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Abstract

Abstract

Biodegradable polynte such as PLGA havween used in a wide range of
biomedical applications due to their hydrtily degradation and biocompatibility.
The mechanical performance of biodegradable polymers during degradation is
strongly influenced by the degradation rate. Tls&ze dependent degradation
mechanisms in these polymers lead to different degradation rates which make
significant differences in the mechanical properties of different sized medical device
components. Therefore, a clear understanding of the degradatidmbeur and

the mechanical performance of PLGA material during degradation is required.

In this thesis, the mechanical properties of PLGA materials prepared by solvent
casting and compression moulding are evaluated uding nanoindentation
techniqgue. Themeasured elastic modulus and hardness are strongly depth
dependent for both forms of the material, for indentations less than 3000 nm. The
mechanical properties of PLGA material are significantly influenced by the material
processing method. The solvecdast material is more elastically compliant and
plastically softer than the compressianoulded material and it also shows lower

work hardening characteristics.

Changes in the mechanical properties of PLGA material under simulated
physiological degradationonditions are evaluated. The relationship between the
OKIy3aSa Ay GKS Y2tSOdz I NJ ¢SA3IKG FyR GKS
establishedlt is shown that thd’LGA mechanical properties during degradation do

not decrease until the number average reolilar weight of the polymer chains

reaches a critical molecular weight of 1500 g Tadlhe experimental observations

demonstrate that there is no significant difference in the degradation rate and the
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changes in the mechanical properties of PLGA thiGk&rl- Y mItigishowiY tthat
the material processing methaosl considered here daot have a significant effect

on the degradation rate and theechanical performance of PLGA material.

A computationalmodelling framework is developed to predict the degrédabm
behaviour and the changes in the mechanical properties of PLGA material during
degradation. The degradation behaviour is predicted using kathalytical and
numerical solutionsWhen applied to PLGA filmsemianalyticalsolution cannot
capture the d FTFSNByYy O0OSa Ay RSIANIRIFIFGAZ2Y NI GSa
When applied to PLGA scaffoldgchatecture of the scaffold does not have a
significant influence on the degradation rate, but it determines the initial stiffness
of the scaffold. The szof the scaffold strut controls the degradation rate and the
mechanical collapse. A critical length scale due to competition between diffusion of
degradation products and autocatalytic degradation is determined to be in the
range 2m n n >Y® . Sfe2 glowdr Mdmibgenbds y&radation occurs;
however, for larger samples faster tagatalytic degradation occurs.The
experimental observationsfor the degradation rate and the mechanical

performanceof PLGA materialsupport the computational modelling predions.

In conclusion, the use of experimental testing methods and computational
modelling in this thesis has led to an improved understanding of the mechanical
performance of solventast and compressiemoulded PLGA materialsvith

different thicknessesluring degradation.

T2
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Chapter 1

1 Introduction

1.1 Background

Biodegradable polymers such as PLGA hbeen used in a wide range of
biomedical applicationsBiodegradable coatings particularly, can protect the bare
surface of the metal from corsion attack caused by a biological environment
(Gulati et al., 2012Li et al., 2010aXi et al., 201 Biodegradable coatings can be
used for load bearing implan{&ulati et al., 201Rand dug-eluting stent systems

for which the stent surfaces are coated with biodegradable polymers containing
drugs(Engineer et al., 201 Dackson et al., 200#an et al., 2006Shanshan et al.,
2013 Westedt ¢ al., 2006 Xi et al., 201D Also, biodegradable polymers have been
used as temporary scaffolds in tissue engineering which provide an appropriate
three dimensional environment for cells to proliferatecadifferentiate and also
support the mechanical properties until the regenerated tissue is structurally
stabilised(Clark et al., 2014Cui et al., 2009Jung et al., 2032 ee et al., 2007
Lichun et al., 1998.u et al., 200;lPan and Ding, 201Perron et al., 2009Renet

al., 2005 Saito et al., 20L3Waris et al., 2004Yang et al., 2008 Polyesters are a
class d® biodegradable polymers which are widely used due to their biocompatibility
(Anderson and Shive, 2012 NR @ et 3f., 201%band hydrolyic degradation of the
ester bonds that produces low molecular weight water stdufsagments which
enter the Krds cycle of the cell and are further broken down to carbon dioxide and

water.

There have been several methodsed to fabricate biodegradable matersl
including solvent casting and compression moulding. The solvent casting method

has been commonly used for the preparation of biodegradable fivhgch involves
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using organic solvents in order to dissolve the polynuasting, and drying steps
(Houchin and Topp, 200®uang et al., 20QZLichun et al., 1998 u et al., 1999L.u

et al., 2001 Pamula and Menaszek, 2008an et al., 2007Schliecker et al., 2003
Steele et al., 203;1Vey et al., 2008Witt and Kissel, 20Q1Xi et al., 201p This
method usuallyrequires a long time for solvents to evaporate from the polymer
during the drying stepgManson and Dixon, 20)2Also, the residuadolvent in the
polymer may be harmful to cells or nearby tissues. The compression moulding
method is useful because of its simplicity and capabflity producing materials
without using organic solvent&rizzi et al., 1993Witt et al., 2000; however, the
heat treatment processnay cause the degradation of polymg@bsogolewski and
Mainil-Varlet, 1997. Therefore, the properties of biodegradable polymers are
expected to be affected by different processing meth¢@si et al., 2008~ouad et
al., 2005 Miller et al., 2001 Rhim et al., 2006

A way to evaluate the performance of such biodegradable polymers during
degradation in the body is to replicate the-vivo conditions by exposing materials

to simulated physiological conditions by immersion in phosphnatifered saline
with pH 7.4 and abody temperature 87°Q (Houchin and Topp, 200®iuang et al.,
2007 Li et al., 20104a_u et al., 1999 u et al., 2000Ma et al., 20110h et al., 2006
Pamula and Menaszek, 200&y et al., 2012Vey et al., 2008Wu and Ding, 2005
Degradation of biodegradable polyesters such as PLGA depends on the size of the
polymer specimen due to the autocatalytic effect of the carboxylic acid degradation
products which accumulate inside the polymer matriand accelerate the
degradation ratg(Chen et al., 199Dunne & al., 2000 Grayson et al., 200%5rizzi

et al., 1995Lu et al., 1999Park, 1995Witt and Kissel, 2001

The change in the mechanical properties of biodegradable polymers during
degradation is a critical design factor. In order for an implant to tiong it must

have appropriate mechanical properties and an adequate degradation rate to
maintain the mechanical integrity of the material during degradation. Previous

studies have been focused on the mechanical performance of PLGA scaffolds

2
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(Agrawal et al., 20QQ@Cao et al., 2006.u et al., 2000Wu and Ding, 20Q4Nu et al.,
20064 Yang et al., 20)@&nd PLGA blended with some other materiang et al.,
2008 Zhou et al., 201pfor load bearing applications; however, the number of
studies on the mechanical performance of biodegdpble coatings is limited.
Mechanical performance of biodegradable coatings in stent applicatiéngineer

et al., 2011 Jackson et al., 200®an et al., 2006Shanshan et al., 2018Vestedt et

al., 20®; Xi et al., 201)) for instance, is of significant importance when one
considers coating deformation on stent expansion and mechanical loading on
contact with the arterial tissue. Therefore, a clear urstanding of degradation
and the evolution of the mechanical properties of biodegradable coatings during

degradation is required.

In general, a wide range of mechanical testing methods are used to measure the
mechanical properties of biodegradable polyméDaniels et al., 199MHayman et

al., 2014 Li et al., 2010pSteele et al., 20L1Térmala et al., 1987 In particular,
heterogeneity due to degradation may cause inaccuracy in mechanical test, e.g.
localisation of strain in a tensile tesAdditionally,the low stiffness and strength of
some biodegradable polymers due to degradation can lead to inaccurate test
results, e.g. in a flexural test the sateight of the specimen may be significant or in

a tensie test failure may occur during grippinGiven the difficulties in using
traditional mechanical testing, nanoindentation testing prowdeossibilities for
testing the mechanical properties of biodegradable polymdékéaxwell and
Tomlins, 2011 Wright-Charlesworth et al., 2005Nanoindentation is a technique
that can be usedo evaluate the nanemicro-mechanical properties o& small
volume of materialLucca et al., 2030thin films (Bull, 200% Geng et al., 2004.in

and Kim, 2012Xu et al., 201;1Zhou and Komvopoulos, 200@&nd heterogeneous
samplegMaxwell and Tomlins, 201 Dyen, 2013 and particularly to measure the
elastic modulus and hardnessf materials (Oliver and Pharr, 19922004).
Additionally, indentation testing allows for local mapping of inhomogeneous

samples as a result of degradati(Rettler et al., 2018
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Despite a wide range of indentation applications for determining the mechanical
properties of materials, applying this measurement technique to campl
materials such as polymers is very challenging. Adhesion between the indenter and
the polymer causes difficulties in determining the contact point, i.e. the point
where the indenter comes into contact with the material surfg€arrillo et al.,
2005 Deuschle et al., 20Q07/Kaufman and Klapperich, 2009hich may cause
significant errors in calculating the mechanical properties of poly(@euschle et

al., 2007 Kaufman and Klapperich, 2009The timedependent properties of
polymers may cause inaccurate mechanical property measuren{Bnitscoe et al.,
1998 Feng and Ngan, 200Zang and Ngan, 2008aAdditionally, when the contact
involves plastic deformation, the formation of pilgp underneath the indentemay
cau® overestimation of the mechanical property measuremefBolshakov and
Pharr, 19980liver and Pharr, 2004The depth dependence of elastic deformation
has been observed in various polymevrkich causes the larger elastic modufos
smaller indentation depthgAlisafaei et al., 2014Alisafaei et al., 201 3Briscoe et

al., 1998 Chandrashekar et al., 281Charitidis, 2010Chong and Lam, 1998ang
and Chang, 20Q4.am and Chong, 200@hen et al., 20Q5Nrucke et al., 2013
Given theseit is very important to consider the factors which affect thechanical

property measurements when applying nanoindentation for polymers.

Despite extensive experimental studies, the degradation behaviour of
biodegradable polymers is poorly understood due to the size dependent
degradation of these materialCompuational modelling has led to an improved
understating of the degradation behaviour of biodegradable polymers. One of the
most important mechanisms to include when developing a model of polymer
degradation behaviour is diffusion transport, as it plays tcatirole in determining

the type of degradation that will occur given that autocatalysis is the fundamental
reason for the size dependencé&he extent of autocatalysis is controlled by the
material diffusion length.Reactiondiffusion models havéeen dereloped which

have significanpotential to assess the rate of degradation and to aid the design of
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biodegradable devicegChen et al., 20L1Ford Versypt et al., 2013Vang et al.,
2008. Additionally, anumber of models have been presented to predict the
mechanical properties of degradable polymésayman et al., 2034Soares et al.,
201Q Vieira et al., 2014Vieira et al.,, 2011Wang et al., 2010 In particular a
physicallypased modelmotivated by the hydrolytic random scissions of the
polymer chaindinked with a formulation which describes the elastic modulus of

biodegradable polymers during geadationhas been propose@Wang et al., 2010
1.2 Thesis Objectives

The overall objective of this thesis is to evaluate the mechanical properties of
biodegradable polymers during degradation and to develop a computational
modelling framework to accurately predict the degradation behaviour and the
mechanical performance during degradation. This research is specifically focused

on PLGA material which is an important and widely used biodegradable polymer.

In this thesis, for the fittime, the mechanical property degradation of solveaist

and compressiomoulded PLGA materials with different thicknesses is evaluated
using the nanoindentation technique. Re difficulties involved in performing
nanoindentation on PLGA material are esatered. A computational modelling
frameworkis developed that couptea reactiondiffusion basedmolecular weight
model and the molecular network basednechanical properties modeh order to
predict the degradation behaviour and the changes in the meidaproperties of

PLGAluring degradation.
The specific objectives of this thesis are as follows:

U To studyin-vitro degradation of solventast PLGA films and to evaluate the
mechanical behaviour of the films during degradation usitite

nanoindentationtechnique.
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U To develop a computationathodellingframework to predict the molecular
weight reduction and the relationship between the molecular weight and
0KS |, 2dzy3Qa Y2Rdzfdza 2F t[ D! YFGSNAITf @

U To predict the degradationate YR G KS OKI y 3 $aduldsyf G K S
PLGA films of different thicknesses asfda range of regular opeoell tissue
engineering PLGA scaffolds.

U To characterise the PLGA material response under variation in applied load
and loading rate usinthe nanoindentation technique and to ogpare the
effect of two different material processing methods on the material
response.

U To make practical recommendations on appropriate test parameters for
successful nanoindentation testing thie PLGAnaterial.

0 To evaluate experimentally the effeobf material thickness and processing
method on the in-vitro degradation and the related changes in the

mechanical propertieof the PLGA material.
1.3 Thesis Overview

Chapter 2provides a background of biodegradable polymers and their biomedical
applications.The degradation mechanism and the factors affecting the degradation
rate are described.The mechanical properties of biodegradable polymer are
reviewed. An overview of the nanoindentation technique and the factors which
affect the indentation measurementra presented.The computational modelling
for degradation and the mechanical properties of biodegradable polymers is

discussed.

In Chapter 3 the theoretical and numerical methoddor the computational
analysegresentedin this thesisare provided. A brief introduction b the relevant
continuum mechanictheoryis given.The finite element method and the numerical
solution procedure that is employed in this thesis fatructural problems are

described. Entropy spring theory igresented followed by an osrview of the
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elasticity of a molecular network for polymes.computational models developed
based on thistheory in order to predict the relationship between the elastic
modulus and the molecular weight of PLGA material during degradation. A
degradaton kinetics modelbased on the reactiouliffusion phenomenais
presentedin orderto predict the changes in the molecular weight distributioh
PLGA materiaduring degradation. &nianalyticaland numericakolution methods

for this modelare given Then the coupling of these two models is describéd.
description of the nanoindentation analysiich is used in this thesis to euate

the mechanical propertiesf PLGA materias presented

Chapter 4 presents the materials which are used in this thesifie sample
preparations are described. Then, the experimental methods which are used to
characterise the materials during degradation are presented. These methods
include optical microscopy and scanning electron microscopy (to consider the
surface morphtogy), gel permeation chromatography (to determine the molecular
weight), Xray diffraction (to determine crystallinity), nanoindentation (to evaluate
the mechanical properties), and atomic force microscopy (to analyse the surface
roughness of the sampleefore indentation and tanvestigatethe amount of pile

up after indentation). The calibration processand the testhg protocol for

nanandentation of PLGA materiale described.

In Chapter 5 in-vitro degradation and the changes in the mechanical propsrof
solventcast PLGA film are investigated. The changes in the molecular weight,
surface morphology, and crystallinity of the material are evaluated during
degradation. The changes in the mechanical properties of the material during
degradation are evaated usingthe nanoindentation technique. The relationship
between the changes in the elastic modulus and the molecular weight of PLGA

during degradation is demonstrated.

Chapter6 providesa computational investigation of degradation and the changes

in the mechanical properties of PLGA films with different thicknesse®hadange
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of regular opercell tissue engineering scaffolds. The coupling of tbaction
diffusion based molecular weight modeland the molecular network based
mechanical propertiesnodel, which wasdescribed in ChapteB, is used in this
chapter for the computational modelling. This framework is successfully applied to
accurately capture the observed degradation behaviour and the changes in the
elastic modulus of PLGA films presentedChapter 5. The effect of architecture and
the size of the scaffold strut on the degradation rate and the mechanical behaviour

of PLGA scaffolds are considered.

Nanc and micremechanical properties of solvewast and compressiemoulded
PLGA materialare investigated i€hapter7. The elastic modulus and hardness of
these materials are evaluateidr a wide range of applied loads and loading rates
The influence ofhe two different materialprocessing methodéolvent casting and
compression moulding viscoelasticity, and indentation pilg behaviour of the
material are considered. The indentation data is analys&idgan existing method

to correct for pileup in the calculations. The appropriate test parameters are

presented for successful nanoiedtation testing for PLGA material.

The effecs of material thickness and processing method on the degradation rate
and the changes in the mechanical properties of PLGA material during degradation
are investigated irChapter8. The changes in the molecubaeight, mass loss and
water content, and the mechanical properties of solveast and compression
moulded materials of different thicknesses are evaluated. The experimental results
generated in this chapter are compared the experimental results preséed in
Chapter 5.The computational model predictions on critical length scale presented
in Chapter 6 are validateédnd the model parameters are updated based on the

experimentally observed results fdre different materials.

Finally, inChapter9, a brief overview of the novelty of the work performed is given.

The key findings of this thesis are summarisadd the outcomes of each result
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chapters are discussedollowed by overall conclusios in this thesis. Some

indications for experimental and compuitanal works are proposed for future.
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2 Background

2.1 Introduction

This chapter provigs an oveview of the main topics of relevance to shihesis. A
brief introductionto biodegradable polymers and their biomedical applications
presented in sectio2.2. The degradation mechanism and the factors affecting the
degradation rate are describedollowed by a review on the mechanical properties
of biodegradable polymer#&\n overview of the nanoindentation techniques and the
factors which affect the inddgation measurementis presentedin section 2.3,
Finally, he computational modelling of degradation and mechanical property

prediction for biodegradable polymerspsesented in sectioR.4.
2.2 Biodegradable Polymers

Interest in biodegradable polymers has increased significantly during the recent
decades because of their successful clinical applications in a wide range of
biomedical areas. The main advantage of these biomaterials is that they are
gradually absorbed by the human body. Also, these materials are able to facilitate
tissue regeneration through the interaction of the material with immunologic cells
such as macrophage@nderson and Shive, 20L2Furthermore, biodegradable
polymers can be used as a temporary scaffold for tissue regeneration either to grow
cells(Li et al., 2010aLichun et al., 1998or tissuein-vitro (Ren et al., 208) or to

generate tissuén-vivo(Jung et al., 2012

The main classes of synthetic biodegradable polymers are: polyanhydrides,
LI2f @SAGSNAEX |yR L}t eé2NK?2Sa thgdaRydster)K S K N
I NB LIR2feo3dfteoO2t A0 I OARO ot Ddpwlactoredadidg ot | O
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(PCL)PLAcontains an asymmetric carbon atom, and therefore has two optical
isomers, i.e. L (ignd D {) which are callegoly(L-lactideacid) (PLLA) an@oly(D,L-
lactideacid) PDLLArespectively

Poly(lactieco-glycolic acid) (PLGA9 a copolymer of PGA and POA&e chemical
structure of PLGA is shown kigure2.1. The synthesis of PLGA polymers can be
performed by direct polycondensation or by rigening polymerisation of PGA
and PLA. Ringpening polynerisation is the most efficient route to obtain high
molecular weight copolymergDechyCabaret et al., 2004 Generally, the simple
polycondensation is less expensive, but the resulting polymers have low and

uncontrollable molecular weight®Naughton et al., 1997

2.2.1 Biomedical Applications

Applications for biodegradable polymers depend on the degradation time, which
can be tailored from days to years, and the mechanical properties. Polymers for
tissue engineering applications may need to degrade within a time frame which is
compdible to the tissue healing (weeks to years). However, for drug delivery
applications, the degradation time decreases and the polymers need to degrade

within days to weeks

The degradation of PGA is between six and twelve months and it degrades faster
than PLA due to its relatively hydrophilic nature. The extra methyl group) (€H

the PLA repeating unit makes it more hydrophobic compansith PGA.
Hydrophobicity reducethe molecular affinity to water and leads to a slower rafte
hydrolysis Therefore, PLA maintains mechanical integrity for longer &gsd
degradation takes more than twelve months. The morphology and crystallinity
strongly influence the rate of degradatioand mechanical properties of PLA
(RenoufGlauser et al., 2005

In order to achieve intermediate degradation rates between PGA and PLA, various
lactic and glycolic acid ratios (50:50, 65:35, 75:25, 85:15, 90:10) are used to

synthesise PLGAhe degradation rates of amorphous PLGA are faster than either

11
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semicrystalline or crystalline PLA or PGA. HoweRirGA polymers containing
equal amouns of glycolic and lactic acids (50:50) are hydrolysed at a much faster
rate than any of those containing a higher proportion of either PLA or, B&ause

they havethe lowest crystallinity For other compositions, the degradation rate of
PLGA decreases when thentent of hydrophobic PLA copolymer increagésy et

al., 2aL2). Table2.1 provides the physical and mechanical properties and also the
typical applications of PGA, PLA, and PLGA polymers. This information shows that
the mechanical properties of PLA and PLGA (50:50) are similar; however, PLA
degrades significantly slowerdh PLGA (50:50). Therefore, it is important to know
the degradation time as well as mechanical properties for material selection and

device design.

