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SUMMARY

Novel surgical strategies are currently being developed to treat spinal disc
degeneration. However, these strategies are limiteéeblack of materials available that
(1) possess the appropriate mechanical properties to mimic the tissue the material is
replacing or repairing and (2) maintain their mechanical function for long durations
vivo without negatively affecting the tissuesponse of adjacent tissue (i.e. bone). One
approach to improve the durability of materials is to enhance their toughness, particularly
under physiological conditions in the presence of moistBaymers formed through
photopolymerization have emergasl candidate biomaterials for applications where it is
advantageous to hawe situ formation, fast synthesis rates, and simple processing into
diverse geometriesHowever, most photopolymerizable networks possess limited
toughnes#n vivodue to thepreence of watemherent in mosbiologicaltissues.

Thereforethe overall objectiveof this researciwvas to develop
photopolymerizablémethicrylate networks that are both mechanically and biologically
compatible undephysiological conditions to be imptented in spinal repair procedures.
The fundamatal approach was to determine structpreperty relationships between
toughness, network structure, and environmental conditions seiggal model
copolymernetworks in order to facilitate the design ofpipolymerizable networks that
are tough in physiological solutiom addition to characterizing the mechanical
properties, th effectofct hangi ng t dhemistppyandstifireess ®rothe osteoblast
responsavasassessed in relation to how thesgtenal propertiegpromote bone

formation over resorption.
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In the initial chapters of this work, the thermal, swelling, and mechanical
properties of (meth)acrylate networks is detailed in an atteniptikh an understanding
of how intrinsic and extrinsic &ors influence network toughne&everal model
copolymer networks along with several common biomestcatle polymers were
subjected to tensile straio-failure testing at different temperatures and in the presence
of phosphate buffered saline (PBS)whs demonstrated that networks toughness reached
a maxima at a temperature close to the mat
the breadth and magnitude of this peak were dependent on the breadth of the glass
transition behavior as well as cdpmer chemistry and crosslinking density. When the
materials were soaked in PBS, this toughttesgperature peak shifted to a lower
temperature causing toughness to increase or decrease depending on the location of the
testing temperature with Tg.

To tes the hypothesis that toughness could be optimized in PBS by adjusting the
toughnesgemperature peak by tuning Tg, two ternary networks;d¢AMMA -co-
PEGDMA and 2HEMAco-BMA-co-PEGDMA, were developed with varying weight
ratios of MA to MMA or 2HEMA to BMAsuch that the Tg could be altered over a broad
range of temperatures. Results showed that Tg decreased in PBS to an extent dependent
upon the total water content atlgtrmodynamictate of the water molecules absorbed
within the network. For both network®ughness peaked in the composition whose Tg
was just below the testing temperature (37°C) in PBS with thecMMMA -co-
PEGDMA network exhibiting higher peak toughness compared with 2HEMBMA -
co-PEGDMA. Compositions of both networks that displayedagckd toughness also

exhibited elastic moduli in the range of-200MPa.

XXil



Next, the effect of immersion time in PBS (up to 9 months) on toughness was
examined for several M&o-MMA -co-PEGDMA compositions that possessed a broad
range of thermomechanical befa from glassy to ductile to viscoelastic to rubbary
orderto ascertain whether their toughness could be sustained for long time spans in a
physiologicalenvironment. Those compositions that initially had highggswere unable
to maintain their touigness after several months in PBS while those compasitiah
were in their viscoelastic regime were able to maintain toughness after 9 months in PBS.
To reduce the extent of watpolymer interactions that cause polymer degradation, an
additional netwdk crosslinked with DDDA, rather than PEGDMA, was designed. It was
determined that MAMMA -DDDA networks were further able to maintain toughness due
to the restricted mobility of water molecules to interact with hydrophilic chemical groups
in the network ad thus could serve as candidate materials for ibadring biomedical
applications including spinal repair.

In tandem with assessing the mechanical properties, the ability of (meth)acrylate
networks to promote a favorable osteogenic response was imtedtigsing am vitro
cell culture model with human MG63 osteoblike cells. Properties such as surface
chemistry and stiffness were adjusted by varying the comonomer concentrations and/or
crosslinking density. By testing two copolymer systems, PEGBIdAEGDMA and
2HEMA-co-PEGDMA, the differentiation of MG63 cells was found to be primarily
dependent on surface chemistry with RB&&ed materials promoting a more mature
osteoblast phenotype than 2HEMA surfaces. Amongst each copolymer group, copolymer
stiffness was found to regulabsteoblastifferentiation in a manner dependent upon the

surface chemistry. Due to this strong relationship between cell response and copolymer
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chemistry, the MG63 cell response on MA&-MMA -co-PEGDMA networks was

evaluated aa function of MA concentration. Because MA and MMA have similar
chemical structures, the elastic modulus could be varied over several orders of magnitude
without drastically changing chemistry. After performing several experiments, it was
determined thathe effect of copolymer stiffness on osteoblast differentiation orcgtA

MMA -co-PEGDMA networks was altered with each new set of copolymerayX
photoelectron spectroscopy analysis revealed that although the bulk material properties
are not affected, theurface presentation of specific chemical groups in the network
changed with each new experiment potentially affecting how cells function on the
surface. In general, M&o-MMA -co-PEGDMA and 50MAco-MMA -co-DDDA

networks promote a favorable osteoblast raspan comparison to TCPS suggesting its
use as a bonmterfacing loagbearing biomaterial.

In summary, the relationships between network structure, mechanical behavior,
and biological response established in this work will facilitate the design df,toug
biocompatible photopolymerizable networks for implementation with spinal repair
procedures. In a broad sense, the results presented within will contribute to the growing
field of biomaterials by better defining the interrelationships between polymeristig

mechanics, and biology.
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CHAPTER 1

INTRODUCTION

1.1 Motivation

Lower back painusually related to disc degenerati@mthe most common
musculoskeletal ailment in the United Statesting more than $1&illion per year in
treatment and congmsatior{1-2]. Currently when a patient no longer benefits from
conservative tr@ment methods, surgical approaches including spinal fusion, discectomy,
and total disc replacement serve as the next step in thenér@acontinuum. However,
these options are highly invasive, often r
therr level o activity, thus facilitating more pain and the need for further treatfi3e}.

New lessinvasive therapeutic approaches are being investigated that inkielpartial

or total replacement of the inner disc nucleus and/or repteaduter annulul, 5].

For instance, a torn annulus could be repaired by injecting an adhesive around the
damaged tissue or using a readily deformahdetoaconnect adjacent vertebra around the
disc to help with load transfer. However, these therapies require implant materials that
exhibit the appropriate mechanical properties, are durable or tough, promote a favorable
biological response, and can be ied in a minimally invasive manner.

In order to not disrupt the biomechanical environment of the physiological region,
it is critical that the mechanical properties of the synthetic material be able to mimic the
surrounding tissug?, 4]. If a replacement material is unable to match the mechanical
properties particularly stiffnesspf the native tissue over acute and chronic timescales,
pain, subsequeimmjury, and device failure can occur resulting in unwanted repeat

surgeries.The human spine is subjected to a complex loading regime that includes



tensile, compressive, flexure, and shear loading that is repeated over various frequencies
[3, 6]. Thus, a material must also exhibit excellent toughness, particularlyinnvam
hydrated environment, to ensure the implant maintains its function for long duf&jions
Besides having the appoate inherent toughness, the material must also interact with
surrounding tissue (i.e. bone) such that the biological functions of the tissue are not
compromised. In this regard, the material should produce a favorable osteogenic response
to ensure propeosseointegration and reduced the likelihood of bone resorption. In
addition, it is highly desired that the surgical implantation of such materials/devices be
performed in a minimally invasive manner due to the close proximity of vital organs
including he spinal cord and the long recovery times associated with invasive surgeries
[2]. Thus, a material that can be inserted in a minimally invasive manner and also
possess the appropriate mechanical and biological properties would serveesd an id
candidate for implementah in spinal repair applications

Polymers formed through photopolymerization have emerged as candidate
biomaterials for applications where it is advantageous to inasieu formation, fast
synthesis rates, and simple prageg into diverse geometri¢s]. Many isting
photopolymerizable chemistripessessailorable material properties allowirigr their
use in a broad range of material platforms from hydrd@e8 to biodegradable
materialgd9] to shape memory systeifif]. However to facilitate their use in
orthopaedic applications, particularly in disc repair, an extensive investigation of
structureproperty relationships (both mechanical and biological) must be undertaken in
order to identify novel methods to improve theiechanical properties without

compromising the biological function of bone.



1.2  Research Objectives

Theoverall objective of this researclwvas to develop photopolymerizable
(methpcrylate networks that are both mechanically and biologically compatidér un
physiological conditions to be implemented in spinal repair procedégseen in
Figure 11, the fundamatal approach was to establish structpreperty relationships
between toughness and network structure under different environmental corafitions
several model copolymeetworks in order to facilitate the design of several
photopolymerizable networks that maintain their toughness under physiological
conditions. In tanderto characterizing the echanical properties, the vitro response of
immature preosteoblast cellduet o ¢ h a n g i n gchenfsiey apdstlffressevass 0
assessed irelation to how specific (meth)acrylate copolymer systprosnote bone

formation over resorption.

E
Spinal Applications

Materials Selection

T

Network Chemistry
& Structure

Stress (o)

Strain (1)

Mechanical Behavior Biological Response

Figure 1.1. Schematic of experimental approach outlingeisiresearch



These biologicamechanical interrelationships were used to select candidate
networks that cabeimplemented as orthopaedic lebdaring implant materialsThe
innovation of this project stems from examining both biological and mechanical
behaviors of photopolymerizadhetworks as they relate network chemistry and
structure, facilitatinghe design of several photocurable biomaterials with enhanced
toughness that can Ineechanicallytuned to replacer repairnative various bone
interfadng soft tissues. This research was performed througlspecific aims as

outlined below:

1. Evaluatethe relationship between the chemical structure and toughness of
(meth)acrylate networks under different environmental conditions
Networks that are ghly biocompatible typically possess marginal toughness,
making them poor candidate materials in ortemjic devices.Previous studies
had shown that polymer mechanical properties are highly dependent upon
pol ymer chemistry asgemdardbnmeng artidularkythemat er i
presence of moisture. Therefore, amed to characterizéhe structurdoughness
relationships irseveral (mettgcrylate networksvith variable chemistries by
assessing their tensile strestgin behavior at different tgraratures and in the
presence and absence of phosphate buffered saline (PBS). Using these
relationships, several networks with tailorable chemistries were designed to
establish relationships with polymer hydrophilicity, glass transition temperature

and toghnessSubsequentlyseveral initially tougltandidate networkaere



identified to study how network toughness is affected by long term exposure to

PBS.

2. Assess the osteogenic responseaandidate polymer networks and
determine the relationship betweercell resppnse and polymer material
properties.
In order to remain a viable implant in the spine, the local chemistry of the
biomaterial must not have aalverse effect on bone growBtudies have shown
that osteoblast proliferaticemd differentiatonare i ghl 'y dependent on
mechanical and chemical environmght-12], but a thorough evaluation oime
mechanical and chemical effectsthe osteogenic responsave not been
performed with most acrylatieesed chemistries that show potential for significant
toughening. In order to bettelentify photopolymers that will interact favorably
with bone thein vitro response of aitmmmatureosteoblastike cell linewas
evaluated omseveral model (methErylatenetworks with tunable stiffness and
chemistry using a series of assays that quantify cell viability, proliferation, and
differentiation. Inaddition, the osteogenic potential of these aalisough
(methicrylate netwrks, identified in Aim 1, waassessd and compad with the

responses on other model copolymer systems.

To date, no studies have attempted to understand how to improve toughness
these materials by studyingaterpolymer interactions. Due to the high water content

inherent tomany phy®logical regions includinglisc tissue, these findings could



improve the durability of polymer networks such that their use can sfcttedve
extended to other lodoearingbiomedicalapplications. Because the material is
photopolymerizable, #lsohas the potential to be injected into the body and then cured
into the annulaspace or otheregiors that have limited surgical acces&nother option
would be to utilize the shape memory capabilitiethetenetworks to create a material
that can be ingted in a compact shape and then depldyed thermal or mechanical
stimulusupon entering the body.

Thesignificance of this work stems from understanding the interrelationships
between network structure, mechanical behavior, and biological resjpdaséditate the
design of biocompatible photopolymerizable materials with the appropriate stiffness and
toughness for use ibad bearing orthopaedapplicationssuch as spinal repaiBy
considering how physiological conditions, particularly the presefavater, influence
these relationships, polymeric biomaterials can be created for not only novel implant
devices, bufor a plethora of applications suchrasre durable tissue engineering
scaffolds and drug delivery vehicles.

In the chapters that flolw, a rigorous characterization of the mechanical
properties of copolymer (meth)acrylate networks is reported and discussed in terms of
how chemistry, network structure, temperature, and solution affect toughness. Several
fundamental relationships are @slished that will guide the future development of tough
polymer networks. In particular, the glass transition temperature will be identified as the
critical property associated with tailoring the mechanical properties. In later chapters, the

effect of vaying these same material properties on the osteogenic response is examined.



Finally, the significance of the findings on network toughness combined with the

biological response is discussed.



CHAPTER 2

BACKGROUND

2.1Photopolymerizable Networks

2.1.1 Current Use in Biomedical Applications

Photopolymerizable networks are materials that can be formed from liquid
monomer or a combination of liquid monomers into a solid network upon exposure to
visible or ultraviolet (UV) light. To facilitate the polymerizatioropess, a photoinitiator
must be present that will cleave and form a free radical upon exposure to UV light and
subsequently, interact with certain reactive bonds on the monomers to initiate the
polymerization reaction. These materials offer many advantsgk®medical materials
including their ability to be formeth situand into complex geometries rendering them
useful for minimally invasive procedurd3hotopolymerization islso an advantageous
technique due to the large spatial and temporal conittbkeasyntheis process, allowing
for a variety ofpolymerization times frorseconds to several hoUy§ as well as the
ability to createspecific topographical features using an array of lithography techniques
[13-15]. In addition, he reaction can take place at either ambient or physiological
temperatures with minimal heat product[d8].

Photopolymerizable materiatan also be modified chemically to form
biodegradabl¢l7-19], injectable[8, 20], thermally activated (shape memory effect)
polymer systemf21-22], facilitating their use in a diverse rangebidmedical
applications. Some current clinical uses of photopolymerizablevoeks include dental

resins and contact lenses, but these materials are also being investigated as sensor



coatings, tissue barriers to improve wound hed®&j or prevent thrombosig4], drug
delivery vehicleg425], cell encapsulation materigB), tissue engineering scaffolfio,

26] and shape memory sise fixation deviceR2].

2.1.2 (Meth)Acrylate Copolymers: Structure and Synthesis

Acrylate copolymers are some of the most widedgd polymers synthesized
through photopolymerization as their network forimats highly efficient due to the
high reactivity of their vinyl functional groups. The polymerization kinetics and their
effect on various material properties have been-stalllied[27-29], and many acrylate
chemistries have also been shown to be biocomp&ihl80-32]. For example, 2
hydroxyethyl methacrylat2 HEMA) is the primary component of many contaatdes
due its extreme hydrophilicityhile poly(methyl metherylate) PMMA) is used as bone
cement because of its incredible mechanical strehg#dition, many acrylate
monomers that can be formed into copolymer networks are commercially available at
relatively cheap costs improving the capability to mass preduoese materials.

The chemical structure of a representative acrylate monomer, methyl acrylate
(MA), is shown in Figure 2.2Acrylate networks are formetirough a free radical
polymerizatiorby incorporating at least one monofunctional monofoae viryl bond)
and a difunctional crosslinké2 vinyl bonds) During photopolymerizatiorfFigure 22),
the UV light interacts with the photoinitiator, in a process called photocleaving, to form
free radicals orach remaining portion thateavethe carboncarton double bonds
located on the monomefsfi 1 0 i nl). FSulipagqueptlytiese reacted monomers
form their own free radicals on the samé&®ond that then, interact with other adjacent

carboncarbon double bonds allowing for propagation of the reaetia chain growth



(A20 inl)Figdee m2dnation occurs when two
2.1). When choosing a photoinitiator, it is important to consider its biocompatibility,
solubility, and stability. 2:2limethoxy2-phenyl acetopheme (DMPA) (seen in Figure
2.1) is advantageous for biological purposes, because its side pendant group has been
shown to reduce the number of unreacted photoinitiators and its products are
biocompatiblg16]. As one of the more commonly used photoinitiators, DMPA has

already been extensively studied to form gels from P&&ed acrylatg®3].

Figure2.1 Diagram illustrating the free radical polymerization of acrylates initiated by
the cleaving of DMPA by UV light and forming a free radical resulting in the subsequent
reaction steps: (1) initiation, (propagationand (3) termination.

If only monofunctional or linear monomers are present, Emgngled polymer
chains will be synthesized forming a thermoplastic that is capable of melting and plastic
flow. Converselyif a difunctional acrylate, or crosslinker, is mixed with a linear
monomer, the dudlnctionalityleads to the formation of crosslinks amongstlithear
chains resulting im tight thermoset network that possesses unique thermal, mechanical,
and swelling properties that can be moduldiy changingnonomer chemistry,
crosslinker concentration, and molecular wei§®, 3334]. Because each acrylate

monomer possesses its own individual chemical structure, combining multiple linear

monomers and/or crosslinkers to form networks dlamveor precise tailoring of a
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variety of properties. For example the inclusion of a monomer that has a highly polar
pendant, such as 2ZHEMA, increases the overall swellability of the network in[@alter
Understanding these structypeperty relationships is a central theme that will be
investigated in detail to determine how (meth)acrylate networks can be used-as load
bearing biomaterials.

Besides the influence of monomer chemistry, the kinetics of the polymerization
reaction will also determine the microstructure of the network. Sefeatars have been
shown to control the photopolymerization process and resultant network structure
formed. Sample thickness is one important variable that afiact®polymerizationAs
light from the UV source penetrates the sample, the rays are abbgrtiexl
photoinitiator causing a decrease in light intensity the further the light must penetrate or
the greater the sample thickness (Figure 2.2). Changing the UV intensity will alter the
rate by which free radicals are formed and vinyl bonds are codviertee mixturg27,

36]. Oftentimes if the sample is thick enough, the surface closest to the UV source will
have a higher polymerizatioate compared with the converse side leading to
inhomogeneous regions in the sample. In addition, if the intensity is mitigated too much
deep in a thick sample, the conversion of reactive bonds could be low leaving many
unreacted monomers in the samplat ttould alter the mechanical properties or

potentially leach out over time.
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Figure 2.2 Polymerization rate as a function of depth and time into a sample during a
typical photopolymerization. The sample thickness was 1mm and UV intensity was
10mW/cnf. 2[36].

2.2 Thermomechanical Bénavior of Polymers

2.2.1Glass Transition Temperature

Polymer networks, including acrylates, exhibit a unique thermomechanical behavior
that can be easily tailored by varying network chemistry and structure. In partibalar,
glass transition temperatuf€g) of polymers, including acrylates, is a critical property
that dictates a material s mecha[®i4d]Jal , swe
Il n a broad sense, a pwhergtapolydeschaingundegoa he t e
relaxation related to rapibrational movements and increased chain flexibility and
mobility. From a mechanical standpoint, Tg represents the temperature span to which a
polymer transitions from a brittle glassy material to fh slastomer decreasing in

modulus as the environmental temperature increases above Tg.
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Network Tg is dependent upon the chemistry and structure of the polymer
network. From the perspective of individual monomer chemistries, polymers with
additional sideggroups hanging off the backbone often exhibit highey dexause higher
temperatures are required to increase the molecular vibrations. For example,
(meth)acrylate monomers exhibit highielg éosnpared with acrylates containing the
same pendant group dteethe extra methyl group present near the vinyl 48dd 42]
However, if the length of the pendant group increases to a certain extent, the increased
steric hindrance alvs for more segmental motion in the backbone thus reducing Tg. In
addition, polymers that contain high intermolecular bonding, such as 2HEMA typically
also exhibit highel g assthey require higher temperatures to break secondary hydrogen
or Van der Wals bondq42-43]. With respect to multifunctional monomers, Tg will also
increase with a decrease in the molecular weight of the crosslinker oismanea
functionality due to higher restrictions in mobility imparted by a consequential increase
in crosslink density33, 38] Increasing crosslink density also causes the breadth of the
glass transition to increase as network heterogeneity increases causinghasgo
regiors to relax at different temperatui@8, 44]

When two or more monomers are combined to form a copolymer network, the Tg
of that copolymer network relies upon the
monomes incorporated into the netwoj&9, 4546]. Many theoretical models have been
suggested to predict a copolymerods Tg. Fo
monomer composition and Tg by:

Tg=w T + WoTQtWsTgeé € .

A

WhereTgandwiar e t he individual Tgés and weight
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However, studies have shown that copolymeicaignotbe fully determined using
a simple additive property, but that other intrinsic factors must be considbssrd
predicting Tg based off of comonomer composi{ds-48]. One of the most general
forms, the CouchmaKaraz equation, takes into account changes in heat capgCy (
of the different monomers, assumig@g, does not depend on temperature, such that:

nT. = (WlDCpl InTgl) + (WZDCp2 In ng)
° Wlmpl +W2mp2

wherew;= the weight fraction of monomewith i=1,2,3 etc[45]. This equation can be
simplified further to the Fox equati by assuming tha&f, is nearly equivalent for all of

the monomer§48]:

The GordorTaylor Equation represents another simplified version of the
CouchmarKaraz equation that also takes into account intermolecular interactions within
the network by including an additiahparametek:

— Wngl + k(WZng)
w, +kw,

g

EX:PZ 0 DaZ
DC., Da,

k =

pl
Whereqd] is the coefficient bexpansion for monomer i=1ghd density of the two
monomers is assumed eq(#6]. If the intermolecular interactions between the polymer
chains are weak, then the Fox and Gordlaglor equations usually ho[d7]. Thus using

the appropriate model equation, the glass transition behavior gbéyower network can
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be better predicted. A primary focus of this work details using this relationship between

monomer concentrations and Tg to achieve specific desired mechanical properties.

Several techniques have beeghssdaransitpt ed t o
behavior. Differential scanning calorimetry (DSC) is one technique that takes a
t hermodynamic approach in determining a po
flow relative to the heat flow of air as temperature is increased or dedfé@s0]. A
representative DSC curve showing the differential heat flow as a function of temperature

is shown in Figure 2.3.

Heat Flow

ﬁ_,} ~—Crystallization

Melting——

1 | I 1 |
100 150 200 250 300 350 400

Temperature (°C)

Figure 2.3. Representative DSC curve of polymer that undem@géss transition,
crystallization, and melting as temperature is increased frofC1o0400C.

First order transitions in heat flow are measured as melting or crystallization
peaks depending upon whether the polymer is undergoing heating or céoling.
polymerds Tg is denoted as a [49¢pDSCnsd or der
particularly useful when wanting to determine the Tg of watebed polymers as the

airtight pans used to hold the sample during thep&gature scans keeps moisture from
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evaporating too quickl{s1]. Because water has its own thermal properties, information
such as water content and state can also be extracted from DSC thermograms by
evaluating the area of peaks occurring aroui@eldahd 100C associated with melting and
vaporizing of water molecules, respectividg-53]. Water hydrogen bonded to polar
groups in the polymer, an effect that subsequently alters the polymer chain dynamics, can
also be determined through DSC. Because bound water molecules require higher
tenperatures than free water to vaporize, bound water concentrations are often assessed
by measuring the temperature that the peak associated with water vaporization occurs
[54].

Dynamic mechanical analysis (DMA) is another technique that assesse
pol ymer s ther momechanical properties by
attain a specified strain over a sweep of temperatures at a given frequency. Properties
such as modulus are determined from the measured stress and input spenensiods
at each temperature point. A representative DMA curve plotting storage modulus and tan
delta as a function of temperature is shown in Figure 2.4. The tan delta represents the
ratio of the loss modulus (energy dissipated or viscous portion) gidrege modulus
(elastic portion) and supplies information on the dampening capacity of the material. Tg
occurs in the temperature region where modulus drops several orders of magnitude,
specifically at the temperature of the tan delta curve peak. Bedatggying Tg, DMA
can also be used to attain other information pertaining to the thermomechanical behavior
and structure of a polymer. For example, by measuring the rubbery modglus (E
(modulus above Tg) through DMA, the crosslinking density of thevawdt can be

ascertained using the theory of rubber elasticity:
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Wherer is the mass densitR is the universal gas constaifitis temperature, an is

the molecular weight between crossliri&5]. Thus from this equation, a higher rubbery

modulus signifies less length between crosslinks in ¢étark and a higher crosslink

density.

Storage Modulus

Storage Modulus (MPa)
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T
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100
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Figure 2.4. Characteristic DMA curve of a polymer network with Tg defined as the peak

of the tan delta.

2.2.2 Role of Temperature on Mechanical Properties
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An advantage of acrylatieased networks for loadkearing appliations is their

easily tailorable of mechanical properties by varying network chemistry and structure.

Because Tg affects the mobility and rigidity of polymer chains, the mechanical behavior

of polymers is highly temperature dependent. In general, apogne mec hani c al

properties can be broadly classified into three categories related to the environmental
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In the glassy regime (below Tg), chain mobility is restdctausing the polymer to
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exhibit brittle behavior characterized by high elastic modulus and usually failure stresses,
an absence of yielding behavior, and low strain capacity. As a polymer approaches its Tg,
the polymer acts in its viscoelastic regimereleterized by a moderate modulus, some
yielding behavior and increased strain capacity compared with glassy polymers. It is
within this regime that slight fluctuations in extrinsic factors such as temperature and
strain rate can have a large impact on raedal properties. At temperatures above Tg,
polymer networks exhibit rubbery elastomeric behavior characterized by a low modulus
and moderate strain capacity, but no yielding behavior. Unlike their thermoplastic
counterparts, polymer networks do not naddbve Tg thus making them useful materials

for high temperature applications.

T< T, : Glassy

T= Tg : Viscoelastic

Stress

T>T, : Rubbery

Strain

Figure 2.5. Example stress$rain curves under tension for polymers exhibiting glassy,
viscoelastic, and rubbery behaviors.

The mechanical behavior of polymer networks isragly influenced by the
network chemistry and structure. For instance, increasing the concentration of
crosslinker, and thus the crosslink density, will increase the elastic modulus as well as

ultimate strength of the netwof&6], but decreasthe ultimate failure straindhe material
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can attair{33]. Ultimate strength and elastic modulus can also be increased by
increasing the amount of photoinitiator or light intensity allowing for more double bond
conversions to occur and a denseoy@crosslinked network teorm [56]. Several

studies have attempted to experimentally compare the mechanical strength of different
acrylate monomers to evaluate their overall mechanical contribution to the network. For
example, Lustig et al. report that methyl methaatg/ MMA) and 2HEMA have
comparable levels of mechanical strength when incorporated into a cegaystem

under dry conditionfs7]. The high strength of 2HEMA is attributed to the presence of
intermolecular hydrogen bonds between hydroxyl groups located on the pendasit cha
Anothersystematic study on the influence of monomer chemistry on the mechanical
properties revealed that Wwih a certain rangef crosslnking density networks that

contain phenyl rings exhibit increased strength and extensibility compattedtiar
monomers such as PMMA and poly(ethylene glycol) phenyl ether acrpBBHREA)

[34]. These findings were taken into consideration within this current work when

selecting monomers to incorporate into the model copolyrigvorks.

2.2.3 Toughness

Althoughmuch work in the literature has been devoted to understanding
structureproperty relationships in regards to modulus, strength, deformability, less is
known on how to tailor network toughng84, 58. Toughness is a aterial property
that can be measured the amount of energy required to break aamat and broadly
reflects upon the overall sgges and strains the material can withstand. With respect to

polymers, key mechanical parameters ttatespond to enhanced toughness include
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increased strength, ductility, and/or extensibility since these properties all correspond to
additional energy requirements to initiate failureaddition to sustaining large loads and
strains, tough materials arelatively flaw insensitive since their toughening mechanisms
can accommodate local strains at geometrical or material discontinuities.

Materials that are used in a leadrrying capacity must exhibit not only a similar
compliance, as often measureddbgstic modulus, but also have a similar level of
toughness as the tissue it is replacing or repairiglogical tissuedave unique
hierarchical structures that provide the tissue with specific mechanical properties to allow
the tissue to serve its y$iological function under complex loading regimeslany
biologicaltissuesareai | ed in the I|iterature for havir
fibrillar or ceramicbased biological tissues. Figuré #lustrates the relationship
between the elastimodulus and toughness of many biological tissn€®mparison with
materials that are already used clinicalBalcified tissues such as bone and tooth enamel
exhibit high moduli but moderate touggss due to their inherent brittlene€sllagen
rich fibrillar tissues such as tendon, skin, and disc annulus have moderate compliance, but
improved toughness due to their maintenance of strength at higher fgag1d. At the
lower end of the spectrurhjgh water cotent tissues such asticula cartilage and
nucleus pulposusave both low moduli and toughness. Interestingly though, their
physiological functions are partially mechanical requiring them to be subjected to

continuous loading cycles, and in some cases lavge stress and strain ranges.

2C



spu, UHMwpPE, Nylon6-6

100 R

—~ PTFE
(s2]
-g Silicone, Skin PET f Tooth
% 10 - . Tendon PEEK Enamel
‘U-; Annulus » . *
0 Fibrosus -
8 1+ PLLAA Cortical
5 Nucl Bone
= ucleus A
B Pulposus PMMA
01 .
Articular Cartilage
Artery ¢
0-01 L1111 III 11 IIIIII| 11 IIIIIII 11 IIIIIII L1 11t 1 1
10” 10° 10" 10° 10° 10* 10°

Elastic Modulus (MPa)

Figure 2.6. Toughness vs. elastic modulus for severaldeadng biological tissues

(black) and polymers currently used clinica{lyed). If toughness was not specifically

given in the study, a value was determingctalculating the area under the reported

stress strain curve. SPU = segmented polyurethane; UHMWPE =higjtranolecular

weight polyethylene; PET = poly(ethylene terephthalate); PTFE =
poly(tetrafluorethylene); PLLA = poly@actide} PEEK = poly(ether ther ketone]62-
70] [71-74].
In general the toughness of successful clinical implant materials is relatively high

in comparison to biological tissue@ver a similar rang of elastic moduli, the toughness
of themajority of synthetic polymerim use today (10 to 100 MJfjris larger than the
majority of living tissues (0.01 to 10 MJnThe only exceptions in clinical use are
PMMA and PLLA. PMMA was grandfathered intoeign 1976 and is used
predominately as bone cement in restricted loading environments (for example in a bone
crevice or a medullary canal). In addition, PMMA is typically polymerized into solid

form inside the body, providing versatility not provided bg bther materials. The

PLLA polymer has relatively low toughness but also provides secondary function inside
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the body through degradatiorlowever,researchers are attempting to toughen PLLA
based implant materiaés well as design other tough degrddabateriald75-76].

Similar to biological tissues, a mater:]i
chemical and macroscopic structugeveral theoretical models haveen developed to
understand how chemicstructure affects toughnesslinear polymers For example,

Wu predictedhat toughness is dependent upon the chemical composition and chain
structure quantified through two interrelated variables in thermoplastic polymers, the

ent angl ementadenBi oyy ¢y ¢)lfb8]radhearyghatinastiaterc r at
been validated througéxperimental observatiofig7-79]. Usi ng Wuds t heor vy,
inherent toughness in polymers such as poly(ether ether ketone) (PEEK) and
polycarbonatés predicted as these two polymers have relatively lpwaues while

PMMA, a brittle polymer has a much highes @lue The low characteristic ratios and

thus high toughness of PC and PEEK are attributed to the presence of pheoyygeg

group in the backbone that allows for both rigidity and flexypitif the chains. Taking

these structural features of PEEK and PC into consideration, one study reported that
incorporating phenyl rings intithe backbone ahiol-eneacrylates prowdes enhanced

toughness when impact testing was perfor@eql.

