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ABSTRACT

Advancesn tissue engineering havallowed theconstructionof various tissuesf the oral
and maxillofacial regiofor clinical andn vitro moddling proposes Additive manufacturing,
also known aghreebdimensional printing(SDP)is an innovative technique that offers an
entirely new method of fabricatig geomarically precise 3D structuresallowing the
opportunity to progress composite tissue engineering to the point witeraplex anatomical
relationships can be accurately replicatethe aim of this study was to develop and
characterse a novel 3D composite human alveolar bbnaicosalmodel (ABMM) based on

conventional and 3D printed bone scaffald

Two types ofbone scaffold were usedfirstly, a conventional hydroxyapatite/tricalcium
phosphate(HA/TCP3}caffoldfabricatedusingan aqueous geicasting methogand secondly

a 3DLINA y birfsakciurh phosphate(i bTCP)scaffold prepared using amxtrusiorbbased
Rapid Prototyping plotting systerim order toconstructa composite bonemucosal model
alveolar bonederived osteoblastswere seeded into the respective scaffolds Ipoth
conventional and printed) anthe resultantbone constructavere then attached to a tissue
engineered collagebbased oral mucosa Histological, immunohistochemical, and
ultrastructural features of the mucosal gaas well as, the histology, genes expression, and
proteins secretion of the composite modelgere examined tovalidate the ABMM as a

representativeanalogueof combined oral hard and soft tissues.

The mucosal component demonstrated a mature epithelium undergoing terminal
differentiation similar to that ofnative oral mucosa, as confirmed using cytokeratin
immunohistochemistry. Histological evaluation of ABM&onfirmed an anatomically

representativetri-layer consisting of distinapithelial, connective tissue, and bone layers.



Interrogation of osteogenicand epitheliabrelated gene expression withinthe models
confirmedan osteogenic expression profile in thestayered model that was not observéd
epitheliabstromal bilayersCollectively, these data suggest thtae developedcomposite
model displayed characteristics similar to those of normal tissue counterparts. bl
triblayered model, therefore, may offer great scope asi@e advancedand anatomically

representativetool for a number ofin vitro applications.
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INTRODUCTION
Tissue engineering (TE) can be definedh&s process ofrecreating functional biological
tissues by combining cells, materials, bioacth@ecules and environmental factorfd.anger
and Vacanti, 1993)Snce the term TE was firsghtroduced to the broacer scientific
community, this fieldf researchhascontinued toadvanceat a tremendous pacegsulting
in the achievenent of 3D construction of various human tissgich as liver, pancreas, skin,
muscle, vasculature and cartilage(Langer and Vacanti, 2016; Ali and RobertD&0
Khademhosseini and Langer, 2018Jith the introduction of the TE concept to dentistry,
many oral and dental tissuanalogueshave been develped including alveolar bone, oral

mucosa, angberiodontalstructures(Amrollahi etal., 2016; Zafar et al., 2015)

The primary aim of Tis to ultimately achievéiological substitutegapable of resoing the
need forclinical transplantationwith the TE substitutes acting testore, maintainand even
improve tissue functionLanger and Vacanti, 1993 owever,there are currently many
challenges to overcoma order to produce clinicallyand physiologicallyelevant tissues
capableto perform this function Many of thesechallengegertain to limitations ofthe TE
process itself, such asa paucity of immunologicallyacceptable cell sources, lack of
biomaterials that recapitulate the normal extracellular matrix, agifficulties with the

generationof large areas of adequately vascularised tis&erthiaume et al., 2011)

In addition to thepotential clinical applicationsf TE 3D model®f human tissues have been
developed forin vitro study. The models can be usedin the testing of biomaterial
biocompatibility(Moharamzadeh et al., 2009s well asgnvestigaton of the mechanisns of
disease initiation and progressiguch as oratancer(Colley et al., 201 Bndtissue infection

(Pinnock et al., 2014) Such models may offex unique opportuniy to investigate the



interactions between multiple cell types the surrounding matrix, and numerous
environmental factors thatvould otherwise bedifficult to study in acontrolled manner TE
models offer insight into cellbehaviour from biological, physiological and pathological
perspective, allowing novel products, diagnostsc and treatment approachedo be
developedn vitro (Spector, 2002)Furthermore, the use of TE construfidsin vitro research
may minimise the need for lengthy, costly, and controversial animal studwelsich can
furthermore deliver misleadingresults, due to interspecies molecular and physiological

differences (Benam et al., 2015; van der Worp et al., 2010).

Development of ompositeconstructs representa new avenuen TEparticularly in the oral
and maxillofacib(OMF)region,where a variety of tissug/pesare in closeassociaibn with
each other. Thisintricate relationship ofheterogereous tissues posesa considerable
challenge,not only in engineeringthe sheer number otissuetypes required in order to
replicateall tissues native to the orofacial regidmjt also in attaching thee varioustissue
typesto each other ira manner that recreates theormal anatomical relationshgobserved
in vivo(Spicer eal., 2014) As a result,a date, very few intricatebgtructured TE composite
tissues have been developealthough some success has been reported in the fabrication
osteochondralstructures (Ruan et al., 2017and also fibro-osseous stratures capable of
replicatingthe bone-periodontal ligament comple¢Park et al., 2011)

The periodontium andegion of thehard palaterepresenttwo oral structures where the
mucosa tightly adheres to thenderlyingbone (Nanci, 2013Y.-heperiodontiumis comprised
of root cementum, alveolar bone proper, gingiva, and periodontal ligament. These
components together form the tootsupporting apparatus that anchor the tooth root to the
jaws (Lang et al., 201%Ithoughthe engineering of bonéssue(Thavornyutikarn et al., 2014)

andoral mucosal equivales{Moharamzadeh et al., 201Rpave been extensivelystudiedfor



various clinical and experimental applicatioimsyitro combination of these two components
into a single construct has nbeeninvestigated tadate. Development of an accurate human
alveolar bonemucosalmodelrepresentsthe nextimportant step in the process of achieving

a physiologically relevant andilisableTE oral construct.

In order to faithfully imitate the complestructure of native human bone, advancedlE
techniques may be required. Recenttyichadvanceshave been achievenh computational
design and additive manufacturing (AM), otherwise kn@g3DR, which hasenabled quick
and accurate fabrication of 3D porous scaffolds vaitiighly controlled architecture(Cox et
al.,2015; Bose et al., 201.8BDPRoffersan alternative to currenscaffoldfabricationmethods
and has the potential to deliveprecisescaffoldsof a predefinedshape, size, porosity, pore
size, and spatial distributiorall ofwhich can have significant impact on dehaviourwithin

TE modelgFerlin et al., 2016; Cavo and Scaglione, 2016)

The work described in this thesidemonstratesthe development, optimisation, and
characterisatiorof the compositehuman alveolar bonenucosal modedin vitro using both

conventional and 3DP bone scaffolding methods.



Chapter 1 Literaturereview

NB: The work described in this chapter has been published in:

Almela, T., Brook, I. M: Moharamzadeh, K. 2016. The significance ofreddited challenges
in the clinical application of tissue engineeringpurnal of Biomedical Material
Research AL04 (12), pp 3158163

Almela, T., Brook, I. M. Moharamzadeh, K. Bone Tissue Engineenrdaxillofacial Region.
In: Tayebi, L. & Moharamzadeh, K. 2017. Biomaterials for oral and dental tissue
engineering: Oxford: Woodhead Publishing, 2017.



1.1. Normal human alveolad 2 Y S b Y de8iea |- f

1.1.1. Overview ofalveolar bondmucosal structure

Alveolar bone as with all boneds comprised of twanacroscopicallylistinguishabldayers

termed ccompact and ccancellous. Compact (cortical) bone &sdenseouter layer which

forms the external and internal alveolar plateShese plates enclave thaner cancellous
(spongy) bonavhich consist®f thin trabeculae arranged in a 3D lattigaterspersedwith
marrow. Compared to compact bone, cancellous bone is less dense, more porous, and highly
vascularizedNanci, 2013)These differing features reflect the fact thaaeh of the twobone
typesare functionally distinct; whilst the dense cortical plates temstrength and rigidity to
0KS 02y Ssracturg, @h Mdndelfous layer offers a degree of flexibility whilst also

performing an importanhaemopaetic function.

Microscopicallypbonemay bealsocategorisedas woven or lamellar. Woven bone represents
an immature tissue in which collagdibres are of a variable diametre and are arranged
randomly, giving the bone a basketave appearance. Woven bone is formed rapidly, has a
higher cellular turnover, and is subsequently converi@d organised fine-fibred, mature,
lamellar bone (Berkovitz, 2009) Lamellar bone consists of three distinct layers:
circumferentid, concentric, and interstitial. Whileircumferential lamellae enclose the bone
and form its outer and inner layecponcentric lamellae make the bulk of bone and fatm
0FlaA0 YS{ilFIo2ftA0 dzyAlx OFffSR (GUKS aG2sidi&2y ¢
bony cylinder surrounding a Haversian canal which is lined by a single layegrgodsteocytes
and contains a capillat its centre. Adjacent canals are unified by Volkmann canalisod
vesselgthat form anastomoses between the capillariesn&ighboringHaversian systems

Interstitial lamellae fillthe spaces between adjacent concentric lamellaigre 1.1.).



Figure 1.1. Organisationof bone structure. The image illustrates the compéctncellousbone
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structure and the arrangement of compact bondarcircumferential, concentric, and interstitial

layers (Nanci, 2013).

Overlying the external aspect of alveolar bone is a thin connective tissue memlhene

Operiosteunt @ ¢ KA a
houses collagen fibrils arfibroblastst y R
progenitor cells and osteoclasts. Beyond the periosteal layer, which deline&extérnal
boundary of the alveolar bone, a varyiragpnnective tissuéayer(the lamina propria)inks the
bone to the overlying oral epitheliunin periodontium and hard palatdone tightly bonds

to a relatively thin lamina propria and overlayikeratinisedepithelium; seO I f £ SR

YSYONI YS Aaxz

Y dzO 2 @&néi, 2013fFigure 1.2.).
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Figure 1.2. The locations and arrangement of the native alveolar boaad associatednucosa.
Images show the anatomicaditeswhere the masticatory mucosa is firmly attached to the underlying
alveolar bone;(A) the periodonfum is comprised of alveolar bone, gingiva, cementum, and
periodontal ligament; andB) hard palate(C)The histological arrangement of mucoperiostetine

mucosa overlying the alveolar bone walthininterveninglayer ofperiosteum (Nanci, 2013).

1.1.2.Alveolar bone

1.1.2.1. Bone constituents

As withall connectivetissues, bone consists of cells and extracellular matrix (EEiglre
1.3.). Howevertwo essential features distinguish it from othsgrecialisedonnective tissues.
The first feature is the presence ofineralisationwithin the ECM,which produces an
extremely hard tissueapableof providingboth support, protection, and storage of calcium
andphosphate Theretention ofadjacent noamineralised compartmentirther allows the
tissue toparticipate in haemopoesigRoss, 2016)The second unique feature is its plasticity,
which allowsalteration of both its external shap@modelling and alsoits internal structure

aremoddlinge (Berkovitz, 2009)
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1.1.2.11. BoneECM

Haemopoietic

Osteoclasts

2 Yy B&MEconsisty dry weight,of about 67 % inorganic phase a8 % organic material

(Nanci, 2013). The inorganic phase is composédhydroxyapatite (HA)crystals Ca

(PQ)s(OH) which impart rigidity and hardnesso boned ¢ K S

2NHIyAO YIGNRE

consistsof collagen and noiwollagenous proteinsof which ype | collagen is therincipal

proteinbcomprisng 90 % ofall organicmatrix. Type | collageprovides structural integrit to

connective tissue and imparts resilience and tensile strength that hietpe to resist

fracture. Non collagenousproteins account forthe remaining 10 % of the total organic

content and include four main groupsamely, proteoglycans, glycoproteins, vitamin K

dependentproteins, and growth factorsProteoglycans such as hyaluronan and chondroitin

sulphate contribute to the compressive strength of bone aatk responsible for binding



growth factors. Glycoproteinsicludingosteonectin, osteopontin, and bone sialoprotein are
responsible for attachment of bone celis the matrixand gluing collagen t&lA crystals.
Vitamin Kdependentproteins includingosteocalcin(OC) which captures calcium fromthe
circulationand stimulates osteoclasts during boremodelling protein S, which assists in the
removal ofapoptosedcells.Growth factors and cytokines such as bone morphogenic proteins

(BMPs) induce the differentiation of stem cells to osteoblasts (Ross, 2016).

1.12.1.2.Bone cells

Five cell types are associated witlone: osteoprogenitos, osteoblasts, osteocytedone

lining cells, and osteoclasts. All cells except osteoclasts originate from mesenchymal stem
cellswhich differentiateinto osteoprogenitor cells, osteoblasts, and finally osteocytes and
lining cells.Osteoclasts are derived from thiusion of mononuclearhaemopoietic cells,
namely granulocyte/monocyte progenitor cellsvhich differentiate into active bone

resorbing cell§Ross, 2016).

Osteoprogenitor cellare renewable cells that can differentiate inteteoblaststhe chief cell
responsible for secretion of matrix proteires well as calcification eihmineralsed bone or
osteoid. As osteoblasts progressivelysecrete tlese proteins, they ultimatelypbecome
completely surroundedh acalcified matrixwhereby they ardermed osteocytesThe main
function of osteocytessto maintain bone integrity and vitality by sensing the mechanical and
biochemical environments and respd themselves or transduce signals to other cells
participated in bone remodelling. Failure of thi® mechanotransductioprocesseseads to
bone sclerosis and deafhanci, 2013)Bone lining cellsover the surfaces afon-remodeled
boneandplay arole in the metabolism of calcium and phosphate, protecting the surfdce

bonefrom the resorptive activityof osteoclasts, anthayalso participate in boneemodeling



Osteoclastsare responsible for bone resorptioby releasing protons and lysosomal
hydrolases such as matrix metalloproteinases which degrade collagen and other matrix
proteins in a concentric microenvironment of the extracellular sp@=rkovitz, 2009R0ss,

2016).

1.1.2.2.Mechanism of bone formation (osteogenesi
Osteogenesisnvolves the transformation of prexisting mesenchymal tissue intmone
through one of two major pathways;intramembranous ossification and endochondral

ossification.

1.1.2.21. Intramembranous ossification

The direct conversion ofmesenchymal tissue into bone is termed intramembranous
ossification.The flat bones of the skull and face, the mandible, and the clavicles are formed
via this pathway. During intramembranous ossification, osteogenesis is initiated by
condensation of mesemymal stem cells (MSC&) form ossificationcentres Within the
ossification centre$1SCs differentiate into osteoprogenitor cells, which further differentiate
into osteoblasts and commence secretion of collagen andeuallagenous proteins such as
osteocalcin, osteonectin, bone sialoprotein, and other matrix componerttss
LINRGSAYLl OS2 dza & S ONXB (.AThg ostkoid subSesidivip Rdergo@sa (1 S 2 A R
mineralsation andthe secretory osteoblasts either become osteocytes, convert to lining cells
or undergo apoptosisMineralisationis initiated when the local concentration of calcium
(C&") and phosphate (Pfions in the matrix exceadthe normal threshold. Binding of €a

with osteocalcin and other proteins increases the level of this ion simdulates alkaline
phosphatase (ALP) secretion by osteoblasts, which increases the concentrd®ion Af this

stage, the osteoblasts release small matrix vesicles cantp&lLP and pyrophosphate that
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accumulate C# and cleave PO This results irystallisation of CaPQwvhich subsequently

form and deposiHAcrystals in the matrixAs minerabation progressesnewly-formedbony
trabeculae radiate out from theite of initialossification and the area becomes surrounded

by mitotic osteoprogenitor cells. Thesellsdifferentiate into new osteoblastsand in turn

lay down successive layers of woven bone which is subsequently replaced by lamellar bone
(Ross, 2016) (Figure 1.4Jitimately, the matrix contains onlyb8 % osteoblasts and B %
osteoclastswhilst osteocytescomprisethe vastmajority ofcells within the matrix (96805 %)

(McCauley and Somerman, 2012).

A Ossification

... ;\/ centre

D) _—— Osteoprogenitor
o.f cells

o
T~
‘. ‘\\ Osteoid
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é“ ‘ Osteoid
LN Y

-‘/ ‘/ \ &> == Osteocyte

/

\ \& /
\ @i.‘ Newly calcified
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C ~ Blood D /Qsteoblast
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~ Spongy
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——— Endosteal cells —

h Plate of
A Trabeculae of » € < compact bone
woven bone / ‘f/r{/

(0[0]e]0]e/e]0]0]0]0] Periosteum
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Figure 14. lllustration of the mechanism ofntramembranous ossification(A) An ossification ceme
consists of aggregated mesenchymal osteoprogenitor cells that further differentiated to osteoblasts
which begin osteoid secretiorfB) The osteoblasts accumulate at the periphery of thesification
centre and continue to produce andhineralisethe osteoid which traps osteoblasts to become
osteocytes. (C) The immature woven bone has thick trabeculae lined by endosteal cells and
osteoblasts(D) The continued growth and remoding of bore results in replacement of woven bone

by outer and inner compact bonavith trabecular bonein between. The presence of osteoblasts,
osteoclasts, and bone marrow cells that are brought by blood vessels indicates the active tamgodel

process.
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1.1.2.2.2 Endochondral ossification

Endochondral ossificatiomvolves the production of @artilaginousd G S Y LJvHicH i§ £
eventually replaced by bondll of the bones of the body, except for the flat bones of the
skull, mandible, and clavicles, are formed throuhis pathway The process can be divided

into 5phases

Phases & Commitment: the commitment ofMSCs tamature cartilage celldgs induced by
Sonic hedgehog which stimulates the adjacent sclerotome cells to express Pax1 transcription

factor that initiates the cascade of the ossification.

Phase2b Compaction the committed cellshen condense into compact nodules with inner
and outer cells that generate cartilage ahdne, respectively. BMPs are critidak driving
this stageas theyinducethe expression aeveralell adhesion molecules suchigadherin
and neural cell adhsion moleculewvhich are important in the initiation and maintaining of

the condensations.

Phase B Proliferation: in the 3rd phase chondrocytes divide rapidly and secirtilage

specificECM to form the cartilaginous templaté the bone.

Phasedb Growth: In the 4" phase the proliferation ceases and the chondrocytes increase
their volume to becomehypertrophic chondrocytes This stepappears to be mediated by
Runtrelated transcription factor 2 which is necessary fothe developmentof both
intramembranous and endochondral banehe hypertrophic chondrocytesilter the matrix
they secret by addingollagenX fibronectin, a s well awvascular endothelial growth factor
(VEGRyvhichinducemesenchymal cetlansformationinto blood vesseldn addition,at this
stage the calcificationstarts bysecreton of numerous small, membranrkound vesicles into

the ECM These vesicleme produced by chondrocytes andntain enzymesuch as AL#at

12



are active in the generation of hydroxyapatiteydals, which mineralize the cartilaginous

matrix in the same sequence of events occur in the intramembranous ossification

Phase B Chondrocytedeath and bone cell generatiorthe finalphaseinvolvesapoptosisof
the hypertrophic chondrocytes andifferentiation of the cells surrounding the cartilage
model into osteoblasts. In addition, thblood vesselsnvade the spaces anbring in
osteoblasts whiclbegin forming bone matrix on the partialtlegradedcartilaginousmodel.
The cartilagematrix is then degraded by osteoclasts brought to the argablood vessels

(Gilbert,2010).

1.1.3.0ral mucosa

Normal oral mucosa (NOMan bedivided into three typedjning mucosdound in lips, cheek,
soft palate floor of mouth, andthe ventral surface ofongue masticatory mucosthat covers
the gingivaand hardpalate; andspecialiseanucosawvhich present in theegion of thetongue
dorsum For all regios of the mouth, NOM has tweecognisabldayers; epithelium and
connective tissue (lamina propria) separated dyaggementmembrane. The epithelium of
stratified squamoustype, which offers protection to the underlying tissue Whilst the
SLIAGKSE Al Qa  LINXgfadidotyled, fthere @ 2aY husbed $fa additional
nonbepithelial cells such as melanocgté.angerhans cells, and lymphocytehich may be
found within the layerIn masticatory mucosa (gingiva and hard palate), the epithelium is
keratinised with cells ordered into four distinct layers: the basal, prickle, granular, and
keratinised layers (Figure 1.5.), whilst in norbkeratinised epithelium the granular and
keratinised layers are replaced by stratumintermedium and superficial layer, respectively.
Adhesion betweeradjacentepithelial cells ischieved viadlesmosonal attachmentswhile

hemidesmosomes bind epitheliuta the underlyingconnective tissu¢Nanci, 2013).
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Keratinised layer

Granular layer

Prickle layer

Basal layer

Lamina propria

Figure 1.5. Histologic section of keratirsed oral mucosa (hard palateHaematoxylin and eosiin
stained section of palatal mucosi@monstrateshe epithelial and connective tissue (lamina propria)
components of keratised oral mucosa.The mature oral epitheliumin this image clearly
demonstrates therespectivestrata, namelybasal, prickle, granular, and kerased layer (Scale
bar=100 um). This palatal gingiva was obtained with written, informed consent from a patient
underwent elective oral surgery at Charles Clifford Dental Hospital, Sheffield, UK, under the ethical
approwal from National Research Ethics Services Committee number 15/LO/G8d &fpendix 111)
Thedetailedmethod of histological processingectioning, staininggnd examination of the specimen

was provided in section (2.3.6.2.).

The basement membrane is specialled ECM containing collagen, glycoproteins, and
proteoglycans, whichre arrangel into three distinctlayers;the laminalucida laminadensa

and laminareticularis The underlying connective tissue compsthe laminapropria, which

is responsible for support, nourishment, and sensation. It contains fibroblasts, mast cells,
macrophages, blood vessels, nerves, diimles embedded in ground substance. In the
masticatory mucosahe lamina propria is thick antightly bound directly tothe underlying

bone dmucoperiosteund without aninterveninglayerof submucosdAvery, 2006Berkovitz,

2009)
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1.2. The need for composite alveolar bobenucosal tissue engineering
1.2.1.Clinical need

Bone loss ithe OMF regions a commonly encountered problem thedn rangen sizefrom
small periodontaldefectsto complex, difficult to manage structural defedtlsalanty and
Genecov, 2009)o illustrate the magnitude of this iss, data fromthe National Health and
Nutrition Examination Survey showed the prevalencesevee periodontitis warranting
surgeryto be approximately 15 % of United States (US) populafieke et al.,, 2012)n
addition,the deficiency of bone and /or mucosa poses a considerable challenge sutkess
of the dentalimplant. Ehgineering ofthese tissuesnay provide a meagito regain the bone
volume and restore the integrity of mucosa émhance the successful outcomes of dental
implants whileminimisingcomplications (Wen et gl2015) Formore extensive bony defects
data fromthe British Association of Oral and Maxillofacial Surgeons reportednbeg than
4,000 facial injurieccur annuallyper 500,000population (CWFI, 20107 proportion of
these fractures may require surgical revision in order to address deficits iAngastnent

facial contour.

Gonventional approacés in the treatment of bone dedfctsinclude various types of bone
grafts, guided tissue regeneraticdechniques and osteodistraction The origins of bne
grafting can bdraced back severalenturieswhen the earliesxenagrafting procedure was
reported in 1668 by Job Janszoon van Meekeremo attempted to perform cranioplasty
using dog boneln 1821, Walther was credited with the first documented autograft
procedure althoughwound suppuration prevented full healinganan and Haines, 1997)
Sixty years later, the first published case report of successfubimi@nan bone transfer was

performed by William MacEwegiMacewen, 1881)vhereas the first introduction of synétic
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calcium phosphate aan alloplastic bone substitute material was at thern of the 20"

century(Albee, 192Q)

As autografts contain allthe essential elements for osteogenesibey are consideredthe
32t R adl yRI NRuograftbafe@s dthakidhdsshéiaiedl with difficuies in
obtaining adequate bone quantity to fully restore larger defectsand posboperative
complications such as infection, dehiscence, and-moion may hamper the augmentation
process particularlywhen usingnon vasculased bone grafts which malyave complication
ratesas high as 6% (Miloro and Kolokythas, 2012)n addition, bone resorption may reach
up to 50 % of the initiagrafted volume (Kahnberg 201Q. Use of allograft or xenograft
materials offer readily available,lowbcost alternatives, although there have been some
concerns with the risk of disease transmissidroweverthe overall chanceof disease
transmission appears to be in the order dfl million (Miloro and Kolokythas, 2012)
Osteoconductive synthetic materials are another potential optialthoughtheir utility is
limited by unfavourablemechanical properties ankigher potential forresorption(Scheller

et al., 2009)

Oral mucosal defectgs withbone defects, canbe reconstructed by autograftsken from
either the adjacentoral mucosa or usingascularised and novascularised skin graftBirect
oral mucosalgrafting is limited by the availability of donor tissue, as well agonor site
morbidity. Split and full thickness skin gsadire anotheroption andhave the advantage that
they canbe hawested in large quantitiesvith relative easealthoughthere is often graft
contractureand phenotypicmismatchbetween the mucosa and skin structyiaes the latter
contains skin appendagesuch ashair follicles and glands (Girod et al., 200Burther

limitations include the expression of differekératinisation patterns, skin being predisposed
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to infection in thewet oral environment (Izumi et al., 2004), and scarring of the donor site

due tohealingby secondary intention (Glim et al., 2013).

1.2.2.Preclinicalneedin oral health research
In general, there are two maj@pproaches tgre-clinical researchn vivoanimalmodeling

andin vitromodeling. The latter is further subdivided into 2D and 3D cell culture.

1.2.2.1.Animal model

Animal models have been ustgtest and validae many hypotheses thdtaveemerged from

in vitro studies(BarréSinoussi and Montagutelli, 201%owever many limitationsof this
approachare recognised The first issue relateto the scope of the European Directive
2010/63/EU in animal protection and welfare. Tértablishedt (i K NB S t weglacexidnt S £
reduction, and refinement - states that animals should not be used as long ason
animabbased experiments are availabénd thatthe number of animalased in experiments
must be reducedo the minimumneededto reacha satisfactoryconclusion, andhat all
provisions must be considered tainimise any harm inflictedon the animals Kirk, 2017

Russell and Burch, 1969

Secondly, the intelbspecies genetic and physiological differences between humans and
animal modelsmeans anyresults obtainedfrom animal work may not be reproduced in
human studiesand may lead to ineffective or even harmful effec{Greek and Menache,
2013) For boneengineeringa wide variety of mammalian species such as rabbit, canine, and
dog have been used. However, there is no single clinically relevamabmodel that can
faithfully mimic human bone. The complex nature of bas@ffected by a myriad of local and

systemic variablessuch as defect sizeaemodeling, age, gender, horman levels and
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exposure tomechanical force; thiscomplexity leads t@ gapin clinical translationdue to

the difficulty of standardsingsuch variables ianimal modelgMuschler et al., 2010)

1.2.2.2.In vitro model

1.2.2.2.1. 2D model

The majority of celbased studies use conventior@D cell culture raisedon flat and rigid
substrates. However, monolayer culture often does not reflect the complex tissue
microenvironmenfpresentin vivodue to the absence & representative83D which results in
alack of cebtobcell communication and cetb-matrix interaction. As aonsequence2D cell
culture tests may provide misleading data #otticipatingin vivoresponsedecause idoes
not faithfully mimic the normal structure and function of cglBhadriraju and Chen, 2002)

Therefore, 2D does not faithfully mimic the normal structure and function of cells.

1.2.2.2.2.3D model

To overcome thdimitations associated within vivoand 2Dmodels a growing number of
studies have involved thdevelopment of physiologicallselevant 3Dstandardsed models
suitable to biological, pathological, and pharmaceutical investigatiuth (et al., 2015Linda
and Melody, 2006; Peck and Wang, 2013). 3D spheooickell aggregatesiayrepresent the
simplest example of 3D cell cultureechniques Spheroidsare carriebfree microspheresn
which a solid mass of cells is formed when cells are cultured oonaadherent surface
(Hearnden, 2011)A number of methods can be used to create cell spheroids, including
hanging drogechniques static liquid overlay techniq@and centrifugation(Fennema et al.,
2013) Sheroids may serve as a suitable moftel replicating 3D relationships that cannot
be achieved in 2Bulturesand have been used extensively to create a madéhe hypoxic

tumour microenvironment(Sutherland et al., 1981)8D spheroid have their limitations,
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however, agheir structure is homogenous and therefol&cks the intricacies necessary to

accurately replicate a muliayeredtissue or organ

The evolvingapabilitiesof TE raise newpportunitiesto addresshe unmetclinical demand
for more complexgrafting materiadas well as to creatanatomicallyrepresentative3D tissue
models for thestudyof complex physiological and pathophysiological processegro. The
following sections provide an insigimto the concept of TE and the progreskichhas been

made in the engineering of bone and oral mucosal tissoekate.