Biodegradable polymers were initially used invivo applications with low
magnitudes of mechanical loadirsgich as wound closures and sutures. However,
the use of biodegradable polymers has increased in structural applications and
environments with high loads. PLGA copolymers, with differéA/PGA ratios, are
currently used for a variety of medical implamgpdications and they are among the
few synthetic polymers approved by the FDA for human clinical applications,
including surgical suturin@<u et al., 2008 tissue engineering scaffol@Slark et al.,
2014 Cui et al., 2009Lee et al., 2007 and orthopaedic fixation devices (screw,
pins, rods, and tackgyvaris et al., 2004 PLGA has been fabricated into scaffold by
a number of different techniqguedncluding gas foamingYoon and Park, 2001
sintering (Shi et al., 201)) porogenor saltleaching(Lin et al., 200g compression
moulding (Wu and Ding, 2004 electrospinning(Bashur et al., 2006 polymer
printing (Ge et al., 2000 or a combinations of these techniquésee et al., 2005

Oh et al., 2006Vozzi et al., 20Q3Nu et al., 2006a

PLGA films have been shown to provide a suitable substrate for retinal pigment
epithelium cellculture (Lu et al., 200}, and for formation of a bone matriKarp et
al., 2003. PLGA is also used as a coating for load bearing implansti et al.,

2012, and drugeluting stent systems (with coating thickness of2aD >m) for

12
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which the stent surfaces are coated with biodegradable polymers containing drugs
(Engineer et al., 201 Dackson et al., 200#an et al., 2006Shanshan et al., 231
Westedt et al., 2006 Xi et al, 201D PLGA has been used to deliver
chemotherapeutic(Je et al., 201} protein (Andreas et al., 20)1and antibiotics
(Jeong et al., 2008 For the drug delivery applications, PLGA is mostly fabricated
into microspleres or microparticles(Arnold et al., 2007Klose et al., 2006 The
drug release profilemayvary depending o the environmentl conditionsand the
properties of thedrug delivery system (size, porosity, density, and shape) the
polymer (molecular weight, crystallinity, lactic and glycolic acid raf{fe€denberg

et al., 2011 Klose et al., 2008Table2.2 shows a number of commercially available

PLGA polymers.

2.2.2 Degradation Mechanism

The degradation process of biodegradable polyesters such as PLGA is based on a
hydrolytic mechanism. Diffusion of water into the polymer causes a hydrolytic
scission of theester bondsof the polymer chains leading to a decrease in the
molecular weight. At this stage, the degradation products are not small enough to
become soluble, and no significant change in the material weight is detected. With
time, the molecular weightof degradation products is reduced by further
hydrolysis, leading to the formation of water soluble oligomers and monomers
which diffuse from the bulkof the material to the surface and then to the
surrounding solution, causing significant weight Iamula and Menaszek, 2008

Vey et al.,, 201 A schematic of the hydrolytic degradation of biodegradable

polyestersis shown irFigure2.2.

Thehydrolytic degradatiorcan be catalysed by the local acidic pH within PLGA, and
acidcatalysed ester hydrolysis can be summarised as foll[Bwed Versypt et al.,
2013

o (/ (©°0 O ( (2.1)
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where0 ,0 , and0  are the polymer chains having degree of polymerisation
i ,andl 1, respectively, and is the acid catalyst. The acidic catalysis can be
due to the strong acid in the medium (naatalytic reaction) or the carboxylic acid

end groups of the polymer chains (autocatalytic reaction).
2.2.3 Bulk vs. Surface Degradation

Polymer degradation is generally classified as either bulk degradation or surface
degradation. For surface degradation, the rate of polymer degradation at the
surface is faster than the rate of penetration of water into ik of the polymer

and the degradation of polymer occurs from the surface inward. For bulk
degradation, the peneation of water intothe bulk of the polymeris faster than

the polymer degradation and the degradation of polymer occurs throughout the
polymer bulk. A schematic of surface and bulk degradation for biodegradable

polymers is shown iRigure2.3.
2.2.4 Factors Affecting the Degradation Rate

The degradation rate of biodegradable polymers has been shown to be dependent
on many factors. A full understanding of the degradation behaviour of
biodegradable polymers is required in order to consider tHeiences of different
factors on the degradation rate of these materials. The degradation rate can be
affected by the size of the polymer samgl@unne et al., 2000Grayson et al., 2005
Grizzi et al., 1999 u et al., 1999Witt and Kissel, 20Q1the initial molecular weight
(Grayson et al., 200%.u et al., 1999 the copdymer composition (lactic to glycolic
ratio for PLGA{Lu et al., 1999Vey et al., 201R the crystallinityChye Joachim Loo

et al., 2009, and the environmental conditions such as temperat(®eayson et al.,
2005, pH (Zolnik and Burgess, 2007fluid flow (Agrawal et al.,, 2000 and
mechanical loaithg (Dreher et al., 20181 et al., 2010pSmutz et al., 1991yang et

al., 20D).

The size of the sample has a significant effect on the rate of degradation. It has

been shown that large size samples degrade faster than the smaller ones due to the

14
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autocatalytic effect of the acidic degradation products accumulated inside the
polymer matrix which accelerates the degradation procéBsinne et al., 2000
Grayson et al., 200%srizzi et al., 19993 u et al., 1999Witt and Kissel, 2001

The initial molecular weight of the polymer has a majfee on the degradation
rate; low molecular weight polymers degrade faster than high molecular weight
polymers(Grayson et al., 2009.u et al., 1999 The degradation rate also can be
influenced by the end group functionalisation. Polymers with blockage of acidic end
group, such as the free carboxylic grougegrade faster because the presence of
carboxylic acid gups accelerates the autocatalytic chain scission process from the
very beginning of the degradation procestue to the increased hydrophilicity
(Atala and Mooney, 2023

The temperature of the environment also affects the degradation rate. Diffusion of
water attemperatures above the glassy state is facilitated by the chain motions.
Therefore, the degradation rate of the polymer is faster when the polymer is placed
in an environment at a temperature higher than its glass transition temperature

("Y) (Grayson et al., 2005

The mechanical loading affects the degradation behaviour of biodegradable
polymers(Dreher et al., 2014.i et al., 2010pSmutz et al., 1991vang et al., 2070

It has been shown that applying tensile loads to electrospun PLGA scaffolds
accelerates the loss of ultimate strength et al., 2010p In addition, the results of
strain controlled lending of a moulded polyorthoester have shown an accelerated

loss of flexural yield and modul@Smutz et al., 1991
2.2.5 Mechanical Properties of Biodegradable Polymers

In order for an implant to function, it must have appropriate mechanical properties
and an adequate degradation rate to maintain the mechanical integrity of the
material during degradatn. The changes in the mechanical properties of

biodegradable polymers during degradation have been widely studied as a critical

15



Chapter 2

design factor(Ginjupalli et al 2014 Hayman et al., 2014&ranz et al., 20QQ.am et
al., 2002 Lin et al., 2003Pan and Ding, 201&aito et al., 2013Saito et al., 2012
Shum and Mak, 20031t has been shownhat the mechanical strength decreases
after the molecular weight reduceSaha andl'suji, 2006 Tsuji, 20002002 Tsuiji
and lkada, 2000Tsuji et al., 2000Weir et al., 2004aWeir et al., 2004cWu and
Ding, 2004

Different straegies have been employed to tailor the degradation rate and the
mechanical properties of biodegradable polymers to suit different biomedical
applications, such as blending with other materigsnjupalli et al., 2014Kranz et

al., 2000 Steele et al., 20L1vang et al., 200&hou et al., 201R It has been shown

that incorporation of lower molar mass polyethylene glycol into PLGA film causes a
reduction in the tensile strength comparedith PLGA; howeveli allows for a

greater paclitaxel release rate drug delivery applicationteele et al., 2011

The lactic and glycolic acid ratio can also be varied to alter nieehanical
performance during degradatiofPan and Ding, 2012Vu and Ding, 2004 The
mechanical properties of PLGA porous scaffolds with different lactic and glycolic
acid ratios of 85:15 and 75:25 were studied by @Whd Ding(2004) during in-vitro
degradation in phosphatbuffered saline solution at 37°C. It was shown that the
compression modulof PLGA 85:15 and PLGA 75:15 scaffolds were found to
decrease after 11 weeks and 6 weeks of degradation, respectively. In contrast,
PDLLA scaffolds reteed their mechanical stability over 28 weeks of degradation
under the same conditionsSince the degradation rate has a major effect on the
mechanical performance of biodegradable polymers, any factorsluding
temperature pH of the environment and medanical loadingthat affect the rate

of molecular weight degradatigmmay affect the mechanical properti€Breher et

al., 2015Hayman et al., 20%4.i et al., 20100Perron et al., 2000

The polymer fabrication methoshouldalso be considered fatesigningoiomedical

applications. There are several methods to fabricate biodegradable potyme
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including solvent casting ancbmpression moulding. The solvent casting method
has been commonly used for the preparation of biodegradable films which involves
using or@nic solvents in order to dissolve the polymer, casting, and drying steps
(Houchin and Topp, 200®uang et al.2007 Lichun et al., 1998 u et al., 1999Lu

et al., 2001 Pamula and Menaszek, 2008an et al., 2007Schliecker et al., 2003
Steele et al., 201; Vey et al., 2008Witt and Kissel, 20Q1Xi et al., 201p This
method requires a long time for solvento evaporate from the polymer during the
drying stepgManson ad Dixon, 201R The residual solvents in the material may
affect the mechanical properties of the fil(®him et al., 2006and may be harmful

to cells or nearby tissues. Therefore, there are strict requirements regarding the

presence of residual solvents in biomedicaplants.

In the compression moulding process, the polymer is preheated and placed in a
heated mould. Then pressure is applied in order to force the material to fill the
mould. The compression moulding method is useful because of its simplicity and
capability for producingmaterialswithout using organic solvent{&rizzi et al., 1995

Witt et al., 2000; however the heat treatment process may cause degradation of
polymer (Gogolewski and MainWVarlet, 1997. The heat treatment has a significant
effed on the initial molecular weight and the mechanical behaviour of the material
(Weir et al., 2004p Additionally, the heat treatment may cause a change in the
degree of crystallinity of the aterial (Chye Joachim Loo et al., 20¢®uad et al.,
2005. Crystallinity affects the mechanical perties of biodegradable polymers;
alignment of the polymer chains in crystalline regions causes the polymer chains to
strongly bond to each other which can cause an increase in the material strength

(Takayama eal., 201).

In general, a wide range of mechanical testmgthodsare used to measure the
mechanical properties of biodegradable polymers. Uniakgaisile testing and

flexural testng are the most commomethods(Daniels et al., 199MHayman et al.,
2014 Li et al., 2010pSteele et al., 20L1Térmala et al., 1987In these methods,

the test specimen may be either the product to be implanteditocan be the
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standard test geometry, e.g. dogbone for tensile testing In particular, two
aspects of common biodegradable polymers pose challenges for mechanical
testing: (i)heterogeneity due to degradation may cause inaccuracy in mechanical
test, e.g. localisation of strain in a tensile t€s) the low stifness and strength of
some biodegradable polymerdue to degradationcan lead to inaccurate test
results, e.g. in a flexural test the saeight of the specimen may be significant or in

a tensile test failure may occur during gripping. NtEstructive teting methods,

such as nanoindentation overcome many of these limitatigiMaxwell and

Tomlins, 2011Wright-Charlesworth et al., 2005

2.3 Nanoindentation

Nanoindentation is a technique that has been widely used to characterise the
mechanical propertiesf a smallvolume of materialLucca et al., 20)0thin films
(Bull, 200% Geng et al.,, 2005Lin and Kim, 2012Xu et al., 2011 Zhou and
Komwpoulos, 2005 and heterogeneous sampledlaxwell and Tomlins, 2011
Oyen, 2013 at micro and nanescalesand particularly to measure the elastic
modulus and hardness. In this technique, an indenter tip with a known geometry is
driven into the material to be tested by applying an increasing load. The load used
is typically in the mN range and the indents aypically to depths of nm. This
instrument allows precise control of either load or displacement during a test. In
the load controlled measurement, wherha contact load reaches the wet
maximum valuéO |, the load is reduced to zero. In the digpement controlled
measurement, when the penetration depth reach#® preset maximum depth

"Q, the load is reduced to zero. As the procedure is performed, the-load
displacement is continuously monitored during the loading and unloading
processes. Aypical loaddisplacement curve for an indentation is shown in

Figure2.4 (A).
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2.3.1 Indenter Tip

Choosing diamond as a tip material provides an indenter with a high elastic
modulus, no plastic deformation, low friction, and a perfeebmetry to make a
well-defined indentation impression. The Berkovich indenter is a tiuided
pyramid and provides a sharply pointed tip compaweith the Vickers or spherical
indenters. This indenter is commonly used for measurements of nanomechanical
properties, especially for extremely thin films requiring shallow indentation.
However, pointed indenters produce a plastic strain impression and assessing the

elastic moduluss a nontrivial task(Alisafaei et al., 2004
2.3.2 Load-Displacement Curve

The solution of the elastic contact gislem which is the basisf the indentation
analyss procedurewas proposed byHertz(1881). In this theory, the problem of the
elastic contact between two spherical surfaces with different radii and elastic
constants is analysed. iBhbasic theory was expanded by Sneddd®965 to
establish relationships between the load, displacement, and contact areadoy
simple punch geometriesHe proposed that the loading portion of the load

displacement curve can be seribed by a power law expression as follows:

O WQ (2.2)

where "Ois the indentation load, Qis the displacement of the indente¢, is the
power law exponenbf the loading curveand @is a constant which depends on the
material properties.The value of the exponent& depends on the indenter
geometry (@ =2 for cones orthe Berkovich indenter,d = 1.5 for a sphere or

paraboloid, andx = 1 for a flatendedcylindricalpunch).

For a conical indenter, the load is proportional to the displacement at very low
penetration depths. At this stage the contact is mainly elastic. Then, it is followed

by a transition region from elastic to plastic deformation in which tRpament of
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the loading curve changes to 1(%royon et al., 2012Zeng and Chiu, 20D1At
higher load, the load is proportional to the displacement squared and a full elastic

plastic deformation is observed beneath the indenter.

For purely elasc materials, the unloading curve would retrace the loading curve. In
contrast, for indentation of elastiplastic materials, there is a permanent depth
due to the plastic deformation that remains in the materigigure2.4). With this,

the unloading curve can be described as follows:

O 00 Q (2.3)

where is a geometric constant depending on the indenter tip @&nds the power

law exponentof the unloading curve,which is assumed to be equal to 2 for a

perfect Berkovich indentegOliver and Pharr, 1992however, empirical estimations

KIS 0SSy aKz2gy (2a XSMRy TEXRI NI yid 8] @M OB
wide variety of metals and ceramig¢®liver and Pharr, 1992liver and Pharr,

2004). This is due tohte fact that the unloaded shape of indents is not perfectly

conical or pyramidal but exhibits a subtle convex curva{@i&ver and Pharr, 2004

hence, the power law exponent depending on the material, is related to the shape

of the deformed surface.
2.3.3 Hardness and Elastic Modulus Determination

The earliest experiments in wdh loaddisplacementsensingindentation methods
were used to measure mechanical properties were performed by TEI8#8). In

this study, the indentation of a number of metals deformed by hardened spherical
indenters was examined.Later,the loaddisplacement sensing indentation testing

was used fomeasuringhe elastic modulus and hardnesématerials

In such an analysis, evaluatiohthe contact area is crucial to assess accurately the
mechanical properties of the materialhe contact area can be measured directly

by atomic force microscopy (AFMJee and Lee, 20)10or scanning electron
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microscopy (SEMMoeller, 2009. However, the size of the residual impressien
often only few microns and this makes it very difficult to obtain a direct
measurement using optical techniqueAlternatively, analytical techniques have
been proposed to determine the contact area, and the two most commonly used

were proposed by Doeer and Nix1986) and Oliver and Phafi.992).

In the Oliver and Pharr method, the contact area describes the projected (or cross
sectional) area of the indenter and is a function of contact dé@th.e. thevertical

distance along which contact is madetween the indenter and the material
(Figure2.4 (B)) The area functionthat quantifies the projected contact ares

determined by a calibration of the indenter tip by indentingraterial such as

fused silicag KA OK Aa | aadzySR (2 KIFI@S I O2yaidly
calibration is made by indenting at varying penetration depths with the assumption

that at those depths, the area function corresponds to the ideal contact afea o

perfect pyramid indenter.

Indentations on many materials may result in both elastic and plastic deformations.
A particularly meaningful quantity in indentation hardness is the mean contact
pressure, and is determined by dividing the indenter loadh®yarea function The

mean contact pressure, when determined under condition of a fully developed
plastic zone, is usually defined as the indentation hardness of the specimen

material (FischefCripps, 2006

In nanoindentation, the elastic modulus of the specimen can be estimated from the
slope of the unloading of the loadisplacement curve. Of particular concern is how
the slope of the unloading cue, i.e. contact stiffnessr(Figure2.4 (A)) should be
measured from the loadlisplacement curve. Fitting a straight line to the upper
portion of the unloading curve is a simple w@oerner and Nix, 1986 however,

for some materials with a large amount of elastic recovery, the unloading curve is
not linear. Hence, a linear fit to the upper part of the unloading data is not suitable

for all materials. In most cases, a second degm@grmial is a reasonable fit but it

21



Chapter 2

is not necessarily the best one. An alternative procedure is a least square fitting
procedure whichwasproposed by Oliver and Phat992) to determine the values
of & and @in the power law expression for the unloading curve given in(E8),

and then"Ycan be determined by differentiation diiis equation.
2.3.4 Factors Affecting Nanoindentation Test Data

This section is mainly focused on the lrages for performinghe indentation test
and determining the hardness and the elastic modulus. The most significant
phenomena which are considered in this section are the idependent
properties, pileup, initial contact point, adhesion, surface roungss, and

indentation size effects.
2.3.4.1 Time-dependent Properties

Polymers are typically loading rate dependent, and one aspect of material rate
dependence is viscoelasticity. In nanoindentation, viscoelasticity causes the
indenter to continue penetrating thenaterial duringthe initial part of unloading
which results ina forwardgoingnosein the unloading curvéFigure2.5 (A)) This
phenomenon occurghen the creep ratef the material, i.e. the rate of increase in
the indentatian depth, is initially higher than the imposed unloading rata. this
case,the slopeof the initial part of the unloading curves changed which causes
negative contact stiffnessand therefore inaccurate mechanical property

measurementgBriscoe et al., 1998eng and Ngan, 2002ang and Ngan, 200Ba

One way 0 eliminate this nose is to use a holding time between loading and
unloading at the maximum loa® (Figure2.5 (B)) in order to allow thematerial

to relax and therefore thecreep rate to dissipate prior to unloadinglhe
appropriate holding time should be selected based on the creep and the unloading
rates used in the experiment for each materi@he holding timeshould be long
enough such that the rate of anease in the indentation depth, i.e. the creep rate,

is les than 1% per minut¢Chudoba and Richter, 20p1Additionally, due to the

time-dependent properties, the unloading curve and therefore the contact stiffness
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depend on the unloading rate. A sufficiently fast unloading rate is desirable to limit
the relaxation phenomeon for viscoelastic materia{§ischefrCripps, 2006Jakes et
al., 2012 Ngan and Tang, 20@2Vhen the unloading rate is high enough relative to

the creep rate, it might be unnecessary even to apply the holding period.

Procedures have been suggested to reduce the effect of the -tiependent
behaviour of materials in nanoindentation by correcting the contact stiffness
measurement(Feng and Ngan, 200Rlgan et al., 205; Tang and Ngan, 2008aA
procedure was proposed by Feng and N@2002 to correct the contact stiffness
using a simple formula. This method is based on a Maxwell model including a spring
and a dashpot in series. It was shown that the effect of creep can be reduced by

adding a correction term to the (apparent) contact stiffnégas follows:

p p Q

= 2 = 2.4

Y v 5 (24)
where "Q is the creep rate at the end of holding tim&) is the initial unloading
rate, and "Y is the corrected contact #ftness Based on this formula, the
corrections will be minimal when the displacement rate is small enough relative to
the unloading rateQ/ "O £ ). /This will occur when eithé® Tttor "Ois very

large. This shows the importancaef choosing a long holding time, which will allow

the system to stabilise and thereby redu€k and a high unloading rate.