Alt hough Wubs theory accounts fsoasitt he r
pertains to the chemistry of the backbone, the models do not consider other distinct
structural characteristics such as side group chemistry and crosslinkiity teatsare
inherent in copolymenetworks. For instance, another study found ttieg toughness of
acrylatebased networks was dependent upon the chemistry of the linear monomers at

low crosslinking densities (EL0MPa), but then becomes dependent solely on the
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crosslink density above this specific crosslink concentration. Withindhstosslinking
range, it was determined that Wuds charact
parameter of network toughness but rather
provided a better predictive assessment of network toughness. Specifically,

methacrylate) monomers possessed higher toughness over their acrylate counterparts

while monomers containing bulky phenyl rings in their side group provided increased
toughness over longer linear side chd8¥. For thiscurrent research, these

relationships served as initial design tools to specifically the tailor mechanical properties

of photopolymerizable (meth)acrylate networks

2.2.4 Effect of Water Absorption

Since intervertebral disc tissue contains a large amduvater, itis imperative
to understand how polymer chemistry dictates watdymer interactions, and how these
interactions subsequently affect mechanical propertes instance, igvious studies
have shown that immersing a pwler in water will resulin aprecipitous change in
mechanical properties. For example at room temperature, linear acrylates such as PMMA
will decrease in strength when &ed in water for long duratiorj81]. This loss of
Amechanical i nt evgter molegwes pesetrating eto thepelyniert ando f
disrupting the intermolecular bonding een chains to form their own hydrogen bonds
with polar groups within the polymer. Thi
results in increased chain mobility and reduced backbone rigidity, in some cases

corresponding to a reduction in T8p, 54, 82]
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The extent to which @ decreases in water is governed by the immersion time and
total water content within the network as well as the state of the absorbed water
moleculeg54, 8384]. In general, the g will continuously decrease as the water content
or immersion time increases, an effect driven by the initial waagmer hydrogen
bonds formed within the netwofB7, 54, 83. In hydrogels where the water content can
be greater than polymer content, the polymer will swell several times its original size in
order to optimize the number of wageolymer hydrogen bonds that can be formed.

From a thermodynamic perspective, #ffect of water on polymer properties,
including Tg, is related to the state of the absorbed water molecules. In simplistic terms,
water molecules can be found in one of two states within the network, each of which
plays its own role in affecting the g&atansition behavior of polymers. As displayed in
Figure 2.7, water molecules that form hydrogen bonds with polymer chains are termed
Abound watero while those water molecul es
and form hydrogeioonds with othewat er mol ecul es §7,83,85al |l ed
86]. Tgis affected by bound water in that the hydrogen bonding of water molecules to
the polymer chains will result in the formation of a gufese thermodynamsystem that
will exhibit a Tg that is dependent uponthgd@s and concentrations of
network and water molecules in a manner that can be determined using the principles
discussed in Section 2[31]. It is believed that the increased binding of water drives the
initial absorption process into the network resulting in the largest initial decrease in Tg.
Despite not directly bonding with the network, free water also affectsgloé @olymer
networks, particularly more hydrophobic polymers, by increasing the intermaiecul

distance between the polymer chains, thus disrupting the interchain secondary bonding,
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including both hydrogen bonding and secondary hydrophobic interactions, and increasing

chain mobility[37, 83]

Figure 2.7. Thermodynamic states of water whesodied into a polymer network.
Water molecules can either form hydrogen bonds with polar groups, such as the esters
found in acrylates (fiado in figure) or wi
As might be expected, the water state and concentrati@ab state will be
dependent upon the network chemistry and structure. For instance, the extent of bound
water is closely proportional to the number of polar groups such as such as hydroxyl or
amine groups, present in the netw{8K]. In general, acrylate polymers will have some
bound water present due to the characteristic ester be@(@) found in the chemical
structure. Bulky side groups, such as a phenyl ring or long side chains, can prevent water
bindingby acting act as steric barrigB¥, 83] Similarly, the extent of free water
present is also limited by any bulky groups because the amount of free volume present is
reduced in the network. Independent of chemistry, changing the crosslinking @énsity
the network will also affect total water content by limiting the mobility of water
molecules and reducing the availability of hydrophilic binding sites due to steric
hindrancd83, 87] In the case of hydroph& glassy polymers, water penetration is

driven more by diffusiomrelated forces than thermodynamic factors. Although no

binding sites might be present, over long periods of time, water diffuses into the matrix to
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fill any micropores preseii88]. Similar to the free water discussed above, these

molecules over time disrupt the intermolecular bonding and cause conformational
rearrangeents such that the chains will be in their most energetically favorable state by
limiting interactions with the water molecules and maximizing their own secondary
interactions. Other external factors including temperature will affect the total water

content and water state. Increasing temperature to above Tg allows for more water to
penetrate the network due to the increased free volume and chain mobility. These factors
must all be considered when understanding the relationship between network chemistry
and Ty under agueous conditions.

Based off of these observations, it is possible that water content can also
determine the extent to which toughness is altered in solution and thus, can be one
mechanism utilized to enhance toughness under physiologiddtioos. Developing
tougher hydrogels for orthepdic applications has been particularly challenging since,
by definition, hydrogels typically contain at least 50% their weight in water resulting in
large alterations in mechanical properties. Severaiggare currently working on
developing mechanically enhanced hydrogels by changing network stroctype of

crosslinking[89-90].
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2.3 Osteogenesis ands Regulation by Biomaterials

2.3.1 Bone Development and Remodeling

The effectivenessf implant materials is heavily dependent upon the interaction
between the material and the surrounding biological environment. Eliciting an
appropriate biological respse requires understanding the biologroalchanisms
involved in bone rem#eling and how the material surface affects the biological function
of bone.

Bone is a complex hierarchial tissue that is composed of a coltagfearganic
phase and an inorgamaineral phase. During the initial stages of bone development,
mesenchymal stem cells migrate from the bone marrow to the defect or implant site. As
the cells adhere to their environment, they begin to synthesize and deposit the organic
phase of the extradlular matrix (ECM). Collagen is the main constituent of this soft
matrix, also called osteoid, but other matrix proteins including osteopontin, osteocalcin,
bone sialoprotein, and fibronectin are also produced during this stage and serve their own
individual purpose in directing bone maturation. As the cells further differentiate, they
then begin to mineralize the ECM by depositing crystals of calcium phosphate before
finally transforming into osteocytes or mature bone cells. On the other hand, bone
reorption is initiated when osteoclasts, macrophligecells, are recruited to break
down the deposted bone matrix. This remodeling process, formation vs. resorption, is
highly regulated in an attempt to prevent the over or under production of bone tissue
either of which can lead to severe physiological disorders. With regards to bone
interfacing implants, the und@roduction or increased resorption of bone can lead to the

implant loosening over time and thus, is considered an undesired refinse
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Osteoblasts are the primary befleeming cell and must attach to a geristng
surface tgroduce osteoid and calcify their extracellular matiikiese cells undergo a
complex sequence of events to reach a mature osteoblast phenotype that can be broken
down into three distinct periods associated with the increased and de@gas=s$ion
of specific osteogenic factors: (1) proliferation, (2) matrix formation, and (3)
mineralization (Figure 2.992]. It is not the purpose here to detail the regulation of all
phenotypic markers but to highlight key proteins associaigdeach stage that provide

a basis for assessing the differentiation state and function of cells in question.

Proliferation  Matrix Maturation Mineralization
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Figure 2.8. Schematic of the temporal sequences of gene expression and synthesis of
markers related to the maturation of osteoblasts asuktidevelopment (adapted from
[92].
During the proliferative stage, DNA synthesis is increased while ECM proteins
including collagen and fibronectin and transforming growth factor-bgiaGFb1), a
regulator of matrix synthesis, are-tggulate in culture. As the proliferation declines,

the beginning of differentiation is associated with elevated alkaline phosphatase specific

activity. Alkaline phosphatase specific activity is believed to be involved with the onset
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of matrix protein secretioma organization, making its increased activity a primary
marker of early stage differentiatip®3]. A decrease in alkaline specific activity signifies
the onset of the mineralization stage that is marked bytneased expression of several
matrix proteins including osteocalcin (OCN), osteopontin (OPN), and bonepsatiein
(BSP). Because osteocalcin is produced at the onset of mineral nodule formation, its
increased production is a weltcepted marker oftestage osteoblast differentiation.
TGFb1l is believed to be another osteogenic
proliferation, promote ECM production, and dovwagulate osteoclast activif94].
Osteoclastogeassiscan also be mediated bgteoprotegin (OPG), a decoy receptor that
binds to RANK ligand omsteoblastgreventing their interactiowith RANK on
osteoclast§95]. Thus, increaseexpression of OPG would favor osteogen§34s.
Additionally, other markers including FGE PGE BSP are believed to be regulatory
markers of osteogenesgpressed at different points during maturaf@697]. This
temporally regulated sequence of gene expression and subseuent protein synthesis is
closely associated with ECM development and osteoblast mahgatiml have been
observedn vivothrough histochemical staining amdvitro by observing the gene

expression of the osteogenic marki&a).

The differentiation state of osteoblasts is also associated with their morphology.
Upon attachment, osbblasts will exhibit a flattened morphology that evolves as
differentiation progresses with cells becoming more columnar in shape. These changes in
cell shape are associated with matrix and mineral accumulation around the cell and
contribute to intracelliar signaling pathways that regulate the expression of osteogenic

genes. Osteoblasts primarily attach and respond to their extracellular environment

28



through integrins, a class of transmembrane heterodimeric proteins that consist of two
subunits (alpha aneta). Integrins serve to transmit signals from the extracellular
environment to the cytoplasm causing activation of various downstream signaling
pathways that lead to changes in cytoskeleton organization, gene expression, and protein
translocation. Thesextracellular cues can be chemical, topographical, or mechanical in
nature with certain characteristics of each signal able to produce a similar cell response
[12]. Fa instance with regards to chemical cues, integrins will recognize and bind to
specific peptide sequences on extracellular matrix proteins such as the aggjinine

aspartic acid (RGD) motif found on fibronectin. Similarly, mechanical stimulation will
induce the expression of osteogenic markers through a pathway mediated by the alpha 2
beta 1 integrif98-100]. As might be expected, cell attachment and function is mediated

through integrin binding in a similarghion on synthetic materigl$01-102].

2.3.2 Cell-Material Interactions

Because osteoblasts must attach to a surface to differentiate and produce new
matrix, their morphology, differentiation and function affeeted by the surface
properties of synthetic materiatscluding the surface wettability, topography, and
stiffnessin a manner that mimics the physiological response of osteoblasts to their native
extracellular environmengurface energy, or wettabilitas measured by the contact
angle between water droplets and the surface, affects both cell attachment and
proliferation[103] by changing the surface presentation of extracellular matrix proteins
to which cellshind. In particular, it has been shown that a contact angle above 45 degrees

is necessary for adequate cell adhesion and proliferation on polymefifiitis but
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osteoblast differentiation is promoted on more lythilic surfacesOn hydrophilic metal
oxide surfaces, human osteoblalse MGG63 cells exhibit a differentiated phenotype and
also secrete factors that create an osteogenic microenvirofft@&htWith polymers,
wettability is affected by both network chemistry and crosslink density, thus enabling the
cell response to surface energy to be tailored on polymer surfaces by varying copolymer
compositon [106] or functionalizing the surface with specific chemical groiji®].

Besides surface chemistry, surface roughness or topography can also regulate
osteoblast fun@n by either controlling the protein adsorption or by inducing cells to
alter their morphology due to specific spatial boundaries. Consequently, cell binding and
function is affected in a manner that is dependent on the size scale of the topographical
feaures.[91, 10#110]. For instance, MG63 cells become more difféi@ed on
titanium with micronscale roughness in comparison to smooth o+rsigioon scale rough
surfaceg111]. Similarly, rough surfaces containing pits or pores with a fiegleak
distance less than the size of the cell will cause cells to form a cuboidal or rounded
morphology as the cells anchor themsekesind the pit translating into altered
intracellular signaling112]. Thus, many implants, in particularly titanium dental
implants, have been developed with specific topographical features to enhance matrix
production and bone growth around the implant.

More recently, much interest has been generated on whether cells, including
osteoblasts, can mechasense their extracellular environment. Several studies have
reported that cell attachment, proliferation, aifferentiation are all modulated by the
substrate rigidity to a degree dependent upon the substrate stiffness in relation to the

stiffness of the native tiss{i#l, 113117]. In other words, cells will mimic thein vivo
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behavior more when they are cultured on substrates whose rigidity matches that of that
cell typeb6s native tissue matrix. Thus, <co
expected that osteoblasts will attach more, increase theirguatdidn rate, and exhibit a

more mature phenotype on stiffer surfaces, greater than 100k#4a15] Kong et al.

have proposed that this modul ated osteobl a
efficiently generate force through their cytoskeleton in response to the larger resistance
induced by the rigid substrafel3], and that these generated traction forces will alter the
assembly of intracellular machinery that drives its ability to enter the cell cycle or
differentiate[115]. The most reported substrate model utilized to study these stiffness

effects is to use a polyacrylamide gel and changing its crosslinking density to achieve

variable levels oftifness. To mitigate any chemistry effects and to promote cell binding,

these surfaces are sometimes coated with collagen or RGD peptides. More recently,

stiffness effects on osteoblast differentiation are being investigated oih&$e@ gels

that have stfnesses that can be modified by crosslinking concentrations or water content.

In all of these studies, a trend of increased osteoblast maturation with increasing stiffness

is observed with a more pronounced effect being observed in stem cell linesmersus
committed cell lines such as MC3'EKa cells.These findings suggest that the mechanical
microenvironment can have implications on developing therapies to promote bone

formation and osseointegratidfigure 2.9 summarizes the cell response to theriahte

surface.
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Figure 2.9 lllustration of intracellular signaling pathways associated with osteoblast
binding to its ECM or synthetic surface.
2.3.3 Biocompatibility of Photopolymerizable Materials
The biocompatibility of photopolymerizable materials basn studied

extensively in the literaturg-8, 1920, 26, 29, 31, 104, 11B19]. A primary concern of
photocurable polymers is the potential cytotoxicity related to any residual monomer
residing in the networkhat could leach out. The level of toxicity has been correlated to
the chemical structure, concentration, and water solubility of the mon¢32ers20]
For example, acrylates exhibit higher cytotoxic effects compared with their methyl
acrylate counterparts in terms of cell viabi[iB2]. Monomers that have bulky side
groups such as phenyl rings or long chains have also been linked with lower cell viability
compared withmaller molecules such as MMA. Monomers that are more water soluble,
and thus can easily be degraded through hydrolysis, have also been correlated to higher

cytotoxicity [120]. Cell death due to monomer leaching can be mitigated though by
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Improving the converen efficiency of the polymerization reaction, removing any
residual monomer prior to implantation, or reducing water absorption. Due to the toxicity
of certain low molecular weight monomers, their use as injectable systems is limited, and
So instead, injgable photopolymerizable materials are formed from macromolecular
precursors, such as PEG acrylate derivetgolypropylendumarate derivativegl21],
and poly(betaeamino ester) acrylatg9] and have some demonstrated success in
supporting cell growthincluding osteoblast growth. With regards to this present
research, any networks containing potential toxic monomers (i.e. BMA and MA) that are
developed and characterized were not considered for possible injectable applications, but
rather as prdormedmaterials that can be delivered in an alternative manner.
Photopolymerizable materials have also been shown to support osteoblast growth
and differentiation. Arn vitro study screening the growth potential of osteoblasts on
specific photografted polyers, including some acrylates, reported that osteoblast
proliferation and differentiation were both dependent on the chemical structure of side
groups in a manner independent of surface wettafll#®]. Furthermore, those
photopolymers that exhibited excellentvitro compatibility corresponded to increased
osseointegration when implanted in arinaal mode[123]. In many cases, the cells are
photoencapsulated in a hydrogel that serves as a delivery vehicle or if functionalized with
bioactive molecules, as a biomimetic ECM to promote a specific cellsipomned7, 20,
26, 118, 124125]. In particular, photocured PEGDA hydrogels have been shown to guide
the differentiation of MSCs or immature osteobld8% 124]verifying their use as bone

tissue engineering scaffolds.
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2.3.4MG63 Pre-osteoblast Cell Culture Model

In order to reliably establish relationships between thenabteirface and cellular
response, a wetlefined cell culture model must be adopted. Human MGG63 pre
osteoblast cells, an osteobkike osteosarcoma cell line have been used extensively to
determine what factors are related to the expression of thebtestephenotype and what
signaling pathways involve the regulation of genes that encode osteogenic marker
proteing[92]. These cells initially exhibit an immature osteoblast phenotype, but can
differentiate into mature osteoblasts over a sewagiculture period when exposed to
certain stimul{96]. For each experiment, MG63 cells are plated directly on the material
surface in 24well culture platesandr own t o confluency in Dul be
Eagleds Medium (DMEM) plus 10% fetal bovin
harvesting, the media is changed and then collected at harvest to determine the amount of

certain osteogenic factors that were producethduhat 24 hour period.

Previous studies have used this model to determine the osseointegrative potential
of implant surfaces with various chemistries and topographies showing that MG63 cells
cultured in this manner will exhibit an osteoblast phenotypee on hydrophilic sand
blasted, acigetched titanium surfaces than on smooth pure titaf@énl101, 108, 126]

These results further correlated to better bone to implant comtae leading to higher
pull-out strengths and less implant looser{@d), 127128], validating the use of this cell
culture model to study the osteogenic potential of different material surfaces. This MG63
cell culture model was adapted teaiate then vitro osteogenic response on
photopolymerizable (meth)acrylate networks and slightly modified for use with polymer

discs. The entire culture setup is show in Figure 2.10.
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Figure 2.10In vitro culture model implemented to evaluate thecogenic response of
MG63 osteoblastike cells to (meth)acrylate networks.
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CHAPTER 3

CHARACTERIZATION OF TOUGHNESS IN
PHOTOPOLYMERIZABLE (METH)ACR YLATE NETWORKS

UNDER VARIOUS ENVIRO NMENTAL CONDITIONS

3.1 Introduction

Polymer networks formed through photdyanerization have emerged as
candidate biomaterials for applications where it is advantageous tantsitieformation,
fast synthesis rates, and simple processing into diverse geometries. As a subset of
photopolymers, (meth)acrylateased networks arel@gantageous because their material
properties can be easily tuned by control of cls¢yiand crosslinking density.

Depending on the application, polymer networks must possess a certain range of
mechanical propertiehe elastic modulus is an importanbperty because it governs
the deformation of the material and is critical in managing stress transfer to surrounding
tissue. For instancepolymersused in a shape memory fixation device must possess a
relatively high modulus (:80MPa) to allow for higéstrength deployment into a stiff
tissue such as boif22] while a soft tissue replacement material must have a modulus
that matches the nativessue it is replacing (0-:100MPa depending on the tissfi£29-

130].

*Modified from

Smith KE, Temenoff JS, Gall KOn the Toughness of Photopolymerizable
(Meth)Acrylate Networks for Biomedical Applicationsournal of Applied Polymer
Science2009; 114(5): 271:2722.
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Additionally in applications invtving implantation into readily deformable regions (i.e.
intervertebral disc, tendon, etc), a material that can sustain high failure strains (greater
than 100%) is often necess§b®, 131]. Although it is relatively easy to tailor the
stiffnessor deformabilityof polymer networks to match that of host biological materials
[132-134], maintaining toughnessinother key mechanical properityline with
biological tissues is elisge, especially in polymer networks. Toughness broadly
measures the capacity of a material to absorb strain energy andnasigtg under
applied stress. Photopolymerizable (meth)acrylate networks possess a broad range of
thermomechaxal properties &@wing them to serve amrious material platforms
ranging from hydroge]g] to shape memory polymé¢2]. However,
photopolymerizablémeth)acrylate networks sometimkack the toughness, for
implementationn hightloading environments or in applications where mechanical
function must be maintained for long durations.

In order to developougher, more durable photocurable (meth)acrylate networks,
a fundamental understanding of the toughening mechanisms within such materials must
be established. Several theoretical models have been developed to understand the
structuretoughness relatiohg in linear polymersvhere high toughness is attributed to
the presence of certain chemical groups and their associated intermolecular interactions
[58]. For example, the high inherent toughness of PEEK is attributed to thel phgny
oxygenphenyl ring group in the backbone as well as the ability to cryst§igel35
136]. However, these relationships between monomer structure and toughness are further
complicated with copolymer netwiks that contain crosslinks and multiple monomer

component$34].
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To date, there has been minimal work focusing on the toughness of biomedical
grade(methpcrylate networkgparticularly under physiological conditiofts37]. The
objective of this stdy is to build an understanding of how intrinsic and extrinsic factors
influence network toughness photopolymerizable (meth)acrylate networkishe
approab consisted of performing stresst r ai n measurements on
tough polymers ahseveral model (meth)acrylate netwotdsinderstand how chemistry
and polymer structure influence toughness. To further understanthedihermal
transition behavior influensenetwork toughnesthe stresstrain response at multiple
temperatures spamy the glassy teiscoelastic toubbery regimavas evaluated. Lastly,
this study also aimetb identify how the relationships between toughness, chemical
structure, and temperature are influencedhtoyiersion inphosphate buffexd saline
(PBS). The rsults provide the fundamentatowledge required to guide the
developmet and implementation of tougihotgoolymerizablepolymers for loaebearing

orthopaedi@pplications.

3.2 Materials and Methods

3.2.1 Materials

Poly(methyl methacrylatePMMA), polycarbonateRC), andpoly(ether ether
ketone) PEEK) were obtained from McMasté&Zarrinc as sheets of thickness 1.6mm,
1.0mm, and 0.2m, respectivelyand used as reference materials due to their well
studied mechanical behavior and common use as bioaledaterials Methyl
methacrylate §IMA ), methyl acrylate MIA), and2-hydroxyethyl methacrylatHEMA)

monomers, and a poly(ethylene glycol) dimethacrylREEGDMA) crosslinker with a
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molecular weight of M=750 were chosen as the photopolymerizable at@yl The
chemical structures for each monomer are shown in Figure 1. The monomer solutions and
photoinitiator, 2,2 dimethoxy-phenylacetophenone (DMPAyere purchased from

SigmaAldrich and used as received.

,Jrn\qu/’\ﬂ%‘

Polycarbonate Poly(ether ether ketone)

®C) (PEEK)
| o /YO\ ;
\ ]
A{ O J \_\
Methyl Methacrylate Methyl Acrylate 2-Hydroxyethyl Methacrylate
(MMA) (MA) 2HEMA)

Poly(ethylene glycol) Dimethacrylate
(PEGDMA)

Figure 3.1 Chemical structures of seledtthermoplastic polymer$C and PEEKand
the (meth)acrylate monomers incorporated into copolymer networks.

3.2.2 Network Synthesis

Monomer solutions were formulated by combining a monofunctional
(methpcrylate (linear chain builder) and a difunctionadthacrylate (crosslinker) in a
ratio determined by weighdnd 0.5wt.% photointiator. Table 1 shows the monomer
components and their chemical structures. The weight ratios of the monomers in each
copolymer network are displayed in Table 2. Each efgtworks was carefully
designed to screen for various chemical and structural effects. The 2HBMA
2%PEGDMA is a lightly crosslinked, hydrophilic hydrogel network, similar to that used

in soft contact lens applications. The MMA-45%PEGDMA is a modately
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crosslinked material that demonstrates excellent shape memoryt@®pehigh force
applicationf22] and is moderately hydrophilic. TiMA-co-MMA -co-2%PEGDMA is a
lightly crosslinked, relatively hydrophobic shape memory p@lythat would operate
best inlargedeformation, lowstress biomedical applications.

Eachsolution was mixed manually in a glass vial and injected in between two
glass slides using a glass pipette. The gladeswere separated with twonin glass
spacers and coated with Rafnto enhance release. The samples were then placed under
a365nmuUV lamp (Blak RayModel B 100AP)for 10 to 30 minutes dependiog the
netwok.

Table 3.1: Networks created using a monofunctional (metHgergnd crosslinker
(PEGDMA) and their correspondirayerage §, rubbery modul{E), and swelling ratios

(@).

Monomer Ratio

Name W% T4 (°C) E (MPa) q

o o i 668%22 124+ 03 1.14%001

e N 111.7:13 143% 02 158005

M oot e SUMMA 5704 12 0270+ 02 1024001
206PEGDMA

100%PEGDMA  100% PEGDMA -20.3+0.3 30.9+0.6 1.46+0.02

3.2.3 Dynamic Mechanical Analysis

Thermomechanical properties were determined using a dynamic mechanical
analyzer (TA Instruments DMA &D0). All copolymeravere cut into 20mm x 5mm
rectangulasamples, and the edges were sanded to remove any microd&agctsles

were cooled te75°C, equilibrated at75°C for 2 minutesand subsequently heated to

20(°C at a constant rate of&/min. Tests were performed in tension mode at a frequency

41



of 1Hz with a 0.1kN preload force, 0.2% strain rate, and 150% faack.tlhe glass

transition temperature (f was defined as the peak of the
storage modulus) curve produdld8 They pl ottin
Universal Analysis software packagas usedo determine the exact temperature

corresponding to the maxima on the curve. The rubbery modulusdg determined as

the value of the storage modulus aboyavilerethe an U does not change
repeated once for each compositiopaid E values for each composition were averaged

and standard deviation calculated.

3.2.4 Tensile Strainto-Failure Testing

Tensile strairto-failure tests were performed oruaiversal testing machine
(MTS Systemslnsight 2 using a 2kN load cell and a crosshead speed of 1 mm/min.
Dogbone samples were lasart according to dimensions specified in ASTM D
Type IV or Type V (see below). The edges were sanded to remove fantsdeom the
laser and the width and thickness in the gauge section were measured using digital
calipers. Samples were loaded into tensile grips, heated in a thermal chamber, and held at
the testing temperature for 10 minutes to allow for thermal eqafiidn. Each polymer
system was tested in tension at temperatures below and above its Tg. Only samples that
broke in their gauge length were used for further calculations. Elastic modulus was
denoted as the slope of the initial linear region of thessateain curve whildoughness
was calculated as the area under the ss&a curve in units of MJ/fn The failure
strain and consequently, toughness of PMMA and PEEK could not be captured for
temperatures near theig [120°C and 140°C, respectivglgue to the height limits of the

thermal chamber that prevented the samples from stretching to strains past 500%.
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However, since samples of both PMMA and PEEK were able to break at all other
temperatures, it was assumed that the peak failure straioagiaiess would occur at
that temperature closesttiweir individualTg.

For all polymers except MAo-MMA -co-2%PEGDMA, the type IV specimen
geometry was adopted with a 20mm gauge lengii?a8mm gauge width. Due to the
characteristic ability of MAco-MM A-co-2%PEGDMA to sustain large deformatioas
specimen geometfASTM D 638 Type V) with emaller gauge length was used tios
material During initial testing, a large amount of deformation was observed outside the
Type IV designated gauge lehg762mm) in the MAco-MMA -co-2%PEGDMA
specimens. To account for this large deformation, an effective gauge length at each
temperature was determined by placing laser tape at the ends of the prescribed gauge
section and using a laser extensometer to medseidigplacement. Although these
networks stretched outside the region distinguishable by the laser, the initial strains
recorded from the laser and the giipgrip displacement measured from the crosshead
were used to calculate the effective gauge leagfach temperature. This average
gauge length (25mm) was used to calculate the engineering strains sustained by the MA
co-MMA -co-2%PEGDMA samples.

Network toughness under aqueous conditions was assessed by performing the
same tensile strain to failuredts in a heatephosphate buffered saline (PB#th. PBS
was formulated by mixing onghosphate buffered salit@blet (Sigma Aldrich#P4417
with 200 ml ofdistilled wateruntil dissolved Prior to soaking, the mass and sample

dimensions (gauge lergtwidth, and thickness) were measured. Each sample was
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soaked for 24 hours in PBS, and remeasured. Swelling ratio was calculated according to
the formula[139]:

g=Wu/Wi;
Where W, is the weight mass of the sample andidtthe initial preswelling masgn=4).
Samples were immediately loaded on the MTS Insight 2 and allowed to equilibrate in a
heated PBS bath fdi0 minutes. Due to the limitations tife PBS freezing neaPO and
boiling near 10€C, tests were only performed at temperatures betwehtdBCC.

Given the large number of temperatures and materials, tests under each condition
were repeated only once (n=2n these instances, theeds strain curves after two tests
visually demonstrated clear repeatability in behavior as indicated by the magnitudes of
the elastic modulus, ultimate stresses, and failure strains as well as the repeated presence
of other observable behaviors (i.e. gielg or strain hardening)For the MAco-MMA -
co-2%PEGDMA networksthis defined repeatability in stress strain behavior at certain
temperatures was not observed after two tests, mostly due to large variability in failure
strain, at certain temperature€{@ and 36C). As will be highlighted in the results and
discussion, at these temperatures the network is entering its viscoelastic state where it is
beginning to transition from glassy to rubbery. Thus within this region, it is expected for
there to bdarge sample to sample variability in certain properties (i.e. failure strain).
Therefore for MAco-MMA -co-2%PEGDMA tested at 2@ and 36C in air, a sample
size of 4was used tdetter identify the characteristic stress strain behavior under those
testirg conditions All toughness and failure stramlues for eachestingcondition were
averaged and presented as meastandard deviation in the result8lthough one

cannot reliably use thdata to perform an extensive statistical analfggi€omparng
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valuesat one temperature to the next, the tramdl increasing or decreasing

temperaturare very clegras will be discussed below.

3.3Results

3.31 Dynamic Mechanical Analysis

Representative plots of storage modulus as a function of tempei@atesech
material is shown in Figures 3.2 and 3.3. The glass transition region was identified as the
range of temperatures where the storage modulus drops several orders of magnitude. As
shown in Figure 3.PEEK, PMMA, and PC havg,0 setwben 138C and15(°C, but
possess different behaviors past their glass transeigion A complete loss of modulus
in PC following the glass transition indicates thermoplastic flow. The modulus of PMMA
reaches a temporary plateau with a more gradual flow behavit thbimodulus of
PEEK significantly increases abovg markingthermallyinduced crystallizationBy
design, the photopolymerized acrylatstgyns exhibit a wide range o§& and rubbery
moduli (Figure 3.3)anging from230°Cto 11®C and 0.1MPa t80MPa, respectively
(Table 3.1). The transition behavior of the design@aethyacrylate systems most closely
resemble PMMA, with exception to the distinct rubbery plateau in the more heavily

crosslinked methycrylate networks.
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Figure 3.2. RepresentatiMA plots of the storage modulus versumperature for
some commothermoplastic polymers

100%PEGDMA

Storage Modulus (MPa)

2HEMA-co-2%PEGDMA

MA-co-MMA-co-2%PEGDMA
-1 | | |

-50 0 50 100 150 200

Temperature (°C)
Figure 3.3 Representati®MA plots of the storage modulus versumperature for
severaphotopolymerizedmethcrylate networks

3.3.2 StressStrain Behavior
The influence of polymer chemistryiesting temperature on streggain
behavior was exam@u by performing tensile strato-failure testsat different

temperatures Representative stress strain curves at select temperatures are displayed in
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Figure 3.4. At temperatures below 80, PMMA (Figure 3.3 exhibits brittle behavior
reaching high stresses around 55MPa and failing without any noticeable yielding. As the
temperature increases towatts T,, PMMA begins to yield and plasticize exhibiting
morerubberlike behavior at and abothe T;. On the other hand, PEE&hibits a

ductile deformation response throughout the range of testing temperatures and maintains
both high stresses (>60MPa) and high strains (>500%) as the testing temgpera
appoaches and surpasses An increase in strength around 100% strain is observed in
PEEK at esting temperatures below itg. TPC is not included in Figure 2 for clarity, but

its stressstrain behavior demonstrated a similar trend with temperature as PMMA

120 I I I I

—PEEK (Tg=140°C)
100 | = = PMMA (Tg=125°C)  40°C

80

60

Engineering Stress (MPa)

Engineering Strain (%)

Figure 3.4. Representative tensile stietsain behavior for PMMA anBEEK atselect
temperatures.

The (methjcrylate networks, 2HEMA0-2%PEGDMA, MA-co-MMA -co-
2%PEGDMA, and MMAco-45%PEGDMA, follow very similar trendsith temperature

as PMMA (Figures 3.5 and 3.6)A drop in modulus and increase in failure strain is
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observed as the testing temperature approaches thearlatgrisAbove Ty, the
networksshow a drop in failure strain and plateau in modulus (a slight increase is seen
with increasig temperature as would be expected based on the theory of rubbery
elasticity). The addition of a significant amount of crosslinker (PEGDMA) to MMA

results in a decrease in extensibility of the system but an increase in modulus and strain
hardening (Figte 3.5 versus 3.4, PMMA The(methpcrylates with lower crosslinker
concentrationMA-co-MMA -co-2%PEGDMA(Figure 3.5) and 2HEMAo-

2%PEGDMA (Figure 3.preach higher failure strains with little strain hardeniighen
comparing the stress strain behaviooagst the networks and thermoplastics near body
temperature (40C), the elastic modulus falls within the same range for all the polymers,

but the failure strain angield behaviowvary considerably from material to material.

