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ABSTRACT

Developmentof highly porous polylactic acidbased monoliths

containing sokgekderived 45S5 Bioglas’

Ehsan RezabeigPh.D.
Concordia University, 28

It has been shown that highly porous composite scaffolds consisting of
biodegradable polymeric matrices and wh#ipersed bioactive glass nanoparticles have a
great potential for creating the ideal scaffold for tissue engineering purposes. In spite of
this, the scaffold with ideal morphology, degradation rate and mechanical properties has
not yet been developed.

In the first stage of this study, the most bioactive glass compos#b®b
Bioglas§ (45% SiQ, 24.5% CaO, 24.5% N@ and 6% BOs (Wt.%)), was synthesized
by a straightforward, nitratifee solgel method. This route allowed for the production of
a fully amorphous product with an appropriately high specific surface atezs(nt/g),
which is expected to have an excellent bioactivity for bone regeneration applications.

In the second stagea fundamental study was performed on the PLA
dichloromethane ($eent) i hexane (nonsolvent) ternary system which was essential for
the subsequent production mdrous PLA monolithgrom this system. The ternary phase
diagram of this system was experimentally developed at room conditioosler to
identify the liquidliquid phase separated region. The phase separation kinetics were also
studied using turbidity measurements, showing &snall increase ifPLA contentcan
significantlyincrease the phase separation cdtihe system.

The third stage of this study ialwed the fabrication of PLA foams usirgy
solventbased foamingroces: nonsolvent induced phase separation (NJM®jch is a
templatefree anda very versatiletechnique For thispurpose, systems from the liquid

liquid phase separated region were selected and allowed to phase separate at various



temperatures and then gel. Shrinkage of the gels during drying was monitored in order to
identify compositions with minimum shrinkage ahmjhest porosity. This methogdas

able to produce serarystalline PLA foams with high specific surface afep to 54.14

m?/g), high porosity(up to 90.8%9 and compressive modulusanging from1.8 to 57

MPa Crystallization during phase separation arelghase separation mechanisms were
explained and discussed for various compositions and conditions. Depending on the
ternary composition and thphase separatiostanding temperaturanesoporous and
combined meso/macroporous morphologresre produced The latter morphology is

very promising for bone scaffold applications since the macropores are vital for
vascularization and bone ingrowth whereas the mesopores are expected to enhance cell
attachment onto the structure.

In the last stage of this study, tkelgelderived 45S5 Bioglas® was surface
modified with a silane coupling agennéthacryloxypropyltriethoxysilanein order to
improve its interfacial compatibility with PLA. This process effectively increased the
stability of the glass particles in PLgolutions. It also diminished the agglomeration of
glass patrticles. Surface modified glass particles (2 wt.%) were subsequently incorporated
into the NIPS foaming process to produce composite foams. It was shown that the
particle incorporation route (vigolvent or nonsolvent) had the greatest impact on
morphology, porosity and crystallinity of the resulting foams. An incorporation of 2 wt.%
of particles vianonsolventsignificantly decreased the porosity and crystallinity of the
PLA matrix. The incorporadn of particles viasolventincreased the average size of the
macropores and made them more homogeneous in terms df aige. slightly increask
the porosity of the foams whereas ingpact on the crystallinity of their PLA matrices
was observed. SEM examination revealed that the surface modified particles were
incorporated within the open mesoporous structure of the foams where they can

simultaneously be in contact with the physiatad) fluids.
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Chapter 1

Introduction

1.1.Overview

Since earliest tims, lone is one of the tissues withemost needor repair This
is due to themportantrole of the skeletonin locomotion support and protection diie
vital organs[1, 2]. Bone can heal itself if the defect is smallit in the case o& large
defect or diseased bone, the bone needs a supportive structure to regedsiade.
natural bone graftsa(lo- or autografty is notalwaysan ideal alternative because they
may cause problems such as pathogen traastéprrejection by the bodf2, 3].

Ever since 1950, various types of biomaterials have been developed and used as
boneimplantsincluding metals and alloys, glasses, ceramics and polyfier$. The
discovery ofthe first bioactive materiaft5S5 Bioglas$, by Larry Henchin late 19695],
revolutionized biomaterials. This composition is able to bond to both hard and soft tissues
in vivo and it can encourageone cellsto differentiate and proliferatelo date,45S5
Bioglas$ is still the most bioactive and promising composition for bone regeneration
havingClass A bioactivityln 1991,it was shown that marlyioactive glasgompositions
can beproduced via sefjel processings, 8]. Solgel-derived bioactive glassesually
have higher bioactivity due to higher specific surface area and a typical surface covered
with hydroxyl groupg2, 3,5-7]. Production othe 45S5composition via sefel methods
is challenging and the product may fact be too bioactive to be useful for bone
regeneration applicatiorf9-12].

In spite of high bioactivity, bone scaffofdsnade of bioactive glasses do not
always exhibit the desirable mechanical properties and degradation ra#&ss.an
aternative, comosite scaffolds consisting of a biocompatible, bioresorbable, polymeric

matrix such as polylactic acid (PLA) and welspersed bioactive particles have been

1. Bone scaffold is a highly porous 3D structure which supports the defective bone teratgérhe

characteristics of an ideal scaffold for bone regeneration are explained in section 2.4.



developed. An ideal compositeaffold must behighly porous(up to 95%) with both
mese and maaoopores in order to promotethe attachmentof bone cels and
vascularization, respectivély1-7]. The production method of scaffoldsterminegheir
porosity and pore morphology. Solution phase separation methods including thermally
induced or nonsolvenhduced phase separation, have great potential to fabricate highly
porous scaffolds with interesting morphologies via temgiate, versatile routely, 13,

14].

The problems associated with the current scaffolds such as insufficient
mechanical propertieand undesirableatjradationbehaviorcan be partly overcome by
improving theinterfacial compatibilitybetweenthar organic and inorganic phases
Surface modifiation of bioactive particles with silane coupling agents diminishes their
agglomeration and improves their dispersibility in the polymeric matrix. Furthermore,
this promoteshioactivity and good mechanical propert@she finalcomposite scaffold
[7, 15, 16]

1.2.Objectives

The main objectivesf each step of this study are now presemi@tbrding to the
sequence ofhaptesin this thesis.

