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Abstract

Millions of people worldwide suffer from pathologieassociated with bone loss and bone
defects, and the treatment of bone loss remainsajarnchallenge in orthopedic surgery
because of the limitations including donor site bndity, viral transmission, immunologic

incompatibility, long rehabilitation time and sttucal failure. The need for new strategies for
the treatment of bone defects is therefore urgére.ideal bone graft material must: (i) match
the mechanical properties of healthy bone; (iiplmeompatible and promote healing and (iii)
degrade and resorb over time so healthy bone &anotger. To this day, there is no synthetic
material that can fulfill these three requiremesitsultaneously. The purpose of this project is
to create a new toughened multilayered bone grafenal consisting of calcium sulfate and
gelatin that is assembled layer-by layer. All comgrats of this material are fully

biocompatible, resorbable. The high mineral contemvides stiffness, while the weaker
protein layers can deflect incoming cracks, a péwdpughening mechanism exploited in

advanced engineering ceramics. As a result, thikilayered bone graft material is sixty

times tougher than pure calcium sulfate. The pregotechnology thus overcomes the
limitations of current bone graft materials. Thepliwation is that this material can be used to
fabricate load-carrying grafts, as opposed to ti@ul calcium phosphates/sulfates which are
too brittle. This proposed bone graft will there&fohave significant impact on restoring

functionality and quality of life in patients.
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Des millions de personnes dans le monde souffremathologies associées avec les pertes
osseuses et les défauts osseux, dont les traiterdenteurent un défi majeur en chirurgie
orthopédique a cause des limitations comme la rdidébide la région donneuse, la
transmission de virus, l'incompatibilité immunolgge, le temps de réhabilitation et la
fracture structurelle. Le besoin de nouvelles étias pour le traitement des défauts osseux
est donc urgent. Le matériau idéal de greffe osseo# : (i) Avoir les mémes propriétés
mécaniques que l'os sain; (ii) Etre biocompatibte promouvoir la guérison et (iii) se
dégrader et se résorber au cours du temps afired@mnplacé par de I'os sain. A ce jour, il
n'y a pas de matériau synthétique remplissantrogsdriteres de fagon simultanée. L'objectif
de ce projet est de créer un nouveau matériau efte ggsseuse tenace dont la structure est
composée de couches de sulfate de calcium et a@dgingél Tous les composants de ce
matériau sont biocompatibles et résorbables. Laehmeur en minéral procure la rigidité,
pendant que les couches de protéines souples pentnate dévier les fractures, un
mécanisme de renforcement utilisé dans les céramidlingénierie. Ainsi, ce matériau de
greffe osseuse multicouche est soixante fois @nade que le sulfate de calcium pur. La
technologie proposée dépasse de ce fait les liontatdes matériaux de greffes osseuses
couramment utilisées. Cela impligue que ce matés@urrait étre utilisé pour fabriquer des
greffes destinées a supporter une charge, s'oppasei au sulfate de calcium ou phosphate
de calcium traditionnels qui sont trop cassants. gkeffe osseuse proposée aurait par
conséguent un impact significatif sur la restaoraties fonctionnalités, et sur la qualité de vie

des patients.
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1. Chapter I: Introduction

1.1 The Material Bone: Structure, Properties and Funcitons

There are various mechanical or non-mechanicas ra$ésigned to the bones. Bones are used
in the organism for protection and storage of Imgatells, mineral ion homeostasis, major
reservoir of calcium and phosphate for various bgte functions, facilitating blood
production or even sound transduction to the e&8][IThe skeleton has also the primary
function of structural support and protection af tirganism [1, 2]. To play these roles, bones
are exceptional natural material in terms or mewsaand more especially to absorb energy
from impacts. During a shock, natural bone is sttbpto an amount of stress which is much
larger than the stress implicated by normal locoomotNatural bone can resist shocks by
absorbing a large amount of energy. This propeartuie to the particularly complex structure
of bones. Bones are hierarchical materials withless than seven levels of hierarchy [1].
Overall, bones can be described as an organicxradtdollagen fibers (20-30 wt.%) which is
combined with an inorganic mineral part made oticah phosphate cement (60-70 wt.%).
Therefore, the mineral part contributes to thdretgs of the tissue [2] while the collagen part

adds toughness [4].

The composition of natural bone is not the onlysogato its mechanical performances. Its
structure is also of primary importance. Especjdigne is a hierarchical material: Weiner
and Wagner [3] described the seven levels of hibsaas: (1) the whole bone; (2) the
cancellous and cortical bone; (3) microstructuralifa (osteons); (4) fibrils array patterns;
(5) fibrils array; (6) mineralized collagen fibahd (7) major components (collagen molecule
and mineral crystal). The second level where berseparated between cancellous bone and
cortical bone is depicted on figure 1.1a. Cancsllbane is highly porous and composes the
inner part of the bone, while the cortical bonelésise and found on the outside. Cancellous
bone is made of interconnected struts called tiabedhat follow the lines of principal stress
(figure 1.1a). Cortical bone is composed of smaitaparallel to the bone axis, called osteons
(diameter 200-30@um) which are the level three of the hierarchy. Ehasits are made of
lamella, or in other words concentric layers mafdsimeralized collagen, around a Haversian

canal on the center (figure 1.1b). This microscainfiguration prevents crack propagation
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and provide tensile and compressive mechanicaleptieg [4]. In fact, the lamellae are made
of fibrils arranged in various directions thus nmakicomplex and efficient patterns. These
fibrils are the level six of the hierarchical stwe and are the building blocks of the bone
family of materials (figure 1.1c). To finish, thidiiils can be described by collagen molecules
with mineral crystal growing within the spaces be#w the molecules (figure 1.1d). The
mineral is carbonated apatite (Ca5 (PO4, CO3)3 J@HJl is plate-shaped and oriented in a
specific crystalline direction [1].

Collagen
molecule
(c) ]
I
Bone
i F Crystals
A ’ 200nm I
Mineralized collagen fibril H (d)
] 1 nm
|

Py Lamellae ——eis®)
;‘ » " Cortigal Canaliculi

) Osteon / i Haversian

#7804
] %‘.. i) Lacunae containing osteocyt\es\/ Osteon of compact bone

hane

Periosteum

Volkmann's canal

Figure 1.1: (a) Macroscopic view of natural bone vih its trabeculae; (b) Scheme of an osteon;
(c) Microscopic view of a mineralized collagen fibf; (d) Scheme of the collagen molecules linked

to the mineral crystal. Adapted from [1, 3-5].

Bones are capable adapting their local densitheolével of mechanical stress applied, by a
continuous remodeling process which occurs thawokshtee types of bone cells called

osteoblasts, osteocytes and osteoclasts. Osteplolasstruct and reinforce new sections of
bone where the amount of stress is increasingaalbtiover time while osteoclasts degrade
the parts of bones that are not fatigued suffityej#]. Osteoblasts thus secrete the primary
component of the matrix which is type | collageh [Qsteocytes are derived from osteoclasts
and maintain the surrounding tissue [4]. This aspas to be taken into account in the choice
of materials of the bone graft: these materialstrbesbiocompatible (accepted by the cells

without provoking inflammation) and biodegradabtkgésted by the bone cells). Finally,

2
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these materials must be osteoconductive: they prostote bone formation and attract bone

cells so as to be colonized and replaced by nabora as fast as they are digested.

Because of its composition and structure, natuebexhibits remarkable mechanical
performances. It combines high strength and latgegation at strain. Considering that the
energy dissipated is the product of strain andsstagplied to the bone during the shock,
bones can absorb large amounts of energy. Thigitguahenergy strongly depend on various
parameters (variation in mineralization, porositycation in the skeleton [3], age, sex,
connection with the vascular network, health, caftor spongious bone [2]) and the direction
since bone is anisotropic because of the oriematifothe components [1]. Bones however
exhibit less and less anisotropy at the highestatuhical level, suggesting that bones are
designed to resists to various types of stressgarious directions [3]. Typically the tensile
strength of natural cortical bone is reported tdbb®veen 50 and 350MPa, 150 MPa being the
most common value [3], for an elongation of 1.5%l&vits Young’'s modulus is between 7
and 26 GPa (10 GPa being the most commonly repontstllus) [3]. But one of the most
important properties is the fracture toughnes$@mt’) that can be defined as the resistance
to crack propagation. Fracture toughness is ingiydinked to the dissipated energy rate (in
JInf). Since these two parameters are equivalent (flarndil) in chapter IV gives the
relationship between them), the energy rate isnoftalled toughness in literature. In this
work, fracture toughness indicates the resistancéracture while toughness (or energy
release rate or dissipated energy) indicates arggnleut both terms are used to describe the
ability of a material to resist to crack propagatiand thus absorb energy. The fracture
toughness of natural bones is among the highest fatural material as depicted in figure 1.1
[6]. Depending on the factors previously listedacture toughness can vary from 3 to 10
MPa.m’? which is three to ten times higher than the frectoughness of silicon [2]. These
values are considered as ultimate objectives tduateathe mechanical performances of a

bone replacement material.

Ritchie et al. [2] discussed several mechanismporesble of the high strength of bones:
intermolecular slip of mineralized collagen fibergsistance in that slip at the interface
between collagen and hydroxyapatite minerals, gehafibers stretching, hydrogen bonds
breaking, continuous resistance to fracture by ¢eln bonds reforming or the role of the
strong biological glues (osteopontin, sialoproteihat adhere to the negatively charged
phosphate groups of the mineral. Ritchie et alo atescribed powerful toughening

mechanisms that increase the fracture toughnedsowés: unbroken collagen fibrils can

3
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bridge crack faces and resist its propagation,ltieguin fracture toughness increase of 0.1

MPa.m’?. The same phenomenon occurs with the uncracked bgaments that can act as

bridges and add 1-2 MPa'fito the fracture toughness. The most powerful effextever

comes from the crack deflection which occurs whesraek meets weak interfaces (osteon

boundaries) and is deviated from the line of maxisteess. This effect can contribute as

much as 3-20 MPaito the fracture toughness [2]. Bones are locateteatop right of the

modulus versus toughness chart as shown on figite Meaning it is among the most

mechanically efficient natural materials.
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Figure 1.2: Toughness versus modulus material propy chart for natural materials. Guidelines

to identify materials best able to resist fractureunder various loading conditions [7].

The bone composition and these toughening mechargghlight two important things that

will be used in the bone graft design. First, tleenposition shows that the combination of
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two dissimilar components and their volume fractiare important keys to optimize
mechanical properties such as strength or toughri#ssn, crack deflection is a very
important mechanism to dissipate energy, and itigcwhen weak interfaces exist in a brittle
material. This study will therefore focus on duptiog this mechanism in order to develop

new bone graft materials which can carry mechamizals and absorb impact energy.

1.2 Large Segmental Bone Defects

According to Pneumaticos [8], a large segmentakbdefect is a bone defect larger that the
critical size at which the bone cannot heal bylfitse a bone defect with less than 10% of
regeneration during the lifetime of the patient. &gesult, a large segmental bone defect
requires a bone grafting procedure to heal propdnjpically, the critical size defect is a
length that exceeds 2-3 times the diameter of #meadjed bone [9].

Replacing bones has a long history in medicineistawith first attempts in ®century with
pure wood. The field of bone tissue engineeringailyeaccelerated during World War II.
Before this period, the only remediation to largeé loss was amputation. To face to the
large number of wounded soldier, bone graft mdgestarted to emerge [10]. High energy
traumas remain the primary cause of large segméata¢ defects [8, 10]. In his review,
Decoster [10] explains that in the case of postnyaic bone losses, the most common
clinical case is the tibial shaft. In this area thone is not protected by soft tissues such as
muscles, and is directly exposed to shocks, whigblatns the large part of tibial open
fractures among open fractures cases. In the dag®ab trauma, the critical bone loss length
is 2 cm. Bone defect in the tibial area can bedtehly using the adjacent bone (fibula) to fill
the gap, thus making a one-bone leg [11]. Howesrtechnique leaves patients with many
problems such as prolonged time of treatment, cefra (the fibula can transmit only 15% of
the load of the leg and thus cannot replicate thaltmechanical functions [12]), poor
mechanical results or infections [13, 14]. Moreotrgs technique is not applicable to other
part of the skeleton. In more general terms, Deca$éscribes open fractures even without
bone loss as a serious cause for large bone d&epending on the degree of damage, the
surgeon has to decide how much bone to remove. Wegidarge part of damaged bone
reduces considerably the risk of infection, andopen fracture with no bone loss but high
fragmentation can turn into a large bone loss gmblFigure 1.3 shows a X-ray image

showing multiple fractures of the tibial region whiresulted in a 20 cm bone loss during the

5
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surgery. Even if no bone material was lost, themstruction required removing 20 cm of
bone fragments which required bone grafting prooediccording to the American
Academy of Orthopaedic Surgeons, 6.3 million freesuoccur each year in the United States,
and 500 000 of them require a surgery and in saeesca bone graft treatment. The total cost
is estimated at 2.5 billion $ [15].

Figure 1.3: Open fracture of the tibial region on all-years-old patient due to a bike wreck [10].

Open fractures and/or bone surgeries increase iskeof infection which might require
another bone surgery if the infection occurs orargd segment. Infection is thus another
important cause of large bone defects [8, 10, A§]explained above, open fractures without
segmental bone loss can complicate because of ichirdiactions and in some cases bone
fragments removing is the most efficient way totecolnthe infection [10]. Another important
cause is bone tumor resection [8] since new surgemdnniques considerably reduced the
number of amputations on patient with bone cané¢tare genetic or developmental
abnormalities can also occur because of a dism@tidhe system that maintains growth and
maintenance of the skeleton [17]. Such deformitiesrare causes of large segmental bone

defect, as well as failed or revised arthropla8tylp].

1.3 Overview of Bone Grafts Materials

According to Bohner [18], the ideal bone graft mialenust meet three majors requirements,

which represent the main challenges in the fieldbafe tissue engineering (Figure 1.4): (i)
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load-bearing property: mechanical properties os¢hmaterials should be better than or at
least as high as those of cortical bone. Theretbesbone graft must comply with the
stiffness, strength and toughness of natural bpnelegradability: materials should degrade
overtime and thus be resorbable to prevent frastuwlee to long term use; (iii)
osteoconductivity: bone formation should be prasddby the surface of the material (which
also includes biocompatibility; the material shouldt produce undesirable effect while
contacting with bone cells). Osteoconductivity dencombined with osteoinductivity (Bone
formation should be chemically promoted by the malle and osteointegration (stable
anchorage of the whole implant in the bone). GQulyeall of the materials destined to be
used as bone graft have only one or two of theesetlharacteristics. Examples of such

limitations are presented in this section.

Two other practical parameters must be taken intmant. The human skeleton is made of
very complex shapes, which are hard to duplicatavéver, if a bone graft must reproduce
the functionality of the missing bone, it has tplieate its shape with sufficient fidelity. The

ease to replicate this three-dimensional geomsttyus an important parameter. Figure 1.4
summarizes the four mentioned requirements fodaalibone graft. Finally, bone grafts must
not be too expensive. The direct biomedical appbtioa for bone graft materials require a

production at an acceptable cost.

Ideal bone graft
substitute

Figure 1.4: Characteristics of an ideal bone graft.
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From 1992 to 2007, 2 000 000 bone graft procedwere operated in the US only, which
represents 0,67 % of the population [19]. Bonetgrgfis thus a common surgery and the
number of types of bone graft has increased inasiedecades. Synthetic bone grafts can be
classified according to their chemical compositiagjflass, polymers, metals, biological
materials and mineral based materials [8, 16]. &hewterials are reviewed and their
properties discussed below. The breakthroughs lthaé been made in the bone grafting
history are highlighted, and the current limitagan bone grafts that prevent the existence of

the ideal bone graft are listed.

1.3.1 Autografts, Allografts and Xenografts

The best material to replace bone is natural btsadf.i Therefore attempts to implant natural
bones from the body of the patient (autograft)mfra donor (allograft) or from an animal

(xenograft) started to develop 50 years ago [16].

First allografts were performed with cortical bagiace the bony support was immediate and
superior when compared to cancellous bone. HowerasGularization and union were very
slow with cortical bone and even never occuredoime cases while fatigue fractures were
common. Therefore cancellous bone was then pesferand provided a better
osteoinductivity and vascularization and a fastemadeling [20]. Nowadays, three
procedures of cancellous autograft are commonlyd uge reconstructive surgery: open
cancellous grafting, closed cancellous grafting amotbclaved grafting [16]. In the open
technique, after excision of the necrotic boneed bf granulation forms on the excised bone,
and receives the cancellous graft. The bed of d@éion then vascularizes the bone graft and
the bone starts to repair. This technique is vacgassful for infected segmental bone defects
[21] but is not suitable for defects larger thaer® because of the limited volume of bone
graft available [22]. Even for defects larger th&arem, results are poor in region with no
surrounding muscles, and bone strength is sloweteeldp [16]. In the closed cancellous
grafting technique, a stable soft tissue covershib@ of granulation before receiving the
cancellous graft. This technique is more efficianthe case of large bone defect but increases
the risk of morbidity of the donor site and the lmgarate is only of 1 cm per month.
Moreover three to five operative procedures areired [16]. Another important problem for
both open and closed cancellous autografts is éng Mmited capability to make complex

shapes [23]. The third technique (autoclaved aditipis used in the case of bone tumor. It
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consists in the excision of the bone defect andideiment of the tumor. The remaining bone
is then autoclaved for five minute to kill the ramag tumor deposits before being
reimplanted with prosthetic fixations. However,stiiechnique is applicable only for certain
types of low grade tumors, and the healing timmrger than the healing time of the other

autografts [24].

Allografts appeared to be a better option thangrafits because of the limitations mentioned
before. The first allografts were reported in 1908l later in the 1960s, it was discovered that
the immunogenicity decreases by freezing, whichurethed the interest for this type of bone
graft [23]. A human bone bank was even createchénWSA in the 1970s, where FDBA
(Freeze Dried Bone Allograft) and DFDBA (Deminezalil Freeze Dried Bone Allograft) are
stored and used for large bone defect cases. Alisgallowed solving many issues: complex
shape and various size of bone are in unlimiteglyuymo donor site morbidity, and even
entire joints can be preserved through cryopresiervdechniques (for future osteoarticular
allografts) [16]. However, many risks are possiibléhe cases of allografts: transmission of
viral or bacterial pathologies, immune responsehef host versus graft even if the graft is
irradiated, nonunion, fractures, slower revascaéion than autografts, and contraindication
in the case of infected patients [8, 25]. Also, dievated costs related to the maintenance of
human bone banks trends to make this procedure exprensive than the others bone graft

techniques [8].

Xenografting is a recent and less popular technigjusonsists in grating a bone tissue taken
from a donor of a different species. The poor totee of bovine bone material by the human
body is the cause of its lack of interest [16] trdently, freeze dried baboon bone combined
with autogenous cancellous bone successfully réearied large segmental defects caused
by traumas and tumors [26]. The advantages andivhséages of xenografts are the same
than allografts: there are a variety of sizes aochglex shapes possible and an unlimited
supply, but also a risk of disease transmissiomurme response, or slow revascularization
[16].