1.3. The paradigmof tissue engineering

TE applies the principles of cell biology, matersdgence and engineering to create an
artificial substitute for lost or damaged tissues that cannot bebsetfenerated. The main
strategy of TE is based on tbenceptthat cells isolated from autologous tissue can be guided
to form new tissue when placed witluitablematrices in the preseneof inductivemolecules

suchasgrowth factors (Langer and Vacanti, 1993)

The cellular componerdf TE constructs essential for the generation of new tisstigough

the production and longterm maintenance of ECM. Infagt,yS 2F ¢9Q&a 3INBIF i 4
inorganicsubstitutesis the ability to incorporateellscapable ofespondngand adapingto

the various mechanical and biological stimadcurring wihin the recipient sit¢o which they

are exposedWhilst non cellularmaterial is subject to degradatioand fatigue, which may

then compromise its performance,naengineeredconstruct contains cells that repair and

remodel its ECM such that its propert&sould not degrade with timéBonassar and Vacan

1998) In order tobe effective for clinical purposes, cells should be easily procurable, scalable

in vitro, and robust irboth cellculture andfollowing implantation. In addition, they should

be obtainedn anethicallyacceptable manneibe able tdunctionallyintegrate with recipient
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tissue, and b&xon immunogenicand safe; that is, neither tumorigenic nor contaminated by
pathogers (Vacanti, 2006)Moreover, cells shouldieallybe capable of being processed
that they can haveéoff the shelk availability, andurthermore, stem cells should have the

capability to differentiatanto the desired lineagéBirla, 2014)

The second component dhe TE paradign is an underlying scaffold on which to seed the
cellular componentScaffoldusually provide mechanical support for cellular proliferation and
differentiation (Boccaccini et al., 2014 addition, itshouldfulfil the role ofthe normal ECM
which contributes not only to mechanical integrifyput alsohas an importansignalingole in
tissueregeneration(Juliano and Haskill, 1993haccuratelyrecapitulaing the properties of
the native ECMusing scaffolds caresult in a passiveelbmatrix interface, which fails to
trigger appropriateinteractions and thereby deprives cells of the substantial benefitgat
ECMconstituentsmay have oncell phenotype(Birla, 2014)In order to further promote
appropriae ECM formation within TE constructsnew generation okcaffoldsmade from
GayYl NI 0 ARy émegadd ihdudesa wider range of modificationsuch asthe
incorporation of nanoparticles or bioactivaoleculesthat canpromote differentiation and

attachment of cells ot the scaffoldMotamedian et al., 2015; Khan and Tanaka, 2018)

Growth factors comprise a wide range of proteins that play a key roleeifular
differentiation and proliferation The success of using bioactive molecules inniEnly
depends on thdargebscale production of purified signal molecules and the development of
appropriatemethod to deliver these molecules to their targdt.anger and Vacanti, 1993)
Severabeliveryapproachedave been attempted such amcapsulation of growth factors in

biomaterial scaffoldZhang et al., 201&nd usinghe gene technologyo transferthe gene
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encoding growth factor to specific cells whichnsplantedinto the body where the growth

factor will be released into the tissue to be enginee(elddjizadeh et al., 2017)

1.4.Bone issue engineering (BTE)

1.4.1.Strategies for BTE

The strategies for BTE can beoadlydivided intoin vivoandin vitro, depending on where
tissue construction takes pla¢Elsalanty and Genecov, 2009) vivomethodsincludein situ
BTEwhich involves implantation adsteoconductiveresoibable scaffoldinto a bone defect

to provide mechanical suppofor host cell§¥Khan et al., 2008)r ectopicimplantation of the
scaffold into muscle which may then be transplanted as a free bobenuscle flap
(Kokemueller et al., 2010n vitroBTE, on the other hand, involves osteogenic cell harvesting,
expansion, and seedirgnto an appropriate scaffoldwhichshould alreadyoe approved for
clinical use if the engineered construct is intended for clinical applicatibhe seeded
scaffdd is then culturedn vitro, ideallyin the presence of biophysical and biochemical signals
that enhance osteogenesi{®angano et al., 2009; Pradel and Lauer, 20Y2hilein vivo
techniques provide a physiological environment that is difficult to reproduce in the
laboratory, in vitro TE offerswo distinct advantagesifirstly, providing 3D geometries in a
controlled culture settings that increased reproducibility alldwsvariability ofresultsto

be minimised andsecondly addressing the scientific and ethical concerns related to animal

tests (Gibbons et al., 2013)
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1.4.2.Cellsourcesfor BTE
Various cell types have been employed for Bddtlscan becategorsed as being derived

from eitherhumanor animal source.

1.4.2.1.Human cells

Humansources of bonecells maybe either éautologoug or éallogeni&. Autologous cells are
those obtainedfrom a biopsy harvested from the individual who will subsequently receive
the engineered tissuewhereasallogeneiccells are those deriveffom ahuman donorwho

is not the recipient of thdinal TE graft Each typeof cell sourcecan be further described in

terms of maturity: that is, differentiated cellsand stem cells (Griffith and Naughton, 2002).

The main advantage of using differentiated primhuman osteoblastim the manufacture of
bone equivalentsis the elimination of interspecies differences and retaining the cell
phenotypein vitro. However, growth and differentiation of primary human osteoblaats
affected byboth donor age and site afell origin, which may result in heterogeneouscell
populations that exhibit phenotypic difference@Vartinez et al., 1999)In addition,
osteoblass have afinite lifespanand limited proliferative potentialvhichgradually declines
until growth is irreversibly arrested as cells progress to senescence. This posesk tinat
cell expansion may be insufficient to create a clinically relevant tisisoed inadequate cells

originally be harveste(Fisher, 2013)

Stem cells,in contrast, which include human mesenchymal stem cells (hMSCs), human
embryonic stem cells (hESCs), and induced pluripotent stem cells (iIR®é&sya unique
capacity for slftrenewal, potency, and differentiation into variospecialsed cell types
(Bhagavati, 2015). hMSCs are lsglhewing and have the potentiato be harvested and

differentiated into bonebforming cellsif Odzf § dzZNB R Ay  GdySeropidsphat& y O S
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dexamethasone and ascorbic a¢ithiswal et al., 1997; Coelho arefikandes, 2000)Their
potential in clinical applicatios has been investigated ia number ofin vivoand in vitro
studies, wherdy regeneration of bone has been observé¢hpjasteh et al., 201%Veinand
et al., 2016; Yuan et al., 2016). However, despite the many encouraging results, ¢eMi$Cs
several limitations from a tissue engineering perspective. The availabilityMSCs is
extremely limited; the amount in bone marrow, for instance, is 1: 100,000 nucleated€klls
Tamer and Reis, 2009 addition, progressive loss of functionality ugaorvitro expansion
has been reportedWagner et al., 2008; Kim et alQ@). Moreover,several studies have
pointed out that certain culture conditionsmay affect the osteodifferentiation of hMSCs
includng: seeding densit{Zhou et al., 2011xo-culture with different cell type§(Seebach et
al., 2010; Henrich et al., 2013jssue surce(Niemeyer et al.2010; Yang et al., 2013) and

presence of specifigrowth factors(Biver et al., 2012)

Furipotent hESCs derived from discarded human embryos (Shamblott et al;, Ti8@&&son

et al., 1998 alsocarry the potentiako deliveran unlimited source of homogenous cells for
bone engineering application8ielby et al., 2004; Bigdeli et al., 201Hpweverthe use of

these cells appears to carry a number of risks, inclutengtoma formation and failureo
consistenly form bone (Przyborski, 2005), immune rejection following transplantagican

et al., 2014)and the ethical/ legal concerns associated with hES&s0s and Venturdunca,

2012) each of these riskhampers the potental use of hESCsn the clinical setting.
Progenitor cells derived from hESCs may provide an alternative to hESCs for construction of
bonesubstitutes (de Peppo et al., 2013Kim et al., 2008 However, thdongterm safety and

stability of boneengineered from these celtemainquestionable.
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Recently, iPSCs derivédm the genetic reprogramming of somatic cells (Takahashi et al.,
2007; Yu et al., 2007) tiabeen introduced as an attractive source of stem cells laavke
displayedan osteogenicapability similar tpor higher thanhMSCsBastami et al., 201 de
Peppo et al., 2013alin et al., 2013 The major concernn the clinical applicatiorof iPSCs
remainsthe possibility of tumorigenesis associated with using genetically modified(Ceils

and Nissim, 2011)

In addition to normal human cells, human cell lines have been usd8&E models, although
their use has beetimited to basic bone research. Théavethe advantages otarryinga
relatively stablephenotype, are eag/ to maintainin culturecompared toprimary cellsallow
large cell numbes obtained, and lack the need for isolation. Mabgnebrelated cell lines
have been developed armaharactersed, including human osteosarcontall linesSaOk2 and
MG-63 (Czekanska et al., 2012However, progressive phenotypahangesinduced by
extensivepassagingof the cell linespresents a limiting factofor their utility in tissue
engineeredmodels (Leis et al., 1997)In addition,cell lines cannot carry all phenotypic
features of conventional bone cells, abey are normally stage arrestedMoreover, the
proliferation of malignant cells ron-physiologidue tothe disturbanceof contact inhibition
mechanisns and the geneticand epigeneticaberrationsof cell cycle controlAlthough cell
lines demonstratea number ofsimilarities with primary humaiosteoblasts particularlyin
terms of geneticexpression ananineralsation, no bonebderived cell linehas been found to
faithfully reproduce the characteristicsof normal osteoblast when used in TE models
(Czekanska et al., 2014)

1.4.2.2. Animal cells

Due to the limitations associated with bone cells sourced from human, normal bone cells

isolated from other species such as rat, bovine, and pig provide an alternative \fiiro
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research model. The main advantage, compared to human cells, is their ease of accessibility
and attainability so as they can be obtained from different sites. In addition, the selection of
age, sex, and weight of the donor animal can be more costtollhe interspecies differences,

on the other hand, represent a distinct disadvantage tmmaakesextrapolation difficult

(Pearce et al., 2007)

In addition to the normal animal cells, animal cell lines such as mouse cell line (MC3T3E1)
(Czekanska et al., 2012) and rat osteosarcoma (ROS) cdMkohida et al., 1995yvere
established and considered a popular choiceifovitro studies due tcease of culture and

large cell yieldNevertheless, the decline in proliferation and inconsistency in cell cycling

which associated with high passage constitute a limiting fa@oigoriadis et al., 1985)

1.4.3.Scaffold in BTE

1.4.3.1.Role and requirements dbone scaffold

According to the interaction between the biomaterial and its biological environment, three
generations of biomaterials haugeen developednamely bioinert, bioactive andsmartor

geneactivating materiaHench and Polak, 2002)

Contrary to what was thought fanany yeargshat scaffold are a mechanical construct that

acts as a carrier for cells and should be bioinert to avoid any foreign body reaction or scar
formation, trend has shifted toward the concept of bioactive materials that have bio
AYyadNHzOGA @S NBES Ay éparipvodesst tirdughJuidingd SemacellR & Q &
proliferation and differentiation to regenerate lost tissu@enNissan et al., 2014 he third
generationis beng designed to elicit specific cellular responsea génetic level through a
molecular modification of material. Sudgm A Y F2 NX I 6 A dS NRtS 2F dqavylt

achieved through contioof the structural design or modifying surface properties by, for
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example, addinghanoparticles growth factors, or ECNMke molecule§Motamedian et al.,

2015)

Ideally, several characteristics should be available in tbesemhmaterial to serve as a scaffold
for BTE (Table 1.1.). Howeyero absolute advantageous biomaterial could be used for
scaffold fabrication because every type has inherent drawbaiisiead, the selection

depends on the particular application.

Table 1.1. The ideal characteristics afcaffoldfor BTE.

Criterion Definition Reference

[EEN

Biocompatible Capable of supporting normal cellular (Williams, 2008)
activity without local or systemic side

effect.

N

Biodegradable  Varies according tdhe application. For (Lichte et al., 2011)
example, 86 months in the
craniomaxillofacial area or 9 months in

spinal fusion

3 Porous Porosity is the ratio of the volume of ope (Thavornyutikarn et al.
space to the total volume of the sample. 2014; Tellis et al., 2009
Multiscale porosity is required with an
optimal size of 3086600 um for cell
penetration, vascular invasion, and

nutrients delivery.

4 Interconnected  Interconnectivity is the degree of (Yao et al., 2006)
communication between pores a3D

environment

5 Non- Multi-layered or gradient scaffolds that (Atesok et al.2016)

homogeneous better mimic its original structure.
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6 Osteoconductive Allows cells adherence, proliferatipand (Daculsi et al., 2013)

matrix secretion.

7 Osteoinductive  Induces progenitor cells recruitment and (Daculsi et al., 2013)

differentiation via biomoleculesignalling

8 Mechanical Comparable to the natural compressive (Olszta et al., 2007)
properties strength of cancellous £20 MPa) and
compact (108200MPa) bones.

9 Induce Forms new blood plexuses following the (Gu et al., 2013)

vasculogenesis implantation and supports nutrient

transport
10 Sterilisable Can be sterilized withoudlteringits (Thavornyutikarn et al.
properties 2014).

1.4.3.2.Biomaterials for bone scaffold

The current available biomaterials used f@TEcan be grouped into ceramics and glass,
natural and synthetic polymers, metal, ampositescaffold that is made up of two or more
biomaterials such as a scaffold comprised of both ceramic and pol{Bose etal., 2012)
(Table 1.2.)Calcium phosphate bioceramics includidg, tricalciumphosphate(TCP, and
biphasic calcium phosphate are promising candidates in BTE as their structure, chemical
composition and properties in term of osteoconductivity and biopatibility reflect the
mineral component of bone matriGulaiman et al., 2013; Feng et al., 20HYwever, the
brittleness difficulty in processing, and a slow degradation rate are considered the main
drawbackgFerracane et al., 2014Biodegradablgolymers, by contrast, such as collagen
and polylactic acid ariocompatible versatile, and flexible therefore they can be processed

easily(Jafari et al., 2017)Nevertheless, the weakness and the possibilitguafdenloss of
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their mass and mechanical integrity are among the majncernsregarding the use of
biodegradable polymers assgaffold particularly in hard tissue applicatio(garlagadda et

al., 2005) Biodegradablemetals sich as magnesium alloys that possess mechanical
properties comparable to those of bone and degrade naturally within an aqueous
environment may have higher mechanical properties and fracture toughness in comparison

to biodegradable polymerérusop et al., 2012)
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Table 1.2. Types of biomaterials used as a scaffold in BTE.

Class Example Advantages Disadvantage Reference
Ceramic HA 1 Biocompatible. 1 Slow biodegradation (Petrovic et al.,
1 Osteoconductive ¢ Difficult to shape due to 2012)
91 Similar to the chemical hardness, fragility, and
structure ofinorganic brittleness
phase of bone.
TCP Same to above 1 Rigid and fragile (Mifio Farifna et
1 Faster resorption rate al., 2012)
Bioglass {1 Biocompatible { Brittleness (Fuetal., 2011
1 Osteoconductive 1 Low resistance to crack due
i Bioactive to low strength and fracture
1 Promote angiogenesis toughness
1 Enhance cell adhesion
and proteins adsorption
1 Easy to control the
chemicalcomposition
1 Controlled degradation
rate
Polymer$ Collagen, fibrin, 1 Biocompatible 1 Poor mechanical strength (PoloCorrales
Natural alginate, silk fibroin, T !3iodegrad'ablelwith9ut T Rapid resorption et al., 2014)
inflammation bioactive
proteins Hyaluronic Acid
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Class Example Advantages Disadvantage Reference
Polymer$ Chitosan 1 Biodegradable 1 Poor mechanical strength (PoloCorrales
Natural biocompatiple . 1 Rapid resorption etal., 2014)
1 Has an antibacterial and
Polysaccharides bioadhesive properties
1 Promote wound healing
Polymer$ Polyglycolic acid 1 Versatile 1 Inflammatory or immune (Carletti, 2011)
Synthetic (PGA) 1 Reproducible _reaction du_e to acid relea_se
! Thermoplastic so it can be in enzymatic biodegradation
shaped easily 1 Mechanical stability is of
limited duration
9 Less biocompatible than
natural
1 Not bioactive
1 Rapid resorption
1 Low solubility irorganic
solvent
poly-L-lactide acid 1 Degrades slower an 1 The potential to cause
dissolves easier than PG/ immune and foreigrbody
(PLLA) . . )
1 Reproducible reactions because it doesr
degrade completely
1 The mechanical stability is
limited duration
poly-¢-caprolactone 1 Slow degradation rate 1 Inflammatory or immune
(PCL) 1 Reproducible reaction
1 Good workability 1 Mechanical stability is of

limited duration
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Class Example Advantages Disadvantage Reference
Polymer$ Hydrogel 1 Modified easily 1 Contracted (PoloCorrales
Synthetic 1 Blocompatlble 1 Lackstiffness et al, 2014)

Biodegradable
Metal Titanium mesh ! High mechanical ! Corrosion mayelease toxic (Chenetal.,
strength and particles affecting the 2007)
fracture toughness biocompatibility and induce
1 Biocompatible an inflammatory reaction
1 Poor stimulation of new
bone formation due to the
elastic moduli which does
not correspond with natural
bone
Composite t DIKCP 1 Betterability for 1 Lack of osteoinductivity (Cao and
_ os_teo_geness, Kuboyama,
mineralization and
biodegradation than HA 2010)
Bioglass 45S5 and poly ( Improved Reaction with polymer (Abdollahi et
L-lactide) polymer mechanical changes the bioglass surfac al., 2013)

properties and
resorption rate

properties and compromiseq

its bioactivity
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Class Example Advantages Disadvantage Reference
Composite Poly (bhydroxybutyrate Supports drugs Changes in the surface (Huang et al.,
co-b-hydroxyvalerate) and growth factors topography and decrease 2010)
(PHBV) microsphere an( delivery porosity due to dehydration
poly (L:lacticcoglycolic shrinkage
acid) (PLGA).
hyaluronic aciebelatine Good mechanical Suboptimal cell adhesion duy (Linh et al.,
property to negative celkcaffold 2013)
Biocompatible interaction
High porosity
Hydrophilic
NanoHApolymer Promote better Unknown mechanism of (Sun et al.,
cell adhesion and cellular proliferation and 2011)
distribution differentiation
No significant
inflammatory
response
Biocompatible
Improved
mechanical
properties

32




1.4.3.3.Manufacturing technologies for bone scaffold

To date, numerous techniques have been developed to fabricate 3D scaffolds. These
techniques can becategorized into two principal groups: conventional fabrication
technologies and solid free form (SFF) techniques; otherwise termed as rapid prototyping
(RP). Each of thesaethodsproduces different characteristic features such as mechanical
properties, porosity, and intercarectivity Bose et al., 2018Thavornyutikarn et al. The
following sections review the main conventional and SFF approaches used in BTE.
1.4.3.3.1.Conventional fabrication technologies

In these techniques, the desired conformation of 8uaffoldis obtined by subtracting parts

of the material from the initial blockThavornyutikarn et al., 2014)

1.4.3.3.1.1.Solventcasting and patrticle leaching

In this technique, a polymer solution éssolved in a solvent with uniformly distributed
porogen particles of a particular size. Following solvent evaporation, a salt
particledbembedded matrix is left behind, which is then immersed in water for salt leaching.
The major advantages of this metthare simplicity, high scaffold porosity, and the feasibility
to control pore size and mechanical propertibsough adjusting the size of the particles
(Annabi et al., 2010)For example, ananohydroxyapatitenylon composite scaffold was
fabricated by using particle leaching. Thresultant scaffold possessed high porosity with
2006500 um pore size and mechanical properties comparable to native cancellous bone
(Mehrabanian and Nadgsfahani, 2011). However, the main limitation of this tegheisthe

very limited control of the interconnectivity of the poréstermsof degree and orientation.

In addition, the need for removing the solid particles implies a limitation in shape which is

restricted tothin sheets or tubes that are assembleddr to a large construct. Finally, the use
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of cytotoxic organic solvents requires a lengthy washing time to ensure complete removal of
solvent and to reduce the risk of cell dedinnabi et al., 2010)

1.4.3.3.12. Freezédrying

Freezedrying or lyophilization, involves dissolving a synthetic polymer in a suitable solvent
then cooling the polymer solution down below its freezing point to produce thermodynamic
instability thatcauseghase separation. The solvent is then removed by sublimake@aving
behind voids in the regions it previously occupied. The benefits of this method are the ability
to incorporatebiologicd factors due to theabsenceof high temperature and the possibility

to use a wide range of natural and synthetic polyr{iRoseti et al., 2017However, irregular
pores, lenthy processing time, high energy consumption, and the use of cytotoxic solvents
limit the use of this techniquéHo et al., 2004)

1.4.3.3.1.3.Gas foaming

In this technique, a polymer mould @essurizedwith inert gas foaming agents such as
nitrogen or carbon dioxide until it is satueal with gas bubbles. The bubbles consequently
form pores due to thehermodynamianstability that follows pressure dropping. This process
produces aspongélike scaffoldwith pore size ranging from 30 to 700 um and %&5total
porosity. Although this method eliminates the need for cytotoxic solvent, the excessive
heating during compression and closedn-interconnected pores which may pose diffusion
limitations constitute the main drawbacks (Thavornyutikarn et al., 2014
1.4.3.3.1.4Thermally induced phase separation

Thislow-temperatureprocess involves the use of a volatile organic solvent of a low melting
point to quench a polymer solution and to induce phase separation. This faoaigraeibrich
phase that solidies and a polymepoor phase that evaporates; leaving a porous nanoscale

network (Roseti et al.,, 2017). The principal advantage of this method is that various
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architectures and high porosity can be obtained by controlling several parameters such as
separdion temperature, polymer concentration, and types of polymer and solvent
(Molladavoodi et al., 2013Pespite high porosity, the small pore size A& nm limits the
usefulness of such scaffolds in BTE and makes them more suitable for growth factors or drug
delivery(Smith et al., 2009; Qiu et al., 2016)

1.4.3.3.1.5.Solgeltechnique

The sdbgelprocess is based on the polymerization of metal alkoxide and the formatieol of

by the addition of surfactant followed by condensation and gelation reaction. This technique
allows for the fabrication of ceramic or glass materials with different forms, including
sphericallyshaped powder, ceramic fibreshin-film coating, inorganic ®mbrane, and
porous aerogel materials (Thavornyutikarn et al., 2014). In addition, it produces an open
interconnected porosity and pore sizes in the range ofEB0® pum. However, the poor
mechanical properties associated with this method constitute the nmdisadvantage
(Goudouri et al., 2016)To overcome this probleniChung et al., 2016)eveloped a hybrid
bioactive glass scaffold by adding e#rdering copolymers with different architectures that
significantly improved the mechanical properties without compromising biocompatibility.
1.4.3.3.1.6 Electrospinning

Electrospinning utilizes an electrical charge and polymer solution to draw fine micro or
nanofibresandcreatesa highly porous scaffold with interconnected pores. The diameter and
pattern of the fibres can be adjusted throughnamber of factors, including the viscosity,
molecular weight and charge density of polymer, as well as the strexighie electrical field
(Pham et al., 2006 he high surfacarea/volumeratio of nanoscaldibres allows for efficient
delivery of loaded bioactive factors. Li et al. (2015) developed nanop&ditieedded

electrospun nanofibre for dual delivery of BMPand dexamethasone. The scaffold strongly
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induced osteogenic differentiain in vitroand enhanced the repair ofl@one defectin viva
However, the disadvantage of his method is the use oftatoxicorganic solvent (Pham et
al., 2006).

1.4.3.3.2.Limitation of conventional fabrication techniques

Although conventional metha have been widely used in BTE, they are incapable of
producing scaffold with full interconnectivity and precisebntrolled pores in terms dize,
morphologyand spatial distribution. In addition, some of these methods are manual based.
Therefore, theyare labour intensive and difficult to reproduce. Another limitation is the need
for organic solvent andoorogens which are cytotoxic, and their residues may cause
inflammatory responsefHutmacher, 2000)

1.4.3.3.3.Solidfreebform (SFF) techniques

This technology is based on a compudgnled design to fabricate a custemade construct.
Unlike subtractive conventional methods, SFF isadditive process inwhich scaffoldis
manufactured in a lay&byblayer manner built according to its computexd D imaggBose

et al.,, 2018) SFF offers a number of substantial benefits that counteract the limitations
associated with conventional methods. First, a cussahi patientspecific design can be
obtained by using computesed modelling Second, a scaffold with high porosity (28§ full
interconnectivity and consistent pore morphology can be easily achiexthchigh accuracy
and minimumlabour (Thavornyutikarn et al., 2014). Third, a functionally graded scaffold of
different porosities and mechanical properties can be produgéalvai et al., 2017 Finally,

it is solvent angporogerbfree, which makes the incorporation of some bioactive molecules
such as VEGF feasibl¢Akkineni et al., 2015)To date, the main SFF techniquase
stereolithography (SLA3electivelasersintering (SLSjuseddepositionmodelling (FDM), 3D

printing (3DP) andioprinting (Roseti et al., 2017).
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1.4.3.3.31. Stereolithography (SLA)

This process is based on the solidification of a photosensitive liquid resin by
photopolymergation. Although this technique slws excellent reproducibility and high
accuracy and resolution, the toxicity and irritation caused by photosensitive materials and the
shrinkage of thepolymerdue topolymeriation are considered to be the main limitations of
this process(Melchels et al., 2010)

1.4.3.3.32. Selectivelasersintering (SLS)

SLS employs@Q laser beam to sinter or fuse selected regions of a tightly compacted powder
made of athermoplasticmaterial forming a material layer. Compared with SLA, SLS enables
the processing of powdsbased material by melting and does not use any cytotoxic
chemicds or organic solvent. In addition, no supporting structures are required for the model
during processing since support is provided by the unprocessed powder (Mazzoli 2013).
Nevertheless, the heat generated by the laser beam and the time that the polyometqy is
SELR2aSR Oly tSIR (G2 GKS RS {i(Fhadeall2dogphotherr T G KS
problemwith this techniqueis the extreme difficulty in removing powder trapped inside the
small pores, which magdversely affect cell growth or induce an inflammatory reaction
(Thavornyutikarn et al., 2014).

1.4.3.3.33. Fuseddeposition modelling (FDM)

In FDM, the filament material is placed into two rotating rollers and the molten thermoplastic
material is extruded from a movable nozzleXiMdirectionsand deposited on to a platform.
When a layer is completed, the platforid &xi$ is lowered and thenocess is repeated.ow

cost, lack of organic solvent, the ability to form a construct with high porosity and full
interconnectivity are considered to be the advantages of this techn{Raseti et al., 2017)

However, the main difficulty of FDM is the material selection, which needs to be in the form
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of fibres with a specified size. Furthermore, the effect of high temperature on the raw
material andinadequateresolution constituteanother limiting factoChen et al, 2007).
1.4.3.3.34. 3Dprinting (3DP)

3DP enables laybbyblayer scaffold fabrication by usimgne of three main technologies:
inkjet, extrusion or laseassisted printing (Mandrycky et al., 2016; Obregon et al., 2016g.
available range of techniqudacilitates precise fabrication of 3D scaffolds withdafined
shape, size, porosity and pore size distribution, which can have a significant impact on cell
proliferation, differentiation, and vasculadtion (Cavo and Scaglione, 2106; Ferlin et al.,
2016; Wang et al., 2015). They also allow for scalable fabrication of complex designs using
various biocompatible materials; thereby providing an optimal cell microenvironment. In
addition, the physical propéies of the scaffolds such as compressive strength, toughness and
elastic modulusan be optimsed by adjusting the layer thickness and printing orientation
(Farzadi et al., 2014). Moreover, it enables the incorporation of growth factors such as the
vascuar endothelial growth factor toenhance vasculogenes(&ahimipour et al., 2017)
However, to date, the clinical translation of construct containing growth factors is limited by
rapid clearance from the implanted sitshort effective halflife, low protein stability and
rapid deactivation by enzymes at body temperat(@aenming et al., 2017[Research is being
conducted to design a delivery system for optimal control of spatial release and to reduce the
dose such as micro anthnocontactprinting, layered and gradient scaffold, and modular
assembly (Samorezov and Alsberg, 2018)e rough surface finish, which may affect the
resolution of the scaffold, is considered to be the main limitation of the 3DP method.
1.4.3.3.35. Bioprinting

In bioprinting, celbladen biomaterials are dispensed with micrometre precision to form

tissuelike structures. It offers scalabilitgpsbeffectiveness highbresolution cell deposition
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and great precision relating to thepatialdistribution of cells, proteins, growth factors and
drug particles. These advantages have led to the development and subsequent applications
of this technology to include broad applications such as clinical transplantation, drug
screening and hiddthroughput assays, cancer research, and tissue engineeaimd)
regenerative medicine (Ozbolat et al., 2016).