U To develop a setfiel process fosynthesisof a fully amorphousA5S5 bioglass

with an appropriatespecific surface aredor this purpose, a combination of

appropriateprecursorsand testing conditions (e.g., pijust be selected, which
result in a gel with a stabilization temperature belovts crystallization
temperaturel(st stage of tis study presented iGhapter 3.

U To produce knowledgef@haseequilibriabehaviorandphase separatidtinetics

of thePLA T dichloromethané hexane systenwhich is essential fothe design

of solution phase separatigmased techniqueer the production of porous PLA

1. Tissue engineered nanocomposite scaffolds which are designed to be biomimetie advanced

generation of bone scaffolds, 3,77 Ti ssue engineering is defined

as

to the design, construction, modiffdcation, growth

a



structures For this purpose, the ternary phase diagram of syésemmust be
developed at room temperatynd stage of this study presenteimapter 4.
U To develop a templatefree foaming processfor PLA that allows for the

production of foams with predeterminebaracteristicsuch as high porosity and

morphologies including both mesopores and macropbreghis purpose we will

usenonsolventinducedliquid-liguid phase separatian PLA i dichloromethane

I_hexane systemAlso, to describethe dependency of foam characteristics

including porosity, crystallinity and morphology on their initial composition and

phase separation temperaturbe final goahereis to select the compositions and

conditions leading to highly porous PLA foams with desirable morphologies and
mechanical properties for scaffold applicatioBed(stage of this studgresented
in Chapter §.

U To improve thdispersibility ofthe solgelderived 45SHioactiveglassin PLA,

and investigaté¢heir incorporationfor the production ohighly porous composite

monoliths. Also, to describe the effect of incorporationtbé surface modified
glass particleson PLA foanms and evaluate theharacteristicsof the final
PLA/bioglass scaffoldé4th stage of this studgresented ifChapter6).

1.3. Thesisorganization

This thesis hasevenchaptes which are briefly describedere Thefirst chapter
providesa brief introductionto bone healing and bone substitutes including polymer
basedcomposite scaffoldsThe objectives of #thesisare also presented in thusapter

Chapter2 includesa comprehensive literature review on bioactive material
including bioactive glassen paticular 45S5 Bioglasd The l-gel techniquemethod
for synthesimg bioactive glassesis also reviewed Biocompatible and bioresorbable
polymers used in bone regeneration areiscussedwith a focus on PLA.The
organic/inorganic interfaces and methods ifmproving them are discussed@he last
section of Chapter 2 describes the characteristics of an ideal bone sdadigtder
foaming techniquesgspecially slution phase separation methadsluding TIPS and

NIPS,which are used for scaffold producti@realsoreviewed.



Chapter3! starts with a briefo 45S5Bioglas$ and then focuses on synthesizing
this glass compositiosia an organignitratefree solgel route. Chapter Zincludes a
fundamental studgf the PLA-DCM-hexane system in order to develop its ternary phase
diagram at room temperature. The phase separation kinetics astual®nl. The theory
of phase separation in such ternary systems is explained badée Blory-Huggins
eqguations.

The poduction ofPLA foams via NIPS is discussed in ChaptérFe effecs of
composition and the phase separation standing temperature on the characteristics of the
final foams areexploredand highly porous systems with desirable morphologies for
scaffold poduction are selectedPhase separation mechanisms such as nucleation and
growth and spinodal decomposition are ad¢aboratedor various compositions of this
system.

In Chapter6*, the solgelderived 45S5 Bioglagss coatedwith a silane coupling
agentunderbasic conditions. The incorporatia the surface modified particlemto
PLA via NIPS in order to produce composite scaffolds is also investigated. The effect
this incorporation othe properties of the PLA foanaeexamined.

Chapter 7 summarizes the conclusions and contributions of this samy

presents éist of recommendations for future work

1. Chapter 3 ispublished as: Ehsan Rezabeigi, Paula M. WAddms and Robin A.L. Drew, "Synthesis of
45S5 Bioglas® via a straightforward organic, nitrafeee solgel process”, Materials Science and
Engineering: C, vol. 40, pp. 248252, 2014.

2. Chapter 4 $ published asEhsan Rezabeigi, Paula M. Weddams, Robin A.L. Drew, "Isothermal
ternary phase diagram of the polylactic adidhloromethandiexane system”, Polymer, vol. 55, pp. 3100
3106, 2014.

3. Chapter 5 is pblished as: Ehsan Rezabeigi, Paulawhod-Adams, Robin A.L. Drew, "Production of
porous polylactic acid monoliths via nonsolvent induced phase separation”, Polymer, vol. 55, pp. 6743
6753, 2014.

4. This Chaptewill be published shortlyEhsan Rezabeigi, Paula M. Weédams and Robin A.LDrew,
"The incorporation of surface modified spdtderived 45S5 Biogla&sin highly porous polylactic acid
monoliths.



Chapter 2

Literature review

2.1. Bioactive materials

The first requirement for diomaterialis biocompatibilitywhich is defined as
"the ability of a material to perform with an appropriate host response in a specific
application” [4]. Any type of foreign material implantedinto the bodycauses some
responsefrom the body although in the case diiomaterials itis expected tobe
minimum [1]. A biocompatible material should not cause angrésolved inflammatory
responsgedemonstrate immunogenicityr cytotoxicity' [7]. Some metals, ceramic and
glass compositionas well agpolymers are classified as biocompatibilaterialsused for
tissue engineeringy].