Tang and Nga(20039 used the method proposed by Feng and Ngan in order to fit
the aeep curve for very compliant materials. They implemented @4) for
calculating the contact deptho eliminate the effect of creep on the modulus

measurement for polymeric materials.

Following this, Ngaet al. (2005 extended Eq(2.4) from a linear viscoelastic form

to a power law viscoelastic form as follows:
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_P_

dlo

PP
Y OtY (2.5)

olo

p

where "O is the load decay rate duringhe holding time, which needs to be

measured as well as the creep rate and the initial unloading rate.

The approaches presented here for correcting the contact stiffness need to
accurately capture the slope at the beginning of unloading, and do so usintpa
the data; however, it has been shown that these methods are highly sensitive to

the form of the function used to fit the slopdakes et al., 20}2
2.3.4.2 Pile-Up

In indentation into an elastiplastic material, when the contact involves giia
deformation, the sides of the residual impression do not remain straight and the
surface of the specimen may be drawn upwards (pp¢ or downwards (sirn)
underneath the indenter depending on the material properties. This is illustrated in
Figure2.6, where for pileup the contact depthQ is greater than the maximum
indentation depth'Q ('Q "Q), and the opposite is the case for sink(Q Q).

For pileup, contact occurs outside the theoretical contact area of the indeit

the maximum indentation depth, and for skmk contact occurs within this contact

area.

For an isotropic, raténdependent elastiplastic material, the mechanical
0SKI @A2dz2NJ RSLISYyRa 2 yohyield Strength ddyaBd)dork Y 2 R dzf «
hardenirg exponente, and can be described in owi#mension by conventional

stressstrain relationships as follows:

, O- for-X /O
(2.6)
., Q for-x, /O
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where, is stress; is strain, andQis the strength coefficient.

In pile-up, the phenomenoroccurs because there is substantial plastic fldue to
alargeNF GA2 2F | 2dzy3Qa Y DR Jzflodea ) an@ lowework f R
hardening(McElhaney et al., 1998For materials with small@¥,, (high, ) and
high work hardening, the material is more elastically compliant in indemaand

sinkin occurs.

When pileup is very large, the true contact area is larger tiia@ nominal contact
area which is based on the cressctional area of the indenter gpconsequently,
the elastic modulus and hardness are overestimatBdishakov and Pharr, 1998
Oliver and Pharr, 2004 The results of finite element analysis by Bolshakov and
Pharr (1998 showed that pileup is significant when the ratio of the permanent
depth to the maximum depth'@/"Q ) is larger than 0.7 anthe degree of work

hardening is small.

It has been show that there is a linear relationship betweé&R/"Q and the ratio

of the slope of theunloading curvéYto the slope of thdoading curveY as follows
(Hay et al., 1998

2 @7
P Q .

Q~| Q-

“y
v

where & is the power law exponent of the loading curve which is equal to 1.35
when 'Q/"Q > 0.4. ThrougHinite element analysis, it was shown that the true
contact area depends oiY"Y due to pileup (Hay et al., 1998 In this method'Y"Y

can be determined continuously at every depth of interest during indentation.
2.3.4.3 Initial Contact Point

In nanoindentation, the indenter must first make contact with the specimen before
the displacement measurement can be taken. It is sometimes déficult to

decide at which point the indenter comes into contact with the surface. The initial

25

Qx



Chapter 2

contact depth is usually made to be as small as possible; however, due to the lack
of load resolution, typically not better than 100 nN, the smallest maxinmads
which practically an be applied are tens of mianewtons. Therefore, producing
indents of less than 1 nm is difficfische+Cripps, 2013Lucca et al., 200)0This

may cause a considerable penetration in compliant materials which leads to
significant errors in estimating the contact area and therefore the hardness and
elastic modulugCarrillo et al., 200@Deuschle et al., 200Kaufman and Klapperich,
2009. It has been shown that the error due to the surface detectian cause the
calculated modulus to be five times larger than the actual vdli@ufman and
Klapperich, 2000 To attempt to address such uncertainty, the initiahtact point

can be set as the first point at which the load starts to increase, which appears as a

sharp rise in the load dat@ao et al., 2005
2.3.4.4 Adhesion

For most polymeric and compliant materials, adhesion between the indenter and
the surfaceof the specimenoccurs as the indenter approaches the surface {pull
adhesion) and during thendenter retraction (puHoff adhesion). This results in a
region of negative load in the loadisplacement curvéCao et al., 200%Carrillo et

al., 2005 Ebenstein and Wahl, 20p&nd complicates determination of the contact
point which then results in overestimation of the elastic modulDsuschle et al.,
2007, Kaufman and Klapperich, 200Extremely low elastic modulus and surface
roughness of compliant polym& which enables mutual approach of the saepl

surface and the indenter, pldgey rolesin the adhesion effecfTabor, 197.

There are a number of models that have bedaveloped to describ¢he effect of
adhesion on contact mechanics behaviour. ThejdginMuller-Toporov (DMT)
model (Derjaguin et al., 1975accounts for adhesion forces outside the contact
area. This model is most applicable for materials with high modulus. The Jehnson
KendaHlRobert (JKR) oadel (Johnson et al., 1971describes the adhesion forces

within the contact area. Therefore, this model is used for materials with low
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modulus. Forindents performed with the spherical tip, the JKR model has been
shown to provide a more accurate measurement of the modulus of the material

(Carrillo et al., 208, Grunlan et al., 2001
2.3.4.5 Surface Roughness

In the nanoindentation technique, the measured indentation depth is used to
estimate the residual contact area and subsequently to calculate the hardnéss an
elastic modulusof the materiaj therefore, the surface roughness can have a
significant influence on the measurements. When the indenter comes into contact
with a valley Figure 2.7 (A)) the true contact area is underestimateshd
consequently the calculated hardness is overestimated. On the other hand, when
the indenter comes into contact with a peakigure 2.7 (B)), the noruniform
contact increases the localised stress at the points of contactoraeng the
material to a greater depth at relatively low loads. This may result in a greater
penetration depth and lower calculated hardness. The International Standard 1SO
145774 stipulates that the surface roughness average valMe €hould be lss

than 5% othe maximumindentationdepth™Q to avoid the effect of roughness on

the indentation measurements.
2.3.4.6 Indentation Size Effects

In nanoindentation, experimental results often show an increase in hardness with
decreasing indentation depth. Sl indentation size effects have been observed in
metals, where the plastic deformation may not only depend on the strain, but also
on the gradient of plastic strain which is associated with geometrically necessary
dislocations (GNDJEImustafa and Stone, 20p3However, the indentation size
effects in polymers are more complicated as this phenomenon has been also
observed in elastic deformation. The depth dependence of the elastic modulus has
been experimentally observed in various polymers such as e(fisafaei et al.,
2014 Chong and Lam, 199Ram and Chong, 20Q(oolycarbonate (PGBriscoe et

al., 1998 Chong and Lam, 199Bang and Chang, 2004o0ly(methyl methacrylate
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(PMMA) (Briscoe et al., 1998 polydimethylsiloxaneRDMS)Alisafaei et al., 2013
Charitidis, 2010Wrudke et al., 2013 silicon rubberChandrashekar et al., 2015
nylon (PA66)Shen et al., 2005 and polystyrene (PBriscoe et al., 1998 The
length scale at which indentation size effects octupolymers can vary widely in
different polymers. For example, for nylon (PA@hardrashekar et al., 20)5the
depth dependence of hardness was only observed for indentation deptialler
than 200 nm; however, for PC, PMMA, and PS, the depth dependence of hardness
was observed for indentation depths smaller than 1000 {Briscoe et al., 1998
Chong and Lam, 199¢ang and Chang, 2004or epay, this phenomenon was
observed for indentation depths smaller than 3000 (fisafaei et al., 2014hong
andLam, 1999Lam and Chong, 2000t has been shown that ultdaigh molecular
weight polyethylene (UHMWPEBriscoe et al., 1998nd polytetrafluoroethylene,
known as Teflon (PTFH)j and Bhushan, 20p@o not show any indentation size

effectsin the range of 20 nm up to several microns.

The factors described abovean affed the nanoindentation measurements and
may cause overstimation of the elastic modulusThe depth dependence of the
indentation modulus may be related tovariety of reasonsncludingthe formation
of a specific interfacial region between the indentedahe polymer surface during
indentation (Tweedie et al., 2007 lower entanglement interactions at the surface
due to the surface dynamics of polymg&hou and Komvopoulos, 200&hanges
in the material properties through thickne¢Briscoe et al., 199&haritidis, 201))
tip imperfection(Flores and Calleja, 19p8naterial rate dependencéBriscoe et al.,
1998 Tang and Ngan, 2003Zhou and Komvopoulos, 2006ile-up (Bolshakov
and Pharr, 19980liver and Pharr, 20Q4adhesion(Dokukin and Sokolov, 2012
Gupta et al., 2007Liao et al., 2010 surface roughnes§Zhang et al., 2004and
higher order displacement gradien{glisafaei et al., 2014Alisafaei et al., 2013
Briscoe et al. 1998 Charitidis, 2010Chong and Lam, 199%lores and Calleja,
1998 Han, 2010Lam and Chong, 200Tranchida et al., 2007Tweedie et al.2007,
Voyiadjis et al., 201&hang et al., 2004
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2.4 Computational Modelling for Degradation of

Biodegradable Polymers

A number of models hae been proposed to describe the degradation of
biodegradable polymergSackett and Narasimhan, 20lihcluding PLGAFord
Versypt et al., 2013 Reactiondiffusion models hve been applied to a range of
aliphatic polyesterdAntheunis et al., 203,0Antheunis et al., 20Q9Chen et al.,
2011, Han and Pan, 200%yu et al., 2005Prabhu and Hossainy, 20Q0%oares and
Zunino, 201pWang et al., 2008 Among these modelshe ones which account for
the autocatalytic effect are the mosomprehensive, as autocatalysis plays a strong
role in the degradation mechanisii€hen et al., 201,1Ford Versypt et al., 2013
Wang et al., 2008

2.4.1 Hydrolytic Reaction Rate

In general, polymer degradation is assumed to follow pseudo-dnder kinetics
where degradation is a function of the concentratiofi anly one of the three
following species: polymer or ester bonds, water, or an acid catalg&tr(to Eq.

(2.1)). This approach is appropriate fgeneral norcatalytic hydrolyticreactions.
However, the carboxylic end groups have a high degree of dissociation and may act
as a catalyst to accelerate the hydrolySihere autocatalysis plays a strong role in
the degradation trend, then pseudo firstder kinetics is insufficien{Siparsky et

al., 1998Dh. Therefore, psudo firstorder should only be used in the early stages of

degradation when the concentration of ester bonds has not decreased significantly.

In secondorder kinetics, the concentrations of two species are allowed to vary. This
approach has been used toadel the degradation behaviouvhere autocatalytic
hydrolysiskinetics is important. However, secowdder kinetics is not able to
capture the effects of partial dissociation of the carboxylic acid end gr(siparsky

et al., 1998a
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The rate of hydrolysis is measured by the increase irctimeentration of carboxylic

end groupsd and can be described bg 1.8"-order kinetic expression which
accounts for the partial dissociation effects of the carboxylic end groups as follows
(Siparsky et al., 1998a

'fllj 3

- 00 0 6 2.8
95 5 66 (2.8)

where Qs the acid dissociation constarit, is theconcerration of water, and

is the concentration of ester bonds.

The concentration of water can be assumed to be constant in polyesters astéhe
of hydrolysis of degradable polyester is independent of the total water content of

the polymers(Schmit et al., 1994.
2.4.2 Diffusion

Diffusion is a mass transfer phenomenon that causes the distribution of a chemical
species to become more uniform in space as time passes. Degradation refers to the

loss of mass due to diffusion of water, small monomers, arab$® oligomers out

2F (GKS LI2fe@YSNI YIFTUNRED ¢KS aayvyLX Sad RSac

(Mehrer, 2007.

The rate of change of concentration at a point in space is proportional to the
second derivative of concentration with space argl given by a ifferential

equation as follows:

5
T_o n8'ond (2.9)

where for speciesQ O is the diffusion coefficient (fms?), and 6 is the

concentration (mol ri).
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The diffusioncoefficient depends on the type of specigsriffiths et al., 1998and

the polymer states such as glassy or rubbery stékewlssn et al., 200} Diffusion
coefficient of water in polymerss not very sensitive topolymer states. The
diffusion coefficient of water in a crystalline PLA and amorphous glassy PLA samples
at 37°C which is éss than the glassansition temperature ofPLA, is 1& m? s,
However, the diffusion coefficient of polymer chaimsybe 10™ to 10%* m? s in

melt states and it is lower that0?? m? s* in crystalline or glassy statékyu and
Untereker, 2009

2.4.3 Reaction-Diffusion Models

An early model based on the reactidiffusion phenomena was proposed by Joshi
and Himmelstein(1991) for polyorthoesterdisks.This model was used to compute
the fractional amount of different species, i.e. anhydride, aadd the drug
substitute in the polymeric matrixn this modelthe molecular weight reduction of
the polymer matrix is predicted with timel'he model includes the acid reaction
products as the only acid source to contribute to the autocatalytic effébe

following reactiondiffusion equation was proposed in this model:

0 :

T_o ngong 'Y (2.10)
where'Y is the sum of synthesis and degradation rate of species. In thieinibe
diffusion coefficient was dependent on the concentration of species. The effective
diffusivity of each species increases exponentially as a function of the local extent

of polymer hydrolysis.

Prabhu and Hossainy(2007 modified the model proposed by Joshi and
Himmelstein to predict degradation of PLA stent coatings and drug release kinetics.
This model includes necatalytic hydrolysis which is dependent on the
concentrations of water and polymer andsal autocatalytic hydrolysisvhich is

dependent on the acidic monomer concentration. The effective diffusivity of each
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water-soluble species increases exponentially as a function of the extent of polymer

degradation in the same manner as in Thombre andrikistein(1984).

Wanget al. (2008 proposed amodel based on the concentration of monomers and
ester bonds. In this model, the concentration of ester bonds is governed by
degradation and the concentration of monomers is governed by degradation and
diffusion. The diffusivity of monomers is modelledaaknear function of porosity in
this model. The hydrotic degradation is modelled using individual rate constants
for noncatalytic and autocatalytic reactions to alldar respective representation

of the autocatalytic effects of the carboxylic acid egrups on the degradation.
The model accurately predicted the experimentally observed degradation profiles

of PILA films.
2.4.4 Mechanical Property Prediction

A number of models have been developed to predict the mechanical performance
of biodegradable polymearduring degradatiofHayman et al., 201450ares et al.,
2010 Vieira et al., 2014 Vieira et al., 2011Wang et al., 2010 A model was
developed by Vieireet al. (2014 based on the relationship between fracture
strength and molecular weight for thermoplastic polymers to predict the
mechanical properes of PLAPCL fibre during degradation. Since this model is
based on an empirical equationhé model parameters must be determined
experimentally for each material and during degradation. Also, in this model, the
hydrolytic degradation rate is assumed constant, which is a significant simplification
for highly heterogeneous degradation as autodgsss has a significant effect on

degradation.

The model of Soarest al. (2010 relates the degradation rate to mechanical
deformation in order to determine the mechanical propertiesRifL Aibres loaded
under uniaxal extension. The degradation behaviour is determined from a
thermodynamic analysis of the degradation process and as degradation proceeds

the material loses its ability to store energy.
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Wang et al. (2010 proposed a model for amorphous biodegradable polymers,
oFraSR 2y (GKS NBflFIOA2yaKALl 6Sis6SSy (KS |
polymer chains. This model is physically motivated by the hydrolytic random
scission of the polymer chains. The model assumes that the number of polymer
OKIFAya +to2@S I ONARGAOFEt Y2t SOdzZ I NJ 6SAIKI
scissions occur. This meldsuccessfully predicted the experimemyabbserved

degradation of PLLA films.
2.5 Conclusion

This chapter provides an overview of biodegradable polymers and bi@nedical
applications PLGA material is used for a verity of medical implant applications
including tissue engineering scaffolds aadoit can beused as a coating for load
bearing implantsand drugeluting stent systemsin order for an implant to
function, it must have sufficient mechanical stability. Mechanical performance of
biodegradable coatings in stent applications, for instance, is of significant
importance when one considers coating deformation on stent expansion and
mechanical loading on contact with the arterial tiss@ven this, themechanical
properties of PLGA films are invegtied in Chapter 5of this thesis for
understanding the performance dbiodegradablecoatings during degradation.
Additionally, consideration of PLGA in this context presentsna@del system
allowing for the study of film degradation and the effect on madbal properties

in a relatively rapid testing time frame.

Given the importance of the size dependent degradation of biodegradable
polymers in literature, the effect of the size of the sample on the degradation
behaviour and the changes in the mechanigabperties of PLGA material is
considered computationally and experimentally in Chap&&end 8 of this thesis
respectively.In order to predict the degradation behaviour and the mechanical

performance of PLGA structures, a computational modelling fraonkewdescribed
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in Chapter 3, is used which couples a reactidfusion based molecular weight

model to a molecular networkasedmechanical propertiemodel

Thedepth dependence ofhe elastic modulus and hardness of PLGA material are
investigated in Chaters 5and 7of this thesisand a number of factora/hich affect

the nanoindentation measurementsre addressed
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2.6 Figures
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Figure2.1: Chemical strature of PLGAX is the number of lactic acid units and y is
the number of glycolic acid units.
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Figure 2.2: A schematic representation of the hydrolytidegradation of
biodegradable polymers.
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Surface degradation Bulk degradation

egree of degradation

G

Degradation time

Figure 2.3: A schematic representation of surface and bulk degradation of
biodegradable polymers.
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Figure2.4. A schematic o typical(A) loaddisplacement OQ curve and (Ban
indentation process including loading and unloadin@*indentation load,
"(xdisplacement of the indenter 'O =maximum load, “¥Econtact stiffness,

"Q =maximum idlentation depth, Q=permanent indentation depth;Q=contact
depth of the indenter with the sample at the maximum load.
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Figure2.5: A schematic othe loaddisplacement('GQ curve (A) with a forward-
going nose due to viscoelasticifg) with a holding time between loading and
unloading at the maximum loa@® to eliminate the nose.
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Indenter cross-sectional area

:/ Pile-up

Pile-up contact area

Initial surface

Figure2.6: A schematic representation ofl@iup and sinkin effects in indentation.
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Approach distance
Indenter

Reference

Adjust depth Start test approach

Approach distance

Reference I | Indenter
Adjust depth Start test approach

Figure2.7: A schematic of indenters performed (A) in a hole showing the long
approach distance (B) on a bump which causes the indenter starts thaltesdy
in the sample.
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2.7 Tables
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3 Theoretical and Numerical Methods

3.1 Introduction

This chapter summarises the theoiel andnumerical methods that are of specific
relevance to this thesisSection3.2 covers theoretical methods and opens with an
overviewof the relevantaspects ofcontinuum mechanics theory in secti@?2.1
Entropy spring theory is described in secti@R.2 includingan overview of the
elasticity of a molecular networkor polymers An overview of thereaction
diffusion basedmnolecular weight modebf Wanget al. (2008, which predicts the
changes in the molecular weight distribution rithg degradation, is presented in
section3.2.3 Finally, he nanoindentation analysis which is used in this thesis to
evaluate the mechanical properties, particularly the elastic modulus and hardness,

of the PLGA materialsdescribed in sectio3.2.4

The numerical problem solving methods used in this thesis are overviewed in
section 3.3. The numerical solution for thestructural problemsis presented in
section3.3.1 Thesemianalyticaland numericakolutiors of the reactiondiffusion
based molecular weight modelare described in sectior3.3.2 The molecular
network basedmechanical properties mode$ presented in sectior8.3.3 Finally,

the coupled modelling framework describedn section3.3.4
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3.2 Theoretical Methods

3.2.1 Continuum Mechanics
3.2.1.1 Introduction

The following section presents an overvi@#i the relevant aspect of continuum
mechanics. For more detailed descriptions on continuum mechanics, the reader is
referred to Malvern(1969. Standard notation is used throughout the following. A
Cartesian coordinate system is used, with the three coordinate direction&x 1,

2, 3).A dot product between two vectore, ando, is described as follows:

08 0600 060 0V 6v 06V (3.1)

A second order tensoe=has the componentd , (AC: 1, 2, 3).