Bioprinting of vascular and clinically relevant organs remains eldaw¢oseveral challenges
suchas the need to incorporatearious cell types, limited mechanical and structural integrity,
anddifficultiesin integrating avascular network down tthe level ofcapillariegOzbolat and

Yin Yu, 2013However, some thin, avascular tissues have been succedsapiynted such

as skin, hollow blood vessels aahsculacartilage(Aljohani et al., 2017)

Efforts to bioprint bone are ongoing towards the fabrication of scalabledacomposite
constructs containing skin, muscle, nerve, and cartilage, although the mechanical properties
of these constructs are still inferior to native bone and require more extensive investigation
(Datta et al., 2017)Recently, successful bioprinting of compesionstructs comprised of
mandibular bone with open vascular channels and osteochondral tissue has been
demonstrated(HyunWook et al., 2016)Moreover, attempts are in npgressto enhance
angiogenesis and osteogenesis through culturing stem cells with osteogenic or angiogenic
growth factors such aBMR:2 and VEGF, respectivequnniffe et al(2017)demonstrated

the dual delivery of therapeutic genes encodbiane morphogenic protein and transforming
growth factor from genbactivatedbioink prepared from alginate and nanohydroxyapatite
(nHA) combined with bone marrdderived MSCs. Fourteen days post bioprintieigtured

cells displayedrobust osteogenesis and matrix depositiom vitro as well as superior

vasculamgation and mineragationin vivo.
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1.4.3.34. Limitations of SFF techniques

In spite of the advantages of SFF, there are sdewhnical limitations that should be
addressed fofuture improvements. First, each techniquglisesa specific form of material.

For examplefine powder is used foBLSwhilst thermoplastics are useful for FDM. Using the
material can be challenging if the material is deemed suitable for a particular application but
cannot be easily prepared to meet the required process. Second, printability of any material
does not necessarilyugrantee its usefulness for scaffold fabrication because successful RP
relies on the bonding strength between layers. Therefore, the material needs to be
selbsupportingfor layerby-layer fabrication. Third, for bioprinting, new methods of material
solidification should be developed that preserve the integrity of the printed construct without
compromising cell survival (An et al., 2015). For example, in extrusion printing, hydrogels are
solidified through either thermal processes postprint crosslinking, which may have
potentially harmful effects on the cells. Lastly, the flexibility of printing parameters such as
temperature or dispensing pressure (shear strésse become limited when using cdiden
materials asbecause sudden changes in the eoament around the cells may significantly
reduce cell viability (Nair et al., 2009).

1.4.4.Bioactive factors in BTE

The role of numerous bioactive molecules such as fibroblast growth factors, Hikalin
growth factors, andVEGFsn bone formation has been investigated (Allori et al., 2008).
However, only two recombinant human proteins have been widely usedpmaved by the

Food and Drug Administratioffir-DA)for clinical purposes: bone morphogenic protet7

(rhBMR2,-7) andplateletbderived growth factdsBB (rhPDGBB) (Lynch, 2008).
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BMPs, which belong to the transforming growth fa&®rsuperfamily, aregroup of 30
members family with various cellular effects. For example, BMB, 6, 7 and 9 showed
evidence to inducemineralisation, OC production, and orthotopic ossification. However,
BMR:3 negatively regulates bone formation and exerts an inhibitory effect of orthotopic
ossification induced by BN, 6 and {Carreira et al., 2014Plateletderived growth factors,

by contrast, are the strongest chemotactic factors relating to osteoblasts séewh cell
precursors and have a potent mitogenic and activating effect on osteoclasts, fibroblasts, and
endothelial cells (Allori et al., 2008).

Although these bioactive cues have an advantageous effect on bone formation, their
application in BTE may be moplicated by two factors. First: evidence indicates that the
significant effect of these biomolecules is dose and duration dependent, which may be
difficult to achieve, particularly with regard to the clinical aspgotberman et al., 2002For
example, a high risk of cancer has been associated with theatluse of concentrated BMP
products (AMPLIFY, rhBMR2, 40mg), which may suggest the relation of high dose with
carcinogenic effegtDevine et al., 20125econd: in order to recapitulate the complex process

of embryonic bone formation or bone regeneration, a simultaneous and/or stepwise delivery
of a combinatioror cocktail of factors is required because these molecules act synergistically
rather than solely. For example, insulike growth factorsenhanced 2y S OSf f 4 Q YA =
GKSNBl A .ata AYyRdzOS 2aiGS2LINRPISYAIl2NIt@Stfan
2008).

To support prolonged release and activity of multiple growth factors, several delivery
strategieshave beerenvisioned. A multilayer fibrous scaffslthcorporating more than one
growth factor achieve a better result by simultaneous and sustained delivery of multiple

biological signals (Shah et al, 2014; Yilgor et al., 2009). Microsphere carriers and
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nanostructured colloidal gelatine gels loaded withnmerous bioactive cues are another

controlled release strategfvan Der Sk et al., 2013)

1.4.5.Environmental factors in BTE

In BTE, the concept of emulating the native environment is gleaned framaarstandingpf

normal cellbehaviour Normally, to survive and grow, cells must be able to import nutrients

from their suroundings and regulate the concentration of various inorganic ions. This could

be achieved byimple diffusionthrough which only dew small nonpolar molecules can

transfer across the cell membrane while the vast majority cannot. Instead, their movement
depends omactive transportwhich needsa driving force with an expenditure of energy to

Y2@S GKS a2f dziS o dzaskrngrablientAlbéts, 20U G A Ga 02y OSy i
Static cell culture techniques rely on diffusion transport which is sufficient to nourish only a

thin superficial layeapproximately 108200 um,in contactwith the medium. As the cells
increasein number so does metabolic demand and tbeildbup of waste products.
Consequently, the cells in the tissue interior are deprived of oxygen and a nutrient source. As
4dzOKZ YIFIAYyGSylryOoS 2F OStftaQ OAloAfAle SydlaAf
convectivediffusive transport. To circunent this problem, several bioreactor technologies

have been developed such as a spinner flask, rotating wall vessels, and the perfusion system
(Chen and Hu, 2006; Dermenoudis and Missirlis, 2010; Zhong,. 20@mparison of the

three systems carried out biGoldstein et al., 20019howed that the perfusion bioreactor

yielded the most uniform cell distribution throughout the scaffold with a significant
expression ofALR whilein the ginner and rotating vessels the cell density demonstrated
preferential distribution towards the scaffold exteriar In BTE, the bioreactor provides

another advantage of exposing the cells to mechanical conditioning caused by fluid shear
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stress and this enhances osteogenic expression and produces more minerals and proteins

(Gaspar et al., 2012; Martina and Giuseppe Maria de, 2014)

1.5. Oral mucosa engineering

1.5.2.Strategies ofengineered oral mucosaHOM

EOM has offered an opportunity to bypass the shortcomings associated with autografts
through many strategies which aim to emulatermal tissue both anatomically and
physiologically. As the normal oral mucosa consists of epithelium and lamina propria, EOM
consequentlyfalls into one of two categories: split thickness (epithelium only) or full
thickness, which reconstructs both epithelium and connective tissue layers separated with a
continuous basement membrar{®oharamzadeh et al., 2007)

1.5.2.1.SplitbthicknessEOM

Afterthe serial cultivation of human epidermal keratinocytes on a murine 3T3 feeder cell layer
was first described bRheinwald and Green (1975) many clinical studies have shown the
advantages ofcultured autologous epithelialshees for the treatment of skin wounds
(Navsaria et al., 1995; Ronfard et al., 2000)e method wasthen translated for culturing
gingival epithelium, which wassefulas an autograft for the correction of mucosal defects
such ageribimplant soft tissue loss or defextesulting from pathological resectiqyeda et

al., 1998; Bodner and Grossman, 3p0

In order to exclude xenogenous products, the original culture method has been modified to
a feedebcell free culture(Lauer, 1994; limarinen et al., 2013y addition,a temperature
responsive polymer poly\isopropyl acrylamideapproach has been developed to control
cell detachment and harvesting via temperature changes instead of enzymatic treatment

(Nishida et al., 2004However, the intraoral grafting of epithelial sheenhcountered many
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drawbacks that included a relatively long keratinocyte growth time,doaft acceptance rate
wound contraction, handling difficulty due to a thifrjable layer, and blister formation
following minor mechanical forcét&zumi and Feinberg, 2002)

1.5.2.2.FulbthicknessEOM

An ideal fulbthickness EOM that resembles normal oral mucosa comprises a lamina propria,
a continuous basement membrarseparating the lamina propria and the epithelium, and a
stratified squamous epitheliumlhe amina propria can be formed hysinga fibroblast
Linfiltrated 3D scaffold. It has been shown that fibroblasts play an important role in
keratinocyte adhesion, etpielial morphogenesis, and the formation of an
epitheliabconnective tissue junctiofSaintigny et al., 1993)n addition, fibroblasts influence

the phenotype and keratin expression of the overlying epithelial (@kszaki et al., 2003\
stratified squamous epitheliumon the other hand can be achieved by culturing oral
keratinocytes atthe aif Alj dZAR AY G0SNFIF OS Ay | YSRAdzy O2yi
factors such athe epidermal growth factor@ongariBagtzoglou and Kashleva, 2006a; Izumi
et al, 2000)

1.5.2.Components of EOM

1.5.2.1. Cells for EOM

The type of cell ianimportant factor in the construction of EOM. khan oral fibroblasts can

be obtained from the connective tissue of oral mucosa while oral keratinocytes can be
isolated from the hard palat¢Cho et al., 200Q)gingiva(Yoshizawa et al., 2004y buccal
mucosa(Bhargava et al., 2004)n addition to normal human cells, immortgd human
keratinocytes such as HaCaT céBselsma et al., 19999nd OKF6Felomerase reverse
transcriptase (TREY (DongariBagtzoglou and Kashleva, 2006ay well as TR146

tumourbderived cell§Schmalz et al., 2008ave been used in the construction of oral mucosa
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test models. Although theseell lines can be utdédthroughextendedpassags, the ultimate

steps of terminal differentiation do not occ(iBoelsma et al., 199@nd tumour derivedicells

cannot be used for clinical purposes.

1.5.2.2.Scaffold for EOM

Scaffolds used in oral mucosa reconstruction fall into three diffe@htd S3A2 NR SayY ayl
RSNA@SRé &adzOK la& yri&thfagalymdtbased MMfaldE >~ 2 8 G K& 0 NA |
which are acombinationof natural and synthetic matrices (Moharamzadeh et al, 2017).

Acellular cadaveric dermis (AlloDernflzumi et al., 2013; lzumi et al.,, 200and
deepidermalsed dermis (DED)Cho et al., 2000; Hildebrand et al., 20d2ve been
extensively used for the preparation of oral mucosal construtsex vivo oral mucosa

equivalent has beersuccessfully produced bigumi et al.(2003 2013) through growing
autologous orakeratinocyteson AlloDerm without incorporation of fibroblasts. The main
advantage of this teahique is the use of a chemically defined culture that precludes serum

or any animdiderived constituents, which maked KA a YS{iK2R 02y airadasSyi
regulatory guidelines fazlinicaluse However, this technique may be deemed suboptimal for
manyreasons. First, from a development standpoigpitheliabmesenchymal interaction is

essential for the morphogenesis, differentiation, and complete maturatiboral mucosal
epithelium(Liu et al., 2011)Secondfibroblastspresentin the oral mucosa may participate

in its ungue scarless healing due to the role of fibroblasts in collagemodellingand the

secretion of growth factors that accelerate resolutiohthe inflammatory phas€Enoch et

al., 2008; Mak et al., 2009; Glim et al., 2013)ird, thenon poroussynthetic or natural matrix

results in poor fibroblast infiltration and migration even when the fibroblasts were

incorporated(Moharamzadeh et al., 2008)
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Collagen is the major structural component betECM where itmainrole is in mechanical
integrity (Rajan et al., 2006). Therefore, it has been used ssa#oldfor oral mucosa
engineering either as pure collagen (Masuda, 1996) eoagoundcollagerbbased matrices

such as collagdichitosan (Ma etl., 2003) and the collagiglucosaminoglycan matrix (Ojeh

et al., 2001). Recently, extracellular protdiased scaffolds such as fibrin and plasma have
been used to construct autologous oral mucesgivalents The results showed a reasonable
outcome forintraoral grafting with good handling characteristics and no contraction (Llames
et al., 2014, Peia et al., 2010; Pefa et al., 2012). However, the epithelium showed only
monolayeed keratinocytes and negative expression of the proliferation marker, ki@ich
indicates poor differentiation.

Synthetic scaffolds such as polycarbonate membraaresused in commercially available
partial thickness epithelium (SkinEthic and MatTek tissue models). These synthetic matrices
have good mechanical properties with riek of disease transmission. A hybrid scafpth

the other hand, may provide controlled biodegradability and good biocompatibility such as
for scaffolds made of benzyl estsrof hyaluronan(Zacchet al., 1998)

1.5.2.3.Culture environment of EOM

l'ddz- ffe@X 9ha Aa OdzZ §dzZNER Ay DNXREghRald avdS RA dzY
Green, 1975)However, in order to eliminate the xenogenetic components present in serum
and irradiated mouse 3T3 fibroblast feeder layom humangrafts, a tissuéengineered

oral mucosa equivalent was developed and charasger{lzumi et al., 2000)In addition,
various methods have been usid to induce keratinocyte differentiation iBD modek,
including the addition of calcium, concomitant use of serum and cal@uodthe use ofower

incubation temperature (Borowiec et al., 2013)
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1.5.3.Applications of E®I

1.5.3.1.Clinical applications

EOM has been developed fboth intra and extraoral clinicahpplications An oral mucosa
equivalent of 15 crhhas beenproduced using a seeding density3®# 1 § cells/cn? oral
keratinocytes in AlloDermwith a thickness of508.0um (Kato et al., 2015)Success in the
fabricationof EOM in such &rgeand reproducibleway has enabledts usein grafting of
many congenital and acquired intraoral defects. For example, hemifacial microsomia and
ankylaylossia are facial congenital anomaligst have beentreated by the grafting of
autologous EOM, although4grafting was requirediue to postoperative wound shrinkage
and the recurrence of ankyloglossialames et al., 2014).ikewisethe engineering of palatal
mucosdlike human tissue using a collagen matrix was achieved as a potential gragabke
for cleft palate augmentatioiLuitaud et al., 2007; Liu et al., 2008gtisfactoryresults have
been clinically achieved using oral mucosa equivalémntboth minor and extensive oral
reconstructive surgery. Augmentation of mucogingival defects eittvivdbproduced EOM
was demonstratedin clinical tria] and was assessed in terms efficacy, safety, rapid
integration,andvascularizatiorflzumi et al., 2013%imilarly optimal functional and aesthetic
outcomes have éenobtainedusingEOM prelaminated witla fibula flapin the treatment of
a severely atrophic maxilla or extensive mandibular defiattowingmandibulectomy(Sieira
Gil et al., 2015)

Extra orally, it was found that bepithelisation of aseverelyburned cornea can be enhanced
by oral mucosaepithelial transplans, although the longerm survival of the graft largely
depends on the stem cells in the basal lagéhen et al., 2009)The suitability of an oral
mucosa epithelial sheet was also investigated for tieatment of an oesophageal ulcer

after endoscopic submucosal dissection, and the findings iretiddte possibility of using the
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epithelial sheet to promote wound healing and bepithelialsation, and to prevent
oesophageal stenos{3akagi et al., 2011Anotherexampleis the use of engineered buccal
mucosa for substitution urethroplasty in patients with long urethral strictu@sman et al.,
2015)

1.5.3.2 Experimental applications

In vitro EOM modelling is another potential use in a wide range of studies. An oral
carcinogenesis model was developed(Bylley et al., 2011p replicate the different stages
of oral gluamous cell carcinoma from dysplasia to early invasion. Such models may facilitate
the study of the mechanisrma of malignant transformation as well &s vitro testing of new
diagnostic and treatment methods. Investigating the pathogenesis of oral infisgticch as
candidaalbicansusing normal or immortaded oral keratinocytes cultured with collagen
populatedfibroblasts is anotheexample of using EOM modétsstudythe cellular response
and host defence mechanism against infectiofYadev et al., 2011)The variation in
permeability, keratirgation, and composition across different regions of EOM rilakes it a
suitable tool for in vitro assessmensystemic drug deliveryHearnden et al., 20123and

material biocompatibilityHearnden et al., 2012; Moharamzadeh et al., 2009)
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1.6. Challenges and future directions in oral and maxillofacial tissue
engineering

Despite the significant progress that has been achieved in BTE, many hurdles are still ahead.
Some of these limitations pertain to TE itself such as identification of reliable and scalable cell
source,optimisation of scaffold properties, controlling of &in vitro microenvironment, and
vasculaation of the engineered tissue (Spicer et al, 20X3ther restrictions are associated

with commerciakation, manufacturing facilities, and governmental regulatigRamLiebig

et al., 2015)

The presence of such difficulties may explain the lack of proved and marketableasel
engineered bone products that can address themet clinical need regardless of the
extensive research being conducted in this field. However, it may be worth to mention that
even the availability of such products does not imply its successful applicBboexample,
the commercialy tissue engineered transplan(®©ral Bone®BioTissue, Germanyjroduced
by seeding periosteal human cells on Pli®Ae chifg, was compared with autologous iliac
bone graft in sinus augmentationfThe outcome3 months post operativelywas not
encouraging de to high resorption rate ithe engineeredone that reached up to 90 % while
the autologous graft showee resorption rate of29 % (Zizelmann et al., 2007)Such
unfavorableresults may pose a question regarding the listegm stability of any off the shelf
cellular engineered bone and whether or not this pamierative complication can be

encountered by using the current materials and techniques.

Oral mucosa engineering may share the same challenges associated with BTE. While the first
C 5 lagproved skin product, Apligraf ® (Organogen@&siston USA, was introduced in 1998
(Zaulyanov and Kirsner, 200®te marketing of EOM has lagged behind the engineered skin.

The first conmercially available oral mucosa product, GINTUIT®, received FDA approval in
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2012 (Charles, 2012However, the current EOM models cannot be deemed as an identical
replica of the normal oral mucosa due to mdiacturing and biological challenges. Ideally, the
EOM should be constructed using autologous cells. Therefore, the time elapses between
biopsy and grafting entails precise coordination between clinic and laboratory to cope with
the long, complicated, andxpensive culture procedures. The biological challenges include
the introduction of other cells such as immune cells in the lamina propria and the
incorporationof the vascular components which aidsrevasculasation of the construct
following transplamation (BottcherHaberzeth et al., 2010)Moreover, more advanced
fabrication technologiesuch as 3D bioprinting may be utilized in the future to generate oral
mucosalequivalentin the same manner as skin has beenerty fabricated(Cubo et al.,

2017; Rimann et al., 2016

In addition to aforementioned hurdles, engineering of composite tissues and attaching
various parts in their normal anatomical relationship poses a considerable challenge
particularly inOMFregion where heterogenous tissues are closely related to each other in a
relatively small area (Spicer et al, 2014). Although the engineering of mafacial tissues
such as bone, teeth, muscles, and cartilage have been investigaaky and Cancedda, 2009;
Tayebi and Moharamzh, 2017) only afew intricately-structured hybrid tissues have been
developed such as osteochondral structuf@uan et al., 2017and bondperiodontal

ligament compleXPark et al., 2011)

Bone and overlying mucosal tissuepresentthe key components in orofacial area. They
comprise together with cementum and periodontajdment the periodontal apparatus that
provides anchorage and support to the teeth in dental jgleng et al., 2015)n addition,

alveolar bone and masticatory mucosa form the main structure of the hard pé¥saci,
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2013) Although egineering of bone and oral mucosa has been extensively investigated, a
faithful replication of oral structures entailsambinationof theseheterogeneougissues in

a single composite construct. The morén vitro representation of native oral tissue
arrangement, the more accurate insight in biological, physiological, and pathological
conditions thereby the gap between translation and basic research is bridged, the progress
toward clinical application is promoted, and the need for costlywivomodel is educed.
Development of an accurate and reproducible human alveolar boneosal model,
therefore, represents another important step in the process of achieviogligable tissue

engineered orofacial construct.

To date, to the best of our knowledge, there are no published studies in the current literature
indicatingin vitro TE of a composite alveolar bdsraucosal model. This study was proposed
to fill this gap by generating such construgsing conventional an@D printing bone

scaffolding techniques.
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1.7. Aims and objectives

1. To develop and assess anvitro, cell lindsbased composite borignucosal model

(BMM) using a&onventionalbone scaffold.

X

Characterge an HATCP scaffold for the construction tife bone component

of the BMM.

Optimise the suitable technique for seeding ROS cells into the HA/TCP scaffold
to fabricate the bone construct (BC).

Optimise the culture condition of the BC.

Assess the proliferation and metabolic activity of the cells @BE.

Construct an oral mucosal model (OMM) using a collagen gel scaffold, normal
oral fibroblasts, and immortaed OKF6/TERZ oral keratinocytes.

Assess the feasibility of combiniBf= and OMMising a fibribbased tissue
adhesiveto develop thecomposie BMM.

Assess the histological morphology 8MM using decalcified paraffin
embedding techniques.

Assess théifferentiation status of the mucosal component of the BMM.

2. To develop andtharacterse a novel 3D composite human alveolar baraicosal

model (ABAM) based on theconventionalbone scaffold and primary cells isolated

from the native human oral hard and soft tissues.

Isolate and characterse oralbderived gingival and bone cellsjamely
keratinocytesfibroblast andosteoblasts
Develop anctharacterse a human alveolar BC of the planned ABMM using

HAITCP scaffold.
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x Develop andcharacterse a normal human cdibased oral mucosa model
(OMM).
x Assess the histological features of ground sections taken from the ABMM.
x Analyse theproteins and gees expressiomf cells within the ABMM using
suitable markers of cells typically found withoone.
3. To construct and charactes a composite ABMM using the pidnted bone scaffold.

t NB LI NB | ybTOmAReSinsséss i rheological properties.

X

x OptimsS (GKS LINAYGAY3I LI NITOPSaseNBE T2 NJ LINR y (
x Print a bbf | @ S NIERscaffold that replicates the cortitsancellous

alveolar bone architecture.
x Charactege the printed scaffold in terms of microstructure, morphology,

surface topogrphy, phase composition, mechanical and biological properties.

X

Assess the printirigpased ABMM qualitatively and quantitatively.
4. To examine the relevance of the printibgsed ABMM ithe modellingof oral cancer
at different progressiomstages.
x Generatetumour cell spheroids.
x Incorporae tumour spheroids in the ABMM at three distinct anatomical,
namelyepithelium(carcinoma in situ), epithelium and connective tissue layers,

and connective tissue and bone interface.
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Chapter 2 Development of a cellinebbased 3D
tissue engineered composite bolenucosal
model: a feasibility study

NB:The work described in this chapter has been published in:

Almela, T., Brook, I. M. & Moharamzadeh, K. 2016. Development oftimeensionatissue
engineered bone-oral mucosal composite modelgdournal of Materials Science:
Materials in Medicing27(4) pp 1-8.
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2.1. Introduction

Composite TE constitutes a new avenue particularly in the OMF area where a variety of tissues
are closely associatedith each other. Engineering of boriEerracane et al., 2014b; Seong

et al., 2010)and oral mucosaMoharamzadeh, 201%as been thoroughly investigated using
different cell types and biomaterial8lthough the use of human primary cells in TE is relevant
clinically and produce more predictive data experimentally, the difficulties of cell sourcing,
inherent donobtobdonor variations, and limited proliferative capacity of native cells may
restrict their usefulnesgOlson et al., 2011) o circumvent these evbpresenting problems,

a plethora of bonecell lines typically isolated from cancerous tissues eriveéd by
immortalisation of primary cells are often us€¢@zekanska et al., 2012; Kartsogiannis and Ng,
2004) Although the phenotype expressed by cell lines such as rat osteosarcoma (ROS)
(Machida et al., 1995human osteosarcoma (Sa@p(Rodan efal., 1987ajand mouse cell

line MC3T3E)(Wang et al., 1999nay not accurately reflect the true phenotype of normal
osteoblasts, these cells are generally easier to culture, haveng lifespan and high
proliferation rate, and hve higher phenotypical stability comparing to primacglls

(Czekanska et al., 2012)

Immortalised human cells can divide indefinitely due to the expression of telomeeasgse
transcriptase (TERT#a cellular ribonucleoprotein whichompensatesfor the inevitable
telomer shortening thereby preveimtggrowth arrestand maintains the cell phenotyéery
and Woodring, 2000; Lee et al., 200QKF6/TERZ constitutes an example of normal
epithelial cellsmmortalised by forced expression of telomeragPickson et al., 200@nd
provides avaluablealternative to primary human oral keratinocytes in TE ofdhe mucosal
equivalent (DongariBagtzoglou and Kashleva, 2006a, DonBagtzoglou and Kashleva,

2006D).

55



Aforementioned cell types have emergtxitackle the surge in research related to bone and
soft tissueengineering and to compensate, to some degree, the unsustainable supply of
primary human cells. Many studies have been conducted in the developmentl dineb
based TE of bongChoi et al., 2016; Neufurth et al., 2017b; Sobhani et al., 284d)oral
mucosa equivalentgJennings et la 2016; Donga#Bagtzoglou and Kashleva, 20064,
Buskermolen et al.,, 2016however,the combination of these two entities in a single
composite construct stilheedsto be addressed. This work examined the feasibility of
developing ann vitro TE composite BMM uggnmmortalised epithelial cells and malignant
bone cells tapproximatethe natural anatomical structure of alveolar bone with an overlying

oral mucosa.

2.2. Aim

To develop and assess iarvitro, cell line based, composite borignucosal model

2.3.Materials and methods

2.3.1. Routine cell culture conditions

2.3.1.1. 2D cell expansion

Three types of cells, namely osteoblsldte rat osteosarcoma (ROS) cells, normal human oral
fibroblasts NHOF}s and humartelomeraseimmortalised oral epithelial cells (OKFEERET

2) were used to construct BMM. Each cell type was cultured in cell culture flasks (Greiner Bio
2ySs Df2dz0SaiSNBKANBET 'Y0 $AGK AdGa amdBSOATFAO
humidified incubator. Cell morpholly and growth were monitored by light microscopy and

the mediumwas changed every other day until cells reached 80 % confluency whewdney

either passaged or maintained as stock cultures.
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ROS cell line

ROS cells werebtained from liquid nitrogen stage in theSchool of Ainical Dentistry,

University of Sheffield, URhis cell line was usetlie to itsavailability easeof culture, the

culture parameters of this cell line had been already optimised by coresearcher, ahathe
proliferation potentialwhichyieldslarge cell numbem short periodcompared to thdengthy

and costlyculture of primary bone cellsin addition, ROC cells exhilsith osteoblastic
characteristicin terms of osteogenic markers expression and dattiimatrix formation
(Kartsogiannisand Ng 2004). Cells were cultured in high glucos®2 Y LJX SGS 5dzZ 6 SO
Modified Eagles Mediunsupplemented with kascorbic acid 2hosphate(CDMEMLAA)

(Table 2.1.)

Table 2.1. Qulture medium of bone cells Table lists the volume and final concentratidoonc.)of
each component required to prepare CDMEMA medium that supports the growth of bone cells

(Helfrich and Ralston, 2012).

Component Volume/amount Final conc. ‘

5dzf 0 SOO2 CEngles RAIANT A 444 ml 89 %

65a9a0 b DGiutz Paisley, Uk

Foetal bovine serum (FBS) 50 mi 10 % (v/v)

(Sigma Aldrich, DorsdilK)

Penicillin/Streptomycin (P/S) 5mi 100 IU/ml:100 pg/ml

(Sigma Aldrich, DorsdtlK)

Amphotericin B 1.25 ml 0.625 pg/ml

(Sigma Aldrich, DorsdtlK)

L-ascorbic acid phosphate (LAA) 25 mg 50 pg/ml

(Sigma Aldrich, DorsdilK)
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NHOFs

NHOFsvere obtained from liquid nitrogen storage in ti&ehool ofdinical Dentistry, the
Universityof Sheffield, UK (Sheffield Research Ethics Committee (REC:04/Q2305/78)). Cells

were cultured in CDMEM (Table 2.2.).

Table 2.2. CDMEM culture medium.Table lists the volume and final concentration of each

component required tprepare CODMEM used for culture NHOFs.

Component Volume/amount Final conc.
5a9a b Df dziiF 444 ml 89 %
FBS 50 ml 10 % (V/v)
P/S 5ml 100 1U/ml:100 pg/ml
Amphotericin B 1.25 ml 0.625 pg/mi
OKF6TERER

OKF6éTEREDR cells were kindly provided by Brigham and Women's Hospital, Harvard Institute

of Medicine, USAThis cell line was chosen to ogeeme the shortage of resected gingival

tissue and the doneto-donor variations thereby it produces\aluable andreproducible

model of normal oral epithelial cellOKF6TERER 3 SNBE Odzf 4§ dZNBR Ay DNBSy(

2.3.) The individual stock solutions were prepared as follows:
1. Adenine

0.5 g Adenine powdg(Sigma Aldrich, DorsetlK) was mixed with 70nl distilled water. 1 M
hydrochloric acid (HCL) was added to the mixture until the powder dissolved completely. The
solution was made up to 80 miith distilled water (dHO) to give a final concentration of 6.25

pg/ml, filter sterilised and stored aliquots 20 °C.
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2. Insulin

10 mg recombinant human insul{®igma Aldrich, DorsetJK) was added to 1 ml of 0.01 M
HCL Once dissolved 9 ml of @Bl is added to give a final concentration of 1 mg/fitter

sterilised and stored aliquots a20 °C.

