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Abstract

3D printablebiopolymernanocompositeare an exding novel class of materials witpotentialas
biomaterials forskeletal reconstructiorin recent years,here has beeran increasing demand for
synthetic bone graft substituteaterials. Development of theséiomaterials would reduce the
dependence oratural bone grafts and metal prostheses, which have significant practical and clinical
issues associated with theuse Using additive manufacturing technoleg such as masked
stereolithographyand bigolymer nanoomposites complex, accuraterobust, and customizable
biomaterials an be produced Novel nanocompositdiomaterials composed of functionalizpldnt
basednonomers and hydroxyapatiidA) nanopatrticlillers developed previously in our laboratory
have achieved mechanical performance exogethose b commercial bone cement biomaterials
However, these materials have not been evaluatddrphysiologically relevant conditions. Exposure
to physiologicaltemperature of 37 °C aradhydratedenvironmentanresult in significant mechanical
conseqguencesuch as reduced mechanical strength and stifthest swelling, hydrolysis or osmotic
cracking To create a successful bone graft substitute, along with competent mechanical properties, it
is essential thahe material be degradable and resorbabilow remodelingo natural bone tissue
One of the methods to evaluatenaa t e r i a | i sivodegradatioruparformance is to assess
susceptibility to oxidative degradatioas this is a naturally oarring mechanism in cell metabolism,
inflammation responses, andteoclast resorptiom this thesis, aet of experimentaith controllable
environmental factorsvas developed to asse$e response of our biopolymer nanocomposités
physiological tenperature, water absorption, and oxidative degradation. It esntined that the
biomaterials investigated in this stuakere susceptible to thesmonditiors, with significant evidence
of water absorptioand surface degradation due to oxidatibmis led to consequencea mechanical
performance, in particular tensile and compressive strengths and moduli. For exahiplal% HA
nana@omposite exposed to elevated temperatures6Baahd 68 % reductions ircompressive yield
strengthresulting from 14-day incubations in phosphateuffered saline and hypochlorous acid,
respectively. This thesis has demonstrated the importaoeevaluating biomaterials under
physiologically relevant conditioria vitro throughouthe material developmemrocessandprovides

a fundamental basend clear recommendatiefor further development of these materials.
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Chapter 1

Background and Literature Revi

1.1 Clinical Problem

Skeletal reconstructiors an area ofclinical research and practiddat is experiencingincreasing
demandand innovationThe demandfor these treatments growing due tothe rising incidence of
bone diseasesuch asancerandtraumarelatedinjuriesin an agingpopulation[1]. Ensuring proper
treatmentis essential, asdme fractures and defectshat go untreatedre highly linked with patient
morbidity [2], [3]. Bone regeneratiomaterialsare predicted to globallattain a markesize of 7.4
billion USD by 2023[4]. To narow the scope of this problem, criticalfjzed segmental bone defects
(CsBD) will be the focus. CSBDs are injuries in diseased or damaged bone that require surgical
intervention and repair with the assistance of a bone (ffajure 1-1). These have been defined as
defects thahave minimundimensionf 1 cmin lengthand 50% of the diameter of the cortical bone
[5], howeverthere is limited consensus in literat@@und this definitiori6], [7]. Due to the size and
locations of these defects, it is essential they are stabilized with mechanically competent materials.
Historically,these defects were repaired withtural bone graftenostly allograftsor metl prostheses.
These methods of repair all come with their aasues and limitationahich will be outlined in the

subsequent sectierTherefore, there is a need forproved bone graft materials and designs.

Figure 1-1 -Radiograph of acritically sized bone defect (CSBD)n an ulna. Reprinted from [8]

with permission.



1.2 Bone Graft Substitutes

1.2.1 Bone

Bone isacomgex and hierarchicalatural composite that imarily composed of hydroxyapite,
proteins, and collagerThis tissue is constantly undergoing remodellivtgch helps to maintain the
skeletal system's structural integriBone is constantlyndergoing this process respond to changing
mechanical loading andtructural microdamage®]. This process is driven by bone cells, with
resorption occurring through osteoclastew bone formatioroccurring through osteoblastand
signalling and mechanotransduction ttghwsteocytef]. Typically bone is organizeith two forms:
cortical and cancellous bone. Corticalcompactbone is a densstrong,and highly organized bone
that composes ~ 80 % bbne mass in adulf40]. This bone supports the majority of timechanical
function and loading of the skeletal syste@uortical bone has longitudinal elastic modulusand
compressivegield strengthwhich range around 1&Paand115MPa respectively(11]. In contrast,
cancellous or trabecular bone is a spongy@ordus bone primarily found at the ends of long bones
It has an elastic modulasd strengthranging betweebh0i 3,000 MPaand0.17 30MPa, respectively
[11].

1.2.2 Historic Bone Grafts and Skeletal Biomaterials

Natural bone grafts are harvested from smarces; allografts which are harvested frodeeeased
donor, and autograftgvhich are harvested from the patieAutografts areypically considered as the
bone graft standardue to their excellent fusion with tlexisting bone in the sitd2]. These grafts
have the benefits @food osteoconductiomesorption capabilities, argthould have no risk of disease
transmission or rejectiofi3]. However, these are limited by the availability of harvest sitethere
are no appropriate sites foSBD-sized graftsAllografts offer a less invasivand availablenethod
though typically have inferior mechanicaperformanceto autografts have poor comparative
remodeling,and havea highrisk for diseasdransmssions such ashiuman immunodeficiencyirus,
hepatitis C and tuberculosifl4], [15]. Both methods are associated with psstgical complications
such as increased blood lp&ggh infectionrisk, decreased mechanical propertiesn-union of the
defect,andmortality [14].



Metal is a commonly used biomaterial due to its superior mechanical propémtiskeletal
applications, the matermimust be able to withstand cyclic loads and fatigaesed by motion of the
body. Due to this and biocompatibility considerationsgiless steel, titanium alloys, and cobalt
chromium alloys are commonly usgdmetallic implantdor fracture fixations and joireplacement
implants[16]. However,the mechanical properties tfiesemetals far exceed that of cortical bone. In
particular, their high elastic moduleauses stress shieldifitj’]. The higher stiffneseemoves stress
from the surrounding bone which caubesielossi n ac c or d a n daw, asiborte remotfels f f 6 s
to accommodate the mechanical forces acting upfd8]jt[21]. This leads tamplant loosening and
eventual failureThey arealso often prone to infection or aseptic loosenirige issues seen in metal
implantshighlightthe impotance of designinigiomaterials that more closely match the properties seen
in native tissueThis, along with the drawbacks cditaralbone graftshasled to the development of

synthetic bone graft substitutes composed of polymers and ceramics.

1.2.3 Synthetic Substitutes

Natural bone grafts and metalimplantsall possesgheir own issues and limitations, such as disease
risk, infection, stress shielding, amgechanicafailure, whichhasdriven research into alternatives
composed of polymers and ceramics. Bone graft substitutes, which replace harvested bone grafts
syntheically, are predicted to increase in popularity withitlgbobal market size expanding t®2300
million USD by 203(1]. These materials typically consist of a polymer matrix with a ceramic filler
that mimics the properties of bone, suchcafcium plosphate, hydroxyapatitHA), and beta
tricalcium phosphatfl]. Benefits of these grafypesincludeimproved availability, reduced surgical
site morbidity, and good sterility22]. However,their use to date has been limited by poor clinical
performancejssueswith rates of resorption, and poor mechanigaiformance(i.e., highly brittle

materials)23].

Hydroxyapatite(HA) composes the mineral component of bone and has been usedisgiyhat
skeletal applications for decadddA has goodosteoconductivity ands highly biocompatible.
Compared to other ceramic fillers, it has good mechanical strangtimpressiorHowever, due to its
slow degradation ratevhich can vary due to itdegree of crystallinityit is retained in the bodgnd
can therefore impede bone remodelj@g]. Tri-calcium phosphate is mechanically weakat has

fasterresorption than HA24], [25]. This filler is typically used for repair in regions thtveminimal
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loadingrequirements, as its mechanical properties are similar to cancellouRbhriéhese materials
are classified as bioactive fillers as they have been shown to support bavetn¢gr], [28]. Due to
its superior mechanical properties over other applicable ceramics, HArethaedption for CBSDs
that operate in loablearing applicationandmustreplace cortical bone

To date, the majority of clinical uses of hydroxgéife compositekaveoccurred in dentistrand
maxillofacial surgeries[29]1[34], as these applications typically require lower mechanical
performances than grafts in the ldagaring skeletal systerA. HA-silica gel composite, NanoBdhe
has been shown fwromote bone formatiofiom the bonebiomaterial interfacén defects in the sinus
cavity, with 20% new bone growth by 3 montl38], [35]. This composite has been shown to be
degradable by osteoclagtisthese application86]. Due to their mechanical properties, it is likely they

would not succeed in load bearing applications.

GreenBon&" is a commercially availablsynthetic biomaterial intended fstructural bone grafts
[37]. To date it has not been tested in humdigs maderial is synthesized through a biomorphic
transformation of rattan wood tdA scaffolds and has been shown to promote bone regeneiation
CSBDs in sheep37], [38]. It has a compressive strength of 15 MB&. Difficulties with biomaterials
with only ceramic phasesuch as GreenBoh§ include lack of an organic phadénitations in
processing and shaping, high brittlenessl slow degradatid®9]. Therefore, @ommon approach to
synthetic bone biomaterials incliel®ompositing HA with differensynthetic polymers-or instance,
Russias et al. investigatedlylactic acidcomposited through hgiressing with 70 to 85 wt% HRO].
Mechanical properties closelbone were achieved, with peak maduidbendingstrengtlis of 10 GPa
and60 - 130 MPa achieved, respective[y0]. When exposed to degradation mediddla nk 6 s Bal anc
Salt Solution)for 20 days, up te- 17 and70 % reductions in moduli and strengtiere observed
respectivel\{40]. However, degradation of PLi vivo can lead to degradation products that trigger
adverse inflammatory responsasd the method of synthesis used in this stungsdot allow for

complex structures to Habricated41].

1.2.4 Biomaterial Requirements: Mechanical Properties and Degradability

When designing akeletal reconstruction biomaterial, there are a variety of designathat must be
taken into consideratn. The biomaterial should be considered as a systgmoptrtieghat allinteract

to contribute toa successful implantThese factors are outlined iRigure 1-2 and include
4



biocompatibility, osteoconductivity, degradability, and mechanical, chemical, and surface properties
[19]. To have the highest success withyathetic graftthebiomechanicaproperties of nafral bone
tissue should be closefgferencedin this thesis, two of these factors will be considered: degradability

and mechanical properties.

Biocompatibility

Degradability

Chemical

Surface Properties .
u perti Properties

Mechanical
Properties

Figure 1-27 Synthetic bone graft bomaterial system requiremens. Thefod for this thesis are
highlighted in green.

For a biomaterial to be sufficiently mechanically robust in structural bone replacement applications,
it needs to possessechanicalield strengtis greater than what is expected in physiological logdif
the skeletal syster®one tissue hashigh safety factor, ranging from 1.4 to 44sed upon yield strain
[42]. Therefore mechanical properties of cortical bone are significantly higher than what is expected
to occur in the bodwnd what is requéd for bone graftmaterials.A better marker for biomaterial
mechanical goals is to investigate the actual loading scenarios thairoema: Mechanicalstresses
in the skeletal system are generated through gravitaamaainuscle loadingnd differ throughout the
body [43]. These include tensile, compressive, and stsgins, which bone can respond to
successfully due to its anisotropic and viscsitapropertieg44]. The femur is a significanveight
bearing bone in the body, and therefore the stresses that it supports are a good upper marker of skeletal

system loadingl o determine thstress and strain behavior occurring internally, finitenelet analyss
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(FEA) have been performetb model this bone under typical loading conditiptisi [49]. Rietbergen

et al. created BEA model of ahealthyproximal human femur underalking (stance phase) conditions
[45]. A force of 1.4 kN was applied thefemoralhead of this model, which resultedamerage and
maximum von Mises equivalent stresses @fand 129.1 MPdeveloping respectively45]. Forces
throughout the femur in normal walking conditions are usually predicted t@8@ % of body weight
(BW) [45], [50]. It is recommended that hip implants are tested under these conditions and a more
extreme case of climbing stai{i251 % BW)[50]. Edwards et al. have investigated the expected forces
developed during runningn the fatigue life of bovine cortical bori&l]. In this study, peak
compressivetresses af10,51.6 and82.7 MPawere used to mimic differefdading rates and impacts
based on the different phases of runmmgdelled from hal-toe running at 4.4 m/&1]. This study
suggestdthat thestresses derived from tiRdetbergermodel are likely higher than what would occur
during walking conditions.Due to the complexity ofhe environment, it is difficult to accurately
determinghe exact loading conditioris vivo,thereforethe variability in literature is understandable.