3.2.1.2 Deformation and Strain

A particled in the original unreformed reference volunee has a position vectos
relative to an origind, as shown irFigure3.1. The pogion of particled in the
deformed volumew at time 0is described by a position vector The line vectote
describes the infinitesimal line element between the poirts and 0 in the
original body. This vector is transformed @ in the deformed body.Then the

displacement> can be defined as follows:

O« °
3.2)
O o e

The change in position of a body from its original configuration is descripedeb

deformation gradienty which is given as:
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T 1.
3.3
— T
o —
Tw

The determinant of the deformation gradient is known as Jacobiarich gives

the volume change ithe body as follows:

e e-

v AAO (3.4)

The GreerLagrangian strain tensof is defined as a function of deformation

gradient as follows:

p
Focdd L
(35)
o P16 10 16716
ClTw Tw TwTw

wheres is the transpose of and kis the identity tensor. For small deformations,
the product of the infinitesnals is negligible, and the Greé&agrangian strain

tensor reduces to the infinitesimal strain tendar

e Pao o
C
(3.6)
. plo 10
¢Tw Tw

The lef and right Cauchyzreen deformation tensorﬂ. = }Qd > |- [&spectively,

can be defined as:
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” L .I <« 81
3.7

Fri] 14 8

The deformation gradient can béecomposed into orthogonal rotation tense|r

and symmetric spatial and material stretch tensgrand=, respectively, through:

1 18 q8F (38)

The eigenvalues ef are known as principal strettes_ , (¢ 1, 2, 3).
3.2.1.3 Tractions and Stresses

The Cauchy or true stresdis defined as the force per unit area on the current
configuration or the deformed body and it is related to the traction vecian a

surface and the unit normal vecterto the surface, as shown by:

3.9

The principal stresses can be determined from the solution to the eigenvalue

equation:

a ., ks =« (3.10)

where Lis the second order identity tensoFhe principal stress is independent of

the orientation of the coordinate system.

Two other commonly used stress tensors are the first and second-Riralahoff
stress tensors. The first Piekirchhoff stresg}, which is not symmetric, represents
the force per unit area on the original configuration or the reference body and is

defined as:
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F a8 (3.11)

The transpose of the first Piel@rchhoff stress is known as the nominal stress.

The total force applied by a traction acting on a free surface of the body can be
computed by integrating the Cauchy stress over the deformed boundary or by
integrating the first PiolaKirchhoff stress over the same boundary in the
undeformed configuration. Under the assumptions of infinitesimal deformation
kinematics, all the above stress definitions become equal and can be represented

by the stress tensodl.
3.2.1.4 lIsotropic Linear Elasticity

Linear elasticity theory is based on the assumption of infinitesimal deformation

kinematics. Linear elastic constitutive relations model the reversible behaviour of a

X«

material and for an isotropic linear elastic materid, ¥ 06S RS&AONAROG S

law. In this case, the stres€sis a linear function of thénfinitesimal strairk:

" — 1 G - (3.12

where _ and‘* are the Lamé constantand] is the Kronecker delta with the

following property:

p Q0
1 oo (3.13)

Using Voight notation for the stress and strajoantities, where the stress and
strain tensors are represented as vectors, E12) can be written in matrix form

as follows:

a7
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n2m/ / / 0 0 01
o 0!l 2ms 1 00 0% )
i . g g 2”3 / 27 8 8::::1 ; (3.14)
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The[  YS O2yaidlyaa OFry o6S N®iKWRSR K2 t 2R

ratio 0 through:

‘ (6]
¢p U
(3.15)
0O
= p L p ¢
The bulk modulus) is related to the Ladconstants as follows:
o =S (3.16)
o

3.2.1.5 Hyperelasticity

Hyperelastic constitutive laws are used to model materials that respond elastically
when subjected tdarger strains. Hyperelastic materials are normally described in
terms of a strain energy potentid¥which defines the strain energy stored in the
material per unit of deformed volume. The nétbokean model is a common
hyperelastic mode(Athanasiou and Natoli, 2008In this case, the strain energy is

given as:

0
Y -0 o EL’) P (3.17)
where“Ois the first deviatoric strain invariant defined as:
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"0 (3.19)

where_ are the principal stretches defined in sectigr2.1.2

The strain energy relates the principal stretches and principal stresses as follows:
, ———— hQ phho (3.19)

Consider simple uniaxial extension of an incompressible material (for which the
volume change is zero, i.&@ p), and the three principal stretches are not
independent, but are constrained hy_ _  p. Hence, by symmetry, _, and

_ T . Therefore Eq.317) can be written as:

Y - 2 0 (3.20)

From Eq.3.19):

: (3.21)

For infinitesimal strain.  p - and it follows from Eq.3(21) that:

, ¢ - O- (3.22)

whereOA & G KS 2dzy 3Qa4 Y2Rdzf dza @

5

¢Kdzaz GKS SljdzAa g1 £ Sy G | 2 dzy 3 QHook¥ad Botif imiza 2 F
uniaxial extension i®*' , which is consistent with an incompressible linear elastic

material (Eq(3.15) when0 =0.5).
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3.2.2 Entropy Spring Theory

The entropy spring model uses equilibrium thermodynamics to determine how
stress is related to changes in both internal energy and entropy of a polymer
network, and thus to determine a constitug law. The polymer is considered as a
three-dimensional network of long chains that are connected at a few points and
form a continuous molecular framework. An overview of this theory is briefly
presented below. Further detail on the elasticity of the pmllar network theory

can be found in Ward and Sween@p12).

3.2.2.1 The Thermodynamics of Deformation

In order to obtain the strain energy for the polymer network, it is necessary to
determine the free energy of the polymer in the undeformed and deformed states.
For an elastic solid of initial length which is extended under a uniaxial tensile

force™Qthe change in internal enerdy "Guring deformation is given by:

Q0 QO YO (3.23)

where QY is the change in entropy¥ at absolutetemperature "Yand ‘Q Ois the
change in the length after deformatiomAs the deformation is assumed to be

incompressible, it is useful to consider tbleange in theHelmholtz free energ@Q

Q0 QOYY YQY QQ)YQY (3.24)

The elementary molecular theory of networks is based on the assumption that the
internal energy of the ideal polymer chains can be ignored and the elasticity arises
entirely from changes inrgropy (entropic elasticity). The polymer chain will seek
the lowest free energy and thus the maximum entropy. The entropy of a polymer
chain is at its lowest when it is fully extended. For a chain that is not fully extended,
the application of an externdbrce will reduce the entropy and increase the free

energy. In the following, the entropy of an undeformed and a deformed polymer
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chain is considered in order to determittee strain energyof the polymer network

and thus a constitutive relationship.
3.2.2.2 The Entropy of a Single Chain

First, the entropy of a polymer chain in the reference state is determined. It is
convenient to consider a freely joined chain in which the molecules are joined by
links with equal lengthir. The chain is arranged Wwitend0 at the origin and the
other end is at pointh whohd as shown inFigue 3.2 (A). The endo-end
lengthi is the length of the vector from to O . The probability distribution of the
endto-end lengthd i has the form of a Gaussian error functi@figue 3.2 (B))

and is given as follows:

W
MT

01 Qi i Qondi Qi (3.25)

where®@ of ¢¢ a . Thus, the most probable length of a chain is not zero.

The entropy of a freely joined chain is proportional to the logarithm of the

number of possible configuratiomgso that:

i Qi (3.26)

whereQAa .2t 4T YFryyQa O2yaidlyio

The number of configurations available to the chain is proportional to the
probability that the chain end lies withinnanfinitesimal volume. The entropy of

the chainis then given by:

i O Qi O QOO O o (3.27)

where ® is an arbitrary constant, and one will recall that the end of the chain is at

the pointd @ oo .
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The mean square chain lengih for the above expression fob i is given

through:
. N T ©
i I 01 QI — ¢€a (3.28)
W

Therefore, the root mean square chain length is proportional to the square root of

the number of links in the chaini( 7 & £).

3.2.2.3 The Elasticity of a Molecular Network

The strain energy function for a molecular netwaré&n be calcuked by assuming

that it is given by the change in the entropy of a network of chains as a function of
strain, i.e. the internal energy of the chains does not vary with strain. It is assumed
here that the principal stretches , _ , and_ are parallel to the three principal
coordinate axesv, w, andw . The deformation is also assumed to be affine, i.e.
the macroscopic deformation is the same as the deformation of a line element on a
polymer chain. The deformation of the polymer ash, when the chain end

0 whoho is displaced to poind @ fro oo (Figue 3.2 (C)) is described by:

O _®
O _® (3.29)
w W

The entropy of the chain after deformation is given by:

i O VO _ o _® _ ® (3.30)

Therefore, the changes in the entropyf deformation of the polymer chaili can

be described as follows:
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Yi i Q0 _ po _ po _ pw (331
The total entropy change of the polymer netwdfRY is given by:
Y'Y i O _ p ® _ p ®
(3.32

where 0 is the chain density, i.e. the number ghains per unit volume in a
polymer network. As there is no preferred directions for thew , or @ directions

in the isotropic state, then:

Ql©

p. . p, O
_U_
o

i —0i =
Cw

5
— (333
p 5 (3.33

Therefore the entropy change of the polymer network can be defined as:

A Vi —0Q _ o (3.34)

Assuming no change in the internal energy of the polymer network on deformation

(YO 1), the change in the Helmholtz free energy is obtained from&2a4) as:

(9]

yo vy 2sq _ o (3.35)

C = =

If the strain energy functiofYis zero in the undeformed condition, then:
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Y YO g" QY _ o (3.36)

The strain energy can be defined for a simple elongation inuhéirection for an

incompressible material (_ _ p,_ _, and _ 7)as follows:

v Poary_
c -

o (3.37)
This equation is similar to the nddookean strain energy function in £8.20). The
constitutive parametef in EQq.(3.22), which is equivalent to the shear modulus of

the material, can be determined as follows:

C0QY (3.38)

Therefore, substituting Eq(3.38) into Eq.(3.22) 4 KS | 2 dzy 3 3of a¥y 2 Rdzf dz
molecular network can be related to the number of polymer chains per unit volume

0 through:

0 oY (3.39)

This thery was modified by Wanet al. (2010 and is used in this thesis, through
implementation in aMATLABprogramme, in order to predict the changes in the

. 2dzy3Qa Y2RdzZfdza 2F t[ D! YFOSNAIf RdzNAy3
0SG6SSy GUKS |, 2dzy3Qa Y2Rdz dza& ThERiodélKsS v dzY
described indetail in a later £ction of this chapter as a mechanical properties

model, which isused in Chapter 8 simulate the mechanical behaviour of PLGA

structuresduring degradation.
3.2.3 Polymer Degradation Model ( Molecular Weight Model )

In this thesis, gohenomenologicalkcontinuum model developed by Wangt al.

(2008 isused to predict the reduction in the molecular weight of PLGA material. In
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this model, the molecular weight distribution of the polymer is described by the
mole concentration of pgimer ester bond , which remain inside the polymer
matrix, and the mole concentration of monomeés . Monomers are produced
during the hydrolytic reactionand they can diffuse throughout the polymer and
also into the surrounding aqueous medium. The rate of cbasf@ is determined

by the hydrolytic reactions (including namatalytic and autocatalytic reactions) of

the polymer chains.

The degradation behaviour of biodegradable polymers is captured by the following

reactiondiffusion equationgWang et al., 2008

O i .
T'l'_c‘) N6 Q66 OO0 nd (3.40)
1o w e w
— Q6 QOO0 (341
To

where Q and Q are the reaction rate constants for the namatalytic and
autocatalytic reactions, respectly;the final term in Eq(3.40) is the divergence of
the gradient ofd which accounts for the diffsion of monomersand’O is the
effective diffusion coefficientThe exponent captures the nodinearity of the
autocatalytic reaction, and accounts for dissociation of the acid end grohe

effective diffusion coefficien® isdefined as

(3.42)

where’O is an intrinsic diffusion coefficiend, is the initial value 06 , and| is a

constant equal to 4.%Wang et al., 2008

The average molecular weight of the polymer is calculated based on the

concentration of ester bonds. It is assumed that the monomers are too small to
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detect. Therefore, the number averageolecular weight) hcan be related td
as follows:
5

0 (3.43
0 o] '

where0 is the initial number averageolecular weight.

The monomer concentration anthe ester bond concentration are obtained by
solving Eqs(3.40) - (3.42). The degradation of th@olymer isthen determinedby

the number average molecular weight of the polymer accordméq.(3.43). This
model is used in a ondimensional model for films and in a thremensional
model for scaffold in Chapter 6 to predict the changes in the molecular weight of

PLGA material during degradation.
3.2.4 Nanoindenta tion Analysis

In this thesis, the method proposed by Oliver and PHa892), introduced in
section 2.3, is used for the nanoindentation analysis in order to determine the
elastic modulus and hardnessEGAnaterial from indentation loadlisplacement
data. Figure 3.3 shows a typical indentation loadisplacement curve and a
schematic representation of a section through an indentation. This figure is based
on the information presented ifrigure2.4, updated here to illustrate details of the

Oliver and Pharr method.

The maximum penetration dept is given by the sum of the contact depth of the
indenter in the specimen at the maxum loadQ and the amount of sinkn "Q as

follows:

N0 0 (3.44)

Assuming that pilaip is negligible, the amount of sk is given by:
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o
QT (3.45)

where “Yis the contact stiffnessO is the maximum load, and is a constant
which depends on the indenter geometiy £ 0.72 for the Berkovich indenter, =

0.75 for a sphere or paraboloid, and- 1 for a flatendedcylindricalpunch).

The contact stiffnessYis evaluated by fitting Eq2.3) to the unloading data and

then finding the derivative at the maximum load, as follows:

A G0 Q 0 (3.46)

whered is the power law exponenbf the unloading curveand Q is the
permanent indentation depth. The constants and 'Q are determined by a least

squares fitting procede.
The contact are@ describes the projected (or cross sectional) area of the indenter

and is determined as a function of contact detHQ as follows

6 Q 67 67 6Q® E (3.47)

whered is typically 24.5 for a perfect Berkovich indenter. The remaining constants
(6,0 Z adount for the tip rounding and other departures from the ideal shape
(Oliver and Pharr, 2004

The reduced elastic moduli® is determined from the contact stiffnesnd the

area funtion as follows:

(3.48)
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wherell is a correction factor which equals 1 for an asymmetric tip when the half
included angle of the indenter is 90and varies slightlyof other indenter
geometries. A wide range of values has been reported for different studies and
there is no consensus on what value should be taken; however, Oliver and Pharr

(2004 suggested a value of 1.034 for the Berkovich tip as used here.

The elastic modulus of the speciménis given as follows:

(3.49)

where’ andO are the Poisson's ratio and the modulus of the indenter, which are
equal to 0.07 and 1141 GPa for a diamond indenter, respectively’ ansl the

Poisson's ratio athe specimen

The indentation hardnes®© is defined using the maximum value of the applied

load divided by the area function:

(3.50)

Plasticity index-is calculated as follows:

@
- = = (3.51)

where w isthe plastic work (which is the area between the loading and unloading
curves),w isthe elastic work(which is the area under the unloading curvehd

w is the total work (which is the area under the loading curve). When the
deformation is likely to be entirely elastie= 0. For fully plastic deformatior,= 1,

and for elast-plastic deformation, 0 <- < 1. The Oliver and Pharr method
described in this section is used in Chapters 5, 7, aafitBis thesisto determine

the mechanical properties of PLGA material.
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3.3 Numerical Methods

3.3.1 Numerical Solution for Sructural Problems
3.3.1.1 Principle of Virtual Work

The pringple of virtual work states that the sum of the virtual work from internal
strains is equal to the work from internal loads. Considerirgpdy of volume
bounded by a surfacé& the internal and external virtual w& can be represented

in Voigt notationas follows:

1£dQ0 10 QY (3.52)

where dand <are the stress and surface traction vectors, respectivetyle,] £ is
the virtual strainvector in the solid at time 0, associated with the virtual

displacementector,] ¢.
3.3.1.2 The Finite Element Method

The finite element method is a means of obtaining approximate numerical solutions
to field problems.Thebody ofvolumew can be discreted into a finite number of
small elementgoined at nodeswhich approximates the initial geometry of the
body. The full collection of elements and nodkat represent the body is known as
the finite element mesh.For structural problems,hie finite element solution

methodis based on the principle virtual work.
The displacement and the strain within the particular finite element can be written

in term of the nodal displacemest as follows:

10 A0
(3.53)
1€ 1o
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wheredl is the element shape function matrix arfdis the elementshape function
gradient matrix. Substituting Eqg. 53) in Eg. 3.52), the finite element
approximation can be summed over all the elements in the mexdpC ¢ Qg &s

follows:

o aqo % o Qv (3.54)

The following global expression can be obtained by performing the summation and

assembling element quantities into global quantities:

Haow 41y (3.55)

where 4 is the global shape function matrix arflis the global shape function

gradient matrix.

The term on the right side of the equality is tglbalexternal force vectos _ «

Tae < 14 gy (3.56)

C2NJ I fAYSINI Stlaidrd Yl BEIYKkctanhbesderptitall Q& f I |

a rt o (357

where ris a 6 x 6 matrixf elastic constantor three-dimensional problems and
¢ isnow the global nodal displacement vecttor the whole meshBy substituting

Eq. 8.57) into Eqg. 8.55), the equation can be rearranged as follows:
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el Qoo 140 <
(3.59)

Loy

Tme «

where L is the global stiffness mai This is the global finite element stiffness
equation. The solution to E(3.58) is obtained by any appropriate numerical

algorithmwhich involves the inversion of the stiffness matrix:

0 L oqe < (3.59)

Substituting Eq.356) into Eq. 8.55) and rearranging this in more general non
linear form, which includes geometical and materialnon-lineariy, yields the

following expression

J y ,
| 0,100, Q60 940 <7 O (3.60

where q is the out of balance/residual forces vector, afd Ttis a set of non

linear equatons in¢ , to be solved using an appropriate numerical algorithm.
3.3.1.3 Implicit Solutions

The above finite element equations for structural problems, most generally Eq.
(3.60), can be solved usingnaimplicit solution sceme. In this type of solution

scheme the state of the model is updated incrementally from tig® 6 Yo,

The commercially available finite element soMeOMSOLMultiphysics (v4.3,
COMSOL Inc., MA, US&\lsed for finite elemenstructural problemsolutionin this
thesis. A modifiedmplicit Newton-Raphson method, called the damped Newton
method, is used ICOMSOLWhen applied in onelimension, the damped Newton

method can be used to find an approximate solution to an equatm 1T
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involving ether a linear or a nodinear function”Qw by taking a tangent to the

function™Q w as follows:

O ® | — (3.61)

where @ is the"® guess fotthe root of the function’Q® T & isan improvel
estimate ofthe root, and| is a damping factor. For  p, this equation results

in the NewtonRaphsormethod.

Applying this method to thgeneral case of theystem of na-linear equdions in

Eq.(3.60) gives:

Yy
y 2 T“TO—O 107 (3.62)

where ¢ 7

is the current estimate the nodal displacement vector for thé
iteration at tme 06 Yo and ¢ Y is an improved estimate of the nodal
displacement relative t® Y The partial derivative of the right hand side of this
equation is known as the Jacobiamatrix; it can alsabe referredto as the global

stiffness matrixand in doing so E@3.62) can be writtenas:

This equation must be solved for each iteratiduring the implicit procesfor the
change in incremental displacemén¢ . Further detail on the damped version of
bSsi2yQa YSiK2ROMBOocuméntatio® dzy R A Y

COMSOL also utilisean automatic linearity algorithm by which it can detect
problem linearity/nonlinearity, and automatically applies linear or nbmear
versions of the solver as appropriate. In this thesis, finite element structural

problems are addressed in Chapter 6 dstimate the effective modulus of the
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degraded scaffold under uniaxial compression strain. For these structural problems
infinitesimal deformation kinematics are assumed and {ioparity due to large
deformation kinematics are neglected, hence the sturat problems are linear.
Further details on the automatic linearity algorithm can be found in the COMSOL

documentation.

