in terms of mechanigarameters. But there
limitations in the number of animals sanctioned fbe present study.

However an increase in the implant pull out foreseexpected since
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7.17.

depicted an increased bone in-growth and improvsttogenesis in

osteoporotic models.

Ceramic scaffolds are usually not recommended #rgd segmental
bone replacements due to its limited mechanicamgth. In the present
study SrHA scaffolds are proposed for the functiorestoration of the
impaired osteoblast and osteoclast cells at thetdra site, rather than
for providing mechanical support. Hence future sgdnay be directed
towards development and validation of SrHA coateetahimplants in

view of clinical application in large segmental leothefects.
Future perspective:

Molecular analysis of the explants would providermansights into the

genetic mechanism behind the improved osteointemgradf cSrHA

Considering the optimum strategy for clinical applion in osteoporotic
condition, the most promising approach would be ke of autologous

ADMSCs from OVX animals and research on this fromay be

The suitability of SrHA coated metallic implants ynaalso be

investigated for application in load bearing boreé¢edts.
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CHAPTER 8
SUMMARY AND CONCLUSIONS

8.1. Summary and conclusion:

In orthopedic reconstructive surgery, mending deoporotic fractures
formidable challenge. Combined effect of aging asteoporosis results in weak
bone mass and delayed bone healing ability, thssltieg in poor fracture
and non-union. The frequent incidence of fractunessuch patients often
surgical procedures for fracture fixation. Highea@f metal implant failures in
osteoporotic patients have been reported due to poplant anchorage and
osteointegrative ability. Currently, implants arechored using additional
wires or nails or augmentation with hydroxyapati@sed bone cements. But
of screws and nails creates additional morbiditythe already weak bone,

increasing the fracture susceptibility at nearligssi

Hence, novel strategies/bone substitutes are reduiior treating
fractures. Manipulation of the fracture environmeuma tissue engineering
comprising of growth factors, scaffold and cellsshbeen considered as a
therapeutic strategy. In this context, an idealnmterial is a necessity to
bone resorption and simultaneously favor osteogenés attain better
osteointegration and prevention of implant pull /éaiture. This work was
on the hypothesis that cell-based tissue engingeim conjunction with
hydroxyapatite modified with strontium/silica mayinsulate osteogenesis to

osteoporotic bone defect healing.
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In-house developed HA, HASi and SrHA scaffolds wepéysio-
characterized and found suitable for bone tissugineering applications in
porosity, degradation, non toxic nature and apdditenation ability. SrHA and
scaffolds exhibited an improved degradation ratel alissolution property
to HA scaffolds. Bone bonding ability in terms gbadite formation was also
HASI and SrHA scaffolds indicative of the improvedteointegrative property
both the scaffolds. Release of Sr ions from SrHA Waund to be concurrent to
required therapeutic dose of 0.1mM/mg in perspectizosteoclast regulation.
‘combination product’ of cells and HA based scat®l- cHA, cHASI and
were fabricated using osteogenically induced mesgmal stem cells and
for its cytocompatibility andin vitro osteogenic ability prior toin vivo
The in vitro analysis indicated the compatibility of the in heudeveloped

towards rBMSCs.

Post implantation evaluation by histology in rateogorotic models revealed
that HASI and SrHA scaffolds promoted bone heailingsteoporotic condition. But
a complete bridging of the defect area digy novo bone with mature bone like
morphology was evident in SrHA and cSrHA implanbup only, indicative of its
improved osteogenic ability. The bone cells wer@irmform sized and oriented in
line with the neighboring cells, resembling matbame in the Sr implanted groups.
Histomorphometry data indicated that timevivo osteogenic efficacy followed the
order - cSrHA> SrHA > cHASI > HASI > HA. Since significant outcomes were
obtained from Sr incorporated scaffolds in rat ogteotic model, validating the
same in a large animal model which better mimiesithman pathological condition

will help in extrapolating the proposed study talrdinical situation. Sheep has been
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considered as a preferred model for human ostespors they spontaneously
ovulate, have similar hormone profile and provig®wgh space to evaluate large

bone implants.

Tissue engineered constructs were fabricated frdipoae derived MSCs
which is a suitable source from which cells cansodated without any morbidityn
vitro cytocompatibility studies using sADMSCs confirmeldettherapeutical
application of sSADMSCs seeded on HA and SrHA farvivo bone tissue
engineering applications. Absence of translucembez at the bone implant
post two months of implantation in sheep clearlydicated the improved
osteointegration ability of cSrHA implants. SfHACSrHA served in local delivery
of Sr at the defect area, thereby facilitating drettosteointegration.
of MSCs and Strontium incorporation in HA aidedemgjenesis quantitatively
terms of regeneration efficiency (new bone formeatal defect area) and
regulated the osteoclast activity enabling bonesuts in growth and
Again, secondary Haversian organisation was alsibleiin cSrHA implanted group,
indicative of its improved osteogenic differentoatiability. Micro CT evaluation of
the explants further confirmed the improved osteagnative ability of Sr
incorporated scaffolds. Hence, c¢SrHA proved to beteainductive,
osteointegrative and degradative in nature, withitwet intervention of fibrous
at the defect site in sheep osteoporotic modelseAbe of any inflammatory
response associated with the TE constructs postam@tion; signify the
clinical application of the in-house developed Té&affold. The radiopaque

scaffolds served in clinical imaging also.
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The concept of local delivery of Strontium ions avsteogenically induced
allogenic MSCs at the implant sitea HA carrier achieved better osteogenesis
osteointegration in osteoporotic condition. Ac@pie of materials witin vitro
supported further by its performance vivo in rat and sheep osteoporotic
predicts the clinical application of tissue engirezk Strontium incorporated

for osteoporotic applications.
8.2. Clinical relevance of proposed project:

The study has got significant clinical application terms of the cell
used and the simplicity in the material preparatidithough the clinical use of
engineered scaffolds is still in its state of indgnthe present findings
that the local delivery of Sr and MSCs significgnedbntributed to osteoporotic
regeneration and healing process. The study alsts howards the safe use of
allogenic cells for clinical translations as “Offé Shelf TE Products” (OSTEP).
anticipated that in-house developed tissue-enget&trontium incorporated
implants may likely revolutionize the currently @adle geriatric osteoporotic
treatment strategies in a cost effective way -€éality to be accomplished in the

health care system”.
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APPENDIX

1. SBF buffer

Sodium Chloride : 8.05g
Sodium carbonate : 0.355¢
Potassium Chloride :0.225¢

Dipotassium hydrogen phosphate :0.2619g

Magnesium Chloride hexahydrate : 0.311g

1 M Hydrochloric acid : 35 ml
Calcium Chloride Dihydrate :0.55¢g
Sodium Sulphate :0.072 g

Tris :6.60¢g

2. Alkaline phosphatase buffer (pH 9.8)

Diethanol amine - 0.1 M
Triton X-100 - 1%
MgCl, - 1 mM

3. Alkaline phosphatase substrate:

20 mg 4-paranitrophenyl phosphate (Sigma chemical20 mL ALP
substrate buffer.

4. Stevenal’s blue stain:
Methylene Blue — 1 gm in 75 ml distilled water
Potassium permanganate — 1.5 gm in 75 ml distdlater
5. Van Gieson’s Picrofuchsin stain:
Acid Fuchsin — 0.1 gm in 10 ml distilled water

Saturated picric acid — 100ml
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