It is likely that stresses around 110 MPa should be expecedrieme, high impact activitiesor a
bone graft biomaterial, it is importaftr the elastic modulus tmeet orbe lower than that of natural
bone to avoid the issues of stress shielding previously mentidradzkcular and cortical bone typically
haveelastic moduli betweehOi 3,000 MPa and4i 22 GPalpngitudinally), respectively11].

Anothermechanicabenchmark that can be usedhe performance of bomemens. Bone cemerst
are selfcuring resins that are used to fix internal prosthesged astotal hip replacements$o native
bonel n accordance with ASTM F451, ASt aculedbode Speci
cements must havenalltimatecompressive strength exceeding 70 MP2]. ISO 5833 agrees with
this requirement and s stateshat theminimum bendingnodulus and strengtbhouldbe 1.8 GPa
and 50 MPa, respective[$3]. Polymethyl methacrylate (PMMA) has been a standard bone cement
used for over 50 years clinicall recent study investigated thkeffects ofmonticelliteand carbon
nanotubes inclusion on PMMA mechanical propeftidd. They recorded maximumensilepraperties
of 74 MPa ultimate strengthl.7 GPa elastic modulus, aG®% elongationat break[54]. The
mechanical properties of bonementepresent a minimurnenchmarkor synthetic biomaterials that

are developed for skeletal applications.

Previousstudes in he Waterloo Biomaterial Composite Systems LaboratofyCBSL) have
achieved tensile mechanical properties of ~ 65 MPa in ultimate strength, ~30 MPa in yield ,strength

and a modulus of ~GPa[55]. These mechanical properties are close to thdteobptimized PMMA,
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and it is predicted that they would have compressive and flexural properties above the standard
mentioned abovddowever, testing of these materials to date has been performed at room temperature
and dry conditions. This testing does not represent the environment these biomaterials will operate in,
which is 37°C andan environment saturated wittater Polymers inparticular are susceptible to
temperature changes due to their viscoelastic nabaraposites can be impacted by water absorption

via hydrolysisof the polymer chainsr changes in the interacti®hetween matrix and fillgb6], [57].

There can also tsgnificant mechanical consequendeag toswelling. To highlight the importance of
physiologically relevant testing, a recalled bone cement Kryptonite will be briefly highlighted. This
product passed testing arejulatoryapproval with improved propeets over the gold standard bone
cement however when implanted in the bodywas found to behave poorbnd led to numerous
surgical complicationslt was discovered that due to its viscoelasticity, at body temperatiges
stiffness and strength decreddsy 50%comparedad theroom temperatureonditionsin which it was
tested58]. Therefore, when considering a material 6s ¢

to consider the conditions in which it was tested those it will be opeted in

Degradability is a property thatustbetightly controlled instructurabiomaterials that are implanted
into the body. Typically, biomaterials fall underthree classifications nonbiodegradable,
biodegradable, and bioactivbased on their interaction with the body and their intended function.
Biodegradable biomaterials are designed to degradiwo at a determined ratever a specifiperiod
[59]. Thesewill eventually fully degradénto nontoxic productsat the implartation site.To take
advantage of the natural healing process of bone, synthetic bone grafts are commonly debigned to
biodegradable antesorbablg60]. Resorptionallows for the implant to gradually be replaced with
new, native bone tissue to restohe site to its original stat&his mechanism would also cause the
materiabs st i ffness to gr adu a utlizg matecottheanachamical l@atliigo wi n g

necessary for its growli8]i [21].

Bone healing consists tiree stagesheinflammatory response, reparative, and remodeling ghase
The reparative phase, typicalip weeks two to four after injury, involves the formation of a
cartilaginouscallus followed by ossificatiofil9]. The remodeling phase repairs the defect to its pre
injury state,starts three weeks after injurgnd can be ongoing for yedt®]. These timelines are
determined from fracturbealing andwvould be extendetly the presence of a graftherefore, the
implantwould need to transmit the majority miechanical stresses through the siteatdeasthe first

month after implantatigrbefore the new tissue is establisheddad shareWhen a bone graft is
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implanted in the body, it will induce an inflammatory pessein combination with the response
alreadyoccurringinternally due to the skeletal injurylhis will recruit a variety of cells to the site,
including neutrophils, macrophages, platelets, leukocytes, and mesenchymal stg@ilellkese
begin thereparative phase of bone healimgth osteoblast differentiation, as well as create an
environment that isapable of oxidative degradatidne to cellular release ofactive oxygen species
(ROS. The resorption and degradation of an implanbistrolledby a variety of mechanisms including
osteoclast resorptipand hydrolytic, oxidative, and enzymatic degradatidrerefore, one of the goals

of these materialsto be susceptible to oxidative degradaiio@a controlled manner

Biomaterials developed as bone graft substitutesust balance mechanical robustness and
degradability. In the early stages of bone healingy musthave chemical and mechanical stabiliay
support the defect site and transmit mechanical strédsaefae,the materials must be initially stable
againstdegradation and haven optimizedrate of degradationTo take advantage of the healing
capabilities of bone tissue, during the reparative and remodeling phabetiaterial should be
capable of degradan and resorption to allow for osteoblasts to replace it with new HAdig.will
al so take advant ahguddewelopmdteldoriefinGhe site & wore stress is carried
by the tissue phastdeally therates of degradation and new bone fation would be matchedn a
study of an allografinandible graf{Figurel-3), after six monthgl4 £+ 28 % of the site was composed
of new bone formation along withdtresidualgraft andconnective tissug62]. Resorption that is too
slow will negatively impact bone remodelinBesorptiorthat is too fast willcausepoor mechanical
performance and could cause unwanted fibrous tissue fornj@8pri64].



Figure 1-3 - Photomicrograph displaying residual allograft, newly formed bone, and connective
tissue of a6-month postimplant bone biopsyin an individual lessthan 45 years old Reprinted

from [62] with permission.

1.3 Manufacturing of Functionalized Soybean Oil/[HA Nanocomposite

Biomaterials.

1.3.1 3D Printing: Masked Stereolithography

Masked stereolithography (mSLA¥s a specific subclassof vat photopolymerizationadditive
manufacturing which produces 3Dobjects through successive laysrlayer curing.This class of
additive manufatiring uses selective lighactivated polymerization of polymer resins to create solid
parts. During this process, ultraviolgtJV) light initiates crosslinkingor polymerizationof small
monomersand oligomerdo form longer polymer chaingFigure 1-4 (a)) [65], [66]. Photo initiators
releasdree radicalsupon UV light applicatiorwhich initiates free radical polymerizatio@ompared

to other additivenanufacturing technologies, vat phptdymerization is highly accurate and generates
detailed parts with good surface finishBsie to the nature dhematerials used,e.,thermoset resins,
these reactiors are irreversible posturing. These technologies are common in dental and medical
applicationd67]i [70].

A variety of vat photopolymerization methodsist andare defined by their method of UV light

production. mSLAprinters contain lighemitting diodgLED) arrays Their light isfiltered throughan
9



LCD screenFigurel-4(b)). Thi s system O0fl ashesd an i mage ont

theprint vat for each layer. This allowfsr an entire layer to berocessedjuickly. After each layer is
cured, the build platform moves in the verticalizection toallow for production of the next layer.

(a) (b)
Cured
Resin Build
Platform
o
* @
o Cured 3D
* . 0 UV Light N J Object
o _® o 8
@
o ¢
o
A )
LCD
i |
@ Monomers/Oligomers Screen and
4 Photo initiator LED Array

Figure 1-4 - Overview of masked stereolithography (mSLA) (a) Photopolymerization of
uncured resin composed of monomers, oligomers, and photo initiator exposed to UV light, (b)
diagram of mSLA printer where UV light is sourced from a LCD screen and LED array.Image

created by author.

1.3.2 Material Development

Work on UV-curablebiopolymer nanocompositdésr 3D printing applications has been a focus of the
WCBSL fora few years. Origial work focused on extrudahieks for direct ink writing 3D printing
[71]i[74]. While successful printing of scaffoldsith adequatemechanical and celhteraction
propertieswas achievegdthis materialprinter system had difficulties with consistemtd defectfree
printing[75]. This was due to issues with rheology and the general issues faced with extrusion printing

technologiesTherefore, focus was shifted toSLA technology (as described in the previous section).

Originally, the resin phase ofie composite inks was composediofylated epoxidized soybean oll
(AESO) and polyethylene glycaliacrylate(PEGDA). A 10 vol% HA composite achieved tensile
properties of~ 31 MRa ultimate strength, 2 GPa modulus, @t MPa vyield strengtfi75]. It was
determined that HA inclusion improved mechanical properties, cytocompatibilityj@ectivity [75].

A paper by Mondal et al. expanded upon this work and investigated the effects of AESO
10



functionalization and alterations to theresin matrix [55]. Methacrylated AESO (MmAESO) was
introduced to decrease the numberesidual hydroxyl groups on the polymer chain. By methacrylating
these groups, viscosity of the ink was decreased, which is preferred for mSLA printiogysstidking

of the polymerchains was increased, which increased mechanical stréigthacrylation of AESO
increasedensilefracture strength and modulus by 67 ad%, respectivelyand greatly increased
mSLA printability, fracture toughness and glass transition temperatyy €G], [76], [77]. Based upon
these results, mMAES@as determined to be preferred over AE®Pen creating these printable

composites.

Isosorbide methacrylate (IM) was also introduced to the resin phase of the composite. Is@sorbide
a sugarmonomer conmonly used in high performance biopolymer matergst contributesigh
stiffness due to itsgid ring structurg78]i [80]. Polymers composed of IM and mAESO have shown
significantly improved properties of mechanical strength and modstimsge modulysand thermal
stability [81]. This monomermwas used to partially replace the reactive diluent pfRE&DA) of the
inks. This led to increased tensile fracture strerggttl elastic modulys5s].

Minimal investigationof thedegradation behavior of these WCBSL composites has been previously
performedonanAESO:PEGDAcompositg75]. The hydrolyticenzymaticand oxidative degradation
effectson composite massvere considered over a 28ay period.These were determined through
incubation at 37 °C ideionized water (Dl)ljpase and esterase solutspandhydrogen peroxide with
a cobalt (1) chloride activator, respectivefter 10 days of incubation in Dthe water absorption
equilibratedat 3wt% of the original composité~igure 1-5 (a)) [75]. Hydrolytic degradation of the
materials was found to be negligilffigurel-5 (b)) [75]. Limited enzymatic and oxidative degradation
occurred with a maximum mass loss of 2 vol% being observed due@ ¢gradatior{75]. This
studywas performed on different resin compositiothan is currently being used in ttCBSL and
is very limited in its observation of the effectsssfelling and degradation. As previously mentioned,
it is essential to determine how thelfferent operating conditioraffectthe mechanical and physical

properties of these biocompositespecially as they are intended for structural applicatownso.
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Figure 1-57 (a) Swelling and (b) etgradation behavior of AESO:PEGDA composites with
varying HA content (0, 5 and 10 vol%)over time in DI water. Reprinted from [75] with

permission.

1.4 Effects of Physiologically Relevant Environmental Conditions

1.4.1 Body Temperature

One of the main differences between polymers and other common structural materials such as metals
is the dependence of their behaviour on temperature. Due to their viscoelasticity, their mechanical
performance is dependent on their operating temperatiseodfastic materials display both viscous

and elastic characteristics when loaded and undergoing defornj@@pnPolymers exhibit this
behavior due to their ability to store and dissipate energy due to their molecular movement in their
chains[83]. Viscoelastic materials are typically time and rate dependent and can be identified by

hysteresis in their strestrain curves, creep and stress relaxation behaviors, and rate dependent moduli.