3. 3, 3, 5TriHiodothyronine (T3)/ApaeTransferrin

13.6 mg of T3Sigma Aldrich, DorsetJK) was dissolved in a minimum volume of 0.02 M
sodium hydroxide. Once dissolved the solution was made up to 100 ml wih.d30 mg
apdbtransferrin(Sigma Aldrich, DorsdtlK) was dissolved in 30 ml of phosphate buffer saline
(PBS). 0.5ml of the T3 solution was added to 30 ml of thétegusferrin solution and the

volume was made up to 50 ml with PBS, fikarilised and stored aliquots a20° C.

4. Hydrocortisone

Dissolve 25 mg hydrocortisoig@igma Aldrich, DorsetlK) in 10 ml PBS. Stored af@

5. Epidermal growth factor (EGF)

100 pg of EGH hermofisher, USAyas reconstituted in 1 ml of PBS. Aliquoted and stored at

b20°C
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Table 2.3. DNB Sy Qa TdfelRsisdh¢ ®olume and final concentration of each component
NBIj dzA NBR (2 LINBLI NB DNEeSyiens20MBRAdZY® ! RFE LGSR FNRBY

Component Volume Final Conc.
5a9a b Dfdzil a 330 ml 66 %
Nutrient Mixture F12nedium Hams 108 ml 21.6 %

F12 (GibcoPaisley,UK)
P/S 5ml 100 IU/ml:100 pg/ml

Amphotericin B 1.25 mi 0.625 pg/ml

FBS 50 ml 10 % (V/v)

Adenine 2ml 0.025 pg/mi
Insulin 2.5ml 5 pg/mi

3, 3, 5Triiodothyronine (T3) 0.5ml 136 ng/ml
Apotransferrin 0.5 ml 5 pg/mi
Hydrocortisone 80 pl 4 pg/ml
EGF 25 ul 5 ng/ml

2.3.1.2.Cell passaging

Cells were passaged by removing media and washing twice with calcium and magnesium free
PBS before incubation with 0.25 % (v/v) trypsin/ 0.02 % (v/v) ethylene diaetir@eacetic

acid (EDTAJSigma Aldrich, Dorset)K)at 37 °C, 5 % GQor 5 minutes to detach the
monolayer from the flask surface. COMEM was added at a 1:1 (v/v) ratio to ifuribier
enzymatic activity of trypsin. Cells were centrifuged at 190 x g for 5 minutes, resuspanded
the appropriatecell culture medium at the required seeding dengityable 2.4.)nto tissue

culture flasks.
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Table 24. 2D seeding dnsities of cells used in cell lineased BMM

Cell type Seeding density

ROS 13 x 16/cm?
NOFs 7 x 16 /cm?
OKF6TERED 13 x 16/cm?

For cell counting, 20 pl of cell suspension was diluted with the viability stain trypan blue
(Thermofisher, USAnd viable cells were counted using a Neubgwsnocytometer

(Weber Scientific International, Middlesex, UK) using the equation:

% of viable cells penilliliter = Number of live cells counted10,000 x dilution factor

Number of Squares counted

Higher than 90 % viable cells were used in each experiment.

2.3.1.3. Cell freezing and cryopreservation

For longbterm storage, cells were passaged and resuspended di21:5 16 cells/ml in
cryoprotectant freezing medium which consisted of 90 % FBS (v/v) with 10 % dimethyl
sulfoxide (DMSO) (v/fBigma Aldrichporset UK. One ml of cell suspension was added to
eachcryovial (Greiner bi@ y S Df 2dz0SaGSNAKANBST ! YO @6KAOK
container (Thermo Scientific, Leicestershire, UK) to achieve a cooling ret€ pef minute

to 80 °C. After 24 hours iB80, cryovials were transferred to liquid nigen storage for

optimal londsterm cell preservation.

2.3.1.4. Resuscitation of frozen cells

When required, frozen cells were thawed and rapidly resuspended in appropriate cell culture
media, centrifuged at 190 x g for 5 minutes to remove DMSO, then peBespended in

media and seeded into tissue culture flask.
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2.3.2. Authentication ofhumancell line

Anaccurate data interpretation depends on unambiguous identity of a cell line relative to its
original source. Contaminatiomutation,and misidentification of human cell culturésads

to spuriousresults therefore, authentication of human cell lineadds confidence to the

scientific studyShorttandemrepeat (STR) DNA profiling provides an accurate, reliable, and
standardized methodbr authentication of human identit{Nims et al., 2010Authenticity of
OKF6erRETwas performed by STR profiling (AppentixFor that, the DNA was extracted

using QlAamp DNA Mini Kit (Qiagen) according to thedzih O G dzZNBE N & Ay & ( N
concentration of DNA was measured using a NanoDrop 1000 Spectrophotometer
(ThermoScientific) at 260/280 nm. ABI 3730 Dawalyzer (ThermoFisher, UK) was used to

run samples.

2.3.3. Development of ceHine based bone construdiBC)

2.3.3.1. Microstructural analysis of bone scaffold using mi&@mmputed tomography
(LECT)

HA/TCP (60 %/40 %) scaffolds of 20 mm x 3 mm dimension fabricatednigntional
aqueous gebcasting method were used (Ceramisyd D, UK). The microstructural
characteristics of the scaffolds were quantified biigh resolutionybCT scanner (SkyScan
1172; Bruker, Belgium) with a source voltage of Xilvoltage(kV) and current of 90
MicroAmpere For scanning, each HA/TCP diss wavered by polystyrene, placed on the
sample holder, and scanned with a filter of 0.5 rmalaminumat a rotation step of 0.7° and
rotation angle of 180°. Images were taken using Skyscan 1172 Control software (version 1.0.
x) and all the resulted 2D and 3bsssectional images were reconstructed using NRecon
(version 1.6.10.4, Skyscan) software. For image anal@3idr(version 1.13.2.1, Skyscan

software), aregionof interest (RIO) with a diameter of 9 mm and a height of 1.8 mm was
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chosen to exclude th@eripheral irregularities of the scaffold. Closed and open porosity,

interconnectivity as well as the other basic features were determined.

2.3.3.2. Optimisation of 3D seeding method

Seeding efficiency is defined as the percentage of the cells retamdidei scaffold with
respect to the total amount of celiZhao and Ma, 2005 wo different seeding techniques
were compared to evaluate cell seeding efficiency; static and dynamic se@iing et al.,

2000) Priorto seedingthe scaffolds were autoclaved and pnest with CDMEM for 4 hours.

In staticseeding, scaffolds were placed in 12 wadte (Greiner Bieone, UK) and 1x2®f

ROS cells suspended in 15 pl of COMEAA media were slowly distributed on top of each
scaffold and allowed to adhere for 2 hours after which 2 ml of culture media weredsidd
each well.Spinning seeding technique was performed usponerbioreactor (Stem stirrer,

UK). The bioreactor consisted of dual side arm cylinder and rubber cover pierce@2y a
gaugeneedle on which scaffolds were threaded and separated 5 mm apart by silicon tubes.
Subsequently, 3x $ROS cells suspended in 50 ml CDMEAA media were added to the

spinner which was stirred at 30 rpm under incubation conditions.

All celbscaffolds costructs were incubated for 24 hours to give the cells enough time to
adhere to and establish themselves in the scaffolds. Following that, the numbeorof
adherentcells in each group was quantified by cell counting. For the well glategulture
mediumwas removedthe wellswere washed with PBS, amells attached towvells were
trypsinizedusing 0.25 % trypsin/EDTA solutiéior the spinners, 20 pl of the culture medium
was taken from each spinndfollowing cell countinggeeding efficiency was calculated based

on the following equatiorfHong et al., 2014)
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Cell seeding efficiency % =

initial seeded cells to scaffoltinon adherentcells x 100

initial seeded cells tscaffold

2.3.3.3. Optimisation of 3D culture technique

Scaffolds were statically seeded as mentioned previously (see sectiBr23.3.0 promote a
robust cell attachment, cédlscaffold constructs were maintained in an initial staticipe of

24 hours before transferring them todynamicenvironment. This time was recommended

by many authors to prevent initial cell detachment and de@dlewitt et al., 2011; Teixeira et

al., 2014) Following 24 hours, constructs were cultured under two different conditions;
statically in 12 well plate or dynamicallyspinnerflask(Sikavitsa®t al., 2002) The culture

was carried out in CDMBMAA for one month with theefreshmentof medium every other

day. Sample assessment was performed at 1, 7, 14, 21, 30 days for cell viability using

PresoBlue (PB) live assay.

2.3.3.4. Cell viabilityassessment using PresoBlue (PB) live assay

The assessment of cell viability was performed using PB assay (Invitrogen, USA). This new,
simple, and extremely fast assay is a resazb@sed compoundavhich is converted to the
reduced form by mitochondrial egmes of viable cells and, consequently, exhibitolkaur

change that can be quantified by fluorometric or spectrophotometric apprd&cmncler et

al., 2014)

At each time point, samples wepéaced in 12 welplate andwashed with PBS. Then, a mixture

of 900 pl of CDMEM and 100 pl of PB reagent was added to each well. Three acellular discs
were included as eontrol (ctrl) Culture plates were vapped inaluminumfoil and incubated

at 37 °C and 5 % ¢for 3 hours. The incubation time of PB reagent had begtimised by

taking readings at different time pointsamely; 1, 2, 3, and 4 houfter incubation, 200 pl
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aliquotof test and control samples were transferred to a white opaque 96 well pGatgner
Bioone, UK) in triplicate. Subsequently, the fluorescence values were measured
(excitation/emission: 560/590 nm) usirgpectrophotometric plate reader (Infinite® M200,
TECAN, USAY.or calculation, the average fluorescent values of negative ctrl (scaffolds

without cells) were subtracted from the averaged sample readings.

2.3.3.5. Preparationof BC

BCs were prepared accordingttee techniquedescribed bySilavitsas et al., 2002)n brief,

10 autoclaved scaffolds were fawet in CDMEM 4 hours prior to cell seeding. In 12 well plate,
2 x 16 ROS cells suspended in 15 ul COMEWM were dropwise seeded in each scaffold.
Following 2 hours, BCs were submerged with 2 ml of CDMEMand incubated for 24 hours
after which they were suspended 5 mm apart in a spinner bioreactor spun at a rate@n30 r
(Figure 2.1.)Spinner was filled with 150 ml of CDMEMA refreshed every 3 days until the

end ofthe cultureperiod.

Figure 21. The dynamic culture of BCs in spinner bioreacté@gureshows ROS cdliseeded HA/TCP

scaffolds threaded in spinner before the addition of CDMEMA and transferring to the incubator.
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2.34. Development of OMM

Collagen hydrogbbased OMMs were constructed using the protocol adapted f(Daongari
Bagtzoglou and Kashleva, 200aajiefly, keeping everything aoe, rat tail collagen (R & D
biosystems UK) was mixedwith 10 x DMEM, reconstitution buffer 22mg/ml sodium
bicarbonate and 20 mM-(2-hydroxyethyl)1-piperazineethanesulfoniacid(HEPES), FBS, L
glutamine (Table 2.5.). Before thaldition of 0.2x10 NHOFs per model, this mixture was
neutralised to pH 7.4 by addition of Molar sodium hydroxide (NaOHAIl Sigma Aldrich,

Dorset,UK)

Table 25. The componentsadded to collagerto prepare collagen hydrogébased OMM

Component Final Conc.

10 x DMEM 13.8 mg/mi

Sodiumbicarbonate 2.25 mg/ml

HEPES 2 mM
NaOH 6.3 mM
FBS 8.5 % (v/iv)
L-Glutamine 2.1 mM

Then, 2 ml of the resultant fibroblasbllagen mixture was poured into 30 mm diameter cell
culture transwell inserts (0.4um pore size, Millipore) in 6 pkte (Greiner Bieone, UK) and

incubated at 37C in a 5 % CG@ncubator for 2 hours allowing the collagen hydrogels to set.

Once the hydrogels had set, they were completely submerged in 2 ml of CDMEM for 3 days.

Following that, 1 x FT0OKF6TEREAH & dzA LJISY RSR Ay on xf 2F DNBSy

2L 2F SIFOK Y2RSf IyR [fft26SR (2 | RKSNB
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media were added to outside and inside of the insert, respectively. After a further 4 days of
culture, OMMs wereraised to an a#to-liquid interface (ALI) using a 6 well plate and
LISNF2NF 6SR YSidiFf 3aINARRad® ¢ Y 2F DNBSYyQa YSRA

days for 10 days (Figure 2.2.).

Figure 2.2. Main steps of OMM construction. (ATollagen embeddddibroblasts immediately after

pouring in the inserts to be cultured in CDME®) OMMs following the addition of OKEBEREI2

G2 0SS Od#Zf G§dzZNBR Ay adzo YSNHSR O2yRAGKEYMM&ANI n RI & 3&
Odzf GdzNBE ¢KAOK flFaiSR F2NJ mn RIFIeéa Ay DNBSySQa YSR
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2.35. Development of composite BMM

Once the culture of BCs and OMMs had completed, both models were combined to construct

the composite BMMs. Briefly, BC was placed on a stetilaure plate containing 10 ml

CDMEM. Then, a biocompatible ficbhased adhesive sealanARTISSBaxter, UK|Table

2.6.)was preparedinapeF Af t SR a&@8NAy3IS I O0O2NRAYy3I G2 YI ydA
layer of the mixed fibrinogethrombin saler applied to the nowmpithelial side of OMM.

OMM was then immediately attached to the surface of BC and held in the desired position

with gentle compression for a minimum of 60 seconds to ensure that adhesive material had
completely set and both modelgere firmly adhered to each other (Figure 2.3.). The resultant

BMMs were then further cultured at static ALI for 5 days, after which the analyses were

performed.
Table 2.6. Themain constituents of fibrin sealant
Fibrinogen 675106 mg/ml
FibrinogenSolution Fibrinolysis Inhibitor (Synthetic) 2250-3750kallikrein inhibitor
units (KIU/ml
Thrombin (Human) 2.556.5 units/mi
Thrombin Solution Calcium Chloride 36b44 pmol/ml
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Figure 2.3. BMM after the adhering of OMM and BC with fibrin adhesiv®MM was inverted for
fibrin additionon the connective tissue side then BC was placed on the top and held in its position for

1 minute under gentle pressur&he final BMM was further cultured at Abr 6 days.

2.3.6. Assessments
BCs were assessed monthly by scanning electron microscopy and histological examination

BMMswere examined histologicalbt the end ofthe culture period.

2.36.1. Scanning electron microscopy (SE®&Xamination

SEM assessment was performed to observe cell attachment and proliferation. Following
collection from thespinner, BCs were rinsed with 5 ml of 0.1 cacodylate buffer, fixed with 3
% of glutaraldehyde for 3 hours, and then rinsed again with cacodylate b@mnium
tetroxide was added to cover the material surface and left for 2 hours. Then, the samples
were washed with buffer and dehydrated gradually with the increasing concentration of
ethanol solutions (75 %, 95 %, and 100 %) for 15 minutes each. Sangrkesair dried
overnight, mounted onto 20 mm diameter stubs and sputarated with gold (~20 nm). Cell
attachment and distribution were imaged at an acceleration voltage of 15 kV using a scanning
electron microscope (Philips 20, USA)Preparation of sanples for imaging was performed

by Chris Hill, Department of Biomedical Science, University of Sheffield
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2.36.2. Histological examination

Formalirbfixed paraffiibembedded (FFPE) sections were prepared to examine the tissue
morphology of OMM, BC, arBMM. Samples were fixed in 10 % (v/v) B&&fered formalin

for 24 hours, decalcified with formic acid for the same period, and processed overnight using

a Leica TP1020 benchtop tissue processor (Leica TP1020 benchtop tissue processor, Leica
MicrosystemsGermany;Table 2.7.)Samples wer¢hen embedded in paraffin wax usiray

Leica EG1160 embeddimgntre (Leica Microsystems). Sections of 10 pum thickness were
prepared (Leica RM2235 microtome, Leica Microsystems, Germany), floated onto a paraffin
section manting bath (Barnstead Electrothermal, Staffordshire, UK), mounted onto
superfrostplus micro slide (VWR, West Sussex, UK), and placed in an oven for 30 minutes at
55°C.

Table 2.7. Dehydration and embedding schedule for FFPEuUs Tableshows solutions and length

of time the tissue spent in each solution.

Solution Time (hours) ‘
10 % (v/v) neutral 1
buffered formalin
70 % alcohol 1
80 % alcohol 1
90 % alcohol 1
Absolute alcohol | 1
Absolute alcohol Il 1
Absolute alcohoalll 1
Xylene 15
Xylene 15
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Paraffin wax | 2

Paraffin wax Il 2

Haematoxylin and eosin (H&E) staining was performed (Leica ST4040 Shandon Linear Stainer,
Leica Microsystems, Germanyable 2.8. Following staining, slides were mounted with
Dibutyl phthalate, polystyrene, xylene (DPX) and covered with an appropriate coverslip.
Images were captured using &lympusBX51 microscope anmblourview lllu camera with

associated Cell"doftware (Olympus soft imaging solutions, GmbH, Munster, Germany).

Table 2.8. H&E staining schedule of FFPE sectidfise table describes the order and solutions used

for staining. Each step lasted for 45 seconds. Industrial denatured alcohol (IDA).

Order Solution

1 Xylene

2 Xylene

3 Xylene

4 99 % IDA

5 99 % IDA

6 99 % IDA

7 Distilled water

8 Distilled water

9 [ I Nh&ERndaxylin(Shandon)
10 I I NMhaEndaxylinShandon)
11 I I NMhaEndaxylinShandon)
12 [ I NDh&ERndaxylin

13 Running tap water

14 0.1 % acid alcohol

15 Running tap water

16 {O02G0Qa Gl L) ¢

71



17 Running tap water

18 Eosin ¥aqueous (Shandon)
19 Eosin ¥aqueous (Shandon)
20 Eosin ¥aqueous (Shandon)
21 Running tap water

22 99 % IDA

23 99 % IDA

24 99 % IDA

25 Xylene

26 Xylene

27 Xylene

28 Xylene

2.3.7. Statistical analysis

All data were presented in terms ahean * standard deviation (SD). The statistical
significance of differences within each group was evaluated b¥waganalysis olvariance
(ANOVAO2 YLJX SYSy (i SR tiedt whilelzivdSgdl (8a | Lbi2ha+l! & A Gtdst { A R
was used to determine thdifference between groupgLomparison between two groups was
performed usingUnpaired twdtailed thtest. Statistical analysis was performed using
GraphPad Prism software v7.0 (GraphPad Prism software, CA, USA), and differences were

considered significant kaen p < 0.05.
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2.4. Results

24.1. bCT analysis of HA/TCP scaffold

2D crosssectionalviews of scannedscaffolds showed interconnected, randomly distributed
pores of different sizes (Figure 2.4.hGI analysis revealed an open porosity (total porosity)

of 78.9 % compared with 0.01 % closed porosity. Similarly, the volume of closed pore space
showed a negligible value of 0.002 rhim comparison with 90.7 mfopen pore volume. The
averaged trabecular separation (podeameter) was 0.24 mm (240 um) whilée value of

trabecular thickness (pore wall) was 0.05 mm. The interconnectivity was 68487.6 (Table 2.9.).

Figure 2.4. ubCT image of HA/TCP scaffol®epresentative BCT image illustrating the 2D
cros$bsectional architectureof the conventional ceramic scaffold used for the construction of the
bone component of BMM. The area represents a region of interest (RIO) with a diameter of 9 mm and

a height of 1.8 mm. Note the random distribution of muglize, open and interconnectgabres.
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Table 2.9. ubCTscan measurement of HA/TCP scaffolthble summarising the main characteristic
features of HA/TCP bone scaffold. Data are representativenedn + SD of three independent

experiments (n=3) performed in triplicate.

Feature Unit Mean = SD

1  Volume of closed poret::  mm? 0.002 + 0.001

2 Volumeof open pores mm? 90.71£3.31

3 Closed porosity % 0.01 £ 0.005

4 Open porosity % 78.9+2.88

5 Trabecular thickness mm 0.05+0.01

6 Trabecular separation mm 0.24 £0.04

7 Trabecular number 1/mm 3.93+0.42

8 Surface density 1/mm 1478+ 1.6

9 Connectivity density ~ 1/mm?3 595.71+ 116.81
10 Connectivity - 68487.6 + 13429.14

2.4.2. Assessment ofell seeding efficiency
The results of cell seedirgfficiency are presented in Figure (2.5.). The efficievfcgtatic

seeding (97.23 £ 0.96 %) was significantly higher than spinning seeding (92.08 + 2.08 %).
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Figure 25. Assessment of cell seeding efficiency of ROS cells in HA/TCP sc&#&sldhart to show
difference efficiency between two methods of cell seeding; spinning and static. In static seeding, ROS
cells were added drojvise to eab HA/TCP scaffold while in the spinning methoddbk suspension

was added to the spinner and allowed to attach to the threaded scaffolds. Data reprasamt SD

of three independent experiments (n=3) performed in ftriplicate. Statistical significanege w

determined using an unpaired twiailed t-test (* = p < 0.05).

2.4.3. Viability of BCs irstatic and dynamic conditions

Before the assessment &Csviability in static and dynamic culture, the optimal incubation
time of BC in PB reagent was performed. dp@misation showed a significant difference in

the metabolic activities during the®'L 29, and 3% hour of incubation. However, after 3 hours
there was no significant change in metabolic activity valtggure 26.). Therefore, in this

thesis, 3 hours incubation period was used in all PB assessments of BC.
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Figure 256. Optimisation of PB assay incubation tim&he graph to show fluorescent readings of PB
assay at different time points when incubated with ROSbsedlded scaffolds. The graph
demonstrated a significant increase in the metabolic activities during the 1st, 2nd, and 3rd hour of
incubation while afte 3 hours there was no significant change in metabolic activity values. Data
representmeanz SD of a single experiment (n=1) performed in triplicate. Statistical significance was

determined using ongvay ANOVA with Tukey's pestst (** = p<0.01, *** = p€©.001).

With regard to the comparison between the static and dynamic culture, our results showed
that the metabolic activities of BCs cultured statically were not significantly different from
those cultured in the spinner in the?'l1l 29, and 3¢ week. @nversely, in the % week, the

spinning culture yielded significantly higher metabolic activity values than the static

environment(Figure 27.).
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Figure 2.7. Comparison of the static and dynamic culture of ROS within iaffold. Bar graph to
show the vitality of RGSeeded scaffolds following 28 days culture in either well plate or under
spinner bioreactor conditions. The graph demonstratea significantdifference in the metabolic
activities of BCs cultured staticalhywell plate and dynamically spinner in the in the 1st, 2nd, and 3rd
week. However, in the 4th weethe dynamicallycultured BCs yielded significantly higher metabolic
activity values than those cultured in the static environment. Data represedn+ D of a single
experiment (n=1) performed in triplicate. Statistical significance was determined tsmagvay
''bh+! gAQK-tgstA*R¥ 4 pRREG00AL)R & {

2.4.4. Attachment, distribution, and morphologyof ROS cells

SEM micrographs of the surface regionsagtllular HA/TCP scaffold showed a porous
microstructure with pores of different sizes (Figur®&.2A and B). Examination of tH&Cs
surfacefollowing one day of culturing demonstrated sparse ROSwkits hadaflat irregular
morphology attached to the surface and occupied numerous pores (Fighir€ and D). After

one month of culturing, the adherent cells had proliferated and arranged into dense
aggregates covering the entire scaffold surface and filling tbeegp The growing cells
established a plump, rounded morphology with a thin layer of secreted matrix appearing in
few areas (Figure . E and F). In the"®month (Figure 8 G and H) and"8month (Figure

2.8. | and J), however, the cells revealed a shrunk degenerative appearance at the surface.

1



Some areas were devoid of cells whereas in other areas a mineral deposition within the

scaffold pores was observed.
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Figure 2.8. SEM micographs of ROS cbleeded scaffold Representative SEM micrographs of
HA/TCP scaffold before and after ROS cells seeding and culturing for 3 m@n#rsl B)Scaffold
without cells showed the porous structure with pores of various sizes and randonbdigir. (C and

D) BC after 24 hours of dynamic culture demonstrated flat irregularly shaped cells scattered on the
scaffold surface and occupied many por@s.and FBC after one month of culturing demonstrated

the proliferated cells arranges into densleisters covering the entire scaffold surface and filling the
pores. Note the change of cell morphology from flat at day one to a plum, rounded shape with a thin
shell of the secreted matrix appeared in few arg@and Hand(l and J)The construct afte2 and 3
months of culture, respectively. Cells showed a degenerative cell pattern with spherical minerals
appearing in the scaffold surface (Scale bars: A, C, E, G =200 um; B, D, F, H, J =P88pguatjon

of samples for imaging was performed by CHti, Department of Biomedical Science, University of
Sheffieldaccording to the method described in secti@3.6.1)

4.4.5. Histological examination of BCs

Decalcified histolagal sectionof the acellular scaffolds presented in th€Figure 2. A).
From day oe (Figure 2. B)to day 30 (Figure Q. C), cells were distributed in the scaffold
and became densely packed with a high degree of mitotic figures and even distribution
However, there was a gradual decrease in cellular density in tdeaBd 3rd month (Figure

2.9. D and E, respectively).
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Figure 29. H&E histological sections of decalcified BC. i#/TCP scaffold without cel[®)BC after

24 hours of culture in spinner demonstrated the cells scattered on the residual scaffold mdt@yial.
The cells showed proliferation after 1 month of cultu®) BC in the ® month of culture
demonstrated a decreased cell number and increasirggdissolved scaffold mineraléE) The cell
number decreased further at the end of 3nonth. The yellow arrows indicating the ROS cells while

the red arrows indicating the degraded scaffold material (Scale bars = 100 um).

2.4.6. Histological examingon of BMM
Examination of the composite BMM revealed &layered structure comprising equivalents
of epithelium, connective tissue, and a bony layer. Mucosal part demonstrated a relatively

differentiated parakeratinsed epithelial tissue with B8 cell layers of OKF6/TREX and
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evenly distributed fibroblasts within the connective tissue layer. The bongosa interface
displayed a thin band of fibrin sealant adhering the soft and hard tissue interface, with many

cells populated beneath the sealant andagered around residual mineral from the

decalcified HA/TCP scaffold (Figure02.1

Epithelium

Connective tissue

Bone component

Figure 210. H&E section of the composite cell libBbased BMM.Image shows the decalcified section

of BMM consisted of mucosal and bone campnts. The mucosal part was comprised of a relatively
stratified epithelial layer formed by immortal OKF6 and a connective tissue layer which demonstrated
an evenly distributed fibroblasts within the collagen gel. The bone mucosal interface revealed a thi
band of fibrin sealant (blue arrows) at the interface between the soft and hard compartment. Many
cells populated beneath the sealant and scattered around residual mineral from the decalcified
HA/TCP scaffold (Scale bars =200 um).
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2.5. Discussion

2.5.1. Effect of scaffold structure oBTE

Porous ceramic scaffolds that mimic trabecular bone are receiving particular attention in
the rapidly evolving BTE domain. Aptimisation of many features such as geometry,
composition, and mechanical properties of thecaffold is essential to ensure its
functionality in tissue formation. For thagfficient and rapid methods for quantitative
assessment of scaffold design a&assentialPeyrin, 2011)

In the study of the morphological and architectural characteristics of the scaffold, several
technigues have commonly been used, including gravimetric, liquid displacementa8&M,
mercury intrusion porosimetry. Although the first two methods are quantitative, simple, and
fast, they are inaccurate anshly give ax approximationof actual scaffold porositfGuarino

et al., 2008; Nazarov et al., 2008EM, on the other hangrovides high resolution of surface
topography and can quantify the pore size and number of interconnectigiisphy et al.,
2002) However, the 2D measurement on a relatively small area presents a weakness of this
method because it is difficult to envisage the internal structure. Similarly, mercury intrusion
porosimetry can measure the porosity, pore siaed distribution of the whole scaffold, but

it cannot detect the isolated and deep pores. In addition, both SEM and mercury intrusion
porosimetry result in sample destruction (Ho and Hutmacher 2006). Aidgblution Yray
MLCT scan, by contrast, can easily represent specimen in 2D and 3D formats amdlgsen

the interconnection between porgdloore et al., 2004)In addition, it is higlylaccuratenon-
destructive,requires minimal sample preparation, and enablesualsation of the internal
architecture (Tuan and Hutmacher, 2005; Ho and Hutmacher, 200®yeover, it can be
employed in the quantification of newly formed bonsovasculasgation, and bone matrix

(Peyrin, 2011)
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Scaffold acts as synthetic ECM that largely influencesebtviourand therate of bone
ingrowth through its architectural features, including porositypore size, and
interconnectivity(Thavornyutikarn et al., 2014Porosity is defined as the ratio of the volume

of void space to the total solid volun{ieedén Y Ledn, 1998 vivg porosity enhances the
mechanical interlock between the implanted scaffold and recipient site; thereby providing an
interface mechanical stability (Story et al., 1998). In addition, a high porosity with a high
interconnectivity between the pores is ess&itto permit recruitment and penetration of
cells from the surrounding tissue, vascular ingress, and nutrient and waste diffisiboki

et al., 1998)

Although different porosity percentage ranges betweerb®® % were indicated in the
previous studies, there is a consensus among the literature fladursincreasing the
porosity of bone scaffold to enhance osteogend$iarageorgiou and Kaplan, 2009his
effect is likely due to the higher adsorption of b&neducing factors and exchange of ions
due to the larger sdace areaHing, 2004; Hing, 2005 onversely, only a limited number of
studies showed no effect of porosity on bone appiosit(Fisher et al., 2002; Kujala et al.,
2003) The absence of any report in the literature indicating the beneficial effect of minimal
porosity solidifies the importance of highly porous scaffold in tissue regeneration. However,
increasimy porosity often compromises the mechanical property of the sca{feddtt, 2006)
Hence, a balance between the mass transport and mechanical function of the scaffold should
exist for anoptimal outcome.