60 I I I I
——MMA-c0-45%PEGDMA (Tg=71°C)
50 = = MA-co-MMA-co-2%PEGDMA (Tg=58°C)
40 o
¥-10°C 20°C
\
30 b .
1
\

20

Engineering Stress (MPa)

30°C (£,7285%)

200 250
Engineering Strain (%)

Figure 3.5 Representativéensile stresstrain behavior for MMAco-PEGDMA and
MMA -co-MA-co-PEGDMA.at select temperatures.

48



120 T I I I I

2HEMA-co-2%PEGDMAT750 (Tg=110°C)

100 |~ —
E 0°C
S 8ol o
)]
[72]
o
w 60 H —
(@)]
£
5 (\_4)(
o)
£ 40 H 20°C -
(@)]
0

40°C 80°C
20 -W_
gl ! | l e |
0 50 100 150 200 250

Engineering Strain (%)
Figure 3.6 Representative tensile strestsain behavior for 2HEMA0-PEGDMA at
select temperatures.
3.33 Toughness in Relation to Temperature
Usingthestressstrain curves in Figure 3.4, failure strains and toughness as a
function of temperature were averaged each materiadnd superimposed with
representative temperatedependent tan delta curves obtained from DiMArder to
identify any sigificant correlationswith the thermal transition behavioi hetan delta
curvereahhes a maxi mu mgand is an indicator efincreasddnspening
and energy loskey componerstof suppressing material damage and enhancing material
toughnessBoth PMMA (Figure 37) and PEEK (Figure 3)&xperience maximum failure
strains near theirgI PMMA peaks irtoughness slightly below its;Bnd maintains
relatively low toughness at all other testtegnperatures above and beloy This peak

in toughress is significant, as the peak value is typically an order of magnitude higher
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than toughness values at other temperatures for all of the networks considered.
Conversely, in PEEK, the failure strain continues to increase as temperature increases

while toughness remains relatively constant, and is nearly an order of magnitude higher

or more than PMMA at all temperatures.

600 T T T 1 60
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Figure 3.7. The effect of temperature on the failure strain (open circles) and toughness
(closed circles) of PMMA. Dotted line detas the tan delta curve obtained from DMA.
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Figure 3.8. The effect of temperature on the failure strain (open circles) and toughness
(closed circles) of PEEK. Dotted line denotes timedwlta curve obtained from DMA.

For the crosslinke@@methicrylate networks, peaks in bothughness and failure
strain alsococcur belowtheir T,. However the distance between the toughness and tan
delta peaksis well as the breadth of each peak differs significantly between each system.
Prior tofurtherexaminingthe results, it is important to note that the location of both the
toughness and tan delta peak will vary with applied strain rate, a variable held constant
here. The width ofboththe tan delta and toughness peaks of MbbA5%PEGDMA
are verybroad(50°C and at least AT temperature spans, respectivaljth about 76C
separation between the peak of the tan delta and maximal toughne¢Bigesk3.9) In
addition, another smaller tan delta peak occurs @ &bove theoughness peak. Thus,
both thetan delta peak around,&nd this smaller peak could contribute to the enhanced

toughness of MMAco-45%PE@®MA at lowertemperaturesFrom Figure 3.11
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2HEMA-co-2%PEGDMAshows a similar trend as MM£o-45%PEGDMA with broad
tan delta and toughness peé8°C temperature spans each) with the two peaks
occurring 66C apart. Conversely, for M&o-MMA -co-2%PEGDMA, the tan delta and
toughness peaks cover a much narrower temperature range compared to the other

networks (20C and 10C) and occur 3 apart from ach other (Figure 3.30

300 I I I I 1 60
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50 D
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Temperature (°C)

Figure 3.9. The effect of temperature on the failure strain (open circles) and toughness
(closed circles) of MMAco-45%PEGDMA. Dotted line denotes the tan delta curve
obtained from DMA.
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Figure 3.10 The effect of temperatune the failure strain (open circles) and toughness
(closed circles) of MAco-MMA -co-2%PEGDMA. Dotted line denotes the tan delta
curve obtained from DMA.
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Figure 3.11. The effect of temperature on the failure strain (open circles) and toughness
(closed wcles) of 2HEMAco-2%PEGDMA. Dotted line denotes the tan delta curve
obtained from DMA.
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3.34 Effect of PBS on Toughness

Figures 3.12 and 3.1dghlight the change in stressrain behavior in the
presence of PBS fahe (meth)acrylate network3 he dress strain curves shown
represent one test of two performed at each testing condEmnMMA-co-
45%PEGDMA and 2HEMAco-2%PEGDMA the stresstrain behavior in PBSelow
T4 matches the behavior of the same systetedest temperatures above thgair.
Thus at 40 °C in PBS, tHenethgcrylate systems are effectively above their glass
transition and are acting in their rubbery state in ternfigilofre strain and toughness
When tested at 20°C, Mao-MMA -co-2%PEGDMA experiences a large increase
failure straingwith soaking which is also consistent with the network deformed in the dry
state at slightlelevated temperatures (Figure 3.1® addition, failure strains still
remain greater than 200% at temperatures above vfle at lower temperares
(around 20°C), yielding behavior still occurs. It is important to highlight that depending
on the system and testing temperature the toughness can appear to increase (MA
MMA -co-2%PEGDMA, T = 20 °Cor decrease (2HEMA&0-2%PEGDMA, T = 40 °¢
with exposure to PBSThis difference is related to the relative position of the testing
temperature on the toughness peak in temperature space, and will be further explored in

the discussion.
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Figure3.12. Representative strestsain curves for 2HEMA0-2%PEGDMA and MMA
Cco-45%PEGDMA.
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Figure3.13. Representative strestsain curves for MAco-MMA -co-2%PEGDMA.
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3.3.5 Toughness versus Elastic Modulus

When designing synthetic biomaterials that must function under rigorous loading
environments, two keyrpperties to consider are the elastic modulus and toughness of the
material. In Figure 3.14averagdoughnessalues arglotted againsaverageslastic
modulusvaluesfor all (methjcrylate networks tested in air and PBS &C4énd
compared witlseverbcommonbiomedical grade polymers studied in the litergtl46-
142]. For the sake of clarity in the figure, error bars have been removed and thus the
indicated points can be considered a range of toughnessaahdus values indicative of
that composition.Looking at this plotseveral important trends can be identified. First,
both(methjcrylate networks and linear polymers with similar moduli &4€how a
broad range of toughness values ranging three ®afenagnitude from over 100 MJm
to approximately 0.1 MJ/fm Secondly, the photopolymerizéaiethjacrylate networks
possess less toughness than other polymers such as PC, PEEK, UHMWPE, and
segmented polyurethane (SPU). Finally, PBS decréhsesodulis and toughness
the networksignificantly with exception to MA0-MMA -co-2%PEGDMA. The
decrease in modulus and toughness of the 2HEM2%PEGDMA polymer is extreme,
dropping three orders of magnitude in both quantities while MidA45%PEGDMA

only decreases about one order of magnitude for both properties.

56



1000

= 1 1 IIIIIII 1 1 IlIIIII 1 1 IIlIIII 1 1 IIIIIII 1 1 IlIlIII T 1 IIIII=

E PEEK CRNT .

100 b L™ UHMWPE® @ ® i

—~~ = E

™ C o7C N

E [ . i
= 2HEMA-co-2%PEGDMA

g 1 O E_ MA-co-MMA-co-2%PEGDMA ¢ 3

= C . ® MMA-co-45%PEGDMA -

7] o 3

8 - MA-co-MMA-co-2%PEGDMA (PBS) N

L & ]

E 1 L MMA-co-45%PEGDMA (PBS) PMMA -

(@] = ¢ 100%PEGDMA 3

> = .

o [ .

- I i

0 1 2HEMA-co-2%PEGDMA (PBS)

= ¢ —

N = © 100%PEGDMA (PBS) E

001 Ll Lol vl ol Ll 11

10” 10° 10’ 10 10° 10* 10°

Elastic Modulus (MPa)
Figure 3.14. Averagetighness plotted as a function of elastic modulus for acrylate
networks and the thermoplastic polymers tested in this study at 40°C at a strain rate of
5%/minas well as sme other common biomedical polymersoughness values of
CRNT, UHMWPE, and SPU were calculatesithe area under ts&essstrain cuves
found in the literatur¢l40-142]. The elastic modulus values were providedhe

literature. CRNT=carbon reinforced nanotubes, UHMWPE= uliigh molecular weight
polyethylene, SPU=segmented polyurethane.

3.4 Discussion
Inherent bughnes®f a material dictates the ultimate stress and strain the material
can withstand ang an important mechanical consideration when designing biomaterials
for long-term imphntation. For example, a tougbntact lens would prevent frequent
tearing and ripping from daily insertion and removal. A tough cardiovascular stent would
enable implant#on in remote locations in the leg where large bending forces are exerted

on the blood vessel wallAdditionally, atough replacement disk for spinal applications
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would improve the longevity of the device and allow it to sustain the rigorous loading
regime imparted on the spind.he purpose of this study was to characterize toughness in
photopolymerized (meth)acrylate networks by performing uniaxial tension experiments
under various environmental conditions. Although many factors are known to influence
the mechanical properties of polymer systems, especially thermoplastics, this is the first
comprehensive study on the toughness of photopolymerized (meth)acrylate networks. In
the remainder of this discussion, various toughening mechanisms in photopodgmer
(meth)acrylate networks, elucidated by the presented results, will be explored focusing on
their relevance towards designing potential biomaterial platforms.

The temperature dependence of network toughness is strongly dependent on the
Tgas reveald in earlier work on thermoplast|[dst3] and rubber networl{d32-134].
Similar to previous studies involving linear polym§t83, 137, 143144], the
(meth)acrylate networks demonstrate a transition from brittle to ductiléobeery
behavior as temperature is increasmrelating to peaks in both toughness and failure
strain at temperatures slighthglow the . This temperaturdependent toughness
maximum can be attributed to the viscoelastic nature of the chains thas @t the onset
of the glass transitiof132-134]. Within this temperature region, molecular vibrations
are beginning to increase allowing the chains to cooperatively disentangle and stretch
without substantial loss in load carrying capaglt43]. Thus, one way tenhance
toughness within a particul@methlacrylate network could involve tailoring tfig of the
system to create a toughness peak at a particular temperature (i.e. body temperature).
The drawback with this monolithic (single material) approach istheaglastic modulus

of the material is fixed in the viscoelastic regime and will be extremely rate dependent.
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Another method to enhance network toughness involtvesra the crosslinking
density In this study, slightly higher toughness values asented in the lightly
crosslinked networks (MMAo-MA-co-2%PEGDMA) compared tthe highly
crosslinked networkMMA -co-45%PEGDMA)(Figure 3e vs. 3c and Figure. 9n
generaltoughness remains constant in a network despite chaagisglinler
concentratios[145], with exception of lightly crosslinked networks37], which can
show enhanced toughseUnfortunately, there are several inherent tratfe with
adjusting the crosslinking densiti21, 146]or molecular weighf147]to control
network toughness. A higirosslink density inhibits global chain movement during
deformation, thus increasing strength (higher yield strength), limiting strains (lower strain
to failure), and increasing stresses at equivalent deformation levels (higher rubbery
modulus)[137, 143] Anotherdrawback of maximizing toughness through network
crosslinking density is that other important material features susledbng capacity
and rubbery modulus also depend strongly on crosslinking density.

Aside from tougheningvith temperaturelependent viscous effects and network
crosslinking, enhancement of toughness through monomer chemistry is another
possibility. The influence ahe network chemistrgan be observed by comparing the
toughnes®f uncrasslinked polymers such as PMMA, PC, and PEEigure 3 & 5)
which all have similail 46 ,out contain unique chemical featurésom Figures 2 and 3,
the vast difference in the strestsainbehavios of these polymers at similar testing
temperatures indites that polymer chemistry can greatly impact the toughness of
polymers. The highlevels of toughness of PEEK and PC camrkglained by the phenyl

ring-oxygen bonds located in the backbone of the polymer chains. Phenyl rings consist
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of tight chemical bnds that provide rigidity and strength to a chaimle their
intermittent bonding with oxygen atoms along the backbone allow them to flip rapidly
and rotate around the backbone, thus adding flexibility during defornfa8&h The
significantly larger toughness values of PEEK compared to PC suggest there is another
toughening mechanism driven by polymer structure. In the case of PEEK, this
mechanism ishte semicrystalline nature of the polymer induced by strain hardening
increasing the energy required to brefgk’, 143] Thus, povidedthe chemistries are
biocompatible, the incorporation of unique chemical struct@esh as phenyl rings, into
the backbonéo provide enhaced toughness in photopolymerizaptethyacrylates is an
important avenue for future research.

When comparingaughness in thermoplastics to {lmethycrylate networks at
40°C, 2HEMA-co-2%PEGDMA and MAco-MMA -co-2%PEGDMA (under dry
conditions)exhibit toughness levels in the same rangsoasecommon tough polymers
such as P@Figure 5) near body temperaturéhe chemical structures of thedividual
monomerswould suggest these backbones would have limited toughness based on the
theory of Wu[58], butthe macromolecular structuoé the crosslinked network and the
interactions between side groups imparts toughness beyond predictions based on chain
backbone flexibility.For examplehydrogen bondingpetweerhydroxyl side groups can
be a contributing factor to the toughne$she ZHEMA-based network. Similarly, the
toughness of MAco-MMA -co-2%PEGDMA can be attributed to hydrophobic bonding
between methyl groups in adjacent chains. Therefore, network chemistry can not only
influences the toughness of individual polymer chains, adntatso enhance the

macromolecular toughness through the formation of intermolecular bonds. Using this
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knowledge in combination with the observed dependence on temperature and
crosslinking density, a polymer network can potentially be designed thatehas th
appropriate modulus and deformability AND possess enhanced toughness.

An overarching concern in developing new polymer biomaterials, especially
hydrogels ad shape memory polymers witlhdT slose to body temperature, is the
toughness in the presencewdter or saline. A material that cannot maintain toughness
in solution may be unable to function properly in the body potentially leading to device
failure or injury to the surrounding tissue. The results of thisystiethonstrate that the
toughness meeamisms discussed thus far(methjacrylate networks are significantly
altered when the polymer is soaked in soluti The drop in elastic modulobserved in
this study corresponds to findings of previous studies and is atttibuteater
Apl as dthecpolymemesylting in a decrease in To, 148] Comparing the stress
strain behavior in air and PBS, nbvious trend in toughness is obseraadongst the
networks. Both 2HEMA-co-2%PEGDMA and MMAco-45%PEGDMA have decreased
toughnes in PBS at all temperatures while the toughness otMMMA -co-
2%PEGDMA actually improves at 2C in PBS compared with air conditions (Figure
5b).

This apparent anomaly of both decreasing and increasing toughness with water
uptake is explained if @aconsiders a shift in the toughnésmperature peak with
hydration. The interrelationship between toughness, temperature, and capalo#grto
water is illustrated in Figurg.15 Water absorption changes the effective location of the
toughness pedby lowering the §. Depending on where the tegj temperature

intersects the originabughnespeak and how far the peak shiftg the amount of water
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toughness could increase or decraasger agueous conditionSpecifically, if the test
tempeatureis to the left of theoughness peaik air, moderate water uptake may

increase toughneg¢si a 06 i n FAngxampe of3hisvéu)d be the Méo-MMA -
co-2%PEGDMA system where 20 °C is to the leftleé air toughness peak (Figure

3.10, and water expsure increases toughness at 20 °C due to a moderate shift of the
toughness peak towga lower temperature (Figure 3)130n the other hand, if the

tesing temperature i®catedat thetoughnespeak or to the right dhepeak in air,

water exposure cedecrease toughnessi b 6 i n  F Angxampe ofthiswbu)d

be the 2HEMAco-2%PEGDMAnNetwork which sits at the middle of its toughness
ipeako in air )ahbweden dl@ge(efwarg shift ef thB peaklwith

water uptake leaves theaterial withlow toughness at 40°C (Figure 3)12Based on this
paradigm, one way t o auweraquenlscanditipistb tpilore r 6 st
the monomer components so that the Tg and consequently, the maximal toughness of the
polymer system vilioccur around body temperature in the presence of water. This
approactwould require knowledge on the shift in toughness with temperature (strain

rate) and water absorption (time) to assure the toughness peak in water was at

equilibrium.
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Figure 3.15Schematic illustrating how the temperatalependent toughness maxima
shifts to lower temperatures in PBS. The temperature difference between the toughness
peak in air and PBS (T) is governed by se

andswdl abi |l ity of the network. As discussed
explaining how the toughness of acrylate networks can either increase or decrease in
PBS.

As mentioned above, the degree of the toughness shift ind&stidly dictated
by thehydrophilicity of the network components. Myn comparing the toughness lass
PBS, 2HEMAco-2%PEGDMAexhibits a larger change in toughness compared to
MMA -co-45%PEGDMA and MAco-MMA -co-2%PEGDMA Due to the hydroxyl
groups located in the pendant grotig 2HEMA network will contain large watehain
interactions that dve increased water absorptias indicated by thieigherswelling ratio
(g=1.58). It is interesting to note that if the high toughness of the 2HEMA system was
partially driven by chaiimnteractions du¢o hydrogen bonding, the PBfectively
eliminates this toughening mechanibgnforming new bonds with the hydroxyl side
groups. Although MMA-co-45%PEGDMA and MAco-MMA -co-2%PEGDMA have

low swelling ratios, their change in mechanicalgeudies in PBS indicates that the PBS
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still altersthe networkstructure, mostly by interacting with the glycol groups in the
PEGDMA crosslinker Even in the absence of PEGDMA, pure PMYIA9-150],

thiolene acrylatefl48], and polyurethane acrylatgs4, 148, 151have previously

exhibited this water effect over much longer time scales. Based off efabssrvations
between toughness and swelling, it can be suggested that the more water the network can
absorb, the more water molecules are present to interact with the polymer chains, and the
larger the shift the toughness peak shift with exposure tavater. However, further

work is needed to understand if the magnitude of the tougheegerature peak

changes or if it only experiences a shift to lower temperatures. Thus, this hypothesis will

be explored extensively in the next chapter.

3.5Conclusians
The results presented in this study provide several key mechanisms of the
toughnessstructure riationships exhibited within photopolymerizal§leethlcrylate
networks. Specifically, the study demonstrates that toughness in photopolymerizable
networksis controlled by:

(1)  Test temperature relative M. All of the networks demonstrate a peak in
toughness at a temperature below the glass transition temperature. The location
and breadth of the toughness peak depends strongly on the nature of the glass
transition in the networkie. breadth, number of peaks).

(2) Network structure, in particular crosslinking density At fequi valent o
temperatures relative to Tg, networks with different crosslink densities

demonstrate varying toughness, with low crosstionkcentratioroffering better
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toughness relative to highly crosslinkegstems, even though less crosslinking
results in lover rubbery moduli values
3) Network Chemistry For equivalenTg and crosslink densityhe presence of
certain chemical groups ikewn to impact toughness.
(4)  Water content Since watelowers theglass transition temperatuoé polymers
apparent toughness is significantly altered in water driven by changes in the test
temperature relative to the glass transition temperature discumsisem (1).
Optimizing toughness itmethjcrylate networks can only be achieved by considering
these relationships between mechanical properties, chemical structure, and environmental
conditions. By selecting nt gthgadpmopriateg 0 c he
amount of crosslinker, the ability to tune the toughness of these systems under
physiological conditions will render them useful in the design of implant materiéds or

load-bearing applications such as spinal disc repair.
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CHAPTER 4
EFFECT OF GLASS TRANSITION TEMPERATURE O N
TOUGHNESS OF (METH)ACRYLATE NETWORKS UND ER

PHYSIOLOGICAL CONDIT IONS

4.1 Introduction

A key characteristic of a viable orthopedic biomaterial is its ability to withstand
harsh mechanical environments, such asdtfound in the knee, hip, and spinal regions
by exhibiting appropriate mechanical behavior. First, the mechanical properties of the
material (specifically, its modulus) must mimic the mechanical behavior of native
orthopedic tissue (i.e. tendon, cartda@r ligament) in order to avoid a mechanical
mismatch between the synthetic material and biological tissue resulting in device failure
and injury to adjacent tissy#52]. Second, the material must have excellent toughness
to be able to sustain large repeated loading regimes. By enhancing toughness of polymer
networks, wear and fatigue failures can baimized[153], and the mechanical
properties can be better aligned with nalturimugh orthopedic soft tissueg&ven
synthetic degradable polymers, that are intended to dissolve in the body, can benefit from
enhanced toughness since premature fracture, wear, or fatigue can greatly affect

degradation rate and device performancerga complete dissolution.

*Modified from

Smith KE, Parks SS, Hyjek ME, Downey SE, and Gall K. The effect of the glass
transition temperature on the toughness of photopolymerizable (meth)acrylate networks
under physiological condition®olymer 2009;50(9): 51125123.
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Designing tough, chemically crosslinked polymer networks first requires
understanding what chemical characteristics influence the mechanical properties as well
as how these structuproperty relationships change under physiological dand. In
the previous chapter, the mechanical properties were found to be highly dependent on
temperature and the presence of PBS in a manner dependent upon the location of Tg with
the testing temperature. Specifically, the elastic modulus will decesastilure strains
will increase as the testing temperature approachis. TAbove Ty, the elastic modulus
will plateau or increase slightly and failure strains will decrease [5, 6]. Based off of this
trend from a brittle to ductile to rubbery statggximal toughness typically occurs at a
testing temperature s/l iggherethgchansdreobecoming a't
more mobile allowing the network to sustain larger strains without losing much strength
[7]. Because of this relationship be®vetoughness and temperature, the mechanical
properties at body temperature rather than room temperature must be considered for
implantation into the body.

Results discussed in the previous chapter elucidated the importasmesafeing
how saline soltion or water influences the mechanipabperties of polymer networks
[8, 9]. Several studies have identified the role of water in altering the mechanical
properties of polymer networks [412]. Similar to increasing temperature, immersing a
polymer inwater leads to a decrease in elastic modulus and an increase in failure strains
[13]. This change in stress strain behavior from a brittle to more ductile or rubbery state
suggests thatglis decreasing in solution [12, 14, 15]. Based off of these ohisens, it

has been suggested that water content can also determine the extent to which toughness is
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altered in solution and thus, can be one mechanism to which toughness can be enhanced
under physiological conditions.

The effect of water on the networlg i§ governed by the total water content
within the network as well as the state of the sorbed water molecules [12, 14, 16]. In
general, the Jof a polymer network will continuously decrease as water absorption into
the network increases, an effect dnugy the watepolymer interactions created within
the network [10, 12, 14]. In simplistic terms, water molecules can be found in one of two
states within the network, each of which plays its own role in the glass transition behavior
of polymers. For war molecules that form hydrogen bonds with polymer chains, the
term, Abound watero, is used while those
chains and maintain their mobility to form their own hydro¢pended clusters are called
Afree wa4 l&rl8|. [THe @otal water content and proportions of free versus
bound water in the networks are dictated by the presence of polar groups or steric barriers
and the crosslinking density. These factors must all be considered when understanding
the reationship between network chemistry andufider aqueous conditions.

Because the mechanical properties of polymers are tempedapeadent and
altered under aqueous conditions, it has been suggested that the toughness of polymer
networks will be depena on this relationship betweerg @nd water content. In this
study, the effect of water content angloh toughness is examined in photopolymerizable
(meth)acrylate networks. Photopolymerizable networks offer additional advantages as
polymeric biomatesls due to their ability to be formeal situ, and into complex
geometries, rendering them useful for minimally invasive procedures [21, 22]. In

particular, (methgcrylatebased networks formed through photopolymerization possess
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material propertiethatcan be easily tuned by control of chemistry and crosslinking
density. The broad range of thermomechanical properties in these networks enables the
development of various material platforms ranging fronrogdls [21, 23] to
biodegradable networks [23] thhape memory polymers [3, 24]. However, the toughness
of photopolymerized (meth)acrylate networks is limited for long term use in high loading
environments, especially under aqueous conditions.

Therefore, the objective of this study is to understanddleeof the glass
transition behavior and water content on network toughness under physiological
conditions. The approach involves performing ststssin measurements in parallel
with differential scanning calorimetry (DSC) and thermogravimetric aisa(y$A) on
two model ternary (meth)acrylate networks, MMAMA-co-PEGDMA and 2HEMA
co-BMA-co-PEGDMA. Different compositions of each network are formulated by
varying the weight ratios of the two linear monomers (MMA:MA or BMA:2HEMA).
The first aim is ¢ identify how the § of each network changes as the composition
changes in both air and PBS. Secondly, the swelling behavior as a function of
composition is evaluated and related to thefleach network immersed in PBS. Finally,
toughness is determinédair and PBS at 3T to identify relationships between
chemistry and toughness. From this study, two materials with enhanced toughness are
identified and it is shown that network toughening is achieved through different

mechanisms in each network.
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4.2 Materials and Methods

4.2.1 Materials
Methyl methacrylateNIMA ), methyl acrylate 1A ), benzyl methacrylate (BMA)

and2-hydroxyethyl methacrylat HEMA) monomers, and poly(ethylene glycol)
dimethacrylate PEGDMA) crosslinker with a molecular weight bf,~750 were
obtained from Sigm&\ldrich and used as received. 2lilnethoxy 2phenylacetophenone
(DMPA) was used as the photoinitiator and \waschased from Sigmaldrich as well

The chemical structures of monomers used are presented in Figure 4.1.

I ey

Methyl methacrylate Methyl acrylate Poly(ethylene glycol) dimethacrylate
{(MMA) {MA) (PEGDMA)

OH

Benzyl methacrylate 2-Hydroxyethyl methacrylate
(BMA) (2HEMA)

Figure 4.1 Chemical structures of monomers incorporated into networks.

4.2.2 Synthesis

Monomer solutios were formulated by combining twwonofunctional acrylate
or (meth)acrylates (MA and MMA or BMA and 2HENANnd a dunctional
(meth)acrylate (PEGDMA MA-co-MMA -co-PEGDMA solutions were prepared by
combining ratios of MA and MMAletermined by weight percentage with 10%

PEGDMAand 1% DMPA. The weight percentages of MA and MMA used for each
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composition are listed imable4.1. 2HEMA-co-BMA-co-PEGDMA solutions were
prepared by combining different ratios of BMA and 2HEMétermined by weight
percentage with 2d8EGDMA and 0.5% DMPA. The weight percentages of BMA and
2HEMA used for each composition are listed in Table 4.2.

Each solution was mixed manualitya glass vial and injected between two glass
slides using a glass pipette. Slides were separated with two 1mm glass spacers. To
prevent leakage of the MAo-MMA -co-PEGDMA solution, all four sides of the slides
were taped. Slides were coated with R4ito enhance release. Due to the strong
adhesiveness of 2HEMA, slides used for the 2HE&WBMA -co-PEGDMA solutions
were coated with poly(dimethylsiloxane) (PDMS; Dow Corning Sylgard 184), instead of
RainX, to prevent adhesion and to enhance release. Th@leswere placed in a UV
chamber (ModelC1 000L Ul traviolet Crosslink®r;
for the minimal amount of time needed to fully polymerize (approximately 30 minutes
and 10 minutes for MAo-MMA -co-PEGDMA and 2HEMAco-BMA -co-PEGDMA

respectively).
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Table4.1. Formulated compositions of Méo-MMA -co-PEGDMA consisting of

10wt.% PEGDMA (Mn~750) and MA and MMA with weight ratios listed (by weight) of
MA:MMA. The T4 in air and PBS measured through DSC are listed as wileas
swelling ratio (q) determined after immersion in PBS for 1 week.

Name Wt.% _ T4(°C) q
MA:MMA Air PBS
18%MA-co-MMA -co-PEGDMA 20:80 495+05| 48.9+£3.1|1.01+0.010
27%MA-co-MMA -co-PEGDMA 30:70 46.3+2.3 | 41.0£0.8 | 1.03+0.002
29%MA-co-MMA -co-PEGDMA 32:58 46.7+2.8 | 41.4+£1.2 | 1.02+0.005
31%MA-co-MMA -co-PEGDMA 34:56 45.6+8.5| 39.0+0.2 | 1.03+0.003
34%MA-co-MMA -co-PEGDMA 38:52 43.8+2.2 | 34.3+3.3 | 1.03+0.008
36%MA-co-MMA -co-PEGDMA 40:60 43.8+1.6 | 34.2+£3.1 | 1.03+0.008
40%MA-co-MM A-co-PEGDMA 45:55 35.4+3.0| 18.5+4.7 | 1.04+0.010
54%MA-co-MMA -co-PEGDMA 60:40 28.1+0.9 | 13.1+2.4 | 1.03+0.003
63%MA-co-MMA -co-PEGDMA 70:30 20.4+0.7 | 9.3+0.4 | 1.03+0.004
72%MA-co-MMA -co-PEGDMA 80:20 21.5+4.3 5.3£2.8 | 1.04+0.004

Table4.2. Formulated compositions of BMgo-2HEMA-co-PEGDMA consisting of

2wt.% PEGDMA (Mn~750) and BMA and 2HEMA with weight ratios listed (by weight)
of BMA:2HEMA. The Ty in air and PBS measured through DSC are listed as well as the
swelling ratio (q) determid after immersion in PBS for 1 week.

Name Wt'% . Tq (°C) q
2HEMA:BMA Air PBS

98%BMA-co-PEGDMA 0:100 56.7£1.6] 52.8 £1.1 | 1.00+ 0.001
19%2HEMA-co-BMA-co-PEGDMA 20:80 57.5+£1.3| 50.4 £2.2 | 1.01+0.002
39%2HEMA-co-BMA-co-PEGDMA 40:60 57.7£2.7| 417 +1.7 | 1.02+0.002
49%2HEMA-co-BMA-co-PEGDMA 50:50 55.7+0.9| 41.9+£0.5| 1.03+0.004
54%2HEMA-co-BMA-co-PEGDMA 55:45 546 £1.8 | 38.8 £3.5| 1.05+0.008
59%2HEMA-co-BMA-co-PEGDMA 60:40 55,6 £1.0| 35.7+1.5| 1.06+0.008
64%2HEMA-co-BMA-co-PEGDMA 65:35 57.7£0.9 | 33.8+2.3 | 1.11+0.006

69%2HEMA-co-BMA-co-PEGDMA 70:30 57.7£0.3 | 28.9+£1.1| 1.14+.006

73%2HEMA-co-BMA-co-PEGDMA 75:25 57.1+05| 21.8+2.1 | 1.16+.007
78%2HEMA-co-BMA-co-PEGDMA 80:20 56.2 £+0.8 | 18.9 £0.3 | 1.21+0.007
98%2HEMA-co-PEGDMA 100:0 58.1 £0.3 | 19.8 £0.5 | 1.65+0.030
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4.2.3 Differential Scanning Calorimetry

The glass transition temperatureg] bf each network was determined by
performing differential scanning calorimetry (DSC; TA Instruments Q100, Newcastle,
DE) under anitrogen environment. Samples were weighed on a balance (average sample
mass between 105mg) and then cooled t80°C and subsequently heated to 200°C at a
constant rate of 5°C/min. giwas denoted as the mabint of the second order transition
on the leating scan. Samples of each composition were soaked in phosphate buffered
saline (PBS; Sigma Aldrich) for 1 week and run on the DSC using the same procedure.
Before testing, each sample was removed from the solution and patted dry with a paper
towel toremove excess moisture. Averaggahd standard deviation were calculated for

each composition under each condition (n=3).

4.2.4 Swelling Study
To evaluate the equilibrium swelling behavior of each network, samples were
soaked in PBS for 1 week. Easdéimple was laserut into a rectangular piece with a
width of 5mm and a length of 20mm. Sample mass was measured after 1 week of soaking
(Ww). Each sample was dried in a vacuum at 40°C for 24 hours and the mass was
measured again (Y. The swelling ratidq) was calculated according to the formula:
q = Ww/Wp (1)

Average g values and standard deviation were calculated for each composition (n=4).
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4.2.5 Thermogravimetric Analysis

Mass loss as a function of temperature was deternisieda
thermogravimetric analyzer (TA instruments; New Castle, DEgmples were tested
under dry conditions and after soaking in PBS for 1 week. Those samples immersed in
PBS were patted to remove excess surface moisture and then quickly loaded into the pan
to avoid evaporation of PBS within the sample. Samples were heated from room
temperature to 400°C at a rate of 5°C/min under a nitrogen environi8antple mass
(Wr) as afunction of temperature was recorded each sample, and total, free, and
bound wagr contents were calculated according to previous stydsl5, 25] Mean
values and standard deviation of total water content and bound water content were

calculated for each composition (n=3).