3.3.2 Semi-analytical and Numerical Solutions for Polymer Degradation
Problems ( Molecular Weight Model )

In this thesis,semianalyticaland numerical solutions are generated for polymer
degradation problems described by the reactidiffusion basedmolecularweight
modelin section3.2.3 A semianalyticalsolution of the governing equationsEgs.
(3.40) - (3.42)) is obtainedin an idealised on€limensional form for the case of a
PLGA film using the Galerkin methodMATLAB This methodwill be described
below in sectior.3.2.1 Alsoa numerical solutiorof thesegoverningequationsfor
the general threedimensional cases obtainedusing the finite element methobty
implementationinto COMSOMultiphysics(v4.3, COMSOL Inc., MA, USA3will
be described below in sectioB.3.2.2 The finite element equationare solved at
each time step in eacHinite element resulting inthe determination of the
concentations of the monomers anéster bondsin the polymer over time. The
finite element method is applied to both orgimensional (PLGA film) and three

dimensional (PLGA scaffold) cases which are described in Chapter 6.
3.3.2.1 Semi-analytical Solution (the Galerkin Method)

The semtanalytical solution of Egs.(3.40) - (3.42) in onedimensionis obtained
using the Galerkin method through these of thefollowing trial functionsfor the

primary dependent variables

< (3.64)
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whered and¢ are the nondimensional forms of the ester bond concentration
and the monomer concentration, respectively (described in E340) and (3.41)),
which are normalised by their initial valyedis the normalisedlistance through
the film thickness and @, @, and & are functions of normalised timéto be
determined(Wang et al., 2008

The onedimensimal problem geometry is shown iRigure 3.4. Contact on the
outside of the film with the aqueous medium is represented by assuming the
concentration of monomers at the boundary of the film is zeyo ( Tatw p),
which means that all the monomers which reached the surface are imnedyglia
convected away from the surface by the environmental flow. The flux of monomers
at all other boundaries, including the interface between the film and the substrate,

is set to zero.

By substitutingeq. (3.64) into Egs.(3.40) and (3.41), a set of ordinary differential
equationsare generated ofthe variables, &, and® and the MATLABR2014a,
Mathworks Inc., MA, USAjolve ODE45is used to numerically integrate these
equationswith the initial conditions ofo m @ m mand® 1T p. These
initial conditions are applied to give the time wlution of the trial functions,
consistent withthe bourdary conditions dscribed aboveThen 6l is determined
by averaging the nedimensional fornmof the ester bond concentratioa over the
normalisedthickness of the filmwaccording to E((3.64). TheMATLAB code is used
to implement thesolution is provided in Appendix Thesemtanalyticalsolution of
the reactiondiffusion basedmolecular weight modetiescribed herds used for a

one-dimensional form for the case ofRLGA filnin Chapter 6.
3.3.2.2 Numerical Solution (the Finite Element Method)

Numerical solutions to the reactiediffusion partial differential equations (PDES)
given in sectior8.2.3 for the general threalimensional case, are obtained using

the finite element method. Thenumerical solutios of EQs.(3.40) - (3.42) are
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obtained using theclassical PDEBROdule h COMSOMultiphysics(v4.3, COMSOL
Inc., MA, USAThe general form of the classical PDES@MSOIs as follows:

,

T O

2
—a
(@}

N8O B Q. Q86 OO i (3.65)

5
|

Q

—a
o-
_.|

where 6 is the dependent variable, e.§. or 6 . In this general equatior is the
mass coefficientQ is a damping coefficientQ is the diffusion coefficientQis the
conservative flux convectioooefficient,"Qis the conservative flux source term,
is the convective coefficientp is the absorption coefficient, and is the source

term.

In the case ofy and® (Egs.3.40)and(3.41),Q pand@Q ™ Q &
@ T andi is defined as the reaction term3he effective diffusion coefficient

O based on E(3.42) can beused for Oin the equation for0 .

There argwo implicit time-dependent algorithmsvhich can baised inCOMSOLo
solve time-dependent problemssuch as the reactiodiffusion equations Egs.
(3.40) and (3.41)): backward differentiation formulas (BDF) and Generalisett
These algorithms use the Newtddaphson methodthat wasdescribedpreviously

in section3.3.1.3for structural problems}o find the solutiors at several previous
time steps (up to five) to numerically approximate the time derivatives of the fields
and to predict the solution at the next time stephe COMSOEolver automatically
chooses appropriate numerical time steps. These can be set tasbéng as
possible within a certain relative or absolute tolerance for the accuracy of the
integration, which is estimated during runtimia this thesis, the numerical solution

of the reactiondiffusion equationsvas obtainecdat each time step in each@inent
using the BDF implicit timdependent method, with the maximum order of 2.
Further details on this method can be found in the COMSOL document&tin.
numerical solutios of the reactiondiffusion basedmolecular weight model

described herareusedin Chapter 6 for a general thredimensional case.
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3.3.3 The Mechanical Properties Model

In this thesis, tte elasticity of a molecular network theory described in
section3.2.2.3(Eq.(3.39)) is used to predict the elastic modulus of PLGA material

during degradation. This theory was modified Wianget al. (2010 by assuming

that scissions of very long chains (which are constrained by surrounding chains) do

not significantly affect the entropy change and, henttee humber ofchains per

unit volume in a polymer network. Also, it was assumed that a chain with
molecular weight smaller than a critical molecular weight is not included in
counting the number of chains and consequently does not contribute to the
polymer stiffness. Thug) only decreases from its initial kee; consequentlythe
,2dzy3Q& Y2RdzZ dzi R2S&a y20 AyONBFasS RdzNAy3

Polymer chains are affected by two degradation processes, similar to those
described inEgs. (3.40) and (3.41): polymer chain end scission (where scission
occurs at the final bond at chain ends resulting in the production of a monomer)
and random chain scission (where scission occurs randomly at any bond in a chain
resulting in production of two chains with randomnlghs). In this thesis, to
implement this theory for predicting the degradation behaviour of PLGA material,
an initial distribution of chains is assumggigure3.5 (A)) and, after each scission,

the lengths of each newly produced chain are sto(Egjure3.5 (B)) The ratio of
random scissions to end ScCiSSiONS determines how often each type of

SCiSSsion occurs.

Each original chain and the resulting shorter chaans stored in a row as one
group,which is indicated by a yellow box kigure3.5 (B)and theyare counted as
one chain (with respect t&qg.(3.39). Once the number average molecular weight
(0 ) falls below a critical molecular weight , the group of chains does not
contribute to the stiffness and is no longer counted. For each group of chainis,

calculated as the total might of all chains divided by the number of chains:
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(J— (3.66)

where 0 is the sum of polymer units in a group, is the average molar mass
of poly(lactide) and poly(glycolide) (65 g fMpland & is the total number of

chains in the group.

In this thesis, e random occurrence of the scissions and the subsequent evolution

of the molecular weight distribution, i.e. the lengtla$ the chains,are predicted

using MATLAB(R2014a, Mathworks Inc., MA, USAhe mechanical properties

model predicts anofi Ay SF N RSONBI &S Ay decreadeg @@ a Y 2R
MATLAB code used to implement the moadgprovided in Appendil.

Aninitial distribution of the polymer molecular weightriequired by the model and

for the implementation in this thesis; this distribution iebtained from
experimental GP@atafor the PLGAmaterial (which is presented i@hapter J. For

this, the total nunber of polymer chain® is required to chosen and the
length of these chains are determined such that the molecular weight of the chains

in the simulation matched the experimental GPC data.

Themain model parametersncluding the critical molecular weight , theratio

of random scissions to end scissioNs , and the total number of polymer
chains0 are required to initially determinedlhis model is used in Chapter 6

G2 LINSBRAOG GKS NBf I §maylus Entl thie mofedularSvBight K S

distribution for PLGA material.
3.3.4 Coupling Molecular Weight and Mechanical Properties Models

In this thesis, he reactiondiffusion basedmolecular weight model (described in
section 3.2.3 and the molecular network basednechanical properties model
(defined in sectior8.3.3 are coupled in order to simulate the mechanical behaviour
of PLGAstructuresduring degradationTo allow for the more general case of three

dimensional structures to be considered, the finite element implementation of the
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molecular weight model (described in secti®r3.2.2) is usedFigire 3.6 presents a
flowchart that givesan overvew of each model and the coupling scheme which is

usedto generate the combinedomputational modellingramework

With reference toFigure 3.6, the change in the molecular weight distribution as
polymer chains undergo scissions captured by COMSOLfor the particular
structure of interest As the degraation proceeds the molecular weight
distribution at each solution poinfnode in the finite element mesh3 determined
This distributionis represented inCOMSOlvia the varibles6 and 6 , i.e. the

concentrations of esters bonds and monomers, respectively.

At each time step, the mechanical properties modethen used to calculate the

current modulus within each finite element gt each integration point As
described m Eq.(3.43) changes ird are assumed to capture changesiin. Thus,

changes ind (as predicted by the molecular weight modele related (via the
YSOKFYAOIfT LINRPLISNIUASE Y2RSt Wofthe mateKal y IS a
throughout the finite element meshkinally, the distribution ofO can beused as

the input to a further finite element structural simulations (using COMSOL, as
described in sectior8.3.1.3 to predict the mechanical performance of a PLGA

structure during degradation.

In this thesis, the coupled modelling framework is calibrated using the experimental
results forthe degradation of PLGA filrddtermined from the experimental data of
Chapter 5)(refer to Figure 3.6). The framework is then applied in Chapter 6 to
predict the degradation and mechanical properties of PLGAs fiin different

thicknesses andf a range oPLGA scaffo&d

3.4 Conclusion

This chapter givean overview of the theoreticahnd numerical metbds used in
this thesis.Thereactiondiffusion basednolecular weight modeandthe molecular

network basedmechanical properties model are coupled in order to simulate the
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mechanical behaviour of PLG#&ucturesduring degradationThe semtanalytical
sdution of the reactiondiffusion basedmolecular weight model is obtaineid an
idealised onedimensional form for the case of BLGA film. Als@ numerical
solution of this modelfor the general threadimensional casés obtainedusing the
finite elementmethod. The coupled modelling framework is calibrated using the
experimental results for the degradation of PLGA film (determined from the
experimental data of Chapter 5Jhecoupledframework is then applied in Chapter

6 to predict the degradation and nobanical properties of PLGA faraf different
thicknesses and PLGA scaffold’he finite element structural problems are
addressed in Chapter 6 to estimate the effective modulus of the degraded scaffold

under uniaxial compression straassumingnfinitesimal deformation kinematics.
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3.5 Figures

Original configuration F Deformed configuration

X3

Figure3.1: A schematic of a body with volunae in the original configuration that is
mapped to the volumevin the deformed configuration.
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Original configuration Deformed configuration

P(r)

r

Figue 3.2: (A) A single freely jointed polymer chain with a chain @énd fro e

in the original configuration and with the ertd-end lengthi . (B) A Gaussian error
function which shows therobability distribution of the endo-end lengthd i . (C)
The end of chaind whoho in the original configuration is displaced to
0 @whw o in the deformed configurion.
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Figure 3.3: (A) A typical loadisplacement((G™Q curve for an indentation
experiment indicating the parameters used in the indentation analysis based on the
Oliver and Pharr method. (B) A schematic representation of a section through an
indentation."O =maximum load;¥-contact stiffness;Q =maximum indentation
depth, Q=permanent indentation depth’Q=contact depth of the indenter with

the sample at the maximum loa#igure blured due tocopyrightrestrictions.
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Figure 3.4: The boundary conditionsused for the reactiordiffusion based
molecular weight model The thickness of the filns & Figure blured due to
copyrightrestrictions.
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A
Initial chain length
6205 0 0 0 0 0 0
6022 0 0 0 0 0 0
5845 0 0 0 0 0 0
5674 0 0 0 0 0 0
—>| 5508 0 0 0 0 0 0
5348 0 0 0 0 0 0
5192 0 0 0 0 0 0
5040 0 0 0 0 0 0
a7 &
L(LCLOQELLO( R
Random scission End scission
B

Chain length after random/end scissions

6199 1 il 1 1 i il
5894 123 1 1 1 1 1
3899 1941 1 1 1 it il
5668 1 1 1 1 1 1
— 545 il 1 1 4375 1 584
2843 2500 1 1 1 1 1
5196 1 1 0 0 0 0
5035 1 1 1 1 1 1

Figure3.5: A schematic of (A) the initial chain length ai®)the produced chains
stored after random and end scissionghe newly produced chains are stored in
each row. Theed box shows an example of the original chain length and the yellow
box shows the resulting shorter chains after chain scissions.
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Figure 3.6: Flowchartof the coupled computational modelling framework used for
the prediction of degradation behaviour and mechanical properties of PLGA
structures. The coupled modelling framework is calibrated using the expetainen
results for the degradation of PLGA filnFigure blured due to copyright
restrictions.
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4 Experimental Methods

4.1 Introduction

This chapter describes the sample preparations and the expershenethods
used in this thesisThe materials and sample preparations are presented in
section4.2. Thein-vitro degradation of PLGA materials is descriliedection4.3,
followed by theexperimental methods, includingptical microscopyand scanning
electron microscopy(describedin section 4.4), gel permeation chromatography
(describedin section4.5), Xray diffraction (describedin section4.6), and atomic
force microscopydescribedin section 4.7), to characterise the materials during
degradation.The calibration processes and the testing protocol for performing the

nanoindentation technique on PLGA material are described in se¢t®n
4.2 Materials and Sample Prepara tions

DL:lactide-glycolide copolymer with a molar ratio of 50:50 andianerent viscosity
midpoint of 1dl g' (PURASORB PDLG 5010) was suppjideurac Biomaterials
(Gorinchem, Netherlands). Chloroform (Cfl@hd Dimethylformamide (DMF) were
purchasedfrom Sigma AldrichMissouri USA). Phosphateuffered saline solution
(PBS) was prepared by dissolving one tablet supplied by Sigma Aldrich in 200 ml of

deionised vater.

In this thesis, PLGA samples were prepared by two different methods: solvent
casting and compression moulding. A compressimulded plate was supplied by
Proxy Biomedical Ltd (Co. Galway, Ireland). The plate was cut into 20 x2@shm

pieces wih thickness 0f1.082 = 0.006 mmThe density of the compression
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moulded material was 1.2& 0.02 g crit.The compressiormoulded samplesre

referred to as CM1000, hereafter.

To prepare the samples by solvent casting, the polymer was first dissolved in
chloroform. The mass concentration of the solutibnwas determined in order to

obtain the desired thickness of the filoas follows:

. 4.1)

where0 is the suface area of the Petri dish, is the density of the polymer, and
w is the volume ofthe polymersolution which is added to each Petri dish. The
density of PLGA 50:50 was assumed to be 1.34Y(amold et al., 200y

The solution of PLGA in chloroform was prepared at two different concentrations
(" ): 0.2 g mit and 0.1 g mt. Using a pipette, 2 ml of thgolymersolution () was

then cast onto a glass Petri dish (diameter 40 mm). To prevent the formation of air
bubbles, the Petri dishes were covered by glass lids. The samples wenguthiato

a desiccator for 48 h at room temperature and then dried in a vacuum for a week.
The thickness and weight of the samples were measured by a digital micrometer
and a digital balance, respectively. The thickness of the scebasitfilms prepared

by the polymer solutions 0.2 g mf* and 0.1 g mt was0.250 + 0.040 mm and
0.120 + 0.002 mm, respectivelyhe density of the solvertast material was 1.06

0.06 g crit. The films are referred to as SC250 and SC120, here@fterproperties

of the PL®@ samples used in this thesis aleown inTable4.1. An example of an
undegraded solventast PLGA film and a compressianulded PLGAlate in the

asreceived condition are shown Figure4.1.
4.3 In-vitro Degradation
The degradation study was performed according to the ASTM Fl63%andard

(2011). The samples were weighed to measure the initial mass of the dilms To
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simulatein-vitro degradation conditions, the samples wmeeplaced in PBS with a pH

of 7.4. The mass ratio of the PBS solution for each specimen was 100:1. Individual
sterilized containers were used for each sample with sealed lids to prevent
evaporation of the PBS solution. The containers were placed in an av8i°C

during degradation.

¢CKS LI 2F GKS az2ftfdziaz2y 61 a LISNA2RAOIf f @
meter (Thermo Fisher Scientifiassachusetts, USAhrough the course of the

study. The pH meter was calibrated with three pH buffers: 4.0, 7.0 and 10.0.

The samples are removed from the PBS at each time point and weighed
immediately to obtain the wet masa . Then, they were gently washed with
deionised water and blotted dry prior to further study. The dry mass was
measured after the specimens had been vacuum dried to a constant weight. The
mass remaining and water content of the specimens weeulated as follows:

A a a

-A@AT AT @)nnd— pTT
(42)
o a
7 AOAOT ORI Od— pTT

4.4 Surface Morphology

The surface of the samples was imaged using a BXBfital microscope
(Olympus,Tokyq Japan) immediately after removing them from the PBS solution.
The samples were subjected to gold coating for 2 min at a current of 25 mA and
examined using a Hitachi4F00 scanning electron microscope (SEM) (Japaai at

accelerating voltage of 15 kV.
4.5 Molecular Weight Determination

The average molecular weight of the materials was determined using a gel

permeation chromatography (GPC) system consisting of a Viscotek DM 400 data

78


https://www.google.ie/search?biw=1216&bih=597&q=waltham+ma&stick=H4sIAAAAAAAAAOPgE-LSz9U3MCooMTBJU-IAsTOqjE21tLKTrfTzi9IT8zKrEksy8_NQOFYZqYkphaWJRSWpRcUAAxikqkQAAAA&sa=X&ved=0ahUKEwjHyOn1q8XJAhVHXBoKHZE7D-MQmxMIgQEoATAS

Chapter 4

manager, a Viscotek VE 3580 refractivdex detector, and two Viscotek Viscogel

GMHgM columns. The samples were removed from the PBS solution and
dissolvedinDMF (Gmgmil @ ¢ KSy = wmnn >f 2F GKS a2t dziA
using an autesampler. Measrements were carried out at 6C andat a flow rate

of 1.0 ml mift using HPL-Grade DMF containing 0.01 M LiBr as the eluent. The
columns were calibrated using twelve polystyrene standards with molecular
weights ranging from 376 to 2,570,000 g thotherefore, the weight average

molecular weight { ) and thenumber average molecular weight () of the

samples were measured with respect to polystyrefie polydispersity index (PDI)

was determined as the ratio of the weight average molecular weight to the number

average molecular weighd( /0 ).

4.6 Crystallinity

The crystallinity of the PLGA materials was determined -bgyXdiffraction (XRD)
technique using an Intel Equinox 3000 diffractometer (Stratham, USA). Diffraction
patterns were recorded between the angular ranges of 5° to (35} using Cu K

NI RAIFIGA2Y 2F g ¢St Sy3adK moepn L 6on 1+ H.
4.7 Surface Roughness and Pile-up

The surface roughness of PLGA films was measured uBimgesnsion 310@tomic

force microscope (AFMP(gital Instruments Veeco Metrology, Santa Barbara, CA)
in non-contact mode at 1 Hz scan rate. The surface images of the impression left by
the indentation were obtained using AFM and the cresstion profiles of the

indents were analysed to investigate the formation of pif@

4.8 Mechanical Properties

The mechaital properties of PLGA materials were evaluated by the
nanandentation technique using a Nano Hardness Tester (CSM instruments SA,
{6AGT SNI I YRO 6A0GK | f2FR IyR RSLIGK NBazt

A general view of the nanoindentation instrument used in this thesis is shown in
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Figure4.2. The indentation tests were carried out using a Berkovich indenter tip.
Before proceeding with an indentation testhe optical micoscope and thearea
function were calibrated awill be described in detail below. Thethe indentation
tests were performed on the PLGA materials to evaluate their mechanical

properties.

4.8.1 Indenter -Microscope Distance Calibration

The indentermicroscope calibration was performed to measure the distance
between the focal point of the visual tips field and the centre of the indenter in

the X and Y axes in the plane. An accurate measure of this offset is essential to
ensure that the indentation will be performed at the locations preselected using
the visual optics. This positioning calibratioils essential especially for
heterogeneous materials, such as the degraded samples, where the indentation has
to be performed in specific areas. A separate microscope with 5x and 120x
magnification lenses and a digital camera attachment were used to phapbghe

specimen and to select the area to be indented.

4.8.2 Area Function Calibration

Thearea functiond "Q was defined as a function of the contact defhusing a
fitting method involvingsix terms, according to EB.47). The area function was
calibrated from nanoindentation of fused silica. The fused silica samgsecleaned
with isopropanol (99.9%) and a soft tissue paper before testignatrix of 10 x 11

indents at different loads was performed for the calibration.

After tip calibration, an indentation test was performed on fused silica to verify the
accuracy bthe indentation measurement. The maximum load of 80 mN with a
holding time of 10 s between loading and unloading was (B&glre4.3 (A)) The
loading and unloading rates were set at 160 mN “hifihe contact point was
precisely determined for the loadisplacement curvas the first point at which the
load starts to increase, which appears as a sharp rise in the load([Eigiare4.3

(B), as described isection2.3.4.3 The maximum indentation depti® and the
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elastic modulu® were measured based on the Oliver and Pharr method described

in Chapter 3The Poissg Q& NI GA2 2F ndmT 6 Mhe elasticd dzY SR
modulus and the maximum indentation depth we&.2 + 0.8 GPa and 748:76.6

nm, respectively. These values are close to the values reported by the manufacturer
guidelines'© =70-75 GPa att™Q =780-900 nm)which confirmed the reliability of

the measurements.