Pore size formedby the trabecular separation between struts is another determining factor
Ay 02yS F2NXIGA2yd DSYSNIftezr LB2NBa NS SAGK
(Karageorgiou and Kaplan, 20030 small pores limit cell migration and lead to cellular

capsule formation in the scaffold periphery, which compromises nutrient diffusion and causes

84



necrosis in the interior part of the construct. Too large pores, by contrast, decrease cell
attachmert (Yannas, 1992)To date, the optimal pore size is still controversial. In general,

a0l TF2f Ra ¢6AGK YAONRLERZNRBaAAGE ofmn >Y LR2NBAUY
>Y0O KIF@S 0SSy dza S Bndyieffed diffedent leduliskKardyeoigib 2 afidi

Kaplan, 2005)For instance, atudy conducted byHulbert et al., 1970 which a calcium
F€dzYAYFGS aO0FFF2fR AYLIX I YGSR Ay RZLEp ASYYNI f
resulted in substantial bone growthJ2 NB & ngi n T sho¥ed unmineralizethone,

while fibrous tissue was formed in scaffold with poresof1®&T p >Y® ¢ KS | dzil K2 NJ
GKFG mnn >Y A& (KS YAYA YudignifitBnbeny ferdsfithamd L2 NB
correlated this with normal Haversian systems that have an approximate diameter of
1006H AN >Y® | f 0K2dZAK (KSaS FAYRAyIa& (BgdietBl., O2y FA
1988; Flatley et al., 1983yrowingS A RSy OS Kl & &aKz2gy GKIF G L32NB
needed for optimal osteogenesis and vasculogen@gigphy et al., 2010; Karageorgiou and

Kaplan, 2005; Liu, 199 However, the role of microporosity in bone formation should not be

ignored because it increases the surface area and surface roughness, which in turn enhances
protein adsorption and biodegradabili(yeon et al., 2014)'he importance of heterogeneous

L2NBE &aAl S Ylre KIFIgS SR (2 GKS SYSNHSyOS 271
incorporates different pore sizes in one construct to exhibit similar structural complexity as

the native bone tissuéDi Luca et al., 2016; Andrea Di et al., 2016)

Another important structural parameter of scaffold design is the interconnectivity, which

refers to the connection and communican between poregLi et al., 2003)in other words,

the volume of pores accessible by cell divided by the total volume of all pore®iiLet al.,
HAMHO® ¢KS LI2NBa YIeé 0SS SAIKSISYRYESONDR YV K G A

2000). Several studies demonstrated that interconnectivity is as important as porosity for
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effective fluid permeation, cell migration, and mass trans{&alerno et al., 2017)
Connectivity densitypn the other hand, is defined as the maximum number of trabecular
connection that must be broken in order to break the scaffold (Tellis et al. 2009). Therefore,
it correlates moreto 1 KS & OF FF2f RQa YSOKIFYyAOIFf LINELISNIA S
bonestiffness when it undergoaemodelling (Kabel et al., 1999)

Based on the previously mentionéierature, it appeared that the conventional HA/TCP
scaffold used in this study reasonably provided the required feattmeBTE. However, for

ideal bone scaffolding characteristics (see Table 1.1.) further qgatiimn in terms of
structure and composition is needed.

2.5.2. Influence of the seeding technique oreeding efficiency

In this studyROSell line was choserof the fabrication of BCThis cell lingvasfirst derived

in the late 1970sfrom the spontaneoustumour in rat. The cells exhibian osteoblastic
characteristic such as ALP expression,s@€etion, and calcified matrix formation when
cultured in a dynanti environment(Kartsogiannis and Ng, 2004; Shteyer et al., 1986)

The first step in TE of any construct is seeding of the scaffold. This step often affects the
success of tmue-engineered products because it determines the initial number of cells as well
as their spatial distribution throughout the construct, which, consequently, provides the basis
for cell proliferation, migration, and uniform ECM secretifn et al., 2001) Many
investigators demonstrated that the optimal initial cellularities of the construct are desirable
because they resultesh high proliferation, increased osteogenic gene expression, and more
bone tissue formatior(Yassin et al., 2015; Zhou et al., 200B)erefoe, researchers have
relied on different seeding methods to improve the affinity of cells to the substrate.

Generally, these methods can be divided into two approaches: static and dynamic seeding

techniques (Li et al., 2014; Van Den Dolder et al., 20833tatic method is either surface
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seeding which is simply performed by pipetting the cell suspension on to the scaffold surface
(Wan et al., 2005pr direct injetion inside the scaffoldHofmann et al., 2003)Dynamic
methods, on the other hand, involvaovementof the cell solution through and/or around

the scaffold using a spinner flagks dzy" 2 I { b 2 @998) 2 g@KuSionPidreaktdZian

and Ma, 2005)an orbital shaker, or centrifugation (Li et al., 2014).

Several comparative studies between dynamic and static seeding highlighted the advantage
of dynamic seeding in achieving highllgar yield and distribution(Burg et al., 2000)
compared the effect of the perfusion bioreactor, the spinnesK, and static seedings using

rat aortic endothelial cells on polyglycolide fibrous mesh. They found that static seeding
produced the poorest distribution and a low yield, as determined on the basis of cellular
metabolic activity, attachment, and prolifgion. Similarly(Van Den Dolder et al., 2003
evaluated the effect of static and rotating seeding on the culturing of raeboarrow cells

into titanium fibre mesh,and concluded that high initial cell number and the osteogenic
capacity of the scaffold can be promoted with the dynamic seeding technique. Another
comparison performed among static, centrifugal and cycling metdedsonstrated that 63.1

% of cells were seeded on the scaffold with the cycling technique, which was higher compared
to 61.9% and 53.26 for centrifugal and static seeding, respectively (Li et al., 2014). However,
the study showed that static seeding prdes a more reproducible and uniform seeding in
comparison with the other methods, which showed extreme statistical variance. In addition,
cell damage and death were lower in static seeding, which showed%.88mpared with
6.11% and 9.324 forcentrifugal and cycling method, respectively.

Other studies, by contrast, are in agreement with our findings in showing that higher seeding
efficiency can be obtained with static seedir{@endt et al., 2003)monitored seeding

efficiency and spatial uniformity of perfusion, static, and spinner systems. They showed that
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the difference between perfusion (8%) and static (85%) seeding is not statistically
significant, whereas both systems produced a significantly higher efficienehaner flask
(71%). Similarly(Thevenot et al., 201lhvestigated the seeding efficiency of static, orbital
shaker, and centrifuge using a poly (lactmteglycolide) (PLGA) scaffold. They found no
statistical difference between various cell seeding methods although the @ility
assessment showed 106 viability with the static method while a cell death of%%and 50

% resulted from the shaking and centrifugation methods, respectively. Other studies
demonstrated that seeding efficiency using droplet static seeding cachrep to > 906
(Rajan et al., 2034Hong et al., 2014; Buizer et al., 2014)

The variations found in the literature regarding static seeding performance may be attributed
to several reasons. First, theon optimal ratio of cell number to the surface area of the
scaffold may contribute towards increasing the unattached cells, wdniehmiscalculated as
un-efficient seeding(Holy et al., 2000)ised initial seeding concentrations that varied from
0.5to0 10 x 18Bcells/cn? on a PLGA scaffold. They reported that a plateau of 1.5 eellé/cn?

(25 % of initially seeded cells) was reached regardless of the increasing initial cell
concentration. Second, the efficiency of the seeding method varies according to the chemical
composition and spatial architecture of the scaffold. Porosity percentage,dioretre, pore
geometry, surface area, and wettability can lead to different seeding re@dltag et al.,
2014) With regard to our results, the high seeding efficiency associated with droplet static
may be explained by the proper cell/suspension volume ratio. It is likely that static seeding of
1 x 10cells loaded in 15 pl promotadore cell attachment in the scaffold than the spinning

of 3 x 10cells suspended in 50 ml. In addition, the hydrodyiwforces such as shear stress
produced by the spinner flask may cause detrimental cell damage. Therefore the number of

viable attached cells was reduc@dohd-Zulhilmi et al., 2014)
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2.5.3. Effect of gatic versusdynamic culture environmenbn BTE

In 3D cell culture, cell viability and activity are largely influenced by a culture environment
that promotes mass trarier and nutrient delivery. Cell viability can be assessed\myriaty

of methods, includingthe measurement of mitochondrial activity, analysis of lactate
dehydrogenase, and determination of adenosine triphosphate cell content as the indicators
of cellular necrosis and apoptos{Miret et al., 2006) The monitoring of alterations in
mitochondrial activity is particularly popular and can be detected with the use of M{4,%3
dimethylthiazot2-yl)-2,5-diphenyltetrazolium bromide) and resazurin -itydroxy10-
oxidophenoxazifl0-ium-3-one) (Ansar Ahmed et al., 1994Although MTT is economic and
widely utilized, it is cytotoxic; allowing only one measusnt to be made at a single time
point (Boncler et al., 2014Resazuribbased reagents are dependent on the ability of viable,
metabolically aave cells to reduce resazurin, a watluble dyecompatible with phenol

red, to resorufin that can be detected either colorimetrically or fluorometricgWynsar
Ahmed et al., 1994)AlamarBlue andPrestoBlueare resazurinbased compounds that are
considered superior to MTT because they are not toxic to the cells. Therefore, continuous
monitoring of cell viability in cultures over time is possible. In addjtthesereagentsare

more sensitive than MTT because they can detect 1,000 cellslalftearof incubation while

MTT is able to detect 5,000 cells after 3 hours of incubgfianet al., 2015)

In BTE, the reproduction of the body dynamic environment is essential because it maintains
an efficient mass transfer as well as providing physical stimulation to the differentiating tissue
(Szpalski eal., 2013). In 2D and thin 3D tissues, the passive diffusion provided by the
continuouscontact between cells and the culture medium is sufficient to maintain the cells.
However, as the tissue becomes thicker, cells existing at a distance greater St&20Q@Qm

from the medium would undergo hypoxia and death due to insufficient nutrition/oxygen
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supply and waste removal (Mekala et al., 2014). The ceraased bone model required a
dynamic flow to improve nutrient and waste diffusion because the statltuiis only
sufficient to nourish the thin superficial layer contacting the med{i®auwkema et al 2008)

As the cells increase in number, so does their metabolic demand and theupudfiwaste
products. In addition, once the cells start to secrete their ECM, another diffusion barrier is
formed by the matrix components such as proteins and pwgtgcans. These are relatively
larger molecules with low diffusion coefficients, which may further hinder nutrient diffusion.
Consequently, the deeper cells in the tissue interior can be deprived of an oxygen and nutrient
source in longerm static cultureconditions(Martin and Vermette, 2005; Kihara et £Q13)
Moreover, oxygen transport is linked to its concentration, which is approximatelynd2@n

the fully oxygenated culture medium compared with 8699 mMbkyhaemoglobinThe low
oxygen concentration in media limits the diffusion to the outer cell rim and deprives the core
cells of oxygen and a nutritional supply (Bhumiratana et al. 2013).

Manipulation of the mechanical force that stimulates growing bone is another important
benefit of fluid flow provided by a dynamic culture system. Indeed, native bone is constantly
subjected to mechanical stimulation by movement and muscular contractionhatbad to

bone modelling In addition, the applied physical forces cause a change in the shear stress,
hydrostatic pressure, and electrical field@ubin and Lanyon, 1984)

In order to address the previously described limitations associated with static culture,
different bioreacta systems have been widely used in BVi&rtina and Giuseppe Maria de,
2014) A spinner flask is a simply designed bioreactor that showed a positive osteogenic effect
through increasing the levels of cell proliferation, mineralizatidhR and OC secretion
(Ichinohe et al., 2008; Kim et al., 2007; Sikavitsas et al., 2(BRpvitsas et al., 2002)

comparedbone marrow seeded PLGA scaffolds cultured in sta&enner, and rotatingvall
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vessels for 21 days. Their weekly assessment revealed an increased cell proliferation at all
time points and a higher calcium content in the spinner culture than those encountered in
static and rotating wall vessels. Anotherngoarative study was conducted for 21 days
between static, orbital shaker, and spinner cultures of rat bone marrow cells seeded in
polyethylene terephthalatdibre. The extent of cell proliferation, osteogenic differentiation,
ALP activity and mineral detsiwere higher in the spinner cultur@chinohe et al., 2008)
Similar results were obtained when human adipasgived stem cells were combined with
cancellousbone scaffold in the spinner and traditional static culture. Following 2 weeks of
culture, ECM secretion, ALP expression, and cell vitality, metabolisndigtnbution were

much better in the spinner group (Kedong et al., 2014).

Our findings were in agreement with the aforementioned studies in showing that the spinner
Ftlral O2dzZ R YAGAILIGS GKS Ylaa GNIyalLR2NL f
demonstated that the static culture could not support the model viability for 1 month
although the vitality in static and dynamic culture was the same in the first 3 weeks. Cell
survival throughout 3 weeks in static culture may be attributed to the nature ofeacells

to withstand the hypoxic environment. In addition, cells can easily gain nutrition as long as
they are on the surface of the scaffold where they are in contact with the medium. By
contrast, the sharp decline or approximately the complete loss 8§S Y2 RSf aQ @Al 0 A
end of the 4 week may be because the cells deeply infiltrated inside the scaffold and became
isolated. Consequently, the passive diffusion in the static culture was insufficient to provide
the highly proliferative cancer csliwith their nutrition and oxygen needn this regard,
perhaps it is noteworthy to mention that the nesignificant difference between static and
spinning culture during the 3 weeks does not necessarily indicate a similar proliferation rate

because PresBlue assay does not quantify the cell number; rather, it assesses the overall

91



metabolic cellular activity. It reflects the state of cellular Wading because it assesses the

mitochondrial activity which indicates any shift in the aerobic metabolism (8uag, 2000).

2.5.4. Qualitative assessment of BC

Our study revealed the feasibility of culturing BC in the spinner bioreactor for 3 months, which
is considered to be a relatively long period. A sinldag studywas performed by Kim et al.
(2007) in vinich hMSC were seeded in silk scaffold and were cultured in a spinner flask for 84
days. They showed that by using the spinner culture not only cell viability was maintained,
but all the osteogenic outcomes were progressively enhanced. Perhaps the logical
explanation for these results is that the distribution of the nutrients/oxygen within the
constructs and the efficacy of cell metabolites are improved by liquid flow in the spinner.
Therefore the deeper cell could be reached (Kedong et al., 2014; Mekaila 2014).
Thequalitative SEM and histological assessments were consistent in showing the distribution
and proliferative pattern of ROS cells in HA/TCP scaffold, which was higher durinj the 1
month and progressively declined towards the end of theeskpent. Such a trend in
decreased cellularity over time may indicate necrotic cell death, which is explained by the fact
that cancer cells have a higher proliferation rate and nutritional demand than normal primary
cells. This can result in the deprivatiof nutrients and cell death that was noticed in this
study during the 2 and 3% months of the culture. Furthermore, cell necrosis can be
attributed to the limitation of the spinner bioreactor itself because it promotes convection
mass transfer at the anstruct surface while the dominant nutrient exchange within the
construct remains by diffusion (Mekala et al., 2014). Meinel et al. (2004) cultured hMSCs on
a collagen scaffold of 3 mm and 1.5 mm thickness for 5 weeks. They showed that, in spite of

the porosity and minimal thickness of the scaffold, the spinner culture did not adequately
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support mass transport. The penetration depth appeared to be 1 mm or less, resulting in bone
formation in the exterior and cell death in tleentre.

The changeinthe R@BSf f 4 Q Y2 N1LIK2f 238 20 aSagasiRhesd® { 9a
day may be attributed to the differences in cell shape, population, lztthviourin 2D and

3D culture. Cells after only 24 hours of seeding still behaved as in monolayer growth, where
cells are usually flatter than they would appear in a 3D environnjédmondson et al., 2014)
Finally, it might be noteworthy to consider that the morphological features observed in this
in vitro model, which is based on ROS cell line, do not reflect the typical features of bone
tissue formation. Not surprising if we generally accepted thetfaat malignant cells express

the differentiated features of the tissue of origin but do not represent the functional
properties in terms of cellular products and response, which are often spspexsfic(Rodan

et al., 1987h)

2.5.5. Qualitative assessmenf BMM

In respect of OMMyarious types of synthetic and naturally derived scaffolds have been
reported such as polycarbonate, PLGA, collaged,acellular dermi@Moharamzadeh et al.,
2007) Collagen comprises the main constituent of the natural oral mucosa. It was #t us
by (Masuda, 1996{o develop ann vitrofull thickness OMM by seeding normal keratinocytes
in bovine skin collagen gel containing fibroblasts. The resulting model showed well
differentiated mucosal tissue comparable to the native oralcesa histologically. In this
study, growing OMM in a static culture raised no problem due to the hydrophilic, high
waterbcontaining networks of collagen hydrogel that enhance permeability for oxygen,
nutrients and watebsoluble metabolitegPeppas et al.2006) In addition, collagen provides

a suitable template where the fibroblasts proliferate, produce ECM, and provide a condition

for keratinocyte proliferation and differentiation better than any artificial matrix (Maruguchi
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et al., 1994). Howeverhe dimensional instability and gel contraction presented a problem

in this study due to the positive correlation we observed between the number of the
contractile fibroblasts and the amount of contraction. This contraction could be minimized by
adjusting he number of fibroblasts to 0.2x%0which generated a weflopulated connective
tissue and proper matrix deposition that appeared as pink staining in the lamina propria
component of the model (Fischer et al., 2008).

Oral epithelial cell line immortad by forced expression of telomerase (OKF6/TRRWas

used in this study. The use of cell line helps to reproduce and standardize the model as well
as overcome the disadvantages of primary keratinocytes such as limited biopsy resources,
patient-to-patient variations, short lifespan, and limited propagati@outhgate et al., 1987,
DongariBagtzoglou and Kashleva, 2006fbhe cloice of this cell line was based on the
evidence that it resembles normal keratinocytes in several aspects and was successfully used
in the construction ofin vitro OMM (DongariBagtzoglou and Kashleva, 2006b; Dongari
Bagtzoglou and Kashleva, 200@a)addition, these cells retain their growth control in culture
because telomerase expression rescues cells from the mechanism of senescence without
affecting major growthbehaviour Therefore, these cells can be easily cultured for several
passagegDickson et al., 2000However, in our model, the epithelial layer was not terminally
differentiated, which may be attributed to a high passaged number.

The selection of fibrin to glue bone and nosal tissues was based on imitating the normal
physiological phenomenon occurriimgviva When a wound occurs, adhesive fibrin protein is
formed to seal thewoundededges as well as to plug blood vessels and prevent blood loss
(Miloro et al., 2004) The role of fibrin adhesive in surgery has been recognized since 1972
when it was used in digl nerve repair (Matras et al., 1972). The application of fibrin glue in

the field of oral and maxillofacial surgery was first described in 1982 for nerve {Matyas,
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1982) then for soft tissue injuries(Matras, 1985) In addition to its hemostatic,
biocompatibility, and biodegradability, fibrin can promote osteogesesd vasculogenesis
due to its prdangiogenic properties, which make it a suitable candidate for BTE
(Khodakaranafti et al., 2017)

This study demonstrated the feasibility of combining the soft and hard tisswese construct
using fibrin sealant, with no detachment cases being reported. However, the major challenge
of this study was to preserve the integrity of the model structure during histological
processing. The decalcification of BMMs often resulte®mpmlete dissolution of the HA/TCP
a0FFTF2f R I YR f 2&adud® théabsencd drsBffic@rit matrist tNatz0widdzNB
support the residual mineral following decalcification.

Finally, it may be speculated that an alternative method of generdakiiM would be by
growing the soft tissue directly over the bone compon&hisapproach may be technically
impossibledue to the lack of universal media formulations suitable for different types of cells
in a single culture. In addition, this technique nrajse the question of how long the cells,
particularly in the air lifted epithelium, can survive in the presence of bone that may prevent
adequate delivery of a medium that is not directly contacted to the oral mucosa substitute.
Although our composite nael revealed that epithelial cells survived for an additional 5 days
after final assembly of the futhickness model, it must be emphasized that this finding should
be interpreted with caution because it does not necessarily represent human primary cells.
In summary, the present work demonstrated that vitro engineering of a bone mucosa
model resembling native oral tissue structure could be established. The use of
fibroblastpopulated collagen gel for oral mucosa assembly and employing a biocompatible
fibrinbbased adhesive to combine the constructed soft and hard tissues appear to be

successful approaches in TE of a composgeomucosal system. The current findings
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provided primitive proof of the concept to fabricate a wellaracterized composite medl
In the next chaptergpptimizationof this newly developed model by using primary human oral

cells will be addressed.
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Chapter 3 Development andcharactersation
of tissueengineeredhuman alveolar boné
mucosal model using conventional scaffolds

NB:The work described in this chapter has been published in:

Almela, T., ABahaf, S., Bolt, R., Brook, I. M. & Moharamzadeh, K. 2018. Chazsdicterof
Multilayered Tissudngineered Human Alveolar Bone and Gingival Mucbisaue
Engineering Part C: Method24 (2), pp 99.07.
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3.1. Introduction

Currently, there is an exceedingly high demand for bone substitutes in the United State (US)
and other countries worldwide. In the US, more than 500,000 patients receive bone defect
repairs annually, and the prevalence of bone disorders is expected tdelgldibally by 2020
(Baroli, 2009) Restoration of defects following trauma, excision of pathology, and in the
correction of e&tvelopmental deformities, poses a great challenge due to the lack of suitable
donor sites for harvesting grafts capable of accurately replicating the missing tissues. Whilst
the need for anatomicalkaccurate grafting materials offers a niche that couldilbed using
refined tissue engineered constructs, it also imposes a considerable challenge to current
composite TE techniques in order to create and attach the numerous tissue types required to
replicate the normal anatomfLanza et al., 2014pespite this challenge, 3Dvitroscreening
systems, based on human cells and tissues, have already attracted significant attention, as
they offer more robust and predictive experimental data compared to 2D or animal models
(Rouwkema et al., 2011)Limitations of 2D models include the loss of a natural 3D
environment, which is in turn reflected in cefiehaviour (Khoruzhenko, 2011)and
additionally,the absence of a 3D environment excludes important factors such as hypoxic
gradients and drug penetration. Furthermore, animal studies maleaddue to interspecies
molecular and physiological differenc€san der Worp et al., 2010) Therefore, the
shortbterm need for anatomicallyepresentative 3D models of the ofacial region is
assured. Future development of these models beyond experimemalysis furthermore
offers potential to achieve the longktierm goal of establishing tissue engineered grafting
materials capable of improving and simplifying the reconstruction of surgical defects in the

orofacial region.
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Over the last few decade#)ere has been a substantial amount of innovatiand progress

in the engineering of various tissues found in the orofacial region, such as cartilage, bone,
mucosa, and periodontiunfPallua and Suschek, 2010his has encouraged researchers to
develop more intricatelystructured hybrid tissues that differ in the characteristics of their
constituent parts yetcomprise a single functional unit. To date, only a few examples of
composite tissues have been engineered which replicate the orofacial region. Recent
successes includéé¢ engineering of osteochondral components of the temporomandibular
joint, which comprises both articular cartilage and subchondral &@um et al., 2016; Ruan

et al., 2017)and the engineering of a ligamentous interface between t@ott alveolar bone

to replicate the boneperiodontal ligament complefPark et al., 2011)

The three key components of the majority of orofacial tissues are that of bone, fibrous
connective tissueand an overlying epithelium. Development ah accurate alveolar bore
mucosal model, therefore, represents another important step in the process of achieving a
clinically utilizable tissue engineered orofacial construct. In Chapter 2, the feasibility of
developing3Dcomposite bone mucosal model wdemonstrated using cancer and immortal
cell lines. In this chapter, the development of a primary human alveolar bone mucosal model

(ABMM) based on theonventionalscaffold is presented.
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3.2. Aims
1. To develop a novel 3D composite ABM&ted on pmary cells isolated from the native

human oral hard and soft tissues.

2. Tocharacterse the ABMM qualitatively and quantitatively, and to examine whether it
accurately replicates the normal tissues in terms of histology, ultrastructural appearance,

differentiation and phenotype characteristics.

3.3. Materials and methods

3.3.1. Surgical removal of biopsies

Gingival and bone biopsies were obtained with written, informed consent from patients
undergoing elective oral surgery at Charles Clifford Dertadpital, Sheffield, UK, under
appropriate ethical approval from National Research Ethics Services Committee (number

15/LON0116) (AppendiXl).

3.3.2. 2D cell culture conditions of normal human alveolar gingival and bone cells

3.3.2.1. Isolation and cuiltation of normal human oral keratinocytes (NHOKS)

Irradiated 3T3 (i3T3) murine fibroblast cells were used as a feeder layer for NHOKSs cultivation.
3T3 (NIH/3T3 (ATCC®GRLp y 1 0 ¢ S MBMEMiippleziédiad with 100 1U/ml:100
pg/ml P/S, 10 % FBS,ca2 Mm LGlutamine. For irradiation of 3T3, cells were exposed to 60
Grays using a coba0 source irradiator to arrest cell growf{ihearnden, 2011)i3T3 were

cryopreserved and resurrected when required.

NHOKs were isolated fromormal oral mucosaNOM) biopsies as meviously described

(Colley et al., 2011Briefly, biopsies were collected and kept feb4ours at £Cin transport

medium whichis comprisedf DMEMD f dzii I a! - 1 adzlJLX SYSYGSR 6A (K
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solution for 16 hour. Following enzymatic digestion, the epitmliwas removed from the
connective tissue by gentlscrapingwith a scalpel blade (Figure 3.1.). NHOKs were
centrifuged at 190 g for 5 minutes and cultured with an equal number of i3T3 (Table 3.1.) in
DNBSyYy Qa YSRA dz{RhéinvadandiGreart, 19 A5hich reffeghed every day until

confluency. NHOKSs were used at passage@yopreserved.

Epithelium/

. ‘\ -
~ \iionnchve ///

\_tissue

Figure 31. The separation of epithelium from the connective tissue layer of the oral mucosal biopsy.
Image shows(A) normal oral mucosa (NOM) biopsy in the transporting medi{@)the epithelial
layer was separated from coanative tissue by gentle scrapiafter incubation for 16 hours in trypsin

and each layer was cultivated separately.

Table 3.1. 2D seeding densities of primary human alveolar gingival and bone cells.
Celltype  Seeding density

NHOKs 6 x 106/cm?

NHOFs 7 x 138 /cm?

HAOBs 13x 1G/cm?
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3.3.2.2. Isolation and cultivation of normal human oral fibroblastsHHOF}$

NHOFsvere isolated from gingival and buccal mucosa biopsies as previously described (Colley
et al., 2011). Following incubation with 0.25 % trydSITA solution for 18our at 4°Cand
separation from the epithelium, connective tissue was finely minced acubated in 0.05 %

(w/v) collagenase type | (Gibco, USA) at°87 for 4 hoursNHOFswere collected by
centrifugation at 190 g for 5 minutes and plated with appropriate seeding density (Table 3.1)
in CDMEMsee Table 2.2Wwhich refreshed every other day tinconfluency NHOFsised at

passage 2 or cryopreserved.

3.3.2.3. Isolation and cultivation of primary human alveolar osteoblasts (HAOBS)

HAOBs were isolated from bone chips collected irsterilised bone trap during the
preparationof dental implant site{Mailhot and Borke, 1998; Jonsson et al., 1988)lowing
collection in the transport medium, bone fragmentgere extensively rinsed in PBS and
vortexed to remove blood components. Tissue was cultured as explant in CEIMEAMsee

Table 2.1.) and left undisturbed for 7 days becausedwsipdgmentof explants may impede

cell outgrowth. The mediumwas replaced 23 times/week until the culture attained
confluency. Cells were passaged, plated with appropriate seeding density (Table 3.1), and

used in passage 3 or cryopreserved.
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3.3.3. Charactesation of intraoral-derived cells.