The price for an autograft for a segmental tibefledt is estimated at 113 000 US$ [27] which
is among the most expensive bone grafts but 2 toni€s less expensive than amputations
because of the elevated cost of the lifetime pessshof amputees [10]. In 2007, 75,000
autogenous bone grafts were operated in the UShwhpresents 25 bone grafting procedures
for 100,000 inhabitants. This is also 82.4 % ofltbae grafting procedures operated the same
year. However autografts are very successful inrdegment of intervertebral or lumbar disk,
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but not necessarily in large segmental bone defddisplacement or degeneration of

intervertebral disk is ranked first cause (28 %ca$es) of bone grafting procedures while
traumatic large bone defect is ranked second wi#¥® of cases. Concerning the rest of bone
grafting procedures (allografts, xenografts orfiaréil grafts), they represented 5 procedures
for 100,000 inhabitants in 2007 in the US, or 18,@€cedures [19].

1.3.2 Titanium

Titanium is one of the rare biomaterials that exlsethe mechanical properties of bones: it
has a tensile strength, Young’'s modulus and fradimmghness of respectively 345 MPa, 103
GPa and 60 MPai[28]. For proper comparison, the corresponding eslior cortical bone
are respectively 150 MPa, 10 GPa [3] and 10 MPA[6]. Titanium is also biocompatible
(which is not the case for other metals) and ostegrative, which helps the bone cells to
colonize the implant and improve the anchoragenwdlistitanium medical devices such as
screws [29]. However, a good bone graft materi@uih not have mechanical properties
lower nor higher than those of bones. In the cdsé&tanium, the dissimilar mechanical
properties with natural bone increase the stresddsng phenomenon in the case of larger
implants: because of the high modulus of titaniomoye stress is transmitted to the implant
which results in bone resorption due to the laclstoéss in bone and consequent failure of
titanium implant [30]. Moreover titanium is not dagable which limits its use as an implant
for large segmental bone defects. Using titaniuso abquires a second surgery to remove the
implant once the bone is healed which increaseseitwvery time [31]. Therefore, titanium is
commonly used as screws in reconstructive surgnge its lifetime of 20 to 30 years is
adapted for a long term use implant [29]. Conceyriamge segmental bone defects, titanium
was successfully used as wires to support anogperdf bone graft implant [32] but titanium
alone was never used to replace a segmental beseAaother important use of titanium in
bone defects that deserves to be mentioned ifil@cement of joints like shoulders, hips or
knees. The fact that titanium does not degradeisasthble over time makes it interesting for
artificial joint systems destined to be implanted the rest of the patient’s lifetime: knee
replacement arthroplasty consists in the implaotadif a titanium — polymer joint system [33,
34] while hip or shoulder arthroplasty consists time implantation of a titanium —
polyethylene — ceramic joint system [34]. In theases, the grafts are abandoned in the body
for the rest of the patient’s life. It is not thase of reconstructive surgery that requires a

second surgery to remove the titanium implants Wwidoes not fully comply with all the
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requirements of an ideal bone graft (biodegradghali the implant). Titanium is thus perfect
for joint replacement but not for large segmentfkedt replacements, and moreover titanium
IS not a material easy to shape; making complepeshaequires to make a specific metallic

mold for each shape which is not practical.

1.3.3 Calcium based materials

Calcium based cements such as hydroxyapatite (Kdalgium sulfate (CS) or calcium

phosphate (CP) exhibit promising properties forédtinsue engineering. Each of them have
been used in the treatment segmental bone def8¢t3H, 36] but have a wide range of

properties concerning their osteoconductivity argreddability. Calcium cements have the
form of a powder that has to be mixed with wategnée they can be easily shaped with the
help of a specific mold. Since they comply with mo&the requirements for an ideal bone
graft, they are good candidates in the making aigexly shaped bone grafts. Because of the
non-degradability of HA, CS and CP cements [18]ase potential candidates for bone graft

materials.

HA has the chemical formula 8POs)s(OH) » which is very close to the mineral part of
bones [37]. HA can be produced in two different siay can be extracted from a biological
material such as purified bovine or porcine boreey] in this case, the bone graft is a
xenograft. Or HA can be synthetized and in thisecdlse sintering temperature during the
fabrication process is a very important parametat will impact the size of the pores and the
osteoconductivity. There are various types of HAhwiifferent pore sizes, which can
promote bone cell ingrowth, or act as a biocompatiiler or a mineral reservoir for bone
cells [38]. In any cases, HA is biocompatible arsfeoconductive but has poor (or non-
existent) degradability [18]. This material hasogi®or mechanical properties in comparison
to natural bone [39]. It remains however one ofrtiest used bone graft materials through its
numerous brands of synthetic or biological gra@israpatite® (synthetic, Ceraver, Roissy,
FRA), Trans-Ossatite® (synthetic, Transysteme JMiplant, Nimes, FRA), Endobon®
(biological, Biomet, Valence, FRA), Bio-Oss® (bigioal, Geistlich, Wolhusen, SUlI),
Surgibone® (biological, Unilab, Coppet, SUbr Osteograft® (biological, Osteomed,
Addison, TX, USA).
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CS is one of the oldest bone graft materialsistillse [40]. CS has formula Cagénd is also
used in masonry under the form of plaster (plasteParis) [41]. CS is biodegradable,
biocompatible and osteoconductive [35, 36, 40]d&ts even reported the ability of CS to
regenerate bone [42, 43]. CS is easy to preparkttenvarious types of existing CS have a
wide range of mechanical properties as it will lesatibed in chapter Ill. CS bone grafts are
used in the biomedical industry under the brandss€® (Lifecore Biomedicals, Chaska,
MN, USA) and Osteoset® (Wright, Memphis, TN, USA).

CP degrades faster than CS in the human body, @ndtenes too fast since new bone has
not completely invaded the graft. For this reasanious types of CP cement have been
investigated as bone grafts (phosphate mixtunes)¢rum phosphate, octacalcium phosphate,
anhydrous dicalcium phosphate and dicalcium phdspdiaydrate) to try to slow degradation
time [18]. Since CP and CS are both cements prdp@oen powder and water, mixing a
certain amount of CP in CS can be a way to adhestegradation rate. CP is osteoinductive
because of its phosphate ions [44], but it does stiotulate bone growth. Hence CP is
osteoinductive but not osteoconductive [18]. Ostedactivity is a more powerful
characteristic for the development of natural bondghe implant. The process to prepare CP
is also longer than the one of CS, since CP mushized with a binder such as polyvinyl
alcohol followed by a sintering step (1000°C) tonowe the binder and strengthen the CP
[45]. CP is used under various brands like Biosorf8BM Science for BioMaterials,
Winchester, MA USA), Ceros® (Thommen Medical, Giesr, SUI), Cerasorb® (Curasan,
Kleinostheim, GER). Some grafts proposed in theustiy mix CP and HA in various
proportions to adjust the properties of the mireeeald are known as Ceraform® (Teknimed,
Vic En Bigorre, FRA), MBCP® (Biomatlante, VigneuxelBretagne, FRA) or Calciresorb
35® (Ceraver, Roissy, FRA), to name just a few.

The weakness of these materials is their poor nmechlaproperties. Calcium cements have
poor mechanical properties when compared to nahaaé [18, 41]. Various studies tried to
adress this problem by integrating various typesnolusions in calcium cements, making
calcium based composite materials. While it is Hardmbed inclusions in HA, it is relatively
easy to integrate inclusions in CS or CP powdesrgn mix with water: Gerhart [46] was
able to improve the properties of CP by adding tgeleand other studies successfully
embedded biocompatible fibers in CP such as palyde-co-glycolide) [47], collagen [48],
HA whiskers [49] or chitosan [50] to name just avfeNith CS, wood fibers [51], gelatin
[52], viscous polymeric (carboxymethylcellulose amghluronan) [53], or cellulose fibers
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[54] have also been investigated. In all of thaseliss, the fibers successfully improved the
strength and/or the toughness of the bone grakmaatChemical ways also exist to improve
the strength of CS such as mixing with potassiuliatgu(K,SOy), with a saturated solution of
CS [55], calcium oxide (CaO) or calcium hydroxidea@H) [40]. Sanad [56] was able to
double the strength (tensile and compressive) obZ&ixing arabic gum and calcium oxide
or hydroxide. However the properties of the reagltmaterial remain lower than natural
bone. According to Kruger [57], the first objectigéfibers-calcium cement composites is to
overcome the brittle fracture behavior of CP ando@8uctilization with fiber reinforcements
and the second objective is to reach the natuma¢ Istrength and modulus. Although the first
goal is partially solved, the application of filbeinforcements to calcium based bone grafts is
still a young field and many questions have to ésolved to reach the performances of
natural bone. Because there are still limitationserms of mechanical performance, calcium
based cements are used only as non-weight bedrungjuses, to fill defects, or to coat hip

implants [16].

1.3.4 Bioglass

Bioglasses are made of bioactive components CagD N&iQ, or ROs. Bioactive refers to
the unique phenomenon that occurs when these bg®gaare in contact with body fluids: a
double layer composed of a silica gel layer andalaiem-phosphorous layer appears and
covers the surface of the bioglass after 16 weéR$. [The CP layer resembles the bone
mineral phase and adsorbs proteins utilized byob#dsts to form a mineralized extracellular
matrix. Bioglass bone grafts therefore promote gediwvth and are highly osteoinductive, but
also osteoconductive and osteointegrative [8]. Tgrigperty occurs at the surface of the
implant (bone—implant interface) but also withire ttmplant (away from the bone—implant
interface) [59]. Clinical studies showed that bdoemation is enhanced in the case of
bioglass and even occurs at a faster rate thaunaltased cement [60, 61]. Bioglasses have
also improved mechanical properties compared terdibne grafts, but the disadvantage of
this type of graft is its brittleness [59]. Finalthe major problem is that only the bilayer silica
gel — CP resorbs over time, and not the entiret 8. To summarize, bioglass is both
highly osteoinductive, osteoconductive and ostegirdtive [59] (which is a main advantage
on all calcium cements) and is more mechanicallgrasting than cements (but has yet an

undesirable brittleness), but does not resorbs. édew recent studies showed that borate-
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based bioactive glasses are resorbable and nonfmxihe bone cells [62]. Bioglass could
thus become a promising material for bone tissugineering, but the problem of its
brittleness remains, and also the fact that bieglasre not easy to shape in complex forms
limits its use in bone defects. Bioglass bone grafe used in the biomedical industry under
the brands Perioglass® (NovaBone, Jacksonville, BEA) or Biogran® (Atek Medical
Group, Grand Rapids, MI, USA).

1.3.5 Polymers

In the case of the treatment of large segmenta l@fiects, the most widely used polymers
are Polylactic acid (PLA), polyglycolic acid (PGAhd their co-polymer PLGA [8]. These
polymers are also used in the making of suturesyacand rods [63]. They are biodegradable
and degrade into lactic acid (a muscular wasteywed and recycled naturally in the body),
glycolic acid, water and carbon dioxide with a colable degradation rate [8]. The main
problem for polymeric bone grafts is the mechanjadperties which are too weak and
compliant when compared to those of natural boh& ¢an be mixed with a calcium cement
in order to increase the tensile property. For eplarKasuga [64] mixed PLA with 30wt% of
calcium carbonate and improved the tensile modbjua factor of two. In vivo studies are

still required to determine the biocompatibilitytbe composite material.

Another type of polymer-calcium cement compositedus biomedical industry compbines a
biocompatible polymer such as polymethylmethaceylat (PMMA), or
polyhydroxyethylmethacrylate (PHEMA) with a miner@glement (calcium hydroxide,
Ca(OH)}). These polymers have a negatively charged saitfaat provide adherence to bone
cells, resulting in a biocompatible scaffold thaedmpotes bone formation. This type of graft is
therefore very osteoconductive [38]. Consequemttymeric bone grafts are interesting to
promote bone formation, and some of them can 6lhe defects up to 70% according to
clinical studies made on polymeric graft HTR® [6%he main problem for such polymeric
scaffolds is that they do not resorb over time aedce the patient has to live with the
polymeric scaffold for the rest of his life. Anoth@isadvantage is its poor tensile and shear
properties, and poor adhesion properties whicheas®s the risk of debonding in the defect

zone before the ingrowth of the new bone [4].

Polymeric bone grafts have disadvantages (lack sieomwonductivity and low tensile

properties) which can be partially solved by theomporation of a calcium phase. This young
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field has promising perspectives of developmeneeisfly PLA which is already used to
make complex shapes such as screws and could betaseplace bones with complex

shapes.

1.3.6 Biogenic materials

Biogenic materials (i.e. produced by natural orgars) have a long history as bone graft
materials. For example wood is known to have hesd as bone graft in the™8entury,
albeit with many problems associated with low biogatibility and poor resorbability.
Highly mineralized biological materials offer inésting perspectives as bone graft materials
because of their composition similar —or closethtocomposition of natural bones. The high
mineral content of these materials make them ostehgtive and osteoinductive in the
presence of human bone [66, 67]. An example of ralired biomaterial is coral. After its
purification (i.e. removal of the organic contenthe remaining skeleton of the animal
(calcium carbonate CaGhas a composition which is close to the mineaat pf the human
bone. It is resorbable, with mechanical propertiese to those of bones. The material is
however not osteoconductive [6] but can be combinméti osteoinductive factors. This
material is already used in biomedical industryoddiral is a company specialized in the
fabrication of bone graft products extracted frdra hatural coragborites lutea. The porosity

of this coral is close to the porosity of bone, d@nkas impressive compressive strength, but
the limitation of this product is its brittlenesadathe low tensile strength. Paradoxically,
calcium carbonate also resorbs too fast and thiedhd@mne has more risks to break again. In
the same idea, Duplat [66] tried to use nacre froatlusk shells because of its mechanical
properties and osteoconductivity, but the graft mad exhibit enough signs of resorbability.
Natural nacre combines good mechanical propertnes asteoconductivity because of its
structure and composition, but does not degradé wapez [67] showed that only 20 % of
the nacre implanted into the human body degrades fast, and the 80 % remaining for a

long time in the body with no significant changes.

1.3.7 Comparison of existing bone graft materials

Table 1.1 below summarizes the advantages and dcksbfor each of the bone graft

materials discussed above, in the context of theetimain requirements for an ideal bone

15



McGill University Sacha Cavelier 2015

graft, which are biocompatibility-osteoconductivitgsorbability and mechanical properties.
It appears that biocompatibility is not a majomissexcept for wood (one of the first grafts
tested more than a century ago) and some allograftxenografts. All the other materials are
sufficiently biocompatible to be accepted by thaetHmody. However biocompatible does not
mean osteoconductive and this properties is muche nsomplicated to obtain. If some

biological materials already have this propertyntegtic bone grafts must be chemically
modified (negatively charged surface of polymeniafty or appearance of a silica gel — CP
bilayer at the surface of the bioglasses) to beamsinductive. Some chemical techniques
might be needed in the future design of bone goafhake them osteoconductive. In terms of
mechanical properties, biological materials areemateresting than synthetic materials. As
previously mentioned, the improvement of the meatarproperties of a new bone graft is

the main challenge to overcome and will also bentlagn challenge in this work. Finally, the

resorbability of the current bone graft is alsohallenging property, but it appears than

calcium base cements have the best results.

Table 1.1 also shows that autografts have all ¢éq@irements needed for an ideal bone graft.
It thus remains the preferred type of bone graft eepresents 83 % of the 2,000,000 bone
grafting procedures operated in the US between 1882 2002 [19]. Autografts have

however several other major problems that make thetrsuitable to the treatment of large
defect: very limited bone supply, morbidity of tHenor site. Xenografts and allografts have
unlimited supply but have a limited biocompatilyilibecause of the enhanced risks of
infection and diseases transmissions. Becauseeoptisence of foreign bodies, even after
purification, a dislocation can appear at the grathost bone interface which reduces the

mechanical efficiency of the graft [8].

It appears from this review that among the var@tynaterials used for bone graft purpose,
CS might be the most promising material. CS haselex@ biodegradability and

osteoconductivity but poor mechanical propertieseimsion which satisfies two of the three
requirements previously mentioned for an ideal bgnadt. Most of the studies on CS reported
good compression strength. Tensile and flexurahgith are low compared to bone. But there
are several strategies to improve these propdries68]. CS is under the form of a cement
powder which can be processed into complex shapksively easily. CS exists under

different forms (types I to V, type V being themtgest) which provide dissimilar mechanical

properties. CS will thus be considered as one efdbmponents of the bone graft of this
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work. CS exists under various forms and a seledimmnstill to be done. An overview of the

different chemical forms of CS will take place imapter .

Material Osteconductivity Biocompatibility Resorbability =~ Good strength

and toughness

Titanium No Yes No Yes
Autografts Yes Yes Yes Yes
Allografts, Yes No Yes No
Xenografts

HA Yes Yes No No
CP No Yes Yes No
CS Yes Yes Yes No
Glass Yes Yes No Yes
Polymers Yes Yes No No
Wood No No No Yes
Coral No Yes Yes Yes
Nacre Yes Yes No Yes

Table 1.1: Comparison of current and past bone grafmaterials.
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2. Chapter II: Mechanics of Multilayered Materials

Nature has been producing high performance gregeriaia for millions of years, and these
materials can therefore serve as models for thegmesf new engineering materials.
Biological materials such as bones, teeth or mklkells boast unique properties: one of the
best examples of a natural high-performance corntgasaterial is nacre, also known as
mother-of-pearl. Nacre is made of thousands ofganic wavy microtablets that can slide
over each other. Under impact, this layered stregplays a critical role by absorbing energy.
95% of this material is composed by inorganic ntatets made of aragonite and 5% is an
organic network. The contrast between the stiff brittle inorganic part with the soft and
ductile organic one makes this composite mateigiili efficient [69]. Nacre thus associates
the stiffness and strength of calcium carbonatethadoughness of the organic material in
order to make a composite 3000 times tougher tharelements it is made with [70]. Figure

2.1 is a microscopic view of this natural structioend in mollusk seashells.

e

1S um

Figure 2.1: Microscopic view of microtablets arrangments in nacre [71].

Bones are also good examples of composite matetedgyned by Nature because of their
structure made with embedded reinforcing minerainents while the collagen serves as a
matrix [53]. At some levels of its hierarchy, booan also be viewed as a multilayered
material. As explained in the first chapter, théeoas are made of lamella, or concentric
layers made of mineralized collagen, around a Haaer canal in the center. This

multilayered structure is capable of deflectingckrainto the interface between the lamellae.
This powerful phenomenon is one of the reasondefhigh fracture toughness of natural
bones. The osteons themselves are also weak nderthat deflect incoming cracks [2].
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These examples demonstrate the structures thatgaove the toughness of a material, and

can inspire artificial materials.

Nature thus teaches us interesting things that tawe taken into account in the design of

high performing materials:

(i) Combining two dissimilar materials (a brittleclusion inside a soft matrix of
interface) leads to superior material propertisstii@ example of nacre shows).

(i) The volume fraction of the two materials is iamportant parameter. Depending
on the type of material, the volume fraction canvieey different: nacre shows
remarkable mechanical results with 95 vol.% of garic inclusion [70] which is
challenging to reach experimentally and requirepedectly regular structure.
Natural bone exhibits around 50 vol.% of minerait g&]. The volume fraction
has hence to be optimized.

(i) Natural materials exhibit different types dficlusions: particles, fibers, or
micro-platelets [53]. The type of mineral inclussons another parameter.
Additionally, the secret of the performance of matumaterials resides in the
perfect arrangement of the structure. This poimghinbe challenging depending on
the type of inclusions selected.

(iv) Crack deflection is a critical mechanism increand bone. This mechanism
requires interfaces which are weaker than theofedie material: organic mortar in

nacre, cement lines in bone.