A bioactive material isnot only biocompatible butan also inducea certain
interfacial biological responsi vivo!, which may resultin bondingwith the tissue.
Bioactive materials are able to produd¢gdroxyapatite (HA Cao(PQs)s(OH)2) upon
placingin vitro? or in vivo via which theycanbond to the defective bone. That is due to
the fact that this hydroxyapatite is chemically and structurally similéih@amineral of
the bone(carbonated hydroxyapat)t¢l-7]. HA crystals form bonds tehe layers of
collagen iorils produced by osteoblasts the interfacg5]. The rate of HA formation on
the bioactive materiaindicatesits bioactivity level. The HA formation rate and its
thickness as well abe strength and stability of tHeondformedbetween thdiomaterial
and the tissue depend d@he composition, microstructure and surface texture of the
bioactive materia[l, 8, 17] For examplethe shear strength ¢fie bond between 45S5
Bioglas§ andthe cortical boneof rats and monkeyis the same or morthanthat of the
host bong5].

1. "Pertaining to a biological process occurring within the living organism or [@ll"
2. "Pertaining to a situation which involves the experimental reproduction of biological processes in the

more easily defined environment such as a culture vejgdel"



Henchclassifiedbioactive materials into Class A afidass B based aie rate of
bone regenerationnduced by the material Class A bioactivity includes those
compositions which are able to bond with both soft and hard tissbhese materialare
osteoconductivandosteoproductive resulting mhigh rate ofhydroxyapatite formation
and fast bone baling [1, 1821]. Class B bioactive materialoonly exhibit
osteoconductivityand theynormally cannot provide a fully suitable environment to
stimulate the few osteoprogenitor cells to mit¢Sis22]. Class Abioactivity isexplained
further insection2.1.1.

Bioactivity has been reported forarious types of materials which can be
classified in threemain groups[1-7]: 1) calcium phosphate®) bioactive glasses and
glassceramicsand 3) other bioactivematerials These three groups of material are
briefly reviewed in the following.

The most commobioactivecalciumphosphates argyntheticHA and tricalcium
phosphatgTCP; Cas(PQy)2). TCP has four polymorphs among whidh a nade the
mostcommonlyused formg2]. The Ca/P molar ratian the compositiorof a calcium
phosphateletermines the type the material(Table2.1) [1].

Table 2.1. Various types of calcium phosphates basethein Ca/P molar ratifi]

Ca/P molar ratio Calcium phosphatesgpe
<1.67 U oTCPb
>1.67 CaO+HA phase

= 1.667 (= 2.151 in weight ratio) HA

Although synthetic HA has been extensively studied due to its similarity to the
mineral of theboneas well as its thermal and chemical stability in the bayClass B
bioactivity, relatively poor mechanical propertiegespecially toughnessand slow
degradation ratén vivo have limitedits applicatios. The HA resorptionrate can be
increasedo some extenby creating silicon or carbonate substituted apatfitee b-TCP
showsrelatively higher mechanical properties artlissolution rate compared tbose of
HA [1-3]. The dissolution rate of these calcium phosphates are as follW7]:
Amor phous-TER -$CP Crystaline HA It has been shown thathe



incorporation ofb-TCP and HA creats a new material known as biphasic calcium
phosphatevith improveddissolution and mechanicatopertieq2, 3].

After the advent of45S5 Bioglas® new bioactive glassand glassceramic
compositionshave been developeshdstudied over the past four decafzss]. They are
the only materialsvhich can bond with both soft and hard tissuesvivo (Class A
bioactivity) [5, 22-24]. Bioactive glassesan be synthesized irariouscompositionsand
forms (powdes, fibers, bulks and porous monolithsresulting in wide range of
propertiessuitable for variousapplications[1, 7, 25] Bioactive glassesre reviewed
further insection2.1.1

Apatitewollastonite (AW) glassceramicwhich was created in Japan (1982)
is one of thanost important modificatiaof bioactive glassesThis material comprises
34 wt.% of oxyfluorapatite (Ca(PQu)e(O,Fp) crystals (501 100 nm) and 28 wt.%
wol | ast on i)tirea glaSyntakis(@L7aMgO, 24 CaO, 59 Si® wt.%) [1, 5].
According to Table 2, the mechanical properties of tAéW glassceramic aranuch
higherthan those of 45SBioglas§ and calcium phosphateas well as other bioactive
glasses and glaseramics[1, 5, 26] This materialcan be used as bone replacement in

load-bearing parts of the skeleton since it has good biagcand mechanical properties

[1].

Table 2.2. Mechanical properties of HA, 45S5 Bioglassd (A/W) glassceramic]7].

Compressive . .
. Tensile strength Young's Fracture toughnes
Materials (Dense) S('[I(/ng;[h (MPa) modulus (GPa (MPa ni?)
HA >400 ~40 ~100 ~1.0
45S5 Bioglass ~500 42 35 0.51
(A/W) glassceramic 1080 215 118 2.0

Although calcium phosphates and bioactive glasaes the mostwell-known
bioactive materialsyioactivity is not limitedonly to them. It has been repted that some
bioinert metals and ceramican alsoachievesome levelof bioactivity after fia simple
chemical heat treatment[7]. For example, aftera chemical treatment by NaOH
combined with heat treatments on titanium and its biocompatible alloys, HA has been

formedon their surfacen vitro [7].



2.1.1. Bioactive glasseand glassceramics

Bioactive glasses have shown more advantdgegissue repairing purposes
among all of thébioactive materialsThesesurfacereactive materials are biocompatible
bioresorbable and bioactiid-5]. Their biocompatibility is due to the fact thdteir
dissolutionby-productsinclude elementsuch as Si, CandNawhich arenaturallyfound
in the body[27]. Rejection ofa material by forming scar tisssigenerallyoccursbecause
thosetissuesdo not contairnthe components dhe materialand itsby-productg5].

Bioactive glassesomprise elements whichre glass former(network formes)
or glass modifies (network modifies). Glassformers (e.g., Si and P) develop thlass
structure via covaleriondingandglass modifiers (e.g., Ca and Nmnd ionically to this
structure. Higher glass former cent in a glass composition makes it more chemically
stable meaning the glass is less soluble and bioaditieough most of the bioactive
glasses arsilica-based, some phosplustbased bioactive glasskave beemlso studied.
Note that he introduction ofmulti-valent cations, such as 3Aland T#" into the glass
compositiondiminishesthe bioactivity andeduceonebonding[5, 19].