3.3.3.1. Charactesation of bone-derived cells.

The main function of bone cells is secretion anitheraisation of ECM(Neve et al., 2011)
Therefore, to verify the osteogenic phenotype of thene-derivedcells, the secretion of one

major specific osteogenic protei®C,and the calcium deposition were examined.

3.3.3.1.1. Determination of protein secretion by immunofluorescent (IF) stagni

Isolated cells were grown at density 7 x31@m?on sterilized glass coverslips placed in 24
well plate. After 48 hours, IFabelingwith antibodies was performed according to the
YIydzZFl OGdzZNBNDR& AYaliNHZOUIGAZ2y ad . BiedvEERBS (1X S RA dzv
3, 5 minutes each), fixed with 4 % paraformalged (PFAJSigma Aldrich, Dorset, Yk
minutes), permeabilized with 0.1 % TritoB2R0(Sigma Aldrich, Dorset, Y x 3, 5 minutes
each), and then blocked with 1 % bovine serum albufBBA)Sigma Aldrich, Dorset, YK

0.1 % PBSween(Sigma Aldrich, Dorset, Ykor 30 minutes. After removing of blocking
solution, primary antibodywasadded and incubated for 1 hour after which cells were washed
with PBS (1 x 3, 5 minutes each) &lndrescein isothiocyanat@~ITC) conjugatesecondary
antibodywasadded and incubated for 45 minutes. Finally, cells were washedR& (1 x 3,

5 minutes each) and mounted using 4d@amidino2-phenylindole (DAPQontaining, ant

fade mounting medium(Thermofisher, UK)Visualgation was performed using Carl Zeiss
microscope anctolourview QI click camera with associated image pro plus 7.0.1 software
(Zeiss Ltd, Germany). Human leukocyte antigen antibody (HLA) and an appropriate isotype
were used as positive and negative ctrl, respectively. Ctrls were used with the dilutions and

incubaion times identical to that used for the primary antibodies (Table 3.2.).
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Table 3.2. Antibodies used for IF staining of borgerived cells

Marker Dilution  Catalogueno. Vendor
~0oC 1100  ab13420  Abcam |
HLA 1:100 H1650 Sigma
Mouse IgG isotype 1:100 02-6502 ebioscience
FITGconjugatedgoatanti- 1:200 ab150113 Abcam
mouse secondary antibod'

3.3.3.1.2. Determination omineralisation by alizarinred stain (ARS).

Quantitative assessment afineralsationwas performed using calcivttounded ARESigma
Aldrich, Dorset, UKat day 1,7,14,21, and 28. For that, beterived cells were cultured on
sterilized glass coverslips in 24 well plate at seeding 5% chf”. A standard ARS in a
concentration range fromi000 to O pg/ml was prepared by serial dilutiongh 5 % (v/v)
perchloric acidSigma Aldrich, Dorset, JKAt each time point, samples were washed with
deionizedwater, submerged with 500 pl of ARS stock solution, and incubated for 30 minutes.
Next, thestain was removed and samples were washed repeatedly every 5 minutes with
deionized water in gentleorbital shaker until water remained clear. Then, 500 ul of 5 % (v/v)
perchloric acid was added and left for 15 minutes indhatal shaker. 150 ul of andard and
sample solutions were transferred intiansparentd6 well plate in triplicates and absorbance
was read at 405 nm (Infinite® M200, TECAN, USA). Following subtracting the blank value (0
pg/ml) from all values, the concentration of bounded ARSaimples was determined using

the equation defined by thetandardcurve.Blank solution was used as a negative ctrl.
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3.3.3.2. Charactesation of gingivalderived cells.

Cytokeratin 13 (CK13) reacts with suprabaal keratinised epithelium(Reibel et al., 1989)
while fibroblasts surface protein (FSP) is predominately expressed in fibroblasts but not in
epithelial cells in the tissue undergoingmoddling such as skifFrank et al., 1995)These
markers vere selected focharactersation of NHOKs and NHOFs, respectiv8iaining was
performedaccording to the method described in section (3.3.3.Jafig the antibodies used

for the staining are listed in th€able(3.3.).

Table 3.3. Antibodies used for IF staining of gingival cells.

Antibodies for IF staining of NHOKs

Marker Dilution Catalogue No.  Vendor
CK13 1:100 ab198584 Abcam
HLA 1:100 H1650 Sigma
Rabbit IgG isotype 1:100 ab172730 Abcam
FITGconjugatedgoat 1:200 ab150083 Abcam
anti-rabbit secondary
antibody
FSP 1:50 Ab11333 Abcam
HLA 1:50 H1650 Sigma
Mouse IgM isotype 1:50 14-475281 ebioscience
FITGconjugatedgoat 1:200 ab150117 Abcam

anti-mouse secondary

antibody
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3.3.4. Construction of human alveolar bone construct (ABC).
ABC was constructed amtharactersed prior to its utilization in the composite model. The
construction of ABC construct was performed according to the method descrilsestiiion

(2.3.3.5).

3.3.5. Charactesation of ABC
ABCs were cultured for a month during which the following qualitative and quantitative

assessments were carried out every 10 days.
3.3.5.1. SEM examinatiofsee sectior2.3.6.1).
3.3.5.2.Cell viability assessmen{see secbn 2.3.3.4).

3.3.5.3.Proliferation assessment
Cell proliferation wagstimated by measuring total DNA content using ultrasensitive Quant
Atu tAO2DNBSYt R&aA5b! | NBA).FS& thit, lybell Sainples weteSitdly 2 C A 2

prepared then proliferation assessment was carried out.

3.3.5.3.1. Preparation of lysed samples

At each time point, samples were washed with P@#dedfrozen in liquid Mwith pestle
and mortar into a fine pwder which then transferred to Eppendorf tube. Then, on ite
500 pl of lysis buffer consisting of @d.(v&) Triton in TE buffer (10 mM THCL. 1 mM EDTA,
pH 7.5)wasadded with thevortex Following thredreezesthaw cycles, lysed samples were
certrifuged at 800 g for 5 minutes at’€ (Thermoscientific, Germar(ge Peppo et al., 2013)
The supernatant lysates were collected akept on ice to be used or kept 80 until

required.
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3.3.5.3.2. Assessmenbf total DNA content

{GFYRFENR az2fdziaizya 6SNB LINBLI NBR I O02NRAy3 {
dilutions of stock DNA with TE buffer to obtain a concentratergedfrom 25 to 0 (blank)

ng/ml. 10 ul aliquots of lysed samples were incubated with 90 ul of TE buffer. Then, 100 pl of
PicoGreen working reagemtasadded to standard and sample solutio260 pl ofstandard

and diluted lysed sample solutions were tragrséd into atransparent96 well plate in
triplicates and incubated for 5 minutes protected from light after which fluorescence was
read with excitation 480 nm, emission 520 nm (Infinite® M200, TECAN RdEéglculation,

the mean fluorescence value tiie blank was subtracted from the averaged sample and
standard readings, then a standard curve of known concentrations of DNA was used to
convert fluorescence to total DNA content. Blank assay buffer solution was used as a negative

ctrl.

3.3.5.4.Total protein contentassessment

To quantify the depositedCM total protein content was measured using the BCA protein

assay kit (ThermoFisher, US/Atandard solutions wereorepared according to the
YIydzFl OGdzZNBNR& Ay aidNHzOG A 2 i asBay buFer ta Gotaik & final R A  dzil
BSA concentration ranged from 2000 to 0 (blank) pg/ml. Then, 25 ul of standard solutions and

lysed sample (see sectidh3.5.3.1) were transferred into dransparent96 well plate in

triplicates and incubated with 200 pf working reagentor 30 minutes at 3PCafter which

absorbance was read at 562 nm (Infinite® M200, TECAN, USA). For calculation, the mean
absorbance value of the blank was subtracted from the averaged sample and standard
readings, then protein concenttian was determined using a standard curve of known

concentrations of BSA. Blank assay buffer solution was used as a negative ctrl.
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3.3.5.5. ALP activitgssessment

Differentiation of HAOBs was investigated by colorimetric ALP assay (Abcam¢diéing 6

0§KS YI ydzF I OG dzNsbritioghenylphio$phateiRP) yas used as a phosphatase
substrate which turns yellow when dephosphorylated by ALP enzyme. Standard was prepared
by serial dilution of stockNPPwith assay buffer to obtain a final concentration ranged from

20 to 0 (blank) nmol/well. Then, in duplicates, 10 ul of ALP enzyesadded to 120 upNPP
standard whereas 10 pl of tHgsedsample (see section 3.3.5.3.1.) were diluted with 70 pl of
assaybuffer and added to 50 pl gbNPP. During incubation at room temperature for 60
minutes protected from light, the enzyme convertptlPP substrate to an equal amount of
colouredpbNitrophenol. Finally, 20 pl of stop solutiavasadded to sample and standar

wells and the quantity opNP produced was measured spectrophotometrically at 405 nm
(Infinite® M200, TECAN, USA). For calculation, the mean absorbance value of the blank was
subtracted from the averaged sample and standard readings and the concentodtidioP

was calculated as:
ALP (U/ml) = (AIV) IT

WhereA is the amount of calculatedNR, Vis the sample volume, anfis the reaction

time. Blank assay buffer solution was used as a negative ctrl.

3.3.5.6. Quantitativerealbtime polymerase chain reaction (QRFCR) examination
3.3.5.6.1. Total RNA isolation

Tissuéengineeredmodels weregrindedfrozen with pestle and mortar in liquid2khen the
total RNA was isolated from the tissue powder using isolate II RNA Mini Kit (BidKine,
FOO2NRAY 3 (2 YI ydzF | O theghiRiddissue wag iséddnzdiliefed by & d

centrifugation for at 11,000 g for 1 minute. Then,%@thanol was added to homogseaithe
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lysate and improve binding of the RNA to the sibesed membane of the spin column
following centrifugation at 11,000 g for 30 seconds. DNA digestion was achieved by incubation
with DNase | for 15 minutellowed by washing otolumrbbound RNA three times and
elution in RNase/nucleas&ee water. The concentration and purity of RMAre measured

using a NanoDrop 1000 spectrophotomet&éhérmoScientific, Uknd only high purity RNA

(A260/A280 ratio) equal to or more than 2.0 was used fortff’CR analysis.

3.3.5.6.2. Complementary DN@&DNA) preparation

cDNA was prepared from total RNA using a high capacity cDNA reverse transcription kit

6! LILX ASR . A2a28a0GSYauv | 002 NR Anyfhis protécol,(5GOSg of | y dzF |
total RNA was reverse transcribed per reaction contgjrihe reagents shown ifiable(3.4.).

Samples were then loaded in a thermal cycMd Research PIZD0 Thermo Cycler, UK). The

reverse transcription reaction consisted of 10 minutes af@#llowed by 2 hours at 37C,

then 5 minutes at 83C, after wich the sample was stored B20°Cuntil used.
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Table 34. The components used to synthesize cDNAbleshows the reagents of high capacity cDNA
reverse transcription kit and their volume which were mixed into MicroARagt reaction tubes

(applied biosystem).

Reagent Volume (ul)

10 x RT buffer 4.0

25 x dNTP 1.6

10 x RT random primer 4.0
Multiscribe reverse 2.0

transcriptase

RNase inhibitor 2.0
Nucleasefree water 6.4
Total volume per reaction 20

3.3.5.6.3. Genexpression analysis
Quantitative detection of target genes was achieved usingdaggned TagMan primers
(Appliedbiosystem$ (Table 3.5.). 0.5 pl cDNA was added to 9.5 pbBRR master mix (All

Applied Biosystems)to givelaz ( | f @2 f @2018.62 F mn > f
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Table 35. TagMan primers used fotharactersation of ABM.Asterisked genes were used to arsaly

the epithelial component of the composite ABMM.

Gene Marker Assay ID
ALPL Alkaline phosphatase (ALP) HS01029144
Secreted phosphoprotett (SPP1) Osteopontin (OP) HS00959010
Secreted protein acidic and rich ir Osteonectin (ON) HS00234160
cysteing(SPARC)
Bone gammacarboxyglutamic acid Osteocalcin (OC) HS01587814

containing protein (BGLAP)

COL1A1 Collagenl (COL1) HS00164004
KRT10* Cytokeratin 10 (CK10) HS0104311451
KRT13* Cytokeratin 13 (CK13) HS025588851

B-M B-2-microglobulin HS0018784211

Table 3.6. The reagents used in TagMan qPCR.

Reagent Volume (ul)

Tagmanmmaster mix 5
B:M 0.5
Primer 0.5
Water 3.5
cDNA 0.5
Total volume per reaction 10
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Each sample was run in triplicate and the followtingrmocyclesettingswere used:
Initial hold at 99°Cfor 10 minutes, followed by 40 cycles of Annealing and Extension®a 95
for 10 seconds, 66C for 45 seconds, respectively (Retdene Q, QIAGEN, GermanyMB
was used as the reference control gene. The threshold cy&)evélues providedy the
QIAGEN Software (QIAGEN, Germany) were imported into a spreadsheet of Microsoft Excel
(version 2016) and kwas calculated as follows;

n k= Gtarget gene- Crreference gene
where Gtarget gene is gene under investigation whiiereference geneis G for BM
measured in the same wellhe quantification of gene expression was calculagther by
dzaAy3 RSftaGl GKNBakK2fR 0e0tS op/¢O OFftmeS G2

calculatng geneexpression relative to the referencérc

3.3.5.7. Enzymdinked immunosorbent assayHLISA).

Following 24 hours incubation of modelss@rumfree conditioned medium, ELISA was used

to measure the level of collagen (COR&D systems, UK), osteonectin (QR&D systems,

UK), and osteocalcin (OC) (Abcam, UK) in the conditioned medium according to the
YIydzFI OGdzZNBENR&a AYyaiaNHzZOGA2yad C2NJ YSI &dzNA y 3
to (1:200), (1:20), respectively. Then, 96 well plate was coated withrebemmended
concentration of captured antibody and incubated overnight at room temperature. The
following day, wells were washed and nonspecific binding sites were blocked with 1 % BSA in
PBS before the standard and samples were incubated for 2 hours, Uifeound protein was
washed and the recommended concentration of biotinylated detection antibody was
incubated for 2 hours. Finally, streptavidin conjugated to horseradish peroxidase was added

and incubated for 20 minutes followed by TMB substrate. Fom@&surementsimple step
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ELISA kit was used in which sample, standard, and antibody cocktail (capture and detector
antibody) were added toantibodybcoated wells and incubated for 1 hour at room
temperature on a plate shaker. Following washing, TMB sutestvas added and incubated

for 10 minutes.All colorimetric reactions were measured spectrophotometrically using
microplatereader (Infinite® M200, TECAN, UK) aalbsorbancavavelength of 450 nm and

570 nm for correction. Data were imported and into aesgisheet of Microsoft Excel (version
2016) for analysis. The concentratiortafget protein was determined using a standard curve

of known protein concentrations. Conditioned media of monolayer cultured HAOBgse#ds

as a positive ctrl while media withbcells was the negative ctrl.

3.3.6. Development of composite human alveolar bone mucosal model (ABMM).

Construction of ABMM involved th@multaneousconstruction of ABC (see sectidrB8.3.5.)
and OMM (see sectio.3.4). When theculture of OMM compéted at day 17, it was
combined with ABC according to the method described in sec@) to form a composite

ABMM which further cultured for additional 5 days in staticicondition (Figure 3.2.).
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Step 1: Cell isolationand Step 2: Model construction Step 3: Model adhesion

expansion and culture using fibrin sealant
] Y 5
® N emee
ABC ® % - 1 . o R Y|
preparation ®
® o . .° o 0.4 °

Figure 32. Schematic illustration of the preparation ABMM. The procedure involved 3 main steps.
First; HAOB$\HOFsand NHOKSs were isolated from oral tissues and cultivated in monolayer culture.
Second; ABMs were prepared by seeding HAOBs in HA/TCP scaffalttuned @ spinner bioreactor
while OMMs were prepared from fibrobldstmbedded collagen gel andLl cultured oral
keratinocytes. Third; the combination of ABC and OMM using adhesive fibrin to form ABMM.

3.3.7. Charactesation of ABMM

3.3.7.1.Histological examination of mucosalart

For histological examination, frozen sections were prepared as previously described
(Kriegebaum et al., 2012pMMs were fixed with 4 % PFA for 24 hours, incubated overnight

in 18 % sucrose solutior{Sigma Aldrich, Dorset, UKthen frozen in optimal cutting
temperature compound (Thermofisher, UK). Sections of 14 pm thickness were prepared
(Microm, Germany) and mounted onguperfrostplus micro slide (VWR, West Sussex, UK).
Some sections were stained with H&E (See Table 2.8.) and imaged using an Olympus BX51
microxope and Colour view lllu camera with associated Cell*D software (Olympus Soft

Imaging Solutions, GmbH, Minster, Germany). Other sections were subjected to IF staining.
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3.3.7.2. IF staining of mucosal part

Forcharactersation, sections of OMM were stained with cytokeratin 10, 13, and 14, which
are the markers okeratinised epithelium, nonkeratinised epithelium, and actively dividing
basal keratinocytes, respectivelinikoglu et al., 2009; Jennings et al., 2016; Kriegebaum et
al., 2012) For that, sections were washed with PBS (x 3, 5 minutes gari)eabilsed with

0.2 % Triton ».00 (x 2, 15 minutes each), and then blocked with 1% BSA in 0.1-VwB&S

for 1 hour. Following aspiration of blocking solution, sections were incubated with primary
antibodies or IgG isotype overnightarhumidifiedchamber at 4°C (Table 3.7.) then washed
with PBS (x 3, 5 minutes each). Sections with conjugated antibodies were mounted using
DAPbLcontaining, antfade mounting medium (Thermofisher, UK), while those with
conjugatedantibodies or with isotype control were incubated with secondary antibodies for
1 hour at room temperature then washed with PBS (x 3, 5 minutes each) and mounted.
Images were captured using Carl Zeiss microscopecalalr view QI click camera with

assocated image pro plus 7.0.1 software (Zeiss Ltd, Germany).

Table 3.7. Antibodies used for IF staining of OMM.

Marker Dilution  Catalogno. Company
. CK1I0 150  ab9025  Abcam
CK13 1:100 ab198584 Abcam
CK14 1:100 ab192055 Abcam
Mouse IgG Isotype 1:50 02-6502 ebioscience
Rabbit IgG Isotype 1:100 ab172730 Abcam
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Gout anttmouse secondary 1:200 ab150117 Abcam
antibodies
Gout antirabbit secondary 1:200 ab150083 Abcam

antibodies

3.3.7.3. Transmission electron microscopy (TEMpfcosal part

TEM assessment was performed to demonstrate the presence of epithelialtistructures

such as desmosome and hemidesmosome which provide interepithelial and epithelial
connective tissue connection, respectivédlanci, 2013)For that, 4 mm of OMM were fixed

in 3 % glutaraldehyde in 0.1 M sodium cacodylate busfernight washed with 0.Inolar
sodium cacodylate buffer, and pefixed in2 % aqueous Osmium Tetroxid®r 2 hours.
Followingrinsing with water, samples were dehydrated with 70 %, 95 %, and 100 % ethanol
(x2, 10 minutes eachhen cleared in epoxypropane and infiltrated in:50 araldite resin:
epoxypropane mixture overnight on a rotdrhis mixture was replaced with two change®r

8 hours with fresh araldite resin mixture before being embedded and cured i@ 60en

for 48-72 hours Finally,ultrathin sectionsof 85 nm thick were cut on ultramicrotomgeica

UC 6Leica microsystem, Germagmnto 200 mesh copper gridgsmdstained for 30 mins with
saturated aqueous NJ y&f | OSGlIGS F2fft286SR o6& wSeyz2fR
Visualization was performed using a transmission electron microscope¢Rail2 Biotwin,

120Kv TEMat an accelerating voltage of 0. Electron micrographs were recorded using a
Gatan Orius 1000 digital camera and Gatan Digital Micrograph softWaeparation and
sectioning of samples for imaging was performed by Chris Hill, Department of Biomedical

Science, University of Sheffield
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3.3.7.4. Histological examination of ABMM.

3.3.7.4.1 Preparation of undecalcified resin embedded block

Technovit 7100 (Heraeus Kulzer, Wehrheim, Germany), a plastic embedding system based on
2-hydroxyethyl methacrylateglso known as GMA (Glycolmethacrylgteras used according

G2 YI ydzF I Ol dzNSeki and Krghin il BO$)Briefly 2the #mbedding procedure

consisted of four major steps:
Fixation and dehydration

At the end of the incubation period, specimens were washed with PBS, fixed in 4 % PFA for
24 hours, then rinsed with PBS before dehydration in gragtednol series 75 %, 95 %, 100

% for at least 2 hours with two changes for each solution.
Prefiltration

After dehydration, the specimens were immersed impr&filtration solution consisting of

equal parts of Technovit 7100 basic solution and 100 % etlwaseohight on a rotating mixer.
Infiltration

Specimens were infiltrated with infiltration solution consisting of 100 ml Technovit 7100 basic

solution and 1 g Hardenerftr 2 days on a rotating mixer.
Polymergation

Finally, samples were polymerized in a suitable mold in premixed 15ml infiltration solution
plus 1 mHardener2. Polymerisation completed in around 2 hours at room temperature or 1

hour at room temperature in a vacuum embedder.
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3.3.7.4.2. Groundsectioning

Cuttinggrinding techniquewas carried out to prepare the resin embedded slidé€hali,
2011) Resin block was first sectioned into 1D®0 um thickness with a cutting machine
(IsoMet® 1000 precision saw, Buehler UK Ltd, UK). Seatieres then adheredonto
superfrostplus micro slide using cyanoacrgadhesive (Loctite® glass bond UV curing, UK).

Thickness was then further reduced tob3B pum by grinding the sections with silicon carbide

(0p))

papers of P800 and P1200 roughnessinagriadgrf A A KSNJ YIF OKAYy S 0. dzSKf

{dzoaSljdzSyadtes INRdzyR aSOiAz2ya sSNB adl AySR

(@]

instructions (Table 3.8.) (Leica ST4040 Shandon Linear Stainer, Leica Microsystems, Germany)
Slides were mounted with DPX and covered with a coveEshlly images were taken using
an OlympusBX51 microscope ancblour view lllu camera with associated Cell*d software

(Olympus soft imaging solutions, GmbH, Minster, Germany).

Table 3.8. H&E staining schedule for resin embedded sectidable describes the order, solutions

used for staining, and time the tissue spent in each solution. Industrial denatured alcohol (IDA).

Order Solution Time (minutes)
1 | I Nhaknda@xylinlShandon) 15
2 Running tap water 1
3 {O02G0Qa G L) ¢ 10
4 Running tap water 1
5 Eosin ¥, aqueous (Shandon) 20
6 Running tap water 1
7 70 % IDA 1
8 95 % IDA 1
9 100 % IDA 1
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10 Xylene 1

3.3.7.5. qREPCR examinatiofsee sectior8.3.5.6.).
3.3.7.6. ELISfsee sectior8.3.5.7.).

3.3.8. Statisticalanalysis

All data were presented in terms of mean £ &Ihree independent experiments performed

in triplicate. Onebg @ | bh+! 02 YLX SYS ytasBwas @edormedizisiSge Q a
GraphPad Prism software v7.0. (GraphPad Prism software, CA, DiS&enes were

considered significant when p < 0.05.

3.4. Results

3.4.1. 2D expansion and phenotypaharactersation of intraoral-isolated cells

Regarding intraoral derived bone cells, with the exceptionsyhallnumber of detached cells
from the bone surface, the first evidence of cellular outgrowth from the explants was
observed within B10 days of plating. After 2 weeks, cells started to migrate from the tissue
onto the flasksurface (Figure 3.3. A). Avoidiexplant dislodgment during feeding helped to
anchor the explant to the flask and prevent disturbance of cell outgrowth. The proliferated
cells had polygonal or spindle shape morphology. No differences in growth characteristics or
cell morphology were obseed among individual explant cultures. Culture generally attained
confluency after B85 weeks after initiation of culture and achieved cell yields 2,860,000 +
597285.5 cells/ 75 chflask.

With respect to the growth of NHOKSs, bY # 5" day, small colonis of 1615 cells were
visible between i3T3. In 5Q4 days, the colonies matured, lateral expansion ceased, and the

cells were desquamated from the surface. The culture yielded 3,000,000 = 163299.3 cells / 25
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cn¥flask (Figure 3.3. B). Contaminating NHOE=svgeenon few occasions which scrapped
off to obtain apure culture. NHOF®utgrowth from the connective tissue pieces begantt 4

days and the confluent culture gave 3766666.7 + 251661.1 cells / 7Hask (Figure 3.3. C).

HAOBs HNOKSs

Figure 3.3. Inverted lens microscopy of 2D cultured HAOBHB]1OKSs, and NHOFs isolated from oral
biopsies.Image showgA) The outgrowth of bonbkderived cells from the explanted oral cancellous
bone (red arrow). The migration ctll started after 2 weeks of explant plating and tbenfluency

was reached at'®5" week. The derived cells exhibited a polygonal or spindle shape which reflects
the osteoblastic morphology(B) A confluent layer of epithelial cells attained aftertl@d days of

Odzf GdzNB 6AGK |y Ao¢o FSSRSNJI f I &S Nlappafentlp) NseSy Qa
keratinocyte outgrowths except for few cases where the keratinocytes were mixed with the
fibroblasts. The shape of keratinocytes was remarkably homogenous and area of intense mitotic
activity was noticed before the coalescence of outgrowatid formation of the confluent culturC)

The outgrowth of cells isolated from the connective tissue beg#ndéys after establishment in
primary culture. The culture shows elongated fibroblasts proliferating in irregular bands (Scale bars =
100 pm).
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In addition to the morphological observation, the bone, epithelial, and connective tissue
derived cells charactesed by immunofluorescentlabelling demonstrated a positive
immunoreactivity for OC (the majaron collagenousosteogenic protein), CK13 (epitiad
differentiation marker) and FSP, respectivdlese findingsonfirmed that the isolated cells
hadthe normalphenotypical features associated wihAOBs, NHOKSs, aNtHOFsas well as

they showed the purity of the culture (Figure 3.4.).

Cells Positive ctrl Negative ctrl

H
- 100um

Figure 3.4. Representative images ofimmunofluorescent stained HAOBs, NHOKs, adHOFs
Images show positive immunoreactivifgreen)of (A) HAOBs{D) NHOKs; andG) NHOFs with OC,

CK13, and FSB, respectivéB;. E, HYlepict positivectrls stained with HLA and secondary antibodies.
(C, F, Idepict negativectrls incubated with lg isotype and secondary antibodies. Inset images include

DAPI overlay to demonstrate cell nudleiue)(Scale bars = 100 um).
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The capacity dbonebderivedcells formineralsationwas quantified byARS at days 1, 14, 21,
and 28 of culture. Figure (3.5.) indicates that mineral deposition was significantly high at day

14 (p=0.0006) and continued to increase at day 21 and 28 (p<0.0001) compared with day 1.
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Hgure 3. 5. Determination of matrix mineralisation by HAOBs using AR&raph shows the
concentration of calcium bounded ARS at day 1,7,14,21, and 28 of culture period of HAOBs cultured
in monolayer. Data represennean + SD of three independent experiments (n=3) performed in
triplicate. Statistical significance was determined using results from anayeANOVA followed by

¢ dz] S @& Qest (*£32pxQi001, **** = p<0.0001)Asterisksabove the horizontal line are relative

the two bars at the ends of the line.

3.4.2. Evaluation of ABC

3.4.2.1. SEM examination

Cell adhesion, proliferatignand distribution were qualitatively assessed by SEM. SEM
observation allowed to determine sparse HAQB=HI adheredto HATCP scaffold surface
after 1 day ofculture (Figure 3.6. A). At day 10, proliferated cells were being able to deeply
infiltrate the pores and span across them which demonstrated the adequacy of the pore size
range(Figure 3.6. B). By 20 days, it was guesio observe a higher degree of colonization

occluding most of the scaffold pores (Figure 3.6.C). Additionally, it was possible to observe
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what seems to be ECM fibers produced by proliferated cells (Figure 3.6. D). At the end of the
month, HAOBs had massly colonized the scaffolds and occluding the scaffold bars and

pores (Figure 3.6. E).