When sufficient energy is present in the polymer chaiasstational motion will cause polymer
chains to detangle and secondary bonds to break allowing for viscous flow beyond elastic deformation.
This allows polymers to typically have extensive elongation at break as the chains slide along each
other and flowmto new positions. The behavior of these bonds is dependent on thermal motion, and
therefore the viscoelastic properties of polymers are dependent on temperature. Increased packing of
polymer chains and increased functional groups along the polymer backhmecally increase the
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material 6s strength and stiffness. The effect

Figurel-6[82]. Astemperatureinerases t hrough a material 6s gl ass

transitions from glassy to rubbery behavior. In the glassy plateau, polymers usually exhibit brittle

behavior as the molecular motion between chains is suppressed. In the rubbery platedaals

behave much more elastically as there is sufficient thermal energy to allow chain movement.

EA

glassy
plateau
rubbery
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\

viscoelastic
transition

viscous
flow
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Figure 1-6 7 The effect of time(t) or temperature (T) (logarithmic scale)on elastic modulus of

viscoelastic polymersReprinted from [82] with permission.

Polymers are very susceptible to temperature changes, even when reinforgedtigithfillers[84].

In particular relatively small differences in temperature, suctram room temperature to 37 °C, can

have significant impacts on mechanical properifethis change is occurring in the viscoelastic

transition regionKigure 1-6). Decreased mechanical properties due to temperature change have been

commonly observeih polymerg85]i [88]. The most significant impacts mechanical propertiesie

to temperature change are expected tmbeasedstrain atfracture andeduced elastic modulus and

strength[89]i [91].

1.4.2 Water Absorption and Hydrolysis

Polymer composites that are exposed to fluids have the potential to be impacted by water absorption

leading to material swellingchanges in matrifiller interactions, anchydrolytic degradation. The

interaction between a material and an aqueous environamenttypically governed by their

hydrophilicity. Hydrophilicity is the tendency of a material to be solvdigdvater moleculef92].
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Typically, materials are classified as hydrophfitractand bond with water moleculefiydrophobic

(repel water) and hgroscopic(attractand absortwater without bonding molecularly)AESO and
MAESOarehydrophobic, while PEGDAtriethyleneglycol dimethacrylate (TEGDMA)and HA are
hydrophilic to different degree§/7], [93], [94] Isosorbide is known to be hygroscopic, however
dimethacrylatdunctionalization hashown success in increasing the hydrophobicity of this polymer
[95]. It has been proposed that water absorbed by polymers will only impact material properties if it is

bondedo the polymer chains via hydrogen bondif].

It is a common approach in dental adhesivesdad hydrophobic methacrylate groupato
hydrophilic polymersto reducethe effects of interactions with water or other physiological
environments on the mateidias  d u [9&]bHowever,theseresins are typically stilhydrophilic
which haded tonumerous issues wittlinical uses othese dental resirdue to water absorption and
hydrolytic degradatiorf97]i [101]. The reduction in ultimate tensile strength of these adhesives has
been correlated with the hydrophilicity of the ref@id]. After one year storage in wateesindentin
materials lost 67% of their bond stren¢®9]. A positivecorrelation has also been observed between
the amount of water absorption and the number of carbons in acyl groupe adnber of carboxylic
groys in the polymer chainflO1]. The challenges faced in these dental matemats water
absorption and weakening mechanical propeftieter highlight the importance of physiologically

relevant material characterizatifor biomaterials.

The consegences of water absorption have also been explored in some biomaterials intended for
bone graftsubstitution. Gorna et al. investigat@brous polyurethane foams with controllable
hydrophilicity with maximumcompressivestrengths and modutif 340 kPaand 2MPa, respectively
[102]. It was observed that increasing hydrophilicity was correlated with increased water uptake to a
maximum of60 % uptakeafter immersion in phosphatmiffered saline (PBS) after six hoyd©?2].
Calcium carbonateylycerol phosphate calcium salt, and Hlkfers reduced the amount of water uptake
[102]). Mass loss due to hydrolytic degradation was also reduced by filler camdnincreasing
hydrophobicity of the matrix102]. Mass loss after 74 weeks ranged frathto 72 %[102]. By 48
weeks, tle most hydrophilic foam had lost 90 % of its compressive strewgite negligiblereduction
in properties were seen in the materials with inorganic fil[@@2]. Visually, degradation and
absorption of these polyutane foams caused cracking between panelsfragmentation and loss of
shape Figure 1-7). Extensive swelling behaviors have also been recorded in a variety of hydrogels

intended forskeletal biomaterialgl 03], [104]
14
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Figure 1-77 Scanning electron microscopy$EM) images ofa porous polyurethane foam: (a)
control and (b) after 74 weeks submersed in PBScale barsr e pr esent 1.5 mm (|
(right). Reprinted from [102] with permission.

Polyurethanes are susceptible to hydrolytic degradation of the ester, uremetnaghe functional
groups within their backbondén pharmaceutical products, carboxylate esters, carbamate and amide
groups aremost susceptible to hydrolysj$05]. Scissions of carboxylic ester groups leave behind
shorter chains capped withrboxyl and hydroxyl groups. These carboxyl groups can lead to increased
and autocatalytic hydrolysig106], [107] Due to these issues, polyurethanes intended for
cardiovasculaapplications have had significant issues due to their poor hydrolytititgtab vivo
[108]i [110]. The chemicaktructure for the three resin components that will be focused upon in this
thesis are shown iRigure1-8. As indicated irred, there are a number of carboxylic esters present in
these compounds that could potentially be susceptible to hydrolytic degradatigolymers,
hydrolysis typically leads to a reduction in molecular weightymer embrittlement, and reduction in
failure stresses and strajdd 1]i [113]. It can also affect the glass transition temperature qfahaner
due to the induced changes in chemical strudtiiré], [115]
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(a) mMAESO (b) TEGDMA (c) IM

Figure 1-87 Chemicalstructures for (a) methacrylated AESO (mMAESO), (b) triethylene glycol
dimethacrylate (TEGDMA), and (c) isosorbide methacrylate (IM).Functional groups
susceptible to degradation (esters) are highlighted in redimage create by author.

In addition to hydrolysis, swelling due to water absorption can also have significant impacts on
mechanical performance of biomaterigiwelling isdetermined as a change in volume caused by
infiltration of solvent molecules into materialmatrix [116]. This behavior can be described by the

Flory-Rehner equatiodisplayed below

IIp 0 0 wOL wE O~ — Equation 1
wherev; is the polymer volume fraction in theguilibrium swollenpolymer massrétio of polymer
mass tgolymer swollen massy:1i s t he s ol v e mtisdhe numloel ocpalymer chains me ,
crosslinkedat both ends, anxi is the Flory solvenrpolymer interaction terrfiLl17], [118] This theory
states thaihcreased crosslinking density will decredse @amount of swelling expectdd rubbers, the
elastic modulus should decreaseersely to the inverse cubetbie swelling rat¢117]. This equation
postulates that if no degradation occurs due to hydrolggsisate of swelling equilibrium should be
reachedThe energy required to mix the polymer and solvent is dependeht alastidree energy
required to expand the polymer matrixdahe mixing free energy which is dependent orvtrendn
from Equation (1J117]i [119]. Therefore|f the polymer resists expansiomore energy is required

which is dependent on the crosslinking densftthe polymer chains.

Based on this theoryswelling of polymers is the balance of thelymer chain entropy and the
enthalpy of mixingAs polymer chains rearrange and stretch due to sweéiagtic retractive forces
are developed within the matrix to balance the decreased chain €itt6pyrhis phenomenon leads
to a weak mechanical force being applied to the material due to the effects of swelling. In synthetic soft
16



polymers, this has led to buckling, delamination, wrinkling and bending of thin matdrzis
Exposure to different solvéncan also lead to environmental straisd osmotic crackingn which a
polymer will fail at weaker stresses than expe¢fgtl]i [123]. Recent research has also shown that
tensile forces that develop in materials due to swelling can be sufficiemilimfa bond cleavage in
the polymer chaifil16], [124], [125] These effects of swelling are all mechanisms taat work to

decrease the mechanical properties of polymers exposeti/ents.

Compositing polymers has been shown to decreaseffisets of hydratiof102], [126] however
they are typically still susceptible to the effects of water uptake. As solvents are absorbed into the
composite, they will either balnand react with the patyer chains or they withccupy free spacat the
matrix-filler interface[126]i [128]. Due to this, water absorption tggily reduces the interface bond
strength between the matrix and filleds. fiber-reinforced composites, this has led to reduced
interlaminar strengthand flexural strength and modul{&26]. In a study on glas&ber-reinforced
composites, osmotic cracking in the matind at thenatrix-filler interface was observdéigure1-9)
[129]. Interfacial debonding and cracking is likely causediiffgrential swelling ands aided by stress
concentrations that may be forming in these diE28), [130] Increased temperatuhas been shown
toincreasehe rate of moisture absorption in gldgxer epoxy compositg431]. Introducing nanoscale
fillers should reduceswelling effectsas it should reduce the available void spand increase the
interfacial bonding of the compositg6], [132]
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Figure 1-97 Osmotic cracking at the matrix and filler-matrix interface in a polyester: glass
fiber composite exposed to hydrothermal agingvlicroscopic image with 100x magnification.

Reprinted from [129] with permission.
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1.4.3 Oxidative Degradation

Oxidative degradation ithe degradation of macromolecules by reactions with oxygen and free
radicalsat a mat e (183 Typiclly,sthege freactioms function to remove hydrogen atoms
from the polymer chaind33], or break carbogarbon bondglL34]. Carboxylic acid, carboxylate ester,
hydroxyl, unsaturated hydrocarboamide,and amine groups are the prominent functiapaups
susceptible to oxidatiofi05]. As highlighted in the above section, the polymers used in this study all
contain ester functional groupshich are susceptible to oxidative degradatibigure 1-8). While
isosorbide methacrylate has the susceptible groups, it has been shown t@amacingi®xidant in
polyurethane foamd 35].

This degradation process can be initiated by the hoitg warmerenvironmentand is causd in
vivo by cellular metabolism from macrophages, neutropbi$geoclastsand giant cells in the body.
These cells release superoxaeonradicals, hydroxyl radicals, hydrogen peroxide@kj, and singlet
oxygen, which are known agactive oxygen specidROS) as metabolic byproduc{$36], [137]
While ROSare formed by all cells in the body, they apecifically released bypnateimmune cells to
target pathogens and foreign substansash asn implanted biomaterigl 38]. When immune cells
are respondg to a disturbance in their environment, they typicalluse inflammation and elevated

levels of reactive oxygen species to create an environment of oxidativd 53@s$140]

Oxidation can causpolymer mechanicalproperties to be significantlgegraded Scissionsin a
pol ymerés backbone and the formation of secondar
and surface softening of the matefibB3]. Embrittlement can occur due to preferred degradaifon
the amorphous regiomd the polymercorrelated with the different phase densifiekl]. This process
can also cause fine cracking at the surface and introduce defects italkiraaterial Similarpolymer
responses ageneratedrom oxidative degradatioms seen from hydrolytic degradatidiypically, the
effects of oxidative degradation can be quantified by reduced molecular wighges in chemical
structure (as determined Wxpourier transform infrared spectroscopyjecreaed modulus, fracture
strain, and impact resistance, and changes in the visual characteristics of the material (i.e.,
discolorations)[133], [142] The impact and rate of oxidative degradation are dependent on the
pol ymer 6s st r uct uneeofcrystalinitp, ano themmber ofadaudle wbredg present,
respectively{133].
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The hydroxyl radicais the most reactivROS generateth vivo[143]. As suchijt is typically used
to mimic oxidative stresim vitro. It can be generated experimdiytaisingless reactive ROS, such as
H-0,, water, and a catalystypically ironin vivo [144]i [147]. In this study, a Fentolike reaction
pathway with a cobalt catalyst was u$&d4]:

00 6¢ OB'O GO b

The hydroxyl ROSwill continue to react with the hydrogen peroxide to feuperoxide anion radicals
These-O; ROSwill continue to react withl2O. to form more hydroxyl radicaler will react with the
cobalt ions taegenerate their original state. This reaction wolhttnue until the hydroxyl RGsSare
consumedAnother mechanism to mimic degradatiarvitro is hypochlorous acid (HCIOWwhich is
produced inthein vivo myeloperoxidaseeaction of activated neutroph{s48]i [150], and obeys the
following reaction pathway:

V6L °OWO G 6 a

In addition to theROS generated by themune response, osteoclasts will produce superoxide anion
ROSto assist with bone resorption.