All melt-derived silica-basedglass compositionsin the system of Sig) NaOi
CaOwith 6 wt.% P.Os are illustrated in Fig..2. No glass can be formed in the silica
poor region of the diagram (region D) due to the lack of glass focoatent. On the
contrary, for thesilica-rich regionof the diagram (> 60 wt.%; region B), the composition
is not reactiveand soluble enoughto be considered bioactiv@io-inert) [1, 8]. Bone
bonding only occurs within the compositional region of A in which glasses with high
silica conterd (527 60 wt.%9 [5] canbond to thehard tissuesvithin 21 4 weeks.The
compositions in region S0, = 4271 52 wt.%) are able to rapidly bond to both hard and
soft tissues (Class A bioactivity). The glass compositguth as 45S#which are located
in the small region of E have tineghest bioactivity indexl, 5].

The dissolution of Class A bioactive glasses (region S) starts rapidly upon placing
in vitro or in vivo resulting in HA formation and releasirgitical concentratios of
soluble ions for example 151 30 ppm Si and 60 90 ppm Ca in the case of 45S5
Bioglas§ [22]. It provides an environment which simulates the bone cells to differentiate

and proliferate(osteogenicproperties)[19, 22] via the activationof sevengroups of



genes in osteoprogenitor celissulting ina fast bone formation[1, 22]. The genetic
aspect of this phenomenon is remmpletely understoofb, 22, 28] Theseions also

promoteblood vessel formation which &vital stage for bone regeneratiangiogenesis
propertie$ [3, 22].

Sio, Region I?escription

A Bone bonding

Too low reactivity (norbonding)
Too high reactivitynon-bonding)
No glass formation

Soft and hard (bone) tissue
bonding

Bioactive glassewith the highest
E level of bioactivity (rapidly bond
to bone)

AM Glass Ceramic
(variable P,O,)

»w (OO0

Na,O

6% P,O,

Fig. 2.1. Compositional diagram of medterived glasses in Si® CaOi NaO system with 6%

P,Os (Wt.%). The boundaries in this diagram &ieetic boundariefo].

Thebioactivity, physical and mechanical properiésbioactive glasslepend on
not only itscompositionbut alsoits crystallinity, microstructureand surface chemistry
which areaffectedby the productionmethodof the glass (section 2.1.P3, 5, 8, 17, 29
33]. Low crystallinity and high specific surface area result in hidlieactivity due to
lower chemical staility and larger surface teoeact with the physiological fluids,
respectively. For examplemelt-derived silicarich glass compositions which aret
bioactive(Fig 2.1)showa high level of bioactivity if produced by sgel methodsChen
et al.[29], studied theHA formation on 3 bioactive glasses with different compositions
and characteristics (Fig.2). Although the glass former contsmif 58S and 77S are very
high (67 wt.% and 86 wt.%, respectively), Hldsformed on their surface after 4 days of
immersion insimulated body fluid $BF. This is due to theihigh specific surface area
since they have been produced tiasolgel processNote that according to Fig. 2.1, the
meltderived composition of 778 expected taexhibit a very low level of bioactivity.
The ®l-gel techniqueis discussed further in secti@l.2.5 The type of hydroxyapatite



formed on each bioactive glassn Fig. 2.2 depends ortheir compogion and other

characteristics such apecific surface area and surface chemistry

Bioactive Composition (wt.%) . Specific surface
glass | SiO; | CaO | NaO | P,Os Method of production area (ni/g)
4585 | 45 | 245 | 245 | e | Conventionalmeling| 555,51,

guenching
58S 58 33 - 9 Solgel 115.89+0.74
77S 77 14 - 9 Solgel 369.19+1.45
v i Y HCA
v v HA

778 778
778
Y \ v !
58S
585 .
4585 4 ssss
10 20 30 40 50 60 70 80 90 10 20 30 40 50 60 70 80 9010 20 30 40 50 60 70 80 90
209 20(%) 20(°
a b C

Fig. 2.2. XRD patterns of the bioactive glasses presented in the table: before (a) and after 4 h (b)
and 96 h (c)mmersion in SBF29].

Thein vitro HA formation on a silicdbased bioactive glass involvBsnajorsteps
which are briefly presented in F&33. For aClass A bioactive glass, it takealy minutes
after exposure to SBFto reach step 3of this process[34]. For example, the
hydroxyapatite crystalsucleateon the surface of metterived 45S5 BioglaSswithin 2
6 hoursin vitro (step 5) This timeframe can be as longas 30 daysfor a melt-derived

glasswith Class Bbioactivity [24].
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Step 1 Step2 Step3

Rapid exchange o Formation of Polycondensation
modifier cations such as SiOH and release of Si-OH + SOH -‘
-

Na" and/or C& with H of Si(OH) to form SitO-Si Step4

/Diffusion of C&" and PQ* through the

/Crystallizationof HA surface Si@ layer and form a
Step5 | layer on the surfa CaOP,Osirich  film  (Incorporation of
of the bioactive glass soluble Ca and P cations from the solutic

Khelps theamorphous layer to grow

Fig. 2.3. The HA formation steps on silideased bioactivglasses in vitr¢35-39].

2.1.1.1. 45S5 Biogla8s

As mentionedn the introduction the first bioactive material which was able to
bond to living tissues was discovered by Hefghin 1969as a result of tremendous
demand for bone repaiuringthe Viethnam WarThis glassvasnamed 45Sbased on its
composition 45S represest45 wt.% SiQ which is the main glass former in this
composition and 5 is the keyolarratio of Ca/P[1].