4.2.6 Fourier Transform Infrared Spectroscopy

Chemicalstructurefor select networksvas evaluated by performing fourier
transform infrared spectroscopy (FTIR) in total attenuated reflectance (ATR) mode using
a Bruker Optics Tensor Spectromength a KBr crystal. Terscans were obtained
1Hz on dry sample and samples immersed in PBS for one week. Prior to obtaining
spectra, wet samples were patted lightly to remove bulk water on the surface and then
immediately placed on the crystal. Peak wavenumbers were identified using the OMNIC

software. 3 samplasere scanned per condition.
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4.2.7 Tensile Strain-to-Failure Testing

Tensile strairto-failure tests were performed oruaiversal testing machine
(MTS Insight 2) using a 2kN load celDogbone samples were las®rit according to
dimensions speadd in ASTM D 63803 Type IV with a 20mm gauge length and a
2.8mm gauge width. Before testing, the edges were sanded to remove any defects from
the laser, and the width and thickness in the gauge section were measured using digital
calipers. The samplesdted in air were loaded in tensile grips, heated to 37°C in a
thermal chamber, and held at 37°C for 10 minutes to allow for thermal equilibration. For
testing under aqueous conditions, samples were soaked in PBS for 1 week. Prior to
testing, the sampleag removed from the PBS, patted with a paper towel to remove
excess PBS, and its dimensions were measured using digital calipers. The soaked
samples were loaded in tensile grips, submerged in a PBS bath at 37°C, and held at 37°C
for 10 minutes to allow fothermal equilibration. All tests for these compositions were
conducted at a strain rate of 5%/sec. Only samples that broke in their gauge length were
used for property calculations. Toughness was calculated as the area under the stress
strain curve irunits of MJ/mi. Elastic modulus was calculated as the slope of the initial
linear portion of the stress strain curve for each test.

Based on the results of the initial tests, one composition each efdMWAVIA -
co-PEGDMA and 2HEMAco-BMA-co-PEGDMA underwat further tensile testing in
PBS using the same procedure, but at different strain rates of 0.05%/sec, 0.5%/sec, and
50%/sec. Average toughness values and standard deviation were calculated for each
composition. Compositions were tested four times el s&rain rate under each

condition (dry or wet).
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4.3 Results

4.3.1 Differential Scanning Calorimetry

Representative DSC heat flow curves normalized by the sample mass are shown
in Figures 4.2 and 4.3 for various compositions of-BlAMMA -co-PEGDMA and
2HEMA-co-BMA-co-PEGDMA networks under dry and aqueous conditiongisT
denoted on a sample curve as the second order change in heat flow. Looking at the
thermograms of 98%2HEM&0-PEGDMA, peaks are observed at 0°C and 100°C
corresponding to water in thetwvork undergoing a phase change from solid to liquid
and liquid and gas. PBS evaporation can be observed in the thermograms of other
compositions as minima in the heating curve that occurs around 100°C. In the 2HEMA
co-BMA-co-PEGDMA system, the area dfdse minima increases as more 2HEMA is
added to the network. A similar minimum is observed in the d¢MMA -co-
PEGDMA networks although there is no observable difference in area with changing

composition.

20:80 MA:MMA

32:68

40:60

Heat Flow

60:40

-50 0 50 100 150 200

Temperature (°C)

Figure4.2 RepresentativBSC scans oflA-co-MM A-co-PEGDMA for select
compositions (MA:MMA) under dry (solid line) and wet (dashed line) conditions.
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Figure4.3. RepresentativBSC scans of 2HEM#A0-BMA-co-PEGDMA for select
compositionsZHEMA:BMA) under dry (solid line) and wet (dashed line) coiodis.
Average0s measured from the DSC are |istec

graphed in Figures 4.4 and 4.5 as a function of MA or 2HEMA percent weight fractions
for MA-co-MMA -co-PEGDMA and 2HEMAco-BMA-co-PEGDMA, respectively. For
the MA-co-MMA -co-PEGDMA network, Tg decreases in both air and in PBS as the MA
concentration increases with average values ranging from°@®t4721.47C and
48.90C to 5.2C, respectively. For each composition, the averagealue in PBS is
lower than the averagegyvaluein air. By comparing the change ig With
compositionthe Tg of 29%MA-co-MMA -co-PEGDMA decreases by'6; whereas,
72%MA-co-MMA -co-PEGDMA experiences a 16 reduction in §when immersed in
PBS. Similarly,Tg linearly depends on the weight fraction oAMinder both dry and
wet conditions, but this linear relationship between Tg and MA concentration in PBS has

a larger slope compared with dry conditions indicating Tlggis decreased to a greater
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extent in PBS as more MA is added to the netw@&imilarly, increasing the 2HEMA
concentration in the 2HEMA&0-BMA -co-PEGDMA networks results in an incremental
decrease inJin PBS with values ranging from 52.82lto 19.79C, but under dry
conditions, the § is independent of relative BMA and 2HEMA concentrati. The
decrease in Tg with PBS exhibits a nonlinear behavior converse to the relationship in
MA-co-MMA -co-PEGDMA.

60

MA-co-MMA-co-PEGDMA
50

40
30

Air
20— x

10 —

Ta (°C)

ok PBS

10 | | | | | | |
10 20 3 40 50 60 70 80 90

Wt.% MA

Figure4.4.Effect of varying the MA concentration on Tg undettbdry and wet
conditions forMA-co-MMA -co-PEGDMA. A curve wasit to the experimental data
showing the linear dependence of TgMA concentration.
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-20 [ BMA-co-2HEMA-co-PEGDMA
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Wt.% BMA

Figure4.5. Effect of varying theBMA concentration on Tg under both dry and wet
conditions for BMA-co-2HEMA-co-PEGDMA networks A curve wasit to the
experimental data shomg the nonlinear dependence of Tg on BMA concentration.
Although these measuredjValues might be considered low, especially for the

98%2HEMA-co-PEGDMA material, it has been previously shown thgwill vary
depending on the analysis technique adopted@SC vs. dynamic mechanical
analysis).[26] In this study, DMA was initially performed on all compositions with T
defined as the temperature where the tan delta reaches a maximas determined
that the T measured bpSC coincided with the onsemperature of the
thermomechanical glass transition observed on the Di#a not shown) Due to this
difference, the § $determined by DSC will be coincidentally lower than expected to an

extent determined by the Ilombermadot[B6]l.of t he ne

4.3.2 Equilibrium Swelling Behavior

Average swelling ratios (q) for each composition of dd&MMA -co-PEGDMA

and 2HEMAco-BMA-co-PEGDMA are displayed in Tables 4.1 and 4.2, respectively.
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Tg as a function of water absorption is shownthe two networks in Figure 4.6. In the
MA-co-MMA -co-PEGDMA network, changing the MA concentration has no effect on
water absorption with all netwod@s exhibit
Conversely, water content in 2HEM#o-BMA-co-PEGDMA increases as the

concentration of 2HEMA increases with the swelling ratio reaching a maximamof

in the 98%2HEMAco-PEGDMA network.

60
® MA-co-MMA-co-PEGDMA
O 2HEMA-co-BMA-co-PEGDMA

40

20 -

Tg (°C)

20 &

| | |
1.0 1.2 1.4 1.6 1.8

q(g/9)

Figure46. Ef fect of water absorption (ags meas.u
of each network.
4.3.3 Thermogravimetric Analysis
The total water content and fraction of bound water in select compositions of each
network were determined through TGA. Representative DT/TGA plots of 29%dA
MMA -co-PEGDMA and 59%2HEMAco-BMA-co-PEGDMA are shown in Figure 4.7.
Sample masd\r) at each temperature point was used to calculate the percent of the
initial sample mass remainingo\,) by:

%M, = 213100
M

o]
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whereMy is the initial sample mass (Abmg). %M, wasplotted as a function of
temperaturalong with the derivative changeweight with temperature (DTG)Initial
decomposition temperature was defined as the temperature where the DTG began to
increase rapidly above 100°C. TGA profiles of other tested compositions were not
included for clarity purposes, but exhibited simit@havior in comparison to the mass

loss of dry and soaked samples. The presence of free water can be observed by the
decrease in mass and rapid increase in DTG below 1€t Pared with the

thermograms for dry samples. Above 100°C, a greater massdosscalirs in the PBS
soaked samples due to bound water eventually evaporating at a higher temperature. In
the 32:68 MA network, this maxima is very broad and shallow; whereas, the 60:40
2HEMA network exhibits a higher and broader maxima in DTG with tteegeaking

around 120°C. The effect of PBS on the thermal stability of the 2HEMA network is also

evident by the increased decomposition temperature compared with dry samples.
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Figure 4.7 Representative TGA results of (a) 29%M&-MMA -co-PEGDMA (32:68)
and (b) 59%2HEMAco-BMA-co-PEGDMA (60:40) inair and after 1 week immersion
in PBS.
Following the methods of previous stadi[12, 18], the total water contelt)
wasdefined as
W, =100- %M,
where théoMp is defined as the percent sample weigld taimperature slightly below

the decompositio temperature for theetwork. Because BMA decomposes at a low
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temperature (around 180), this was the temperature commonly adopted for the
different compositions of BMACo-2HEMA-co-PEGDMA network while thenitial
decomposition temperatures for various formulations of66AMMA -co-PEGDMA
ranged from 18TC to 200C. The amount of free water was defined as:

W, =100- %M,
where%My is the percent sample masslatfC. Although it would be expected that
PBS evaporates higher temperatures compared with pure water, thermograms from
TGA showed complete evaporation of PBS by 1080@gesting that the salt content, in
this case, did not affect the overall phase transitions of the solution. Thus, it was
assumedthatPBSndti r ect |y hydrogen bonded with the
watero) will evaporate in & Tmaspthisesr si mil ar
temperature was adopted to determine the weight fraction of free water. Because bound
water is in phase with éhpolymer network, these molecules will boil at a much higher
temperature, oftentimes when the polymer begins to decompBysassuming water can
only be found in one of two statebgetdifference between the total water conterd free
water content wadefined as the bound water within the netw{di®] The total water
and bound water content calculated from these plots for all compositions are shown in
Figures 4.8 and 4.9 for MBo-MMA -co-PEGDMA and . To determine if water state
changes in the networkdependently of changes in total water content, the ratio of

bound water to total water content are included for comparison.
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Figure 4.8. Total and bound water content as a function of MA concentration. The ratio
of the bound to total water contensisown and represents average values calculated

Wit% MA:MMA

from several samples (n=4).
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Figure 4.9. Total and bound water content as a function of 2HEMA concentration. The
ratio of the bound to total water content is shown and represents average values
calculated fom several samples (n=4).

Consistent with swelling measurements, average total water content and bound

water content remain relatively constant in the WIAMMA -co-PEGDMA network
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despite changing the MA concentration ¢8.2% and 0.82.0%, respectively) The total

water contents measured from TGA were consistent with the swelling ratios for the
different compositions of MAo-MMA -co-PEGDMA network. Interestingly, the ratio

of bound water to total water content is higher for networks containing mor& MM

versus MA indicating that water behavior is dependent on the copolymer composition. In
the 2HEMA-co-BMA -co-PEGDMA network, both total water content and bound water
content (1% to 41.2% and less than 1% to 15.8%, respectively) increase as the
concentrabn of 2HEMA increases, but there is no significant change in the ratio of
bound to total water content. For formulations of the 2HE8&BMA -co-PEGDMA

networks containing more than 60% of 2HEMA, the water contents as measured through
TGA were lower compad to the fraction of absorbed water extracted from the

calculated swelling ratio. It is possible that some PBS evaporated during loading the
sample into the TGA resulting in less mass loss due to water evaporation during heating.
This effect was mitiga&d as best as possible by keeping samples hydrated prior to testing
and quickly loading the samples before testitigs also important to recognize that the

two states of water described above are the extremes in a continuum of water states that
exist within a polymer. More extensive studies of the thermal transitions of water in
polymers have been detailed elsewhere and a&yend the scope of this study.[19, 27,

28]

4.3.4 Fourier Transform Infrared Spectroscopy
To better understand the wagalymer interactions in the M&o-MMA -co-

PEGDMA network, FTIRATR was performed on select compositiofepresentative
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FTIR spectra of 285MA-co-MMA -co-PEGDMA, 409%\A-co-MMA -co-PEGDMA, and
63%MA -co-MMA -co-PEGDMA under both dry and webnditions are shown in ¢iires

4.10 and 4.11 The peaks at 11606m1730 crit, and 2950cm correspond to the-©-C
stretching vibrations, C=0 stretching vibration, anéi Gtretching vibrations (for the

methyl group), respectively.A slight change in intensity in the-O-C and C=0

vibratioral bands under wet conditioms observed, particularly in the 45:55 and 32:68
compositionsdue to the formation of hydrogen bonds with surrounding water molecules
(Figure 4.10) After immersion inPBS, peaks appear aroub@50170ni" and 3400

3600cm’ corresponding to ¢ bending and stretching vibratioosthe water molecules,
respectively. The shifts in the-B stretching and @4 bending bands to higher

frequencies are indicative of the hydrophobicity of the network due to lessgeydr

bond formations between adjacent water molecules and/or water molecules with polymer
chains.[29] Comparing the frequencies amongst the three compositions in Figure 4.11, a
right shift in the peak frequency for-B stretching occurs in the 32:68 forkation

compared to the other two compositions suggesting that hydrogen bonding is stronger in

networks with lower MA concentration.
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Figure 4.11 Representative FTHRTR spectran the high frequency range for select

MA-co-MMA -co-PEGDMA compositions (MA:MMA) under dry conditions and after 1
week immersia in PBS.

87



4.3.5 StressStrain Behavior

Representative stressrain behaviors of MAo-MMA -co-PEGDMA and
2HEMA-co-BMA-co-PEGDMA at different compositions under both dry and wet
conditions at 37C are shown in Figure 4.12, 4.13, and 4.14, respectiay.each
composition, the stressrain behavior is altered in PBS exhibiting a decreased modulus,
reduced strength and increased failure strain compared to dry conditladsr both dry
and wet conditions, the M&o-MMA -co-PEGDMA network exhibits a traition from
brittle to ductile to rubbery behavior as MA concentration is systematically increased as
indicated by a gradual decrease in modulus, the appearance and waning of yielding
behavior, and increase in failure strain. Comparing Figure 4.12 aBdtHelstresstrain
behavior at each composition in air does not match the behavior of that same composition
when soaked in PBS, but instead exhibits more ductile (i.e. 30:70) or rubbery (i.e. 45:55)
mechanical behavior. In air, the strassain behavioof 2HEMA-co-BMA-co-
PEGDMA was not affected by changing the 2HEMA concentration, but maintained
brittle behavior independent of composition (data not shown). In PBS, 2HEMA
BMA-co-PEGDMA showed a similar relationship between composition and streiss stra
behavior as MAco-MMA -co-PEGDMA with a glassy to rubbery transition occurring

with increasing 2HEMA content (Figure 4.14).
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Figure 4.12 Stressstrain behavior of MAco-MMA -co-10%PEGDMA at differenratios
of MA:MMA tested inair at 37 °C.
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Figure 4.13 Stressstrain behavior of MAco-MMA -co-10%PEGDMA at different ratios
of MA:MMA tested inPBSat 37 °C.
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Figure 4.14 Stressstrain behavior of 2HEMAC0-BMA-co-2%PEGDMA at different
ratios of 2HEMA:BMA tested in PBS at 37 °C
4.3.6 Effect of Compasition on Toughness
Using the area under the stras$gain curves, toughness is plotted as a function of

MA or 2HEMA concentration as shown in Figures 4.15 and 4.16, respectively. In the
MA-co-MMA -co-PEGDMA network, a peak in toughness in air and PBSiscat the
composition with 32%MA while an additional peak is also observed in air at the 45%MA
composition. These peak compositions are easily identified as their toughness values are
several orders of magnitude higher compared with other MA concengatithin the
network. In comparison to M&o-MMA -co-PEGDMA, the toughness of 2HEM#£o-
BMA-co-PEGDMA in air is low and does not vary with changing 2HEMA
concentration. In PBS, toughness is the highest for 59%2HEMBMA -co-PEGDMA

and then decreases witltreasing or decreasing 2HEMA concentration.
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Figure 4.15Toughness plotted adianction of composition foMA-co-MMA -co-
10%PEGDMA. The toughness under both dry (dotted line) and wet (solid line) are
compared for each network.
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Figure 4.16 Toughress plotted as a funah of composition for BMAco-2HEMA -co-

10%PEGDMA. The toughness under both dry (dotted line) and wet (solid line) are
compared for each network.
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4.3.7 Effect of Strain Rate onNetwork Toughness
The effect of strain rate on the tdugess of 59%2HEMA0-BMA-co-PEGDMA
and 29%MAco-MMA -co-PEGDMA is displayed in Figure 4.17n both networks,
toughness is altered when the strain rate chaoggsseveral orders of magnitudat
5%/sec, the toughness of both M&MMA -co-PEGDMA and 2HEM\-co-BMA-co-
PEGDMA is highest. As the strain rate decreases from 5%/sec to 0.5%/sec to 0.05%/sec,
network toughness gradually decreases with theddMMA -co-PEGDMA network
exhibiting the larger change in toughness compared with 2HEMBMA -co-
PEGDMA neworks. The toughness of 59%2HEM#&-BMA-co-PEGDMA does not

change when tested between rates of5D%/sec but declines slightly when tested at

0.05%/sec.
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Figure4.17 The effect of strain rate on the toughnes29%MA-co-MMA -co-
PEGDMA and 5%9%2HEMA-co-BMA-co-PEGDMA networks tested in PBS at 37°C.
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4.4 Discussion

Because the spinal disc region contains a large amount of water, a material
implanted into this region must be able to have the appropriate mechanical properties in
the presence of solutiorlowever, increased moisture content as a result of implantation
into hydrated areas of the body is a common cause of mechanical failure for polymeric
biomaterials. In many instances, it is necessary that the material be able to absorb a large
amount ofwater (for example, in hydrogels) to serve its desired function in the body as
well as maintain suitable mechanical properties to ensure durability antelong
functionality. A polymer biomaterial that is tough in solution would serve a variety of
applications including a shape memory fixation device, compliant soft tissue
replacement, hydrogel and/or tissue engineering scaffold. Although the materials studied
here are nowlegradable, the concepts discussed herein may also be extended to certain
degradale polymer networks.

In this studythe influence of an aqueous environment on the toughness of
photopolymerizable (meth)acrylate networks was examined using two ternary copolymer
networks. Three component networks allow for the systematic control idws
materials properties, such ag, by varying the weight ratio of the two linear monomers
without changing the crosslinker concentration. Maintaining a constant crosslinker
concentration is important as it has been shown that crosslinking densiffedat water
absorption and the mechanical properties independent of monomer chemistry. The
combinations of linear monomers incorporated into each network were chosen for several
reasons. In one networlA and MMA wereselecteecausehey have diffeent Tgbé s

(-10°C and 18°C, respectively), but their structures provide a similar level of
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hydrophobicity based on polarity (Figure 1). Previous studies also revealed that-MA
MMA -co-PEGDMA (with 2% PEGDMAas inheretly high toughness with an elastic
modulus in the range of many tough biologitssues [7]. Conversely, the two linear
monomes selected for theecondhetwork, BMA and 2HEMA, both have highgés in
relation to body temperature (80°C and 110®3pectively)but have side groups with
opposing degrees of hydrophilicity (Figure 1). In addition, 2HEMA is a monomer that is
extensively usedh contact lenseand hydrogels [30, 31] while BMA has been shown to
have enhanced toughness at its glass transition temperatur&{8&j.the results

presented here, it can be suggested that network toughness under physiological conditions
is dependent ond water absorption, and strain rate, in a manner related to network
composition. In the following discussion, the individual role of each property
enhancing toughness, with respect to each network, will be examined as well as how
these properties are interrelated in affecting toughness.

In the MA-co-MMA -co-PEGDMA system, § is dependent on MA concentration
under both dry and wet conditions. Tdigserved decrease irgWith increasing MA
concentratior{Figure 4.4)an be explained by considering that the Tg of a copolymer
network is dependent on the individua& and concentrations of the monomer
component$33, 34]. Because MA has a lowergtompared to MMA anthe PEGDMA
concentration is constant in all network formulations, tg@flthe MA-co-MMA -co-
PEGDMA network effectively decreases as more MA is added to the network. After
immersion in PBS for 1 week, theydf each composition in PFBdecreases indicating
that water molecules are being absorbed and changing the thermodynamic state of the

network. Due to the low water content in the network, the absorbed water molecules are
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effectively acting as a plasticizer by increasing the cordigonal entropy accessible to
the network in a manner related by the following expresserived from the Couchman

equation

C — T PBS
DS® =- C, In(=X%)

gAir

where Sis the change ithe configurational entropy of mixing ard, is the heat
capacity of the netwd [33]. If it is assumed that heat capacity is not affected by the
plasticizer, the larger increase ig With networks with higher MA concentration
suggests thap Sdue to the introduction of PBS is compositidependent Several
theories have beensoped to predict the effect of water and copolymer composition
on Tgincluding the GordoiTaylor [35] and CouchmaiiKaraz equationf33, 36]
Because the total water content of MA&-MMA -co-PEGDMA is low, it is difficult to
apply these equations in pretilig Tg as the concentration of the liquid diluent, PBS, is
small enough such that it is difficult to ascertain if the dilueptvéuld remain the same
as in the bulk.The linear relationship betweemy&nd MA concentratiosuggests that
this copolymer nievork follows simple additive propertigslated tathe ideal volume of
mixing, even in the presence of PBS [33, 34]. However, it is also important to note that
these theories are simplistic in that they only take into accountdwgponent systems
and thus cannot be fully utilized to account for change in both the copolymer
concentration and changes in water content.

Besides considering the change in thermodynamics associated with mixing the
PBS and polymer chains, it is important to consider how thefgpeater state is
changing within the different compositions. It has previously been reported that the state

of water molecules within the polymer can directly attribute to its glass transition

95



behavior [12, 28]. Considering that water content of g#tevark is not affected by MA
concentration (Figure 4.6), the largeg fleduction with increasing MA concentration in
PBS (Figure 4.4) suggests that the weight ratio of MA to MMA in the network could be
affecting the state of the sorbed water moleculedtnegun differential decreases ingT
[12, 37]. Due to the difficulty in discerning the relative bound and free water contents,
several different experimental techniques including DSC, TGA, and FTIR are usually
employed to determine specific wataslymerinteractions [12, 14, 27, 29, 38]. Because
all MA-co-MMA -co-PEGDMA formulations have low water contents, the free water and
bound water contents were undetectable through CEBG:onsidering that bound water
will evaporate at a higher temperature duggdormation of a onghase system with the
network in comparison witfree watemvhich evaporateat 100C similar to bulk water,
thefree and bound watdractionscan be determined timgh thermogravimetric
analysis[12, 25].The observedl-2% weightfraction ofbound waterindependent of MA
concentration, (Figure 4.8) compakesh other reported findings on polyurethanieat
possessimilar chemistry and hydrophobicity [12].

It might be expected that polymer networks with very low water conteatdw
not contain any unbound or free water, but rather all sorbed molecules would bind to any
available hydrophilic chemical groups. However, the absence of potential binding sites
in hydrophobic networks such as M#®-MMA -co-PEGDMA causes sorbed water
molecules to remain in an unbound state and arrange themselves into clusters in order to
optimize the number of hydrogen bond interactions as well as minimize their interaction
with the less energetically favorable hydrophobic components of the network [39].

These clusters will be located within the micropores of the network and exhibit a phase
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transition behavior characteristic of bulk water [28, 29, 40, 41]. Althoughc®MMA -
co-PEGDMA is mostly hydrophobic, it is also evident from the FTIR spectrai(€&ig
4.11) that some water is still present in a bound state, forming hydrogen bonds with
ethylene glycol on PEGDMA and the ester groups located in the acrylate subunits.
Interestinglyby comparing the ratio of bound water to total water content in the
network, it is observed that the bound water content relative to total water content
decreases with increasing MA concentration suggesting that water prefers to remain in an
unbound state as MA concentration increases (Figure 4.7). The leWesti@tching
frequency in the FTIR spectra of 29%M&MMA -co-PEGDMA compared with the
63%MA and 40%MA formulations provides further evidence that more hydrogen
bonding is occurring in formulations with less MA incorporated (Figure 4.11). Taking
into consideration thdtee water content increases argldecreases to a greater extent
with MA concentration (Figure 4.2), it can be suggested that the extegtretiliction in
PBS is dependent upon the free water content within the network. To follow up on this
theory, DSQwas performed using a headolheat scanning procedure on select-MA
MMA compositions after 1 week immersion in PBS (data not shown). Samples were
heated to a certain temperaturgs TOOC, 120C, or 140C, then cooled toC, held
isothermal for 5 mings, and reheated once again to°200An increase in d after
heating to only 10TC indicates that the removal of free water is causing thef The
network to return to its original state for the dry network. Althoughvas further
increased upon heag to higher temperatures, the greatest increasg ocdurred in the

heating scans ramping to T@providing further evidence that the effect of PBS
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immersion on the @ of MA-co-MMA -co-PEGDMA is governed by the presence of free
water in the network.

By comparing the results for the two copolymer networks, it is evident thagthe T
of 2HEMA-co-BMA-co-PEGDMA is affected by PBS in a different manner compared
with MA-co-MMA -co-PEGDMA. Unlike MA-co-MMA -co-PEGDMA, the 2HEMA
concentration of 2HEMAco-BMA -co-PEGDMA does not impact thegof the network
under dry conditions (Figure 4.3). Because BMA and 2HEMA have similar reported
Tgés [32, 42], the T of the copolymer network will not be affected by changing the
concentration ratio of 2HEMA to BMA, according theories on the effect of copolymer
mixing on Tg [33-35]. However after 1 week immersion in PBSy Becomes strongly
dependent on 2HEMA concentration, an effect driven by the increased water content with
increasing 2HEMA concentration (Figure 4.3 and)4In compositions with low water
contents and little swellability (less than 60%2HEMA), the PBS is acting as a plasticizer,
similar to the MAco-MMA -co-PEGDMA network, to lower @ by increasing the
configurational etropy accessible to the netwd&3]. In this regime, the @
experiences a few degrees reduction with an increase in 2HEMA @.ahleln
compositions containing more than 60%2HEMA, thi®@ increase in network
swellability (Table4.1) indicateshe polymer chains are being extenddéldwing for
more PBS absorption, but less configurational entropy available to the network. In
addition, the increased free volume allows the water molecules to act in a more stable

state by forming hydrogen bonds with either the polymer chains or eaah otie

combination of these two mechanisms resulthénTgd s of t hese composit
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decrease to a greater extent compared with the low 2HEMA compositions effectively
leaving the networki a relaxed, rubbery state.

When examining water state wittime network, bound water content increases as
more 2HEMA is added to the network as would be expected as more potential sites
become available for water binding to occur (Figure 4&)nsidering the polarity of the
side groups of each monomer, it wouteldxpected that the hydroxyl group in 2HEMA
would readily form hydrogen bonds with adjacent water molecules. On the other hand,
BMA contains a bulky, nonpolar phenyl ring in its side chain that limits the diffusion of
water molecules and provides an emeigplly unfavorable environment for hydrogen
bond formation to any hydrophilic components [14nlike MA-co-MMA -co-

PEGDMA, despite the change in water content with 2HEMA concentrat@trend s

identified with the ratio of bound water to total watentent indicating that the change

in bound water with copolymer composition mirrors the change in total water content.
This result in combination with the relationship between water stategestdblished in

the MA-co-MMA -co-PEGDMA suggests thale individual influences of bond versus

free water on @ depends on the total amount of water absorption into the network
However, further evidence would be needed to verify this theory and is beyond the scope
of this study.

Considering these relationshipstween § and network chemistry, trends
between toughness and tinder both dry and wet conditions are identified in both
networks. For MAco-MMA -co-PEGDMA in air, toughness is affected by varying the
MA concentration, reaching a maximum in 29%M&-MMA -co-PEGDMA and

40%MA-co-MMA -co-PEGDMA. By comparing the stress strain behavior in air and
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after immersion in PBS (Figures 4.12 and 4.13), it is evident that the mechanical behavior
of MA-co-MMA -co-PEGDMA is influenced by the presence of PBS in a manmérngh
dependent on network composition. Since tgefleach composition is reduced when
the network is immersed in PBS, the stress strain behavior is transitioning in a manner
similar to increasing temperature. Similar to dry conditions, toughnessSrvaes
with composition with a peak in toughness occurring in 29%84AIMA -co-
PEGDMA. Interestinglythis compositioralso exhibited enhanced toughnesaiin
despite having agwell above testing temperature (€J. Looking at its stress strain
behavor in Figure 8 29%MA -co-MMA -co-PEGDMA (32:68) exhibits higher failure
strains and ultimate stresses compared to compositions with slightly more or less MA
(i.e. 30:70 and 40:60 compositionghis unique behavior would enable the use of this
materal for an application where excellemechanical properties were requingater
varying degrees of hydration.

In 2HEMA-co-BMA-co-PEGDMA, toughness in air is not affected by 2HEMA
concentration, but rather remains low in all compositions. Becausg tig¢hls network
is more than 28C above testing temperature, the material is acting in its glassy, brittle
state. Like MAco-MMA -co-PEGDMA, toughness of 2HEM#&o0-BMA -co-PEGDMA
is affected by immersion in PBS in a manner related to the concentration of 2HEMA
incorporated into the network. Interestingly, toughness is enhanced in all formulations of
the network indicating that water absorption can indeed act as a toughening mechanism
in polymer networks under appropriate conditions. The toughness as a function of
2HEMA concentration displays a profile similar to the relationship between toughness

and composition in MAco-MMA -co-PEGDMA with toughness peaking in
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5%2HEMA-co-BMA-co-PEGDMA (Figure 15 vs. 16). This composition exhibits
slight yielding behavior, largkilure strains (>200%) and some straiduced hardening
around 150% strain that all explain its enhanced toughness. When the BMA
concentration reaches a certain amount (greater than 60%), dpattd The stress strain
behavior are affected little by inersion in PBS (Figure 4.4 and Figure 4.14). Despite
having several hydrophilic components in the network, the bulkiness of BMA prevents
few water molecules from binding and absorbing into the network as noted by the low
water content present in these netks (Table 4.2 and Figure 4.6).

Comparing the calculated toughness valu
the averagéoughness is higher in 29%Meéo-MMA -co-PEGDMA network versus
59%HEMA-co-BMA-co-MA-co-PEGDMA by more than 20 MJfin Because tougtess
is dependent on the magnitude of other mechanical properties including elastic modulus,
failure strain, and ultimate strength, potential toughening mechanisms can be identified
by examining the stress strain behavior. For example, 29%MMMA -co-PEGDMA
possesses higher ultimate stresses and failure strains compared with 59%BNEMA
co-PEGDMA and also exhibits a straimduced hardening effect (Figure 4.13 vs. Figure
4.14). The increased modulus and strength could be the result of tve-MMA -co-
PEGDMA network having a higher crosslinking concentration compared with 2HEMA
co-BMA-PEGDMA[3]. It has previously been proposed that strain hardening is induced
by strong secondary bonding between the polymer chains [1] which will act to prevent
chain disphcement over larger ranges of loading. Although the formation of hydrogen
bonds are unlikely between MA and MMA, hydrophobic bonding [43] between the side

chains on the two monomers will enhance the strength of the polymer chains, an effect
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that would nobe inhibited, but actually enhanced by the presence of water or PBS [14].
Since BMA and 2HEMA possess opposite polarities on their side chains, the secondary
intermolecular bonding is weak within this network and even further weakened in
solution, causig chains to be easily misaligned especially at higher strains.