It is very difficult to fully mimic in vivo conditionsin vitro due tothe complexities of the various
systems involvedOften, a high concentration, 20%, of hydrogen peroxide is usezbstoxidative
degradatiorof biomateriald75], [151] [156]. This concentratiorwas originallyusedby Schuberet
al. to mimic theoxidative environment of cethaterial interfaces at an accelerated [a53], [156]

This resultsin a molar concentration 10° to 1 higher than what is expected in biological systems
(Figure 1-10) [157]i[159]. Neutrophils cultured in isolation have been shown to generdaw#
concentrations of hydrogen peroxifl60]. Likewise, hypochlorous acid concentrations have been
reported up to ~® eirWivo[161]. Very few polymeric systems have shown relevant degradation
results at these low concentratighS§8]. As well, in vitro modelsneed to account for the multitude of

ROS species that are generatedivothrough one generated RG=r example, the concentration of

H.O, has been found to have no irdhce on the HCIO reaction pathwaysvivo [148]. Therefore,
extremepr accelereeddegradation conditions are often used to determine a biomaterialp ofore nt i al

oxidative degradation.
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Figure 1-107 Estimated hydrogen peroxideROS concentrationgenerated from cellular
response to cause oxidative stregSoncentration in anormally functioning liver is highlighted
by the arrow. Oxidative eustress representaormal physiological stress levels, while oxidative
distress representxonditions caused lg pathogens or inflammatory responsesReprinted from

[157] with permission.
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Chapter 2
Objectives and Hypot heses

2.1 Objectives

The overall aim®f this project were tdevelop testing protocols and deterenthebehavior ofour 3D
printable biopolymermanocomposit under physiologically relevant conditions. To do this, the
following objectives were defined:

1) Design a protocol to enable conteall physiologicaltemperatureluring mechanicalesting

using our | abés Psylotech uTS system.

2) Evaluate the mechanical propertigengile and compressivef WCBSL nanocompaosite
biomaterials under simulated physiological conditidnysifateca n d 3 ahd after exposure

to oxidative @gradation.

3) Enabk controllabledegradatiorbehavior inthe nanocompositeiomaterials through material

modification

Achieving hese objectivesvould contribute to theWC B S Ldveyall goal of developing three

dimensional (3D) printablElA-biopolymercomposites for skelat reconstruction applications.

2.2 Hypotheses

It was hypothesized that exposuréb@polymernanocomposite biomaterials to 37 °C wodétrease

their stiffness and strength. This phenomenon of decreasing mechanical properties with increasing
temperature isommonly observed in polymdi&5]i [88] due to their viscoelastic nature. A biomaterial

with a similar composition to the ones used in this study hago 89 °C[55]. While this is higher

than body temperature, the viscoelastic transition rangetine@unds the Jlis typically quite widdn

nanocomposites

When investigating the effects of hydration on these materials, a variety of potential resyereses
considered. It was predicted that water absorption, and resulting swelling behavior,oaouidn
these composites as O 50 vol % of theg3niaeRleri al s

Swelling in materials caus@#ernaldeformations and stresses to develop in the bulk material and can
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result inthereduction in mechanical progies, features such as surface stress cracking, and in severe
cases material failurfl16], [163] Other consequences of sample hydration can include weakened
matrix-filler interactions and hydrolysigs7]. It wastherefore hypothesized thatcubation in PBS
would decreas¢hemechanical performanad the bigpolymer nanoomposites.

It was hypothesized thatome effects due to oxidation would be obsenstth as reduced
mechanical strength and mass IoHsis is due to the functional groups susceptible to degradation that
are present in thpolymers used in this studyigure 1-8). Finally, the effects of altering ¢hresin
composition with isosorbide methacrylate (IM) on water absorption and oxidative degradation were
studied. It washypothesizedhat IM would reduce the effects of oxidation as itl ieviousbeen

shown to act as an antioxidant in polyurethane fda35].
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Chapter 3

Materials and Met hods

3.1 Materials

Materials usedor the synthesis dhefunctionalized monomers includacrylated epoxidized soybean
oil (AESO; molecular weight (MW)= 1200 g/mal SigmaAldrich, Oakville, Canada)D-Isosorbide
(Alfa Aesar, Stoughton, USA)methacrylic anhydride (MAASigmaAldrich), 4-(dimethyl amino)
pyridine (DMAP; Alfa Aesar)sodium hydroxideSigmaAldrich), and acetoneSjgmaAldrich). Other
resin componentssuch astriethylene glycol dimethaglate (TEGDMA) and phenylbis (2,4,6
trimethylbenzoyl)phosphine oxide (Irgacure 8il®ere sourced frorBigmaAldrich. Hydroxyapatite
(HA) powder was sourced froMKNano Inc. (Mississauga, Canada). This caledgficient HAis in
the nanoscale with averaged-shaped dimensions of 120 nm long and 30 to 40 nm tidas a
specific gravity of 2.92, a crystallinity index of 0.52 to 0.54, ar@@hlcium to Phosphorus ratio of 1.52
[164]. Incubation solutions were produced fromphosphatébuffered saline (PBS10x; Fisher
BioreagentsRittsburgh, USA, hydrogen pendde (H.Oz; 30 vol%;SigmaAldrich), cobalt(ll) chloride
hexahydratgSigmaAldrich), acetic acid(> 99.7%, Sigmaldrich), andbleach(6 % w/v sodium
hypochlorite;LAV O PRO6 commercial bleachlontreal Canada

3.2 Ink Preparation

3.2.1 Synthesis of Methacrylate Functionalized Monomers

Methacrylation of Dlsosorbide and AESO as performed to create mMAESO and IWhis was done
with the method demonstrated biiu et al.[55], [81]. MAESO was synthesized by the reaction of
0.004 mol of DMAP,0.25 mol of MAA, andl.5 mol of AESO.This reaction was allowed to react
under continuous stirring, 500 rpior 24 hours at 60 °@ostreaction the solution was washédice
each with 0.5 M sodium hydroxidmlution,DI water, and aceton&he resultant mAESO was dried
under reduced pressure in a desiccddrwas synthesized by the reaction®@® mol Disosorbide,
0.01 mol DMAP, and.6 mol MAA. This reaction occurredr six hours at 60 °C under continuous
stirring of300 rpm. The reacted solution was washed twice eaclovitil sodium hydroxide solution

andDI water. The resultant IM was then dried under reduced pressudesgicaatochamber
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3.2.2 Ink Processing

To create the resin component of the itile desired volumfractionsof MAESO, TEGDMA, and IM

(if required) werecombinedn a glass beakeFfhese components were mixed usiri@ranson Sonifier
ultrasonic homogenizdEmerson Inc., USAfor two minutes until the mAESO visually dissolved in

the less viscous TEGDMArgacure 819 was used as the photo initiator in these materials to enable
UV curing. It was included at 1 vol% of the resin component ofitkeandwas dispersed into the ink
using e ultrasonic homogenizer for five minutér the HAcontaining inks, HA powder was
dispersedslowly into the resin with frequentlitrasonic homogenization. Prior to inclusion, the HA
powder was heated at 120 °C for an houetnove bound water and thiesluceagglomerations in the
resulting ink[77]. Directly prior to printing the inks were mixed twice for five minutes with the
ultrasonic homogenizeand three minutes with mechanical homogenizer (Unidrive X 1000, M.
Zipperer GmbH, Germanylnks were stored under reduced pressure in a desiccator chamber to reduce
the potential ofvaterabsorption into the inkSamples were generated from one batch of ink for each

composition.

3.2.3 Ink Compositions and Nomenclature

Four material compositions weused in this thesiJwo resin compositions were investigated with
varying amounts of TEGDMA and IMA resintonly ink and a 10 vol% HA compositeere trialed for
each resin compositiofihe ratio of the resin components was kept constant between tid.0 @0l%
HA materials within the resin phase of the compoditee compositions and nomenclature of these

inks aresummarized imable3-1.

Table 3-1 - Nomenclature and composition of the four material compositions investigated.

Nomenclature MAESO (vol%) TEGDMA (vol%) IM (vol%) HA (vol%)
MT_OHA 50 50 0 0
MT_10HA 45 45 0 10
MTI_OHA 50 20 30 0
MTI_10HA 45 18 27 10
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3.3 Processing Conditions: Masked Stereolithography

To create thepecimensised in the characterization experimentsirike were 3D printed using mSLA
technology.A Sonic XL 4K printer from Phrozefechnology (Taiwan)was used to print the
nanocomposite@-igure3-1 (a)). Three different geometries were printed for different t@stpure3-1
(b)): dog-bone tensé testspecimengwidth and height 2.5 mm; gauge length = 10 mpeylindrical
compressin testspecimenglength = 5 mmdiameter = 2.5 mm@andbeamdor dynamic mechanical
analysis (DMA)tests(length =120 mm width = 12 mm thickness= 3 mm). 3D models of these
specimensvere slicedvith layer heights of 5am using Phrozen 3D (Phrozen Technology).reduce
any defects in the gauge length, tensile spens were printed withupport materials to elevate the
gauge length from the print beduring printing, the initial six layers of each print were cured for 15
secondswith the following layers being cured for six seconds eathese print settings havedn
determined previously to ensure sufficiéater curing and build plate adhesidkfter the specimens

were 3D printed, they were removed using a razor ladeinsed with 100 vol% ethanol. To ensure

thorough curing, samples were pgsint cured witha CureZone MKII curing chambédCreative
CADWORKS, Concord, Canada).

Figure 3-17 (a) PhrozenSonic XL 4K printer, and (b) 3D-printed beam, dogbone, and
cylindrical (left to right) MT_10HA specimens.
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3.4 Material Incubation

To inducephysiologically relevantonditions and oxidative degradation, tensile and comjpressi
specimens werecubated in different mediat 37 °C. Various time points were investigated, with
focus on0-, 14, and 28day time periodsAll media was changed daily to ensure consistency and
continuous oxidative reactionbhe ratio of media volume to specimen weight kegt constant at 10
mL : 1 g, as suggest inISO 1099313 [165]. Specimens incubated for mechanical testing were
incubated in bulk, whil¢he specimensised in the mass chan@svelling) experiments were incubated
individually.

3.4.1 Phosphate-buffered Saline

PBSwas used athe media to investigate the effects of a physiologically relevantewegtronment.
This is a commonly used reagent in biological experiments due staligity, buffering capabilities,
and nontoxicity. 10x PBS was diluted to 1x with DI water.

3.4.2 Hydrogen Peroxide

H.0, solutionwas used as one of the oxidative degradation m@diaol% of HO, was diluted to 20
vol% with DI water. 0.1 Mcobalt(ll) chloride wasadded in an exothermic reaction. T@e?* ions

create a Fentalike reaction with the bD,to create reactive hydroxyl radicals.

3.4.3 Hypochlorous Acid

Hypochlorous acidvascreated by combiningcetic acid and sodium hypochlorite. A 5% acetic acid
solution was created through dilution of 100% acetic acid with DI wa&eetic acid sodium
hypochlorite, and DI water were combined following Wodumetricratio 0f1:3.19:46.8 Hleveloped at
the WCB&. for otherdegradation workThis resulted in & mM hypochlorous acidolution.The pH

of the solution was measureldring degradation of MT_10HA specimemsing an electrochemistry
meter (Orion VersaStar Pro, Thermo Scientigssachusetts, USA) andngedfrom 7.85 to 7.47

over a24-hourincubation period.
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3.4.4 Testing Condition Nomenclature

To representhe different incubation and material testing conditiased the following references will

beused O6RTO6 will represent sting corditidtng otpeavisait shoulé beme ¢ h a
assumed that testing took place under 37ri€ubation media will be referred to with PBS(4, and

HCIO denoatons with all other testing occurring undassumeddry conditions. The period of

incubation will be referredtwi t h 6 D1 4 6 -cand 2&dayir&dbatibnes, respgciively.