There is an eutectic closeto the 45S5composition in theequilibrium phase
diagram ofSiO,-CaONaO making this composition melt atrelativelylow temperature
so that itcan be producedsia the conventional melting and quenching methbd5).
45S5 Bioglas’ has the highest bioactivity ind€ks= 12.5' amongthe compositions of
region Eof thediagramshown in Fig. 2.Imaking it the most bioactive compositi{
40, 41] In addition to high bioactivity, osteogenicand angiogenesisproperties,
antibacterial propertiebas been reported ftigh specific surface area 45S5 Biogfass
powder due to its high dissolution rate resulting in rapid increase pH of the

surrounding medium which is not toleralide microbiota. This characteristic can beywe

1. Hench proposed this vivo bioactivity index (k) in order to evaluate and compare the bioactivity of the
materials. This index is defined as a 100 dividedsky which isthe time required for more than 50% of

the materials surface bonds the surrounding tissue(g), 5].
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importantin tissue repairing, especially dentistryinvolving infected root canalg35,
42, 43]

In the networkstructureof 45S5 Bioglas? (Fig. 2.4), Si and Parethe network
formerswhich covalentlybondtogether via oxygeatomsandthe netwaok modifiers,Na
and Caare ionically bonded to thgtructurevia broken oxygen bond3hese modifiers
bond to the noibridging oxygen atoms in order to maintain the syséégatroneutrality
[21, 27, 38] Network modifiers cardiminish the physical, chemical anchechanical
stability of the glassThey can accelerate the HArmationin vitro according td~ig. 23
(first step) The high bioactivity of 45SBioglas€ is attributed to the high content of
network modifierin its composition (49vt.%) making the dissolution process faster due
to the easier network break doy#8, 24, 3538, 44] Some level of bioactivity has been
reportedfor crystalline45S5[36, 45] showing the high bioactivity of this composition
althoughcrystallization of bioactive glasses generally diminisbesven neutralizetheir
bioactivity [46, 47] Chenet al.[9], reported that aftea 14 dayin vitro testa layer of
amorphousHA is formed onthe fully crystalline solgelderived 45S5 composition
(NaCaSpOs).

Silicon atons, which
arebonded covalently
to the oxygen atoms

Sodium and calcium atoms
attaching to the network via

Oxygen atorabonding ~’,
ionic bonc

the network formers: G

together \ "
Phosphorous atasn
which arebonded

covalentlyto the
oxygen atoms

Fig. 2 4. Network structure ofi5S5 Bioglas$[21, 48]

There are several studies focusingtbathermal behavior of 45S5 Biogl&sim

order to determine itphase transformation patteand critical temperaturegylass

12



transition temperaturéTy), crystallization temperature @ and melting temperature
(Tm). The aystallizationtemperaturef this glass/aries withthe heatingateas shown in
Fig. 2.5. It reachedull crystallinity beforeits sinteringtemperaturenvhich is at1000
1100 °C [49-51]. In somecases where mechanical properi@sy a key role, fully or
partially crystalline45S5glassceramic(NaCaSpOs or NaCa&SizOp) is used 36, 45]

These characteristiocsombined withmore than 25 yeas of successful clinical
applications, makéhis material one of the mossefulbioactive compositions to daf#-
7]. The future biomaterials are expected to be designed to prevent or delay tissue loss and
the presence 045S5 Bioglas’ in the preliminary studiesof this field shows its great
potential in tissue engineerif§2]. The properties, advantages, challenges and potential

of 45S5 Bioglasd areexplained and discussed furtheiGhapter3.

550°C = Glass transition 1
Rate (°C/min) T, (°C) T, (°C) Tm (°C) | Glass-in-glass

580°C .
phase separation

5 505 650 1174

- Na,CaSi;Og
10 536 664 1172 610°C T Crystallisation
15 544 674 1168
. Na,Ca,(P0O4),Si0,
20 549 676 1165 s0o°c Crystallisation
25 553 686 1160
30 551 690 1155 850°C <+ Glass transition 2

1200°C

- Melting

Y

Fig. 2.5. The critical temperatures and structural transformation of 45S5 Bi8gtediferent

studiesLeft: Ref.[50] and right: Ref[49] (heatingrate of 5°C/min).

2.1.2.Production methodsof bioactive glasses

As discussedin the introduction composite scaffolds containing bioactive
nanoparticles are among the most promising bone substitutes. The advantages of
submicron bioactive glasparticles as thesecond phase in composite scaffoli®
discussed in sectio.4. The techniquesfor productionof submicronbioactive glass
particles andfibers with various compositions angroperties are explaineth this

section The advantages amisadvantagesf each methodrealsobriefly discussed
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2.1.2.1 Conventional melting and quenching

The first bioactive glass compositions were produced via melting and quenching
sincethis is the oldest and most wellocumented technique for the puoation of any
type of glass. No chemigalvhich may be potentially hazardous to the living tissiges
involved in this process. Briefly, thglass precursors are weighed and appropriate
amounts are mixed together normally by a simpleer mill. Subsequetly, the mixture
is melted at high temperaturastil homogeneityn the molten material iachievedThis
is followed by quenching the melinto waterand rinsing the productMelt-derived
glasses are normally in the form of a bulk or ladgese particlesvith angular shapes
resulting in a low specific surface area and bioactijiBp]. Alternatively wet
mechanical grindingb@ll milling) as an additional stejs used to obtain finer glass
particles.This involvesseveral hoursf ball milling (preferablyplanetary balmilling) in
the presence of ethandbllowed by freeze dryingand sieving Freeze drying prevents
particle agglomerationto some extent, since there is no liquid phase involved in the
drying proces$33].

The number of bioactive glass compositions which can be produced by this
technique is limited due to very high melting temperaturesoantile absence of
bioactvity in the final glassAt high temperatures some of the precursors such as the
phosphorous may partially evaporate making it more difficulbtitain theequilibrium
compositionof the glass. Also, this process can be costly since it requieekigh
temperature furnace and expam platinum cruciblesFurthermore, ball milling may
introduce contamination to theylass To avoid thisproblem yttriastabilized zirconia
(YSZ) balls and containerare used vhich are also very expensiveéreeze drying and

sievingcan bealso time consumingndexpensivgd 21, 36, 46].
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2.1.2.2 Flame Sprayyrolysis (FSP)

Mixed metal oxide powders (1L 200 nm) can be synthesized by FSP using
inexpensive precursomgith a production rate as high @50 g/h[53]. In this method,
precursors which are carried lay appropriate fuebuch as isactane, are transferred
into a flame, melted and then droplets are rapidly cooled domming the nanoparticles
A filter is placed on top of the flame to gathére nanoparticles The FSRderived
producs are fully amorphous since thdroplets are rapidly quenche®ne of the
advantages of #se nanopatrticles is their Idendency to agglomeratkie tofew surface
hydroxyl groupg53, 54].