2.1 Multilayered design to dissipate energy with britte materials

Among the variety of possible designs and configong for a composite material,

multilayered materials appear to be one of the nefftient in terms of toughening

mechanisms. Clegg [72] was able to increase thghtuess of silicon carbide from 28 Fm

(bulk material) to 4625 J.f(multilayered material) by incorporating weak iféees to

deflect cracks, multiplying by more than 160 theoamt of energy dissipated. The samples

were made of two materials mechanically dissimédad the phenomenon involved in this

increasing of energy dissipated is the crack bé#tion. While in a bulk ceramic a crack

propagates suddenly and through the whole thickoieg®e ceramic because of its brittleness,

in a multilayer material, the crack propagates amiyil the next ceramic/ceramic border. The
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idea is to fill the very small space between thececs with a weaker material which acts as
a weak interface and is able to deflect the crédter the crack is deflected, two powerful
phenomena contribute to increase the toughnesheofntaterial. First, there is balance
between the straight propagation in the weak natand the defect at the surface of the
ceramics that can make the crack kinks out ofnkerfiace. When a crack propagates straight
in a material, the effective crack length extendgppndicularly to the applied stress, so that
the stress intensity factor increases, leadinghgiable fracture. In contrast, a crack which is
deflected at the interface propagates with a stigemnsity factor that decreases, so that
additional force and energy are required. The cetepiracture of the material is therefore
delayed and more energy is dissipated [73, 74]aBse of this multilayered structure, the
ceramic is completely notch insensitive: a notclakess only the first layer in a multilayered
ceramic since the propagating crack will be defldcat the first interface it meets. For a
monolithic sample, the notch weakens the whole $anmp provoking straight crack
propagation through the whole thickness. A notamedtilayered ceramics therefore reaches
the stress of an unotched multilayered sample [ZA3]ditionally, other toughening
mechanisms such as frictional work of the layershim crack wake can occur [74]. Figure
2.2a shows a typical crack propagation in theailicarbide/graphite multilayered composite
tested by Clegg. The crack was deflected at eackeventerface and the resulting load-
displacement curve (figure 2.2b) suggests a workrafture superior than the monolithic
material because of the increased stress and .shrammost of the time there is no change in
the strength [75], figure 2.2b exhibits an impottencrease in strength. According to Clegg,
when the stress in the multilayered ceramic samgdehes the strength of the monolithic
ceramic, the crack is deflected in the interfacetedad of breaking the sample. The load
continues rising while the cross section of the @anms constant hence the increase in
strength [73].

Multilayering and embedding weak interfaces in attler material clearly introduces
toughening and strengthening mechanisms when & @apagates into the composite. In
some cases, even stiffening mechanisms occur becduike progressive compression of the
weak interfaces [75]. The interest of such architexis thus multiple.
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Figure 2.2: (a) Crack propagation and bifurcation n a multilayered ceramic material [72]; (b)

load displacement curve of a multilayered ceramic aterial [74].

Increasing by 160 the amount of energy dissipataddcbe a critical point in the case of
artificial bones. Additionally, more precise retatships between the size of the deflections
and the increasing in the toughness of the mathaae been experimentally done as it is

described in the next section.

2.2 Crack deflection and energy dissipated

In their work, Kovar et al. [76] created a multiéagd material made of silicon nitride {S)
ceramic plates assembled with a weak interface nedidmoron nitride. Kovar et al. also
demonstrated in this study that the ratio of theifpgs moduli (interface and ceramic) and
the ratio of the toughnesses (interface and cejaanécimportant parameters to predict crack
deflection. Kovar et al. mixed the boron nitriddeifiace with silicon nitride (the same
component than the ceramic plate) to modify the vhegland toughness of the interface and
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obtained different propagation lengths. The modiihearly varied with the volume fraction
of silicon nitride from 250 GPa (0 vol.% silicontmile, pure boron nitride) to 320 GPa (100
vol.% silicon nitride, pure silicon nitride). Theughness also linearly varied with the volume
fraction of silicon nitride from 40 J.f(0 vol.% silicon nitride, pure boron nitride) t@a
J.m? (100 vol.% silicon nitride, pure silicon nitrideflearly, for low contents of silicon
nitride (and so weaker interfaces), more cracked#éthins are visible and measurable. Kovar
et al. defined the deflection lengthas depicted on figure 2.34.is the highest in the
materials that contain 0 vol.% and 10 vol.% ofcsili nitride in the interface (figure 2.3b).
The deflection length dramatically decreases foigher and stiffer interfaces. Kovar et al.
were able to describe quantitatively instead oflitatevely the amount of deflection in their

multilayered material.
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Figure 2.3: (a) Schematic illustration defining thedeflection lengthd; (b) Cumulative

distribution plot of delamination crack [76].
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Figure 2.4: SEM micrographs of the side surface dfroken flexural specimens containing (a) 10,
(b) 25, (c) 50, and (d) 80 vol.% SN, in the interphase; (e) strength and work-of-fractue (WOF)
plotted versus the SN, content in the interphase [76].

Figure 2.4 describes the patterns of crack defieatbtained with various compositions of the
weak interfaces. The most interesting part of Kostaal.’'s work is the comparison of the
strength and toughness of the samples, where tlmyesl that the samples with the longest
deflection were the weakest in terms of strengthtbea highest in terms of toughness and
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energy dissipation. Along the same idea, samplds stiffer and tougher interfaces exhibit
less deflection, more strength but less fractutghoess as summarized by figure 2.4e. All
samples with more than 50 vol.% of silicon nitri@@ugh interfaces) did not exhibit
deflection (figure 2.4d) and the resulting touglsess 5,000 times lower than the toughness

with low concentration of silicon nitride (weak @nface).

Kovar et al. thus showed the strong relationshigvben the deflection length and the amount
of energy dissipated. They also demonstrated thettgth and toughness of the multilayered
material cannot be obtained simultaneously sineeaam increases while the other decreases.
Even if Kovar et al. described quantitatively thegationship, a theoretical model is needed to
understand better the mechanisms occurring durauckaeflection. More detailed theories of

the conditions for crack deflection are the todithe next section.

2.3 Conditions for crack deflection

Additionally to the relationship between the sizafs crack deflections and the energy
dissipated, Kovar et al. [76] related in their wdlnke relationship between the stiffness and the
toughness of the interface and the length of treeckcrdeflections at the interfaces. By
adjusting the volume fraction of$8l, in the interface, Kovar et al. could increasedti#ness
and the toughness of the interface. From Kovat.&st data and from figure 2.4e, a new plot
can be produced in order to identify the effecttlid toughness and the stiffness of the
interface on the energy dissipated. The toughneddlee stiffness of the interface has to be
compared with those of the layers and that is whyrés 2.5a and 2.5b show the impact of
normalized toughnessi(l., with I the toughness of the interface in J.rand I'; the
toughness of the layers in Jjnand normalized stiffnes&(E., with E; the stiffness of the
interface in Pa and. the stiffness of the layers in Pa) on the energgipgated by the
multilayered sample. It appears that the stiffet¢ogher) the interfaces, the shorter the crack
deflection and thus the lower the energy dissipafedterfaces and layers are mechanically
dissimilar, the crack is more likely to deflect wharriving at the border layer/interface, and
then to propagate into the interface before kinkowg of the interface and propagating
through the next layer. It will make a longer waydompletely break the sample and more
energy is dissipated. On the other hand, for iates$ mechanically closer to the layer

properties, there is no crack deflection, and mash energy is dissipated.
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Figure 2.5: Energy dissipated in the case of Kovagt al.’s multilayered material with adjustable
interfacial properties plotted versus (a) normalizel stiffness Ei/E., with E;the stiffness of the
interface in Pa andE, the stiffness of the layers in Pa) and (b) normaled toughnessI(i/I., with
I’ the toughness of the interface in J.ihand I'; the toughness of the layers in J.if), adapted
from [76].

The condition for initial crack deflection is notufficient to ensure high toughness. In
addition, one must ensure that cracks deflectethdyveak interfaces stay on these interfaces
as much as possible. Kovar et al. suggested twsiljeseasons for a crack to deviate from
the weak interface: first, the interfacial resisanncreases due to the delamination length.
Secondly, the presence of defects at the surfatteedayer attracts the delamination crack out
of the interface. The lower the number of defentshie layer, the longer the deflection, the

higher the energy dissipated. Kovar et al. alsccrilesd this problem as statistical, since
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“crack kinking is controlled by the probability ehcountering a suitable interfacial defect”
[76]. The critical flaw size necessary to inducacgr kinking was also plotted in function of
the normalized toughnessif ;) as shown on figure 2.6. The plot of this figusenbt useful
for other type of multilayered materials sincesitspecific to the material used in Kovar et
al.’s work. It nonetheless illustrates the exiseeraf two failure mechanisms for crack
deflection: if all the flaws have a size below thatical one, large deflections and
delamination are expected. On the other side nfesof the defects are bigger than the critical

size, the crack will be deflected but will go baeérlier in the layers, and overall it will

propagate straighter in the sample.
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Figure 2.6: Critical length of the dominant defectsusceptible to kink the interface out of the
interface plotted versus the normalized toughnesd{I,), of a silicon nitride-boron nitride

multilayered composite [76].

Although Kovar et al. highlighted the evidence &g trelationships between toughness,
stiffness, crack deflection and dissipated eneogyer studies developed models capable of

predicting better these failure mechanisms.

Some studies demonstrated that it is not suffidieritave two materials (layer and interface)
significantly dissimilar to optimize the compositéhis dissimilarity is a necessary condition
to deflect the crack, but not to prevent slidingcsi an interface too weak will allow the layers
to separate easily. Thus the toughness of thefacemust respect a compromise. According

to these models, to allow crack deflection, theoraf the interface toughness, and the
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toughness of the ceramif;, must be less than 25%. Additionally, to prevdidirsy, the
aspect ratio of the beam must be increased, angréwous ratio should not be too small.
Thus the optimal toughness ratio is in the ranges66 [77, 78].

However He and Hutchinson [78] demonstrated that grevious ratio is not enough to
completely predict crack deflection. The normalizesidual stress parameigdefined asr
a?/K (or being the residual stress in Rathe size of crack in m ani the stress intensity
factor for the incident crack in Patf) as well as the elastic mismatch parameter(E.-
E)/(Ec+E;)) must also be considered. There are now three péeasndescribing the growth of
the crack in the interface or its penetration i layers. The competition between these two
modes can be modelled by the comparison of the ditithe toughnesses with the elastic
mismatch parameter as described on figure 2. higndiagram, the maximal possible ratio of
toughnesses at which the crack is deflected isqulotersus the alpha parameter. The diagram
shows that this plot has a minimum in case of egnaduli (@=0), where the ratio of
toughnesses is 0.25. This ratio must thereforeebs than 0.25 to allow deflection in any
cases, which also agrees with the Folsom’s critedescribed before and leads to the

formula:

]._L."T.:

Debonding |

LaPOy tx

Figure 2.7: Diagram of possible deflections as afigtion of the elastic mismatch parametem,

toughness ratio and normalized residual stress parmaeter 5 [78].
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This case occurs most of the time, since the ateriacts as an adhesive layer of negligible
thickness, and because of its thickness, it do¢shaee to be taken into account in the
calculation ofa. In other words, materials 1 and 2 in figure 24 the same, and the interface
is a line between these two materials and consdélguer 0. This model is thus more general
but brings the same conclusions in the case offatdi@l multilayered material. This criterion

should thus be seen as a guideline in the desigmesé materials.

More practically, these models show that the toeghrof the selected mineral must be four
times higher than the toughness of the weak polymerder to allow crack deflection and
thus increase the amount of dissipated energy. diffieulty resides in the choice of the
mineral and polymer since their mechanical propennust match this rule. However, we will
take into account different other parameters (presse to work with, ...) since different
techniques exist to change the properties of angiwaterial: hydration can decrease the
toughness of a material, fiber reinforcement caprowe the toughness of a brittle material or
crosslinking can improve all the properties of aalwgolymer, as it will be discussed in

chapters Il and IV.

2.4 Maximal interface thickness

In the previous paragraph, an important geometnzabmeter has been evoked in the
optimization of the composite material: the thicknef the interface. Clegg [73] examined
the problem in 1992 and he showed experimentakly dkistence of an optimal interface
thickness that maximizes the fracture toughnesheobample. The results of the experiments
are depicted in figure 2.8. The reason of the effalc the interface thickness is the
discontinuity of the interface which is more likety occur in for small thicknesses and which
kinks the crack out of the interface. This reasaplans why a small interface thickness
implies less deflection and thus dramatically dases the fracture toughness as shown on
figure 2.8. On the other hand, a too thick integfaaplies a too large volume fraction of the
weak material in the composite, decreasing pragersuch as strength. An optimal value
exists as depicted on figure 2.8, where the interfia sufficiently thin to do not reduce the
properties of the sample, but sufficiently thickaltow the crack to undulate without kinking
out of the interface.
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Figure 2.8: Effect of interface thickness on the ficture toughness of a graphite (interface) —

silicon (layer) carbide multilayer composite [73].

In a different study, Phillipps et al. [74] devedmpa theoretical model to predict the optimal
interface thickness based on the geometry and iihyeepies of the materials used in the
composite. They considered a crack that propagahele a critical stress is applied. The
distance of propagation of the crack in the int=fes dictated by the available energy. In this
model, the maximal thicknesg, is:

— 6ECGIIC

0.2

Om (2.2)

WhereE. is the Young's modulus of the layers in Ba,their strength in Pa an@. the
interfacial critical strain energy release ratel im®. These three parameters can be measured
from several different tests. It will be the purpax the chapter IV, and these parameters will

serve to compute a value from (2.2) at the begmoirchapter V.
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3. Chapter Ill: Biocompatible Materials: Biopolymers and Minerals

This chapter is a review of the potential materfatsan ideal bone graft. Many biopolymers

exist in Nature and are used in industry, and ttg¢ $ection is a non-exhaustive list of the
most widely used. Chapter | discussed the poteatiablcium sulfate (CS) cements. Here a
review on the different types of CS will be presehtChapter Il gave rules and guidelines on
the desired properties of the two materials whidhlve considered to select a polymer and a
CS cement, and combine them into a multilayerect lgyaft composite.

3.1 Mineral

Different mineral are used for bone graft substifptirposes, such as hydroxyapatite (HA) or
calcium phosphate (CP). They however present isthasmake them difficult to use. As
described in chapter I, HA is the most widely usédhe calcium based materials but it has
poor (or even non-existent) degradability while SPesorbable but has poor mechanical
properties in comparison to other minerals [18]. D@ other hand, CS is the mineral that
presents the most interesting properties for biooa¢dpplication because it is completely
degradable, osteoconductive [40] and promotes lbegeneration [42, 43]. Its mechanical
properties are lower than those of bones but tla@ybe improved with fiber reinforcements
[51, 54] or chemically using additives to decredse water needs of the CS powder
(lignosulfonate and arabic gum) [40, 56, 79] or atew saturated in Gaions to limit the
dissolution of the formed CasS [55].

The natural forms of CS are the anhydre form winsch solid and hard mineral (CagQand
the CS dihydrate also called gypsum with the foan(@aSQ, 2H,0) [80]. This gypsum can
be transformed by calcination into various othgrey of CS hemihydrate (Caf@®.5H.0)
[41, 81-83]: CS type | (impression plaster), typéplaster of Paris), type Il (dental stone),
type IV (high strength dental stone) and type MWré&ihigh strength dental stone). The
differences between those types reside at theatliyst level and are due to the preparation
mode: calcination of gypsum at air produces the typnd Il while calcination under steam
pressure in an autoclave produces the type llland V [40]. The size, shape and uniformity
of the crystals of hemihydrate CS affect the dgngibrosity and mechanical properties of the
solidified CS after setting. Figure 3.1 shows tthat difference between the different types is
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visible at the grain level. It also clearly showsahmuch dissimilar are the crystals of dental
stone and those of plaster.

Figure 3.1: Plaster particles (top left), dental sine particles (top middle), high strength dental
stone patrticles (top right) [81]. Crystals of plastr (bottom left) to be compared with the typical
crystal structure of dental stone (bottom right). Adapted from [84].

The general solidification reaction for all the éypf CS hemihydrate is the following:
(CasS0,,0.5H,0) + 1.5H,0 = (CaS0,,2H,0) + Q (3.1)

WhereQ is heat produced by the reaction. The result efréaction is a highly crystalline

gypsum with a very rigid structure because of titermeshing of the crystals. The reaction
can also be reversed by calcination at a temperatud 00-120 °C. The setting time of the
reaction varies from 8 to 15 min depending on ypmetof CS but mixing techniques can
reduce or increase this time. Finally the expansiotine material varies from 0.08 % to 0.20
% at air during the setting [40].
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3.1.1 Gypsum — dihydrate calcium sulfate

During calcination, molecules of water are remowbdough the absorption of heat.
Hemihydrate CS of various types are then obtaiWédten mixed to water, CS turns back into
gypsum in an exothermic chemical reaction callatinge which then results in a cohesive
and hard gypsum material. Three theories exiskptae the setting: first the colloidal theory
proposes that the CS enters the colloidal statgjtr solid-gel mechanism. In the solid state,
hemihydrate CS particles are hydrated to form dedtgdCS and thereby enter in an active
state. The entire mass consumes the water andrtemi® a solid gel. Another theory is the
hydration theory where it is suggested that hydnolgends link sulfate groups together. To
finish the dissolution-precipitation theory saysatthdissolution and instantaneous

recrystallization of CS followed by interlocking tife crystals is the base of the setting [84].

Pure gypsum exhibits after setting a compressixength between 2.3 MPa and 9.7 MPa
depending on the mineral variety (selenite, alavasatin spar) [82]. Because of this low
strength, Simple non-transformed gypsum has veoy pee in dental applications and (mold

and cast for dental diagnosis) but is commonly dsedchedical splints.

3.1.2 Impression plaster — hemihydrate calcium sudte g-form — type |

Impression plaster is the most porous and leassedesf the hemihydrate CS. It is
manufactured by addition of chemicals to gypsuni.[84 the crystalline level, non-uniform
aggregates of crystals with capillarity are thegioriof the weakness of the hard state of the
material (after mixing with water and setting). Thérm indicates the non-uniformity of the
crystal shape and size, to be opposed tatftem, more uniform. Moreoven-form crystals
are smaller and stronger, and require less wategaict leading to a less porous material. The
B-form crystals are larger and less uniform, andrtherangement leaves more available
space, leading to more porous mineral, and thukevedhe difference between these two
forms is due to the fabrication process as seear.|dh dentistry, impression plaster, or
hemihydrate calcium sulfafeform is classified as calcium sulfate type I. Tehare 5 types of
CS hemihydrate, with type V as the strongest matdmpression plaster has been used a few
decades ago for preliminary impression of edentilodge in fabrication of dentures
(mucostatic impression), but is now very rarelydusence it does not resist to water at long
term and has been replaced by stronger plastatertal stones. A compressive strength of 4

MPa has been reported for impression plaster séti¢ing [81].
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3.1.3 Plaster of paris — hemihydrate calcium sulfatp-form — type Il

Plaster of Paris is also aform of hemihydrate CS and its powder consistpafus and
irregular particles. It is stronger than impresspdaster since it exhibits higher density and
crystal uniformity due to its manufacturing procesalcination is performed by heating at
110-130 °C the gypsum powder in an open contai8é}. [Thus plaster of Paris is classified
as type Il in dentistry and is the least expen€ige

Because of its low cost, its osteoconductivity #sdesorbability, CS is preferred to design
bone grafts and has a 100 year long history in hgnadting [40]. Since it is not water

resistant, it has to be combined with another nedténat can resist to water. For example
Gao [85] used crosslinked gelatin as a polymeritrimmgo enhance the mechanical properties
of the CS and make it resistant to water. Pladt&anis is also used for preliminary mold in

denture construction.