Previous studies have proposed that toughness in aebgagel networks will
reach a peak at a certain temperature, and that when immersed in PBS, this toughness
maximum in the same netwowkll shift to a lower temperature [7]. Considering this
relationship between testing temperature and toughness in PBS, it can be suggested that
optimal toughness occurs in PBS in the network whagis Teduced by PBS absorption
in a manner that betterigis the temperature of optimal toughness with the testing
temperature For both the MAco-MMA -co-PEGDMA and2HEMA-co-BMA -co-
PEGDMA networks, theompositios that possessed maximal toughness within each
network (29%MA and 598.8%2HEMAespectivelydid in fact exhibita Tg in PBSthat
was close to 3T (Tables 4.1 and 4.2 and Figure 4.18). Therefore, a possible approach
to attainingenhancedoughnessinder physiological conditions is creating a network

whose T in PBS aligns with body temperature.
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Figure4.18 Network toughness as a function of the temperature difference between the

testing tenperature (T), 37°Cand the § determinedn PBS for each composition
It is also important to note thahhanced taghness i®nly achieved within a

certainrange of moduli (500MPa) for both network$igure 4.19. This three order of
magnitude range indicates the limits in regards to network stiffness available in designing
a tough polymer biomateriaking a shift in § approach Because a compliance
mismatch between the biomaterial and surrounding tissue could warrant possible device
failure and further injury, it is important to align the modulus of the polymeric
biomaterial with the native tissue. Considering the possiblebeadingtypes of
biological tissues for whicphotopolymeizable networks could be utilized towar(e.
tendon E=10600MPa; intervertebral disc E=1I0MPa), several eopositions from each
network with enhanced toughness coddselected that possesmilar moduli to native

tissue.
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Figure 4.19 Network toughness as a function of elastic modulus for both meth(acrylate)

networks tested in PBS. Values in figurg_ are averages of several tests run for each
composition.
It is well understood thaemperaturand timeeffects on tle deformatiorof

polymers an be superimposed [42]n this study, the two compositisrior each

network identified as having maxim&dughnes$29%MA-co-MMA -co-PEGDMA and
58.8%2HEMAco-BMA-co-PEGDMA) were deformednder tensiotiin PBS at various
strain ates to determine the sensitivity of toughness to varying the time scale. In both
networks, bughness changes when the strain rate changgsseveral orders of
magnitude with a maximum in toughness occurring as§#rsec This maximum is
similar tothe peak shown to occur in relation be tTg of the network (Figure 4.37but
occurs more broadly over the range of strain rates testeatidition, changing the strain
rate affectghe toughness more in Méo-MMA -co-PEGDMA compared with 2HEMA
co-BMA-co-PEGDMA The acute glass transition behavior of this network as observed
through dynamic mechanical analysis suggests that the mechanical behavior would be

highly dependent on strain rate while the broad transition of BiMdRHEMA-co-
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PEGDMA networks maés this copolymer less affected by the magnitudes of relevant
time scales. From these results, it is important to consider the loading rate of the
mechanical environment to which the (meth)acrylate network would be utilized in the
body. For the purposed this study, the rates chosen represent loading rate that occur in
the knee or spine under resting, normal, and high levels of activity [44].

Because the intended use of these networks is in an implantable biomaterial, PBS
as a solvent was chosen tetter mimic the physiological fluid and pH of the body.
Although it is possible that salt could influence some of the above mentioned
relationships, the chemical structures of the networks suggest they would not form
interactions with the salt componentsis alsoimportant to note that the enhanced
toughness in solution observed in this study is only representative of the polymer
properties ta particular immersion timeln this study, immersion time in PBS was held
constant (at 1 week) to allow eacbtwork to reach its swelling equilibrium, but this time
point does not necessarily correspond to the complete stabilization ofpeiterer
interactions. Studies with PMMA have shown that plasticization will continuously occur
well over a month [45]. ferefore because long term mechanical stability is important in
many biomedical applicationtuture studies will examine the effect of varying

immersiontime over longer durationse. months).

4.5 Conclusions
Three component (meth)acrylate networleyevcreated to identify relationships
between the glass transition region, water behavior, and tensile mechanical properties.

One composition within each network was identified as possessing enhanced toughness.
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Both compositions possessegdTs ¢ | @dg temperaturebhad average elastic moduli
values between 5000MPa in PBS, and exhibited slight PBS absorptieBY3). The

tailoring of Ty to achieve enhanced toughness in the two networks was achieved by two
different mechanisms. In the Méo-MMA -co-PEGDMA network, T was adjusted

through a cepolymer mixing effect and the amount of free water found within the
network. The §of the 2HEMAco-BMA-co-PEGDMA network was adjusted by

changing the hydrophilicity and subsequently, the total water contéme oktwork.

These relationships may be utilized to design photopolymerizable (meth)acrylate
networks that will maintain the needed mechanical properties under agueous conditions

found within the body.
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CHAPTER 5

EFFECT OF LONG TERM EXPOSURE TO PHYSIOLOGI CAL
CONDITIONS ON THE TOUGHNESS OF (METH)ACRYLATE
NETWORKS

5.1. Introduction

In recent years, polymdrased biomaterials have been adopted for many
orthopaedic implant applications over metal or ceradmaised implants because their
compliance aligns bettewith native biological tissues, thus reducing stress shielding
effects and potential tissue degeneratid®4]. In particular, photopolymerizable
polymers offer aditional advantages in that they can be fornredituand into complex
geometries rendering them useful for minimally invasive proced(26 Many
photopolymerizable material platforms, such as acryhatevorks, also possess readily
tailorable material properties through changes in network chemistry and strii&&re
156]. These materials have been proposed as cartilage tissue replacdméjtbone
cement[158], and shape memory fixation devidd$6]. Although acrylate materials are
very versatile from a processingdan s ur gi c al met hods standpoin
mechanical properties are considerably less than alternative implant materials such as PE
or PEEK. In this work we aim to better understand the toughness of a model acrylate
system as a function afihgerterm exposure to aqueous solutions.

Besides having the appropriate elastic modulus, a key characteristic of a viable
orthopedic biomaterial is its ability to withstand large mechanical loads and deformations
for extended periods of time, requirittte material to be tough. Inherent toughness can

be measured as the energy required to break a material and broadly reflects upon the
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ultimate stress and strain the material can withstand. Inherent toughness has also been
correlated to other important grerties of implant materials including wear resistance,
suggesting that toughness maybe[18h i ndicat
Moreover, although acrylateased materials have good wear resistance for dental
applications, they achieve this through extremely high degrees of crosslh&hd61],

a mode of strengthening not available to applications that require open networks with
elastic modulus in the MPa to kPa range. Material durability or toughness is crucial in
that premature mechanical failureigiplants can lead to further tissue injury, pain, and
additional surgical procedures. Polyrirsed biomaterials are particularly plagued with
unsuitable toughness due to the inherent tadtibetween low modulus and toughness
[162].

Another prevalet issue with polymers implemented in biomedical isadring
applications is the loss of their mechanical properties, including toughness, after
implantation due to the exposure to physiological conditions, particularly mojj$Gge
164]. This effect, termed plasticization, is typically driven by the presence of polar
chemical groups in thnetwork structure that thermodynamically drive water molecules
into the network resulting in increased chain mobility that reduces the strength and
modulus but increases ductiliy4, 82] This change in mechanical properties is
associated with a reduction in the glass transition temperature (Tg) of the polymer. If the
network is able taptake enough water, its mechanical behavior will transition swiftly
from glassy to rubbery indicating that the amount of water absorption dictates the degree

of change in Tg and thus, mechanical propef8@s 164]
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In Chapter 4, the toughness ofraeth)acrylatebased network containing methyl
acrylate (MA) and methyl methacrylate (MMA) crosslinked with poly(ethylene glycol
dimethacrylate) (PEGDMA) was shown to increase significantly at 37°C after one week
immersion in phosphate buffered saline (PB&gn the Tg was tailored close to body
temperature by adjusting the comonomer concentrations of MA to MMA. The optimal
composition, 29MAco-MMA -co-PEGDMA, exhibited a toughness several orders of
magnitude higher than other compositions and had an etastialus (100MPa) that
aligned closely with many orthopaedic soft tissjigg}]. However, the effects of long
term exposure to PBS on the toughness okthesterials have yet to be determined.
Because it is desired that the implant maintain its function for years, the mechanical
properties, including toughness, must be maintained throughout this period. Many studies
have evaluated how moisture affects thechanical properties of polymers after 24hrs to
1 week exposure to moistuie4, 164165], but few studies have examined the effects of
long term exposure to water over many months on the toughness of photoprdyateeri
networkg[81, 166167]

Thus, the primary objective of this study was to evaluate how immersion time in
PBS affects the toughness of M&-MMA -co-PEGDMA networks containing various
concentrations of MA. Thieensile mechanical properties were determined by performing
tensile strairto-failure testing after soaking in PBS for different amounts of time (1 day
up to 9 months). In addition, the Tg and PBS content were assessed in order to determine
if time-dependat changes in toughness are related to changes in Tg or PBS absorption.
From this study, PBS absorption is shown to affect network toughness in a manner that

differs from short term conditions and that a polymer with suitable toughness initially in



PBS careventually lose its toughness after long term exposure. These results have
ramifications orthe toughening ofnaterials considered in this study (M#&-MMA -co-
PEGDMA) and possibly other acrylate systems being considered for biomedical
applications suchsain-situ cured acrylated 8, 20, 29]or shape memory polymers

acrylateq10, 41]

5.2 Materials and Methods

521 Materials

Methyl methacrylate (MMA)methyl acrylat§ MA), dodecandiol dimethacrylate
(DDDA) and poly(ethylene glycol) dimethacrylate (PEGDMA) with a molecular weight
of M=750 were obtained from Sigrsedrich and used as receive?l2 dimethoxy 2
phenylacetophenone (DMPA) was used as the photoinitiatovasgurchased from
SigmaAldrich as well.Ultra high molecular weight polyethylefgdHMWPE) was
obtained in 1mm thick sheets from McMasGatrr, Inc (Atlanta, GA). The chemical

structures of the monomers are shown in Figure 5.1.

A ey

Methyl acrylate Polyethylene glycol
(MA) dimethacrylate (PEGDMA)

0
B )\’(ﬂ\/\}o
n~=6
(0] 0

Methyl methacrylate Dodecanediol dimethacrylate
(MMA) (DDDA)

Figure 5.1. Chemicaitructure of mnomerancorporated into the networks.
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5.2.2 Synthesis
MA-co-MMA -co-PEGDMA solutions were prepared by combining ratios of MA
and MMA by weight percentage with 10wt.% PEGDMA and 1wt.% DMmFAur
compositionswith varying MA concentrationgere used for further testing. A Méo-
MMA -co-5%DDDA network consisting of 50%MA and 45%MMA (50MA) was created
in the same manner. Each solution was mixed manually in a glass vial and injected
between twdRainX coatedglass slides using a glass pipettedé&d were separated with
two 1mm glass spacers. To prevent leakage of thece#MMA -co-PEGDMA solution,
all four sides of the slides were taped. The samples were placed in a UV chamber (Model

CL-1000L Ultraviolet Crossl ink?%for30nmnat8s65nm;

5.2.3 Characterization
Test samples of each composition were incubated in phosphate buffered saline
(PBS; SigmaAldrich) at either room temperature or°€7for up to 9 months and then

subjected to the following regime at various timenp®i

Tensile Testing

To determine the networkso6 stress strai
into ASTM D638 Type IV dogbones and strained to failure in tension mode at a strain
rate of 5% strain/sec using a MTS Insight 2 with a 2kN load cefbi testingthe
edges were sanded to remove any defects from the laser and the width and thickness in
the gauge section were measured using digital calipdtsests, except for dry, were

performed in an environmental chamber filled with PBS heat&¥C. Samples were
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allowed to equilibrate to the testing temperature for 10 minutes before initiating the test.
Only samples that broke in their gauge length were used for property calculations.
Toughness was calculated as the area under the-sir@sscurve in units of MJ/fh

Elastic modulus was calculated as the slope of the initial linear portion of the stress strain

curve for each tegh=4).

Differential Scanning Calorimetry

The Tg of each network was determined by performing differentiainscg
calorimetry (DSC; TA Instruments Q100, Newcastle, DE) under a nitrogen environment.
Samples were weighed on a balance (average sample mass betvi&ang) @rior to
testing.Samples were cooled t80°C and subsequently heated to 200°C at a constant
rate of 5°C/minThe glass transition temperature was denoted as a second order
endothermic transition, a step change on the DSC curve. Average Tg and standard

deviation were calculated for each composition at each time point (n=3).

PBS Absorption

To evaluate the equilibrium swelling behavior of each network, 5mm x 20mm
samples were soaked in PBS and their mass was measured at each time ghint (W
Each ample was dried in a vacuurlb in. Hg) at 40°C for 24 hours and the mass was
measured again (¥Y. Water content (Y was calculated according to the formula:

_WW-WD

W, 3100

D

Average values and standard deviation were calculated for each composition (n=4).
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5.3 Results

5.3.1 StressStrain Behavior

Representative stressrain curves for each ogosition at select time points are
displayed in Figur®.2. The stresstrain behavior of MAco-MMA -co-PEGDMA
networks was affected by the time exposed to PBS in a manner dependent on the
copolymer composition. For 18MA shown in Figir@a, one day immeion in PBS
resulted in a change in behavior from brittle to ductile, corresponding to decreased
ultimate tensile stresses and elastic modulus but increased failure strains. Past one day in
PBS, failure strains declined and elastic modulus increased assiomtime increased,
mimicking the stresstrain behavior observed under dry conditions. In Figb,
29MA experiences a progressive decrease in modulus and ultimate stress from 40MPa to
20MPa and increase in failure strain from 20% to 250% as imometigne increased to 7
days. Beyond 7 days in PBS, the stissain behavior remains stabilized until the 9
month time point where average failure strains decreased from 260% to 160% and
average elastic moduli increased from 170MPa to 260MPa. Simil&éNjAetworks
experienced a decrease in ultimate stresses from 18MPa to 5MPa and elastic modulus
from 500MPa to 15MPa and increase in failure strains from 140% to 380% when
exposed to PBS for 7 days (Figir2c). However, unlike 29MA, there was no change i
stressstrain behavior at longer time points in PBS. In Figugel, the stresstrain
behavior of 72MA changed from a viscoelastic to rubbery state after 1 day in PBS
corresponding to a decrease in elastic modulus from 1.5MPa to 1MPa and failure strain
from 250% to 100%. After the initial 24 hours in PBS, no additional changes in stress

strain behavior were observed for 72MA at longer time points in PBS.
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Figure5.2. Effect of immersion time in PBS dhe stresstrain behavior of (A) 18MA,
(B) 29MA, (C), 36MA, and (D 72MA. Each graph shows representative ststissn
curves for each composition tested at each time point.
5.3.2 Toughness
Mean toughness (+ standard deviation) values as a function of time for each

composition are displayed in Figus.3. UHMWPE is included in both figures for
comparative purposes. The toughness of UHMWPE progressively increased with
immersion time up to 6 months in PBS, but then abruptly decreased from 80fdJ/m
30MJ/nt at 9 months. In FigurB.3a, it can be seehat 29MA exhibits significantly
higher toughness than 18MA after longer time spans in PBS, but lower toughness
compared with UHMWPE, although not significant. Specifically, the toughness of 18MA
increased with initial exposure to PBS but gradually decdeadth longer exposure to

PBS. On the other hand, toughness of 29MA increased after the initial 24 hours in PBS
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and remained relatively stable around4BVJ/n? for up to 9 months in solution. In
Figure5.3b, the toughness of 36 MA did not change with insiwar time in PBS after the
first 24 hours, but remained around2BMJ/n?. A similar relationship with immersion

time was observed for 72MA, although toughness values were less compared with that

for 36MA.
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Figure5.3. Effect of immersion time on the tghness H(A) 18MA and 29MA and (B
36MA and 72MA networks tested at 37°C. UHMWPE is included on both graphs for
comparative purposes.
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5.3.3 Glass Transition Behavior

Differential scanning calorimetry (DSC) was performed to determine any
relationships betweeihe stress t r ai n behavior in PBS and Tg
function of immersion time in PBS are shown in Fighre For all compositions, 1 day
exposure to PBS resulted in a significant decrease in Tg compared with dry conditions.
However, the effectfd®BS on Tg varied with composition at later time points. For
example, the Tg of 18MA significantly increased from 43°C at 1 day to 51°C at 9 months
in PBS, close to its initial dry Tg. Similarly, the Tg of 29MA also significantly increased
from 40°C to 48C after 9 months immersion in PBS. For 36 MA, Tg continued to
decrease up to 2 months in PBS from its initial dry value (48°C) but then gradually
increased at 3, 4, and 5 months to 40°C before decreasing to 30°C at 9 months. 72MA did

not exhibit any signi€ant change in Tg beyond the initial decrease at 1 day.

*k

Tg (°C)

ok | L | I L
0 50 100 150 200 250
Immersion Time (days)

Figure5.4. Effect of immersionime on the Tg of MAco-MMA -co-PEGDMA networks.
The inset shows the average Tg values at early time points up to 7 days.

11¢



5.3.4 PBS Absorption

The water content ofach network as a function of immersion time is shown in Figure
5.5. In order to ascertain how the MA concentration affected the diffusive behavior of
PBS into the network, PBS content was measuredGatl®?, and 24hrs and the average
water content as fainction of time is shown for each composition in Figbrea.72MA
exhibited the highest PBS absorption while 18MA had the lowest PBS content after
24hrs. Fickian diffusion was determined by fitting data at early time points within the
first 24 hours to té following equatiof168]:

W
W

o

whereW; represents the mass of PBS sorbed at tjiMé represents the mass of PBS
sorbed at equilibrium, arklandUare system parameters. Brof 0.5 indicates fickian
diffusion. Except for 72MA, the diffusion of PBS into the MAMA networks displayed

a nonFickian behavior.The average water contenteaftonger time spans in PBS (i.e.
months) is illustrated in Figure5b. Standard deviation bars were removed for clarity
purposes, but were within-6.5wt.% for all data points. After 1 week, little change in

water content was observed at later time {soim PBS with water contents falling around
1.53.0 wt.% for all composition®egradation was also measured at all time points and
mass loss was less than 2% for all networks (data not shown) at 9 months indicating that

water molecules were not hydrolggi significant portions of the network.
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Figure5.5. Effect of MA concentration on the BBabsorption into the network YAor
the first 24hours in PBS and (Bafter 9 months in PBS.

5.3.5 Effect of Increasing Hydrophobicity

To determine whether theffect of PBS on the mechanical properties of-MA
MMA networks was affected by changing hydrophobicity, an-BoAMMA network
crosslinked with DDDA (instead of PEGDMA) was subjected to the same regime of

testing after immersion in PBS. To minimize changesatwork structure, a 5 wt.%
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DDDA concentration was selected such that the network would possess the same
crosslinking density as the Méo-MMA -co-PEGDMA networks. Crosslinking density

was determined by performing dynamic mechanical analysis and mea$ersigrage
modulus() 20AC above Tg (data not shown). |

relates crosslinking density tq By:

where} is the polymer density, R is the universal gas constant, T is temperature (K), and
Mc is the molecular weight between crosslinks.

In addition, the specific MA:MMA ratio, 50:45, was selected such that the
network Tg aligned closely with 36MA in order tster a direct comparison between
PBS content and the change in toughness over time, independent of the initial viscoelastic
state. In Figur&.6a, it can be seen that PBS content is reduced in 5DRBA
compared with 36MA, an effect that does not chanijle wmmersion time up to 9
months. The effect of immersion time in PBS on the Tg of each network is shown in
Figure5.6b. Although the Tg of 50MADDDA is about 5°C higher than 36MA, both
networks display the same change in Tg with immersion time withitéal adecrease
within the first 24 hours followed by a continual decrease to 2 months and then an
increase close to the original dry Tg through 4 months. While the Tg of 36 MA continues
to decrease as time increases to 9 months, the Tg of GDDIAA remainsconstant up to
9 months. Figur®.6¢ illustrates the effect of immersion time in PBS on the ss&am
behavior. Similar to 36MA (FigurB.2c), the largest change is observed within the first
24hrs from a ductile to viscoelastic behavior correspondirdetreased modulus and

increased failure strains. This behavior continues up to 7 days. After 2 months, the
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behavior of 50MADDDA reverts back to that at 24hrs and is not further affected by

immersion time through 9 months. As seen in Figuée, this clange in stresstrain

behavior over time does not correlate to any significant change in toughness over

mont hsd ti me s
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that for 36 MA and similar to UHMWPE.
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Figure5.6. Effect of addinga hydrophobic crosslinker (DDDA) on the properties of MA
MMA networks.(A) PBS content, (B) Tg, (C) stressrain behavior, and (Dloughness
as a function of immersion time are shown for 50BDA in comparison with 36MA.

p values<0.05 for 50MADDA vs. ZLTMA at 9 months for PBS content and Tg.
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5.3.6 Effect of Immersion Temperature

To determine if the effect of immersion time on toughness would be affected by
temperature, samples were soaked in PBS at 37°C to simulate implantation temperature
for up to2 months. The effect of immersion time on the toughness of 29MA, 36MA, and
50MA-DDDA incubated in PBS at room temperature (23°C) and 37°C are displayed in
Figure5.7. For 29MA and 36MA, average toughness increased after 24 hours when
samples were immersed 37°C versus 23°C, but then significantly decreased below that
of samples soaked at 23°C after 1 month immersion. In contrast, SIM»M exhibited
a lower toughness after immersion at 37°C compared with the toughness at 23°C after

24h and maintained thigvel of toughness at later time points up to 2 months.
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Figure5.7. Toughness as arfction of immersion time for (A) 29MA, (B) 36MA, and
(© 50MA incubated in PBS at temp+estwdsur es (
performed to determine sistical significance between values assessed at room
temperature and body temperature at each time point for each composition. p<0.05 for
29MA at 1 and 30days and 36MA at 30days.
To elucidate mechanisms by which toughness was affected by incubation
tempeature, Tg and water content were measured for samples soaked for various
amounts of time in PBS. As seen in Figbr@, the Tg of 29MA decreased significantly
more upon exposure to PBS when the incubation temperature was increased to 37°C, an
effect thatremains up to 2 months in PBS. Similarly after 7 days, 36MA and 50MA

DDDA experienced a larger decrease in Tg upon initial immersion when incubation

temperature increased; however after 2 months immersion, Tg for both materials was
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higher when incubated 87°C versus 23°C. Increasing incubation temperature also
affected the PBSontent for 29MA (Figure 58 after 7 days immersion by almost
doubling the water content at all time points up to 2 months immersion. This effect was
not observed for 36MA and MA (Figures5.9b and5.9c) at all time points up to 2

months in PBS.

Tg (°C)

Tg (°C)

20 ] |
0 10 20 30 40 50 60

Immersion Time (Days)

Figure5.8 Tg as a function afmmersion time for (A) 29MA, (B) 36MA, and (GOMA
i ncubated in PBS at temper at-tastvwasperfofingd of 23
to determinestatistical significance between values assessed at room temperature and
body temperature at each time point for each composition. p<0.05 at all time points
except 29MA at 7 days, 36MA at 30 days, and 50BIBDA at 60 days.
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Figure5.9. Water content asfanction of immersion time for (A) 29MA, (B) 36 MA, and

(© 50MA incubated in PBS at temp+estwdsur es (

performed to determine statistical significance between values assessed at room
temperature and body temperatureach time point for each composition. p<0.05 fo
29MA at 7 days and 60 days.
5.4  Discussion
A key criterion of many biomedical implant materials is their ability to maintain

their physiological function for long time spans in the body. For implaatssgecifically
serve a mechanical function, the mechanical properties of the material, including

toughness, must not significantly degrade over long time scales in a physiological

environment. Previous studies have reported on how water absorptios aféattanical
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properties, but these studies have focused on glassy poljpde&l, 165, 167, 169r

on rubbery hydrogels that possess inherently poor mechanical profg2tie3ecause it

is known that toughness can be enhanced by designing a network whose Tg is just above
the testing temperature, it is important to gain an understanding of how immersion time
affects the relationship between Tg and toughness of polymer networks as well as
ascertain whether the network toughness optimized using this approach can be
maintainel long term in PBS.

The MA-co-MMA -co-PEGDMA network was chosen for this study as a model
system due to its previously reported tailorability of mechanical properties by varying the
weight ratio of MA to MMA[164]. Specifically, adding more MA to the network results
in a decrease in Tg causing a precipitous change in mechanical properties from glassy to
ductile to rubbery with increasing MA concentrationthwioughness reaching a
maximum in the composition whose Tg is slightly above the testing temperature (i.e.
body temperature). The compositions used in this study were selected based on their
specific thermomechanical properties. For example under drytimnsl 18MA exhibits
a Tg well above testing temperature and thus exhibits glassy, brittle behavior. With a Tg
just above testing temperature, 29MA exhibits ductile tensile behavior under dry
conditions maintaining adequate strength and modulus whilelafsoming to large
strains providing good toughness. On the other hand, 36MA has a Tg at testing
temperature and thus, possesses relatively viscoelastic behavior characterized by slight
yielding, large strains, and in some cases strain hardening. Fir2i\A has a Tg well
below the testing temperature and thus exhibits rubbery behavior by having a low

modulus and toughness. By comparing the effects of immersion time on the mechanical
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properties of each composition, relationships between polymer viscogfasvater
absorption, and toughness can be examined.

Examining the water content, Tg, and toughness for each composition as a
function of immersion time (Figurés3, 5.4, and5.5), it can be suggested that PBS
absorption affects the mechanical prdjgs of MA-MMA -PEGDMA networks in a
biphasic manner. In the initial phase of absorption (less than 7 days), the Tg of each
composition decreases to an extent governed by the amount of PBS absorbed into the
network (Figures.4). This decrease in Tg with BBabsorption has been previously
shown in other acrylatbased networks and is attributed to water molecules disrupting
secondary intermolecular bonding to form their own hydrogen bonds with polar groups
such as ester and ethylene glycol groups withim#terork[35, 82, 164] Consequently,
the PBSinduced reduction in Tg causes the st&sain behavior of each network to
change by experiencing a decrease in tensile strength and modulus, and an increase in
failure strain, commensurate with the shift in Tg relative to a fixed testing temperature
(Figure5.2).

It has previously been suggested that network toughness will reach a maxima
when Tg aligns with body temperature, and thus when Tg decreases due to PBS
absaption, toughness will either increase or decrease depending upon the location of Tg
in PBS in relation to body temperatyfg?2]. From Figure$.3 and5.4, the results of this
study further support this idea. For example, both 18MA and 29MA haveTgydagove
testing temperature but when PBS is absorbed, Tg is reduced closer to testing
temperature, thus causing toughness to increase aftexi@#BS. On the other hand,

36MA initially has a Tg about 5°C above 37°C and exhibits a decrease in T@wo bel
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testing temperature at 7 days causing toughness to moderately decrease. 72MA has a Tg
well below testing temperature and experiences the largest change in Tg, but because
toughness is already low for this network there is no significant change in essghith

PBS absorption.

Considering the stresst r ai n behavior and Tgodés of ea
points in PBS (i.e. monthly time scale), the PBS absorption continues to affect the
mechanical properties in a manner that does not follow thioredaip between Tg and
stressstrain behavior outlined above, but rather is dependent on the viscoelastic or
relaxation state of the copolymer after 24hrs immersion in PBS. For example, after 1
month in PBS, 18MA, a glassy network, experiences an incneasedulus and decrease
in failure strains indicative of the material reverting back to its behavieinpreersion
(Figureb.2a). This change in strestrain behavior results in an order of magnitude
decrease in toughness that continues to decline entfel immersion time in PBS.
Interestingly, this initial reversion to a brittle state is accompanied by an increase in Tg
but no change in PBS content after one month suggesting that mechanisms other than a
change in PBS content are affecting the polymechanics. For 29MAFigure 5.2b) the
stressstrain behavior as a function of immersion time follows a similar trend as 18MA
via increasing modulus and decreasing in failure strains as immersion time increases, but
this effect does not become evident uatier 6 months in PBS.

These changes in mechanical properties over time for the 18MA and eventually
29MA copolymers can be attributed to a combination of the water diffusion kinetics and
molecular relaxation dynamics of the polyriBS system. Since ttdA-co-MMA

networks are mostly hydrophobic, water diffusion is driven partially by the formation of



hydrogen bonds with watdzinding sites in the netwofd.64], but is mostly affected by
factors such as chain mobility and the amount of free volume pri@srit70] This is
made evident by the nefickian diffusion behavior obseed for these two compositions
during initial PBS absorption (FigureZa), a characteristic of most glassy polymers that
have limited chain mobility88]. Previous studies have shown that chain mobility
increases and free volume decreases as temperature approafhi&d. Tihus, the lower
Tg of the 29MA network compared with 18MA suggests tihairc mobility in 29MA is
increased compared with 18MA providing less initial free volume in the network for
water molecules to inhabit. Thus if the chains are rigid, the water molecules absorbed into
the network are challenged to find any binding sitetherpolymer and instead will
cluster into microvoids causing segmental chain rearrangefdgizs As water
molecules accumulate in these voids, microcrazes are created that can lead to a loss of
extensibility and pranature fracture during deformationiasobserved with the 18MA
and, to a lesser extent, 29MA compositif1B9].

In addition, because these materials were immersed for long tans 8p
solution, changes in mechanical properties could also be caused by physical ageing
effects. In general, physical ageing causes a decrease in chain mobility and specific
volume due to a relaxation of the polymer chains over time resulting in ansecireTg,
but this effect is mitigated as the ageing temperature (room temperature in this study)
approaches TfL73]. The decreased failure strains and increased modulus of 18MA in
combination withthe upward trend of Tg with immersion time reflect similar findings
from these previous studies (Fig&r@a). Furthermore, because 29MA exhibits a Tg

closer to the immersion temperature, the ageing rate is much slower compared with
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18MA, thus potentiallyequiring more time for the chains to relax and the water
molecules to form clusters in the microvoids. In fact, the upward trend in Tg at 9 months
for 29MA suggests that longer exposure to PBS could potentially result in a further
decrease in toughness.

In contrast, 36MA maintains its toughness after 9 months immersion in solution
corresponding to a slight increase in modulus but no significant change in failure strain.
Unlike 18MA and 29MA, 36MA possesses a Tg less than 10°C from immersion
temperaturefeer the initial 24hours in PBS and thus is in a more viscoelastic state having
increased chain mobility. Looking at how Tg evolves with immersion time, there is
interestingly a decrease in Tg at 1 and 2 months but a subsequent increase in Tg at later
time points(Figure 5.4) This increase in Tg after 3 months could be attributed to the Tg
reaching close to the immersion temperature causing a conformational rearrangement in
the presence of PBS due to changes in chain flexibility that drives Tg on arsingrea
trend. Because the Tg of this composition hovers around the testing temperature, the
associated high chain mobility allows for extensive chain deformation in the presence of
water molecules without crazing occurring. This behavior drastically difiens 18MA
and 29MA and suggests that tough networks whose Tg falls close to immersion
temperature will have sustained toughness over long time spans in solution even if they
do not have maximal toughness initially. Because 72MA is in its rubbery staig laav
Tg below 37°C upon initial PBS absorption, the mechanical properties are not further
altered after the initial change due to the decline in Tg at 1 day. Thus, although the extra

chain mobility helps to accommodate PBS storage in the 36MA sampt@riietely



rubbery 72MA composition has overly free chain mobility and thus no inherent
toughness once PBS penetrates the network.

To further discern whether the effect of immersion time on network toughness is
determined by the total water contentTg, a second copolymer network was created
substituting the PEGDMA crosslinker with a more hydrophobic crosslinker, DDDA.
DDDA has a similar hydrophobic structure as MMA and MA which reduces the amount
of PBS absorption compared with the M&MMA -co-PEGDMA networks (Figure
5.6a). The 50MADDDA network exhibits an initial Tg similar to 36MA and like 36MA,
experiences the least change in ststszin behavior beyond the initial change with
exposure to PBS, and consequently, little change in toughnes® aftonths immersion
in PBS (Figure®.6¢c and5.6d). These findings further indicate that the viscoelastic state
of the polymer, dictated by its Tg in relation to the environmental temperature, governs
how water absorption affects long term mechanicgb@ries rather than the total water
content in the network, at least in low swelling networks. Interestingly, the overall
toughness of 50MADDDA compared with 36MA is higher, almost equivalent to
UHMWPE at 9 months. One possible explanation for this oeaos could be that the
addition of DDDA allows for more hydrophobic bonding between pendant groups on the
monomerg174]thus providing bettenerall strength during deformation, an effect that
would not be inhibited but actually enhanced by the presence of33RS

Underin vivo conditions, implant materials are exposed to moist conditions at
body temperature during implantation. Therefore, samples of 29MA, 36 MA, and 50MA
DDDA werealso tested after exposure to PBS at 37°C, versus room temperature, to

ascertain any temperatudependent changes in toughness with immersion time. As seen
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in Figures5.7, 5.8, and5.9, temperature influences the relationship between PBS
absorption andoughness in a manner that is dependent on composition. The increased
toughness of 29MA at 37°C versus 23°C after 24h immersion can be attributed to a larger
reduction in Tg when networks are soaked at elevated temperatures allowing the
temperature that wbih peak toughness occurs closer to the testing temperature.

Increasing temperature causes chain flexibility and free volume in the network to increase
allowing more PBS to enter the network that will reduce the Tg to a greater extent
compared with lower taperature$35], thus causing a shift imughnes$162]. This

effect is also observed in 36MA but not in 50MDODA suggesting that the role of
incubation temperature on immersion thahependent changes in network toughness is
determined by the network hydrophilicity rather than its initiatoelastic state.