4.8.3 Indentation of PLGA Material

4.8.3.1 Sample Preparation and Testing Conditions

No polishing was employed in order to avoid possible changes in the properties of
the material. The PLGA salep were indented on a glass coverslip (D263,
Borosilicate glass) by mounting them on clear dotditked tape. All indentation

tests were carried out at room temperature.

The mechanical testing of undegraded control samples was carried out in the dry
condtion. Degraded samples were removed from the PBS and blotted dry prior to
mechanical testing at each time point. The mechanical properties of the degraded
samples were evaluated in the wet condition in order to assess ith@vo
mechanical behaviour of #se materials; although, the presence of water in the
samples made the indentation testing more difficult to perform due to difficulties in

surface detection procedure.
4.8.3.2 Testing Protocol

The desired indentation area was chosen using the optical microscByge.
controlling the position of the tableFgure4.2), the sample was placed under the
tip for making a measurement. Before each mgldmple run, the surface to tip
distance was set by adjusting the depth offset in a fine range (10 um). After the
initial range adjustment, the surface detection paraers, i.e. the approaching
speed and delta contact slope were determined. Based on the manufacturer

guidelines, the approaching speed and the delta slope are recommended to be
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2000 nm mift and 80% and 4000 nm minand 25% for stiff and compliant
materiak, respectively. In this thesis, for the undegraded PLGA materials and the
degraded PLGA materials at the early stage of degradation, the approaching speed
and the delta contact slope were set at 2000 nm ™and 80%, respectively. For

the degraded sampkeat the later stages of degradation, these values were set at

4000 nm miff and 25% to make the surface detection procedure easier.

A linear loaecontrolled loading and unloading mode was used for all indentations.
The indentation measurements were fourtd be more accurate when load
controlled loading was used compared with displaceramttrolled loading. The
contact load was first increased to a preset maximum load at a constant rate, kept
at this load for 60 s holding time, and finally decreased t@ zrthe same rate as

for the loading. For a shorter holding time, a npséich described in Chapter 2,
occurred in the loadlisplacement response upon unloading. Therefore, in all
indentation tests, the holding time was fixed at 60 s to avoid the nos$ecef
Different maximum indentation loads and the loading and unloading rates were

used, as will be described iext chapters.

A matrix of 5 x 5 indentwvas used(Figure4.4 (A))to perform a single batch of
identical indentations with a distance between two indents set to be larger than 30
times the maximum indentation deptf® in order to avoid overlaps in the elastic
deformation of adjacent indentsF{gure4.4 (B)). The Poisson's ratio 6f3 was
assumed for the PLGA materas a typical value for polyme(8randrup et al.,
2003. The mechanical properties BLGA materialspecifically the elastic modulus
and hardness, were detmined according to the Oliver and Pharr method

described in Chapter 3.
4.9 Conclusion

The samplesised in this thesisre prepared by the solvent casing and compression
moulding methodsThe experimental methods described in this chapter are used in

the expeaimental studies presented iG@haptes5, 7, and8.
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4.10Figures

Figure 4.1: Example of undegraded PLGA samples prepared by compression
moulding (left) and solvent casting (right).

Video camera l—

‘ MIVL_)//.JL\'I::._J',. AJIC

4

Optical microscope l— ii‘ ﬂ s e > M

Head f—
Sample stage

Indenter (inside)  —

Motorized table f——

Figure4.2: Nano hardness testefCSM instruments SA, Switzerlaodgerview used
in this thesis.
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Figure4.3: (A) An example of the loadisplacement curve™@ "Q obtained from
nanoindentation on fused silicalhe maximum load of 80 miN appliedwith a
holding time of 10 s between loading and unloading. The loading and unloading
rates are 160 mN mift. B) A schematic of determining a correct contact point
(indicated in green) athe first point at which the applied loadJ starts to increase
(indicated in black).
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25 indents (5 x 5 matrix)
JIIIIY
JIIIIJI
IIIIY
JIIII Y
NANRINAY

Elasti/c/defo\rrxnation

Figure4.4: (A) A schematic o& matrix of 5 x 5 indentahich is used to perform a
single batch of identical indentationsand (B) an illustration of the distance
between two indents to avoicn overlap inthe elastic deformation oftdjacent
indents. This distance should be larger than 30 times the maximum indentation
depth™Q .
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4.11Table

Table 4.1: The poperties of the compressiemoulded and solventast PLGA
materials used in this thesis.

Sample code Method Thicknes{mm) Weight (g) z y(g mi%)
SC120 Solvent casting 0.120 £ 0.002 0.16 +£0.01 0.1
SC250 Solvent casting 0.250+0.040 0.3x0.05 0.2

CM1000 Compression moulding 1.082 £ 0.006 0.52 £0.01 none
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5 Nanomechanical Properties of Solvent -cast PLGA

Films During Degradation

5.1 Overview

The aim of this chapter is to evaluate the mechanical behaviour of sebsstt
PLGA film (SC250) during degiamta Hydrolysis of the films is studieahder
simulated physiological degradation condition (pH 7.4, 37Y6e mass loss and
water uptake, surface morphology, molecular weight, and crystallinity of the films
are characterised during degradation. The metical properties of the filsmare

evaluated using the nanoindentation technique for different indentation loads.

The results of this chapter show that there is a significant delay between the
decrease in the mechanical properties of the film and the éase in the molecular

weight. The mechanicgbroperties of the film decreasehen the number average

molecular weight of the polymer chains reaches a critical molecular weight of 1500
gmot.! &dzZRRSy RSOftAYyS Ay G(KS | 2dzytEhD&d Y2 R
significant degradation occurs. These results provide an insight into the relationship
between the changes in the mechanical properties and the degradation behaviour

of PLGA material

5.2 Introduction

Depending on the application, a medical implant candubjected to a range of
loads and stress conditions, which may cause mechanical failure of the material. In

order for an implant to function, it must have sufficient mechanical stability.

! The following has been published &hirazi RN, Aldabbagh F, Erxleben A, Rochev Y,
McHugh P. Nanomechanical properties of poly(lactiglycolic acid) film during
degradation Acta Biomateriali2014; 10: 469%1703.
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Mechanical performance of biodegradable coatings in stent apjpbiea for

instance, is of significant importance when one considers coating deformation on
stent expansion and mechanical loading on contact with the arterial tissue.
Therefore it is necessary to know the mechanical properties of PLGA films for
understandng the performance of biodegradable coatings during degradation.
Additionally, consideration of PLGA in this context presentsna@del system

allowing for the study of film degradation and the effect on mechanical properties

in a relatively rapid testingrne frame.

Significant degradation studies have been focused on the mechanical performance
of PLGA scaffold@grawal et al., 2000Cao et al., 2006Lu et al., 2000Wu and

Ding, 2004Wau et al., 2006bYang et al., 20)&nd PLGA blended with some other
materials (Yang et al., 2008Zhou et al., 201Rfor load bearing applications;
however, the number of reported studies on the mechanical behaviour of PLGA

films is limited.

In general, a wide range of mechanical testing methods are used to measure the
mechanical properties of bi@djradable polymer¢Daniels et al., 199MHayman et

al., 2014 Li et al., 2010pSteele et al., 2031Térmala et al., 1987 As discussed
before, in particular, heterogeneity due to degradation may cause ingecy in
mechanical test, e.g. localisation of strain in a tensile.tésiditionally, the low
stiffness and strength of some biodegradable polymers due to degradation can lead
to inaccurate test results, e.g. in a flexural test the-sedight of the spetnen may

be significant or in a tensile test failure may occur during gripping.

As an alternative, nanoindentation provides a powerful technique tfzet beused
to measure the mechanical properties bfodegradable polymergMaxwell and
Tomlins, 2011 Wright-Charlesworth et al., 2005 Maxwell and Tomling2011)
studied the changes in the mechanical propertiesanf injected mouldedPLGA
85:15 cylindrical rodthrough the specimen thicknesduring degradation The

mechanical properties of the injected moulded PLA andrsatiforced composite
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PLA plate wereinvestigaed by Wright-Charlesworth et al (2005 using the
nanoindentation techniqueThese studies have mainly focused on localati@ns
in the mechanical properties during degradation; however, the degradation

mechanism has not been described in detalil.

Even though the nanoindentation technique has been successfully applied to
estimate the elastic and elastplastic properties ofmaterials, adapting this
measurement technique to polymeric films remains challengiAg. discussed
previously in Chapter 2,imne-dependent behaviour of the polymers causes a
displacement at a constant maximum load and, therefore, a negative contact
stiffness which causes inaccurate mechanical property measuren{Eetsy and
Ngan, 2002 Tang et al., 2031Yang et al., 2004Zhou and Komvopoulos, 2006
Also, for many soft materials, adhesion between the indenter and the sample has a
significant effect on the modulusetermined by nanoindentatior(Gupta et al.,
2007 Liao et al., 2010 Adhesion is observed during indenter appah (pulon
adhesion) and indenter retraction (pwdff adhesion) resulting in a negative force in

a loaddisplacement curve. Another issue, in case of thin film, is the effect of
substrate on the measurement of the mechanical properties of the film. iBhis
particularly important when there is a difference between the modulus of the film
and the substrate, as in the case of relatively soft polymer on hard substrate. In
order to avoid the effect of substrate, the indentation depth should be cheasra

rule of thumb to be less than 10% of the film thickng&eng et al., 2005

Takng all of the above into consideration, the first specific objective of this chapter
is to study than-vitro degradation mechanism of PLGA film. The second objective is
to determine the relationship between the changes in the molecular weight and the

relevantelastic modulus of PLGA material during degradation.

5.3 Material and Methods

In this chapter, SC250 material was used whvels prepared by solvent casting as

described in Chapter 4. Overall, 70 samples were gener&@gamples were used
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for calculaing mass loss and water conte®) samples were used for microscqpy

XRD andGPCand 10 samples for measuring mechanical properties.

To simulatein-vitro degradation conditions, the materials were placed in PBS with
pH 7.4, at 37°C as described in Gkapl. The materials were removed from the
PBS at eactiegradationtime point. Three samples were usddr each degradation
time point to calculatethe mass remainingand water content(accordingto Eq.
(4.2)) andto determine the molecular weightThe degradation was assessed using
a range of techniques described in Chapter 4 to characterise the surface

morphology, molecular weight, crystallinity, and mechanical properties.

The mechanical properties of the material wareasuredby the nanoindentation
technique using a linear loacbntrolled mode. Three maximum indentation loads
were used: 5 mN, 7 mN, and 10 mN. The loading and unloading rates were set at 14
mN mif'. The holding time was set at 60 s between loading andadgihg.
Figure5.1 shows the typical trapezoidal loading function and the loligplacement

response for undegraded PLGA material.

As described previously in Chapter 4natrix of 5 x 5 indents was used to perform

a single batl of identical indg’ G F G A 2y a & A ( K toaJaltl Qvérigpping2 T p n
the elastic field of each indent (refer téigure4.4). The indentation tests were

performed on a reasonablyomogeneous surface region to avoid the compiiogt

influence of surface roughness in case of degraded material. Then, the average of

2n AYRSyGa 61a dzaSR (G2 RSIOGSN¥YAYS GKS | 2

samples based on the Oliver and Pharr metft2P2 described in Chapter 3.

All statistical analysis was performed by Microsoft Excel and OriginPro 8 software
usingone-way ANOVA with a post hoc Tukey test)-valueof 0.05 was considered

to besignificantly differentDatawere expressed ameans + standardeviation.
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5.4 Results
5.4.1 Mass Loss and Water Content

Figure 5.2 shows the mass remaining and water content of the film during
degradhtion. Diffusion of water into the film resulted in an increase in the water
content from the initial days of degradation. Although water uptake was quite slow
in the first 9 days, it increased significantly to 8.0 £ 2.2% after 15 days. The results
showeda statistical difference between the water content at day 9 and dayis (
0.05). At day 19, the water content was more than 12.0 + 0.1%. There was no
statistical difference between the mass remaining over the first 11 days{.05).

After 19 days of degradation, the film had lost 15% of its initial mass. During
degradaton, no statistical difference in pH was observeg X 0.05) and the

measured pH values remained within the range of 7.40 + 0.03 (data not shown).

5.4.2 Surface Morphology

Micrographs of the surface of PLGA films at different degradation times are shown

in Figure5.3. The surfaces of the films were quite smooth before the films were

placed into the medium. Theoot mean squaredralue of thesurface roughness

(Y )2F GKS dzy RS3aIN} RSR t [ D! ¥ Adcai@ea @ttt n dn n
not shown). Due to diffusion of water into the films, the appearance of the films
changed gradually from being initially transparent to becoming opaque. After 3

days of degradation, small holes had appeared on the surface of the films. With

time, the number of these holes increased arafter 11 days, the sdiace of the

film had become que rough. The sample surface had swollafter 15 days of
degradation, resulting in a number of bumps emerging on the surface of the film.

These bumps were alsibserved after 19 days.

In order to avoid the complicating influence of these bumps in the indentation
measurements (presented below in sectibrt.5 and to achieve reproducible and
reliable results, a reasably homogeneous surface region on which to perform the

indentation tests was selected for each sampigure5.4 shows the relative size of
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the indentation matrix and a single indentation with respect to the surface
geometry ofthe degraded film (after 19 days) to clarify how the relatively smooth

region of surface was selected.

Figure5.5 shows the SEM micrographs of the degraded PLGA films after 3 and 19
days. It is important to note that the insidgtructure of the PLGA film was still

intact after 3 days; however, it had become porous after 19 days of degradation.

5.4.3 Molecular Weight

Figure5.6 (A) presents the molecular weight distributions (MWDs) for sbévent

cast PLGAIm at different degradation times. The MWDs, which wearermalised

to peak heightwere unimodal for all the films (although broader at longer times)
and shifted to lower molecular weights as the degradation time increased. The lack
of bimodality of peés is indicative of the degradation near to the chain ends and
the release of small molecular weight fragments rather than the cleavage of larger
fragments. To clarify the difference in shape, the MWDs at day 11 and day 19 are
shown in blue and red, respiieely. The grey square shows the area with a number
average molecular weight of more than 11,000 g Tdligure5.6 (B) shows e

total number of polymer chainwith a number average molecular weigbt more

than 11,000 g mdi which was calculated for each degradation time point by
integrating the distribution curve ifigure5.6 (A) in the grey area. The percentage

of polymer chains witlthe number average molecular weightore than 11,000 g
mol™ decreased from 92% at day 9 to 65% at day 11. After 19 days, only 16&b of

molecular weight ol the polymer chains asgreater than 11,000 g mol

The changes in theumber average molecular weighhd polydispersity index (PDI)
(0 /0 ) of the solventcast PLGA filrduring degradation are shown Figure5.7.
Thenumber average molecular weigbt the films decreased almost linearly from
82,000g mol* to 11,000 g mét over the first 11 days andfter 19 days, it hd
decreased to less than 2,000 g fholhe PDI of thendegraded materiawvas 2.1.

There was no statistical change in the PDI of the film over the first 9 days of
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degradation §§ > 0.05). After 11 days the PDI increased and reached 4.7 at day 19.
As show in Figure5.6, the molecular weight distribution was relatively narrow

until day 9. The increase in PDI was indicated by a broader molecular weight
distribution after 11 days, which was expected due to a statistically greater

difference betweerthe polymerchains of lower molecular weight.

5.4.4 Crystallinity

Figure5.8 shows the XRD patterns of the undegradsaventcastPLGA film and
the film degraded for 19 days. This typical brdaalo pattern with few maxima
confirms tha all films remained amorphous and nerystallinity was observed

during degradation.

5.4.5 Mechanical Properties

Figure5.9 shows the Young's modulus and hardness ofgsbklentcast PLGAImM
during degradation fodifferent maximum indentation loads. These results were
obtained for the films in the wet condition. The Young's modulus and hardness of
the films in the dry condition were larger than those in wet condition. These results

are shown in Appendi€for comparison purposes.

As shown inFigure 5.9 (A), measurements of modulus using nanoindentation
tended to increase with decreasing load. The differences between the elastic
modulus for different loads appeared fboth undegraded and degraded films. For
undegraded film, maximum loads of 5 mNmN, and 10 mN resulted in 1017.8 +
13.5 nm, 1256.6 = 38.2 nm, and 1655.0 + 22.7 nm indentation depths, respectively.
These indentation depths implied indenter penetrations of less than 1% of the film

thickness, indicating reliable elastic property measoeats.

The Young's modulus value from a conventional tensile test for undegraded film
(3.5 £ 0.2 GPa) was found to agree with the value obtained from nanoindentation
for 7 mN indentation load (3.8 £ 0.1 GPa); consequently, attention was focused in
particuar on the values of Young's modulus for 7 mN indentation load during

degradation. In the initial days of degradation, the changth@Young'smodulus
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was negligible until day 1% & 0.05). Theroung'smodulus decreased to 3.1 + 0.4

GPa after 17 dayd$ollowed by a significant drop at day 19 to 0.30 £ 0.05 GPa. A
AAIYATAOLI Yyl &aiGlFrGA&aiAOlt RAFTFSNBYyOS SEAA
day 17 and day 19)(< 0.05). The different maximum loads resulted in essentially

the same trend during th degradation.

The hardness of the undegradedlventcastPLGA film was 157.9 £ 14.3 MPa for
the maximum indentation load of 7 mNrigure5.9 (B)). The values of hardness
were almost similar for differenhdentationloadsand ro statistical difference was
observed ) > 0.05). This trend also existed for degraded films until day 5. After 5
days, the surface hardness showed different values for different indentation loads
at each time point. Another important observation was theduction in surface
hardness after the films were put into the medium. This trend was also observed
until day 9. After 9 days, significant fluctuation in hardness values appeared. The
value of hardness decreased significantly and reached less than 1461 MPa

after 19 days.

5.5 Discussion

This study presents, for the first time, a thorough investigation of the mechanical
properties ofthe solventcastPLGA film using nanoindentation. The PLGA film was
subjected to degradation iphosphatebuffered saline solution at 37°C. During
degradation, the surface microstructure of the film gradually changed. Initially, the
PLGA film had a transparent appearance and a smooth surface, whereas, with time,
some small holes were observed on the film surface and the fdoaime whitish

and quite rough. The change in the surface microstructure of the film suggests a

heterogeneous surface degradation.

The bulk degradation of PLGA film has been reported by a number of aithoes
al., 1999 Pamula and Menaszek, 2008ey et al., 2012Vey ¢ al., 2008. These
studies concluded that the degradation is faster in the centre of thetfiem at the

surface due to the increased concentration of acidic degradation products inside.
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The change in the pH of the aqueous medium provides informatiothe release

of acidic products from the bulk of the film into the environment. A rapid increase
in the acidity of the medium solution can suggest that degradation is faster in the
bulk rather than at the surfac@/ey et al., 2008 In the present case, a very small
change in pH was observed during the degradation study. This small change could
well have been due to the gin solutionto-specimen mass ratio of 100:1 which was
used in order to ensure stable aging conditidASTM:F16381, 201). At a lower

ratio a larger change in pH may have been obsefv&y et al., 2008 Therefore, in

the present case, the absence of observable change in pH does not support any
conclusion regarding the bulk degradation. Hawer, SEM microscopy of the PLGA
film clearly showed the development of significant porosity throughout the film
thickness after 19 dayshich shows that the degradation is faster in the centre
than at the surface. This clearly indicative of heterogenas bulk degradation of

the film.

Diffusion of water caused a scission of polymer chains near to the chain ends and,
as a result, the molecular weight reduced during the initial days of degradation;
however, there was no noticeable change in PDI until dayhe almost linear
deaease in the number average molecular weiglver the first 11 days indicates

an insignificant reshuffling of the chain length distribution during degradation, as
occurs under appropriate conditions in typical stg@wth condensatn
polymerizations(Flory, 1942 Even though the molecular weight dropped at a
significant rate initially, up to day 11 the mass loss was negligible, meaning that the
degradation products were essentially trapped inside the film. The small change in
the mass of thdilm in the initial days of degradation also suggests that the surface
degradation occurred more slowly than the bulk. At day the, number average
molecular weight of the polymer chains wa$,000 g mat; beyond this, both the
mass loss and the PDI irased, indicating that a significant number of molecules
had been produced that were small enough to diffuse out of the film matrix into

the medium. Similar results were found by \é&tyal. (2008 for PLGA 50:50 filmast
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onto a glass Petri dish withsmaller diameter(13 mm)but similar thicknes$0.25
mm) to that in the presentstudy. As expected the degradation rate was similar in

the two studies due tahe same thickness of the films

After 11 days, the reduction in molecular weight of the film slowed down
significantly; however, the modulus was still relatively constant by day 17. After 17
days, the elasticity of the film decreasedda at day 19, the modulus suddenly
dropped to about 13% of the initial value for undegraded film, indicating that
considerable degradation had occurred. Beyond that, it was too difficult to measure
the mechanical properties of the film due to the degradat At this stagethe
number average molecular weight of thelpmer chains reachet’500 g mot and

the pdymer mass had reduced to 15%.