Brunner et al[54], have successfully synthesize8Rderivednanoparticles with
various compositions from SEILCaONaO-P.0s5-B2Os systems including 45S5
Bioglas§. Although FSP uses inexpensive starting materials,dgpendency on the
specific flame and filtering equipment increase tiverall cost andcomplexity of the

technique.

2.1.2.3.Ultrasonic SprayPyrolysis (USP)

USP is a novel method for producing submicron sphepadicles of bioactive
glass and glasseramicqFig. 2.6). This method involves sprayirapaqueous solution of
proper precursorse(g.,salts), into a chamber where thalution is subjected toltrasonic
generatorand atomized. The atomized particles are dried, decomposed and melted in a
"hot reaction columhwhichis followed by a rapid coolinfp5].

The flow rate of air as the carrier gas, the processing temperature and cooling rate
determine the crystalline status of the final prodia&]. USRderived particles also
exhibit a low degree of agglomeratiofFig. 2.6) for the same reasoas FSRderived
particles. This production method has not been commonly used since it requires
specialized equipment making the process costly and complex. Furthermore, USP has a
relatively low production rate (on the order of 5 g/h) resultimga low efficiency

especially for industrial scale production.
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Fig. 2.6. SEM image of a typical bioactive glass particles produced by USP (at processing
temperature of 1400°@%5].

2.1.2.4 Production ofglassnanofibes

Most of themethodsdesignedfor producing (bioactive) glass fibemuchas gel
spinning [56] and mekextraction technique[57] result in production offibers with
several microns in diameteQuinteroet al. [58], introduced laser spinning which is a
novel technique foprodwcing glass nanofiber@verage of ~ 200300 nm in diameter)
In this method, aceramicplate (precursor)with suitable compositiors locally meltedby
means ofa high power laser beam (Fig.7a). The molten material isimultaneously
stretcled and cookd down using a high velocity gas jefThe final product is ra
amorphousundleof long, thin glassfibers (Fig. 2.79.
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Fig. 2.7. a) Schematic illustration of the laser spinning processing; b) SEM image of 45S5
Bioglas$ fibers produced by laser spinning and ¢) TEM image afdividual fiber[58].

No chemical and post treatment are involved in laser spinning which are
important advantages especially for producimigmaterials. However, the neddr
specialized equipment (laser and gas jet) and the use of high temperature for timelting
precursor which magesult in heterogeneitiy the final composition, limit the application
of laserspinning [58]. Deliormanli [59] has recently synthesize4bS5 glassceramic
nanofibers (average diameter 3y7 + 81 nm) via a combinationf solgel and

electrospinningThefibersaresemicrystallineafterthe finalcalcination(heattreatmenk

2.1.2.5 Solgel and segelderived bioactive glasses

Solgel isaninexpensive, straightforward methadhich hasbeen commonly used
for producing a wide range of materials including bioactive glassigghly pure and
homogeneouglasses in various forms of pates, fibers and foams with enhanced
bioactivity can be produced at roa@mperaturevia sokgel[17, 21, 60]

In 1991, Li, Clark andHench[8] discoveredthat bioactive glassesan also be
produced viasolgel extendingthe compositional range of bioactiggasses (Fig2.9).
Although, meltderived bioactive glagss containing more than 6t.% SiQ are not
bioactive (Fig. 21) [38], silicabasedsolgelderived glasses withSiO, content up to
100% haveexhibited bioactivity{1, 8, 61] The ate of hydroxyapatite formatidior the

solgelderived glassess much faster compared to those of theltderivedbioactive
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glasss almost regardless of theomposition[62-64]. This is due to the fact that
bioactivity is dependent not only on composition, but also on the glass surface chemistry
and microstructure whichdependon thar productiontechnique[24]. Solgelderived
glasses inherently havagh specific area and high concentratafrsurface OH groups
which result inhigh bioactivity [21, 40] The former increases theagbkdissolution rate

due to higher reacting surface and the latter inducesifhdormation onto the glass
surface via accelerating the first two stepsH# formation in vitro (Fig. 2.3. The
formation of HA as a function of SKrontent in seelderived glasses of SOCaQ

P.Os system habeen reviewed in Ref8].

new composition
range of bioactive
gel powders

e

Ig}

FORMATION

(BIOACTIVITY

Non-Glass

- Gels
Forming

7
",

Mol % SiQe

Meit

HA

100

Fig. 2.8. A comparison between the mdirived and sefjel-derived silicabased bioactive
glasses iterms of SiQ mol% [8]. Note that, it has been shown thatgel is able to extend the
compositional range of bioactivity up to 100% S[@).

The ®l-gel process involveshe hydrolysis of appropriateprecursos (e.g.,
alkoxides) to form a sol which subsequentlyconvertsinto a gel as a result of
condensation reactionBinally, the agedjel is dried and stabilizeid order to obtain the
final glass or glasseramic product[3]. Alkoxides are the most camon solgel
precursors A metal alkoxide is generally presented MER)x where M representsa
metal of valency andR is analkyl or aryl group[65]. The hydrolysis and condsation
reactions for tetraethgtthosilicate TEOS; SiCgH2004), one of the most commasilicon
alkoxides are shown irEqgs.2.1 to 23. The structure of the silicdbased glass forms via
the condensation reactiond&gs. 2.2 and 2.3). Egs. 24 and 2.5 show how the glass
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modifiers (Na" and C&") ionically bond to thestructurevia broken oxygen bondas
discussedh section 2.1.1.160, 66, 67]

Si(OC,H,),+nH,0 U Si(OC,H,), (OH), +nC,H,0H Hydrolysis Eq.2.1
1SOH + OGH.- Sit U 1Si-0-Sit + CHOH Dpealcoholation  Eq.22
1SIOH + 1 SIOH U 1 Si-O-Sit + H,O  pehydration Eq.23
NaCH.0,) + 1 Si-OH U 1Si-O'Na + CHO, Eq.24

CaCHO), + 2t Si-OH) U *Si-0°Ca®0™-Sit + 2CHO,  Eq25

The gelation of a system may takéw minutes up to several days depending on
its composition.n some cases faydrolysis accelerator such as nitric acid and a gelation
catalyst such as anonium hydroxideareadded to thesystemin orderto adjust the pH
and control the hydrolysis and gelatioates [32, 33, 66] Under acidicconditiors,
hydrolysis starts by rapidormation of a protonated oxygealkyl group since the
concentration of His high in the solution. Thimakesthe siliconmoreelectrophilic and
more prone tde attacked by ¥O (Eq. 2.6). Thus, the hydrolysis reaction (Eg1) under

acidic condition is accelerated as shawikq. 2.6 [60].