This study demonstrates that M&MMA networks, given the right composition
and resulting glass transition behavior, can have enhancedeongoughness. It is also
important to note that these relationships between toughness,simmeme, Tg, and
PBS content can possibly be extended to other relevant polymer systems, including
photocured and degradable materials where improving toughness, without losing
degradability, has proven challenging to ddfé5-176]. Based on the results of this
study, MA-co-MMA -co-DDDA networks have the potential to serve as implant materials
for load-bearing biomedical applications given the stability of mechanical properties after
9 months exposure in PBS. Depiing on the specific application, the modulus can also
be tuned to match that of surrounding tissue without compromising toudgh6d$s
These materialsan also be programmed to exhibit shape memory properties or

photopolymerizedn situallowing them to be implanted in a minimally invasive manner.
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However, to further ver iinfvioloading esneronmantser i al s

extensive testingwolving more complex loading regimes and cellular biocompatibility

are necessary.

5.5. Conclusion

The long term stability of mechanical properties, specifically toughness, of MA
co-MMA networks was evaluated in the presence of PBS in an effort tavdeeer
whether these acrylateased materials could be exposed to physiological conditions for
long implantation times. It was shown that copolymer networks in a glassy state
experience a stiffening effect and loss of extensibility after several monthsSinh@aBis
linked with a gradual increase in Tg and significant decrease in toughness while networks
whose Tg fall close to the testing temperature maintain their mechanical properties up to
9 months in PBS. The addition of a hydrophobic crosslinker (DDiedjiced water
content, thus further improving the long term toughness ofddMMA networks. One
network, 50MAco-MMA -co-5DDDA, was shown to have comparable toughness to
UHMWPE at 9 months and could thus be an appropriate material for highédaaihg
biomedical applications. These results provide insight into strategies for improving the
long term toughness of not only photopolymerizable (meth)acrylate networks but other
polymerbased material platforms that are implemented in loadObearing biomedical

aplications.

132



CHAPTER 6
EFFECT OF CHEMISTRY AND STIFFNESS OF
(METH)ACRYLATE NETWORKS ON IN VITRO OSTEOBLAST
RESPONSE

6.1. Introduction

Understanding the interaction between cells and an implant material is of great
I mportance i n e affeaiveness.gMarny Btedies have exanmrtedrow
various material surfaces affect the osteoblast res@omsperimplant bone formation
[11, 91, 104105, 107109, 112, 114, 116, 17.7These studies indicate that ilapts are
more likely to osseointegrate with surrounding bone when cells culiurgglo on the
material surface form a cuboidal morphology, exhibit elevated levels of differentiation
markers including alkaline phosphatase specific activity and ostégcahc produce
more osteogenic factors. Materials with these properties have improved bone to implant
contact and increased pullout strength when testeiyo[91, 127128].

In order to understand how materiaffect bone formation, it is important to
determine how specific surface characteristics including the surface wettability,

topography, and stiffness mediate the osteoblast response. For example, wettability,

*Modified from

Smith KE, Hyzy SL, SunwoM, Gall K, Schwartz Z, and Boyan BD. The dependence of
the osteoblast response to (meth)acrylate networks on chemical structure and stiffness.
Biomaterials 2010; 31(24): 6136141.
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as measured by the contact angle between water droplets and the affidatsboth cell
attachment and proliferatida03] by changing the surface presentation of extracellular
matrix proteins to which cells bind. On hydrophilic metal oxide surfaces, human
osteoblastike MG63 cellsexhibit a differentiated phenotype and also secrete factors that
create an osteogenic microenvironmgts]. Increasing surface roughness also

promotes osteoblast attachment and differentiation in a manner dependent on the size
scale of the topographical featuf®4, 107110]. For instance, MG63 cells become more
differentiated on titanium with micron ale roughness in comparison to smooth or sub
micron scale rough surfacgkl1].

Several studies have reported that cell attachment, proliferation, and
differentiation are all modulated by the substrate rigidity to a degree dependent upon the
substrate stiffness in relation to the stiffness of the native tj$41413117] In other
words, cells will mimic theiin vivo behavor more when they are cultured on substrates
whose rigidity matches that of that cell t
proposed that this modul ated osteoblast re
efficiently generate force throughdir cytoskeleton in response to the larger resistance
induced by the rigid substraf&l3], and that these generated traction forces will alter the
assembly of intracellular machinery that drives its ability to enter the cell cycle or
differentiate[115]. These findings suggest that the mechanical microenvironment can
have implications on developing therapies to promote bone formation and
osseointegration.

Despite these advancements, it has proven clgatigrio independently vary the

stiffness of the substrate without drastically changing chemistry or functionalizing the
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surface with bioactive molecul¢kl, 114, 116]For most studies, polyacrylamide
substratesrosslinked with different concentrations of4aisrylamide were produced to
attain surfaces with various mod{dil, 116] but it has been showthat osteoblasts can

alter their morphology in response to changes in network structure, suggesting that
network chemistry, independent of wettability, could be a potential regulator in the
overall cell responsf®]. To overcome the chemistry effect, polymer substrates are coated
with extracellular matrix ligands, usually either egien or argininglycine-aspatic acid
(RGD) peptide$11, 114] but this approach does not represent howahginlymer

implant surfaces affect the osteoblast respofilse, the relationship between matrix
elasticity and cell response has mostly been reported on substrates with moduli less than
1MPa; however most orthapdic polymer immnts possess moduli inemegaPascal to
gigaRascal range. In one instance, the effect of moduli ranging betwees0D0MPa was
indirectly studied using bone marrow stromal cells on a biodegradable polymer network,
but no significant difference in cell number, alkaline phosphateieity, or osteopontin
expression was observed, potentially due to the complextffglef chemistry,

degradation and substrate mechafii@¥]. Thus, a copolymer system with a modulus

that is tunable over sexal orders of magnitude with little change in chemistry would be
useful to study the relationship between polymer properties and cell response.

Due to their easily tailorable properties, (meth)acrylate networks serve as
excellent model systems to evalidow certain polymer chemistries and material
properties affect the osteogenic respois¢his present study, the first objective was to
measure the local surface modulus of cortical and trabecular human bone both in

mineralized and demineralized s&te determine the mechanical environment

13¢



osteoblasts sense during different stages of remodeling. Based upon the determined
moduli, a copolymer system comprisedtefo PEGbased crosslinkers, poly(ethylene
glycol) dimethacrylate (PEGDMA) and diethylengadl dimethacrylate (DEGDMA)

was designed with an elastic modulus that coulddjested by varying the ratio of the

two crosslinkers while still presenting the same surface chemistry. To further decouple
the effects of chemistry and stiffness, a secomblymner network comprised of 2
hydroxyethyl methacrylate (2HEMA) and PEGDMA with various molecular weights was
also used to test different chemical compositions while maintaining a range of moduli
similar to the PEGDMAco-DEGDMA networks. The response of@®63osteoblastike

cells on each surface was evaluated by assessing morphology, cell number, and the
production of certain osteogenic markers. Within this study, we present the first results
showing that surface chemistry has a greater effect on ostedifileentiationin vitro

than surface stiffness even when stiffness is varied over two orders of magnitude.

6.2 Materials and Methods
6.2.1 Materials
Diethylene glycol dimethacrylate (DEGDMA), poly(ethylene glycol)
dimethacrylate (PEGDMA; Mn~550 or @5 and 2hydroxyethyl methacrylate
(2HEMA) monomers were obtained from SigiAlirich (St. Louis, MO) and used as
received. 2,alimethoxy2-phenylacetophenone (DMPA, Sigma Aldrich) was used as the

photoinitiator.
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6.2.2 Nanoindentation of Bone

Human tabecular and cortical (both periosteal and endosteal) bone were taken
from donor femurs and tibias, courtesy of Musculoskeletal Transplant Foundation
(Edison, NJ)The condyles were cut into 3mm thick trabecular sheets, then after all the
surrounding cortal tissue was removed, cut to 2cm x 2cm trabecular wafers. The shafts
were cleaned and cut to 2cm rings, and the rings with flat sides were used to make the
2cm x 2cm x 1cm cortical wafers. The wafers waeaned with a combination of
antibiotics, surdctant, and ethanol and then washed with deionized (DI) water. To
demineralize the bone matrix, the wafers were soaked in 0.6N hydrochloric acid for 5
minutes. Both mineralized and demineralized wafers were rinsed in DI water, soaked in
ethanol, dried, ahsbred at-70°C prior to shipping. Upon receipt, the wafers were stored
at 5°C prior to use. The surface elastic moduli were determined by performing
nanoindentation using a 130e&em diameter sph
Systems Corporation, Edé’rairie, MN). The displacement of the tip into the surface
was recorded as a function of tip |l oad. Us
an elastic half spad@6], model load vs. displacement curves were created from the

following equaton:

3 P2

ad=(—)"—

(4E ) R
whereP is the applied tip loadj is the displacement into the surfaBds the tip radius,

andE* is the reduced modulus as determined by:

1_ (1- v2)+ (1 v'2)

*
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specimen surface and indenter tip, resipely. To determine the elastic modulus from

the experimental load versus displacement curves, E values of the predicted curve were
adjusted until the experimental data fit the predicted curve in the unloading region. Two
wafers from each bone region wendented with the average modulus value calculated

from at least 10 indents for each bone specimen.

6.2.3 Network Synthesis

Monomer solutions were formulated by combining various weight ratios of
PEGDMA (Mn~750) and DEGDMA with 0.2 wt.% DMPA. The gl@asmodulus of the
copolymer system was adjusted by varying the weight ratio of PEGDMA to DEGDMA.
Three compositions (by weight %) were selected based on their determined moduli
values: (1) 10%PEGDMA:90%DEGDMA (10PEG), (2) 50%PEGDMA:50%DEGDMA
(50PEG), and3) 90%PEGDMA:10%DEGDMA (90PEG). Each solution was mixed
manually in a glass vial, filtered through
using a glass pipette between two glass slides separated with two glass spacers (thickness
= 1mm). The sheets weplaced in a UV chamber (UVP, Model @DOOL Ultraviolet
Crosslinker, Upl and, CA; ?pfor 306fhutes;Disesner gy = 2
were lasefcut from the polymerized sheets to a diameter such that the disc of each
composition would swell to fill thbéottom of a well in a 24vell cell culture plate when
incubated in cell culture media. All discs were pagted in an oven at 90°C for 90
minutes and boiled in distilled water for 30 minutes to remove excess monomer. Discs

were then sterilized by autowgiag at 121°C for 15 minutes.
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To prepare the 2HEMA0-PEGDMA surfaces, sheets were photopolymerized
using the same procedure as the PEGBD&AOEGDMA copolymers using glass slides
coated with poly(dimethylsiloxane) (PDMS; Dow Corning Sylgard 184; Midl&fij§ifo
enhance release. Three compositions with the appropriate moduli were selectedhfor the
vitro cell experiments (by weight %): (1) 65%HEMA:35%DEGDMA (65HEMA), (2)
80%2HEMA:20%PEGDMA (Mn~550) (80HEMA), and (3) 98%2HEMA:2%PEGDMA
(Mn~750) (98HEMA). Afer laser cutting and sanding the edges, the discs were post
cured for 90 minutes at 90 °C and then soaked in distilled water for 3 days to remove
excess monomer. Because these materials were unable to maintain their structural
integrity during autoclavingjiscs for these compositions were sterilized by UV light

(&=254nm) for 90 minutes.

6.2.4 Surface Characterization

Surface wettability was determined by performing contact angle measurements
using the sessile drop method on a Rdnaé goniometer (Mouati n L akes, NJ) .
drop of deionized water was dropped onto the disc surface, and the contact angle between
the side of the drop and polymer surface was measured using a camera and DROPimage
CA software (Mountain Lakes, NJ). Three measurements of fthenig right contact
angle were taken on three separate discs of each composition.

Elemental analysis was performed byay photoelectron spectroscopy (XPS) on
a SSX100spectrometer (Surface Science Laboratories, Mountain View, CA) under high
vacuum (3<18 Torr)using AKU r adi ation (1486.6eV) and

Charge buildup on the polymer surfaces was neutralized by an electron flood gun at



3mV. To further correct for charging effects, the binding energies were offset such that
the C1 peak wassaigned to the binding energy of 284.6eV. Survey scans were obtained
in the 61000eV range using 1 eV/step and 10 scans/time. Peak assignments and their
corresponding area were determined using ESCA software (Service Physics; Bend, OR).
Three scans were germed on three separate discs for each composition.

Fourier transform infrared (FTIR) spectroscopy in attenuated total reflectance
(ATR) mode was performed to assess the chemical bonding present on the surface and
compare the differences in the amouwsit&ey chemical groups among the different
copolymer systems. Spectra were obtained on discs using a Bruker Optics Tensor
Spectrometer (Billerica, MA) with a KBr crystal. Ten scans were obtained on each
sample at a 1Hz frequency and peak wavenumbers wezedned using OMNIC
software (Thermo Electron Corporation, Madison, WI). Three spectra were obtained for
three separate discs for each composition.

To evaluate the surface roughness, atomic force microscopy (AFM) was
performed using a Pacific Nanotactiogy NaneR AFM (Irvine, CA) in closecontact
mo d e . Each sample was scanned using a scan
resolution of 512 scan lines. Average roughnegs\WRs calculated for each scan using
the Pacific Nano Software (Irvine AL. Three scans were performed on three separate
discs for each copolymer system.

Surface elastic modulus was determined by performing nanoindentation using the
same loading regime described above for bone. To simulate cell culture conditions,
samples wee soaked in phosphate buffered saline (PBS) prior to performing

nanoindentation and placed on a sample mount immersed ws&d®&d absorbent foam
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to maintain hydration during indentatias illustrated in Figure 6J178]. Previous

testing (data not shown) suggested thatelastic modulus of a polymer changed with

time when immersed in water. Thus, the elastic modulus was determined for all
compositions after immersion in PBS for 24h or 7 days. Moduli values were determined
from the load versus displacement curves udiegmethod described above for the bone
and the average elastic moduli was determined from at least 10 indents measured on at

least three discs.

absorbent foam sample mount

Figure 6.1 Testing stup for nanoindenting the polymer discs while submersed in PBS

6.2.5 Cell Culture
Human MG63 osteobladike cells (ATCC, Manassas, VA) were cultured in

Dulbecco's modification of Eagle's mediyBIMEM, Cellgro, Manassas, VA), 10% fetal
bovine serum (Hyclone, Waltham, MA), and 1% penicifitneptomycin (Invitrogen,
Carlsbad, CA) at 37°G% CQ, and 100% humidity. Polymer discs were soaked in

media for 24h prior to plating in order to allow the discs to swell to fit the bottom of the
culture well. To overcome the buoyancy of the polymer discs, CellCrown polymer inserts

(Scaffdex, Finlandyvere used to anchor the disks. Cells were plated either on tissue
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culture polystyrene (TCPS) or polymer discs at a density of 20,000 célsfchtultured

until cells reached confluence on TCPS, abeitdays.

6.2.6 Analysis of Cell Response

At confluence, fresh media were added to the cultures and cells were incubated
for 24h prior to harvesting. At harvest, the conditioned media were collected from each
well. Cells were released from the surfaces using two sequential trypsinizations to ensure
all cells were collected. Cell number was determined using a Beckman Coulter Z1
particle counter (Fullerton, CA). Cells were lysed and alkaline phosphatase specific
activity was measured as the releasp-nitrophenol fromp-nitrophenylphosphate at pH
10.2 as preiously describedl179] and normalized to total protein (Pierce BCA Protein
Assay, Thermo Scientific, Waltham, MA). Osteocalcin was measured in the conditioned
media using a commercially available radioimmunoaggayHfuman Osteocalcin RIA
Kit, Biomedical Technologies, Inc., Stoughton, MA) as previously descfi@&f)]. The
amount ofosteoprotegeriOPG), vasculaerdothelial growth factor (VEGF), and total
transforming growth facteb 1 (<@ GF r el eased by the cells w
performing an enzyménked immunosorbent assay (ELISA) of the conditioned media
(DuoSet ELISA kits, R&D Systems, Inc., MinneapolisNMas previously described
[180-181]

To determine if cell morphology was affected by copolymer composition, cells
cultured on the copolymer surfaces were examined by scanning electron microscopy
(SEM). Cells werglated as described and cultured for 24h or to confluency. At each
time point, the media were removed and the samples rinsed three times with PBS to

remove the excess medi a. Samples were fixe
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Microscopy Sciences, Hatfé PA) for 24h at room temperature. After fixation, the
samples were freezried for 48h. Samples were coated with a thin layer of gold and
imaged using a Zeiss Ultra60 SEM with an SE2 detector (Carl Zeiss SMT Inc., Peabody,

MA).

6.2.6 Statistical Analysis

Six experiments were performed using the PEGD8WDEGDMA surfacesFor
each experiment, data represent me&EM of six independent cultureBata were
analyzed by performing an analysis of variance, and, when statistical differences were
found,aSt udetng bts ftor mul ti ple comparisons wusin
used. P values<0.05 were considered significintcompare the relative levels with
TCPS, eacindepemnent culture of 6 totgder variablevasnormalized by the avage of
the TCPS control for eacbxperiment resulting in a treatment/control ratio for each
variable in a given experiment. The data shown represent thein&taM of the
treatment/control ratios for the six separate experiments (cell number and alkaline
phosphatasspecific activity) or four separate experiments (osteocalcin, OPG, VEGF
TGFb 1) . Data were compared by the Wilcoxon
2HEMA-based surfaces are from one of two independent experiments, each with
comparable results.dba are the mean + SEM of six independent cultures and show
absolute values rather than treatment/control ratios. Data were analyzed by performing an
analysis of wvariance, and, when -wdtfart i sti ca
multiple compar sons using Bonferronibés modificatioc

considered significant.
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6.3 Results
6.31 Nanoindentation of Human Bone

The average elastic moduli values of all bone specimens are listed ir6Ilable
As would be expected, the modufigemineralized cortical and trabecular bone
decreased relative to fully mineralized bone by almost an order of magnitude, and
mineralized cortical bone (periosteal or endosteal) had higher moduli compared with
trabecular bone.

Table6.1: Average elastimmoduli values for human bone measured by nanoindentation.

E (MPa)
Bone Region
Mineralized Demineralized
Cortical Periosteu 9905 + 1763 871 + 218*
Cortical Endosteu 11500 + 1656 2364 + 588%
Trabecula 365 + 223" 92.7 + 74.9%

*p<0.05 vs. minerated for that region; #p<0.05 vs. cortical periosteum; *p<0.05 vs. cortical endosteum

In order to identify any similarities in the nanomechanical loading behavior of
bone compared with the copolymers, representative load vs. displacement curves from
the wnloading regime are illustrated for each type of bone and copolymer in Bigure
The load versus displacement behavior of 10PEG fell in between the measured moduli of
the demineralized cortical periosteum and trabecular bone while the behaviors of
65HEMA and 50PEG were similar to the demineralized and mineralized trabecular bone.
The other three copolymers had smaller moduli compared to the measured values of any

of the bone types tested.
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Figure 6.2 Representative load versus displacement curvesra Wafers using
nanoindentation. The copolymer networks tested in this study are included for
comparative purposes. Calculated elastic moduli for each bone type, region, and degree
of mineralization are listed in TabGl
6.3.2 Polymer Surface Characerization
The average surface roughness, contact angle, and elastic modulus values for all
six copolymer surfaces are shown in Tafi2 Average roughness {Rwas below 70nm

for all copolymer surfaces. There was no significant difference in contactlzigleen

each PEGDMADEGDMA or 2HEMA-PEGDMA surface with TCPS (82.@:4).
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50PEG was moderately more hydrophilic compared with the other surfaces having a
significantly lower contact angle compared with 90PEG, 65HEMA, 80HEMA, and
98HEMA. The elastic modubf the PEGDMADEGDMA copolymers varied over

several orders of magnitude and decreased as the weight fraction of PEGDMA increased.
Similarly, moduli values for the three 2HEMREGDMA compositions varied over

several orders of magnitude, but fell withie ttame range as the PEGDNDEGDMA
copolymers. When nanoindentation was performed after one day or one week immersion
in PBS, slight decreases in moduli were observed between the two time points; however,
there was no significant difference in the moduleath copolymer composition after

one day or one week soaking.

Table 6.2 PEGDMA-DEGDMA and 2ZHEMAPEGDMA/DEGDMA compositions and
their corresponding contact angle, average roughneggsafi®l surface elastic modulus
(Ey) after soaking for 24h and 7 daysRBS.

Composition Contact Es 24h Es 1 week

Substrate Wt.% Angle @) Re(M vpayt (MPa)”
TCPS Té%ﬁ;st;r‘g;‘ge 82.0+ 6.5* 2150+ 100 2150+ 100
10PEG 1OPPECONA0 731446 128:97 8514223 507120
S0PEG pry Coomma’ 63175 5423 355163 31126
00PEG 30 EBONAI0 g19i5g 26.2+487 67.9855 63.6+20

65HEMA 2NN 784454 603+ 228 600x70 582+ 103

BOHEMA , oot le e 802:49 187425+ 874x12 8.80+18

osHEMA  J8Y%2ZHEMA 5+ 27 75+18 55519 56+2.0

2%PEGDMA750 o4

*p<0.05 vs. 50PEGp<0.05 vs. 65HEMA? Esvalues for different compositions are statistically
significant (p<0.05) except 10PEG vs. 65HEMA.
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The percent eleental compositions obtained by XPS are listed in Tél3e
Peaks corresponding to C and O were detected on all copolymer surfaces at a elemental
ratio (C:O) of around 7:3, as would be expected given the chemical structures of the
incorporated monomers. &re was no significant difference in composition amongst the
six copolymer surfaces.

Table 6.3 Percent elemental composition of PEGDNMEGDMA and 2HEMA
PEGDMA/DEGDMA copolymers using XPS.

Copolymer %C %0
Composition
10PEG 69.2+1.7 309+1.7
50PEG 73.1+0.1 27.0+0.1
90PEG 73.3+£0.9 26.8+0.9
65HEMA 72.8+5.0 27.2+5.0
80HEMA 70.3+5.1 29.8+5.1
98HEMA 74.8 £1.0 25.2+1.0

Representative FTHRATR spectra for the PEGDMAEGDMA and 2HEMA
PEGDMA copolymers are shown in Figure 6.3a arb6respectively. For the
PEGDMA-DEGDMA copolymers, key chemical groups including ti@&H;or i CH,, O
C=0, and @O-C can be identified by peaks at 288000cn, 1750cnt, and 1140ci
wavenumbers, respectively. As more PEGDMA was added, the intendity péak at
2800 cnt increased due to the increased surface presentatid@Hbfin the ethylene
glycol groups. An increased surface presentation of PEG was also evident by a right shift
in frequency of the @-C peak.Looking at the spectra for 2HEMREGDMA
copolymers, a different chemical profile was observed, specifically with a peak appearing

around 32068450cnt due to the addition GfOH side groups presented on the surface.
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The intensity of this peak increased as more 2ZHEMA was added to the system. A
biphasic peak around 10d150cnT became more distinct as the 2HEMA concentration

increased due to the dual presentation-@ @ both the 2HEMA and PEGDMA

monomers.

10PEG N

I l | Lo i
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm'1)

B65HEMA

80HEMA
98HEMA_O|—| CH,, CH,

C=0

B

ic-oCc

! 1 | L b
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm'1)

Figure 6.3 FTIR-ATR spectra of (A) PEGDMA0o-DEGDMA and (B) 2HEMA
PEGDMA/DEGDMA surfices. Peaks corresponding to key chemical components of the
networks are indicated. Dotted lines represent the wavenumber corresponding to the C=0

and GO-C peaks for 90PEG. It can be observed that these peak wavenumbers shift for
the other copolymer syste relative to the 90PEG.
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6.3.3 Cellular Morphology

Substratedependent differences in cell morphology were observed on the
PEGDMA-DEGDMA copolymers using scanning electron microscopy. Cells were able
to attach on all surfaces by 24h in culture. In gahélG63 cells on 10PEG were
elongated and exhibited spindike shapes aboutb 0 e m deamand over 40¢
(Figure 6.4). Conversely, cells on 50PEG were more flat and spread on the surface with
multiple extensioa st r et chi ng o b).élhe felvéstenombér Bficedlawere 6 . 4
observed on 90PEG with the majority of cells on the surface forming a polygonal shape
arond1020em in diamadter (Figure 6.4

MG63s also attached by 24h in culture on the 2HEREEGDMA copolymers,
exhibiting variable mgrhologies depending on the copolymer composition. Cells on
65HEMA exhibited mostly an elongad, spindlelike shape (Figure 6d) similar to that
observedn the 10PEG surfaces (Figure &.4A range of morphologies from flat and
spread to round and cubaidvas observed on both the 80HEMA and 98HE
compositions (Figure 6.4e and §.fespectively), but more cells were seen attached on

98HEMA and 65HEMA than 8OHEMA.
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65HEMA 80HEMA 98HEMA

Figure 6.4 Scanning electron micrographs of MG63 cells after 24h in culture on 10PEG,

50PEG, and 90PEG (&) and 65HEMA, 80HEMA, and 98HEMA (@) at 500X (AC

and Gl)and 2kX (DFanddL) magni fications. Scale bar
500X and 2kX images, respectively.

6.34 Cellular Response

Mean +/ SEM data from one experimensing the PEEDEG surfaces is shown
in Figure 6.5. Because the levels measured on the [PEG surfaces varied in
comparison to TCPS with each experiment, the mean of the ratios representing treatment
versus control (TCPS) from each experiment were comarédhese results were used

to draw conclusions on the cell response to these surfaces (Figure 6.6). The data from
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each experiment can be found in AppendiXCBIl number for the PEGDMMAEGDMA
copolymers was sensitive to copolymer composition anshasi§(Figure 6.6).

Compared to TCPS, cell number was reducéald8on the PEGDMADEGDMA

surfaces. Cell numbers were at least-foid higher on 50PEG and 90PEG surfaces than
on 10PEG surfaces, the stiffest surface with the highest cell number observed&) 50P

the medium stiffness surface.
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Figure 6.5. Effect of copolymer composition and stiffness on MG63 cell response. Data
represent mean +5EM from one of 6 individual experiments.
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Osteoblast differentiation was also affected by the surface chgmrstrstiffness.
Compared with TCPS, the PEGDMAEGDMA copolymers had a variable effect on
alkaline phosphatase specific activity with activities increasing slightly on the less stiff
50PEG and 90PEG surfaces, but decreasing by 308teomost stiff L0PE@Figure
6.60). Like cell number, the alkaline phosphatase specific activity increased at-least 2
fold on 50PEG and 90PEG with respect to 10PEG. A tfulgleincrease in osteocalcin
levels in the conditioned media of cells grown on the copolymer surfaaesbgrved
compared to TCPS (Figure 8)6 Osteocalcin levels were also affected by polymer
stiffness, decreasing by at least 60% on 50PEG and 90PEG compared with 10PEG. The
osteocalcin levels of cells on 50PEG, the moderately stiff surface, were sigtiyfic
reduced compared with both 10PEG and 90PEG. The production of local regulatory
factors was also sensitive to copolymer composition. OPG levels incre&sigdofh the

10PEG and 50PEG surfaces antkast 6fold on 90PEG (Figure 6dj. In contrast, tth

VEGFAand TGFb1 | evel s wer e hi bamenr50PEG and WOPESG s ur |

(Figure 6.6e and 66
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were cultured on tissue culture polystyrene (TCPS3h®rcopolymer surfaces with

various weight ratios of PEGDMA to DEGDMA: 90%PEGDMA (90PEG),
50%PEGDMA (50PEG), and 10%PEGDMA (10PEG). At confluence (A) cell number,
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control for at least four independent experiments.*p<0.05, polymer surface vs. TCPS;

evel s

wer e

measur ed.

Dat a

#p<0.05, polymer surface vs. 10PEG; $p<0.05, 90PEG vs. 50PEG.

The MG63 cell response on tBBlEMA-PEGDMA surfaces was affected by

copolymer composition in a different manner compared with the PEGDHEG&DMA

copolymers. To effectively compare the changes in cell response between the two

copolymer systems, 90PEG was included in these experimemtsdeeits surface

modulus was within the same order of magnitude of 8OHEMA. Cell number was affected
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by both the copolymer coposition and stiffness (Figure &){ reducing by 50% on the
65HEMA and 98HEMA surfaces and 75% on the 8O0HEMA in comparison witASTC
Compared with 90PEG, cell number was increasédd2on 65HEMA and 98HEMA
surfaces, but there was no significant difference in cell number between 80HEMA and
90PEG.

Osteoblast differentiation was affected by copolymer composition. Similar to the
resuts described above for the PEGDMPMEGDMA surfaces, alkaline phosphatase
specific activity and osteocalcin levels increased dPEIB compared with TCPS (Figure
6.7b and 6.@). Comparing the 2HEM#&ased surfaces with TCPS, alkaline phosphatase
specific actvities were reduced 50% on the moderately stiff and least stiff surfaces
(B0HEMA and 98HEMA, respectively). Activities also decreased on the three 2HEMA
PEGDMA copolymers compared with 90PEG. In contrast, osteocalcin levels on
80HEMA and 98HEMA surfaces we elevated at leastf@ld from the levels detected on
TCPS, but no there was no difference between 65HEMA and TCPS. The levels on the
2HEMA-based surfaces were reduced by at least 50% compared with the levels on
90PEG. Surface stiffness did not affectengalcin production using the 2HEMA
compositions.

The production of local regulatory factors was also regulated by copolymer
composition. Both OPG and VEGK levels were again significantly increased on the
90PEGIn comparison to TCPS (Figure 6.7d ande§. OPG levels increased at least
three fold on the three 2HEMA copolymers compared with TCPS, but there was no
difference amongst the three compositions. Compared with 90PEG, OPG levels were

reduced by at least 50% on 65HEMA and 98HEMA, but were noifsigntly different
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on 80HEMA. There was no significant change in VEGF levels between the 2HEMA

copolymers, but levels were 60% lower on all three 2HEREGDMA compositions in

comparisonto 90PEG. TGF1 was al s o

e v a FREGDMAd

compositionsbut no detectable levels were observed.
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6.4 Discussion

The results of this study demonstrate that bone stiffness on the snalmvaries
amorgst the different structural components and mineralized states. The surface modulus
of different bone components and mineralized state has been measured prédsusly
32], but to the best of our knowledge, this is the first study comparing the elagiesur
moduli of the cortical periosteal, endosteal surfaces of cortical and trabecular bone, both
in mineralized and demineralized states. As would be expected, the elastic modulus of
cortical bone was significantly higher than trabecular bone. This sulbe attributed
to the structural differences between the components in that cortical bone is a dense,
compact tissue, whereas trabecular bone is more porous consisting of mostilyestrut
trabeculae. The decrease in modulus for demineralized bonecsinpith mineralized
bone for all regions occurs because the demineralized tissue is deplete of the mineral
content known to give bone its rigidity. Interestingly, there was no difference in modulus
between the periosteal and endosteal bone surfacesmiheralized, but the average
modulus of the periosteal bone was significantly lower than the endosteal bone after
demineralization.

In this study, it was hypothesized that the osteoblast response was affected by
copolymer stiffness in a manner relatedhe rigidity the cells experience within the
native tissue. The results of this study demonstrate that MG63 cells respond in a
differential manner to both polymer stiffness and chemistry. The two copolymer systems,
PEGDMA-DEGDMA and 2HEMAPEGDMA, were degned to exhibit specific
mechanical properties and chemical features. In the PEGDEGDMA copolymer

system, the same chemical features (the PEG and acrylate groups) were presented on the
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surface regardless of composition, but in varying concentrationexXample because
PEGDMA (Mn~750) has more PEG repeating units compared with DEGDMA, the
addition of PEGDMA to the material allowed for more surface presentation of ethylene
glycol units while keeping the concentration of oxygen and carbon atoms ccarsfeant
lower crosslinking density compared with compositions with higher DEGDMA content
(i.e., 90PEG vs. 10PEG). By systematically varying the PEGDMA to DEGDMA ratio,
the surface modulus was effectively tailored over several orders of magnitude. With the
2HEMA-PEGDMA system, the hydroxyl groups in the 2HEMA structure created a
different interfacial chemistry compared with the PEGDIMEGDMA copolymers.
Adding more PEGDMA to the 2HEMA network resulted in less hydroxyl groups on the
surface, lower crosslink dsity, and subsequently lower surface modulus. The range of
surface moduli attained by changing the monomer ratio (PEGDMA:DEGDMA or
PEGDMA:2HEMA) were within the same orders of magnitude for the two copolymer
systems, thus allowing for distinct comparistwesween the effects of copolymer
chemistry on the cell response when stiffness is controlled. As observed in the results and
to be discussed below, the effect of surface stiffness on the cell response was not
comparable between the two copolymer systemigating that the base chemical
structure serves as the primary mediator of the osteoblast response while the effect of
surface modulus differs with surface chemistry.