This study has highlighted th&tte Young's modulus reducticior PLGA material
lagged significantly behind the radtion in the average molecular weighthis
result is inagreement with the previousexperimental observationsfor other
biodegradable polymers. It has been shown tttet mechanical strength decreases
after the molecular weight reduceSaha and Tsuji, 200&suji, 20002002 Tsuiji

and lkada, 2000Tsuiji et al., 2000Weir et al., 2004aWeir et al., 2004cWu and
Ding, 2004 However, he result presented in this studgre in marked contrast to
those reported by Maxwell and Tomli{&011) for an injection moulded PLGA 85:15
cylindical rodwith 8 mm diameter They showed that the Young's modulus of the
PLGA rod decreased during the initial days of degradation and the lagging
behaviour was not observed in their study. This difference may relate to the
different sample sizes or samgplpreparation methods. Several studies have
investigated the effect of sample size and shape on the degradation behaviour of
PLGA(Grizzi et al., 1995Lu et al., 1999Pamula and Menaszek, 2008/itt and
Kissel, 2001 Witt and Kisse(2001) investigated the degradation of PLGA film,
tablet, rod, and microsphere. They reportedifferent degradation rate for
different sample shapes. In another study, ket al. (1999 demonstrated a

significant effect of PLGA film thickness on mass loss and molecular weight;
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increasing the film thickness from 10 to 168n accelerated the mass loss and

decrease in the molecular weight.

The question ases here as to why the modulus of the film did not decline when

the molecular weight reached 11,000 g moln other words, why did the sudden

RNRBLI Ay GKS | 2dzy3Qa VY2RdzZ dza 2 00dzNJ | Fi4 SNJ
dropped after 11 days, when meshort polymer chains were formed in significant

numbers (efer to Figure5.6 (B))? The observed effect may be due to the remaining
polymer chains inside the film matrix being long enough to support the mechanical
adloAftAde 2F GKS FAf{Y 0S@2yR MM RIFI2ao ¢K
consistent with the low percdage (10%) of polymer chains remaining with a
molecular weight of more than 11,000 g riiphowever, the number of polymer

chains above the molecular weigbf 11,000 g met at day 11 was approximately

65%.

For amorphous polymers, Wargg al. (2010 proposed an entropy spring model
which was introduced in Chapter 3p explain the laging behaviour and the
relationshipbetween the Young's modulus and the average molecular weight. They
proposed that the long polymer chains are constrained by their surrounding chains;
hence, the entropy elasticity of an amorphous polymer is not affettgdsolated
chain scissions of very long chains until a certain number of polymer chains are
removed from the polymer. This phenomenon can account for the lagging
behaviour in the presenstudy, as all the initially amorphous films remained

amorphous durig the degradation.

In the presentstudy, it was found that the measured Young's modulus value was
different for three different indentation loads. The value of modulus tended to
increase with decreasing applied loaBigure5.9 (A)). In other words, as load
increased, so did the indentation depth, resulting in lower modulissindicated in
Chapter 2 (sectio.3.4.9, ®veral studies of nanoindentation of polymer surfaces

have indicated the depth geendence of the indentation modulus. A variety of
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explanations for this phenomenon have been reported. gsgibleexplanation is

the adhesion between the tip and the sample which can lead to a significant
variation of elastic modulus at different maximumats (Dokukin and Sokolov,
2012 Gupta et al., 2007Liao etal., 2010 Xu et al., 2011 In investigations where
the adhesion is significant, the indenter tip is typically spherical. In the present
study, however, a Berkovich tip was used and the {dsgplacementcurve did not
show the initial negative puthn adhesion force that is typical of the effect. Also,
any curves showing a negative poff adhesion force were removed from the
measurements. Therefore, in this study, the effect of adhesion on the modulus
measurementsis negligible and adhesiors not the reason for the present

observations.

Another possible explanation is based on the formation of a specific interfacial
region between the indenter and the polymer surface during indentation which
causes a rduction of molecular mobility at the surface resulting in a stiffer surface
than the bulk(Tweedie et al., 20Q7Xu et al., 201)L Additionally, a previous study
has reported that a surface skin effect, due to the exposure of polymer surface to
light and air before experiments, was initially considered as an explanation of the
depth dependence of the indentation rdalus (Briscoe et al., 1998 The surface
dynamics of polymerdgends toward lower energy. It has been shown that
molecules closer to the polymeir interface relax more quickly than molecules
farther from the interface(Schwa et al., 2000Wallace et al., 2001 which has a
tendency to lower theglasstransition temperature ) at the surface relative to

the bulk. This phenomenon, even if it were to exist in PLGenal, would be
likely to have only a small influence on the mechanical properties as measured in
the present case, whereas the indentation tests wererfpened at room

temperature (22C), i.e., well below ther of the PLGA film (3€).

A potentially more likely explanation is based on the tirdependent behaviour of
the polymers.Due to the timedependent material proprties, the unloading curve

and, therefore, the contact stiffness depend on the unloading rdfakes et al.,
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2012 Yang et al.,.2004). As described in Chapter 3, the contact stiffness is
determined by fitting the power law equation to the unloading curve and
evaluating the derivative of this equation at the maximum load. For polymers with
significant timedependent properties the transition between plastic to elastic
deformation from very high to very low indentation loads affects the unloading
curve (Oyen, 2007 Yang et al., 2004resulting in a variable power law exponent
and consequently modulus values that are high relative to the bulk measurements
(Charitidis, 201D

In the present study, thehanges in the plastic deformation of tHRLGAilm were
determined by measuring the apparent hardness. Consistency of hardness
measuement for undegraded film over the three different loads indicates that the
calculated hardness is not affected by the mechanical properties of the substrate.
This is consistent with the indenter penetration having been much less than 10% of
the coating thickness. As a result of the load consistency, the hardness measured in
this condition can be considered to be not due to an elastic but to a fully developed
plastic zongFischefCripps, 200b

The observed reduction in the surface hardness of the film and the increase in
water uptake in the initial days of degradation suggest that water acts as a
plasticiser which results in reducing the yield strgngf the film, i.e. the point at
which plastic deformation begins to happen. In contrast, the results for Young's
modulus do not appear to show a similar influence of the medium. Using
microscopy, Vet al. (2008 proposed that the degradation of PLGA film resulted
in the formation of soft layer at the surface due to water penetration. The present
results with regard to hardness changesuld appear to support this, at least in
terms of material changes close to the surface where the polymer has been
plasticised; however, this effect was not observed in relation to changes in the
elastic behaviour of the film; hence, the present obsematis inconsistent with

those published by Vegt al. in terms of defining the soft layer as applying to
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plasticity only. However it is not clear how thick such a plasticising layer is; it could

be a bulk practising effect or just a thin layer.

After 5 da, due to the diffusion of water into the film some small holes appeared
on the surface layer, resulting in an increasingly rough surface. The inconsistency of
the measured hardness after 5 days for three indentation loads may be ascribed to
the surface roghness of the film or to the variation of the material properties
through the depth due to the degradatiofWrucke et al., 2013 The optical
microscopy results at day 11 showed a quite rough surface, which supports the
fluctuation observedri the hardness. The large standard deviation obtained for the
measured surface hardness also confirms that there is a significant variation in
surface roughness. Due to the significant degradation of the film, the surface
hardness dramatically decreasedeaf19 days and reduced th6% of the initial

value for undegraded film.

5.6 Conclusion

Thein-vitro degradation behaviour and the changes in the mechanical properties of
solventcast PLGA film were evaluated. The molecular weight of the film decreases
from the initial days oflegradation as a result of hydrolytic cleavagehaf polymer
chains due to the diffusion of water molecules. The morphology of the film surface
changes during degradation and some small bumps appear on the surface, resulting
in an increae in surface roughness and therefore the surface hardness of the film.
After 11 days, due to the decrease in the polymer mass, a large amount of low
molecular weight fragments diffuse out of the polymer matrix. At this stage, the

rate of molecular weighteduction is very slow.

After 19 days, the number average molecular weight of the polymer chains reaches
a critical molecular weight of 1500 g rifadnd a significant reduction in the total
number of polymer chainsccurs whichcauses a sudden drop elastic modulus

and hardnessand consequently significant bulk degradation occurs.
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The results of this chapteare used later in Chapter 6 for calibrating the
computationalmodellingframework which predicts the degradation rate and the

changes in the elagt modulus of PLGA material.
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5.7 Figures
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Figure5.1: (A) Typicaloadtime ("G0) and (B) correspondin¢pad-displacement
responses(QQ) for a range of maximum loadD values forthe undegraded
sdvent-cast PLGA filnThe unloading (loading) rate is 14 mN thand the holding
time is 60 sFigure blured due tocopyrightrestrictions.
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Figure5.2: Changes ithe mass remaining and water content tife solventcast
PLGA filnduring degadation (mean + SD; n = 3frigure blured due tocopyright
restrictions.
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Figure5.3: Micrographs of the surfaces tiie solventcast PLGA filmat different
RSANIRIFGA2Y (GAYSad ¢KS Figue Bured dublio NI LINE
copyrightrestrictions.

g

Figure5.4: (A) Micrograph for a typical sizeale and location for a matrix of 5 x 5

indents onthe PLGA film degraded after 19 days. Téé box highlights the size of

GKS AYyRSY(GlIGA2Yy YIFONRED® ¢KS &Ol-ih&eadl NI NE
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Figure blured due tocopyrightrestrictions.
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Figure5.5: SEM imageof the solventcastPLGAilm degradedafter (A) 3 daysind,
(B) 19 days. The yellow aws show the cross section of the fénirhe scale bars
represent 50 umFigure blured due tocopyrightrestrictions.
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Figure5.6: (A) GPC molecular weight distributidWDs)of solventcast PLGA film

at different degadation times. The MWDt to the left as the degradation time
increase Each curve is the average of three samples. (B) The percentage of polymer
chains witha number average molecular weight ofore than 11,000 g mdlat
different degradation timeskigure blured due tocopyrightrestrictions.

106



Chapter 5

Gy,

el
{9

s

e
)

T oyl
Figure 5.7: Changes in the umber average molecular weightd () and

polydispersity index (PDI) tife solventcastPLGA film during degradatioméan +
SO n = 3)Figure blured due tocopyrightrestrictions.

Figure5.8: Xray diffraction patterns fothe undegradedsolventcastPLGA film and
the PLGAilm degradedafter 19 daysFigure blured due tocopyrightrestrictions.
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Figure5.9: thanges in thgA) Young's modulu&X) and, (B) hardness© ) of the
solventcast PLGA filduring degradation fothe maximum loadO of 5 mN, 7
mN, and 10 mNmean = SD; n 20). Figure blured due tocopyright restrictions.
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6 Modelling the Degradation and Elastic Properties of
PLGA Films and Regular Opencell Tissue

Engineering Scaffolds

6.1 Overview

This chafer presents a computational investigation of the molecular weight
degradation and the mechanical performance of PLGA films and tissue engineering
scaffolds. The coupled computational modelling framework, described in
section3.3.4is usedhere to predict the degradation behaviour using the reaction
diffusion model based molecular weight, described in sect®®.3 and the
mechanical performance using the molecular network based mechanical prepert
model, described in sectiod.3.3 The finite element prediction of the degradation
behaviour is compared to aemtanalyticalsolution generated inMATLABfor a
one-dimensional problemThe model parameters are determindghsed on the
experimental data forthe in-vitro degradation of the PLGA film presented in
Chapter 5.The reduction inthe molecular weight otthe PLGA material during
degradation is used to cali@ite the molecular weight model. The experimentally
observedcritical molecular weight presented in Chapter 5 is used to calibrate the
mechanical properties modeMicrostructural models of three different scaffold
architectures are used to investigate the degradation and mechanical behaviour of

each scaffold.

The methods presented here show that changes in the molecular weight of PLGA
material can be captured using botkemtanalytical and numerical solutions;
however, the semtanalytical solution does not determine differences in

degradation rates for films of Oy S&aa Hp TherresgltslshowotRad S &
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althoughthe architecture of the scaffold does not have a significant influence on
the degradation rate, it determines the initial stiffness of the scaffold. It is revealed
that the size of the scaffold strubatrols the degradation rate and the mechanical
collapse. A critical length scale due to competition between diffusion of
degradation products and autocatalytic degradation is determined to be in the
range 2mnn  >Y® . St 2g GKAA NIy adbon dcéussy S NI
however, for larger samples monomers are trapped inside the sample and faster

autocatalytic degradation occurs
6.2 Introduction

It is well known that scaffolding plays a critical role in tissue engineering.
Biodegradable polymers have beesed widely to provide a thredimensional
structure that facilitates tissue regeneratiqhlarada et al., 2014Renet al., 200%
Uematsu et al., 2005 As mentioned before, the degradation process of
biodegradable polyesters such as PLGA is based on a hydrolytic reaction. Diffusion
of water causes hydrolysis dié ester bonds in the polymer chains, leading to the
generation of water soluble oligomers. Consequently, the molecular weight of the
polymer decreases. The degradation products diffuse into the surrounding medium,
which results in a mass loss for the pobr (Pamula and Menaszek, 2008ey et

al., 2012.

Diffusion of the degradation products may occur more slowlyaihargesized
sample due to the greater diffusion lengtibunne et al., 2000Grayson et al., 2005
Grizzi et al., 1993 u et al., 1999Witt and Kissel, 2001 This leads to accumulation

of degradation productsnside the polymer matrix, which are able to catalyse
hydrolysis of the other ester bonds and consequently accelerates the degradation

process. Due to the autocatalytic effect the large PLGA samples undergo

! A part of the following has been published &irazi RN, Ronan W, Rochev Y, McHugh P.
Modelling the degradation and elastic properties of poly(lactaylycolic acid) films and
regular opercell tissue engineering scaffolddournal of the Mechanical eBavior of
Biomedical Material2016; 54:4859.
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heterogeneous degradation with a degradation rathich is greater at the centre

than at the surface.

It has been reported thatast degradation negatively affects cell viability arll
migration into the scaffolddue to the acidic effect of the degradation products
(Sung et al., 2004 Also, fast degradation may cause failure of the scaffold to occur
before the tissue formation. Therefore, an appropriate degradation rate is required
to be consistent with the rate of tissue formation andetlweplacement of the
scaffotl with the desired tissue typéA successful scaffold must provide sufficient
mechanical stability during degradation. Despite the fact that the degradation of
PLGA polymers results in a quick decrease in the polymer molecalghtwthe

. 2dzy3Q& Y2 Rdz dzAd uRt tBeamolgcildr waghtoNBe: polgmer
chains reaches a critical molecular weigktshown in Chapter 5. During this period,
the scaffold retains its mechanical function, supporting the tissue during
regenerdion. Therefore, it is necessary to determine the mechanical properties and

the degradation rate of the degradable scaffolds.

Towards this, computational modelling offers an efficient framework to understand
the behaviour of biodegradable implants. Manyodels have been proposed to
describe the degradation of biodegradable polymé8ackett and Narasimhan,
2017 including PLGAFord Versypt et al., 20)3As introdued in Chapter 2,
reactiondiffusion models have been applied to a range of aliphatic polyesters.
Among these models, the ones which account for the autocatalytic effect are the
most comprehensive, as autocatalysis plays a strong role in the degradation

medanism(Chen et al., 203, Ford Versypt et al., 2013Vang et al., 2008

A number of models have been presented to predict the mechanical properties of
biodegradable polymergHayman et al., 2014Soares et al., 201Wieira et al.,
2014 Vieira et al., 2010Wang et al., 201D A model was developed by Viegtal.
(2014 based on the relationship between fracture strength and molecular weight

for thermoplastic polymers to predict the mechaal poperties of PLACL fibre
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during degradation. Since this model is based on an empirical equation, the model
parameters must be determined experimentally for each material and during
degradation. Also, in this model, the hydrolytic degradation rate isurassl
constant, which is a significant simplification for highly heterogeneous degradation
as autocatalysis has a sificant effect on degradationThe model of Soarest al.
(2010 relates the degradation rate to meahical deformation in order to
determine the mechanical properties oPLLAfibres loaded under uniaxial
extension. The degradation behaviour is determined from a thermodynamic
analysis of the degradation process and as degradation proceeds the mategml los

its ability to store energy.

As introduced previouslyin Chapter 3Wanget al. (2010 proposed a model for
amorphous biodegradable polymers, based on the relationship between the

. 2dzy3Qa Y2RdzZfdza YR (GKS ydzYoSNJ 2F LRt &Yy
motivated by the hydrolytic random scission of the polymer chains. The model
assumes that the number of polymer chaimgth a molecular weightabove a
ONRGAOFE Y2tSOdzZ I NJ 6SAIKG RSIGSN¥YAYySa (KS
This model successfully predicted the experimdgtabserved degradation of PLLA

films.

In this chater, the developedcoupled computational framework described in
Chapter 3, whichincludes the molecular weight model and the mechanical
properties model, is used to predict the degradation and the changes in the
mechanical properties of biodegradable pwolgrs and, in particular, PLGPhe first
objective of this study is to calibrate the models based on the experimental data for
the in-vitro degradation of the PLGA film presented in Chapter 5. The second
objective is touse the modelling framework tpredict the molecular weight and

the reduction inthe , 2 dzy’ 3 Q& ofYPRGAdHimslath different thicknesses and
alsoof a range of PLG#Assue engineeringcaffolds. The effestof strut size and
architecture of the scaffolslon the degradation rate and meahical performance

are investigated.
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6.3 Methods

6.3.1 Model Implementation

The changes in the molecular weight distribution during degradativere
predicted using the phenomenological degradation modeMédnget al. (2008
descibed in section3.2.3 The monomer concentratio® and the ester bond
concentration® were obtained for thesemianalyticaland numerical solutions.
The degradation of thepolymer wasthen determined by the numberaverage

molecularweight of the polymer aseakcribed previously.

¢KS NBflFdA2yaKALl o0SG¢6SSy GKS | 2dzy3aQa
distribution was determined using the mechanical properties model described in
section3.3.3 In this modelan initial distribution of the polymer molecular weight

was obtained from the experimental GPC curve for the PLGA film presented in
Chapter 5. The total number of polymer chaiins was chosen and then the
lengths of these chins were determined such that the molecular weight of the

chains in the simulation matched the experimental GPC data. The sensitivity of the

model to the initial conditionsincluding the critical molecular weight , the
ratio of random sasions to end scissiony , and the total number of
polymer chaing) was assessed.