A compressive strength of 9 t014.6 MPa [81], anéresile strength of 3.2 MPa [41] have
been reported in the literature. These relativelgrpnechanical properties make the scientific
and medical communities reluctant to use CS al®neincrease the properties, most of the
studies report mixing the plaster with a biocomgatipolymer like gelatin [85] which is a
derivative of collagen. Other methods have alsobeeestigated to increase the strength of
plaster: Coutts [51] reinforced plaster with woadpfibres and was able to increase the
toughness up to a factor 40. The strength was alsiones higher through this method.
Thomas [54] proposed to use cellulose-acetate flaes as reinforcement, and patents also
mentioned the possibility to improve plaster byngsmagnesium sulfate [86] or cellulose
with asbestos fibres [87]. From a more general tpoirview, any type of polymeric fibres
(cellulose, collagen ...) could be able to reinfobmh toughness and strength of plaster,
especially the tensile or flexural strength. Gab][8lso improved the plaster by mixing it
with gelatin: 10 % of gelatin increased by a faatbralmost two the compressive strength,
and the peak was reached for 60 % of gelatin — 4pl&éter of Paris, where the material
exhibited a compressive strength of 80 MPa whichtisnes higher than pure plaster, and 1.4
times higher than pure gelatin. Sanad [56] als@erpented with mixing plaster of Paris with
Arabic gum, calcium oxide or calcium hydroxide amals able to improve the tensile strength
by a factor 1.8, and the compressive strength fagtar 2.6 depending on the amounts of the

different components in the mixture. Most of thedstigations were conducted on plaster of
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Paris but can also be applied to other strongertyp8s (types lll, IV, V), since Sanad

repeated successfully his protocol on other typgdaster.

3.1.4 Dental stone - hemihydrate calcium sulfate-form - type Il

The differences between tleform andp-form of CS are the level of uniformity in crystal
size, surface area and degree of lattice impedeciVithin type Ill we focus the discussion
on a-form of hemihydrate CS, or dental stone, sincerntehod to manufacture this dental
stone provides powder particles that are more umifon shape of rods and prisms, denser
and less porous. Mixing this powder with water hssin a harder dental stone even if this
material still does not resist to water for longme To manufacture it from gypsum, the
calcination must be carefully controlled at 110-18D under steam pressure. The method
releases the water of crystallization slower thanglaster of Paris manufacturing process
hence the resultant crystals [84]. Dental stone tfpdissolves in water too rapidly to be
directly implanted in the human body but is used dental cast and mold for diagnosis

purpose.

Due to its crystalline properties, dental stoneetyfp exhibits a compressive strength of 21
MPa [81]. Therefore, with the same chemical conmtpwsibut an improved crystalline

structure, the strength of the mineral is progkesgiincreased.

3.1.5 High strength dental stone - hemihydrate calem sulfate a-form - type IV

Hemihydrate CS type IV is amform denser than the other types and so stronges set.
The shape of the crystal is also different (cublosth@pe). To manufacture it, the calcination
of gypsum is at the same temperature, at 110-13®GCin calcium chloride solution so that
a very dense particles powder with a reduced seirdaea is obtained [84]. While this dental
stone is stronger, it is also more expensive. Thenrapplications are still for casts and dies
for denture crowns fabrication, but because of ith@eased strength and resistance to
abrasion, type IV is also used for inlays, crownd hridge casts. Type IV is thus resistant to

water but have reduced mechanical properties ircomditions.

Studies reported values for compressive strength 85 MPa [81] to 45.5 MPa [83] which is

stronger than the other types of CS with a crys&@btructure less optimized.
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3.1.6 Ultra high strength dental stone - hemihydrat calcium sulfatea-form - type V

Hemihydrate CS type V is the strongest of the destitmes and of the CS. To obtain such
material, the manufacturing process of gypsum éssaime than type IV but retardants and
surface tension reducing agents such as lignosatoare used to decrease the porosity and
increase the density and uniformity [84]. In denyisdental stone type V is the safest material
to mold patient dentures and can then be used lsforaceramic artificial dentures, or to be

directly implanted as crowns.

The compressive strength of this material is betw&®and 90 MPa [81, 83] depending from
the manufacturer and decreases by 40 % when hgdwdieh is high enough to biomedical
purposes, especially in dentistry where the mdsesese submitted to compressive forces. In
tension, progresses are still to be made becaassringth values are far from those of bones
(from 3.8 to 8.7 MPa [83]). Figure 3.2 below istemsnary of the compressive strength values
cited in this chapter and highlights how much thechanical properties are improved from

type | to type V by changing the microstructurered mineral.
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Figure 3.2: Comparison of the compressive strengthaf various types of calcium sulfates [41, 81-

83].

Mechanical data on the different types of CS aw@lable in the literature and useful in the

design and material selection for an ideal bon&grelowever, these data must be carefully
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used. While strength values reported in literatane often compressive strengths, flexural or
tensile strengths are much more relevant to baselidi engineering applications. Moreover,
implanting a material in human body implies that thaterial targets the desired properties in
hydrated conditions, but most of the studies andegareported are in dry conditions. Some
materials are already very close to bone in terrhscampressive properties and dry
conditions, but very far when considering flexupsbperties hydrated conditions. In most
cases the dry compressive strength is more thableldbhe wet compressive strength [40].
When considering compressive strength, figure 3earty shows that CS type V is the
strongest of the CS forms. Even if in flexural itggtand in hydrated conditions the measured
values would be very different that the ones reggbftom the literature, it appears that CS
type V has good chances to act as a hard and sinchgion when combined with a soft
polymer. The main criterion in terms of mechangstill to have a mineral with a toughness
at least four times higher than the toughness ef gblymer. From literature, toughness
considerations are scarce while strength and medidscription are widely reported. It is
thus hard to predict the best mineral to be contbwmgh gelatin, but for a bulk material, the
fracture toughness is a function of the strengtthefmaterial, its geometry, and the size of its
defects [88]. If we can control the defects andngetoy of the material, the toughest of the
materials described in this section will be theorsgrest. The strength will then be the
properties that will be used to select the matdaalthe hard layers. Moreover, there is still
the option to improve the fracture toughness ofrttieeral with various techniques such as
fiber reinforcement so has to reach the targetedhoess. We thus decided to select CS type
V. A CS type V of the brand nan&iprastone (Kerr Dental Laboratories, Orange, CA) was

used to make the bone graft material developekisnwork.

3.2 Biopolymers

This section focuses on the biopolymers availablBlature which could be used to increase
the toughness and flexural strength of the minedascribed above. Polymers that are
produced in Nature tend to be more biocompatibén ttheir synthetic counterparts. This
principle has also been demonstrated in the looy sff bone graft materials, where the most
promising biocompatible materials have always feend in Nature: wood, corral, or nacre
are good examples. In order to select the most igmognof biopolymer for our bone graft, the
non-exhaustive list below reflects the ones tha& already used in actual applications.
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Therefore their chemistry, structure and mechanpmiformances have been studied in
details. The focus is placed on those which aredmpatible and FDA approved since these
characteristics is primary for our purpose. Becahseprevious part described multilayered
materials as efficient for our case, a particutéerdgion will be put on the possibility of thin

film making for each of the biopolymers below.

3.2.1 Cellulose

Cellulose is a polysaccharide and the most abundstatal polymer representing 50 % of the
biomass on Earth [89]. Cellulose has the formulgH¢gDs),, and exhibits a polymeric chain
composed by glucose monomers. It can be extrdted various sources like cotton, wood
or certain varieties of mushrooms even if it carfdaend in numerous plants as it constitutes
the base of plants life. Cellulose has neitheetast odor and is hydrophilic. This polymer is
insoluble in water and in most of organic solvelitalso cannot be broken down chemically
except by treating its glucose units with concdrtiaacid. Using it as a resin in a composite
material would lead to a water-resistant materiah wotential application in biomedicine.
Then the cellulose chain length or degree of polyragon varies between 300 and 1700
units [89]. Cellulose presents under both crystalland amorphous form (semi-crystalline
form). The cellulose polymeric molecules link thari& their hydrogen bonds giving a fibrous
structure. Studies already reported the use ofilosk in composite materials with cellulose
fibres as reinforcements [90]. However it can dbeotreated to form plastic film hence
showing the interest for this material as an istegfin a multilayered material.

The most interesting point is that the hydroxyl dhog of cellulose provides sufficient
strength to be used as a building material. Cedkilis an alternative to plastic and resins. The
most known examples are biodegradable plastic kmygs protective plastic films of
cellophane. Ach [91] showed in 1993 a process tio ¢ellulose into plastic. The first step is
to transform cellulose in its acetate ester, celalacetate. The powdered cellulose acetate is
mixed at high-speed mixer with liquid additives ahdn granulated in a standard extruder at
a temperature between 160 and 190 °C. The gramudderial can then be subjected to

thermoplastic processing to make strands, shesddjlens

Cellulose acetate films present some limitationgertif they are considered water resistant,

the acetyl groups of the polymer break when expaseanoisture, heat, or acids for a long
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time. Moreover acetic acid is released inside tlastig and then gradually diffuses to the
surface. The acetic acid could interact with egditon the surface like cells for example which
is a major problem for biomedical uses despiterémearkable mechanical properties. Bone
grafts wrapped in oxidized cellulose have nonettgef@oved efficient in craniomaxillofacial
region surgeries [92] and allograft wrapped in udele successfully treated spinal disk
degeneration [93]. Cellulose is hence biocompat#id cellulose based polymer sheets are
available in medical industry under the brand Swgig{Ethicon, Johnson & Johnson Medical
Ltd, Somerville, NJ, USA). They are destined to pvbmne grafts and improve adaptation, to
provide support to new tissues and to optimizeudskrmation [92, 93]. Concerning the
mechanical properties, firstly Stark [94] reporteaving tested fibers of cellulose with a
Young’s modulus of 3.5 GPa. However Sun [95] dertraed that the mechanical properties
of cellulose films are dependent on the water aintée showed that the Young’'s modulus is
3.5 GPa for 5 % water content in the film but ite®ses down to 0.7 GPa when the water
content increases to 25 %. He also found a maxualale of 110 MPa (5 % water content)
and a minimal value of 50 MPa (25 % water contémtthe tensile strength. The values for
the elongation at break are ranged from 14 % t&28his study also shows opportunities in
the control of strength and tensile modulus ofutedie films since choosing the right part of
water gives the desired mechanical properties, fdam 110 MPa for the strength and from 0
to 3.5 GPa for the modulus.

3.2.2 Chitosan

Chitosan is another polysaccharide produced frominchvhich is a polymer made of

acetylglucosamine units (a derivative of glucos€hitin is extracted from crustacean
skeletons (crabs, shrimps ...) and must be treatedeagetylation to give chitosan. This
process is divided in four steps (demineralizatialgproteinization, decoloration and
deacetylation) [96]. Structurally, chitosan is cased of randomly distributed glucosamine
units deacetylated or acetylated. Chitosan canskindswith another polymer, between a
structural unit of a chitosan chain and a stru¢turét of a polymeric chain or can crosslink
with itself. The molecular weight or the concentmatincreases the crosslinking but the
easiest way remains temperature treatment. Aftesstinking, chitosan becomes resistant to
water [97] which makes it suitable for tissue eweginng [98]. Several studies already

reported the use of chitosan to create chitosanfilims [99, 100]. Another study provided by
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Bonderer [101] also reported using chitosan as #@ixn@ make composite materials with
alumina tablets as stiff, inorganic inclusions. Bleo enhanced the interface between the
alumina and chitosan by coating the surface of adartablets with chitosan which resulted in
improved properties. This work represents an isterg start point for chitosan-based bio-

composites and makes the chitosan a promising lyimeo.

Chitosan found many applications in agriculturatl anedicinal industry [102]. Chitin has
also industrial applications: edible films in foptbcessing, adhesives, separation membranes
or ion-exchange media. A recent study also showatichitosan can be used in the making of
self-healing polymeric material: to obtain this migerformance material, Ghosh [103] had to
crosslink polyurethane and chitosan together. Atsbrcan heal in less than an hour under an
ultraviolet light, because such light heals thenctoal chains bonds. In the field of bone tissue
engineering, chitosan possesses very useful prepeit has excellent biocompatibility,
biodegradability, antibacterial Nature and can bsilg shaped into various and complex
geometries. It is among the best bioactive matefiat bone regeneration and is thus an
emerging polymer for bone tissue engineering [Hd¥] more generally for tissue engineering
because of its recent applications in 3D-scaff¢ipds, sponges) and 2D-scaffolds (films and
fibers) [98].

Crosslinking is a required step to make a watestast film of chitosan. Two parameters
have a strong influence on the crosslinking: timd éemperature which leads to different
crosslinking protocols. For instance Arvanitoyanf{@®] found the best results when he
evaporated the water at 22 °C (low temperaturegregion) and then 60 °C for 6 h (high
temperature preparation). Caner [100] preparedilms at lower temperature but with longer
drying time: he let dry for 24 h at room temperatfwllowed by 12 h at 50 °C. Bonderer
[101] and Chen [105] also dried the material af&0n air. Once crosslinked, the films were

water resistant.

The different processes of chitosan films preparatiescribed above produced materials with
different mechanical properties. It first showstthiaese properties are dependent on the
preparation since some protocols may not fully gliok the chitosan polymer. Moreover
Caner proved the storage time dependence of chifdsas [100] which could be a source of
variations in the studies. Nonetheless the valoeslavays in the same range: Arvanitoyannis
provided value of 130 MPa for tensile strength, lefiBonderer varied different acids, acid

concentrations, plasticizer concentrations andlfifaund values between 25 and 50 MPa.
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Concerning the elongation, Arvanitoyannis found %,land Bonderer between 30 % and 40
%. Young's moduli are closer with a value of 2.5a#r Bonderer and 2.05 GPa for

Arvanitoyannis.

3.2.3 Starch

Starch is a long polymer composed of glucose médscand one of the primary sources of
calories for humans. The only difference with delée is the glucose mers are oriented
“upside-down” in cellulose while in starch all tineers are oriented in the same direction.
Large polymers made of glucose like cellulose arcét are called carbohydrates and provides
most of the calories in the normal human diet. @taés extracted in large amounts in food as
potatoes, wheat, corn, rice and others plants stltlis a biopolymer that can be found easily
and in large quantities at low price, which is amportant advantage. Starch is therefore
widely used in industry: paper, corrugated boartead/es, clothing or even plastic films
which represents an interesting point for our c&arch has a semi-crystalline structure with
a crystal size from 2um (rice) to 100um (potatoes). Like cellulose, starch is tasteles$s a
odorless and insoluble in cold water or alcoholweer it can be dissolved in heated water
since hot water breaks the semi-crystalline stnactuiike chitosan, by crosslinking starch
molecules, water resistant flms can be createdstaath thus finds interesting applications
[106].

Most of the applications of starch are industrigcduse of the interesting mechanical
properties of this natural polymer. Starch is oftefd in powder to be diluted in water before
being used for the following purposes: papermakagheet of paper may content as high as
8 % of starch in order to make it more rigid); iothing, liquid laundry starch is vaporized
through a spray to stiffen clothes; since it isdeigradable and edible, starch is used in food
industry to make plastic-like aspect for certainds like edible packing peanuts; generally,
corrugated boards are maintained together thank&toh based adhesives; starch also shows
a growing interest in bioplastics for packaging avwbd glues [107]. This list demonstrates
the interest to crosslink starch and to make iewedsistant. Tomka [106] reported in a patent
that starch can be melted. The melting of stargossible by chemically lowering its melting
point and/or by the application of heat and meaterénergy until it is homogeneous without
the presence of water. This protocol produces dasemiof starch that can be processed into

complex shapes such as scaffolds. Starch-basedldsafor bone tissue engineering already
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proved they are biocompatible [108], osteocondectnd promote bone tissue regeneration
[109].

Stark [94] measured a tensile strength at failugevben 15 and 35 MPa for starch but
reported a wider range for elongation at failur@ {@ 150 %) and large variations in the
Young's modulus, from 600 to 5000 MPa. On the oth@nd Piyada [110] more recently
reported more accurate values: he measured tesistlegth and elongation at break of rice
starch films and found 7.0 MPa and 52 %. He alsa tto reinforce the film with starch

nanocrystal and improved the strength up to 16 NIBa % nanocrystal content) for an
elongation at break of 8 %, hence making a stiffi@terial. The resulting Young’s moduli

were 13.5 MPa without nanocrystal and 200 MPa @26 nanocrystals content.

3.2.4 Glucomannan extracted from the Konjac plant

Glucomannan is another polysaccharide composedvof different sugars: glucose and
mannose with 1.6 times more mannose [111]. As aaba® cellulose and chitosan,
glucomannan is scarcer because it can be extraotgdrom the root of Konjac, a plant from
subtropical to tropical eastern Asia, from Japamtimnesia. Crosslinking this molecule is the
easiest way to decrease the solubility in water,aiml to obtain thermoplastic benzyl
glucomannan films [112]. Thus, in addition to tha&rigus health benefits of glucomannan
[113], interesting material applications like watesistant composite films are available
[112].

Zhang [113] reported the use of glucomannan asmtng material to preserve the freshness
of food, in biomedicine as biocompatible gel ami cosmetics. The most important use of
glucomannan is due to its ability to form biodegtalé resin compositions [114] which also
demonstrates its very good film-forming ability. €0h[112] reported a precise procedure to
obtain thin glucomannan films (5 to 1n), which could be useful for future bone designs.
Concerning the use of glucomannan in bone tissugneering, glucomannan is at its
beginning and studies in this field are publishewtes 2010 only: first, scaffolds made of
chitosan, glucomannan and combined with HA have lieend to be efficient to deliver anti-
infection protein in infected regions of rabbit les{115]. Another type of scaffolds made of
chitosan and glucomannan only was found to beiefficto provide more suitable space

rooms for bone cells and thus favor bone ingrovith6]. Finally, scaffolds made of pure
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glucomannan or scaffolds made of glucomannan anexhbited sufficiently good chemical
properties (presence of functional groups of HAY ghysical properties (microstructure,
morphology, porosity) to be used as three-dimeraisnbstrates in bone tissue engineering
[117]. Even if patents of glucomannan scaffoldsatdg of promoting cell growth [118] have
been published, further in vivo studies are séijuired to validate the effect of glucomannan

on bone cells.

Studies on mechanical properties of pure glucomaana very scarce in literature since most
of the works relate the performances of compositegerials made of glucomannan and
another polymer like chitosan [119] or soy protEit2] for example. Enomoto-Rogers and
lwata [120] in a recent study used glucomannanaeéeeather than glucomannan which is the
corresponding anion of glucomannan. They prefetresl molecule because of its better
properties in tension than simple glucomannan asted thin films. He found 76 MPa for

tensile strength, 31 % for elongation at break@®& GPa for Young’'s modulus.

3.2.5 Collagen and gelatin

Collagen is the structural protein which servedaiding block for most of the structural
tissues of mammals. It is also the most abundastejr on Earth. This protein is relatively
stiff and hard and it is used to transmit loadetigh tendon (figure 3.3a) and other tissues.
Collagen also constitutes skin, muscles, vessalso#imer tissues in various percentages and
orientations and provides different mechanical bedra: stiffness (tendons) or deformability
(skin). As a protein, collagen is composed by 1f8edént amino-acids. The part for each

amino-acid can vary from an animal to another.