3.5 Characterization of Physical and Chemical Properties

3.5.1 Dynamic Mechanical Analysis

Dynamic mechanical analysis (DMA) was perfedhusinga dual cantilever DMA Q800 (TA

Instruments, Delaware, USA). 3rinted beams were useigure3-1 (b)). A multi-frequency strain

test with a ramp rate of fmin was used from 25 to 150 °C. Analysis of data was performed using
Universal Analysis (TA Instruments). Two methods of determining glass transition temperature were
employed: the onset temperature in which the storage modulus decreases from ittajiasapd the

peak temperature occurring in the tan delta c{t86]. Determining the onset of the storage

modul us decrease provides a good marker of the |
mechanical properties will be impactddb6]. The most common method to determingntludes

taking the peak value of the tan delta pldi6]. The peak of the tan delta curve indicates the point at

which the material has the most viscous deformation response.

3.5.2 Mass Change

The dg-bone pecimers were measured throughout the incubation periods to measure their mass
changes. Prior to incubation, samples were measured to record their initial Saagdes were
measured on Klettler Toledoscale(AB54-S; Columbus, USAwith 0.00QL g precision. Orignal dry
masses of the samplenged from 0.670 1.03 g, depending on their composition. The samples used
in thisexperiment were incubated in individual 15 mL tubes to hadependent measurementa =

3Throughout the i nc ubeasurenents were takeodiys 1,8 % & t14 21lmass m
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and 28Then, he surface of the samples was patted dry priareighing. After the incubation period

(D14 or D28) was completed, samples were dried under reduced pressure in a desiccator chamber for
one week followed by 48 hours in a 60 °Coven Thei r final, 6dryf® mass
determingpercentagenass changes, Equatid?) (vas used.

O wid@e QR p TP (Equation2)

From the wet mass measurements, degradation rates were caloyldieiding the change in mass

by the number of days of incubation.

3.5.3 Volume Change

Volume changes were calculated frima compressive cylindrical samplésdependent measurements

were taken of each experimental gragthey were measured prior to compressive testing. The length

and diameter of each cylinder was measured using caliastdrcraftyonore, USA, and the volume

of the samples was calculated. Percent volumetric change was calculated using the same method as in

the mass change experiment (Equagpn

3.5.4 Wettability

Prior to wettability experimentssopropanol was used to clean andgdease the saplesusing an

ultrasonic homogenizgd67]. The flat top section ahe dogbone specimenwasusedas the testg
surface. 2 0 Dlavater dereopladec usisg pipefte onto the surface and imaged using a

Canon Rebel T7i camera (Brampton, Glajawith an EFS55250 mm macro lens. Images were
analyzed using ImageJ (U.S. National Institute of Health, Bethesda, USA) addGleent act Ang|l
plugin (Marco Brugnara This plugin calculates the angle between the surface and the water droplet
using tlke sphere approximatiqiigure3-2).
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Figure 3-2 - Water droplet on MTI_OHA sample being analyzed by the Contact Angle plugn
in ImageJ.

3.6 Imaging of Surface Characteristics

3.6.1 Digital Macroscopy

For each experimental group, digital images were taken of their surfaces after the incubation period
was compleed. Samples were patted dry with a KimWipe and imaged using a GabehT7i camera
(Brampton, Canagaandmacroscope (LMscope T2 Extension 50mm, LM Macpbpe, Austria)The

top and bottom surfacesr{ented as ifrigure3-1 (b)) of thedog-bone gauge lengths, and fle ends

of the compresen testingspecimensvere imagedVisible features (i.e., pits, cracks) were analyzed
usingthed Fr e e hand soeM eeacst ui soehdsmgeoadetermine averageature areas (n =

5).

3.6.2 Scanning Electron Microscopy

Scanning electron microscopy (SE&nducted using LEO FESEM 130 (ThermoFisher Scientific,
USA) was used to image the surfaces ofdbgbonesamplesprior to and following degradation in

different media at 14 dayPBrior to imaging, samples were cleaned in 100% ethanol for 1 minute with
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an ultrasonic homogenizer remove any remnants of dried incubation meskaondary electron mode

was used.

3.7 Characterization of Mechanical Properties

3.7.1 Mechanical Testing at Physiologically Relevant Conditions

Mechanical testing was performeadinga Psyloteche T Biechanical tgting machinevith a 1.6 kN

load cell (Psylotech Inc., Evanston, USA). This system is typically run under room temperature
conditions.To enable mechanical testing under physiologically relevant condittams conditions

were added tthe testing protocolThe first was testingt37 °C This was enabletthrougha Zoo Med
LaboratoriegSan Jose, USA)eat lampset at a defined distance from the testing gfffpgure 3-3).
Throughout testing, the temperatatehe grips was measured usimgrdrared forehead thermometer

(SEJOY, Hangzhou, ChinaJhe temperatures in this area ranged from 37 + 2 °C.

Figure 3-37 Psylotech mechanical testing machine heated to 37 °C with $R heat lamp from
(a) side and (b) top view. The green light in (b) highlights the grip area of the machine where

temperature readings were taken.

The testingmachine was heated prior to testing for one hour to allow the load and displacement
transducerso stabilize at the increased temperatuheder roomtemperature conditions, the load cell
spanedarangeoB5 € N when unl°@, ¢hdlead cell typicallyehthan 3 &Ndecrease
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before stabilizingvithin a range 060 & Nwhen unloadedFigure3-4). Samples were kept in a 37 °C
oven prior to testingTo test hydrated samples, samples were kept in their incubation oredia

immediately prior to testing’here they were patted dry withiim Wipe (to protect the machine from

liquid and possible corrosipand installed in the grips.
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|
w
o
1

-40 4

-50 T T T T T T T
0.0 0.2 0.4 0.6 0.8 10 1.2 14

Time (min)

Figure 3-41 Representative pot of load celldrift over time of the Psylotechunder 37°C
conditions (after ~ 1 hr of heating withIR lamp). Immediately prior to this data, the load cell

was zeroe with the grips unloaded

3.7.2 Tensile Testing

Dog-bone tensile specimernBigure3-1 (b)) were tested on the Psylotech mechanical testing machine.
Sample dimensions anéstingstrainrates followed ASTM D3038168]. Samples were prwaded to

~ 10N in the gripsand exposed to preconditioning cycles at 1 Hz for 100 cylelas to testing, they
were speckle coated with highresolution toner powder (Xerox Phaser 6000). This proviaed
contrasing speckle patterfor digital image correlation (DICYmages werdgakenwith a Point Grey
digital camera(Point Grey Research | n c , Ri chmond, C a n) ghdoagh a 5
microscope (BXFM, Olympus Corp., Center Valley, USA5x magnification objective lehst a
sampling rate 0b Hz (in sequence with the satig rate of the load cell datafhe specimens were

| oaded under displacement cont r ®@DO0lGstuntiespeciraen e
failure.
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To determine thelisplacement andtrain occurring in the material throughout testibyC was
performed using Vic 2¥6 (Correlated Solutions Inc., Columbia, USAYyansverse and axial strain
measurements were det er mi rAeethgelersgingenng dtrébsic) Wasxt en s o |
calculated using Equatio)( Initial areagA) were calculated froomeasurements of the width and
height of the gauge lengtmeasured using a micrometaken prior to testingand force (F) was

measured by the load cell
" —_— (Equation3)

As DIC enabled transverse and axial strain measurements throughout testing, the true stress and strain
could be determinedlrue strain( waue) was calculatedising Equation4) with current and initial

lengths (l)determined from thaxial extensometer readings

- I T— (Equationd)

Transverse strain measurements were assumed to be the same as stramdiiadtien (the side
the camera would not captutelde drteeceuk becllaulateds on o6 s
using Equation3) and substituting the initial area witie true area at each force data pdihe elastic
modulus(E) was céculatedfrom the slope of the stressrain curven the elastic portion of the curve.
This typically was Q 0.3%strain, however occasionally the first few data points had to be excluded
due to errors from the toe regiontesting setup artifactbllitimate tensile strength was determined as
the maximum stress value reached prior to failiiield strength was determined using a 0.2% offset
line with a slope = EYield strength was onlgneasurablé the stressstrain curvegoroceeded from the
linear elatic region and began teflect and curvelToughness measurements for each sample were
determined from the area under thee stresstraincurve until the point of fractur€2 oi ssonbés v al

(v) was calculated from the axial and transverse strains, Esjagtion ).

) A (Equations)
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3.7.3 Compression Testing

ASTM D695dictatesthe desired dimensions for compression testing of rigid pld46&3. It suggests
testingeylindrical specimens that ade?.7 mm in diameter and 25.4 mm in length. Due to the limitations

of t he Ps ysmalértest spécimens ivaereedesigned while maintaining the diameter : length

ratio. Samples (2.5 mm diameter, 5 mm lendtigure 3-1 (b)) were used to ensusgelding of the

material occurred within a 1 KN upper loading linflompressive plates were coatedranslucent

silicon greaseNIG Chemicals, Burlingte, Canadaprior to testing to ensure unconfined compression
conditions Specimensvere preloaded to ~ 15 &hd exposed to 100 cycles of 1 Hz preconditioning
cycleswi t h an ampl $peciméns wayef loade® undendisplacement coattralrate of 8

em/ s, to maintain the same sS$amgeswererlcadedbtfaileeed i n t
or the load reacdthe upper loading limit.

Engineering streswas calculated using Equation (2). Engineering strain was calculsitegl the
crossheadés di sphacemmpl e BRI dowdentt beulyed to eafcgatehhe
compressive strains as the sample faces were curveckfore, lhie compliance of the universal testing
machine needed to be accounted foraimgnore accurate stiffness measurements of the sarfples.
do this, the comression plates were loaded against each other to a preload of ~ 30 N and were
compressed 50 ¢ n=23).tTheaesultingtdisplacemdninnclaad Fsmeasurement

were used to determine thffness(K,) of the machine usingquation (6).

Cc
‘~<<| K

(Equation 6)

The stiffness of the Psylotech compression plggswas determined to He49 + 0.0 10* N/mm.
The experimental stiffness dataterminedvhen compressingamples is a combination of the stiffness
due to the sample and the stiffness due to the testing plates. These two stiffnesses can be modelled as a

series ofsprings Figure3-5).
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Figure 3-5 - Spring model (in series) of the combined stiffnesses (K) of the Psylotech plates and
the composite samples undergoing compressive testiig. r epr esent s f orce and
displacement.

Using this model, the following formul&quation 7)can be derived to determine the actual stiffness
of the composites ((from the experimental stiffness@sex,) determined during compression trials

o — (Equation 7)

As the force remains constant throughout the modeldidacement and dependent strains must
therefore be modified to account for the differences between experimental and actual stiffnesses.
Therefore, theatio ofthe experimental and composite stiffnesses was used to determauerdated

strain () fromthee x p e r i me ndydBHquaton 8).ai n (0

- - — (Equation 8)

The ratio ofKex: Kc was determined to b@.87 £ 0.02(n = 4, calculated fromMT_OHA and
MT_10HA specimens tested under dry, room temperature condifibescompresive data presented
throughout this thesisnclude the corrected strain measuremeiitse effect of this compliance
correction can be seenkigure3-6. As the majority of samples tested in thisjectdid not fail within
the loading limits of the Psylotech, only elastic modulus and yield strength were deteriiase.

were calculated as done for the tensile testing results.
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Figure 3-6 - Engineering compressive stresstrain curves of MT_10HA under dry, room
temperature conditions with experimental (blue, solid) and corrected for machine compliance

(orange, dashed}trains.

3.8 Statistical Analysis

Data are presented as mean + standard deviation N&ighanical testgsedsample sizes of n =&nd

mass studies used n = Bl statistical analyses were performed in OriginPro (Version 2023b;
OriginLab Corporation, Northampton, USA). Data were testechbrmality using the Shapiwilk

test. With large sample sizes (n > 30), it is common to observe small, significant deviations from
normality. However, these deviations will not affect the results of parametric tests, therefore with

sufficient sample gies, which are present in this thesis, this assumption can be disrdd&fjed

Homogeneity of variance was -Forgthd test. Ivsontelof theh e L e
data (i.e., oxidative degradation experiments witkOH , Levenebds test showed
variances were significantly different, however the opposite was seen with the-Boogythe test.