The coupled computational framework described irsection 3.3.4 was used in a
one-dimensional model for PLAGfiims and in a thredimensional model for PLGA
scaffolds using the molecular weight and the mechanical properties models
Figure6.1 shows a flowchart ofthe coupled computational modelling framework
used for the prediction dboth degradation behaviour and mechanig&rformance

of PLGA structures, and applied in this study to the degradation of PLGAwvitims

different thicknesses andf PLGA tissue engineering scaffolds.
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6.3.2 PLGA Film

The degradation of PLGA films was représdrwith a onedimensional model as

the diffusion of degradation products occurs only in the direction normal to the free
surface.As described previously in Chapter 8ntact on the outside of the film

with the aqueous mediumwas represented by assumingpe concentration of
monomers at the boundary of the film is zeffeigure6.2 (A)), which means that all

the monomers which reached the surface are immediately convected away from
the surface by the environmental flow. The fluf monomers at all other
boundaries, including the interface between the film and théstrate, was set to
zero. A simple mesh of hexahedral elements was used through the film thickness,
and thinner boundary layer elements were used at the surface wheghehi

gradients in the solution variables ocd#iigure6.2 (B))
6.3.3 PLGA Scafbld

In the second part of the study, inmostructural models of three different scaffold
architectures were used, based on those used in the literaBrecklen et al., 20Q8
Luxner et al., 20Q8Nettergreen et al., 2006 Unit cells for different architectures
were generated for eaclscaffold, as shown ifrigure6.3. The porosity of each
scaffold was kept at 63.5% by keeping the ratio of strut dimensions to unit cell size
constant as the strut size was varied. Due to the symmetry of the scaffold
geometry, only oneeighth of the unit cell was needed to generatdnet
representative volume element (RVE) in each case, as shown in grEguie6.3.
Table 6.1 shows the dimensions for the three scaffolds with the same strut
thickness Similar to the film simulati®) 0 was set to zero on the free surface in
contact with the aqueous medium (which are highlighted in reéigure6.3). The
interior of the scaffolds were meshed with tetrahedral elements and thinner
boundary layer elemes were used at the surfaces where higher gradients in the

solution variables occur.
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In order to estimate the effective modulus of the degraded scaffold, uniaxial
compression of the RVE was simulated. Periodic and symmetry boundary conditions
were appliedsuch that the faces on the boundaries of the RVE remained planar and
parallel. A uniaxial compressive strain was applied in the Z direction and the RVE
was free to expand or contract in the X and Y directionghAsapplied strain was
small (4%), bucklig of the structure was not considered and geometric non
linearity from large displacement were neglected. The material was assumed to be
Ad20NRLIAO 6AGK | t2Aa2a2Yy Q30 NI (wadthehT 15 Po ¢
calculatedas follows

o P 2

0

(6.1)

wheret is the nominal stress on the loaded face of the RVEis the applied
nominal strain0 is the initial tdal cross sectional area of the loaded face, &0d
is the resultant reaction force on théaded face. In order to compare the
degradation in stiffness of different scaffolds, the results were normalised by the
AYAOGALE | 2dzy3Qa b¥@:RdzZf dza 2F (GKS a2t AR Odz
O
0 @ — 6.2
5 62)

Finally, in order to compare the predictions of the molecular weight model for
different scaffold geometries and films, a voluraeeraged moleculaweight was

defined as:

0 2 5o 6.3)
w
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6.4 Results
6.4.1 Model Calibration

The parameters of the molecular weight modéQ, *Q, and O) and the
mechanical properties model ( Y ,and0d ) were calibrated to fit
GKS SELSNAYSydGlf RFEGE 26GFAYSR ¥2NJ GKS
for a PLGA film (SC250) degraded in the PBS, pH374Gas described in Chapter
5. Figure6.4 (A-C) compares theé experimental data with different combinations
of parameters for the molecular weight model. The ratio®@to Q wasset at 1, 5,
and 50. An initial number average molecular weight ) of 82000 g mof was
assumed and the initial concentration of ester bonds J was set at 1,800 mol m

3, The next step of the calibration is to determine the correct valud of so that
the mechanicalproperties model corectly predicts the experimentally observed
relationship betweemormalisedOand0 , as shown irfFigure6.5. The best model
fit to the experimental data was achieved usiing =3000 polymer chains and
0 = 1500 g mof. For less than 3000 polymer chains (300, 500, or 1QA8),
molecular weight of the chains in the simulatidid not matchthe experimental
GPC dataFor more than 3000 polymer chains (10,000 or 20,000), similar reésults
the 3000 polymer chainswere achieved (data not shown). Different values of
random to end scission ratio8:(, 1:1, 1:12 or 1:50did not show any significant

effect on the results (data not shown).

Finally,Figure6.4 (D-F) shows the gadiction forOas a function of time using the
coupled molecular weight and mechanical properties model. Comparing the curves
for 0 versus time andhe curves forO versus time Figure6.4), the best fit was
achieved ly settingf =0.5,0=0.002 day, 'Q=0.002 (mi mol})°°day*, and0 =10

12

m? day’. The computational model correctly predicted the experimentally

observed decrease in  andO.
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6.4.2 Comparison of the Semi-analytical and Numerical Solutio ns of the
Molecular Weight Model for PLGA films

The semtanalytical(Galerkin methodjland numerical(the finite element method)
solutionsof the volumeaveragedof the nondimensional form of the ester bond
concentration6l (refer to section3.3.2.1) during degradation were obtained for

PLGA filmswith different thicknessesN} Yy 3SR 0Si46SSy wHodp >VY
Figure6.6 shows the changes in thelumeaveraged concentration of ester bonds

during degradation forthe semtanalyticalsolution and the finite element method

usingthe sameset of parametersas the lest fit presented aboven section6.4.1

for the molecular weight modellhe results showraalmostperfect match for the

HPp >Y FTAEY 0606f dzS f Ay Sgbedn liepthe Se@idmaBiticaF 2 NJ { K
solution showed less of an agreement to the finite element prediction. The
difference between thesemianalyticalsolution and the finite element methodas

Y2NB aA3IYyAFTAOFI Yy F2N indc&8ingHhatsemiamalyticafF A £ Y 6
solutioncannot accurately describe the degradationRGA films in this size range.

Figue 6.7 shows that thesemtanalytical sdution cannot capture the gradient

changes at the surface of the films.

6.43 ELAAAO T £ 4EEAET AOO 11 OEA 9101 C80 -1,
The coupled modéhg frameworkwas used to investigate the effect of film

thickness on degradation behavioltigure6.8 (A) shows the predicted changes in

0 6AGK GAYS F2NI t[ D! FAfyYa gA0K GKAOlYySa:
days, as predicted by the molecular weight modet. films thicker than 2.5 um

was predicted to decrease rapidly avihe first 10 days, after which the rate of
degradation slowed significantly. After 20 days, the thicker films had almost
O2YLX SGSte& RSINIRSR® L gonldegraded by G0 andK S  H ¢
0KS noup >Y FALY 4| & Belatefof chapge’ed ®Fthell KS Ay
thinnest filmwas consistent with purely homogenous degradation (&. j Q0

Q0 o m).
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The capled model was then used to predict the changesOnof the film as a

function of time, as sbwn inFigure6.80 . 0 ® ¢ KS | 2vwi/pEedicted ¥ 2 R dzf dz3
remain at the initial value until day 13, after which the thicker films underwent a

N} LAR RSONBIFaS Ay adiAFTFySaaod C2NJ FAfYa f
. 2dzy3Q& Y2RdzZ dza RAR y20 0S3aAYy dzydaAat +F4S
HPp >Y GKS | 2dzy3Qa VY2Rdzt dzZA RAR y2id NBR
GKFY pn >YI GKS aGAFFySaa FFGSNIup RI&a
fastSad RSONBIaS gl a LINBRAOGSR F2NJ GKS (KA

structural stiffness after 25 days.

As shown above ifrigure6.5, there is a highly nofinear relationship between

modulus and molecular weight. Thdéoee it is possible to have a significant
decrease i’ = S®3 o6& prr F2NI GKS Hdp >YOFALYX
Once the molecular weight drops below the critical level showrFigure 6.5

(O /0 < 0.2, the polymer chains have undergone a significant amount of
scissions such that the decrease in polymer chain entanglement causes a drop in
stiffness, as shown in E@.39® ¢ KdzaX (GKS Hodp >Y WatbY KI &
retain close to its initial stiffness, while the larger films have a lower molecular

weight and the shorter chains give the polymer a lower stiffness.

6.4.4 Degradation Behaviour and Effective Elastic Modulus for PLGA
Scaffolds

Next, degradation of PLGAcaffolds was predicted using the same model
parameters as calibrated above for films. The predicted distribution ofor the
scaffolds with 0.05 mm thick struts after 25 days of degradation is shown in
Figure6.9. The catour plots show that the molecular weight degradation was
faster in the centre of the scaffold unit cells, as these are the areas in the scaffold
that are furthest from a free surface. This demonstrated the heterogeneous bulk

degradation of the scaffoldsith 0.05 mm struts.
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Figure6.10 (A)shows that the volume averaged molecular weight was the same

for the three different scaffold geometries with strut size of 0.05 mm. The decrease
in 0 began immediately at day 0 and continued approximately linearly until day
10, when the rate of degradation slowed significani§ter 30 daysof degradation,

0 was approximately zero. The decreasebin was not affected byhe scaffold
architecture; howevethese scaffolds had a strut thickness of 0.05mm (the éfbéc
strut thickness is discussed below). In contrast to the decrease in molecular weight,
which began at day O, the effective modulus of each of the scaffolds did not
decrease until ~13 days, as showrFigure6.10 (B).Althoudh the initial stiffness of
each scaffold was strongly affected by the architecture; scaffold A was initially twice

as stiff as the other two scaffolds.

Finally, the effect of strut thickness was investigated for each PLGA scaffold.
Figure6.11 showsd and'O for each scaffold with strut sizes ranging from 0.002
to 1 mm (note that the porosity of all scaffolds was kept fixed at 63.5% by varying
the size of the unit cellfror each scaffold geometry, increasing the thickness fro
the 0.05 mm scaffolds shown Figure6.9 and Figure6.10 did not alter either the
volume averaged molecular weighFigure6.11 (A-C)) or the effective modulus
(Figure6.11 (D-F)) In contrast, decreasing the thickness significantly changed the
behaviour. For the thinnest strut size, the degradation wksved such that there

was no change il after 40 days. For intermediate strut thickneske rate of

decrease it  and'O was slower than for the thick 0.05 mm struts.

In order to illustrate how the degradation mechanism is affected by the strut
thickness, the variation ob through the thickness of a strut for scaffold 8 i
shown in Figure 6.12. The data is shown as a function of the dimensionless
coordinate’YFY (where'Y is the radius of the strutyfY isO at the centre of the
strut and 1 at the free surfacefror the scaffolds ith thick struts (> 0.05 mmj)

is significantly lower in interior of the strut and there is a very steep gradieit in

near the surface, clearly showing the heterogeneous nature of the degradation. In
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contrast, for the thinnest strut) only varies by ~15% between the surface and

the interior of the scaffold, showing that the degradation is homogenous.
6.5 Discussion

The presentstudy provides a computational investigation of the molecular weight
degradation and the mechanical performanceRMGA films and tissue engineering
scaffolds.A coupledcomputationalmodellingframework described in Chapter 3 is
used in this chapter to capture changes in molecular weight distribution during
degradation and to determine theelationship between the miecular weight
distribution and the mechanical propertiesf PLGA The model framework was
calibrated based on experimental data for tirevitro degradation of a PLGA film
described in Chapter .5The calibrated model was then used to predict the
molecularweight and the reduction irthe , 2 dzy’ 3 Q& ol @Alffimdwdth

different thicknesses and alsd a range of PLGA scaffolds.

Thisstudy hasdemonstratal the importance of the autocatalytic hydrolysis on the
degradation rate of PLGA films. The calilmatresults have shown that the
autocatalytic reaction constant™@) has a significant effect o and the
degradation rate is much faster for the higher valueXxfin contrast, the effect of
the non-catalytic reaction constanf(®) issmall. This suggests that, tine present

study, the autocatalytic hydrolysis is the dominant degradation mechanism in PLGA.

Theresultsof the semtanalyticalsolution and the finite element method showed
that the weighted error residual method used teemgerate the semianalytical
solution inMATLAR:annot accurately describe the degradation of polymer films of
0§KAOlySaa H pghissmey b2 dik to the t@aSfdnctions suggested for the
semianalytical solution ¢efer to Eq. (3.64)) used in tle weighted residual error
method. These functions are quite restrictive in the spatial variation that they
allow, relative to that afforded by the finite element model with a relatively high

number of nodes (200) in the thickness direction.

120



Chapter 6

As the moduls is norlinearly dependent on the molecular weight, the degradation

rate thus has a notinear effect on the stiffness. The length of the polymer chains
decreases as the PLGA degrades via end scissions and random scissions. Following
from Eg. (3.39), once the polymer chains are shortened sufficiently during
RSANI RIFIGAZ2YSY GKSNB Aa | &dAdzRRSY OKIFy3aS Ay

in stiffness seen for the film and scaffold compression.

Ly (KS LINBaSy i madildgRaspredice8 to detréagedfaster for
thicker PLGA films. Computed predictions correlate strongly with published
experimentally observed trends of degradation for the PLGA devices with different
sizes. Some authors have studied the degradation&ratef 2 NJ t [ D! RS@A O0S A
Fa avyltf | a (Dudnp et al> 2000Qraysom et bl.52005Grizzi et al.,
1995 Lu et al., 1999Witt and Kissel, 2001In these studies, it has been observed
frequently tha the degradation time is significantly shorter in the thicker samples
due to the autocatalytic effect of the degradation products. In the latter part of the
present study, the combined model is used to investigate the degradation of
different scaffold gemetries. For larger strut sizes, autocatalytic heterogeneous
degradation occurs and the scaffolds are shown to mechanically collapse after 13
days. In contrast, simulations predict that the degradation rate of the scaffold is

much slower when the strut stzof the scaffold is smaller than 0.05 mm.

These results are consistent with the experimental results obtained byet\Al.
(2009 for in-vitro degradation of PLGA porous scaffolds. Settal. (2013 2012

has studied the effect of the strut size anvivo degradation ofPLAand PLGA
three-dimensional porous scaffolds and demonstrated that scaffolds with larger
struts (~0.9 mm) degrade more rapidly than scaffolds with smaller struts (~0.4 mm).
The presentstudy elucidates the relationship between the strut size, scaffold
architecture, and the stiffness of the scaffold during degradation. This study
highlights that the architecture of the scaffold does not have a significant influence
on the degradation ra; however, the initial stiffness of the scaffold is strongly

influenced by the architecture. It is demonstrated that the effective modulus of the
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scaffold is substantially dependent on the volume fraction. The simulations predict
that different scaffold echitectures with the same strut size collapse at

approximately the same time.

In the very small scaffolds and films simulated in phesentstudy, the degradation

is shown to be homogenous with little variationiin through the thickness of the

strut. In the smaller samples, the oligomers, which are created as degradation
products, can quickly escape from the surface into the aqueous medium.
Consequently, the possibility of autocatalysis is very limited famngr samples,

YR GKSNBFT2NBE (GKS | 2dzy3Qa Y2Rdzf dza T2 NJ
contrast, for larger struts and films, the degradation is shown to be autocatalytic

with a steep gradient i  between the core and the surface of the sample

In order to compare the different scaffold geometries and films, a characteristic
diffusion lengtha is given by the volumew divided by the free surface area

0 ,i.e the surface in contact with the aqgueous medium:

a — (6.4)

Figure6.13 (A) shows the relative change in effective modulus after 25 days for
different sizes of each scaffold, where the size of the scaffold is repiexsdiy

a  (instead of strut thickness). By using this diffusion length scale to describe the
size of each scaffold and film, a single trend is elucidated which does not depend on
sample shape. Far < 2 um, the degradation is homogermand there is no
OKIFy3aS Ay GKS | 2 dz >300aum,Yike Rcaffoltrdhas cothpldidly
degraded and the behaviour is similar for larger samples. Recall tiragume6.11

there is no change in the degradationhaasiour for the larger scaffolds and also
that Figure6.12 shows the degradation of large scaffolds is heterogeneous with a
steep gradient irb . For intermediate values @f , there is a smooth transition

betweenthese two plateaus.
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The sample size at which this transition between homogenous and heterogeneous
behaviour occurs is related to the competition between diffusion of monomers and
autocatalysis due to high concentrations of monomers in the interior osdraple.
Thediffusionlength scaleéx  associated with this competition is determined from

the material parameters (the latter part of E§.40)):

” ’O,,_ (6.5)
Q 0
The calibration in theresentstudy suggeststhaty £ H >Y® ¢ KSNB T2 NJ
a <a , the concentration of monomers remains low due to rapid diffusion,

and thus the degradation is homogenous, i.e. the term associateti W}

dominates Eq(3.40). For larger scaffolds, the critical diffusion length is much

smaller than the characteristic length; thus the monomers remain trapped in the
scaffold and autocatalysis (i.e. thmart of Eq.(3.40) associated with'Q) is the

dominant mechanism. Furthermore, the competition between diffusion and
autocatalysis can be summarised using the followiman-dimensional form of

diffusion coefficient

On

O ==
Qe 0ol

(6.6)
As shown superimposed oRigure 6.13 (A), when'O > 1 the degradation is
homogenous and whei® << 1, the degradatiorsiheterogeneous. In the case of

the homogenous degradation, it should also be noted that the time constant

associated with the nowatalytic degradation is on the order of 500 days.

In Figure 6.13 (B), the homogenous, heterogene® and transition regimes
predicted in the present study are compared to experimental observations of
homogenous and heterogeneous diffusion in different sized sam(@een et al.,

1997 Grizzi et al., 1993 u et al., 1999Park, 1995Spenlehauer et al., 198%ey et
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al., 2008. Grizziet al. (1995 has proposed a range of 2@0nn >Y | a | ON.
thickness above which th@DLLApolymers (plate, film, microsphere) uarho
heterogeneous degradationThe heterogeneous degradation of PLGA film with
thickness oH p n wasYshownin Chapter 5. Alsohe heterogeneous degradation

2F t[ D! FAfYa GAGKNBEKAO]IYBAaARISE @F 8 naK2K
al. (2008 and Luet al. (1999, respectively. Spenlehauet al. (1989 has showed

GKFG t[ D! YAONRALKSNBa fSaa GKIFIY wnn >Y
degradation. However, Pard995 has shown the heterogeneous degradation of

PLGA microspheres with diam&tid& f Saa GKFy wmMn >Y® ¢ K¢
degradation of PLGA microspheres has been also demonstrated in a study by Chen

et al. (1997 for PLGA microspheres with diameters of-501 >Y® 2 KAf S
predictions in thepresent study are in broad agreement with observations, the
disparities in experimentally observed critical length for transition between
heterogeneous and homogenous degradati highlight the need for further
experimental investigation of both the mechanical and molecular behaviour of

PLGA during degradation.

The PLGA scaffolds in thresent study are shown to have a rapid change in
stiffness. While it is not clear what the timal rate of mechanical degradation
should be, Heljakt al. (2012 have explored the performance of multiple material
scaffolds to provide a tuneablesdradation response. Fast degradation may affect
negatively on cell viability and cell migration into the scaffold due to the acidic
degradation products as a result of autocatalyé®ing et al. 2009. Scaffold
manufacturing methods have also been shown to have an effect on degradation; a
PDLLAelectrospun fibrous mat degrades slower than the PDLLA film prepared by
solvent casting and the electrospun mat shows a surface erosion pattern rather
than a typical bulk degradatio(Cui et al., 2008 As thepresentstudy has shown

the importance of the free surface area, the slower degradation of the electrospun

mat may be due to fastatiffusion of the autocatalytic degradation products.
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6.6 Conclusion

This study used a numerical model that couples changes in molecular weight
caused by degradation to the mechanical properties of PLGA. The predictions
presented here show that heterogeneouggtadation occurs in PLGA when the
length scale of the PLGA sample results in a diffusion limited regime where
autocatalysis is the dominant degradation mechanisithe results of the
computational simulations indicated a critical length scale in the réygen n = > Y
below which homogenous degradation occutansequently, scaffolds with thicker
struts demonstrate a higher degradation rate due to stronger autocatalysis and
they collapse more rapidly. The presented results show that the architecture of the
scafold does not strongly influence the degradation rate but that it determines the

initial stiffness of the scaffold.

The computational frameworkonsidered in this chaptas usedater in Chapter 8
of thisthesisto validate the critical length scafgovided here and also to refinghe
model parameters for PLGA materials prepared by different processing methods

and with different thicknesses.
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6.7 Figures

Figure6.1: An illustration of the coupled computational modelling framework used
for the prediction of degradation behaviour and mechanical properties of PLGA
structures, and applied in thishapterto studythe degradation of PL&filmswith
different thicknesses andf a range ofPLGA tissue engineering scaffolBgure
blurred due tocopyrightrestrictions.
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Figure6.2: (A) The monomer boundary conditions and (B) the mesh element used
through the film thicknessx in the reactiondiffusion based molecular weight
model.Figure blured due tocopyrightrestrictions.
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Figure6.3: Representative volume element (in green), unit cell (in orange), and
geometry of (A) Scaffold A, (B) Scaffold B, and (C) Scaffold @dTéeour shows
the free surfaces in contact with the aqueous mediufigure blured due to
copyrightrestrictions.
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Figure6.4: Model fittings of volumeaveraged molecular weight)() (AC) and
. 2dzy 3Qa OF®-R)dafthiz®LGA film eggmental data obtained in Chapter
5 for different values of Q (A, D),0 (B, E)and™Q (C, F). Théest fit to both
experimental data fold) and ‘O was achieved bysettingf =0.5,Q0=0.002 day,
'0=0.002 (M mol™)®*° day*, and’O =10"* m? day". Figure blured due tocopyright
restrictions.
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