The molecular pattern shown on figure 3.3c is thmomer of collagen molecules and is
repeated up to 300 times along the primary streadfithis protein. These collagen molecules
twist and assemble three by three in order to foopocollagen in right handed triple helix
shape (figure 3.3b). It uncoils under pressurepiddsg energy [121]. These tropocollagen
molecules assemble via covalent crosslinking tagresimd form collagen fibrils which are a
polymers of tropocollagen also shown on figure 3[BB2]. Since collagen is not fully
crosslinked in animals, it can be extracted by ihgaand used to make strong glues as a

primary application. Once crosslinked, collagemsoluble in water. Given that collagen is
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one the main origins of the mechanical propertiesrganic tissues (stiffness of tendons,

strength of bones ...), this polymer represents argatl material for biocomposite purposes.
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Figure 3.3: Hierarchical schematic representation bthe collagen structure in a tendon: (a)
tendon is divided in primary fibers, collagen fibess, and collagen fibrils [123]; (b) junction of two
tropocollagen molecules in a collagen fibril [124](c) molecular structure of a mer in

tropocollagen [125].

Collagen is the main component of human and anirtialies, and that is why it is
biocompatible and finds many applications in thenteedical industry. When infiltrated in the
cardiac muscle, collagen can restore the compliaeegled by this muscle to move blood
[126]. In surgery collagen is used for bone and skconstruction: the triple helical structure
provides stiffness to the collagen molecule and emeer its adhesiveness for bone cells
allows proper assembly of the extracellular mathxs making the collagen an important
material in bone grafts. Pure collagen has howelgsimilar mechanical properties than
natural bone, and that is why the introduction aftief mineral phase into collagen scaffold
make them closer to the requirement of a bone gnaferial [126]. Hence, HA — collagen
scaffolds provides adhesion for osteoblasts antl beteoconductivity and osteoinductivity
[127], and even bone cells ingrowth and bone remgeioa [128]. A study also reported the
fabrication of a hierarchical scaffold made of agkn, polyvinyl alcohol and HA with a three
dimensional structure that mimics cancellous bdech scaffolds were found resorbable

overtime and efficient to heal large bone defeotgabbits [129], thus demonstrating the
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potential of collagen in bone tissue engineeringsdtbable mineral — collagen composite
scaffolds are sold under the brand Ossimend (Galagatrix, Inc., Oakland, NJ, USA).

Collagen also allows the manufacturing of thin StniKotov [130] reported controlling the
thickness of collagen biocompatible films by laygHayer assembly: films were fabricated
with a mixed solution of collagen and polyelecttelyand deposited on quartz or silica
substrate. Positively charged molecules of poly&imldiallyl-ammonium) were injected to
the first film, thus forcing it to bond with an@h one once in contact. Although the
polyelectrolytes used by Kotov are not biocompatiltthe process could gain interest by using
other polyelectrolytes that are biocompatible [13Therefore films of collagen can be
manufactured with various thicknesses. Alternayiaiother simple way to produce films is
to use gelatin: gelatin is a form of collagen thas been irreversibly transformed into smaller
molecules. Bonds between individual collagen chamesbroken down which gives a smaller
structure that rearranges more easily. Effectigd{atin melts when heated and solidifies
when cooled again. These two processes are relerdiorking with gelatin allows
producing low cost films easily and quickly, prowid thus interest for potential biocomposite
applications. Although the produced gelatin filme &ensitive to water and temperature,
some studies solved this point by showing thattoelkould be chemically crosslinked in
optimizing the ratio of crosslinkers dimethylamimopyl-ethyl-carbodiimide hydrochloride
and hydroxysuccinimide [132]. Pure type-I collagéms have already been crosslinked in
the study of Koide [133] by ultraviolet radiatioreatment and hence became water-resistant
for biomedical purposes. Gelatin is a very inexpenmaterial which can be purchased in the
form of a dehydrated powder. By mixing the powdéhwhe right amount of water and then
heating, the mixture becomes a workable viscousdigthen a gel upon cooling down, and
then a very strong solid after complete dehydratidre process is reversible and thus opens
interesting opportunities for the fabrication presef multilayered bone grafts. In fact, the
fabrication of scaffolds made of gelatin combindthva mineral was reported, with the same

benefits than collagen-mineral scaffolds [134].

Koide also reported interesting mechanical propsrtihanks to his method to crosslink films
of pure type-I collagen via ultraviolet radiatidte tested different crosslinking times from 5
min to 5 h and reported values for strength froni72é 32.7 MPa (depending on the UV
treatment time) while non-crosslinked collagen bikd strength of 37.7 MPa). The different
elongations at break were 2.4 to 4.6 % (6.8 %nfmm-crosslinked collagen) the different

elastic moduli were in the range 1.4 to 1.8 GP4 (@Pa for non-crosslinked collagen) [133].
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These results also show that, as expected, crhisgjicollagen also makes it more brittle: the
more the chemical bonds between the moleculedesisehe mobility of these molecules, and
the less ductile the material.

3.2.6 Alginate from kelps

Alginate also known as alginic acid, is an anigratysaccharide extracted from giant kelps in
the Pacific Ocean, and more precisely by harvedbimyvn seaweeds. This molecule is a
block copolymer which blends mers of mannuronidaeid guluronic acid. The length of the
blocks varies depending on the natural source [1BBjwever alginate is not the best
candidate since it presents only capabilities tofgening. Some modifications have to be

done in order to manufacture thin films as it iplaxed in Mollah’s work [136].

Because alginate absorbs water very quickly antbug00 times its dry weight [137], it is
widely used as an additive in dehydrated produnts a&so a thickening agent or a gelling
agent in drinks. Alginate has good film-forming pesties and gels of alginate have
applications in biology for cell immobilization arhcapsulation [135]. Alginate films have
poor mechanical properties and to solve this, fishgalginate mixed with another polymer
like gelatin or chitosan [138] can be manufactuiddllah [136] reported an interesting way
to improve mechanical properties of pure algindtesf he used a solution of sodium alginate
blended with ethylene glycol that he poured andigitored to make thin films with better
properties. If alginate was at first view not relav for bio-inspired composites, this recent
study places alginate as a potential candidate.eMar other recent studies proved that
scaffolds made of pure alginate have mechanicapgsties, biocompatibility [139] and

biodegradability [138] sufficiently good to be usadone tissue engineering purposes.

Mollah [136] also reported the effect of UV inteysireatment on pure alginate films. He
reported a maximal tensile strength of 35 MPa oleifor 20 passes of 3 minutes UV
radiation. The corresponding elongation at break %2 % but he also was able to reach a
maximal value of 22 % with 15 passes of 1 minute t#diation with almost the same
strength (33 MPa). The highest Young’s modulus ne®d in the study was 170 MPa. Pure
alginate films with no UV treatment exhibited aesigth of 24 MPa and an elongation at
break of 11.5 %. The lowest strength value of thalysis was 18 MPa (only one UV pass)
but the elongation dramatically decreased to 7 %chvis a value less interesting than the
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previous since a soft polymer is required for aeriiace in a multilayered material. Although
no clear relationships between the UV intensity #redeffect on the mechanical performance
was found, Mollah demonstrated that it was possiblenodify (increase or decrease) the

properties with UV treatment.

3.2.7 Shellac from insects

Shellac is a biopolymer secreted by an insect fonnttopical Asia. This insect produces
shellac in waxy resin for protection and increasesecretions when harvested. It is widely
used as an adhesive polymer especially in cosnaatitgnoreover it is considered as a natural
form of plastic due to its chemistry close to swtidh polymers: very first studies reported
shellac as a polyester formed by the self-estatibo of a mixture of hydroxy acids: different
mers are present in the polymeric chains such esiit acid, butolic acid, shellolic acid,
jalaric acid [140]. When molded under heat and fues shellac can be turned into

granulates. Hence it can potentially be procesadda an interface in composite materials.

Shellac has very few applications since it is pomdliin its acid form to be used as a
protective coating material. However this proceskices the mechanical properties of shellac
[141] which leads to decrease its use except fatimg and protective layer (cosmetics,
violins ...). These issues do not place shellahadest material for multilayering purposes.
Nevertheless aqueous ammoniacal solutions gavetbastiellac some importance since they
allow the production of films that lack the agingstability. Farag [141] explained in his
protocol that once shellac is dissolved in ammonhicarbonate solution, such films can be
fabricated on Teflon plates through evaporatiob0atC for 4 to 5 hours.

In a recent study of Arnautov and Faitelson [14Pkllac films were prepared from simple
solutions of shellac powder dissolved in ethana erosslinked through UV treatment. This
process fully crosslinked the structure and exaddiinteresting properties; even if the
mechanical performances were far from those ofrotih@olymers, for the very first time
water resistant films of pure shellac were fabadaand tensile properties such as elongation
at break, tensile strength and Young's modulus weeasured. They respectively reported
1.7 %, 5.7 MPa and 0.46 GPa. Shellac needs hovie®r more stable before being used in

biomedical applications. More recently, a studyvebd that mixing gelatin with shellac
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enhances significantly its stability [143] but het studies are still required before making

bone grafts with shellac.

3.2.8 Pullulan

Pullulan (GH120s), is a polysaccharide polymer produced from starchAbreobasidium
pullulans through a fermentation process. This fungus growstarch and glucose and gives
pullulan when harvested. This polymer is structyralomposed by mers of maltotriose.
Maltotriose is another polysaccharide (trisacctgridade of three glucose units. The glucose
in maltotriose is linked withu-1,4 glycosidic bonds while the maltrotriose molesuin
pullulan are linked together thanksdel,6 glycosidic bonds. This unique type of bondisg
the origin of the structural flexibility and soldiby of pullulan giving a capability in film-
forming and fiber-forming which does not exist iher polysaccharides [144].

The various interests of pullulan for industry tgrtial for price reduction when produced in
mass, properties as a great oxygen barrier or dakrmactivity vis-a-vis other chemical
products) led to numerous patents from 1976 to 20@2]. Moreover different patents
showed that the problem of the water solubilitypaflulan can be reduced by esterification
[145] or etherification [146], or by crosslinkind47] which opened the door to water
resistant films for biomedical applications. Amotige various applications of pullulan in
industry, some are related to the mechanical ptiggerof this polymer especially in
biomedical industry. Pullulan exhibits adhesivegendies [145] that can be used in dental
health care, as a binder and stabilizer, sustaieledse fonnulations and other oral care
products based on pullulan films. In food industsdible films have already been
manufactured [148]. Because of these interestingeties, pullulan is a candidate for bone
graft substitutes. A very recent study in 2015 dbed a pullulan based scaffold coated with
HA with improved osteoconductivity and mechanicedperties for bone tissue engineering
[149].

Yuen [150] showed that 5 to 0n thick pullulan films with excellent mechanicabperties
can be formed just by drying a pullulan solutiorl(® %) on a smooth surface. Kawahara
[151] explored the effect of temperature during filvea preparation on the final mechanical
properties of pullulan films. He demonstrated thaiund 60 °C the properties of the films

decrease but around room temperature (between 30d@G0 °C) no significant changes have
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been found: tensile strength was 65 MPa, the etagat break was 5 % and the Young’s
modulus was 2.0 GPa were reported. Even when Kaaablgplored other preparation
temperatures, tensile properties did not changeifgigntly which leads to conclude that

pullulan is not the most extensible of the biopotym

3.2.9 Polyhydroxybutyrate (PHB) from microorganisms

Polyhydroxybutyrate (PHB) is a polymer producednfronicroorganisms like fungus and
bacteria and is classified as polyester [152]ytitlsesizes from hydroxy fatty acids with short
chain length (3 to 5 carbon atoms) and its chamwgrup to 30,000 hydroxy fatty acid
monomers. PHB has several interesting propertias rtiake it a potential candidate for
biocompatible composite material: water insoluttdmcompatible and suitable for medical

applications.

PHB has better physical properties than other igléike polypropylene and is nontoxic. It is
thus used for food packaging applications. The impact strength of PHB has been solved
with the incorporation of hydroxyvalerate monoménsthe polymeric chain [153]. This
protocol made PHB a mechanically interesting malkeriThe resulting polymer is
polyhydroxybutyrate-co-valerate (PHBV), which is@alknown under its trade name Biopol
(Monsanto, St. Louis, MO, USA). PHB is also biodmtable and with excellent
biocompatibility [154] which make it promising fdsiomedical scaffolds: for instance,
Khorasani [155] fabricated PHB scaffolds for nerigsue engineering. To finish, the
remarkable mechanical properties of PHB alreadytéedse this material in biodegradable
composites made with layered silica inclusions [188 to make medical devices such as
sutures, screws, bone filling material, stents,eborarrow scaffolds, meniscus regeneration

devices, ligament and tendon grafts, and even paafesubstitutes [157].

Aoyagi [158] reported the fabrication of PHB film&th strong mechanical properties. His
protocol consisted in using ultra-high-moleculangi® PHB swelled chloroform for 48 h,

and then dissolved at 100 °C for 30 minutes. Fith®?HB were prepared by a solvent-
casting technique from chloroform solutions andedrin vacuum at room temperature.
Aoyagi revealed the same mechanical properties $tark [94]: 40 MPa for tensile strength,
3.0 GPa for Young’s modulus and 4-10 % for elorayatt failure which testified that PHB is

a strong material. However Aoyagi used a two stepsealing procedure called two-step hot-
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drawn procedure where films were annealed at variemperature (room temperature, 100
°C or 160 °C) and he defined the draw ratio asr#ti® of time of annealing in these two

steps. Depending on these temperatures Aoyagi Wés ta increase the mechanical

performances: tensile strength and elongation eakoreached up 277 MPa and 84 % and
even beyond for ultra-high molecular weight PHBeTYoung’s modulus was also increased
by 220 %. These values largely exceed all the ptsvivalues exhibited by other polymers.
Aoyagi explained this phenomenon by the formatiériamellar crystals in “shishkebab”

structure. These crystals play an important roldnéfinal mechanical performances and their
size and shape depend on the annealing temperatugse mechanical properties highlight
the capabilities of PHB to absorb large quantibégnergy and explain the interest in PHB

films.

3.2.10 Polylactide acid

Polylactide acid (PLA) is one of the most used blgmeric materials in the world in terms
of consumption volume. It can also be considerethadirst biodegradable polymer used in
biomedical applications because of its non-soltybiln water and its biocompatibility and
biodegradability. It is derived from various sowceuch as corn starch, tapioca roots or
sugarcane to name just a few. PLA exists underdifferent forms: poly-L-lactide (PLLA)
which is a polymer made of L-lactide units only.dAanother form is poly(L-lactide-co-D,L-
lactide) (PDLLA) which blends two units L-lactidench D,L-lactide. The two forms have
different physico-chemical properties: for instaneLA is a semi-crystalline polymer
(crystallinity about 37 %) while PDLLA is amorphoWBLLA has a melting point of 180 °C
while PDLLA has no melting point [159].

These differences lead to different mechanical g@rigs but also to different applications:
PLLA is widely used for its film-forming capabilés, in agricultural industry for example.
Numerous companies are specialized in PLA basedlupts such as Natureworks (Blair, NE,
USA), Shimadzu (Kyoto, JPN), Treofan (Raunheim ,RREIt also finds numerous
applications in biomedicine: bone internal fixatidevices, absorbable sutures, replacing
ligaments and non-degradable fibers to name jistvg160]. Both PLLA, PDLLA or PLA
are very promising in bone tissue engineering sith@y exhibit useful mechanical and

biological properties, such as biocompatibility amddegradability, and that is why PLA
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based scaffolds that are biocompatible, biodeglada@md mechanically strong are already

produced [161, 162].

The different forms of PLA, PLLA and PDLA have difent mechanical properties. PLA or
PLLA exhibit an elongation at break of 5 % and mstle strength of 50-70 MPa [159, 163].
The modulus of the three forms varies from 0.32.® GPa [159, 164]. More generally, the
mechanical properties of these polymers vary iargd extent, from soft to stiff and strong
materials, especially because the important efééaheir molar mass and their degree of

crystallinity on these properties [163].

3.2.11 Comparison of selected biopolymers

Table 3.1 summarizes the main properties for tiopdiymers discussed above. From these

preliminary findings, it appears that collagen agdlatin are among the strongest

biopolymers.

Polymer Tensile Elongation at| Young’'s FDA
strength (MPa) | break (%) modulus approved /

(GPa) biocompatible

Cellulose 50-110 14-26 0.7-3.5 Yes

Chitosan 6.69-130 4.1-45 2.05-2.5 Yes

Starch 7.0-35 10-150 0.6-5 Yes

Glucomannan 76 31 0.98 Yes

Collagen - Gelatin | 27.7-37.7 2.4-6.8 1.1 Yes

Shellac 5.7 1.7 0.46 No

Alginate 18-35 7-22 0.17 Yes

Pullulan 65 5 2.0 Yes

PHB 27-277 4-84 0.9-2 Yes

PLA 42-65 5-10 0.35-2.8 Yes

Table 3.1: Comparison of previous biopolymers throgh their mechanical data [52, 94, 95, 99-

101, 110, 120, 133, 136, 142, 151, 158, 159, 163].
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As described above, there are specific criteriatlierselection of the. It is also important to
take into account two important parameters in th@ce of the materials: (i) the price of the
material; (i) the ease to work with the materiahich simplifies the fabrication process and
(i) its biocompatibility, and whether it is FDAparoved for use as implant in the human
body. Table 3.1 summarizes the mechanical propeatiel biocompatibility/FDA approval of

the different biopolymers selected here. It is clbat a wide range of properties is available
through these different polymers, but when congidefi) and (ii), gelatin appears to be the
best compromise in the choice of a weak interfatehie multilayered bone graft. As

previously mentioned, gelatin is easy to manipubaid to transform thanks to hydration —
dehydration or heating - cooling cycles. It is aisexpensive and easy to obtain, while its
mechanical properties are adapted to our purpose gjelatin is very weak when hydrated.

Gelatin is also derived from collagen, which is thain protein in bone.

In the next chapter, an experimental study of teatm will take place. Again, different
techniques can help to adjust the properties ofgeiatin in case of they do not reach the
target previously defined (toughness below 25%neftoughness of the mineral): crosslinking
can increase the toughness of gelatin, or hydratgmndecrease it. The next chapter will also
study the properties of the selected mineral (Sipree) and the parameters that have an

influence on these properties.
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4. Chapter IV: Gelatin and Calcium Sulfate: Preparation Protocol and

Mechanical Properties

This chapter describes in more details the gebatoh CS which served as components for the
proposed multilayered bone graft. The preparatiootogols are given in details, and
mechanical properties of each component are presgenhe effects of preparation parameters
on the mechanical properties are described, whechtdb the identification of optimum

fabrication protocols for each of the components.