Ha*
1 Si- O- C,H,+H,0 U ! Si@»- C,H, U 1Si-O-H + CH.OH Eq.26
f OH* :
H* H

(Released from the acid

Fasthydrolysisunder acidic conditionsesults in higher concentration of Si(ifl
n =4 in Eq. 2.1) monomersin the sol Polymerization of these monomers gradually
occurs viathe "clustercluster growth" mechanisnihe polymer chains are tangled and

crosslinked developinga threedimensionaktructureknown asa polymeric gel. If a base
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is usedas the hydrolysis catalys{Eq. 2.7), he polymerization mechanism mainly

"monomercluster growth" leadingp acolloidal gel[60, 68]

, e @ ,
1§i-0-CH, U tSi@d-CH, U tSi-0-H +CHO EqQ.2.7
#
d -
OH - OH

(Released from thizasg

Solgel is a very sensitive method arn@ tcompositiorof the precursors, type and
concentration of the hydrolysis cataly{ghe pH of the systempandthe test conditions
such astemperatureand atmosphersignificantly affect the characteristics of the final
product[10, 32, 43, 6972]. Controlling thesolgel procesdecomesnoredifficult, as the
number of precursors with differerdtes ofreactivity increases, or inclusions such as
NaO whose precursors have high ratedgdrolysis, are introduced to the systg3,
73]. This combined with the fact th&ighly bioactive systems witholtlaeO canbe
easilysynthesized by sajel, has limited the number of studies ah-gelderived 45S5
Bioglas® [9-12]. Furthermore, producing highly bioactive composiiench ast5S5via
solgel maysignificantlyincrease the bioactivity of the glassaking it too soluble to be
useful for tissue repairing All the challengesand studies on the synthesdf 45S5
bioactive glass and glasgramic via sebel conducted as a part of this reseaerh
discussed ilChapter3.

To date the clinical use and the commercial productiob85 Bioglass are
mainly limited to the conventional meltlerivedtype [21] which is normally inthe form
of densemicronsizedparticles Considering the advantagessafl-gel, more studies are
necessary to produce sgglderived 45S5 Bioglas® with desirable propertiesThis

thesis aims to provide some much needed understanding in this regard.
2.2. Biocompatible polymers

Biocompatible polymersiave been widely used medical applicationbecause
of their lightweight, desirablenechanical propertieandformability. The biocompatible

polymerswhich are used ithe bone healindgield can be categorized into two major
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groups: bidegradable and nonbiodegradabl&e nonbiodegradable polymesmsich as
poly(ethylene) (PE) and poly(ethylene terephthalate) (P&inot be used for the
fabrication of bone scaffolds since these scaffolds are designed to be bioreg@bable
74].

Biodegradable polymemrealsoan excellentlternative for unrecyclablplastics
which are extensively used (up to 140 million tons every year), resulting in significant
environmental pollutiorf75]. Biodegradable polymers are currently being used in a wide
range of applications from biomedidal packagingindustries[75-77]. The degradation
of these polymers generally ocsuwria scission of their main or side chains through
thermal, chemical (e.g., hydrolysis and oxidation) or biological roli7®&§. The
biodegradablebioresorbable polymeare eithersyntheticor with natural origing which
are both briefly reviewed in this section. A classification of biodegradable polymers
which have been studied/used for the bone and/or cartilage healing purposes, is presented
in Fg. 2.9[7, 74].

It has been shown that natural polymers normally exhibit very low toxicity and
canimprove cell adhesiom vivo. Polysaccharideg¢Fig. 2.9) such as chitosare the
most used natural polymefer biomedical applications[74]. Natural polymers are
especiallygoodcandidates for the fabrication of hybrid composite scaffolds in which the
polymer and the inorganic nanoparticles are strongly (covalently) bonded at the
molecular level3]. Collagen is garticularlygood candidate for this purpose. About 20
wt.% of natural bone is comprised of collag@ils resulting in a good compatibility
between thedefective bone and the scaffol@, 78] It also has relatively good
mechanical properties (tensile strength and toughness) comparable to those of the bone
[3]. Hybrid composite scaffolds are reviewed further in se@idn

Polyhydroxyalkanoates (PHA) such as R8iiydroxybutyrate (P(3HBor PHB
[5, 27]), copolymers of dhydroxybutyrate and-Bydroxyvalerate (PHBV) and Pol+
hydroxybutyrate P4HB) are also classified as natural polymefSig. 2.9). Theyare
microbial aliphatic polyestewhich aredegradedvia hydrolysis[7, 74]. It has been

reported that RB has piezoelectric properties whiamay stimulatethe defective bone

1. In Williamss dictionary[4], biopolymers are defined asaturally occurring longhain molecules e.g.
polysaccharides, proteins, DNA4].
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improving the healing procedd9] without inflammatory responsever a longin vivo
periodof up to a yeaf7]. The application of PHA polymers isnited due to the lack of
availability since they are produced by microorganisms and the extraction process from
bacterial cultures, especiably theindustrial scale, can lexpensivg7, 74].

Despite all the advangas of natural biodegradable polymers, tlagiplicationis
generally limited because o€latively fast degradation, low mechanical strength and
chemical stability, risk of rejection by body and the posisjof disease transmissidid,

74, 79] The rapid degradation of natural polymers such as collegerpotentially lead
to a dropin mechanical properties of tleeaffold structure, increasing the likelihood of
prematurecollapsein vivo. Modification of some of these polymers in orderimprove
their characteristics beinginvestigated74].