The BrownForsythe test evaluates homogeneity of variance based on the median instead of the mean
and is more roust to nomormal data while maintaining statistical power of parametric tests.
Therefore, it was evaluated as an acceptable test of the assumption of homogeneity of variance when
Leveneds test failed.
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If the variance and normality assumptions were mpatametric statistical analyses were used to
further analyze the data. A variety of tnand threevay ANOVAs with Tukey poshoc tests were
employed depending on the number of relevant factors (i.e., factors = degradation media, HA content,
and degradatiotime in the oxidative degradation sty homogeneity of variance assumptions were
not met,the data was logarithmically transformed to adjust for the skewed distribution before being
statistically analysed parametricalljhe pvaluesfor each factofrom the ANOVA are reported on
each figureln figures whictreference control values with lines, thegdues reported are from analyses

excluding these references.
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Chapter 4

Resul ts

4.1 Effects of Physiological Temperature Conditions

4.1.1 Tensile Properties

Figure4-1 displays tensile true strestrain curves fothe MT composites tested at room and elevated
temperatureddA inclusion increased mechanical performance, wihiteeased temperatueppeaged
to decrease mechaniga¢rformance

80 4 BT

50 e
T T P
[a e
= 40 LT
3 ey MT_OHA, RT
£ 201 MT_10HA,RT
o g MT_OHA
Z 204 -~ - MT_10HA

-
o
1
-~

O T T T T T 1
0.000 0.005 0.010 0.015 0.020 0.025 0.030

True Strain (mm/mm)

Figure 4-1 - Representative tensile true stresstrain curves for MT_OHA (light, solid) and
MT_10HA (dark, dashed) samples with varying temperature: room temperature (RT; grey)
and 37 °C (red).

Tensile properties were calculated for each composition/temperatusreanecorded ifrigure 42.
Temperature had no significant impact on ultimate or yield strengths of the matéigale (42 (a)
and (b), respectivelyp > 0.10. The modulus of theomposites at RT was increasgsl0 % by HA
inclusion(Figure 42 (c)). No significant differences were observed in toughness or strain at fracture

(Figure42( d) and (e), respectivel y). I nterestingly,
compositionsigure 42 (f); p < 0.03.
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Figure 4-27 (Previous page)i Tensile properties, (a) ultimate stragths (b) yield strengths, (c)
elastic modul, (d) strainsat fracture, (e)t oughneasds (f)

$a M BHAN 6 s

(light, solid) and MT_10HA (dark, cross hatched pattern) samples with varying temperature:
room temperature (RT; grey) and 37 °C (red). Data are presented as mean = SD (nh = 5) with

different letters representingstatistical significance (p < 0.05).

4.1.2 Compressive Properties

MT_OHA and MT_10HA weretested under compressive loading with two different temperature

conditions, room temperature and 37 Representative stressrain curves can be seerfigure4-3.

It is observed that HA inclusioelevatel the mechanical stress at each strain point. Increased

temperature appeaaito decrease mechanical properties in both composites.

Engineering Stress (MPa)

-

o

o
1

w
(=]
1

0.65
Engineering Strain (mm/mm)

0.10

MT_OHA, RT
MT_10HA,RT
MT_OHA

-~ - MT_10HA

Figure 4-3 - Representative compressivengineeringstressstrain curves for MT_OHA (light,

solid) and MT_10HA (dark, dashed) samples with varying temperature: room temperature

(RT; grey) and 37 °C (red) This figure shows amagnified view of the elastic regionFailure

occurred beyond 0.1 mm/mm.

The yield stragthsand modulwere calculated for thesamples andre summarized iRigure4-4

(a) and (b), respectivelyhe inclusion of HA had a consistent and significant increase on yiehgjgire

and elastic modulufor both temperature conditiorfp < 0.0001) In the RTcase, yeld stress and
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modulus increased b22.5 and30.5 % with HA inclusion respectively.In contrast, increased
temperature significantly decreased the mechanical properties of the comp@gitdh€001)In the
resinonly composition, yield stress and magkidecreasefl9.5 andl5.9 %, respectivelyin the 10
vol% HA compositions, yield stress and modulus decreased 26.228rfdl %, respectivelyThese
resultsshow more significant impacts of temperature th@en in the tensile experiments and clearly
showthat increased temperature has a negative impact on mechanical properties. TB&réreas

used as the baseline testing temperature for the remaining studies in this thesis.
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Figure 4-47 Compressive properties, (a) yield stnagths and (b) elastic modui, of MT_OHA
(light, solid) and MT_10HA (dark, crosshatched pattern) samples with varying temperature:
room temperature (RT; grey) and 37 °C (red).Data are presented as mean £ SD (n = 5) with

different letters representingstatistical significance (p < 0.05).

4.1.3 DMA Analysis

A DMA analysis was performed on the MT_OHA and MT_10HA compositions. Plots of the storage
modulus, loss modulus, and tan delta can be se@~igure4-5). As the glass transition of a polymer

occurs over a temperature rangég(re 1-6), a single temperature is typically reported as thasT
reference. This was done using two methods: the peak temperature of the tan delta curve and the onset
of the storage modulus decrease. From the plot of storage modulie@iigrathe MT_OHAS enset

temperature occurs beyond the testing conditions, thereforiadicaitedthat the transition region for
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this material begins below25 °C.MT_10HAG s onset t e mp-22°&Theraa dettac cur s

curves show alight peakaround 82 °Chefore continuing to increasetheir maximum peakFigure
4-5 (b)). This occurred &t62.4and156.4°C for the OHA and 10HA compositionsespectivelyThis
data offeedinteresting observations of ttieermal behavior of these materials, however a sample size

of only n = 1 was used, therefore this data warrants repetition in the future.
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Figure 4-57 (a) Storage (grey) and loss (purple) moduli, and (b) tan delta of MT_OHA (solid)
and MT_10HA (dashed) compositiongn = 1). Trends are reported over a temperature sweep of
-25 to 180 °C.

4.2 Effects of PBS Incubation

4.2.1 Mass and Volumetric Changes Due to Swelling

MT_OHA and MT_10HA samples were incubated in PBS Z8rdays. Throughout the incubation
period, their wet mass was measuaged calculated as a percent mass chéRigeire4-6). After DO,
thewet mass change was significantly (p < 0.@%grent in the 0 and 10 % HA materia@seach time
point. After ~ 5 daysthe water absorption appeared to plateay @tand 5 vol% for MT_OHA and
MT_10HA, respectivelyNo significant difference§p < 0.05)within compositions were seen after 5
and 7 days foMT_OHA and MT_10HA, respectivelyTherefore, the resionly materialdisplayed

greateiswelling behavior when compatéo the HAcomposite andppeagdto equilibrate after a week
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Figure 4-61 Masschangesr ecor ded i n pduegdswetliggim @BStmediumat 87

°C in MT_OHA (light blue) and MT_10HA (dark blue, dashed compositionsover a 28-day
period. Data are presented as mean + S = 3).

The percent chang®f mass (dry) and volume were also calculated atbd 28day time points
(Figure 4-7 (a) and (b), respectivelyfpr the two compositionsThe resironly sample showed
reduction in mass of ~ 1 vol% at both time periodaswassignificantlydifferent(p < 0.0001}o the
HA compositebs behavior whi ch odgma wassiNo gigoificani gni f i c
differenceswere seen in the volumetridata (p > 0.05) which could be accounted for with the
dimensionalariability presentiue to the printing rcessand the use of unpaired measuremeirtisse

results, along with those Figure4-6, suggest that the inclusion of HAtroducel some resistance to

water absorpon.
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Figure 4-7 - Mass and volumetric changes due to water absorptiofPBS, 37 °C)in MT_OHA
(light blue) and MT_10HA (dark blue) compositions dter 14 (solid) and 28 hatchedpattern)
days (a) percent change of masm dried samples (n = 3)and (b) percent change of volume in
wet samples (n = 5)Data are presented as mean + Sith different letters representing

statistical significance (p < 0.05)

4.2.2 Surface Properties

Thebottomside of the dogpone specimens were imaged after incubation in PB$4foand 28day
time periodqFigure4-8). Images of the compositionmsadry condition prior to any incubatiarhave
beenincludedas a visual comparisomn the 0 vol% HA materialsby D28 visible cracksvere
beginning to form along the gauge length ofghecimensNo visible differencesvereobserved in the
10 vol% HA compositesAdditional macroscopic images of thap side of the dodone specimens

and compression samples carsben inFigures Al and A2 (Appendix A), respectively.
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Figure 4-81 Representative nacroscopic images of théottom surface of dogbone MT
specimensafter 14- and 28day incubations in PBSat 37 °C. Images taken prior to any

incubation are shownas a control. The scale bar represents 1 mm.

To compementthe macroscopic images, SEMages of the surface of these specimens were taken
at 50x and 1000x magnificatiorFigure 4-9 and Figure 4-10, respectively. The grid pattern that
develops due to the mSLA printing method isaclg seen in the 50x magnification imagés.the
control MT_10HA composite there is visible Hfarticles on the surface of the sampléter 14 days
in PBS, there is clear evidence of reduced surface particles and agglomerations.
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Figure 4-97 RepresentativeSEM images (50x magnification) of the surface of degone MT
specimensat DO (control) and after 14daysin PBSat37°CThe scal e bars repres
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Figure 4-107 RepresentativeSEM images (00« magnification) of the surface of dogbone MT
specimensat DO (control) and after 14days in PBSat 37 °C. The scale bars represen20Oe m.

45



4.2.3 Tensile Properties

Figure4-11displays representative strestsain curves foMT composites exposed BBS It is clear
that incubation in PBS decreaséhe mechanical strength and modulus of the mateiSafsilar

behavior was observed at the- &d 28day periods, with slightly reduced fracture strains due to the
longer incubation period.
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Figure 4-11 - Representativetensiletrue stressstrain curves for MT_OHA (light, solid) and
MT_10HA (dark, dashed)compositions after 14 (blue) and 28 (purple) days in PB& 37 °C.

Reference |ines (red) of the c oFiguedsl)ateincudedd b e h a\
for comparison.

The ultimate strengths, yield streRPgitdhsqgndno drudti
of the hydrated MT samples areramarized irFigure4-12(a)i (f), respectivelySignificant decreases
were observed in ultimate and yield strength after hydrgfion 0.0001) For instanceafter 28 days
in PBS MT_10HA had &7.9 and 4® % decease in ultimate and yield strength, respectivEhe
elastic modulus was also significantigpacted(p < 0.000) andhada 62.7and46.2 %reductionat
D28in the 0 and 10 HA groups from their dry counterpasspectivelyNo significant effects were
seen on t HracturmatraieandiPali $& on 6 s r awabs desreasedue toBBEn e s s
incubation(p < 0.0001) With the exception of yield strength, no significant variations were seen
between D14 and D28 (p > 0.08)is clear from these resalthat there is a significant impact of water

absorptionswelling,and potential hydrolysisn these materials.
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Figure 4-127 (Previous page) Tensile properties, (a) ultimate strengths (b) yield strengths, (c)
elastic moduli, (d) strains at fr afiMi_OHAlight( e) t o
blue) and MT_10HA (dark blue) compositions after 14 (solid) and 28 (diagonal pattern)ays in
PBS.Data are presented as mean = SD (n = %jth different letters representing statistical
significance (p < 0.05). Reference | ines (red)
(Figure 4-2) are presented, with statistical significancerfom t hese groups repres
and 626 for MT_0HA an dRepbitedp@aldes are from aNOCY/Aast | vel y.

excluding the control data.