4.1 Gelatin

Gelatin is usually extracted by boiling tissues taoning collagen such as skin, tendons,
ligaments, bones, etc. in water. The final prodsithen a granulated solid powder that can be
dissolved in hot water which is almost the onlyveak for this material [165]. Gelatin
extracted from porcine skin was prepared from &ipergelatin powder obtained from Sigma
Aldrich (St. Louis, MO, USA). Following standardqgbocol [166] the gelatin powder was
mixed with water following a mass ratio of 1:9 dmehted to 70 °C with a hot plate so that the
gelatin was completely dissolved. The obtained unextvas heterogeneous and made of high
molecular weight molecules. At 70°C the mixture Weggaid. When the mixture cooled down
to room temperature (or at least below 35 °C), dbkagen molecules crosslinked and the
solution became a gel which is the hydrated forrgedatin at room temperature [167]. In this
form, gelatin is very deformable, but weak. If tpe is allowed to dry at room temperature,
the gelatin molecules completely crosslink and trg material exhibits a completely
different behavior: this dried form becomes vergst), stiff and brittle. This type of behavior
is however not useful to make weak interfaces, #med dry conditions are not relevant
because different from the in-vivo conditions. Tdrging-hydrating procedure is reversible:
when re-hydrated dry gelatin reverts back intofagel. This reversible change of properties

with water is useful for fabrication purposes.

4.1.1 Tensile properties and effect of hydration

The gelatin was first tested in tension to obtaireatimate of the behavior of the material in
dry and hydrated conditions. 1 g of gelatin powaas mixed with 9 g of water and heated at
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70 °C in order to turn the mixture into a liquidwgmn. The solution was then poured on a
Teflon plate to produce a 1 mm thick film of gelhel gelatin turned into a gel almost
immediately once in contact with the Teflon surfadech was at room temperature. The film
were then left to dry for 12 hours in ambient caiodi. Upon drying the 1mm thick film of
gel became a 100m thick layer of dried gelatin after evaporationtioé water. Drying the
film facilitated the precision laser cutting of thien into dog bone shaped samples as shown
on figure 4.1a. Two batches of samples were testtidrated samples and dry samples.
Figure 4.1 shows typical curves of gelatin in tensidry and hydrated. Dry gelatin (Figure
4.1b) is a stiff and strong material that does aefiorm more than 2.5 %. It also shows a
brittle behavior because of the catastrophic failldtowever, once hydrated, gelatin becomes
very soft and the strength decreases by a fact@® 46 shown by figure 4.1c (strength of 26.7
+/- 6.11 KPa instead of 30.6 +/- 8.23 MPa for daynples). At the same time, water brings
high deformability to gelatin, since the elongatenstrain becomes 35 %. The shape of the
stress-strain curve also suggests a progressillgefdn some hydrated cases instead of a
brittle failure when dry. In the non-crosslinkeddnygel (hydrated gelatin), there are less
bonds between the long molecular chains which ifak the elongation of the material.
When dry and thus more crosslinked, the materiglrhare chemical connection between the
long molecules and the material can resist bettehé applied stress, and its molecules are
less free to move which results in a lower straifadure. The properties of the hydrated

gelatin are those required for weak interface forudtilayered mineral composite.
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Figure 4.1: (a) Dog bone shape obtained from a filraf gelatin after laser cutting; (b) Typical
stress-strain curve of dry gelatin in tension; (c)lypical stress-strain curve of hydrated gelatin in

tension.
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These results suggest that hydrated gelatin caul gotential interface for multilayered bone
graft material. However, since toughness is a melevant parameter in the models described
before, the next section will explore the fractimeghness of hydrated gelatin.

4.1.2 Energy release rate

Fracture toughness is a material property whichtifies resistance to crack propagation. In
the case of brittle materials, linear elastic fuaetmechanics (LEFM) can be used and the
fracture toughnesK(c, in Pa.nY?) and energy release rat@¢, in J/nf) are related through:

2
KIC

Gice=—— (4.1)

WhereE is the Young’s modulus of the material that cdosgts the sample, in Pa, or the
dominant material (i.e. adherents when the fradiowughness of an adhesive is tested) [168].
This formula is valid for brittle materials such Ssiprastone as it will be seen later, and
ASTM empirical formulas [169] are used to compKie and then formula (4.1) is used to
computeGic. In the case of a soft and highly deformable ni@tesuch as hydrated porcine
gelatin, LEFM may not be valid. In that case, thergy dissipated by the material is directly
computed from the area under the loBdigQ N) - deflection §, in m) curve of a flexural test,

divided by the cross section arkén nr:

[ Fdo
GIC = T (4‘2)

The two formulas above are valid for mode | defdraraonly. Figure 4.2 depicts the three
different modes of fracture. In the case of modié, fracture toughness test mode | (double
cantilever beam test, left on figure 4.2) gives maddracture toughness and energy release
rate. In the case of interfaces, mode | (openinglehds used to measure the toughness of
adhesives using the geometry of the double caetildeam in which the adhesive is
sandwiched between two plates of known elastic gntags. Multilayer materials subjected to
flexure (three points bending test) present a giffesituation; the flexural deformation of the
beam transmits a mode Il deformation (sliding mdddhe interface. The energy release rate
mode IIGc is hence more relevant. The measurement of trastdy requires a specific test
called end notched flexure (ENF) test (middle ogufe 4.2). The investigation of the

properties of hydrated gelatin subjected to an EéEis the purpose of this section.
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Mode |

Mode Il

Figure 4.2: Three different modes of fracture charaterizes the failure of interfacial materials

[170].

1.2.1 End notched flexure test for mode Il energglease rate

As explained in the previous section, a crack canpggate only in mode Il in the gelatin
layer of a multilayered material. A mode Il frautoughness (also called ENF) test
measurement of the gelatin is then required. ThE &Nt is a non-symmetrical test where the
adhesive is sandwiched between two elastic beathsayre-crack (notch) at one of the ends
of the beam [171]. The configuration and geomeltpesameters of the test are described on
figure 4.3. In this parta is the length of the pre-crack in inthe pin-to-pin half-length in m,

h the half thickness in niy the width in m,P the load at failure in N andél the deflection of

the sample at failure in m.

a, P

2h | x

g, .8

1 +6
b. %—ﬁ )

Figure 4.3: Geometry of the ENF test which consisis a three points bending test of a bean2{

x b x 2h) with a notch of lengtha. [171].
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Different theories are presented here to computeeihmergy release rate mode Il of the
interface. Depending on the formula consideredgmopinoperties can be used suclGashear
modulus of interface in P&, (Young’'s modulus of the mineral beams in Pa) ¢coefficient

of friction, non-dimensional).

Morais [171] suggested a simple formula derivednfimeam theory for the calculation of the

energy release rate mode Il of the interface:

9a’Pé

G =
e ™ 2b (212 + 3a2)

(4.3)

Meanwhile, the work of Both [170] revealed lateattsome corrections were required to take
into account the effect of the “geometrical noreénties and the displacement of the load
application point with reference to the delaminat&xis”. He thus improved the formula (4.3)
with

9a%2P§  kF
2b(2L3 + 3a2) N

Giie = (4.4)

by introducing three non-dimensional correctiortdes, k, F andN defined as follow :

2

k—1+02Eh 4.5
= 203 (4.5)

F=1-061 (%)2 (4.6)

N=1+ 0.38(%)2 (4.7)

Given thatF andN were specific to the geometry of Both’'s sampled testing machine,
Thouless [172] generalized this work: from the ggepalance in the sample, he suggested
that:

This formula is based on a simplified approach Wwhieglects the influence of transverse
shear and the influence of friction [173]. Thouldssrefore augmented his model to the more

general case by considering the corrected Timoshbakm theory which led to:
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9pP2q?

Gic = mﬁ; (4.9)

With f, the transverse shear correction factor (non-dimea$ described as

2

Eh
fo=1+02-— (410)

It is interesting to note that this formula is thest popular since Morais [171] also derived it
and used it in his work. Moreover, it appears thattransverse shear correction factor is the
same than the factor for geometrical non linearifieeviously calculated by Both in (4.5). To
finish, in case ofGa®>>>Eh?, (4.9) becomes (4.8). Carlsson et al. howeverrtegahat the
factor f, is never negligible and is often comprised betwdeds and 1.18 [173] and
demonstrated that the transverse shear must alb@aysken into account in the model.
Carlsson et al. also extended the analysis to decfriction and expressed the frictional work
in order to use it in the Griffith crack growth temion (“energy changes as the crack
increases”):

Eh?

4uh
fv == 1+02ﬁ—§ (411)

The corrective terrduh/3a quantifies the effect of friction on the measufé&gc. Carlsson et
al. nonetheless mentioned that this coefficienhegligible in most of the cases. Finally
Thouless, through comparisons to numerical analysihe ENF geometry, considered the

following expression for the correction parameteth®e most accurate:
h
f, = (1+0.209 5)2 (4.12)

The advantage of this final formula is double beeaaven if the properties of the interface
(shear modulus) are unknown, replacing equatiatj4nto equation (4.9) gives an accurate
value for the energy release rate of the interfate formula (4.9) and (4.12) will thus be

used in the next sections.

1.2.2 Measurements of mode Il energy release rdtparcine gelatin

Hydrated gelatin was tested using the ENF test gé&ymtesting protocol and analysis. The

beams were made of CS type V (Suprastone) sinsenthterial was selected as the mineral
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part of the composite, and the interface was mddgelatin. The thickness of the adhesive
layer can have a significant impact on mechanicapgrties [174, 175]. We therefore tested
two different thicknesses (4m and 100um) of hydrated gelatin in mode Il. To reach a
thickness of 1Qum, gelatin was compressed while still liquid. Saenwith thickness of about
100 um were assembled without compression. The fingktless was then measured using
optical microscopy. The two different samples aemated as “thin” and “thick” gelatin
samples in the next sections. Figure 4.4 displaggésulting energy release rates for the two
different thicknesses. The value dramatically iases for smaller thickness (from 0.35 to
2.38 J/M), which could be due to effects of mechanical owrhent of the polymer, or to a
different degree of impregnation of the gelatiroithe mineral substrate. According to the
previous model, the energy release rate of thefatde must be 4 times smaller than the
energy release rate of the mineral to optimizelcdsflections. The toughness of the mineral
is therefore critical to select the optimum thickaéor the gelatin layer.

35

15 ¢

Energy release rate G (J/m?)
N
T

Thick interface

Figure 4.4: Energy release rate in mode Il of hydreed gelatin and effect of the thickness (100

and 10pm).

These values of energy release rates mode Il fatiggrovide very useful guideline in what
value of toughness is required for the mineral. fteehanical properties of the mineral are
the topic of the next section.
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4.2 Mechanical properties of Suprastone

The selected mineral is a CS cement type V, whscthé strongest of the CS in terms of
compressive strength as discussed in chapter hi. t€nsile and flexural strengths are more
relevant for our purpose as described in chaptthlen a homogenous brittle sample is tested
in flexural test, the rupture occurs at the sidat ik submitted to a tensile stress, and as a
result tensile and flexural tests provide similaasures of strength. In this work flexural tests
will be used to measure the mechanical propertigheomineral. Fracture toughness of the
mineral is critical because this property govermethier cracks intersecting the interfaces will
propagate through the mineral layers or be defllectén particular, the toughness of the
mineral must be maximized to promote crack defiectin this section an optimized protocol

for the fabrication of CS is presented.

4.2.1 Fabrication and testing protocol

The fabrication protocol was as follows: a scales waed to measure the exact amounts of
powder (10 g) and water (various amounts dependinthe desired ratio) and then the two
products were poured together in a plastic cuperAftixing vigorously for 1 min, the paste
was poured in a polycarbonate rectangular moldn(gbx 12.5 mm x 1 mm) until complete
drying (overnight). Once dried, beams (20 mm x 2)mware cut using a laser (Vitrolux H,
Vitro, Minden, GER) which provided very accuratetimg while minimizing damage. The
beams were then tested in three points bendingy wsiminiature loading machine (Fullam
Semtester, MTI instruments, Albany, NY, USA) whiaeasured both displacement and
force. Displacement (or deflection of the beam)in m and forceF in N were used to
compute the flexural strain (non-dimensional) and the flexural stressn Pa using the

standard formulas [176]:

6Dd
e=—0r  (413)

_ 3P s
o=opaz 1P

Whered is the thickness of the beam in lmthe width in m and. is the span for the three
points bending test protocol in m (Figure 4.5). Dmensional of the mineral samples used

here wered = 1 mm,b = 2 mm and. = 16 mm. Thickness and width were measured on each
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sample with a 1 micron precision. The flexural sgyta was the maximal point of the stress-

strain curve.

of ;

%

-
. ] L

Figure 4.5: Three points bending tests and its geagtrical parameters: a forceF is applied on

the center of a beam (widthb, thicknessd) supported by two points separated by a distande.

4.2.2 Properties of Suprastone

This section investigates on the flexural properié Suprastone, its toughness, and the

parameters that have an influence on these preperti

4.2.2.1 Effect of water — powder ratio the strength

According to the manufacturer (Kerr), the mineralwder must be mixed with water
following a ratio 100 g — 19 mL. The highly puridi@nd regular crystals of CS hemihydrate
(CasQ, 1/2H,0) then react with the molecules of water to gigkdsgypsum (CS dihydrate,
CaSQ, 2H,0). The viscous paste obtained after mixing haekwime of about 8 minutes,
after which solidification starts. The recommendatio is optimal for the original use of
Suprastone, which is making imprints of teeth intd#ry. However, this protocol may not be
optimal for strength, and we therefore improved aptimized the recommended preparation

steps.

Several samples were prepared from 10 g of Supragtowder, mixed with various amounts
of water. Powder-water ratios of 10 g-1.5 mL, 1©;110-1.9 (recommended by the

manufacturer) and 10-2.5 were tested (higher ansoahimineral could not be mixed and
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molded properly). As summarized by figure 4.6,pp@ared the ratio had a significant effect

on the mineral properties since the best flexurahgth was 2.5 times higher than the worst.

The 10-1.9 powder-water ratio recommended by theufaaturers appeared to be optimal for
strength. Adding excess water resulted in addedsitygrand thus weaknesses once the water
evaporated. Moreover, since CS dissolves in water,access of water dissolved the material
and hence decreased its properties. In contrasgsexof powder left pockets of unreacted

powder within the mineral, which weakened the maker

40

20

Flexural strength (MPa)

Powder - water ratio

Figure 4.6: Effect of powder — water ratio on the lexural strength of the Suprastone.

The ratio 10-1.9 is therefore the optimal in temhdglexural strength and will be the ratio to
follow in the making of the bone graft. In this paome hypotheses have been made on the
relationship between porosity and strength. Sugbotheses are the results of the scanning
electron microscopy (SEM) study that takes placthennext section. In effect, not only the
powder-water ratio affects the strength, but ateogressure applied during drying.

4.2.2.2 Effect of pressure on the strength

In this section, three different protocols werdedds standard Suprastone was prepared from
the optimal ratio and the polycarbonate mold. Augraof samples was prepared using a
doctor blading technique. This technique, notaldgdito manufacture thin ceramic films

[177], consists in spreading the Suprastone pagteasblade. Two tapes on each side were

61



McGill University Sacha Cavelier 2015

used as guides for the thickness. This techniquernyg effective to make accurate and thin
films, but it requires a liquid paste to ensure sthdlow of the paste under the blade. After
experimenting, it appeared that the standard 10pb®Wder-water ratio produced a paste
which was too viscous for doctor blading. A ratiol® g — 2.2 mL had therefore to be used
for proper doctor blading. The porosity was thughlr than the porosity of standard
Suprastone and the resulting strength lower tharotie of standard Suprastone. Figures 4.7a
and 22b compare scanning electron micrographs (S&kén for these two samples, showing
the difference in porosity. Figure 4.7d also shdlwesresults of density calculation made from
microscale measurements and micrometer measureffi@ntse volume). These calculations
showed that doctor bladed samples were 35 % lessedthan standard Suprastone. By
dividing the density of the samples by density loé tdry powder, relative density was
computed and gave 53.9% (porosity 46.1%) for thaddrd Suprastone, and 83.8% (porosity
16.2%) for doctor bladed samples which agrees thighmicrostructure observed on the SEM
pictures. As described in the previous part, te&utal strength of the doctor bladed sample
was decreased by 20% in comparison to standarcaStope, as expected by the powder —

water ratio which was not optimal.

The third type of samples called here “compres§&qirastone exhibited different properties.
For these samples, after being poured in the pddpcete mold, the wet Suprastone paste
was sandwiched between the mold and another pdblgnate plate, and compressed through
a vise. The force applied by the vice was estiméede 26.4 kN, which corresponds to a
pressure of 37.7 MPa and the sample was left stdmirtid this pressure until complete drying.
The resulting mineral was a Suprastone with a temsgher by 21% (figure 4.7d) which
corresponds to a relative density of 98.2% (poycki8%). Figure 4.7c also confirms a very
low porosity. Clearly flexural strength was bets#nce it increased by 61% thanks to the
compression of the sample during the drying aslaysl by figure 4.7e.
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Figure 4.7: (a) SEM view of doctor bladed Suprastog; (b) SEM view of standard Suprastone;
(c) SEM view of compressed Suprastone; (d) densitgeasured for the three different samples of

Suprastone; (e) flexural strength measured for théhree different samples of Suprastone.

A simple experiment demonstrated the open porasditguprastone: a droplet of color dye

was applied on a Suprastone plate and after sectivedsolor appeared at the opposite side.
This experiment revealed the open porosity of theemal but also showed that all the

surfaces of the mineral are in contact with wataceothe sample is submerged. The
consequences of this open porosity are furtheudssad in the next part.
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Compressing the fresh mineral paste during thengepthase is hence a method to increase
the mechanical properties of the mineral, as wekdjusting the powder — water ratio helps
to decrease the strength. These methods can beilhel@djust the mineral properties and

make them optimal for the multilayered bone gratft.

Figure 4.8 displays the different flexural stressia curves obtained for the different
processed Suprastone samples. All stress straves@are characteristic of a brittle material,
in other words the material is linear elastic uaéitastrophic failure. As previously described,
the curves show that the strength increases adethgity of the mineral is increased by the
fabrication process. The Young’s modulus is alsweased when comparing the compressed

mineral to the doctor bladed one.
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Figure 4.8: Typical stress-strain curves for the thee different processed Suprastone.

4.2.2.3 Solubility of Suprastone in water

In the human body, biological fluids such as blaod mainly composed of water, which can
impact the properties of any material in contacthwit. Biological materials that are
permanently in contact with water (like nacre on®phave better mechanical performances
when hydrated. As described in previous sectionghia thesis, hydrated gelatin has a
completely different behavior than dry gelatin.idtalso important to assess the effect of
hydration on the mineral to better optimize the titaylered materials for conditions which

reflect the conditions found in the human body.
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CS like Suprastone dissolves overtime in water tviciould affect its mechanical properties.
The effect of hydration is discussed in the nextiea. In this section, a measure of the
solubility of Suprastone is presented. Solubil&yaiproperty of solid materials to dissolve in a
liquid and is expressed in unit of mass of thedspkr unit of mass or volume of the liquid

(usually g/100 mL) [178]. If the solvent is water iais the case for Suprastone, the solubility
can be expressed in percentage. To measure thalgplof Suprastone, a rectangular sample
of Suprastone was immersed in 600 mL of deionizatemovernight in order to saturate the
water. The sample was then removed from the waigidaed. By comparing its weight after

and before the immersion, it was found that 0.1dsgolved and saturated the solution: the

measured solubility was then 0.029 %.

Solid Solubility (%)

HA 0.0014
Suprastone 0.029
Sugar 179

Table 4.1: Solubility of Suprastone, sugar and HA©20°C in water [178, 179].

The solubility is a property that depends on tempge and the previous experimented was
made at 20 °C. Table 4.1 compares the solubilitgifiérent solids in water at 20 °C. Sugar
dissolves very fast in water and is an example ohaerial with a high solubility. For
comparison, Suprastone is 6000 times less solhlale sugar. However, when compared to
HA which is also widely used in bone graft substif) Suprastone is 20 times more soluble
than HA. Both of these minerals are below the tho&sk of solids categorized as insoluble
(0.1 g/100mL) [178]. HA has also a wide range dfisihty constants reported in literature
and all the factors affecting its solubility ardlsinknown [180]. This table thus shows that

despite Suprastone dissolves in water, its sotyhdirelatively low.