On both copolymer systems, the low cell numbers suggest that cell attachment or
proliferation was not well supported on these surfaces. This result agrees well with
previous findings showing that cell number is decreased on PEG and HbEddAnting

surfaces compared with TCP®3-34]. Cell attachment and adhesion are usually



dependent uporé surface wettability, which is controlled by hydrophilicity and
roughnessDespite having a significantly lower contact angle, 50PEG surfaces promoted
the highest cell number amongst the three PEGEMAGDMA copolymers suggesting
that cell number was affeed by surface features other than wettability. These findings
are consistent with previous studies reporting that contact angle is not always a suitable
measure of wettability on copolymer surfaces or an accurate way to predict degree of cell
attachmentue to the inherent heterogeneity of the network stru¢dfije Considering
that the contact angles were similar for all 2HEM@EGDMA surfaces, the increased
cell numbers on 65HEMA and 98HEMA compared with 80HEMA further suggests that
other surface effestpossibly including stiffness could affect cell attachment and/or
proliferation. Because proliferation and cell viability were not directly measured, it is
difficult to ascertain whether the increased cell number on 50PEG and 80HEMA is the
result of incrased cell attachment or proliferation or decreased vialfitym the SEM
images, it is apparent that cells adhered to all copolymer surfaces after 24h in culture, but
the number of cells attaching is variable on composition. Although surface wettdiolility
not differ, it is also possible that protein adsorption was altered in a manner dependent on
copolymer composition that resulted in key osteoblast binding proteins to be present in
active conformations. The effect of polymer chemistry on protein afisoimas been
detailed elsewher&6].

On the PEGDMADEGDMA surfaces, MG63 cells grown on the stiffest surface
(1OPEG) exhibited characteristics corresponding to a more mature osteoblast phenotype.
Alkaline phosphatase specific activity and osteocalcinlpecton are both webltudied

differentiation markers for osteobla$&¥]. In general, alkaline phosphatase specific
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activity increases during the early stages of osteoblast differentiation, but then decreases
over time as differentiation progresses andaral deposition begins to occur. In

contrast, osteocalcin levels are low during the early stages of differentiation and then
increase and plateau as the cell reaches a mature osteoblast phenotype. Thus in this
present study, the reduced alkaline phosd®specific activity in combination with
elevated osteocalcin levels on the PEGDIMEGDMA surfaces indicate that MG63

cells are more differentiated on these surfaces compared with cells grown on TCPS.
Considering that differentiated osteoblasts will estasproliferate, the reduced cell
numbers observed on these surfaces further supports this hypothesis and agrees with
previous studies showing that PigtPEG coating on rough titanium can promote an
osteogenic response from MG63 c¢88].

By comparingthe cell numbers and osteocalcin levels produced on the 2HEMA
PEGDMA surfaces with 90PEG, it can be suggested thatreglth a more differentiated
phenotypeon the PEGDMADEGDMA surfaces than on the 2HEMREGDMA
surfaces. Interestingly, changing the 2HENRbncentration did not statistically affect
osteoblast differentiation within the context of this copolymer system. This result
contrasts with what is observed on the PEGDMBGDMA surfaces where cell
differentiation was increased the most on 10PEG tifiest surface, indicating that cells
were preferentially responding to changes in copolymer chemistry versus changes in
surface stiffness. Considering that contact angle and average roughness measurements
were essentially similar amongst all copolymempasitions, this differential response
signifies that osteoblast differentiation is primarily affected by copolymer chemistry in a

manner that is not dependent on surface wettability and roughness.



Copolymer chemistry and stiffness may affect osseointiegrétrough
mechanisms involving changes in the production of local osteogenic factors. The results
of this study indicate that both OPGand TBA pr oduct i on ar e modul a
copolymer chemistry. OPG is produced by osteoblasts and acts as a deptwy tBce
binding with RANKL to suppress osteoclastogenesis and regulate the bone remodeling
cycle[38. TGFb1 i s a growth factor that stimulate
believed to mediate OPG productid®]. It is produced in a latent forby osteoblasts
and then stored in the extracellular matrix until it becomes actiyadin previous
studies, fully differentiated osteoblasts exhibited elevated levels of OPG anfl TIGF
when cultured on microrough titanium surfa¢28, 40] The eleveed OPG and TGHB 1
production from MG63 cells cultured on the PEGDNMEGDMA surfaces further
support the contention that MG63 cells are in a more differentiated state on these
copolymer surfaces compared with TCPS by synthesizing mediators that enhance the
osteogenic microenvironment. However, MG63 cells appear to produce more OPG on the
less stiff surface (Q0PEG) while T&F1 | evel s are el evated mor e
suggesting that the effects of copolymer stiffness mediate OPG and TIGFpr aduct i o
through different pathways. The reduced OPG levels on the 2HEEBDMA surfaces
compared with 90PEG further indicates that the copolymer chemistry regulates osteoblast
differentiation in a manner that affects osteogenic factor production.

Interestinglythe increased OPG production on 8B0HEMA compared with
65HEMA and 98HEMA also mirrors the change in OPG production with copolymer
stiffness observed on the PEGDM}=GDMA copolymer (90PEG vs. 10PEG and

50PEG). It has been suggested that cells mimic ieivo behavior on synthetic
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matrices when the matrix stiffness matches the rigidity of the native {3s8]. In

bone, the stiffness of the tissue is changing as bone is continuously remodeling itself.
During the initial stages of bone formation, osti@sts are beginning to lay down

osteoid, which consists mostly of collagen and other matrix proteins and has a reported
modulus of 27kP3]. As the matrix begins to mineralize during latter stages of bone
formation, the stiffness increases to betweendl30GPa depending on the bone type,
cortical or trabecular and degree of mineralizafglz32, 41] In the present study, the
moduli of 90PEG and 80HEMA represent the mechanical environment during early
stages of bone development when the extracelluddrixris beginning to mineralize.

During early osteogenesis, it is important that osteoclast activity is reduced so that bone
resorption is repressed and enough of the matrix is depoEitedncreased OPG
production on the 90PEG and 80HEMA suggest tbiescopolymer substrates, within

the 1670MPa range, will inhibit bone resorption by preventing osteoclast activation.
Converselyon stiffer substrates such as 10PEG that mechanically mimic mature,
mineralized bone, OPG production is reduced, poten@dittyving osteoclasts to become
activated and initiate bone resorption.

Besides modulating the ability of MG63 cells to promote bone formation versus
resorption, copolymer chemistry and stiffness can also potentially regulate other
processes that accompaone formation. VEGH is an important angiogenic factor
that osteoblasts produce to promote blood vessel formation within newly formed bone
matrix [42]. Previous studies have suggested that ViAGIFoduction in preosteoblasts
signifies the latter stageof osteoblast differentiatiqd3]. Within this current study, the

elevated VEGFA levels on the PEGDMAYEGDMA surfaces compared with TCPS
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further indicate that cells cultured on these surfaces exhibit characteristics of mature
osteoblasts, and the exteri VEGFA production by MG63 cells on these surfaces is
mediated by stiffness. However, there was no significant difference in ViEGF

production on the 2ZHEMAEGDMA copolymers compared with TCPS. Considering the
reduced osteocalcin and OPG levels obskorethe 2HEMAPEGDMA copolymers in
comparison with 90PEG, it can be suggested that cells on these surfaces have not fully
differentiated and thus are not readily producing key functional proteins characteristic of
mature osteoblasts.

This study illustrées the importance of surface chemistry in evaluating the cell
response on polymer surfaces. Comparing the two copolymer systems investigated, the
PEGDMA-DEGDMA copolymer overall better promoted osteoblast differentiation
compared with 2HEMAPEGDMA. This esult is significant as PEGDMA and 2HEMA
are both common biocompatible polymers used in many implants and tissue engineering
applications, but their osteogenic potential has never been compared. Previous studies
have shown that cell attachment and spreadmes not differ when osteoblasts are
cultured on both PEG and HEMA surfag¢@4]. These findings are supported by the
SEM images shown in this study indicating that the copolymer chemistry affects
osteoblast behavior through mechanisms other than attattand adhesion, possibly by
changing the conformation of adsorbed matrix proteins and causing certain extracellular
membrane receptors including integrins to be differentially expressed. Several studies
have documented how protein adsorption and subsdygwell attachment are altered by
the addition of 2HEMA36], but this effect has not been fully correlated to changes in

osteoblast differentiation. Looking at the structure of each network, the PEGDMA
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DEGDMA copolymers were more highly crosslinked thia@ 2HEMAPEGDMA
compositions, a structural characteristic that could affect protein adsorption and cell
binding on the surface leading to changes in intracellular signaling. This hypothesis is
supported by a previous study showing that osteoblast attathsmaffected by changes
in the molecular weight between crosslinks in a degradable acbdagzl network20],
although there is no prior evidence that this leads to altered cell differentiation potential.
Previous studies have shown that the exthaleelmatrix rigidity within the kPa
range can influence the cell morphology, proliferation, and differentiation of MEIT3
cells[3, 5, 18] To the best of our knowledge, this is the first study examining the effect
of stiffness within the MPa range dmetMG63 cell response. For the PEGDMA
DEGDMA system, it is apparent that MG63 cells differentiate and begin to create an
osteogenic microenvironment at a faster rate on the stiffest surface (in the 100 MPa
range), but the response of MG63s on the 2HEREECDMA surfaces suggests that a
lower stiffness material around 10MPa will better promote osteogenesis. These results
challenge whether MG63 cells can sense their mechanical environment at this rigidity. If
cells do alter their function in response to thdame stiffness, then this effect is
dependent on the copolymer chemistry presented. Thus when selecting a copolymer
surface to interface with bone, osseointegration can be potentially optimized by first
selecting the appropriate surface chemistry, PEGisngresent study, and then the
appropriate stiffness of the copolymé&hese relationships will be addressed further with

respect to tailorable tough, structurally similar networks.
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6.5 Conclusions

This study demonstratéisat osteoblast differentiatiaoa mediated by the
copolymer chemistry and that PH§ased acrylate chemistries support osteoblast
differentiation better than 2HEM#Aased networks. Specifically, cell numbers were
decreased and osteocalcin, OPG, and VEA3&vels were elevated on the PEMIBR-
DEGDMA surfaces versus 2HEMREGDMA surfaces. In order to study the effect of
various surface properties on the cell response, polymer networks are typically used
because their surface properties can be easily tailored by varying the chemical structure
These results emphasize the importance of minimizing changes in surface chemistry
when evaluating the role of surface stiffness. Further studies will examine potential
cellular mechanisms creating the differential response tolysopo composition and
gtiffness A better understanding of these gadllymer interactions will facilitate the

development of orthopedic polymer materials that will better promot®iossgration.
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CHAPTER 7
CONCLUSIONS

This research highlights several approaches thabearsed to develop tough
photopolymerizable (meth)acrylate networks that elicit an appropriate biological
response. Copolymer networks were created to test their mechanical properties in tandem
with evaluating theimn vitro effect on immature osteoblasitsorder to foster direct
comparisons between the mechanical properties and biological response in relation to
copolymer network structure. A central issue throughout this work was the role of PBS
absorption on the material properties, including toughri&sgeral structurproperty
relationships of (meth)acrylate networks were established in the presence of PBS that
could serve as design tools for developing novel polymeric materials for orthopaedic
applications, in particular for spinal disc repair whign& mechanical loading conditions
are some of the most strenuonwivo. Of note, it was demonstrated that combining two
linear monomers with a crosslinker to form ternary networks enables the systematic
tailoring of several material properties by (1)ywiag crosslinker concentration and (2)
varying the ratio of the two linear monomers. Studying the properties of ternary networks
as a function of monomer concentration thus facilitated the development of key
relationships between network structure, towgsnand environmental conditions. Some
of these relationships are summarized below:

1. Network toughness is maximized when Tg is aligned with testing temperature

(i.e. body temperature) by changing the concentrations of two monomers with

oppasing individual ©s
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. Toughness can be maximized in the presence of agueous solutions by tailoring the
copolymer composition such that the Tg in PBS decreases close to body
temperature.

. Long term stability of mechanical properties is best achieved in materials whose
Tg falls at or below body temperature where the segmental vibrations are at a
maximum allowing for easy transport of water molecules through the polymer
chains during deformation.

. The inclusion of structuraltgimilar hydrophobic monomers in the network
provides increased strength and straardening in the presence of PBS due to the
cooperative intermolecular hydrophobic bonding that limits the number of-water
polymer interactions.

. The ability to promote an osteogenic response on (meth)acndaterks rekes

on incorporating the appropriate chemistry, in particular PEG groups into the
network.

. The ability to tailor the osteogenic response on ternary (meth)acrylate copolymer
networks is limited by the heterogeneity and random presentation of chemical

groupsinherent to photopolymerized copolymer networks.

ToughnessA Measure of Material Durability?

Although implant materials must meet a variety of mechanical property criteria,

toughness was chosen as the central focus of this research due to its positiation

with other mechanical properties including strength, deformability, and wear resistance

[153]. In addition, those polymers that have found success clinically appear to possess
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high toughness in comparison to many biological tissues, further emphasizing the
importance of developing novel tough polyniiersed biomateriald-{gure 2.6). Because
toughness reflects the total amount of energy required to break the material, a tough
material will exhibit high strength and/or large failure strains. What is important to
remember is that this same correlation does not exist beeleestic modulus and
toughness suggesting that materials deemed
For example, in Chapter 4 tough (meth)acrylate networks possessed moduli between 10
500MPa, a range that encompasses the moduli of mampésathgtissues including
tendon and the disc annuli@®-61]. Expanding this moduli envelope might be limiting
with (meth)acrylate networks, but could be achieved by incorporating or adopting
alternative polymer systems such as double networks or interpergpalymer
networkg[182-184].

Much debate has centered on whether the inherent toughness of materials is
related to other complexechanical properties related associated duttability
including fracture toulgness, fatigue and wear resistance. It is certainly recognized that
fracture toughness is crucial in implant materials in ensuring that small defects created
during loading do not propagate and lead to catastrophic falecause fracture
toughnessrelats t o a material 6s ability to preven
toughness concerns more of the ability to prevent defect formation and ultimate failure,
these two properties do not necessarily follow the same strymtopperty relationships
in polymers. In the broad scope of materials, general trends between fracture toughness
and inherent toughness are evident when comparing metals that typically exhibit

excellent fracture and inherent toughness versus polymers which traditionally are known



for low fracture toughness despite sometimes exhibiting high inherent toughness.

not the intent of this wik to neither determine any correlation between these two

properties nomsinuatd hat an i nherently Atoughde mat er i
or impact toughness. Future studies exploring the behavior of the tough copolymer

networks developed in this study (namely, M&MMA -co-DDDA) under fatigue and

wear conditions would aid in verifying if ultimate durability can be achieved using the

appoaches discussed above.

Toughness in Relation Tqg: Alternative Perspectives

Looking at the principles outlined above, a common element becomes evident
with each relationship: the glass transition temperature. In fact, it can be suggested that
Tg is thethread that intertwines the relationships between mechanical properties, water
absorption, and network structure for (meth)acrylate networks. By adjusting Tg, a range
of mechanical properties can be achieved, and the extent to which water interacts with th
polymer chains can be controlled by changing chain mobility associated with the
viscoelastic state of the polymer. The fact that toughness is enhanced in this glass
transition region is not too unsurprising given the characteristic molecular behavior
inherent in this regime. Having optimal toughness at Tg offers additional advantages for
those polymers that undergo the shape memory effect by ensuring that the polymers
remain durable during activation when implant&d.illustrated though in Chapter 4, ghi
Tg-temperature approach does have its limitations mostly due to the mechanical
properties of (meth)acrylate networks being dependent on strain rate in a manner related

to the timetemperature superposition principlditigating strain rate effects, penpa by
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broadening the thermal transition region, could serve as an objective of future studies.
Broader thermal transitions can usually be achieved by increasing the crosslinking
density and or heterogeneity in the network by including gradient copolymetigsaor
phaseseparated copolymer blends35].

Although the Tgtemperature approach greatly improves mechanicgarties,
toughness cannot be fully optimized without considering certain factors relating to
network chemistry that provide even higher toughness at thismgerature peak.

Il nterestingly, many of the At ougxhhitthe he mi st
characteristic chemical structures deemed tough by previous theories. Specifically, Wu
showed an inverse relationship between FIlo
toughness for homopolymejs86]. However, tailoring specific material properties often

requires combining multiple monomers to form copolymer networks where

intermolecular secondary bonding and monomer affinities bedoyportant. Within this

work, both 2HEMA and MMAbased networks displayed this effect through the

formation of hydrogen bonding and hydrophobic interactions, respectively, although this
effect is negated for 2HEMA once the material is exposed to PB8gamds to ternary

networks, combining two linear monomers with similar pendant chemistries would be
necessary to produce strong intermolecular bonds. For example, both 2HEMA and BMA
have the potential to form strong intermolecular bonds amongst theiirozan thains,

but when the two are copolymerized, their unlike chemistries (polar vs. nonpolar)

minimize these interactions. Crosslink density can also determine the extent to which
network toughness can be tailored through monomer chemistry. Specifite/been

shown that lower crosslink densities, with Er<10MPa, are required for the monomer



chemistry to affect network toughng84]. These previous findings also coincide with
the fact that crosslinking concentrationst also be kept low in order to maintain large
failure strains as well as achieve a broad range of stiffnesses in order to mimic the
mechanical behavior of many orthopaedic soft tissue including anfibdosistissue.
Photopolymerizable (meth)acage networks were the primary copolymer
systems evaluated in this research, but it is plausible and certainly worth investigating
whether the toughness of other copolymer networks could be improved by using the Tg
toughness approackor instance, biodegdable polymers could potentially benefit from
having enhanced toughness in order to limit the extent to which the mechanical properties
decline during the degradation process. Creating tough biodegradable materials is often
complicated by the tradeffs baween tailoring the mechanical properties and
degradation rate, but using the-bgighness approach could facilitate the independent
tailoring of toughness and degradation rate, possibly by incorporatingr gigliegradable
components such as polylactid&7].
Additionally, although the final ne/ork selected, MAco-MMA -co-DDDA,
ultimately contained little PBS content, it can also be suggested that a tough network
consisting of polar, watdsinding, chemistries can be designed using théeftperature
approach if the extent by which Tg drops dmehanges in water content is distinctly
controlled. Even if Tg cannot be aligned precisely with body temperature, bringing
network Tg closer to body temperature even moderately would reduce the brittle behavior
of glassy polymers or increase the strerggtti failure strains for rubbery polymers as the
T g 6fshe network approach the sides of the temperatwghness peak (Chapter 3

Figure 3.15).
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Other possible ways to further improve material durability include developing
photopolymerizable compositésat contain a polymer matrix toughened by the Tg
toughness approach filled with an additional component that provides for specific
enhanced mechanical properties. In fact, a composite material appears the most logical
from a biomimetic perspective givelnat most biological tissues including bone and
intervertebral disc tissue are composite materials themselves. Fillers or fiber
reinforcements can serve to increase the strength, improve ductility, or adjust the
modulus within either a higlor low-moduluspolymer matrix depending on the desired
application. For example, fibeeinforced polymers that consist of a lemodulus matrix
can exhibit low moduli, characteristic of many soft tissues, AND high strength. To
mitigate poor creep and fatigue propertiser-reinforced UHMWPE has proven useful
in total knee replacemenits88]. However, some challenges exist in designing
photopolymerizable polymer composites including using fillers that do not affect the
photopolymerization reaction and that can remain homogenously ihixedy curing.
The clinical application oih situ-formed fiberreinforced PMMA bone cement has

previously been thwarted by problems associated with the former is3Rie

Tailoring the Osteogenic Potential

The ability to promote a favorabie vitro osteogenic respoasas also
demonstrated on (meth)acrylate copolymer systems with MG63 cells producing a more
differentiated phenotype in response to specific monomer chemistries. The regulation of
cell response through material chemistry has been extensively studigdt baty

recently has the fine control of the osteogenic response, beyond attachment and
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proliferation, through surface chemistry been successfully demongit&2d90]. Using

the surface properties to stimul@evarranted cell response eliminates the need to deliver
growth factors and other drugs to implant sites as a means to facilitate tissue growth.
Because loatbearing implant materials should mimic the compliance of adjacent tissue
(i.e. bone for this apmation), the effect of substrate stiffness on osteoblast function and
bone formation is critical to understand from a materials selection perspective. More
studies are being reported det ai-¢ensag t he m
their environmenand, in particular, how substrate stiffness affects this response. In this
current work, MG63 cells reached a more differentiated phenotype on stithB&«sl
networks than their softer counterparts. Considering this effect of copolymer stiffness
was notrepeatable on 2HEMAased surfaces, it is unclear whether this response was
due to the stiffer environment (~1GPa) or some of the microscopic changes in structure
due to increased crosslink density.

The relationship between Tg and mechanical properseseaalabled the design of a
copolymer system that could be used to study the effect of stiffness on cell attachment
and differentiation. By using a ternary network with two structurally similar linear
monomers, a range of moduli over several orders of matmivas achieved without
drastically altering the chemistry. For polymers that undergo their transition from glassy
to rubbery upon implantation via shape memory activation, determining whether bone
development is affected by the thermomechanical stdteeqfolymer is critical if these
materials are to be used as orthopaedic fixation applications as previously dg4€jbed
From the work presented in Appaix A, it is somewhat surprising that MG63 cells

appear insensitive to this viscoelastic regime of the networks because it could be
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speculated that the increased vibrational motions would alter protein adsorption onto the
surface and the presentation ofding sites, although this effect has never been reported.
However, the ability to tailor Tg without changing cellular compatibility enables ternary
copolymer networks to be used in various applications that require materials to be in a
glassy, ductile prubbery state. Furthermore although copolymer stiffness was identified
as a secondary mediator of osteoblast differentiation within this current study, a proposed
mechanism and the precise control was difficult to achieve on the chenusirglled
termary (meth)acrylate networks as discussed in Appendix A.

One potential drawback to the utility of these networks as-buagacing
implant materials is the limited cell attachment observed on these surfaces. Although cell
attachment and proliferation weenot independently studied, it is apparent from SEM
images taken after 24h culture that these materials do not initially provide a favorable
surface for cells to bind; however, those cells that do attach are able to reach a mature
osteoblast phenotype Wih 5 days in cultures. Low cell attachment to (meth)acrylate
surfaces could inhibit proper boteimplant contactn vivo.Based from previous
studies reporting that osseointegration was achieved around implant surfaces despite
decreased cell numberswibuld be of use to assess the degree of cell attachment
required to ensure appropriate banegmplant contact and whether the low cell numbers

observed within this work translates to decreased cell attachmeirrb.

Assessing Clinical Applicability

Photopolymerizable materials have the potential to serve as vehicles to deliver

cells to an injury site by encapsulating the cells with the monomer solution and then
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curing the polymem situ. The polymer network would prevent cells from migrating
from the injury site and protect the cells from the harsh surrounding environment as the
cells produce new extracellular matrix. This last characteristic is particularly important
for spinal repair applications as both large abnormal mechanical loads and harsh
biochemical attack found in degenerated tissue have been shown to reduce the cell
viability and function6]. Because these polymers can be formed within the body, they
can replace tissues or fill defect sites that have irregular shapes, an attribute that can
allow for a minimally invasive insertion.

Using theprinciples outlined above, ompotopolymerizabl@etwork, MA-co-
MMA -co-DDDA, has beendentified as a candidate material for spiregdair
applicationsAt the appropriate MA to MMA ratio, this network maintains an elastic
modulus around 5Q00MPa and failure strains around 2Z800% fa up to 9 months in
PBS with toughness values comparable to UHMWPE and surpassing both bone and
intervertebral disc tissue (both annulus and nugteldigosu3. By varying the MA to
MMA ratio, some tailoring of the elastic modulus vath compromising toughess can
be achieved to meet the compliance requirements of various tissues (i.e. bone vs. annular
tissue). Initialin vitro cellularresultsindicate that this material also supports the
attachment and differentiatiarf pre-osteoblast cells although theility to enhance the
differentiation potential of presteoblast cells has yet to be achievdthough this work
identifies compositions that meet the preliminary mechanical and biological criteria, the
eventual clinical application of these materiaias on tackling some of the limitations
that have beediscussed above as well as identifying how some of the proposed tough

materials function in more clinically relevant mechanical and biological environments.
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The next appropriate step is to desigd st implant prototypes under conditions
particularly relevant to the spine. In this regard, it is important to considehghat
photopolymerizatiomeaction is dependent on sample geometry with rates of bond
conversion being dependent on sample thiskr{greater than 1mm). Photopolymerizing
prototypes might prove challenging using many current molding techniques and thus
other means of UMuring, such as mask projection migtereolithographj191] and
radiation crosslinking192] should beexIpored In order to determine if the enhanced
toughness of these networks translates to improved durability under more complex
loading regimesfuture stulies will examine their mechanical behavior under
compression, torsion and/or cyclic and wear fatigue in the presence of solution. It is also
imperative to evaluate the biomechanical response of these materials under loading
conditions inherent specifidglto the spine using a rotational disc simulator.

Further steps to be taken in regard to implementing these tough photopolymerizable
compositions as implant materials would be to evaluate itheivo mechanical
performance as well as how these materdiect perimplant bone formation. Undén
vivo conditions, a more complex cascade of physiological events occur in response to the
presence of an implant material, including the induction of the foreign body reaction and
fibrous tissue formation, thatre involved in the posimplantation tissue repair process.
Although thein vitro MG63 cell culture model proves useful in gaining an initial
assessment of the biocompatibility of the copolymer networks for-imbedacing
technologies, it is certaingn oversimplification as many distinct cell populations
including mesenchymal stem cells as well as macropliegeells and vascularelated

cells (i.e. endothelial) are known to migratehe implant surface. Thus, theesencef
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multiple cell typescan also greatly impact the ability to promote bone formation around
the implant material through cedell interactions and the production of extracellular
molecules specific to that tissue type. In particular within this current research, the exact
mechaism between the copolymer surface and osteogenic response remained somewhat
elusive, particularly on the ternary MMMA -PEGDMA networks. Therefore,
evaluating then vivobi ol ogi c all response of those deeme
provide more accuratnd certainly relevant assessment of tissiagerial interactions.
First, the biocompatibility in terms of inflammation and fibrous capsule formation would
need to be investigated through subcutaneous implantations in small animal models. The
biological response and ability to promote bone formation in the spinal region would
subsequently be the subject of further studies.

Other areas of investigation regarding ith@ivo implementation of
photopolymerizable networks pertain to determining the approutéiteery or
implantation technique. Although photopolymerizable materials are hailed for their
ability to be curedn situ, if certain toughnesenhancing monomers that are known to be
cytotoxic in their unreacted form are included in the compositionneterial must then
be preformed and delivered to the implant site in another marsueh as using shape
memory capabilitieswith regards to the copolymer compositions proposed in Chapter 5,
the presence of MA, which has reportsdiotoxicity [32], certainly makes situ
polymerization unfeasible. In addition, thariability of the MG63 osteoblast response to
MA-co-MMA -co-PEGDMA networks (Appendix A) calls into question whether these
materials can consistently promote favorable tissue formatigivo. It was suggested

that this variability was due to the inhereahdom formation of the copolymer network
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that is associated with the photopolymerization reaction. Despite these possibilities, the
insight gained on toughening mechanisms can still be applied to other copolymer systems
with knownosteacompatibility.

In summary, the ability to independently tailor network toughness in the presence
of solution using cytocompatible copolymer networks has been demonstrated as a novel
approach to develop more durable polymer implant materials. Furthermore, the
relationshipsetween network structure, mechanical behavior, and biological response
established in this work will facilitate the design of tough, biocompatible
photopolymerizable networks for lodbaring applications, particularly for spinal disc
repair. In a broadense, the results presented will contribute to the growing field of
biomaterials by better defining the interrelationships between polymer chemistry,

mechanics, and bone biology.



APPENDIX A

MG63 CELL RESPONSE TO THE SURFACE PROPERTIES OF
TAILORABLE TO UGH PHOTOPOLYMERIZABLE MA -CO-MMA
NETWORKS

A.1 Introduction

The design of materials for use in orthopaedic implants or devices, specifically for
spinal repair, has proven challenging because they must have suitable mechanical
properties to withstand congd loading regimes as well as promote tissue growth and
integration. Previous studies have explored the biocompatibility of actydested
materials in regards to how these materials support cell attachment. In these studies,
properties such as wettabilitghemistry, roughness, and stiffness have all been shown to
modulate the cell response. The effect of surface chemistry is usually tied to changing
the surface energy or wettability that mediates protein adsorption and the presentation of
cell-binding sies on the proteins. More recently, the effects of substrate stiffness on cell
differentiation have been explored using various copolymer systems, including acrylate
based networkgl14, 117, 124, 177Results reprted in Chapter 6 showed that
copolymer chemistry has a stronger effect on osteoblast differentiiati@no than
surface stiffness. Specifically, MG63 cells were able to differentiate at a faster rate on
PEGbased surfaces versus 2HEMA based surfacagmanner independent of surface
wettability and stiffness.

In Chapter 4, a photopolymerizable network consisting of methyl methacrylate
(MMA) and methyl acrylate (MA) crosslinked with either poly(ethylene glycol)

dimethacrylate (PEGDMA) or dodecanediinethacrylate (DDDA) waproposed aa
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candidate materidbr orthopaedic applications where it is important that the implant
material be readily deformable, yet have excellent toughness such that it maintains its
function for long time spans vivo[164]. By adjusting the MA concentration in the
network, he Tgand subsequently, the mechatiproperties of this systeoan be
tailoredto exhibit specifianechanical behavior from rigid and brittle to soft and rubbery.
In particular, a several orders of magnitude variation in elastic modulus that can be
achieved suggesting this material can be used for a range didasidg biomedical
applications.

Although both PMMAbased and PEGDM#Mased materials have been shown to
be biocompatible and are already used clinically pgteogenicesponse to these
polymers photopolymerized into a copolymer network with the addition of MA has yet to
be examined.The objetive of this study was tevaluate how changing the copolymer
composition, and thus copolymer stiffnesscombinationwith changing certain
polymerizationparameters affected the vitro response of MG63 human posteoblast
cells. Several compositiomgere synthesized with varying amounts of MA to achieve a
broadrangeof g6 s and ¢ ons equlkadellrgsponse Wwas svaluaied byno d u |
examining cell number, morphology, and the production of certain osteogenic factors.
The results of this stydprovide evidence that M&o-MMA -co-PEGDMA networks can

promote osteoblast differentiation under certain conditions.



A.2  Materials and Methods
A.2.1 Materials
Methyl acrylate (MA), Methyl methacrylate (MMA), polyethylene glycol
dimethacrylate (PEGDMK; Mn~750) were obtained from Sigr#ddrich (St. Louis, MO)
and used as received. ZiBnethoxy2-phenylacetophenone (DMPA, Sigma Aldrich) was
used as the photoinitiatomhe chemical structures of the monomers are shown in Figure

5.1 in Chapter 5.

A.2.2 Network Synthesis and Disc Preparation

Monomer solutions were formulated by combining various weight ratios of MA
and MMA with 10wt.% PEGDMA and 1 wt.% DMPA. The elastic modulus of the
copolymer system was adjusted by varying the weight ratiéffo MMA. Four
compositions (by weight %) were selected based on their deterelasamoduli
values: (1) 18%MA 72%MMA 10%PEGDMA (18MA), (2) 29%MA 61%MMA
10%PEGDMA (29MA), (3) 40%%MA 50%MMA 10%PEGDMA (40%MA), and
72%MA 18%MMA 10%PEGDMA (72MA). Each solutionag mixed manually in a
glass vial and injected using a glass pipette between two glass slides separated with two
glass spacers (thickness = 1mm or 1.5mm). The sheets were placed in a UV chamber
(UVP,ModelCL:2 000L Ul traviolet Crbnsmsl|linker, Upl a
ener gy =2 0 0%far B3minetek./Disan were laseut from the polymerized
sheets to a diameter such that the disc of each composition would swell to fill the bottom

of a well in a 24well cell culture platevhen incubated imedia. All discs wee post
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cured in an oven at 90°C for 90 minutes and immersed in distilled wated&ys®

remove excess monomer. Discs were then UV sterilized for 90 minutes.