Figure 36. SEM micrographs of AB@nage shows HAOBs cultured on HA/TCP scaffo(é\eday 1,
HAOBs were attached and scattered on the scaffold (yellow arro@®)day 10, the cells
demonstrated a proliferation and infiltration of the pore€C)day 20, showed an increased cell
number that covered most of the scaffold surface gl possbly the secreted ECM fibres (red
arrows); (E)day 30, the proliferated cells expanded on theaffold forminga membrandlike layer
covering scaffold pores and bars (Scale bars: A, B, C, E = 200 um; D = 5808pargtion of samples

for imaging was pedrmed by Chris Hill, Department of Biomedical Science, University of Sheffield

according to the method described in section (2.3.6.1).
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3.4.2.2. Cell vitality

Viability assessment of ABC at day 10, 20, and 30 presented a significant increase in signal
intensity compared to day 1 (p<0.0001). The highest metabolic activity reached at day 20
which was significantly higher than that noticed at day 10 (p=0.0038) while no difference was

observed between day 20 and 30 (p=0.1464) (Figure 3.7.).
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Figure 3.7. The viability of HAOBs within the ABGraphshows the viability of HA/TCP bone
constructs cultured in spinner bioreactor for one moniihe metabolic activity of HAOBs within the
construct demonstrated a gradual increase that reached the maximum level by day 20 while no
significant difference was observed afterward. Data represmean + SD of three independent
experiments (n=3) performedh triplicate. Statistical significance was determined using-wag
lbh+! F2ff 2 ¢S Resd(®=pxanl ¥ Q p<0.00BBHASteriskdirectly above the bar

are relative to the day 1 (baseline) and above the horizontal line are relative tavthéars at the

ends of the line.

3.4.2.3. Cell proliferation

Total DNA content, which indicatés cell proliferation, reflected approximately the same
trend observed with the cell activity assessment. The cell number demonstrated a progressive

significant increase at 1(p=0.0017), 20 (p<0.0001), and 30 (p=0.80@@nparedwith day
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1. The proliferation at day 20 was significantly high in comparison witlpri&ous time

point (0.0014) while no difference was reported between day 20 an@FRfure 3.8).
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Figure 3.8. Total DNA content in ABGSraph shows the proliferative pattern of HAOBs cultured in

HA/TCP scaffold along the @etduration of culture in the spinner. The number of HAOBs within the

construct demonstrated a gradual increase that reached the highest level by day 20 and 30 which

were not significantly different. Data represent mean + SD of three independent expésirfretB3)

performed in triplicate. Statistical significance was determined usingéoheg ! bh+! gAGK ¢ d:
posttest (** = p<0.01, **** = p< 0.0001)Asteriskdirectly above the bar are relative to the day 1

(baseline) and above the horizontal line aréative to the two bars at the ends of the line.

3.4.2.4. Total protein secretion

The concentration of protein progressively increased at day 10 (p=0.0223), 20 (p<0.0001), and
30 (p<0.0001) compared with day 1. The protein level at daw&dsignificantly higher in
comparison with day 10 (p=0.0037) while no significant difference was observed afterward

(p=0.9362) (Figure 3.9.).
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Figure 3.9. Protein content in ABCGraph shows the protein content in HAG®Bg\/TCP constructs

along the entire duration of culture in the spinner. The total protein content within the construct
demonstrated a progressive increase that reached the highest level by day 20 and 30 which were not
significantly different. Data representean + SD of three independent experiments (n=3) performed

in triplicate. Statistical significance was determined using@rie@ | b h +! ¢ A Gtést ("¢=dz] S& Qa
p< 0.05, ** = p<0.01, *** = p< 0.0001Asterisk(s)irectly above the bais relative to the day 1

(baseline) and above the horizontal line are relative to the two bars at the ends of the line.

3.4.2.5. ALP assessment

The osteogenic differentiation was investigated by measuring the ALP activity. The data
presented in Figure (3.10) demonstrattwat the constructs of HAOBs were positive for ALP
from day 1 and reached the maximum level by day 30. Compared to day 1, cells praduced
significantlyhigher amount of ALP at day 10 (p=0.0005), 20 (p<0.0001), and 30 (p<0.0001).
The level of ALP at day) 2vas significantly higher than that reported at day 10 (p<0.0001)

and lower than the level at day 30 (p=0.0004).
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Figure 3.10. ALP activity for ABCGraph demonstrates the progressive differentiation of HAOBs
cultured in HA/TCP scaffold for one month. HAOBs within the construct demonstrated a progressive
increase in ALP expression that reached its highest level at day 30. Data represent meath#c8D of
independent experiments (n=3) performed in triplicate. Statistical significance was determined using
oneg I @ 1 bhzx! ¢ A (Hést ($dz]lpLODOLA*** IP& 6.0001)Asteriskdirectly above

the bar are relative to the day 1 (baseline) and abddhe horizontal line are relative to the two bars

at the ends of the line.

3.4.2.6. gRTPCR assessment

To obtaina completeinsight into the phenotypic profile of ABCs during differentiation, the
changes of osteogenic genes at 10 days interval oveagf wereanalysed. Gene expression

for osteoblasbspecificmarkers was evaluated and made relative to the expression of these
genes in the construct at day 1. ALPL displayed comparable levels from day 1 to 30 with no
significant changes in the expressidrday 10 (p>0.9999), 2p=0.6531), and 30 (p=0.9977)
compared to day 1 (Figure 3.11. A). Similarly, the levels of COL1Al at day 10 (p=0.7662), 20
(p=0.375), and 30(p=0.5856)verenot observed to be significantly higher compared with day

1 although the &pression slightly increased (Figure 3.11. B). Conversely, SPARC expression
was significantly upregulated 2 fold and 3.9 fold at day 200(0876) and 30 (p<0.000),

respectively (Figure 3.11. @he expression of SPP1 at day 10 was generally comparitible w
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day 1 (p=0.8817) then the level increased steeply 3 &ildlay 20(p=0.0049) and 30
(p=0.0060) (Figure 3.11. D). BGLAP, unlike other genes, was found to be significantly
decreased 0.5, 0.6, and 0.4 fold by day 10 (p=0.0015), 20 (p=0.0039), and ID@R¥}0

respectively in comparison with day 1 (Figure 3.11. D).
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Figure 311. gRTEPCR gene expression analysis ofCAlBhage shows the expression leve(AjALPL;
(B)COL1AL(C)SPARGP)SPP1(E)BGLAP in ABC cultured in spinner bioreactor for one month. Data
represent mean = SD of three independent experiments (n=3) performed in triplicate. Statistical
significance was determined using ege- @ ! bh+! g A (i-fest ¢*dz] ,R@0D;a** £J2 a U
p<0.001; **** = p<0.0001)Asterisksdirectly above the bar are relative to the day 1 (baseline) and

above the horizontal line are relative to the two bars at the ends of the line.

3.4.2.7. ELISA

Quantitative analysis of COLQN, and O@leased into the seruisfree conditioned medium

of ABC were assessed by ELISA every 10 days for a month and evaluation was made in
comparison with protein level at day 1. Generally, the concentration of COL1 and ON reflected
the same trend of their encodgngenesCOL1A1 and SPARC, respectively. COL1 level tended
to be steady and demonstrated no significant chaagéifferent time points (Figure 32L A).
Conversely, ON was progressively upregulated at day 10, 20, and 30 (p<0.0001) and reached
the maximumlevel at day 20 when compared with day 10 (p=0.0014) and 30 (p=0.9040)
(Figure 3.2. B). In contrast with its encoding gene profile (BGLAP), OC displayed a fluctuant
levelcompared with day 1. The trend demonstrated bsharpincrease at day 10 (p=0.0014)
followed by a decline at day 20 although it was not significantly different (p=0.0720) then the

level increased again significantly in day 30 (p=0.0088ure 3.2. C).
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Figure 3.12. ELISA assessmeat ABC. Image shows the secretd@d) collagen I{B) osteonectin;(C)

osteocalcin in ABM. Data represantanzx SD of three independent experiments (n=3) performed in
triplicate. Statistical significance was determined using-griee ! b h £ ! o A Utést (¢ dz] Se Qa
=p<0.05, ** = p< 0.01, **** = p<0.0001\sterisKs) directly above the bais relative to the day 1

(baseline) and above the horizontal line are relative to the two bars at the ends of the line.
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3.4.3. Assessments of the composite ABMM

3.4.3.1. Histological examination of OMM

Figure (3.13.) show the histological appearance of the mucosdl gfaABMM. OMM
demonstrated a proliferating basal layer and Wkdlfferentiated stratified squamous oral
epithelium of 1214 NHOKSs thickness, which resembled the NOM. The epithelium consisted
of distinct layers that included equivalents to basal, intermediate, and superficial cells,
respectively. No stratum corneum was observed, as in the afisenkeratinizedhative oral
mucosa. The uppermost aspect of the superficial layer had cells of a flattened appearance,
while cells in the basal layer remained rounded. Glycogen granules were occasionally
observed in the intermediate layeNHOFswere found dispersed homogeneously ineth

connective tissue.

Figure 3.13. H&Hsstained histological sections oOMM. (A) NOM; and(B) OMM showing a
wellbdifferentiated stratified squamous epithelial layer with fibroblasts (yelbmwows) scattered in

the connective tissue layer (Scale bars = 100 um).
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3.4.3.2. Immunohistochemical examination of OMM

Figure (3.14.) shows theeratin expression of NOM and OMM, as assessed by
immunofluorescenstaining for CK10, CKE8)dCK14. OMMhowed very mild expression of
CK10 (Figure 3.14. A) astiong expression of CK13 throughout the entire epithelium (Figure
3.14. D). CK14 was strongly expressed in the basal layer while it downregulated in the
intermediate layer and disappeared in tiseperficial layer (Figure 3.14. G). NOM (positive

ctrl) demonstrated similar results regarding the expression of CK10, CK13, and CK14,
respectively (Figure 3.14. B, E, H). All markers were negatively expressed in OMM stained with

IgG isotype and secondary #@mdy (negative ctrl) (Figure 3.14.C, F, I).
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OMM NOM Negative Citrl

Figure 314. Immunofluorescentiabellingof OMM with CK10, CK13, and CKIfhagedemonstrates

the Immunolabelling of CK10 (keratinized epithelium marker), CKaB8-Keratinised epithelium
marker), and CK14 (basal epithelial layer marker) in the epithelial layer of NOM and OMM. OMM
showing (A) negative staining with CK 1(D) strong expression of CK13 in suprabasal lay@3$;
expression of CK14 in basal and intermediate layers. The same results were obtained in NOM (positive
ctrl) for CK1QB), CK13E) and CK14H). (C, F, )OMM stained wth isotype control and secondary
antibody were used as negative ctrl for CK10, CK13, and CK14, respectively. Positive immunolabelling

are shown in green while cell nuclei are shown in blue (Scale bars = 100 um).
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3.4.3.3. TEM examination of OMM

Ultrastructural analysis of the OMM demonstrated the presence of numerous desmosomes
between adjacent epithelial cells (Figure 3.15. A and B). A continuous and intact basement
membrane was formed on the lamina propria equivalent all along the interfacedsst the
epithelium and connective tissue anchoring the epithelium firmly to the connective tissue by
means ofhemidesmosomaattachments (Figure 3.15. C). In thegbepitheliallayer, a high

amount of newlysynthessed collagen was observed (Figure 3.15. D).

Figure 3.15. Ultrastructural analysis of the OMM by transmission electron microscopymnage
demonstrating;(A) numerous desmosomes between adjacent epithelial cells (yellow arrgB)sx
desmosome at higher magnificatiof@)basement membrane formed all along the interface between
the epithelial cell and connective tissue with the presence of hemidesmosomes (white ar(Bys);
newly synthesied collagen | fibrils in the connectivedige (red arrows) (Scale bars: A=1um; B, C, D
=200 nm)Preparation and sectioning of samples for imaging was performed by Chris Hill, Department

of Biomedical Science, University of Sheffield according to the method described in section (3.3.7.3.).
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3.4.3.4. Histological examination of ABMM

Histological observation revealed that the ABMM had a structure consisting of epithelial,
connectivetissue and bony layers which were comparable to the histological architecture of

the soft and hard tissues of thelof Ol GAG& OCAIdzNE odmc® ! 6O ¢F
continuous stratified epithelial layer, and a connective tissue layer densely populated with

viable fibroblasts (Figure 3.16. B). The hsoft tissue interface showed a thin band of
celkinfiltrated sealantadheringboth layers (Figure 3.16. C). Viable cells evenly populated the
scaffold porosities with a secreted matrix partially or completely filling the pores of the

scaffold (Figure 3.16. D).

Figure 3.16. H&E staned sections of ABMMRepresentative imageshowing (A) full thickness
multiblayered bone and mucosa; and magnified imageé&Bybral mucosa part(C)bonebmucosal
interface; and (D) bony part showing the pores of the scaffold populated with spsltieed cells
(Scale bars: A =500 um; B, C, D =200 um).
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3.4.3.5.gRFPCRassessment

Figure (3.17.) summarises gene expression for the composite model, includingiAQ@B

and NHOK cell componentBonesspecific genes such as ALPL, BGLAP, SPARC, and SPP1
were detected. Mucosal genes encodiKiRT10and KRTB were expressedThe trend of

gene expression in ABMM was observed in the osteoblasts (positi)ealthough the
expression of OC and OP was minintaldetectable OC and OP, as well as the negligible
amount of ALP (0.0002) in the mucosal part of the model (negatm® dicated the
osteogenic specificity of these markers. Conversely, COL1 and ON were detected in mucosa

which demonstrated that thesenarkers can be expressed by cells other thanecell.
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Figure 317.lj we¢ bt / w I thieloStebgenicdand2epithelial gene expression in ABMM. (A
osteogenic genes; BGLA, ALPL, SPP1, SPARC, and COL1A1 as well as the epithelial genes; KRT10 and
KRT13 were detected in the composite ABMM. The expression of SPARC and COL1Al in ABMM
demonstrated the same trend found in the positive ctrl although theression of COL1Al was
significantly lower. BGLA and SPP1 showed high level compared with the positive ctrl while the
expression of ALP and KR13 was lower. All the detected genes were significantly higher than their level
in the negative ctrl(B) Positve ctrl were HAOBs and NHOKs for bone and epithelial components,
respectively(C)Negative ctrl for bone was OMM while no cDNA sample was used for epithElatan.
representmean + SD of three independent experiments (n=3) performed in triplicate. Statist
significance was determined using ege- @ ! b h +! & A {(H&st. ¢ cah@edud posifide i

ctrl: # compared to negative ctrl. (* = p<0.05, ## = p< 0.01, *** or ### = p<0.001, **** or #### =
p<0.0001).
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3.4.3.6. ELISA
ELISA results for COL1, ON, and OC demonstrated the same trend observed with their gene
expressionprofile. All proteins in ABMM were significantly highdran that found in

positive ctrl(Figure 3.18.).
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Figure 318. ELISA assessmentmioteins expressed in ABMMImage shows the levels of COL1, ON,
and OC produced ir{A) ABMM; (B) HAOBs which was used as a positive ctrl, @)serumfree
medium represented the negative ctrl. Data represermgant SD of three independent experiments
(n=3) performed in triplicate. Statistical significance was determined usingvageANOVA with

¢ dz]l S @ @est. *Ldandpdred to positive ctrl: #ompared to negative ctrl. (* = p<0.05, ## = p< 0.01,
%k O #HHE = p<0.0001).
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3.5. Discussion

3.5.1. Isolation, growth, anccharactersation of alveolar bone and gingival cells.

Cells constitute the main element in any engineered tissue. Thereideatification of a
reliable cell source and expansion of the harvested cells to an appropmigstity while
preserving the fundamentafjuality such as identity, purity, potency, functionality, and
genetic stability are of utmost importance in TE. Partergerelated to thecellitself such as
the biological properties and nature of original tissue or related to culture conditions,
including initial seeding density and passage number and length, areicitl indetermining
normal cell functior(Melero-Matrtin et al., 2009)

In bone tissue, it is well established that matrix formation and subseguamralsation are
organsed by osteoblasts through a complpxocess,ncluding cell migration, proliferation,
differentiation, and expression of growth factors and structural protédeve et al., 2011)
Several studies indicated that alveolar bone can be used as a source to isolate mesenchymal
cells that have thepotential to undergo osteogenidifferentiation when cultured in
appropriate conditions(Clausen et al., 2006; Malicev et al., 2008;deraet al., 2008)
Interestingly, previous work suggest that cells originating from alveolar bone exhibit
distinct differentiation propertiesn vivoandin vitro (Akintoye et al., 2006s well as different
drug responses compared to the cells derived from long and iliac dfe®lt et al., 2012;
Stefanik et al.2008) These studies clearly indicate that boredl @opulations at different
anatomical locations have different physiological characteristics. As such, primary human
alveolar bone cells might uniquely represent a physiologically relevant modah fatro
studies related to the OMF region.

Explant cuure or enzymatic treatment by collagenase are the main reported methods for

isolating human bone cells. However, previous studies showed no difference in phenotypical
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characteristics between cells harvested from both methitsnsson eal., 1999; Marolt et

al., 2014) The morphology of bone cells, as demonstrated by a light microscope, revealed
predominantly a polygonal or spindle appearance, which is postulated by some investigators
as a typical osteoblastic shaffélausen et al., 2006; Murata et al., 200/ e absence of major
morphologicalvariationsin bonebderivedcells can be explained by the fact that young cells
of early passage were used in this study whiéculturingto a high passage number might
reveal shape differences (Kassem et al., 1997).

Many non-osseouscell types such as periodontal and gingival cells that have similar
morphology to osteoblasts are present in bone biopsies and may multiply along with or
preferentially relative to osteoblasts and osteoprogenitors. Therefore, definite
characterization cannot be made based on morphological features. In our study, cells isolated
from an intraoral osseous explant were charaded byOGC which is one of the majaron-
collagenougproteins produced exclusively by cells of osteoblastic lin¢Atieri et al., 2008b)
Another essential indicator for osteogenesis is themation of mineralsed ECM. Mature
osteoblasts produce a collagesrich matrix which consequently calcified (Neve et al., 2011).
Our findings are correlated with other studies in showing thahe-derivedcells have the
capacity to deposit calcium mineral within 2 weeks of culture, and the deposition increased
with time (Wang et al., 2006; Birmingham et al., 2012)

The validity of the oral mucosal tissues as a cell source fotissae engineering was proved

by the morphological appearance, the purity of culture, and the positive immunoreactivity of
NHOKs and NHOFs to CK13 and FSP, respectively. The former protein is the epithelial
differentiation marker predominately secretday nonkeratinised epithelialcells(Reibel et

al., 1989) while FSP is a fibrobl&specific protein(Frank et al., 1995)Considering the

generally accepted fact that, the more the cells are passaged, the more thegehad their
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health declines, leading to variahlesults,early passaged primary cells should be used. For
human primary bone cells, studies indicated that tH& phssage is more likely to be the
turning point after which cell dedifferentiation begi(Bradel et al., 2008; Kwist et al., 2016)

Oral keratinocytes, on the other hand, can be used at Pass@f@chman et al., 197%ip to
Passage ®Zhou et al., 2001)The reason for thelecreasein lifespan with the progressive
passage may be related to keratinocyte terminal differentiation induced by serum in the
medium or by achangein catium level due to repeated exposure to EDTA in trypsin that
reducescell mitotic activity(Borowiec et al., 2013)

3.5.2. Characteristics of ABC

To date, BTE has been extensively studied for both clinical and research purposes using
different cell types. While several osteogenic cell lines were establishedl well
charactesS R LINRA Y| NB KdzYly 2adGdS2o0flada NBYIFAY (K.
are comparedCzekanska et al., 2014)he developmental sequence of osteogenasigtro

is described by three phaseproliferation with matrix secretion, matrix maturation, and
matrix mineralgation (Lian and Stein, 1995; Owen et al., 199)e current study assessed
these phases in the BC before its sdition in the composite model. Wéherefore, identified

the behaviourof 3D cultured bone cells in dynamic conditions, and to vexaent these cells

can survive and reproduce the phenotypic differentiation and maturation o aeNivo.

SEM images of HAOBs grown in an HA/TCP scaffold clearly showed the proliferative cells
expanded on the surface and within the pores, forming atiooiwus layer of cells and their
matrix fibres. This finding was confirmed by the quantitative vitality assessment, which
revealed a marked progressive increase in cell signal in the first 20 days. However, the

PrestoBlue measurement is based on the metabactivity of cells and may not accurately
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reflect the cell number. For this reason,aher method was used in this study in order to
precisely quantify cell number.

Cell proliferation can be estimated using different methods, including quantificafinacleic

acid by measuring the absorbance at 260 nm. However, the relative insensitivity, the
interference caused by contaminants commonly found in nucleic acid preparations, and the
inability to distinguish between DNA and RNA are major disadvantagimssakechnique.
PicoGreen®, by contrast, is a fluorochrome that selectively binds dsDNA and quantitates as
little as 25 pg/mL of dsDNA with minimal fluorescence contribution of RNA and -single
stranded DNA. The proliferative pattern was consistent with\thality as well as with the
matrix protein figures in showing the progressive increase in cell activity, number, and total
protein secretion during the first 20 days, and all these parameters remained steady
afterward. These findings maye attributedto the normal lifespan of osteoblasts, which is
approximately 163 months through which the cells cacontinue their proliferation,
differentiations | YR Yl GNAE LINRPGSAY &SONBGA2Y O6CNIyYyIm
In addition, our observations are in the line vidither studies in showing that dynamic culture

can enhance bone formation by the effect of fluid flow and the convective transport of
nutrients to the scaffold in spinner flask cultufi@einel et al., 2004; Sikavitsas et al., 2002)
Furthermore, the spinning exposes cells on the surface to shear stress, which was found to
enhance cell differentiatioffWang et al., 2009; Ichinohe et al., 2008)his may explain the
persistent increase in ALP expression, the early differentiation bone marker, throughout the
entire culture period. Such increased ALP expressiagsjponse to shear stress was reported

by another study, which showed that thB@Cscultured in spinner exhibited higher ALP
compared with static culture, and this expression became significantly higher in the perfusion

bioreactor (Hosseinkhani et al., 20Q5)Collectively these findings showed that the
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dynamically cultured HAOBS reflected the osteogenic stafesoliferation, differentiation,

and matrix secretion.

In order to track theprocess of osteogenesi;m the ABC, the expression of key
osteoblasbspecific markers that regulate bone formation wasnalysed. ALPL/ALP and
COL1A1/COL1 can be described alydmne formation markers and can be detectaditro
after approximately 2 weeks of culturing under osteogenic condit{@mahue et al., 2000)
SPP1/osteopontin and SPABStéonectinare midstage markers and are involved in the
initiation of crystal nucleation. BGLABLCis considereca latebstage markethat is expressed

in bonesand teeth and playsn important role in regulatingnineralsation (Setzer et al.,
2009).

Normally, ALPL is expressed at the early phase during the matrix synthesis stage and it is
upregulated in the stage of matririneralization It hydrolysespyrophosphateand provides
inorganic phosphate to promote calcificatig@rimo, 2010) Manyin vitro studies examined
the differentiation of human osteoblasts and showed a positive expression of ALPL in a
timebdependent manner (Czekanska et al.,, 2014; Marolt et al., 201@ther studies
demonstrated the enhancing effect of the dynangalture environment on the ALPL
expression (de Peppo et al., 2@t Hosseinkhani et al., 2005). Our results, however, showed
a steady expression of ALPL throughoutelkperimentwith no significanthanges compared

to Day 1. Thiprofile would suggest an insufficient matrix maturation and would preclude the
beginning & the calcification procesbecauseALPL activity usually increases many times
between the cell growth phase and tineineralsation phase(Collin et al., 1992)

The expression proéilof COL1A1/COL1 that coincided with the similar AtdPld maybe
attributed to the same reasorfype | collagen is the predominant collagen isoform found in

bone ECM and is essential for HA formation, osteoblast function, and proper fibril formation
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with the subsequent physiological matrix maturati@®ehron Robey, 1989The absence of

a significant upregulation in COL1A1, which is highly upregulated in the stage prior to matrix
mineralisation, may indicate the immature collagenous maffiixan and Stein, 1995)

SPARG localsed to mineralsed bone trabeculae andccounts for approximatelf3 % of

total noncollagenougprotein. Interestingly, the protein encoded by SPARC, osteonectin, can
be demonstrated in active osteoblasts and osteoprogenitor cells as well as in young
osteocytes, but not in aged, quiescent osteocytes. The protein, therefore, may be a reliable
marker d functional osteoblast$Jundt et al., 1987)Osteonectin selectively binds to COL1,
and the resultant osteonectltollagen complexesnitiate mineral phase deposition by
binding synthetic apatite crystals and free calcium i@rermine et al., 1981Pur results that
showed he significant upregulation in SPARC expression at Dagv2&rdsmay accord with

the role of SPARCgteonectinin the initiation and enhancement of mineralization.ahy
studies indicated that calcium mineral depositionvitro can be detected from Day 7 and
increased significantly at Day PHerracane et al., 2014a; Czekanska et al., 2014)

SPP1 that encodes osteopontin is another bone marker that is known to be secreted by
osteoblasts(Weinreb et al., 1990; Merry et al., 19923)s well as osteoclas{Fezuka et al.,
1992) It has been found that osteopontin is markedly upregulated in osteoblasts following
fracture, which suggests that it is involved in immediate cell recruitment, bone formation and
resorption (Denhardt and Guo, 1998andberg et al., 1993pur findings suported other
previous research indicatinghe upregulation of SPP1 in intramembranous ossification
(Denhardt and Noda, 1998nd osteoblastic differentiation and proliferatioriZohar et al.,

1998)
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BGLAP encoded osteocalcin is considered a late osteoblast cell marker and it is upregulated
in late minerakation rather than in early matrideposition(Rutkovskiy et al., 20163lthough
osteocalcin is identified as arsteoblasbspecificgene, it may not be considered critical for
boneformation, andits precise role within the bone matrix remains uncléiiurshed et al.,
2005; Hollinger, 2005Previous investigations indicated that BGLAP/OC acts as a regulator of
mineralization by inhibiting spontaneous mineral precipitation aHdé crystal growth
(Romberg et al., 1986; Desbois and Karsenty, 1998)er studies, howeveshowed that
BGLAP/OC is upregulated during the minsasibn phase(Price et al., 1981; Collin et al.,
1992) In our study, BGAP, unlike other genes, displayed a significant decrease in expression.
Similar results were previously reported by other authors; demonstrating that bone cells
underwent a significant decrease in expression of BGLAP/OC when cultured under dynamic
conditions(Bjerre et al., 2008; Mygind et al., 200The downregulation observed with BGLAP
may be caused by the mechanical stresses associated with the dywcamudions,and
optimising the load applied to the cells may result in stimulating the expression of the gene
(de Peppo et al., 2013The lack of specific gepeomoters involved in the regulation of OC
expression such as the ARbrelated protein and the bonebrestricted Cbfal/AML3
transcription factor may account for another reason for OC gene downreguigdtian et al.,
1998) However, it was demonstrated that @igficient mice showed increased bone
formation and mineralization, which dicated that a low expression of OC gene may be
desirableduring bone formatior{Patricia et al., 1996)

Althoughgene expressn is a standard mechanism to evaluate cell characteristics and to
guantify changes induced by culture environment, this method does not entirely reflect cell
function in terms of matrix productiorfCote et al., 2016)a central point of directed

osteogenesig(Datta et al., 2005) Quantification of ECM components provides a more
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comprehensive evaluation of cééhaviourghan genetic ankysis alongOrtega et al., 2004)
Therefore, our gene analysis was supported by ELISA assessmémg ofajor three
componentsof ECM: COL1, ON, and OC. The data obtained from the quantification of COL1
and ON was consistent with their encoding gene analysis and approximately réftbete
same trend. The pattern of OC secretion, however, showed inconsistency with its gene
expression profile. Such a rebound pattern in OC secretias observed irMGbL63 and
MC3T3 cell lines. The authors attributed this tremeC secretion to an unknown regulatory
mechanism(Czekanska et al., 2018resumablythe poor correlation between th@rotein

and gene levelmay beattributed to the manycomplicated transcriptional and translational
mechanisms involved in turning mMRNA into protein. In additibie, MRNA may degrade
following translation while thédnalfblife of its corresponding protein remained high due to a

reduced degradation ratéGreenbaum et al., 2003)

3.5.3. Characteristics of composite ABMM

In Chapter 4, the culture of cdihe based BCs was extended for 3 months. This study,
however, was modified to involve @smultaneousconstruction of ABC and OMM that were

Odzf G dzNBR &aSLI NFGSte F2N) mt RIea F2t{t26SR o8
Although it is appreciated that the total culture period of 22 days is relatively short compared

to the in vivoimplantation studies that are usually extended for months, such experimental

design was necessary. First, firlifespanand limited proliferative potential of primary cells
impedeculture for alongtime because the cells undergo apoptodigka et al., 1998Fecond,

the composite model is cultured at a static ALI condition after the incorporatiadheosoft

and hard tissues on the final days. Extended static culture may deprive the deeperdissue

oxygen and nutrients, causing cell death and tissue necrosis.
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We have shown that the histological structure and expression of key markers associdted wi
stratification, differentiation, and keratinization in the OMM were comparable to those of its
normal tissue counterpart. Our findings were consistent with other studies which
charactersed EOM(Buskermolen et al., 2016; Kinikoglu et &009) Similar to other oral

mucosal equivalent§Chai et al., 2010; Kinikoglu et al., 2Qa®e model usedn this study

showed the characteristics of a paikaeratinised epithelium, as demonstrated by the weak
expression of CK10 and the strong expression of CK13: two established biomarkers of
suprabasal cells in keratseid and norkeratinised stratified epittelium, respectivelyReibel

et al., 1989) In contrast, other studies have revealed the strong expression of CK10 in
superficial layergMoharamzadeh et al., 2008; Tra et al., 20120ich differences between

these oral mucosal models may be attributed to the fact that oral keratinocytes appear to
maintain the properties of their original donor epithelium, which may be eitkeratinsed

(gingiva and palate) or ndeeratinised (buccal mucosdyle Luca et al., 1990)

¢tKS O2yUNREf 2F {SNI (GAy2O0e isBulifactoriaNBeveraFstitids i A 2 v
have confirmed the role of fibroblasts in epithelial development through the stimulation of
keratinocyte proliferation, migration, and keratin expressi{@kazaki et al., 2003; Rakhorst

et al., 2006)Fibroblasts establish such growphomoting roles througtparacrinecrosbtalk

between NHOFs and NHOKa cytokinesuch as Bparinbinding epidermal growth factor,
Interleukin 1 alpha, anttansforming growth factor beta @Vang et al., 2012)his function

requires an optimal fibroblast density because the presence of either excessive or inadequate
numbers of fibroblast will adveely affect epithelium morphogenesis; leading to
differentiation markers being inappropriately express@ M DK £ 01 2 dzZNFkous i | £ &
models, we found that the optireéd fibroblast seeding density of 2 x>Ifer model could

support an anatomically representative epithelial layer. Keratinocyte senescence may also
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impact on the capacity to achieveell-developed epitheliain tissue culture models.
Sequentiabubculturingmay restrict the capacity of keratinocytes to divide once seeded into
a 3D model due to sustained telomerase expression within primary cells, and therefore it is
recommended that te use of keratinocytes in tissue substitute constructs is limited to
Passage 3 or legllg et al., 2009)

The proper functionality of keratinocytes is important not only for epithelial l&yenation

but also for epithelidbconnective tissue attachment and delell adhesion, which are
essential for achieving an accurate, functional mucosal substitute. Our data, consistent with
data from other studies, has confirmed that cells within the 3D models actyelthesized

the ultrastructural components, including desmosomes, hemidesmosomes, and the
basement membrane required for this structural stabi(itya et al., 2012; Chai et al., 2012b)

In Chapter 4, standard decalcified FFPE sestizvere prepared for the histological
examination of the composite model. The major disadvantage of paraffin embedding is that
it requires sample decalcification that eliminates essential information about the tissue
structure.Decalcifying the specimenrfparaffin sectioning resulted in thetal dissolution of

the HA/TCP scaffold and paguality histological sections. Plastic embedding resin such as
GMA, by contrast, preserves the structural integrity of the sample better than paraffin. It
eliminates tle need for demineratation of thesampleand the removal of resin from section
prior to staining; thereby preventing the distortion of tissue elements. However, the
polymersation of GMA is exothermic, and high temperatures oasultfrom the dibenzoyl
peroxide that decomposes, producing free radicals, which act as initiators of the
polymergation (Gerrits and Horobin, 1996 he polymesation temperature of this resin
ranged between 4B45°C, which results in thedenaturing of proteins and impedes

immunological staining. Therefore, the undecatifresinembedded sections were chosen
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to examine the histological morphology of the composite construct, while the mucosal part
was separately charactsad by immunostaining.