4.2.2.4 Effect of hydration on the strength

Two types of samples (standard and compressed)tested in dry and hydrated conditions.
The samples were immersed in 100 mL of deionize@mfar 1 h. The flexural strength was
then measured following the protocol previouslyadiged. Figure 4.%hows the results for

these tests: standard Suprastone exhibited a #irem@6.8 MPa while standard hydrated
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Suprastone samples had a strength of only 13.3 (8B4 % loss). The same experiment was
repeated on compressed Suprastone sample. Inabattise mineral lost only 40 % of its
initial strength, dropping from 40.6 MPa to 24.1 &M®ue to the high initial strength (thanks
to the compression during mineral setting), theuced hydrated strength was in the same
range than the dry standard Suprastone. Therdfeezompression method described in the

previous part successfully compensated the losg@figth provoked by hydration.

The dissolution of the mineral samples resultec@nnincrease of the porosity and hence a
decrease of the strength. The previous section dsimated the open porosity of the mineral,
which implies that the surface area exposed towhter is larger for high porosity. This
explains why the strength of the Suprastone deesehy 50.4 % immediately after being
hydrated; the exchange of mineral molecules wittewes more efficient and fast because of
the large surface of contact. If a larger amoumwatier is used, larger volumes of samples can
be dissolved and would result in a weaker strenigthact samples left several days in the
same amount (100 mL) of water exhibited the sarag &b strength. This second result shows

that the saturation of the water occurs fast aatttie hydration time is not a factor.
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Figure 4.9: Effect of hydration on standard and compressed Suprastone.

There are techniques to limit the dissolution agrddation. For instance, CP is less dissoluble
in water and mixing Suprastone with this mineralildohelp to modify its dissolution rate
[181] and the presence of collagen in CS is alsswknto decrease the degradation rate [182].
Moreover, once implanted, the fluids around theebgraft are not renewed quickly and we
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can suppose that the dissolution of the bone gridifbe limited and the values presented in

figure 4.9 are representative of what occurs ifitea

4.2.2.5 Effect of ion content

We previously explored a mechanical technique twreiase the properties of Suprastone
(compressing the fresh paste to decrease the pgrbst various studies in literature reported
chemical methods that have various effects on taehamnical properties of calcium sulfate.
Shen [55] showed that mixing the fresh paste witB®, improved the strength of the stone
by 1 %. Better results were demonstrated with gaedcand sodium lignosulfates by Combe
and Smith [183] (strength improved by 30%) and tivith Arabic gum, CaO and CaOH by
Pietrzak [40], Ridge [184] or Sanad [56] (strengtiproved by 100%). The reason for these
improvements is the increase of the optimal powedevater ratio: the different chemicals
mixed with the CS fresh paste allowed decreasimgiderably the needs in water of the CS
powder for complete reaction. The resulting mateves denser and thus stronger [56]. These
results suggest that there are two effects of tlagewon the CS powder which are in
competition: water reacts with the powder (reacwdrsolidification) and also dissolves the
mineral. Hence, if the required amount of water domplete reaction with the powder is
decreased, less dissolution occurs during thengetif the mineral, resulting in a stronger
material. To eradicate this competing process @fthater reacting and dissolving the mineral,
Shen [55] replaced the water by a solution of wagturated with calcium ions and mixed it
with CS powder. The saturated solution was unabldidsolve the mineral and the resulting
mineral had a strength improved by 100%. Shen rmalsotioned that the presence of calcium
ions could modify the shape and the size of theemaincrystals which could be an additional

explanation for the strength improvement.

In this section, we repeated the experiment desdrily Shen and saturated 500 mL of water
with calcium ions by introducing 10 g of solidifiésuprastone thus following the protocol
described by Shen. The solution was then left s¢wys and was mixed with Suprastone
powder to prepare samples. Samples were preparadniold compressed, then tested in
hydrated conditions and compared with hydrated &ipne samples compressed during the
setting but prepared from pure water. Figure 4A0ws the results of the two types of

samples. The flexural strength of the compressqutaStone was improved from 24.13 MPa
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to 37.83 MPa which represents an improvement @& 6. This last result demonstrated that
chemical and mechanical techniques can signifigantirease the strength of hydrated CS.

The properties of pure Suprastone are therefoleeinféed by four parameters: powder —

water ratio and hydration that reduces the strerggtimpression and ion content that have the
opposite effect.
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Figure 4.10: Effect of calcium ion content on comm@ssed Suprastone.

4.2.2.6 Fracture toughness of Suprastone

m

=

=

Figure 4.11: Mode | fracture toughness testing fom 20 mm Suprastone beam.

As mentioned for the case of gelatin, fracture towggs is a measure of resistance to crack
propagation. Brittle materials have low fracturagbness and cracks in brittle materials tend

to be unstable. In contrast, deformable matergisl to have more stable cracks and higher
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fracture toughness. Because of the brittle behasidhe mineral, low fracture toughness is

expected.

In the case of the gelatin, it was explained thatrmaterial was submitted to mode Il crack
propagation. In the case of the mineral, the crarddpagates perpendicular to the layer of
Suprastone, in mode |. Therefore, mode | fractureglness tests were performed on
Suprastone beams as described on figure 4.11. Afighre shows, the difference with the
three points bending test is that an initial notcds added by laser cutting. According to
American Society for Testing and Material (ASTMparstlards [169], the notch must be
between 45 and 55 % of the thickness of the beamwlitig the size of the initial crackin

m, the geometry of the sample (widitiin m and thickness in m) and the forcé in N
required to break the sample, various theoriesvatto compute the mode | toughndsg
[168] in Pa.nY? but the most suitable is the formula given byAlSS™M E1290-08 [169]:

6F

Kic==Vaf (7) @19)

Where f is an empirically determined parameter (non-dinmrad) which can be

expressed in function afandt only:
a a a a
e 199 —=(1-2)(215-3.93=+2.7()?)
f (?) - Lt L L (4.16)

(1+2%)(1-%)°

Samples were prepared with precise laser cuttimgdu@ing initial notch). Optical microscopy

on the broken samples was used to measure thdlehtite initial notch accurately.

Figure 4.12 compares the results for these twostygfesample. Dry standard Suprastone
showed a toughness of 72 KP4 while the toughness of hydrated Suprastone wa%b46
lower. For comparison, the fracture toughness ofcoete was displayed on the same plot
(200 KPa.m?). Concrete is a material widely used in buildiranstruction and is a good
example of a common material with low fracture tongss. Fracture toughness of concrete is
2.7 times higher than the one of Suprastone whieans that it is 2.7 times easier for a crack
to propagate in Suprastone than in concrete. Téssiltr on the toughness is important
according to the criterion for crack deflection ckésed in the previous chapter (the toughness
of gelatin must be less than 25 % than the toughmésthe mineral to optimize crack

deflection).
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Figure 4.12: Effect of hydration on the fracture taughness of Suprastone and comparison with

concrete.

This section concludes the study of the mechamicgberties of Suprastone and gelatin. As
expected, gelatin and Suprastone are dissimilaenmmaég in terms of properties. On one side
Suprastone is a hard and brittle mineral, and erother side, gelatin is deformable with very
low strength and modulus. This fact is critical ahé next step is to assemble these two

materials into a multilayered composite which reggiicertain techniques.
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5. Chapter V: The Multilayered Bone Graft

Multilayered materials represent an architectued th more efficient in term of energy than

monolithic materials, and increases the mechamediormances. The previous sections of
this thesis described that CS type V (Suprastome) @orcine gelatin are two potential

components for a multilayered bone graft. The step was to assemble them following the
architecture of multilayered materials. In this ptea, a precise description of the fabrication
protocol will be presented, as well as the meclemesults of the created bone gratft.

5.1 Samples preparation and geometry of the bone gt

The fabrication protocol of the multilayered borrafgused the protocols developed for the
preparation of gelatin samples and Suprastone ssmphey take advantage from the fact
that gelatin can go from its dry form to a gel whemrated, and to a low viscosity fluid if
heated at 70 °C and from the fact that these stémteseversible. Concerning the geometry of
the sample, only one constrain was presented ipteh# section 2.4 through the formula:

8, = 6E;2”C (5.1)

c

Wheredy, is the critical thickness of the interface in m (gelgtE. is the Young’s modulus of
the mineral in Pag. its strength in Pa an@, . the interfacial critical strain energy releaserat
in J.m?. In the multilayered gelatin — Suprastone matetia thickness of the interface must
be less thai,, in order to optimize the performances of the nayered material. Applied to
our case with the experimentally calculated valuteappears that the maximal thickness is
147 um which will therefore be the upper limit in the hilayered bne graft. However, Nature
teaches us that the smaller the interface therltéteperformances. Smaller interfaces allows
reducing the volume fraction of interface, and @&aging the fraction of the material that
contributes the most to the strength and the maguior instance nacre from seashells
contains a volume fraction of only 5 % polymericterals [70]. Clegg [72] and Kovar [76]
showed that the higher the number of layer, theentioe deflection and the higher the energy
dissipated. Thus a particular attention was mad@guhe fabrication to get the thinnest
possible mineral layers, in order to get as maigybrs of gelatin — mineral through a given
thickness of 1-2 mm. The thickness of the interfiaad then to be even lower so that a low

volume fraction of gelatin is preserved. Followitiggse guidelines, a thickness of 200
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was achieved for the mineral. Thinner mineral layayuld not be achieved without breaking

them during their manipulation. Concerning the khiess of the gelatin layers, the target was
around 5Qum which below the upper limit of 14dm previously calculated. The next section

will show that crack deflection is better at thisckness which is the thickness of the “thick”

gelatin samples tested in ENF. Then the thicknésseocomposite material was determined
by the number of bilayers (5-8 bilayers). For thstrof the geometry, laser cutting was used
to get the same length and width than the prevsansples of pure mineral.

Figure 5.1 shows the fabrication steps for the aykred bone graft material. First, a thin
layer of mineral was obtained by doctor blading imeral paste in a polycarbonate mold
(figure 5.1a). The thickness of the guides for tloetor blade was decreased to 0.5 mm
(instead of 1 mm as for pure mineral samples) &chiehe targeted thickness for the mineral
layer. After the compressing step, the fresh mingaate with a thickness of 0.5 mm became
a solid mineral layer of approximately 2Qé. The mineral layer was compressed using a
high capacity vise during this step (figure 5.1Bhis process was also highly efficient at
making the density (and strength) higher. Afterhl@f drying a layer of liquid gelatin was
doctor bladed on the top surface of the minera¢dayhis liquid gelatin was prepared from
gelatin powder that has been hydrated and heat&@ &C. The bilayer was then dried for
another 12 h (figure 5.1c). The next step was lease the bilayer (figure 5.1d) and to cut it
in 5 to 8 squares of equal size (3 cm by 3 cm)th#g point, the gelatin was dry and the
cutting was easy with scissors. Then the squares sugperposed together and hydrated to
turn the gelatin into a sticky gel. The sample wWe placed onto a polycarbonate substrate
and heated on a hot plate (70 °C) in order to mheltgelatin and finish the bonding of the
different layers (figure 5.1e). At this point, thieickness of the gelatin was controlled by
adding pressure on the sample (figure 5.1f). Tlderoof magnitude for this pressure was not
MPa as for the mineral buKPa in order to avoid damaging the mineral layers. M
pressures from 100 to 2000 KPa were tested; thélayared samples that exhibited the best
crack deflection were those prepared with a pressfir800 KPa at the step (f). 800 KPa
optimized the mechanical performances and was ¢hled the optimal pressure; it was also
the pressure that allowed reaching the desiredkribss of interface stated in the previous
paragraph. This pressure was a perfect comprongsegebn reducing the thickness of the
gelatin layer sufficiently to make a strong sampdet not too much since too thin gelatin
layer does not allow crack deflection as it will 9en later. The pressure was applied while
the gelatin was heated at 70 °C and still liquia] ghe temperature then decreased to room
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temperature in order to let the gelatin solidifys A final step, the sample dried for 12 h in
order to be cut with the laser (figure 5.1g). Theé lmeams were then re-hydrated for 1 h prior

to be tested while respecting the hydrated conuitio

@ — / NN T R |

Doctor blading of mineral paste. Compression of the mineral and
12h drying.
© w— / (d)
Addition of a doctor bladed layer 12h drying and release of the
of liquid hot gelatin. bilayer gelatin — mineral.

§ 1 1

(e) ()
Assembly of 5 bilayers re-hydrated Compression of the 5 bilayers and
and re-heated. 12h drying.
NI/
(&

Laser cutting of the dry
multilayered composite.

Figure 5.1: Fabrication steps of the multilayered amples.

Figure 5.2 shows two images of the final multil®gesamples obtained (optical microscopy).
The different components are clearly visible (gelat white, Suprastone in grey) or figure
5.2a where the material is dry. These pictures stigov that the final thickness of the mineral
is 200-300um. The thickness of the mineral did not changerduhydration of the sample,
but gelatin multiplied its volume by ten after hgtion. The thickness of the interface was
then ten times smaller on dry samples than on gdrsamples. On figure 5.2a, the sample

was imaged directly after cutting and while it t8l Iry to maximize image quality. After
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hydration, the “holes” or “air bubbles” between tméneral layers were filled by the gelatin

that multiplied is volume by ten and became traresmaas shown on figure 5.2b.

Figure 5.2: Two optical microscopic views of: (a) i multilayered sample; (b) hydrated

multilayered sample.

The samples were re-hydrated and tested to asdesthex their mechanical performances
were equivalent to those described in studies ottilayered materials [72, 73, 76]. The

results are presented in the next sections.

5.2 Crack deflection in a multilayered sample

Crack deflection is critical in multilayered magdriin order to increase toughness. This
phenomenon is dominated by two parameters, théuf@atoughness mode Il of gelatin, and
the fracture toughness mode | of Suprastone, angk mpeecisely by the ratio of these
toughnesses. The purpose of this section is tblestavhether the criterion for optimal crack
deflection is reached and to explore how the thesknof the interface affects the crack
deflection.

5.2.1 Crack deflection in the case of calcium sulfaand gelatin

A simple criterion for optimal crack deflection weescribed in chapter Il section 2.3. This
criterion was expressed in formula (2.1) and tauk account the fracture toughnesses of the
interface of the mineral. In chapter IV, sectiorl.2, it was explained that the crack

74



McGill University Sacha Cavelier 2015

propagates in mode Il in the interface, and in mbde the mineral. Using the fracture
toughness mode Il of the gelati®,c® in Pa.nt® and fracture toughness mode | of

Supraston&;c*” in Pa.n’?, (2.1) becomes:

1
K9 < Zchsup (5.2)

Then, equation (4.1) seen in chapter IV, sectidn24links energy release rate and fracture

toughness. Formula (4.1) injected in (5.2) gives:

1
Gncgel < EGlcsup (5.3)

WhereG, ™ is the energy release rate mode Il of the gelatihm?, and Ge** is the energy
release rate mode | of Suprastone in"J.ormulas (5.2) and (5.3) are hence the same
criterion for crack deflection expressed in termigracture toughness or in terms of energy
release rate. Both of the criteria can be appledhe case of the gelatin — Suprastone

multilayer.

Using formula (4.1) requires measuring the Young®dulus of the mineral. This
measurement was made during the flexural testirfgupirastone and gave 14.73 GPa for the
modulus of the hydrated Suprastone. Thereforerdwure toughness of the hydrated gelatin
was computed from the energy release rate preyiquskented in chapter IV, section 4.1.2,
where two different gelatin thicknesses were exdogiving two different toughnesses. The
energy release rate was higher for the “thin” gel&tO um) layer than for the “thick” one
(200 um). Figure 5.3 summarizes the results of fractorghnesses of hydrated Suprastone
and thick and thin gelatin. A first observationtigt the criterion of formula (5.2) is not
reached, which means than the crack deflectionneé®ptimal. The fracture toughnesses of
thick or thin gelatin were higher than 25 % of fh&cture toughness of the mineral. In any
cases of interface thickness, the crack deflectbould not be optimal according to the
model. However thick gelatin exhibited a toughnelser to the optimal value than thin
gelatin. More crack deflection is thus supposeddour in a multilayer with thick interfaces.

The purpose of the next section is to experimegntatify this hypothesis.
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Figure 5.3: Comparison of the fracture toughnessesf Suprastone and gelatin for two different

thicknesses.

5.2.2 Crack deflection observations

Two types of multilayered samples were prepare@; with “thick” gelatin layers (5Qum)
and another one with “thin” gelatin layers (). “Thick” gelatin layers were achieved by
applying the optimal pressure during the fabricatsteps (800 KPa, see section 5.1 of this
chapter). “Thin” gelatin layers were achieved bylgmg 2000 KPa during the fabrication
steps. These two types of samples were fracturdd@e points bending test before imaging.

Optical microscopy observations were made on thetdre regions of the samples and are
shown on figure 5.4. These observations revealad rtultilayered samples made of thin

gelatin (figure 5.4a) were able to deflect the piggting crack to a much lesser extent than
the multilayered samples made of thick gelatinuffeg5.4b).
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(a) (b)

Figure 5.4: (a) Microscopy of the failure of the tim gelatin multilayered samples; (b) microscopy

of the failure of the thick gelatin multilayered samples.

These pictures combined with figure 5.4 of the mes section confirm that the lower the
fracture toughness of the interface, the betterdfaek deflection. Therefore, even if the
toughness of gelatin was not optimized (formul2)% not verified), significantly different
behaviors are observed depending on the toughrigb® anterface. According to previous
studies [72-74, 76], the samples with more deflbatmcks should dissipate more energy.
This hypothesis will be verified in the analysistbé mechanical performances of the next

sections.

5.2.3 Stress — strain curves

Flexural stress and strain were computed using dt@sn(4.13) and (4.14). Figure 5.5 is the
stress- strain curve of a sample with thick gelatterfaces. In this type of samples, the most

crack deflections were observed.
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Figure 5.5: Stress — strain curve of a multilayeredyelatin — Suprastone composite.

The first part of the curve exhibited a linear gtabehavior, as expected by the elasticity of
the components. Brittle failure occurred at aro@m@ % of strain but was not catastrophic,
since the stress reached a small plateau. The isudd®p of stress which followed
corresponds to the failure of the first mineraldajocated at the opposite side of the contact
with the pin of the testing machine. The new loadreasing (or plateau in some cases)
corresponds to the propagation of the crack trotlgh interfacial gelatin. Then, three
successive non-catastrophic failures and small loackases (or plateaus) occurred which
correspond to the successive breaks of the mioetal layers that supported more stress at
each failure step, and thus broke faster. Finagn if the strength is between those of the
mineral and the gelatin, the overall strain is mbaher than for the brittle mineral because
of these successive failures. Since the energyriabddoy the material is a product of the
strength and the strain, the composite dissipatgshrmore energy as discussed in the next

sections.