A.2.3 Thermomechanical Characterization

The glass transition temperatureg] bf each netwrk was determined by
performing differential scanning calorimetry (DSC; TA Instruments Q100, Newcastle,
DE) under a nitrogen environment. Samples were weighed on a balance (average sample
mass between 105mg) and then cooled t80°C and subsequently led to 200°C at a
constant rate of 5°C/min. giwas denoted as the mabint of the second order transition
on the heating scan. Samples of each composition were soaked in phosphate buffered
saline (PBS; Sigma Aldrich) for 24h prior to testing. Befostiihg, each sample was
removed from the solution and patted dry with a paper towel to remove excess moisture.
Average T and standard deviation were calculated for each composition (n=3).

Dynamic mechanical analysis (DMA) was performed on each copolymer
composition using a TA Instruments DMA Q800. Samples were cut into 20mm x 5mm
rectangular samples, and the edges were sanded to remove any microdefects. Samples
were cooled te75°C and then heated to 200°C at a rate of 5°C/min. Tests were
performed in tesion mode at a frequency of 1Hz with 0.1kN preload force, 0.2% strain
rate, and 150% force track (n=2).

Elastic modulus was determined by performing tensile stoafailure testingon
a MTS Insight 2 using a 2kN load cell. Samples were lasercut inTdMA3638 Type IV
dogbones. Because polymer mechanical properties are highly temperature and imoisture

dependent, all tests were condudted PBS bath at 3€. To simulatdn vitro culture
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conditions, samples were soaked for 24h prior to testing. Thecetastlulus was

calculated as the slope the linear portion of the ss&as curve (n=4).

A.2.4 Surface Characterization

Surface wettability was determined by performing contact angle measurements
using the sessile drop method on a Rénawt goniomete ( Mount ain Lakes,
drop of deionized water was dropped onto the disc surface, and the contact angle between
the side of the drop and polymer surface was measured using a camera and DROPimage
CA software (Mountain Lakes, N)=3).

Elemental anlgtsis was performed by-say photoelectron spectroscopy (XPS) on
aThermo Kalpha XPS (Thermo Scientific; Waltham, Majder high vacuum (3<10
Torr)using MKU r adiation (1486.6eV) and a pass
the polymer surfaces wasutealized ly an electron flood gun at 3m&urvey scans
were obtained in #10-1000eV range using 1 eV/stdpigh resolution scans were
performed using 0.065 eV/stdpeak assignments and their corresponding area were
determined usindwantage software (Tdrmo Fisher Scientific; Waltham, MAThree
scans were performed on tweparate discs for each composition.

Fourier transform infrared (FTIR) spectroscopy in attenuated total reflectance
(ATR) mode was performed to assess the chemical bonding presiuet urface and
compare the differences in the amounts of key chemical groups attioaglifferent
copolymer systems. Spectra were obtained on discs using a Bruker Optics Tensor
Spectrometer (Billerica, MAith a KBr crystal. 3%cans were obtained onobasample

at a 1Hz frequency and peak wavenumbers were determined using OMNIC software
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(Thermo Electron Corporation, Madison, WI). Three spectra were obtained for three

separate discs for each composition.

A.2.5 Cell Culture

Human MG63 osteobladike cells (ATCC, Manassas, VA) were cultured in
Dulbecco's modification of Eagle's medigBMEM, Cellgro, Manassas, VA), 10% fetal
bovine serum (Hyclone, Waltham, MA), and 1% penicifiineptomycin (Invitrogen,
Carlsbad, CA) at 37°C, 5% GQand 100% humidityPolymer discs were soaked in
media for 24h prior to plating in order to allow the discs to swell to fit the bottom of the
culture well. To overcome the buoyancy of the polymer discs, CellCrown polymer inserts
(Scaffdex, Finland) were used to anchor tisksl Cells were plated either on tissue
culture polystyrene (TCPS) pplymer discs at a density 08000 cells/crhand cultured

until cells reached confluence on TCPS, abeutdays.

A.2.6 Analysis of Cell Response

At confluence, fresh media weagldel to the culturesand cells were incubated
for 24h prior to harvesting. At harvest, the conditioned media were collected from each
well. Cells were released from the surfaces using two sequential trypsinizations to ensure
all cells were collected. Cell mber was determined using a Beckman Coulter Z1
particle counter (Fullerton, CA). Cells were lysed and alkaline phosphatase specific
activity was measured as the releasp-nitrophenol fromp-nitrophenylphosphate at pH
10.2 as previously describ§tl79] and normalized to total protein (Pierce BCA Protein

Assay, Thermo Scientific, Waltham, MA). Osteocalcin was measured in the conditioned
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media using a commercially available radioimmunoassay kit (Human Osteocaicin RI

Kit, Biomedical Technologies, Inc., Stoughton, MA) as previously descfi@f)]. The

amount of osteoprotegn (OPG), vascular endothelial growth fac(eiEGF), and total

transforming growth facteb 1 (<@ GF r el eased by the cells w
performing an enzyménked immunosorbent assay (ELISA) of the conditioned media

(DuoSet ELISA kits, R&D Systems, Inc., Minneapolis, MN) as previously de=stri

[180-181]

A.2.6 Statistical Analysis

Data presemridare from one of two independent experiments, each with
comparable results. Data are the mean + SEM of six independent cultures. Data were
analyzed by perfaning an analysis of variance, and, when statistical differences were
found, a-t®etstdéwowtrosnuti ti ple comparisons usin

used. P values<0.05 were considered significant.

A.3 Results
A.3.1 Thermomechanical Characterizaton
The thermomechanical behavior of M&-MMA -co-PEGDMA networks with
varying MA concentrations is shown in Figure A.1. The glass transition region of each
network can be identified as the region where the material undergoes a several orders of
magnitude dop in modulus. The temperature span of this region decreases as more MA

is added to the network. However by design, the rubbery modulisIPR) is not

184



affected by MA concentration indicating that crosslink density is the same in all

copolymer formulatias.
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FigureA.l. Representative DMA curves showing storage modulus as a function of
temperature for the MAMMA networks tested in this study.
The mean elastic moduli and Tg (as determined by DSC) of each network are

listed in Table A.1. The elastic roli measured at 3T in PBS varied over several
orders of magnitude and decreased with increasing MA concentration. Similarly, Tg (as
determined by DSC) decreased with increasing MA concentration. All modulus and Tg
measurements were repeated for eachlveeh of copolymer synthesized for Studies 1

3 with no change difference in Tg or E values observed (data not shown).
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Table A.1 Mean values for Tg, contact angle, and elastic modulus for each copolymer.

Contact Angle ()

Name Tg (°C) E (MPa)*
Exp 1 Exp 2

TCPS 82.0t6.5 2150£100

18MA 43.0 759+£7.9 657142 309.9+6.5

29MA 40 74.5+10.7 83.53+5.7 223.7+315

40MA 25 89.4+59 79.7x55 47zx10

72MA 4.0 86.9+50 909+125 0.8zx0.1

*p<0.05 for all copolymers vs. TCPS anaicl copolymer

A.3.2. Surface Chemical Characterization

Average contact angle measurements for each copolymer are shown in Table A.1.
There was no significant difference in contact angle between the different copolymers
and TCPS. There was no significalifference in contact angle between compositions
synthesized on 1mm and 1.5mm substrates except for 40MA.

Representative FTHRATR spectra for each copolymer are shown in Figure A.2.
The presence of several characteristic chemical groups including @QCO-C,
CH, o r CH; can be identified from peaks af750cnt, 1140cnt, and B00-3000cnt
wavenumbersrespectively. The absence of a peak at 1690odicates full conversion
of C=C double bonds within the network. Looking more closely at the colfeofipeaks
at 2800-:3000cn, a shift in actual peak wavenumber is observed amongst the different
compositions. Specifically, the peaks corresponding to the-&lptiagroups present in
MMA monomer (but absent in MA) decreases in intensity as MA concentrati

increases. A decrease in peak intensity with increasing MA content is also observed in
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the peak at 1200m™. Representative spectra for the 72MA surfaces made with both the
1mm and 1.5 mm thick glass substrates are included. No difference in peakimbeen
or intensity was observed between the batchesf surfaces. Although not shown for

clarity purposes, a similar result was seen for the otherfMMA copolymers as well.

37--C-0-C
3500 3000 2500 2000 1500 1000 500

C=0% o-cH
] ] | |

Wavelength (cm'1)
Figure A.2. Representative FTARTR spectra showing key chemical peaks facte
copolymer. Spectra of 72MA are shown from samples polymerized on both 1mm and
1.5mm thick glass substes.

Elemental compositions determined through XPS for each copolymer are shown
in Table A.2. The atomic percentages of C and O on the surfacenatesiéfected by MA
concentration, but instead varied for each batch, although these changes were not
significant, with about 7®0% carbon measured on the surface, nearly equivalent to
calculated theoretical values. The percent composition of specifiorebonded groups

were determined by performing high resolution scans andfitéial the C1s peak.

Three peaks occurring at 284.5eV, 286eV, and 288eV were deconvoluted from the



primary C1ls peak corresponding to th&€€CC-O-C, and OC=0 chemical groupotind

in all three monomers (Table A.2). Similar to the elemental concentrations, from Figure
A.3, the peak areas corresponding t@<C and GC=0 groups on 18MA surfaces varies
with each new batch of copolymer synthesized for cell study 1, 2, and 3.draje¢he
concentration of € groups on the surface was higher compared with what would be
theoretically predicted based on the mole percentage of each monomer included (54

48%) while the percentage of@-C was less than expected {28%).
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Figure A.3.Representative high resolution XPS scans of C1s peak for 18MA showing the
deconvoluted peaks corresponding to specific chemical structures in the network. One
scan is presented from study (a) 1 (Imm thick substrate), (b) 2 (1.5mm thick substrate),

and (c)3 (1.5mm thick substrate) showing the change in chemical group compositions for

each batch of new copolymer made.



Table A.2. XPS elemental compositions (both survey and high resolution) fecdVA
MMA -co-PEGDMA networks.

Name Sgbstrate Atomic % % % %
thickness C O C-C O-C=0 C-0-C
1 mm 78.5 21.4 70.2 11.3 18.5
18MA 1.5mm 82.6 17.4 90.8 3.3 15.9
1.5mm 73.0 26.8 57.8 7.2 27.3
Imm 81.6 18.4 79.1 4.7 16.1

29MA 1.5mm 85.5 14.5 85.6 7.2 7.2
1.5mm 76.6 23.4 65.1 12.0 22.8
Imm 79.3 20.7 73.6 9.6 16.8
40MA 1.5 mm 83.8 16.2 79.9 9.4 10.7

1.5 mm 73.4 26.6 S7.7 16.6 25.7

1 mm 79.4 20.6 69.2 10.5 20.2
72MA 1.5mm 77.3 22.7 70.4 111 18.4
1.5mm 80.6 19.4 74.3 10.8 14.9

A.3.3 MG63 Cell Response

Comparing the MG63 response on MA-MMA -PEGDMA surfaces, cell
number and differentiation were sensitive to the copolymer stiffness in a manner
dependent upon the specific experiment (Figures A.4, A.5, and A.6). For copolymers
polymerized on 1mm thick glass, cell number was reduced byds0#te MAMMA
copolymer surfaces compared to TCPS. Comparing the differe AVIMA
compositions, cell number increased by 50% on the 40MA (4.7 MPa) surface and 25% on
the 72MA (0.8 MPa) surface compared with both 18MA and 29MA. Osteoblast
differentiation ad the production of certain osteogenic factors were also affected by
copolymer stiffness. As seen in Figure A.4b, there is no significant difference in alkaline

specific activity between the MMMA surfaces and TCPS, but 29MA, 40MA, and
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72MA exhibited 30%ess cells compared with 18MA. In contrast, osteocalcin production
increased as stiffness increased with levels on the stiffest surface (18fdid)Hgher
compared with TCPS. On the copolymers synthesized on 1mm thick glass,
osteoprotegerifOPG) levelancreased at least by 50% on all MA compositions

compared with TCPS with 29MA having the highest levels of OPG
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FigureA.4. Effect of composition and stiffness on differentiation of MG63 cells
polymerized through 1mm thick substra@ells were culturedn tissue culture
polystyrene (TCPS) or the copolymer surfaaed & confluence(A) cell number, (B)
alkaline phosphatase specific aitii, (C) osteocalcin, and (D) OPG were measured
*p<0.05, polymer surface vs. TCPS; #p<0.05, polymer surface8iA; $p<0.05,
pol ymer surface vs. 29MA; Apolymer. sur fac

Cell number and differentiation were affected by MMMA surfaces
polymerized on 1.5mm thick substrates in a different manner compared with those on

1mm thick substtes (Figure A.5). On the copolymers synthesized on the 1.5mm thick
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glass, cell number decreased as copolymer stiffness decreased with an almost 50%
reduction on the least stiff surface (72MA) compared with TCPS. There was no
significant difference betweehe stiffer surfaces (18MA and 29MA) compared with
TCPS. Osteoblast differentiation was also affected by UV intensity and copolymer
stiffness. There was no significant difference in alkaline phosphatase specific activity
compared with TCPS except forMA which, like cell number on this surface, exhibited
about a 50% reduction in activity compared with TCPS. In contrast, cells on the 72MA
surface produced the highest levels of osteocalcin, alrfodd 4igher compared with
TCPS. Comparing the differenbpolymers within this group, osteocalcin increased with
decreasing stiffness. The production of local regulatory factors was also sensitive to
substrate thickness and copolymer stiffness. OPG production increased as copolymer
stiffness decreased with celbn 72MA exhibiting a twdold increase in OPG compared
with TCPS.

To determine if these results were repeatable, a fresh set of copolymer discs was
synthesized on 1.5mm thick substrates, and the MG63 cell response to the copolymer
stiffness was evalualgFigure A.6). Similar to the first experiment, cell number
decreased as copolymer stiffness decreased exhibiting a 30% and 50% reduction
compared with TCPS (Figure A.5 vs. Figure A.6). The effect of copolymer stiffness on
OPG production was consistent the two experiments with OPG levels increasing as
copolymer stiffness decreased. However, both the effect of copolymer stiffness on
alkaline phosphatase specific activity and osteocalcin production were not consistent
between the two experiments. Speuwfly, in the second experiment, alkaline

phosphatase specific activity was significantly higher by at least 30% on the MA
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copolymers compared with TCPS with the most activity occurring on 40MA. No
significant difference in osteocalcin production was olegibetween the MA

copolymers and TCPS.
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FigureA.5 Effect of composition and stiffness on differentiation of MG63 catls
surfaces polymerized through 1.5mm thick substi@éedls were cultured on tissue
culture polystyrene (TCPS) or the copolymer aoesand & confluence(A) cell
number, (B) alkaline phosphatase specific\atgti (C) osteocalcin, and (D) OPG were
measured*p<0.05, polymer surface vs. TCPS; #p<0.05, polymer surfacEBigA,
$p<0.05,polymer surface vs. 29MA; "polymer surface4sd MA; ypol ymer sur
72MA.
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FigureA.6. Effect of composition and stiffness on differentiation of MG63 amils
surfaces polymerized through 1.5mm thick substrate (Experime@eR$ were cultured
on tissue culture polystyrene (TCPS) or the d¢pper surfacesind @ confluence (A)
cell number, (B) alkaline phosphatase specificvagti(C) osteocalcin, and (D) OPG
were measuredp<0.05, polymer surface vs. TCPS; #p<0.05, polymer surface vs.
18MA,; $p<0.05 polymer surface vs. 29MA; "polymerguace vs. 40MA; Vypol
surface vs. 72MA

Similar to the MAMMA -PEGDMA surfaces, the cell response on 50MBDA
surfaces differed for each individual experiment (Figures A.4 vs. A.5 vs. Figure A.6).
When polymerized on 1mm thick glass, cell number, alkglihosphatase specific
activity, and osteocalcin production were not significantly different compared to TCPS
while OPG levels were elevatedf@dd. When comparing the response of 50MMDDA
to 40MA, a PEGDMAcrosslinked copolymer whose stiffness is simita50MA-

DDDA, there was no difference in the cell response except-foldzhigher OPG levels

on 50MADDDA. Similarly, cells cultured in the first experiment using 1.5mm thick
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glass on 50MADDDA exhibited a reduced cell number by 25%, decreased adkalin
phosphatase specific activity, and increase in both osteocalcin and OPG levels compared
with TCPS. These results were repeatable in the second experiment except there was no

significant difference in osteocalcin levels between 56DIBDA and TCPS.

A.4  Discussion

Because osteoblasts are anchomgeendent cells, they readily respond to
physical and chemical stimuli in the ECM or on a synthetic surface. Previous studies
have demonstrated the dependence of substrate stiffness on regulating the osteogenic
potential of cell§97, 117] but a major limitation with these studies is that stiffness is
usualy altered by changing the chemical structure of the network such as increasing
crosslinking density or coating with adhesion peptides such as argiyriee-aspartic
acid (RGD) residues. To date, it has proven challenging to distinguish between dte effe
of copolymer mechanics and the corresponding chemical structural changes, making the
actual mechanism by which cell differentiation is regulated through copolymer surfaces
unclear.The results of this current study demonstrate that the effect of cogoly
stiffnessof MA-MMA copolymerson osteoblast differentiation is dependent upon
properties of the photopolymerization process anmer that related to the inherent
heterogeneity of the network formation

MA-MMA based photopolymerizable networks havemaentified as potential
orthopaedic implant materials due to their enhanced toughness after long term exposure
to physiological solution. Their mechanical properties, including modulus and toughness,

can be tailored by adjusting Tg through varying tleaght ratio of MA to MMA without
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changing crosslinking density, as made evident from the DMA curves (Figure A.1). The
MA-MMA copolymersselected for this study displayed a broad range of
thermomechanical behaviors at’@7from glassy (18MA) to ductile (29R) to
viscoelastic (40MA) to rubbery (72MA) allowing for a several orders of magnitude
difference in stiffness.

In general for all three experiments, MG63 cells cultured orMMA surfaces
exhibited characteristics corresponding to a mature osteobkasbiype. In comparison
to TCPS, MAMMA copolymers supported similar or less cell number. Although there
was no significant difference in wettability as measured by contact angle between the
copolymer surfaces and TCPS, the presence of PEG grot@sJ®nthe surface has
been shown to reduce cell attachmétikaline phosphatase specific activity and
osteocalcin production are both wstudied differentiation markers for osteobld$].
In general, alkaline phosphatase specific activity iregealuring the early stages of
osteoblast differentiation, but then decreases over time as differentiation progresses and
mineral deposition begins to occur. In contrast, osteocalcin levels are low during the early
stages of differentiation and then incgeand plateau as the cell reaches a mature
osteoblast phenotypélhus in this present study, the increased or similar levels of
osteocalcin exhibited by cells on the MAMA copolymers compared with TCPS
indicate that the cells are able to differentiatetltese surfaceQPG is produced by
osteoblasts and acts as a decoy receptor by binding with RANKL to suppress
osteoclastogenesis and regulate the bone remodelitg[£93]. In previous studies,
fully differentiated osteoblasts exhibitekbeated levels of OPG in combination with

increased osteocalcin productiwhen cultured on microrough titanium surfa¢g80,
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194]. Once again in geng, a similar result is seen on MMMA surfaces indicating that
these copolymers affect the production of important osteogenic factors. A similar result
showing elevated levels of both OCN and OPG has been observed on microrough
titanium surfaces which s exhibited excellent bormaaterial contact and improved
pullout strengthn vivo.Thus, the results presented within this stadggesthat MA-

MMA copolymers are able to support osteoblast attachment and differentiation, an
important characteristic ome interfacing implant materials.

In Chapter 5, an MAMMA network crosslinked with DDDA was identified as a
candidate material that could sustain excellent toughness for long durations in PBS. To
further evaluate its ability to perform as an orthopaedmant material in a bore
interfacing setting, the MG63 cell response was evaluated and compared with TCPS and
the PEGDMAcrosslinked MAMMA copolymers. Similar to the MAMMA -PEGDMA
copolymers, the ability of MG63 cells to differentiate on the 56DIBDA surface
varied with each individual experiment, but promoted a similar level of cell attachment
with each experiment. The comparable results on the 50BA copolymer with the
PEGDMA-crosslinked networks indicate that changing the crosslinker chemigtmyodvi
significantly affect the MG63 cell response. Considering the low crosslinking
concentration in the network, it would thus be expected that this change in crosslinking
chemistry does not affect protein adsorption and cell binding. The general élievatis
of both osteocalcin and OPG on this surface indicate that SDMBA materials are
able to support osteoblast differentiation.

However, the effect of copolymer stiffness on the MG63 cell response ean MA

MMA copolymers is somewhat unclear. For imate, cell number decreased and



osteocalcin production of MG63 cells increased with increasing copolymer stiffness
when copolymer networks were polymerized on 1mm thick substrates but in contrast, cell
number increased and osteocalcin levels decreasedaptilymer stiffness when the
copolymers were polymerized on 1.5mm thick substr&esn when substrate thickness
remained constant, the relationship between MA copolymer composition and osteocalcin
production differed, but cell number and OPG producte@mained consistent betes

the two experiments (Figure A.5 vs. FiguréSA This change in osteocalcin production

in response to copolymer stiffness on surfaces synthesized on 1mm and 1.5mm thick
glass signifies that the substrate thickness is affedtmgniaterial surface in a manner

that the cells can sense.

Photopolymerizable copolymers are formed by mixing various ratios of
monomers in the presence of a photoinitiator and then exposing the mixture to UV light
while the solution is fixated in betwe&mno substrates or encompassed in a mold.

Previous studies have reported that the intensity of UV light is affected by the substrate
thickness and compositig@7, 195196] Specifically according to the Bekambat

Law, UV intensity decreases as substrate thickness increase causing the polymerization
rate to slow and monomers that are usually less reactive to convert their bonds at a
similar rate as more reactive monomers resulting in changes in network forrifatien.
sample is thick enough, a gradient in polymerization rate with depth occurs resulting in
structural heterogeneities between the surface and bulk of the material, often altering
other material propertig86]. Thus, a possible explanation for the differential cell
response add be that changing the substrate thickness altered the polymerization

reaction causing changes in the surface network structure. From the DMA and DSC
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performed in this study, changing the substrate thickness does not affect the bulk material
propertiesjncluding Tg and elastic modulus, of the MAMA networks or the overall

surface wettability suggesting that any alterations in network formation due to changes in
UV intensity are specific to the surface in a manner independent of altering surface
energy.

It has previously been shown that the cell response is affected not only by
chemistry on the surface but also by the presentation of specific chemical groups and any
intermolecular bonding that may occur in a manner related to changing the conformation
of proteins that serve as primary cell adhesion mole¢8les106, 197198]. Thus, it was
hypothesized that changes in the presentation of certain chemical groups on the surface
due to a decrease in UV intensityested the MG63 cell response to MAVIA
surfaces. Because no initial change in surface chemistry was observed in th&THR'IR
spectra, high resolution XPS was performed to evaluate the concentration of chemical
groups found on the monomers incorporated the network. The higher surface
concentration of €C bonds on the surface compared with what would be theoretically
predicted provides evidence that the copolymer network structure found on the surface is
not indicative of the bulk network structure. Wdtugh only trace amounts of Si related to
the RainX used on the glass were found (less than 1%), it is possible that the
hydrophobic nature of the substrate surface initiated the aggregatie@ t#bCkbone
and alphamethyl groups on the surface while terboxyl and methyl terminal ends of
MA and MMA and PEGDMA monomers remained buried in the bulk of the material.

This effect has been observed in other polymers synthesized on silicone.



To distinguish whether the altered MG63 cell response to copobtiffeess was
specific to changing substrate thickness rather than creating a fresh set of copolymers
through a new reaction, a second experiment was performed on surfaces synthesized
separately on 1.5 mm thick glass substrates. Comparing the resulthésertwo
experiments (Figures A.5 and A.6), it is evident that MG63 cell differentiation in
response to copolymer stiffness, as noted by changes in osteocalcin production, varies
with each new batch of copolymers tested. Photopolymerization reactiahgnigvthe
mixing of multiple monomers produce random amorphous networks that often contain
localized microregions of certain chemical constitu¢h@§]. Although it would be
expected that these microregions wolbkdspatially averaged over the area of one sample
disc (15mm in diameter), the variability in the presentation of chemical groups on the
surface for each new set of copolymer surfaces in combination with the higher
concentrations of €€ groups than theatieally predicted indicates that the
photopolymerization of threeomponent networks results in heterogeneic surfaces that
exhibit variable chemical groups on the surface with each new polymerization, despite
incorporating the same weight ratios of monasnédihis variability in the surface
presentation of chemical groups independent of the total concentrations of carbon and
oxygen atoms, affects how MG63 cells differentiate on-80AMMA -co-PEGDMA
surfaces. Interestingly, the effect of copolymer stiffnessedimumber did not change
between these two experiments, but was only influenced by changing substrate thickness
suggesting that these subtle changes in chemistry might not affect the ability of the cells
to bind to the copolymer, but instead influeniee presentation of ECM proteins that

provide important signals to initiate osteoblast differentiation.
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An advantage of photopolymerizable networks is their ability to be formed into
complex geometries using a variety of molding and lithography techniguesny of
these methods, the polymer solution is injected into a transparent mold such as silicone or
glass and then exposed to UV light. Within this study, we have shown that MG63 cells
are sensitive to the copolymerization reaction of-MAMA networksin a manner
potentially related to the substrate thickness and polymerization reaction. If these
materials were to be implemented in implant devices, their ability to favorably promote
tissue integration could be affected by the implant geometry in nelatioverall
thickness. In addition, the MG63 response to-MMA surfaces is batcldependent
suggesting that in order to get a complete understanding of copedgth@rteractions,
several studies using multiple batches of material must be performesde flidings
must be taken into consideration when examimingtro cellular responses to

photopolymerizable networks containing multiple monomers.

A.5 Conclusions

The response of MG63 cells to M#&o-MMA -co-PEGDMA networks was
assessed to determineedpolymer stiffness and the copolymerization process affected
the cells reaching a mature osteoblast phenotype. Significant variations in the surface
presentation of chemical groups from batch to batch of materials affected the
differentiation potential oMG63 cells in response to copolymer stiffness. Interestingly,
the bulk material properties did not change with each new batch indicating the sensitivity
of MG63 cells to the specific chemical surface presentation. In general, these materials

promoted osteblast maturation to a greater extent compared with TCPS that in
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combination with their excellent mechanical properties suggests their potential use for

boneinterfacing applications.
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B.1

9.

APPENDIX B

PROTOCOLS

Cell Harvest Protocol andDetermining Cell Number
Turn on water bath and thaw trypsin/warm harvest media (DMEM+10%FBS).

Turn on and flush cell counter (Place vial with saline into countelfitiction)
and therfill System) and turn on centrifuge so it has time to cool.

Label test tubes for storage of cell lysates and conditioned media while harvest
materials thaw.

Pull cell culture inserts off of surfaces to make easier to remove media (but keep
plugged in wells).

Remove media from each well of confluent experimentally toee¢dls grown in
24-well plate and place in individually labeled centrifuge tubes.

Wash cells twice with 1mL per well of DMEM (Cellgro Corporation). Pipette
towards side of well and not directly on surfaces.

To initialize release from surfaces, incubegédls with 1mL of 0.25% Trypsin
(Gibco) for 10 minutes at 37°C.

After incubation, shake the plate gently and the released cells should begin to be
seen. Pipette contents from each well into labeled 13x100mm test tubes (pipette
up/down to get evenly mixkesample).

Add 1mL of full media to each test tube to stop the trypsin reaction.

10.Remove inserts and then add another 500uL 0.25% Trypsin to each well again

and incubate at 37°C for 10 minutes. (The second trypsinization is very important
to get all thecells released from the surfaces).

11.Repeat Step 8. Add 500uL of full media into each well, flush each well by

pipetting the full media up and down and then transfer contents to corresponding
tubes.

12.Vortex tubes to make sure pellet stays in solutiondaras not stick on the side

wall of the test tubes.

13. Centrifuge tubes at 3200rpm, 4°C for 15 minutes in a tabletop centrifuge.

Meanwhile, fill counting vials with 10mL of 0.9% NaCl (9g NaCl per 1 Liter
Ultrapure Water).
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14.Discard supernatant (do not remodigt!) and resuspend pellet with 500uL
0.9% NaCl taken from individual counter vials.

155 Pi pette up and down to break up pell et
counting vials containing remaining 9.5mL 0.9%Nacl.

16.Count cells using Coulter Counter:
a. Flush counter with saline.
b. Go toFunction and make sure particle size is 9.5um to 22.5um (for MG63s).
c. Place each vial containing cells in counter andhkitup andStart/Stop.
d. Flush counter with saline between each group.
e. If counter gets clogged (look upper window), Hifunction andFlush

Aperture.
f. After finished counting, place vial with blue contents in counter and turn off.

17. After counting, pour samples from counting vials back into test tubes and spin the
samples at 3200rpm at 4°C for 15minutetabletop centrifuge. (Pour entire
contents of counting vials into test tube.)

18.Discard the supernatant and resuspend pellet with 500uL 0.05% TFritO0 X
(500uL Triton X100 per 1 Liter Ultrapure Water). Store-20°C freezer.

19. Thaw samples at room t@@rature and sonicate at amplitude of 60 for 4 seconds
before protein and alkaline phosphatase specific activity assays.
B.2  Protocol for Preparing Cells on Polymer Surfaces for SEM Analysis
1. Materials
a. Phosphate Buffered Saline
b. Kar novs kvg(@&MS)fi xat.i
- 16%paraformaldehyde solution
- 50% gluteraldehyde (EM Grade)
- 0.2M sodium phosphate buffer
- Distilled Water
2. Method

a. Add 1mL of media to polymer discs in-2#ell culture plate for 24hrs.

b. Aspirate media from wells. Plate 20,000 cells/welicoeach disc and
incubate for 24hrs.

c. Atfter 24hrs, aspirate media. Add 1mL PBS to each well to rinse out
residual media (Repeat twice).
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Add 1mL Karnovskyos fixative to
at room temperature.

Remove fixative andinsethree times with PBS.

Immediatelyplace discs (still in cell culture plate) in freeze dryer
(Labconco Freezone; 0.1mbas0C) for up to 3 days. Check every
24hrs to evaluate polymer shrinkage.

Immediately mount discs to SEM sample studs and sputiiirco
gold.

Store samples under vacuum prior to performing SEM

B.3. Assay for Alkaline Phosphatase Specific Activity (adapted fronil 99]

1. Materials/Reagents Concentrations

a.

2-amino-2methyt1-propanol (AMP) (Sigma Aldrich) 7.54mL/50mL
1.5M balanced to pH = 10.25

P-nitrophenyl phosphate (pnPP) Sigma Aldrich) 371.14mg/50mL
Magnesium Chlode (MgC}) (Sigma Aldrich) 51mg/25mL
Sodium Hydroxide (NaOH) (Sigma Aldrich 29/50mL

p-nitrophenyl Standard (pNP) 1 part stock with
9 parts ultra pure water

2. Procedure

a.

Thaw cell lysates of samplesdasonicate for 10s. While samples are
thawing, label test tubes #

Add buffer solution (1:1:1 ratio of AMP+pnPRMgCly

Vortex tubes thepipette 100uL of each standard into rows&CAof the
corresponding number in a-@¢ll plate.

Add 100uL of NaOH tall wells of standard and read on microplate
reader at 405nm.

Save standard as visual reference of color change during sample
incubation.

Vortex samples thoroughly. Pipette 50uL of each sample inte a 96
well plate.

Add 50uL of buffer solution into all saple wells.
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. Incubate at 37C for up to 90 minutes. During incubation, watch for
color change to a light yellow. Remove samples when color change is

seen majority of wells. Record total incubation time.

Immediately add 100uL of NaOH into all sample wells.

Read on microplate reader at 405nm.
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APPENDIX C
SUPPLEMENTAL RESULTS OF MG63 CELL RESPONSE TO

MA -MMA COPOLYMER SURFAC ES
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Figure C1. The effet¢ of copolymer composition on (A) cell number,) @kaline

phosphatase specifictivity, (C) osteocalcinand (D osteoprotegerin production. Data
are mean +SEM from experiment 1.



Figure C2. The effect of copolymer composition oft)(cell number, B) alkaline
phosphatase specific activity;) osteocalcin, and (Dosteoprotegerin production. Data
are man +£SEM from experiment 2.

Figure C3 The effect of copolymr composition on (A) cell number, YRlkaline
phosphatase specific activity, (C) VE&@and (D TGFb 1 producti on. Dat .
+/-SEM from experiment 3.
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