The overall histological appearance of the ABMM replicated the structureeohative oral
bone mucosal arrangement. However, the major challenge of this study was to prepare
specimens for 8one-mucosalnterface without disturbing the soft mucosal component. The
cutting and grinding proceduris known to belabourintensive andechnically challenging,
particularly with soft tissue, which posed a difficulty in obtaining an intact histological section
without losing the epithelium. It was observed that the epithelium within composite models
was generally less stratified comparedttwthe OMM that detached from the composite
model before the resin embedding. We hypothesized that this difference resulted from two
different embedding methods used for the OMM and ABMM. The OMMs were minimally
handled for cryosectioning. Therefore, tepithelial layer remained intact and never rubbed
off, as happened with theompositeconstruct where the mucosa was subjected to surface
abrasion during grinding and polishing.

Regarding gene expression, although all the madteoded genes were detectech
relatively high level of COL1A1/CQidsexpressed in our model. This may be for a number
of reasons. First, this marker constitutes the most abundant componeboné ECM (900

of the organic component), and it is upregulated during bone format#dlori et al., 2008a)
Secoml, ascorbic acid was added as a component of the culture medium in order to maintain
the osteoblastic phenotype of borgerived cells; ascorbic acid is known to stimulate cell
growth and collagen synthesis in osteobla&oi et al.2008) The hydroxylation of proline
residues of procollagen is increased to approximately#by ascorbate, which is known to
stabilize the collagen triple hel(Berg and Prockop, 1973)hird, Type | collagea not only

secreted by osteoblasts but it is also produced in abundance by fibrolgkistsmoto et al.,
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2013; Schwarz, 2015)Therefore, the fibroblastic component of the model ynhave
contributed to the collagen levels observed.

The main role of SPARC and its encoding ON in activerbmegalsation is to selectively

bind newlysecreted collagen fibrils with apatite crystals. Therefors,fitequently associated
with tissueswith high rates of collagen turnover such as boff@rmine et al., 1981). By
implication, the presence of ON suggests that an abundant collagenous matrix was
concomitantly secreted. Although SPARC/ON is considebeth@specificmarker(Termine

et al., 1981; Jundt et al., 1987js expression in the oral cavity has bdenalsed in the
fibroblasts incollagenrich tissues such as periodontal ligamgirombetta and Bradshaw,
2010)and dermal fibroblastéRentz et al., 2007)

ALPL isyntheseed by osteoblasts and has been used to assess osteoblast phenotype and
matrix mineralsation (Masrour Roudsari and Mahjoub, 2012jowever,like COL1AL, it is
expressed by cells other than osteoblasts such as gingival fiboropdms st al., 1996; Gomes
and Resende, 2010present data accorded withrevious studiesn showing the expression

of COL1A1, SPARC, and AhRie nonbony tissuethe mucosacomponentof the composite
model),while OC and OP were absolutely absent.

The expression of all osteoblagssociated molecules variewer the different stages of
bone development. Therefore, the expression profiles observed in our models, which were
cultured over a relatively short period compared to that of normal human bone turnover,
may vary to that foundn viva For example, ALiAcreases during the initial stages of bone
formation but decreases as mineradtion progresses, while OP is first detected in young

bone and OC appears towards the end of the minsa#ibbn procesgKim et al., 2015)
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In conclusion,this study showed that theissueengineeredtriblayered model based on

| 1 h. aQ ./ | RKS N®aRed indcosdl in&del @a@stabld ta@ Biyhic the native
alveolar bone and overlaying felhickness mucosal structures. The composite hardsofd

tissue model may provide scope to act as a valuable alternative to 2D and animal models for

variousin vitroand potentialin vivoapplications.
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Chapter 4 Tissue engineering diumanalveolar
bonebmucosalmodel using 3D printed bone
scaffold

NB:The work described in this chapter has been published in:

Almela, T., Brook, I. M., Khoshroo, K., Rasoulianboroujeni, M., Fahimipour, F., Tahriri, M.,
Dashtimoghadam, E.,-Biva, A., Tayebi, L. & Moharamzadeh, K. 2017. Simulation of
cortico-cancelloushone structure by3D printing of bilayer calcium phosphateased
scaffoldsBioprinting,6, pp 7.

Almela, T., ABahaf, S., Brook, I. M., Khoshroo, K., Rasoulianboroujeni, M., Fahimipour, F.,
Tahriri, M., Dashtimoghadam, E., Bolt, R., Tayebi, L. & Moharamzadeh, K. 2018. 3D
printed tissue engineered model for boievasion of oral cancefissue and CeB2,
pp71-77.
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4.1. Introduction

BTE owes most of its advances to the improvements in novel biométeased technologies
that can accurately replicate the heterogeneous nature of native tissloavever, many
challengesemaineto be addressedn order to progress this field. Fabrication of an ideal
bone scaffold is one of then-going medical challengeslue to the complex hierarchical

structure of bone.

Ideally, scaffold intended for osteogenesisuld mimic the bone composition, morphology,
structure,andfunction in order to optinse integration into the surrounding tissues. In terms
of composition, calcium phosphates have been the primary focus for synthetic bone
substitutes because of their steoconductivity, biocompatibility,bioresorbability and
chemical similarity to the inorganic phase of the b@gBeccaccini et al., 2014)hestructure

of bone hasan inner trabecular layer whicltreates a porous environment with 580 %
porosity (Karageorgiou and Kaplan, 20@8)d anouter cortical layer witt8b12 % porosity.
These two layers vary in their characteristics imtgmof porosity, interconnectivity, pore size,

mechanical properties, and surface ar€ooper et al., 200MNanci, 2013)

The factors that govern the scaffold design are complex and include considerations of matrix
architecture, pore size, mormhogy, mechanics versus porosity, surface topography and
degradation productg¢Do et al., 2015)Conventional scaffold manufacturing methods such as
particulate leachingPark and Park, 2015eezedrying (Offeddu et al., 2015)and foam
replication (Baino and VitakBrovarone, 2014have been ged extensivelyAlthough high
porosity can be achieved by these methods, the internal structure of the scaffold is difficult

to control. Random and disconnected pores significantly decrease nutrient transportation,
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cell migration, and cell survival, esjty in thecentre of a bulky scaffoldThavornyutikarn

et al., 2014)

Recently, advances in computational design and additive manufacturing (AM) have enabled
quickand accurate fabricationf 3D porous scaffolds with wedbntrolled architecturegCox

et al., 2015) Thred&dimensional printing (3DP) is an innovative technique that offers an
entirely new method of reconstructing complex tissues comprising intricate 3D
microarchitectures, such as bone, cartilage, heart tissue, and hlesskls. It has been used

to create phymlogicallyrelevantin vitro models which can be applied as alternative to
conventional 2D and animal models in a number of research settings, such as disease

modelingand drug screeninPati et al., 2016)

In contrast with current conventional scaffold fabrication methods, 3DP facilitates precise
production of 3Dscaffolds with defined shape, size, porosity and pore size distribution which
can have a significant impact on cell proliferation, differentiation, and vascularizatiang

et al., 2015; Shrivats et al., 2014; Ferlin et al., 2016; Cavo and Scaglione)r2@#i@)tion, it
SYyrofSa YAYAO|LAYy3a 062ySQa KASNI NOKesx OGKIO Aa
methods, through construon of multiscale scaffoldsvith small and large pores and high
interconnectivitywhich in turn directly related to scaffold performance since it influences
bone growth and strengtfDo et al., 2015; Egan et al., 201Vlpreover, 3DRnables the use

of various materials includingolymers, ceramics, or composites to construct a hybrid
scaffold (Inzana et al., 2014; Neufurth et al., 20178gveral studies have used different
printing methods to fabricate bone scaffol@ose et al., 2012; Wen et al., 201¥any of
these studies, however, have produced scaffolds wiiinglehomogenous structure which

do not simulate the bilayer cortiég@ancellous structure of bone in most parts of the body
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and in the maxillofacial regio.he aim of this study was to exfilaghe advantage of 3D
printing to fabricate a bilayer ceramic scaffold that replicates the cdstiaacellous alveolar
bone architecture and using the printed scaffold in TE ofctiapositehuman alveolar bone

mucosal model.

4.2. Aims
1. Tofabricateabiblayeredi bTCPbased scHold that replicates the cortidecancellous
alveolar bone architecturasing 3D printing technique.
2. To charactege the structural, morphological, mechanical, and biological properties of
the printed scaffold.

3. To construct and chriacterise the composite ABMM using theinted bone scaffold.

4.3. Materials andmethods

4.3.1. Scaffold design and fabrication

ndodmMdmMd t NBLI NICRpagty 2F LINAYyGlFof S |

Iy Ay 2 BTCR pastd was formulated by mixing $odiunirripolyphosphatéNasPsOx)
(Alfa Aesar, US), 0.16Carboxymethylcellulose Sodium salt (Alfa Aesar, US), add-3CP
powder (Sigma, US) in 10 ml de&ed, filtered water. The paste was mixed and defoamed
for 10 and 3 minutes, respectively at 2000 rpm using a centrifugadr (THINKY, Japan) and

loaded into the plotting cartridge (Nordson, USA) for printing.

4.3.1.2. Rheologicada & S & a Y $TCR past&F |

The rheological measurements were performed using a shear rheometer (Kinexus, Malvern,
UK) with a stainless stephrallelplate geometry with a diameter of 20 mm. The paste was
placed on the lower plate and the upper plate was lowered until it gently touched the surface

of the sample at a gap distance of 0.5 mm and excess material was removed. Measurements
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were perbrmed at different temperatures from 3%C to 15°C with a scanning interval of 5
°C. At each temperature, the rheological evaluation consisted of two consecutive shear cycles
with no rotational preshear step. The shear rate varied linearly in ramp modmfO to 100

s> 1with 10 stintervals in 2 min and then back to ©'sThe total testing time was 12 minutes.

ndodmdo ® oETCRItaHald§ Ay 3a 2F |

The scaffolds were fabricated using the 3D bio plotting system (EnvisionTec, Germany) (Figure
4.1.).First, the printed scaffold was designading computeiaided design(CAD)software
Then,the digital modelwas converted to a standard tessellation language file format that
represents the surface geometry of the 3D scaffditte model wasirtually slied into
sequential 2D layerasing the bioplotter software The printing machine then used those
layersto create the necessary togbath along the X and Y directions for direct manufacturing.
Finally, each layer was processed one on top of the oth@érta a 3D partThis process was
performed byapplying the optimtsS R LJ- N} YSGSNAR | a &7CRpSBR Ay
extruded from a cartridge through a plotting needle (Nordson, USA) having an inner diameter
of 400um. The printer head deposited strandfthe paste in a lay&byblayer fashion on the
building platform forming a disc of 10 mm x 2 mm thickness. Scaffolds wesdriad
overnight and then sinteredl he temperatureof the furnace (Vulcan, USA) was raised to 600

°C at the uniform rate of®@min, held for 1 hour in 600, then raised from 6@to 1100C at

a rate of 3/min and remained at 1100C for 4 hours.
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Figure 4.1. 3D bioplotter system used in the fabrication of 3DP bone scaffold.

Table 4.1. The optimsS R LJF
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4.3.2. Scaffold charactesation

4.3.2.1. Structure, morphology, and surface topography

9 @I f dzl GA2Y 2sFuctir& Sorpghagydrtl suffaReXdughnessasconducted by

3D laser scanning digital microscope (Olympus LEXT OLS 4000, Japan). Scaffolds were
randomly selected to measure the roughness, morphology, dimension of the phsés)ce

between strands, anthicknessof strandson both sides of scaffolds using the software (LEXT

OLS 4000).

4.3.2.2. Microstructural charactesation by pbCTscanner(see sectior2.3.3.1).

4.3.2.3.Xbray diffraction (XRD)

w5 gFa OF NNASR 2dzi ¥ 2 NJLICR omawdithfire pdste wdsl2z 6 R S |
prepared. Sintered scaffolds were ground using an agate mortar and pestle (F@séetific

UK). The powder was then sieved to 150 um particles (Endecotts, UK). XRD patterns were
recorded between%and 70H | G | 4/squsing Rphasar diffrabtometer (Bruker, UK)

SHdA LILISR A GK | /dz Yh NIRAIFIGAZY &avAsdaNEs8d 2T 00

by ICDD PDB#+ software (2015 edition).

4.3.2.4. Mechanicaproperties

The Young'smodulus and ultimate compressivarength of the scaffolds were measured
using a mechanical testing machine (Shimadzu, Japan) with a 5kN load cell, andlzeass
speed of 1.0 mnmin™. The sintered cylindrical samples with a diameter of 10 mm and a
height of 20 mm were compressed imiZection until they fractured. The data obtained was

used to calculate the mean compressive strength and modulus.
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4.3.2.5. Biological properties of 3DP scaffolds

The scaffolds were autoclaved and pneubated in the culture medium for 4 hours, followed

by cell seeding and culture for 1 month as described in chapter 2 (see section 2.3.8.). Every
10 days, the following assessments were performed:

4.3.2.5.1. Cell viability assessmefsee sectior?.3.3.4).

4.3.2.5.2. Proliferation assessme(dee sectin 3.3.5.3).

4.3.2.5.3. SEM examinatiojsee sectior2.3.6.1).

4.3.3. Construction of printed ABMNkee sectior8.3.6).

4.3.4. Characterisation of printed ABMM

4.3.4.1. Histological examination of mucogaee section 3.3.7.1.).
4.3.4.2. IF stainingf mucosa(see section 3.3.7.2.).

4.3.4.3. TEM of mucogsee section 3.3.7.3.).

4.3.4.4. Histological examination of printed ABM[dee section 3.3.7.4.).
4.3.4.5. gRIPCR examinatiofsee section 3.3.5.6.).

4.3.4.6. ELISfsee section 3.3.5.7.)

4.3.5. Statistical analysis

All data were presented in terms of mean £ &khree independent experiments performed

in triplicate. Onebg @ ! bh+! O2 YL} SYS ytash Ras pedformedizisiBe Q a
GraphPad Prism v7.0GraphPad Software, La Jolla, CBijiferences were considered

significant when p < 0.05.
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4.4. Results

4.4.1. Rheologicahd a S a & Y §TCR pagt&d |

¢CKS @Aao2anrie LICPpdtaiadic&ss that thdviscositpis strongly dependent
on both shear rate and temperature. Figure (4.2. A) shows that &Cike dependence of
viscosity to shear rate is considerable fosteearrate of 10s! to 70 s>, while it remained
constantat shear rates higher than 7. On the other hand, the effect of shear rate on
viscosity is not significant when themperatureis above 15C. Regarding the temperature,
Figure (4.2. B) shows that the decline in the viscosity started &CHnd endal at 20°C.
Increasing temperature up to 30 °C had no significant effect on the viscosity. The viscosity
seems to be independent of the temperature for temperatures higher thatC2Q a specific

shear rate. Figure (4.2. C) shows shear stress versus shear rate for the prepared pds38 at 20
°C. The paste seems to be a Bingham plastic material with yield stresses of 58.12, 47.05 and
39.75 Pa at 20, 25 and 30 respectively. A lingacorrelation between shear stress and shear
rate was found for all the examined temperatures where all the coefficients of determination
(r-squared)werefound to be greater than 0.99. The dependence of viscosity on temperature
and shear rate influencesé printing parameters i.e. cartridge temperature and printing
pressure, respectively. The pressure appteethe material for printing dictates the material's

flow rate from the needle which in turn could be related to the shear rate.
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Figure 4.2. The rheological assessment of TCP paste.T#9 dependence of viscosity on shear rate

at 15°C is considerable for a shear rate of ¥0ts 70 $'. The viscosity remained constant at shear
rates higher than 70*5 No significant effect of shear rate on viscosity was observed when the
temperature is above 18C. (B) The decline in the viscosity started at 46 and ended at 20C.
Increasing temperature higher than 2C at a specific shear rate had no significefiect on the
viscosity (C)A linear correlation between shear stress and shear rate was found at 20, 25 46d 30
The prepared paste had yield stresses of 58.12, 47.05 and 39.75 Pa at the examined temperature,

respectively(Pa=Pascal, S=second).

4.4.2. Characteriséion of 3DP scaffold

4.4.2.1.Structural morphology and surface roughnest3DP scaffold

3D laser microscopy examination revealed the morphology and geometrical accuracy of
scaffold structure. It showed smooth continuous strands as well as clearly revealed the
differences between both sides &DP scaffold (Figure 4.3.). For the compaitle the
measurements of pore diameter, strands thickness anddiséancebetween strands were
242.2 + 24.3 um, 516.8+ 28.1 um, and 214.5+ 19.1 um, respectively while the dimensions in
the cancellous side were 410.5+ 27.9 um, 447.1+ 46.7 um, and 502.1+ 4659qune (44.

A) presents the2D laser scanning of the singlgnted layer at X and Y direction while Figure
4.4. B) showthe compact layes in Z directions The value of surface roughnediaj was

found to be 1.1 + 0.2 pm.
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Figure 43. Representative 2D and 3D laser scanning images of the bilayered printed scalificdge
showing;(A) The measurements of pore size and the distance between strands in the cancellous side;
(C)The compact side that is in contact with the substrate. The pore shape is parallelogram because of
the angle of printing in the second layéB and D)Representing the 3D views of cancellous and

compact sides, respectively (Scale bars = 500 um).
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Figure 4.4. 2D laser scanning of the singend conpact printed layer(s)in X Y, and Zdirections.
Image shows(A) The pore dimensions in X and Y directions for the printed cortical part that is not in
contact with the substrate (platform{B) The spaces between printed layers at Z direction (Scale bars

=500 pm).

It was noticed that these consistent values were abed after optimsation of printing
parameters g¢ee Table 4.1.). Changes in these variables or utilizing unogginprinting
resulted in many problems such as clogging of dispensing needle, disconnection of the plotted

strands (Figure 4.5. A), and eveacking of the scaffold after sintering (Figure 4.5. B).

Figure 4.5. 2D laser scanning images of the faulty 3DP scaffdlthage shows examples of
A Y I LILINPLLOWTPséaffolls when they were printed with aptimised plotting parameters(A)

Incomplete and uneven strand@)microcracking in the sintered scaffold (Scale bars = 500 um)
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4.4.2.2. Phaseanalysis byXbray diffraction (XRD).

Figure (4600 aK2z2g a

0 KS bLTGRSronLukhithiitiseddfoliswereFprepared and

the crushed scaffolds after sintering. As it can be seen in this figure, the crystalline structure

2 TLTCP wasa majorLIK | aSd - w5

LI G G SNY a

2 BTCPaekhjbiie8 NB R

approximately the same characteristic peaks. No secpngsase, organic residue or

crystallographic substitutiowasdetected.
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Figure 4.6. XRD patterns of btTCPpowders The unsintered powder (pink) and powder of scaffold

sintered at1100°Cfor 4 hours (blue) are displayed. Both patterns demonstrated approximately the

same characteristic peaks.

4.4.2.3. pbCTscan assessment

The basic properties of the scaffolds determined BZ[i scanning are shownTable(4.2.).

3DP scaffold had 61.8 8pen porosity (total porosity) while the closed porosity was 0.003 %.

The volume of closed pores (0.002 Mrwas approximately negligible compared with 71.1.

mm3 open pores volume. Scaffold demonstrated high interconnectivity and connectivity

density.
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Tale 4.2. u CFscan measurement of 3DP scaffold

Feature Unit Mean + SD
1  Volume of closed pores mm3 0.0342 + 0.0064
2 Volumeof open pores mm3 71.1+1.6
3 Closed porosity % 0.04 £0.041
4 Open porosity % 61.8+14
5 Trabecular thickness mm 0.05 = 0.007
6 Trabecular separation mm 0.2 £0.02
7 Trabecular number - 7.47 £0.95
8 Surface density 1/mm 2411+ 2.6
9 Connectivity density ~ 1/mm3 1815.4 £ 455.8
10 Connectivity - 208707.5 + 52405.1

4.4.2.4. Mechanicalproperties

The compressive strength of the scaffolds was found to be 10.0 £ 2.4 MPa while the modulus

was 55.5 + 5.7 MPa.

4.4.3. Charactersation of printed ABC

4.4.3.1.Cellviability

The results obtained from this assay are presenteddgure (47.). It shows that cells
remained alive and their metabolic rate was significantly higheday 10 and afterward

compared with day 1 (p<0.0001).
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Figure 4.7. The viability of 3DP bone construct§&raph shows the viability &DP bone constructs
cultured in spinner bioreactor for one month. The metabolic rate of HAOBs was significantly higher on
day 10 and afterward compared with day 1 (baseline) with no significant increase was observed on
day 20 and 30. Data represents measB of three independent experiments (n=3) performed in
triplicate. Statistical significance was determined usinggrie@ ! b h ! & A dtdét (*¢*tlz] S& Q&
p<0.0001) Asteriskdirectly above the bar are relative to day 1 (baseline) and above the htaizon

line are relative to the two bars at the ends of the line.

4.4.3.2. Cellproliferation

Proliferation assessment demonstratexd detectable butnot significant increase in cell
number from day 1 to 10 (p=0.0641) while a significant proliferation fwasd at day 20
(p=0.0126) and 30 (p<0.0001) (Figurg ¥ day 30 showed @ecreasen cell number although

it was not significant compared to day 20.
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Figure 4 8. Total DNA content 3DP bone construcGraph shows the proliferative pattern of HAOBs
cultured in 3DP scaffold in spinner bioreactor for one month. The number of HAOBs within the
construct demonstrated no significant difference on day 10 compared to day 1 while the cell number
remarkably incrased on day 20 followed by slight non significant decrease on day 30. Data represents
mean * SD of three independent experiments (n=3) performed in triplicate. Statistical significance was
determinedusingong | @ ! bh ! ¢ A Gtést (¢ tz] pSO00DA). Astaiskddirectly above

the bar are relative to the day 1 (baseline) and above the horizontal line are relative to the two bars

at the ends of the line.

4.4.3.3 Assessment of cell attachment and spatial distribution

SEM observation of cell morphgyp revealed normal osteoblastic polygonal shaped cells
attached to the rough scaffold surface (Figur®.}}. The macroporous scaffold structure
supported the cell adhesion, penetration, and ingrowth on both surfaces of the scaffold
throughout 30 days of dyamic culture (Figure 40.). The attached cells showed even
distribution as well as elongation and orientation along the scaffold strands which indicates
that the osteoblasts spread and align along the surface microstructures. On day 20, both
surfaces wee densely covered by interconnected growing cells which formed stacked and

crusted layersPores in the compact side approximately occluded and completely sealed by
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cellular matrix at the end of the month while some open pores were observed in the porous

side at the end of the experiment.
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Figure 49. SEM micrograph of HAOBSs attached to 3DP scaffold after@4rof seeding(Scale bar
=50 um).
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Figure 4.10. SEM micrographs of HAOBs cultured3DP scaffoldlmage shows the attachment,
distribution, and ingrowth of HAOBm both surfaces of 3DP scaffold during 30 days of dynamic
culture.(A and Bnoncellular porous and compact sides, respectivéBi) and(B-J)show porous and
compact sidesof the constructs, respectively at 1, 10, 20, and 30 days (Scale bars = 500 um).
Preparation of samples for imaging was performed by Chris Hill, Department of Biomedical Science,

University of Sheffield according to the method described in section (2)3.6.1

4.4.4. Assessment of printed ABMM

4.4.4.1. Histological examinations ahucosa

As expected, OMMs displayed the same histological obtained in chapteveltk&leveloped
stratified squamous epithelium overlying collaggopulated fibroblastsn a way mimicking

NOM was demonstrated (Figure 4.1A and B).

Figure 411. H&E representative image compared the mucosal part (OMM) of the printed composite
model with normal oral mucosa (NOMJA) shows OMM with a wdidifferentiated oral epithelium

overlying collagekpopulated fibroblasts(B)NOM (Scale bars = 100 um).

44.4.2. IF charactesgation of mucosa

IF staining of OMMrevealed strongexpression of CK13 throughout the entire epithelium
(Figure 4.2. A) and CK1éxpressionin basal layer (Figure £21D) The expression was

comparable to tilat found inNOM (Figure 42. B and E)
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Figure 412. Representative images compared the cytokeratin expression in mucosa part (OMM) of

the printed composite model with normal oral mucosa (NOM)MM displays cytokeratin expression
profile similar to NOM. Image demonstrate@ and D)Immunofluorescent labelling shows the
positive expression of cytokeratin (CK) 13 and 14, respectively in OMM. Similar CKs expression was
found in NOM (positive ctrfpr CK 13B)and CK14E) (C and Flepresent OMM stained with isotype

control and secondary antibody (negative ctrl) for CK13 and CK14, respectively. Positive

immunolabelling are shown in green while cell nuclei are shown in blue (Scale bars = 100 um).

4.4.4.3. Histological assessment of printed ABMM

Printed ABMM demonstrated a histological structure consisting of oral mucosa adhered to
the underlying bone scaffold (Figure 3.1A), simulating the native oral hard and soft tissues.
The uppermost surface displayed antinuous stratified epithelium covering a quite
fibroblastpopulated dense connective tissue. Oral muddme interface revealed a thin
band of cell infiltrated fibrin attaching both layers. The pore8Pscaffold containing two

apparently viable cell layers; a central mass of fusiform cells padialyed with each other,
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and a separate mural monolayef rounded cells within a more eosinophilic matrix (Figure

4.13. B). Such cellular alignment was noticed in native oral bone (FiguBeQ).1

Figure 4.13. H&E stained histological ground section of 3DP ABMMNMhage showing(A)
fullbthickness, multilayered 3DP bone mucosal construct consisting of a stratified oral epithelium,
connective tissue layer adherent to the underlying 3DP b{BEThe bony part showing the pores of

the scaffold containing two apparently viable cell layers; a central mass of fusiform cells partially
aligned with each other (red arrows), and a separate mural monolayer of rounded cells (blue arrows).
(C)Similar celliar alignment was noticed in natural alveolar bone (Scale bars: A =500 um; B and C =

50 pm).
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