4.2.4 Compressive Properties

The two compositions were tested after dd 28 day periods in PB&nd their represeative
compressive stresdrain curves can be seen kigure 4-13. When compared to the compressive
behaviorobservedinderdry controlconditions(Figure4-3), significant decreases in mechansaess
and moduliwere observed. The HA-containing groupsonsistentlydisplayedhigher mechanical
properties thanhiir resin counterparts. Minimal differences in the ststigsn curveswere seen

between D14 and D28 for each composition.
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Figure 4-13 - Representativeengineeringcompressive stresstrain curves for MT_OHA (light,
solid) and MT_10HA (dark, dashed)compositions dter 14 (blue) and 28 (purple) days in PBS

at37°CRef er ence

i nes

(red)

of

t he c oFigpedsdjatei ons 6

included for comparison. This figure shows a magnified view of the elasticegion Failure

occurred beyond 0.1 mm/mm.

The yield strengths and moduli were calculdtedetermine the compressive properties &@6

incubationandare summarized iRigure4-14 (a) and (b), respectivehAs previously seen, HA

composites consistently performieéltterthan the resionly materialp < 0.001) Significant

decreases were seen in both properties from the dry control compaFgpne4-4; p < 0.000). At
D14 for the MT_OHA group, decreasess®2 and49.5 % were seen in the yield strength and elastic

modulus from the control groupespectivelyThar HA counterparhad respective decreasesA8f7

and42.2 %.Significant differences were seen between compositiongnanbtlation time, with elastic

moduli being particularly effectggh < 0.005) 1t is clear that the effects #BS inwbationresuledin

decreased compressive strength mradiuli of the materials.
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Figure 4-14 - Compressive properties, (a) yield stnegths and (b) elastic modui, of MT_OHA
(light blue) and MT_10HA (dark blue) compositions dter 14 (solid) and 28 (diagonal pattern)
daysin PBSat 37 °C. Data are presented as mean = SD (n = @jth different letters
representingstatistical significance (p < 0.05). Reference lindsed)of t he compositi o
behavior tested dry at 37 °C Figure 4-4) are presented, with statistical significance from these
groups represented by 06*6 and 0" 6 RdpatedpMiluesO HA an ¢
are from ANOVAs excluding the control data.

4.2.5 Wettability

The wettability of thenanocomposite surfacesgs determined through contact angieasurements
Theseresults are summarized Trable4-1. A decrease in contact anglas seen with the addition of

HA, indicating HA inclusion increasetdh e composi t e 8ah compabitioodedntadt i ci t vy
angles wereless than 90, indicaing thebulk material is hydrophili¢171].
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Table 4-117 Water contact angle of MT_OHA and MT_10HA compositions Data are presented
as mean = SD (n &) with different letters representing statistical significance (p= 0.006).

Composition Contact Angle (°)
MT_OHA 80.7+ 0.82
MT_10HA 67.7+3.4°

4.3 Effects of Oxidative Degradation

4.3.1 Mass and Volumetric Properties

Thechanges irwet mass in the MT_OHA and MT_10HA materidlse to the three incubation media
were recordedvera 28-day periodFigure4-15). When comparing the overall degradatisehavior
of each composition, significant differencasre seen between the 0 and 10 vol% frin D14 to
D28 (p =0.02, p = 0.007, and p <0.0001 for D14, D21, and D28, respectiVéij)in theMT_OHA
group,HCIO drovea significant(p < 0.05)positive increasé the mass from D5 to D@ompared to
the other two mediéPBS, HO,). At D21 and D3, significant differencesvere detectetietween the
three medidypes(p < 0.0001, with exception of PBS and®with MT_OHA (p < 0.05). Within the
MT _10HA group,H-0O: induced a significanfp < 0.001) negative mass chandgem D3 onwards
compared tahe other groug. From D14to D28 the PBS and HCIO behav#oweresignificantly (p <
0.0001) differentin this compositelt is clear that while HCIO caes an initial increased absorption
behavior it does degrade the mater&gd seen in the downwards trends from D7 onwdydD?7, all
mas change due to incubation media appears to have equilibrated or begun their downward degradation
trends H.O. induced very different behaviors in the MT_OHA and MT_10¢tnpositions. It appears
that areactionoccurredbetween the kD, and HA, causing ragimass loss.
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Figure4-15-Mass changes, r ecor de doxidative degradatiomat3n°€Ci t i on s ¢
of MT_OHA (light , solid) and MT_10HA (dark, dashed) compositions ovea 28-day period.
Degradation media includeHCIO (green) and HO; (orange), with the PBS (blue) trends
included from Figure 4-6 as referenceData are presented as mean = SD (n = Reported p-

values are from ANOVAs excluding the control data.

As consistent trends were seen after DFigure 4-15, the rate of mass change was quantified
betweenD7 and D28 for each composition and incubation media combinatadsig4-2). Minimal
mass increases were observed for the PBS samples over this pi&i@dand HO. both displayed
mass lossedVhenincubated withHCIO, the HA composite ltha 25% slower degradation rate than
the resironly materiap = 0.001) This suggests the HA may provide some resistance to the effects of
degradatiooy HCIO. Interestingly, the MT_10HA compositedha 1514% faster degradation rate than
the MT_OHA resinin the HO, media(p < 0.0001) As seen irFigure4-15, this degradation rate is
significantly (p < 0.001) quicker than the other groupad is likely a result of an unexpected reaction

occurring between the B, and HA.
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Table 4-2 - Rate of mass change from day 7 to 28 for MT_OHA and MT_10HA compositions
incubated in PBS, HCIO, and HO.,. Data are presented as mean + SD (n 3 ®ith different
letters representingstatistical significance (p < 0.05).

Rate of Mass Change (mg/day)
Composition, Incubation Media

(D77 D28)

MT_OHA, PBS 0.21 + 0.16
MT_10HA, PBS 0.41 + 0.08
MT_OHA, HCIO -7.35 + 0.08
MT_10HA, HCIO -5.86 +0.10°
MT_OHA, H 20> -0.84 + 0.16'
MT_10HA, H-0. -13.56 + 0.60

The percent chang@smass (dry) and volume are displayedrigure4-16 (a) and (b), respectively.
All specimensexposed to degradation medisplayedsignificant masslosesrelative tothe PBS
controls(p < 0.0001) By D28, the HClOdegradation induced sigrifintly different mass changes of
~ 22 and~16 vol% in the OHA and 10HA compositions, respecti@ly< 0.0001) The H,O, media
followed the trends previously discussed, with extreme degradation seenMiT tAOHA samples.
Within the volumetric data, sigicant differences were seen in tidT_10HA compositeafter
degradation in HCIO for 14 days and®d for 14 and 28 day§p < 0.0001)
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Figure 4-16 - Mass and volumetric changes due toxidative degradationin MT_OHA (light)
and MT_10HA (dark) compositions dter 14 (solid) and 28 (diagonal pattern) daysiith HCIO
(green)and H»O, (orange) degradation mediaat 37 °C. (a) percent change of mass in dried
samples (n = 3), and (b) percent change of volume in weamples (n = 5). Data are presented as
mean + SD with different letters representingstatistical significance (p < 0.05)Reference lines
from D28 PBS Figure 4-7) are presented with statistical significance from these groups
represented by 6*6 and 67276 for MT_OHA and

4.3.2 Surface Properties

The degraded surfaces of tiheg-bonespecimens were imaged at D14 and D28 for the two oxidative
media(Figure 4-17). Images of the compositions aft28 days in PBS have been added as a visual
comparisonUnder HO, conditions,the resinronly samples began to crack along the surface of the
gauge length othe tensile specimengijth the cracks extending no dominantdirection.Thereere
significantly more cracks at both time points than in the PBS cofith@. HA composite showed
differing behavior, with smathicron and milimeterscalepits forming.At D14 and D28, a sample of
these defects asmeasured taleterminevoid areas 00.006 +0.004 and).012 +0.007mn? (n = 5),
respectivelyWhen exposed to HCIO, very similar behavior was observed between the 0 and 10 vol%
HA materials.Large voids formedh the surface, with increasing density over time. dbherage areas

of the pitsin the MT_OHA inkswere 0.1 + 0.089 and 0.08 + 0.0£2 mn¥ for D14 and D28,
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respectively. For the MT_10HA compositélse areas were ®Z + 0.02 and0.33% + 0.1& mn?,
respectivelyTherefore, lhe scale of the visible defects introducethwger in the HCIO condition than
the HO, condition (p < 0.001) Additional macroscopic images of thiep side of the dodone
specimens and the compression samples caadeinFigureA-1 andFigureA-2, respectively

DO Control D28 PBS D14 H,0, D28 H,0. D14 HCIO D28 HCIO

MT_10HA

Figure 4-177 Representative nacroscopeimages of thebottom surface of dogboneMT
specimens degraded by D, and HCIO for 14- and 28day periodsat 37 °C. The DO control

and D28 PBS imagesrbm Figure 4-8 are included as reference.The scale bar represents 1

mm.

To further highlight the surface impacts of degradation media on these materials, SEMahtlhges
D14 samples were taken at 5igure 4-18) and 1000x Figure 4-19) magnifications.Except for
surface crackingFigure 4-16, highlighted in sange) minimal visible effectswere observed in the
MT_OHA sample after kD, exposure. The grid pattern that developghe surfacdue to the printing
process is still observed at 50x magnification, indicating minimal bulk surface degradation has
occured.In contrast, the MT_10H&omposite shows significant surface effects frof@Hvith small
pitting occurring across the entire surfatbe 1000x image shows a very rough surface, indicating
aggressive degradation occurred in this sanple HCIO had similar effects on the two compositions,
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with large ~ 0.5 mm (diametenoids appearing on the surface. It appears that the presence of HA
reduces thamount of surface area covered in voisl appears to cause less uniform, circular voids
to developlt is interesting to observe the crescent shaped fegfigrge4-18, highlighted inyellow)

that are lkely void initiation regionslin the resironly specimenthe surface within the voids is very
smooth This suggests thatéhmaterial is being degradedlamge pieces as cracks are initiated by the
HCIO degradationThe HA composite has a rougher 1000agmified surface which is likely due to

the presence of fillekVhenincubatedoy HCIO, it appears thatA slowed thesurface degradation.

DO Control D14 PBS D14 H,0, D14 HCIO

MT_OHA

MT_10HA

Figure 4-187 RepresentativeSEM images(50x magnification) of the surface of dogbone MT
specimensafter degradation by H-O, and HCIO for 14 daysat 37 °C. A magnified (200x) view
of the MT_OHA D14 HCIO sample is provided (right).DO control and D14 PBS images from
Figure 4-9 are included as referenceFeatures indicative of void initiation cracks from HCIO
incubation are highlighted in yellow. Surface cracks developed from KO, are highlighted in
orange.The scale bars represent 500
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DO Control D14 PBS D14 H,0, D14 HCIO

MT_OHA

MT_10HA

Figure 4-197 RepresentativeSEM images (000x magnification) of the surface of dogoone MT
specimens after degradation by kD> and HCIO for 14 daysat 37 °C. When applicable, images
were taken inside of the pitoobserved inFigure 4-18. DO control and D14 PBS images from
Figure 4-10are included as referenceThe scale bars represen2Oe m.

4.3.3 Tensile Properties

Representativeriie stresstrain curves are presented Rigure 4-20 to demonstrate theffects &
oxidative degradation ahetensile behavior dAT_OHA and MT_10HAWhen compared to samples
incubated in PBS, a minor, negative impact on mechanical propisrtisserveddue to oxidation
effects There does appear to be a small increase in ductility in the matdniatsexposed to oxidation.
It is important to note that the mechanical data for this study was generated ugingttheubation

dimensions oftie specimens.
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Figure 4-207 Representativetrue tensile stressstrain curves for MT_OHA (solid) and
MT_10HA (dashed)compositions after 14 (light) and 28 (dark) days itHCIO (green) and HO-
(orange)at 37 °C. Reference | ines of t hiadng amrploosditions ons d b

(red; Figure 4-1) and after 28 days in PBS lflue; Figure 4-12) are included for comparison.