5.3 Flexural strength results

Multilayered samples with thick gelatin interfacere tested and the strength of the material

was measured. The previous results showed that Isanwvath thick gelatin interface
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improved crack deflection. When compared to a raykr with thin interfaces, the energy
dissipated in a multilayer with thick interfacesosld be improved while the strength should
be decreased because of the higher volume fracofigelatin. The choice of thick interfaces
is justified by the goal of this study which is tbptimization of the energy absorption of the
new bone graft material as stated in chapter |. ptwocol to prepare these samples is
described in section 5.1 of this chapter. The gegned the multilayered samples was the
same than the pure Suprastone samples which madeiiparison between the multilayered
samples and the pure Suprastone samples straighttband easy. The results are reported
on figure 5.6. The tensile strength of pure gelatialso displayed for a complete comparison.

All these results were performed on hydrated saspbesimulate the contact with body

fluids.
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Figure 5.6: Flexural strength of the multilayered glatin — Suprastone composite, compared to
the flexural strength of pure compressed Suprastonand tensile strength of pure gelatin, in

hydrated conditions.

Figure 5.6 shows that the strength of the multilegiesample falls between the strength of
Suprastone and gelatin. While the weakness of ¢hatig is efficient to deflect cracks, it also
limits the strength of the material. In the findlapter (Chapter VI, Conclusion), some
strategies to increase the strength are discusskdauld be used in a future work. The next
section investigates the mechanical performancthefmultilayered bone graft in terms of

energy and fracture toughness.
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5.4 Toughness and energy results

The same fabrication protocol was followed for thiacture toughness testing of the
multilayered samples. The same type of multilayexathples were fabricated, this time with
an initial notch on the middle made with laser iogit and then the samples were tested in
flexure (three points bending test). All the resuidere are for samples in hydrated conditions.
The toughness was then computed following the AS@ivhula described in section 4.2.2.6
of chapter IV, and the results are displayed inirgg5.7a and compared to the toughness of
gelatin and Suprastone. The computed fracture twesgh was lower than the fracture
toughness of its components. This result means dahatack, once it appears, has less
difficulty to propagate in the multilayered comgesihan in pure gelatin or pure Suprastone.
However, the crack is deflected more in the contpaand its path is thus longer which has
consequences in terms of energy. Moreover the cenapis less stiff than Suprastone, but
stiffer than gelatin. Thus, a bit of energy is giased during crack propagation, but large
amounts of energy are also dissipated before thekappears. This phenomenon was not
taken into account in the fracture toughness measemt, but it can be seen in terms of

energy.

The energy dissipated by the composite is showefijare 5.7b and compared to the energy
dissipated by the mineral and the gelatin. Thigtithe energy dissipated clearly showed that
for a given area, the multilayered sample is muchenefficient. It was able to dissipate 6.09
J.m? which represents 60 times more energy per unit gr@a the energy dissipated by the
mineral, and 17.f0times more energy than the gelatin can dissipgteh mechanical
performance in terms of energy was expected frastiess-strain curve presented in the last
section. Energy is a product of the strength arel gtrain. The strain at failure of the
composite is lower than the strain at failure ofage, but the strength is much higher. The
strength of the composite is lower than the stferajtthe mineral, but the strain is much
higher. Finally, in terms of energy, the compostenuch more efficient than the pure gelatin
or the pure mineral. Crack deflection is consedyem efficient and powerful toughening
mechanism, and the rule of mixture does not apple tsince a multilayered material can

dissipated much more energy than its componeni®alo
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Figure 5.7: (a) Fracture toughness of the multilayed gelatin — Suprastone composite, compared
to the fracture toughness of pure Suprastone, andadcture toughness of pure gelatin, in

hydrated conditions; (b) energy release rate of thenultilayered gelatin — Suprastone composite,

compared to the energy release rate of pure Supraste, and energy release rate of pure gelatin,

in hydrated conditions.

These results demonstrate than some of the resedis in the literature for engineering
ceramics can be repeated using materials suitablédne graft and biomedical purposes.
Many parameters are still far from the performanoésones, such as strength, but the
present study focused on the most important mecabparameter which is the dissipated
energy, as well as the fabrication methods whichehianportant impacts on the energy.
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Figure 5.7b shows promising preliminary resultssoch materials, structure, and fabrication
techniques, and might make multilayered gelatinS-samples as the future of bone graft

materials.
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6. Chapter VI. Conclusion

Many improvements can be done thanks to recenhtéafies. Doctor blading machines can
help to produce multilayered bone grafts at a lagmale, or 3D printing machines can

produce complex molds to develop bone grafts tolantpin a specific region of the body.

Then the bone graft itself can be improved. It Wamonstrated in this report that it is not
only the performances of the interfacial gelatiat also those of the mineral that have to be
enhanced to maximize the overall performance ottmposite. More especially the fracture
toughness of the mineral must be higher for bditdravior, and strategies exist for such

purpose.

It was the first time that a multilayered structwas used to create a bone graft material, and

it is important to highlight what major contributi® were brought in this project.

6.1 Accomplishments

6.1.1 An efficient design in terms of energy

In the first chapter, it was explained how impotttre energy dissipated is for a biological
material. In Nature, materials are submitted toower types of impacts and deformations, and
a material with a high strength but that is britdenot reliable. Likewise, a material that can
deform a lot but with a low strength is not atthaetas a skeletal material. Fracture toughness
and energy absorption are two key properties whklobuld be optimized in the ideal bone
graft material. Energy absorption is roughly theduct of deformation and strength. More
specifically, a bone that is submitted to an impactst dissipate the energy of the shock
without breaking to be efficient. The main goal whasis to design a structure which is
efficient in terms of energy. In this perspectitree behavior of the composite was successful:
even if the material was weaker than monolithicicath sulfate, it demonstrated its capability
to dissipate energy several orders of magnitudéenighan its components. Moreover, in
order to fulfill the requirements of a bone grafaterial, the composite was made of
biocompatible, osteoconductive and biodegradahhepoments hence the importance of their
selection. The biocompatibility, degradability andteoconductivity of the composite has
however to be tested since the properties of thestitaents is not sufficient to ensure the

properties of the composite.
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In this work we have developed multilayered materés a possible answer to this challenge.
Previous studies showed that multilayered ceracaosdissipate 160 times more energy than
monolithic ceramics. Multilayered structures canfiaend everywhere in Nature: nacre is a
made of mineral micro-tablets embedded in an oggaatwork or the bones themselves can

be seen as a multilayered structure when lookirtigeastructure of an osteon.

A critical aspect of multilayered materials is tamage the fracture toughness of the different
layers: the toughness of the mineral must be foued higher than the toughness of the
interface to optimize the crack deflection, comgiecand make longer the crack propagation
and thus absorb energy. The multilayered bone graft not optimized for crack deflection,

but this guideline helped to increase the crackedebn in the multilayered material. In the

best material produced in this project, crack aeibe is evident and energy dissipation is 60
times higher than in the pure mineral and six aradrmagnitude higher than in gelatin. The
multilayered structure thus successfully reproduttexi observations done in other types of
engineering ceramics [72-74, 76, 78]. The theornatftilayered ceramics also predicts that if
the toughness of the mineral is increased agaimne weflection could occur and more energy
could be dissipated. Previous studies were abldissipate much more energy than in this
work [72] meaning that the current bone graft id nompletely optimized and can be

improved. The perspective of an improved bone glafhonstrates the interest that may grow
in future designs for bone graft materials. In {ént of view, the present multilayered bone

graft represents a very encouraging result.

6.1.2 A bone graft at reduced cost

One of the requirements when choosing the compseranthe bone graft material was the
cost. Some costs will be related to the use of mashused to create the material, and some
costs will be related to the expertise of the peaplanipulating the material. It was an
objective to develop a material which is affordali@ing accessible to everybody and not
only a class of people is a part of the goals ttratmaterial had to overcome. The goal of this
section is to focus on the cost of the materialy and to demonstrate that Suprastone and

gelatin allow producing affordable multilayered evéls.

To prepare a typical batch of samples in this stdfyg of Suprastone were used from a 15

kg box ordered at Kerr company for 51 US$. 1 g elatin was used from a 100 g box
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ordered at Sigma Aldrich company for 34 US$. Tbstevas then 3 cents for the mineral and
34 cents for the gelatin, and the produced saniygdsa total volume of 1.5 émWe can thus
estimate a cost per volume of 25 cents/chierefore, the cost of a typical large bone defec
that has to be replaced with our bone graft (fstance a cylinder with a length of 10 cm and
a radius of 1 cm, which corresponds to a volumedf4 cni) is estimated at 7.85 US$. The
components of the bone graft will not be the litnaa in term of price. From this point of
view, the bone graft also successfully reachedrélg@irement to stay affordable and in the
same time, mechanically efficient. However, wheimkimg about large scale production, or
thinking about replacing one of the complex shagesur skeleton, some expensive machines
could be involved (doctor blading machine, 3D prnigtmachine, manual press) and could
affect the final cost of the bone graft. These nmrah could be essential as it will be
explained in the final part of this thesis, whentufe opportunities to develop this project are

presented.

6.1.3 Limitations

The present thesis described the final protocaidabon of the multilayered material but this
protocol had to overcome several challenges bdfereg functional. First of all, the mold in
which the mineral is composed is made of polycaab@nnumerous other materials were
tested as mold, but these tests were unfruitfdesthe calcium sulfate has a strong adherence
to many materials, even Teflon. Using lubricanti&gach the mineral from the mold would
not guarantee the biocompatibility of the produRblycarbonate mold was then fabricated
from boards that are extremely flat and smooth. disadvantage of such boards is that they
are not resistant to scratches which appear edsiipg normal use of the mold. Scratches in

the mold can create defects in the material, anid maist be replaced regularly.

Electrical tape is also used to fabricate the wailithe mold. The thickness of the tape is 0.2
mm which is the theoretical lower limit of the tkhieess of the mineral layers. However, it
was never possible to prepare calcium sulfate witlch thickness and with the same
properties than thicker mineral samples. The cépacithe press might limit the possibility

to create mineral samples with uniform porositycéaese of the viscosity of the fresh mineral
paste, a thin film of this paste cannot be propsgyeezed under pressure as easily as thicker

films. A press with higher capacity would help tecdease the thickness of the layers, and
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thus to introduce more layers for a given overaitkness of the multilayered composite,

which could improve the chances to deflect crackeng fracture propagation.

Gelatin has a very low strength that clearly linthe overall strength of the composite. Its
toughness is however in an interesting range fsrstudy since it allowed to deflect crack. A
better interface would be a biopolymer with the samughness, but stronger. It is not
impossible that the other polymers described imptdra3, even if they do not have the same
advantages than gelatin, could be more adaptedhisrcomposite material. The lack of
knowledge concerning the fracture toughness otifeel biopolymers, especially concerning

the fracture toughness mode Il, was a limitingdaat the choice of the polymeric interface.

6.2 Future work
Making new types of bone graft materials is a lamgl multidisciplinary task that involves
the expertise and the know-how of various fieldseistry is an important base to determine
the best composition for the bone graft which, onoeated, will require concepts from
mechanical engineering to identify the mechanisheg happen during fracture tests, and
guantify many different parameters that measurepérrmance of the bone graft. Once the
material is satisfactory in terms of mechanicalpgrbies, it must go through in vivo testing,
on rabbits and then human. That is why, in thiggatop a surgeon from the Montreal General
Hospital will take care of the in vivo testingidtthus important to describe the future work of

this project that will make the bone graft suitaldehuman.

Since this report focus on the very first stepsfatfrication of a new type of bone graft
material, it is important to situate the bone dftgraits entire project. This section explains
what is the future studies that will make the cosif@o graft accepted by the scientific
community. Improvements can be done in the comiposdf the bone graft itself, but also in
the fabrication process thanks to cutting edgeneldyies.

6.2.1 Improvement of the mechanical performances of the meral

In this thesis, a critical factor for crack defiect was the mechanical properties of the
mineral used in the composite. A technique was ldpeel to enhance these properties so has
to almost double the strength of the mineral, amdhie same time increase the fracture
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toughness which is very important for crack deftatt These techniques were the
compression of the mineral paste into a polycarteon®ld in order to significantly decrease
the porosity of the material, and the use of aragtd solution. These methods brought
interesting results but the post analysis showatititreasing again the fracture toughness of
the mineral could deflect cracks better and improve energetic performances of the

multilayered composite.

In a review article on fiber reinforced CP cemenisuger [57] related that fibers
reinforcement is a well-known method to increase ttughness of brittle materials. This
method was already used firstly in CP bone graf® p0, 185], and strength, stiffness and
matrix toughness were improved. Later, the saminigqae was experimented on HA [57]
and CS [51] with improvements on the mechanicabliln too. The mechanisms responsible
of these improvements are related to crack bridgivgle an incoming crack propagates in
the material, fibers are bridging the gap. Enesgydissipated through the elastic and plastic
dissipation of the fibers in tension, pull out aindtional sliding of these fibers, or crack

deflection at the interface of the fibers.

To be used in a bone grafts, the fibers must comjily the same requirements stated before:
good mechanical performances, biocompatibility,eosbnductivity and degradability. A
natural choice for the fibers is collagen sinces ttyipe of fibers is already present in our
bones. In fact, bones are a hierarchical compaosdtierial, and at a certain scale, bones can be
seen as a composite made of mineralized collapensfi3]. Various biocompatible fibers can
also be used to reinforce a mineral [57]. Fibenfoetement theory reveals that fibers must
agree two critical parameters to optimize the prioge of the composite; the fiber content and

fiber length.

Li [186] described the formula for the optimizeldr conten¥: (non dimensional):

6K, E;D;>
V. = IcC=fYf

/ (6.1)

g‘L'sz3
WhereKc is the composite fracture toughness in P4.m; the fiber diameter in m.; the
fiber length in mE; the fiber modulus in Pay a factor computed experimentally (snubbing

factor, in m*?) andr the interface frictional bond strength in Pa.

The second parameter, the critical fiber length in m, was first expressed by Kelly and
Tyson [187] in 1965 as :
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Dso
rer
Lic = — (6.2)

Whereg is the tensile strength of the fibers in Pa.

The theory of fiber reinforced materials is wellcdmented and contains many other
parameters to be optimized and used as guidelk®&3.[In the case of collagen fibers, they
can be extracted directly from natural sources siscbea cucumber. Trotter [189] described a
precise protocol to extract them, but other soutcasbe used. For instance, collagen fibers
are already used in catgut sutures in biomediadistry. Extracting collagen fibers from
multifilament catgut sutures allow skipping puré#tmon steps. In our case, such sutures were
ordered from Havel's (Cincinnati, OH, USA) and &lpninary study showed that it was
possible to extract collagen particles. However Ag#mic force microscopy) showed that

the particles were not optimized in shapes of lmrengthlL;. yet.

Future work on the reinforcement of the mineral jpfrour bone graft material could lead to
increase the fracture toughness of the mineral,cam$equently the crack deflection of the

composite and its energetic performance. Such stadld follow the steps below:

0] Selection of a type of fibers.

(i) Experimental evaluation of the relevant parameterschanical tests far, t,
E:..., microscopy observation f@:...).

(i) Calculation of the critical parametetsg( Vs...).

(iv) AFM observations of different samples of catgutuses centrifuged at
different speeds so as to identify which speedaabatracting fibers of length
Lic.

(v) Finally, mixing the Suprastone with a percent&gef fibers of length.;. and
testing the resulting samples to measure the ingonewnt in fracture

toughness.

This section concludes the future work to be domenechanical properties improvement. In
the same time, improvements in the fabrication @seccan be investigated, such as large
scale sample preparation or complexly shaped sample¢he last steps of the bone graft
development. The next sections present a quickvaerof what the challenges and their

solutions could be.

88



McGill University Sacha Cavelier 2015

6.2.2 Large scale production

The samples presented in this report were madexddilsyers mineral — gelatin for a total
thickness of a few millimeters. The other dimensigvere also in the order of magnitude of
millimeter or centimeter. This was sufficient to asare the effect of crack deflection, but a
real bone can have a thickness of a few centimataisa length around 10 cm. To optimize
the fabrication time, the use of industrial equiptguch as a doctor blading machine could
help to make a large and thin mineral layer that loa then cut into several large bilayers.
Once assembled, these bilayers form a larger brafe @his technique saves a considerable
amount of time, and moreover such machine allowseasing the uniformity in the thickness
of the different layers. It could also help to d=se the thickness of the different layers and
thus to be closer to what is observed in naturguriéi 6.1 is a view of an example of doctor
blading machine (MSK-AFA-L800, MTI Corporation, Rimond, CA, USA) used in the
preparation of large thin films in industry.

Figure 6.1: Example of doctor blading machine (MSKAFA-L800, MTI Corporation, Richmond,

CA, USA) for large scale doctor bladed film producion and high accuracy [190].
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6.2.3 Complex shapes

The success of an implant strongly relies on ifgabdity to duplicate the geometry of the
missing bone region so the repaired skeletal regian recovers its functionality. The
advantage of the multilayered composite fabricatimethod is that it provides flexibility in
terms of geometry. We tested our method on a ftdygarbonate substrate but the same
fabrication protocol is also possible on a veryfeddnt substrate. The proposed protocol
consists in reconstructing the shape of the mislsorge numerically and in three dimensions
and then converting it in a numerical file than &@nused by a 3D printing machine. The 3D
printing machine can then create a polymeric tetapthat will be used to fabricate the
complexly shaped bone graft material with exadily same geometry than the missing bone.
Such process is summarized in figure 6.2. 3D prints a powerful tool that could help to
solve many issues; for instance, to compress theplexly shaped initial mineral layer, a
negative template could be also printed in ordesandwich the mineral layer between the

two templates and make it denser and strongeriafiees.

Reconstruct defect

. 3D data of implant
numerically

3D printing

Apply tape

s

Polymer template Polymer template

Harden implant
and release

» Reconstructive
surgery

Figure 6.2: Step by step fabrication of a complexlghaped multilayered bone graft.
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A high resolution printing machine (Perfactory® kic3D Printer Family, EnvisionTec,
Dearborn, MI, USA) was used to validate the prigtiof the bone graft template. As a
preliminary study, rectangular molds were printed &uprastone samples were fabricated
from these polymeric molds. The samples exhibiteddame mechanical properties than the
samples prepared from the polycarbonate mold. Tolgner used by the 3D printing
machine presented more adhesion to the mineral ghbcarbonate, but not sufficiently to
make the removal of the layer impossible. Complestigped bone grafts could therefore be

fabricated in a future work.

6.2.4 Cylindrical implants

Although they are very common in the human skeletylindrical shapes represent a
challenge for our fabrication method. The fabrimatprotocol could be modified to create
complex shapes. A solution could be to roll a Blaypf gelatin and mineral while the
components are still fresh. The sample would thereb overnight at room temperature for
proper drying and the resulting piece would be aebgraft mimicking the structure of an
osteon but at a macro-scale. The advantage ofsuatture is that the properties are the same
in any direction. Figure 6.3 displays a view ofstliype of bone graft material as well as a
bony defect in a rabbit radius that will receive traft. The figure also exhibits the aimed
geometry of the artificial osteon. A diameter ofrdn for a length of 16 mm is the classic
model used for segmental defect studies, espeandtly rabbits. This geometry could be
easily changed if necessary, for example with tmeedsions of cylindrical human bone

defect.

Such technique raises new questions. It has toehéed that it is possible to roll a fresh
bilayer without damaging the mineral and creatiregvnflaws and weaknesses. Another
important step is also the compression of the main@ayer during its drying that could be
solve in using heat shrinking tubes. These polymtrbes decrease their diameter by two
when they are submitted to heat. They could bestihgtion to harden an artificial osteon and
the feasibility of this method deserves to be itigased.
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Rabbit model (radius)

Figure 6.3: Osteon-like multilayered bone graft forcylindrical bone replacement on rabbits.
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