Tensile properties of the samples exposed to oxidative media are displ&igrat@d-21. Incubation
in HCIO and HO., had minimal effects onltimate tensilestrength, when compared to incubation in
PBS Figure4-21(a)).However, yield stress, when it could be determined, was rediutieel 10 vol%
HA compositeswith D28 decreasgof 21.4and30.7 %from the PBS contrah the HCIO and kD:
medig respectivelyp < 0.001) As seen irFigure4-20, exposure to any incubation media gerestat
very brittle materialsvith slight or no yield point before failur&@he moduli of the compositesere
reduced slightly with oxidative exposugeigure 4-21(c)). No significant changes were observed in
fracture strainfoughnessp r Poi s s omidos insigaificantincreask in fracture strain was
observed,indicating a potential small plasticization effect of oxidatidie scale of mechanical
performance r@uction due to addition of oxidative degradation is minimal when compared to the
impact of hydration effects only on the materidi¢hile it is difficult to separate the impacts of
oxidative degradation from absorption effects, it is clear that the nyagditihe changes in mechanical

performance of these materials is due to the effects of hydration.
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Figure 4-217 (Previous page) Tensile properties, (a) ultimate strengths (b) yield strengths, (c)
elag i ¢ moduli, (d) strains at fractotMTeOHA (e) t oug
(light) and MT_10HA (dark) compositions after 14 (solid) and 28 (diagonal pattern) days in
HCIO (green) and HO- (orange)at 37 °C. Data are presented as mean + SD & 5) with
different letters representingstatistical significance (p < 0.05)Reference lineqred) of the
compositions® behavi conditidn Faue 4tlhaeeipreserded, withc ont r o |
statistical significance from these groups re
MT_10HA, respectively.Reference linegblue)of t he compositi oBSS behavi
(Figure4-12ar e presented, with statistical significa
and 6~6 for MT_0HA an dRepbitedp@aldes ae frora ANDVASt | vel y.

excluding the control data.

4.3.4 Compressive Properties

Hypochlorous acid and 4, were used to degrade MT compressive samples foradd 28day

periods and their representative compressive stefigsn curves can be seenRigure 4-22. When
compared to the compressive behavior obseafted 28 days in PBS-{gure4-13), a slight decrease

in mechanical properties is seen after HCIO exposure. A larger reduction in mechanical properties is
seen in the kD, groups. As seen previously, MT_10HA Hauperior mechanical performance to its
resinonly counterpartdMinimal differences in the strestrain curves were seen betwdlea two time

points for each composition.
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Figure 4-22 - Representativeengneering compressive stresstrain curves for MT_OHA (solid)
and MT_10HA (dashed)compositions dter 14 (ight) and 28 @ark) days inHCIO (green) and

H20- (orange).

Ref erence | ines

of

t hie dry; acomrpl oosditibons o n s 6

(red; Figure 4-3), and after 28 days in PBSblue; Figure 4-13) are included for comparison.
This figure shows a magrfied view of the elastic region ad failure points occurred beyond 0.1

mm/mm.

Figure4-23displays the calculated yield strengths and madyf) and (b), respesttly. Significant
reductions(p < 0.0@1) in yield strength from the PBS control were observed in t#i®; lihcubated

samples, but not the HCIO incubated samplesthe majority of groups, there was a significant

reduction in elastic modulus due to oxidatmediaH.O, appeared to have a stronger negative impact

on mechanical propertiép < 0.0001)It is interesting to observe in the Hfontaining compositehat
an increase in modulus occurred from D14 to DP2®xidative mediaWhile this could be due to

changes in the polymer structures, it could also be a resh# significant changes in volume observed

at these time pointd={gure 4-16). While reductions in strength and moduli were observed due to

oxidative degradatiofrom the PBS controJshey are minimal when compared to the overall decrease

in propertiebserved due to hydration from the dry control samplegie4-14).
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Figure 4-23 - Compressive properties, (a) yield stregths and (b) elastic modui, of MT_OHA

(light) and MT_10HA (dark) compositions dter 14 (solid) and 28 (diagonal pattern) days in
HCIO (green) and HO- (orange)at 37 °C. Data are presented as mean = SD (n = ®jth
different letters representingstatistical significance (p < 0.05)Reference lines (red) of the

composiions 6 behavior

statistical

MT_10HA, respectively.Reference linegblue) o f

(Figure 4-14) are presented, with statistical significance from these groupgrpr esent ed

and 6~6 for MT_OHA

4.4 Effects of Isosorbide Methacrylate

4.4.1 Mass and Volumetric Properties

significance

from t Higurerd-4)chre presented, witho!l condi
from these groups re

the compositionsd6 behavi

by 6

a n d(a)Mid (b) viete Analyzedengthpnenc t i vel y .

parametric statistics. Reported p-values are from ANOVAs excluding the control data.

Figure4-24 displays the mass change of the MTI compositions over time when incubated in PBS and

HCIO. Throughout the incubation period, tBelA and 10HA goups had significantlyp < 0.0027)

different behaviors. In PBS, the reginly sample reachedmaximum mass chang@8% higher than

the HA compositeWithin the composition groupingat D14 the HCIO induced significant (p < 0.05)

reductions in mass fro their PBS counterpart$his mimics the behavior seen in the MT resins, with
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higher absorption in thesinonly samplesand clear degradation due to HCIO occurring afteeek.
Higher mass changalue to water absorptionese seenthan in the MT sampk, withMT_OHA
plateauing at ~ 6 ¥~gure4-6) for comparison

10
o 81
2
8 MTI_OHA, PBS
O 64 __.--® |-e- MTI_10HA PBS
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D ¥
= /’l,l’
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Figure4-24-Mass changes, r ecor de dwatemabsorptientandoxidatidei t i ons o

degradationin MT1_OHA (light, solid) and MT1_10HA (dark, dashed) compositions ovea 14
day period at 37 °C. Incubation media include HCIO (green) and PBS (blue)Data are

presented as mean = SD (n = 3).

To capture the degradation behavior, the rate of mass change between D7 and D14 was calculated
(Table4-3). A greaterincrease in masshangewas seemue toPBSin the MTI compositionghan in
their MT counterpartsi{able4-2; p = 0.03 angb = 0.05 for 0 and 10 HA compositions, respectively
This larger positive rate of changmiggests that the water absorption in these samples had not
equilibrated after a weels seen previoushiowever, HCIO appeared to induce a slower degradation
rate in these samples, decrease®@bynd 86% for the OHA and 10HA compositions, respectively.

These rates were significantly different from the MT comparisons (p < 0.0001).
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Table 4-3 - Rate of mass change from day 7 td4 for MT | _OHA and MTI_10HA compositions
incubated in PBSand HCIO. Data are presented as mean + SD (n = 8)ith different letters
representingstatistical significance (p < 0.05)Statistically sgnificant differences from the
samples MT counterpart (Table4-2) are represented with a 6*6.

Rate of Mass Change (mg/day)
Composition, Incubation Media

(D77 D14)
MTI_OHA, PBS 1.24 + 0.60+*
MTI_10HA, PBS 1.33 +0.072
MTI_OHA, HCIO -0.67 £ 0.47"
MTI_10HA, HCIO -0.81+0.47"

The percent changes of mass (dry) and volume are displaifegguie4-25 (a) and (b), respectively.
The mass and volumetrahhanges seen in the samples expos&B® were consistent to the behavior
seen in the MT compositionkigure4-7). The HCIO sampledisplayedsignificant(p < 0.0001)mass
lossesvhen compared to the PBBoups However, significantly less mass was lost in the MTI samples
than in the MT compositiordue to HCIO incubatio(Figure4-16; p < 0.05. No significant diffeences
were seen in the volumetric dadaross all groupsBased on all the mass and volumetric properties
investigated, it can be inferred thiae inclusion of IM increases the sensitivity of the materialater

absorption but decreases its sensititatyxidation.
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Figure 4-25 - Mass and volumetric changes due twater absorption andoxidative degradation
in MT 1_OHA (light) and MT1_10HA (dark) compositions at 14dayswith PBS (blue) andHCIO
(green)incubation mediaat 37 °C (a) percent change of mass in dried sampléa = 3), and (b)
percent change of volume in wesamples (n = 5). Data are presented as mean £+ SD with
different letters representingstatistical significance (p < 0.05). Rference lines of theVT_10HA
compositiond behavior from D14 (Figure 4-7 and Figure 4-16) are presented, with statistical
significance from these gr thePBSandEQ@O medig nt e d
respectively.Reported p-values are from ANOVAs excluding the control data.

4.4.2 Surface Properties

The degraded surfaces of thettomside of theMTI dogbone specimens were imaged at fir
incubation in PBS and HCI@rigure4-26). Images of the compositions @ndry condition, prior to any
incubation, have been included as a visual comparignder PBS conditions,no significant visible
changes were observed. This is consistent with the behavioosey 14 in the MT inksKigure
4-8). The 0 vol%material had visible degradation pits after 14 days in HCIOv®hiks were measured
and had an average area of 0.090.@45mnY, respectivelyThe degraded voids had very #iamn
dimensions to those seen in the MT inkewever,appearsparser throughout the imaged surface.
Interestingly, no visible defects were observed in the 10 vol% HA comgasfieh contrasts with the

results seen in the previous MT stu@ygire4-17). Additional macroscopic images of thap side of
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the dogbone specimens artde compression samples candeen inFigures A3 and A4 (Appendix

A), respectively.

DO Control D14 PBS D14 HCIO

MTI_OHA

MTI_10HA

. A I NS i ey S R e AT

Figure 4-261 Representative nacroscopic images of th&ottom surface of dogbone MTI
specimensgncubated in PBSand HCIO for a 14-day period at 37 °C. Images taken prior to any
incubation are shownas a control The scale bar represents 1 mm.

Magrified SEM images of the surface of the MTI composites after 14 daybated in HCIO can
be seen irFigure4-27 andFigure4-26 at 50x and 1000x magnification, respectivelg seen in the
MT_OHA material Figure4-18), large voids formed on the resimly sample. However, significantly
less surface area is occupied by vaidgshe MTI specimend he HA-containing IM compositead no
visible voidspresent at 50x magnification. For both compositions, their 1000x magnified swizrees
similar to theMT composites Kigure 4-19). The benefi@al impact of HA on reducing surface
degradation is continued in thdTl compositesThe inclusion of IM also appears to decrease the

surface degradation from HCIO.
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DO Control D14 PBS D14 HCIO

MTI_OHA

MTI_10HA

Figure 4-277 RepresentativeSEM images B0x magnification) of the surface of dogbone MTI
specimensat DO control, and after incubation in PBS and HCIOfor 14 daysat 37 °C. The scale
bars represent500e m

DO Control D14 PBS D14 HCIO

)

MTI_OHA

MTI_10HA

Figure 4-281 RepresentativeSEM images B60x magnification) of the surface of dogbone MTI
specimensat DO control, and after incubation in PBS andHCIO for 14 daysat 37 °C. When
applicable, magnified images were taken inside of the pits. The scale barse pr esent 20 ¢
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4.4.3 Tensile Properties

The true stresstrain curves for the tensile behavior of MTI_OHA and MTI_10&kposed tdlifferent
conditions can be seen KFigure 4-29. Exposure to PBS and HCIO decrahshe strengthof the
composites. Hydration of the samples with PBS increased the ductility of the samples, observed in their
increased strain at fracturhis is in contrast to the behavior observed in the MMmusites Figure

4-11). In the resironly samples, PBS incubation after 14 days decreased the strain at fracture of

MT_OHA by 17.8%. Incontrast, h e MT | scamgrhireircr@asddbyal?7.1 Vhe oxidatively
degraded samplegereweak andorittle.

Figure 4-29 - Representativetrue tensile stressstrain curves for MT1_OHA (light, solid) and

MT_10HA (dark, dashed)compositions after 14 days in PBS (blue) and HCIO (greei} 37 °C.

Reference |ines (red) of the compositionsé beh

The ultimate strengths, yield strengths, moduli, strain at fradbwghnessand Poi ssonbds r

calculated from the stres$rain curvesKigure4-30 (a)-(f), respectively)Significant reductiongp <
0.0001)in ultimate strengtls and modul were observed in the materials after exposurenéalia.
Exposure to HCIO had a mosgnificant impact on the ultimate strength than exposure to(BBS
0.0001) Due to inducedveaknes$rom HCIO, no yield strength could ldeterminedHydration with
PBS increased the strain at fracture of the sampiés large significant effectg <0.0001)in the HA

composite.HCIO had significantnegativeimpacts on material toughnessnsistent withloss of
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