Synthetic bioresorbable polymerfFig. 2.9) have beerof more interest fothe
fabrication ofbone scaffolds due totheir controllabke and reproducibleharacteristics.

The synthesis processrovides the possibility of designingand producing suitable
polymess for a certainapplication. The impuritiesn the final polymer can be also
controlled during the production process. Furthermore, the risk of toxicity, rejection by
the immune system and causing infection is normally lower for the highly pure synthetic
polymers compared tthat of naturalpolymers[2, 7, 74} Note that, natural polymers
such as PHAs and PURse still being studied and examined for clinical applications
whereas; synthetic biocompatible polymers suclkla&, PLGA and PLC have already
been successfully used in many clinical prod{ic43.

Saturated aliphatic polyesters are the ncostmonlyused synthetic polymefer
bone regeneration purpos@lA, PGA and their copolymePLGA! as well asPCL [7,

74]. Thehydrolysis of thespolymersstartsupon exposure to the aqueous environnrent
the bodywherethe cellularandbr enzymatic pathways promote degradafit8]. These
polyesters are degraded water absorptiofollowed by hydrolysis of the ester bofid.
Thus, the degradation behavimirthese polymers dependa their wettabilityby water.
In general, dgradationbehaviorof these polymersilso depend on their composition,
chemica structure, molecular weiglalistribution,degreeof crystallinity, the temperature

and pH of the medium, the presence of any enzyme or badige,and amounof

1. PLA, PGA and their copolymers actassified as poly-hydroxyacids) (Fig. 2.9)7, 74].
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second phasée.g., a bioactive glass particle), specific surface area, porosity and pore
morphology[75, 76, 80-86]. Mechanical properties and degradation time of some of
these polyesters are presented able 2.3 and compared withechanical properties of

the humarbone.

Any parameter that increases the hydrophilicity of the polymer results in a higher
degradation rateFor examplethe incorporatiorof bioactive glasgarticles which are
known to be highlyhydrophilic into the polymer increases the overall hydiapcity
causing the polymer to degrade more rapidgccaccini et al[87], showed thathe
addition of small amoust (up to 5 wt.%) of melt-derived 45S5 Bioglas’ to
PDLLA/TIO2 scaffold can significantly increase tlve vitro degradation ratedue toa
higher water absorption. Misra et[@B] showed that using bioglass nanoparticles leave
more significant impact on the overall degradation rate of the scaffold compared to that
of thelargemicronsized particles. They showed that the water contact angle on the pure
P(3HB) is 87+9°; whereas, this value decreases to 71.8+0.3° and 62+2° as 30 wt.%
micronsized and nansized 45S5 Biogla&sparticles are respectively added to the
polymer[79]. Similar observations are also reported for other scaffold systems such as
PLGA/tricalcium phosphate nanopartic[@ and PLLA/HA nanoparticleg, 3].

Table 2.3. Biodegradation time and mechanical propertiesoofie common polyesteis, 78] .
The mechanical properties of the human bone are also presented[@d8]Ref.

Polymer® | PDLLA | PLLA | PGA PLGA | PCL Human bone
Cortical | Cancellous
Biodegradation |, 15 | 55y 612 112 | >24 | - i
period (months)
Young's modulus 240 .
(GpayD 1.9 27 | 7-14 1428 | 0.4 | 1220 | 0.050.5
T e | 29 | 50 | 340920 | 414552 16 | 50151| 1020

(a) Note that the mechanical properties and degradation rate of polymers depend on not only their
composition, but also molecular weight, crystallinapdthermal historyf78, 8084].

(b) The Youngds modul us and t ensi (resorbabteareln gt h
nonresorbableare in the range of 0i42.8 GPa and 16 61 MPa, respectivel2].

(c) These values are reported for PGA filjéis
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(> Chitosan
( > Hyaluronic acid
> Alginates
> Starchbased materials
( > (Bacterial) Cellulose
> Dextrans

> Polysaccharides

\
Natural

Polymers < > Collagen

> Proteins
> Silk fibroin

for tissue repairing purpose > Microbial origin polyesters (e.g., PHAS)

Biodegradable polymers usgz

\

(> Saturated aliphatic polyesters

> Poly(@-hydroxyacids)

> PCL

rq > Poly(1,4butylene succinate) (PBSu)

3

Synthetic polyme

> Bioresorbable poly(urethane)s (PUR)s

> Poly(propylene fumarate) (PPF)
\> Polyphosphazenes

Fig. 2.9. A typical classification obiodegradable polymers used for bone and cartilage repairing
[7, 74]

Degradation rate is inversetyrrelated to the degree ofystallinity of the polymer$7,

74]. PCL with ahigh moleculaweight may takeseveralyears for complete degradation

in vivo [7]. However, in the natural environment, PCL has shown a more rapid
degradation dueo morevariety of microorganismwhich are involved in its degradation
procesq75, 76]. On the contraryPGA degrades fast at a rate whishgenerallyhigher

than that ofthe PLA family due tothe more acidic degradation kyroducts(mainly

glycolide acid, accelerating the degradatigmocess FurthermorePGA which has a

1. Note thathe acidity (pKa) of glycolide acid and lactic acid which are the main degradatiprotiyicts
of PGA and PLA are 3.83 and 3.86 respecti&i5].
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more hydrophilic nature results in more water uptédalitating the hydrolysis. The
hydrophobic behavior of PLA is because of fitsnpolarmethyl groupsFig. 2.10 and
2.11) PLA has been studied the most amdhg sturated aliphatic polyestefer the
biomedical applications, in particular as the matrix of bone scaffBlda. is reviewed

further in the next section.

2.2.1. PLA

PLA is a biodegradabléioresorbableynthetic polymer which is one of the most
promising thermoplasticof a wide range of application&fter a high molecular weight
PLA was patentetty DuPont in 1954, this polymaittracted the attention oésearchers
[75]. This polymer was initially used only for biomedical applications, bistatso being
usedfor consumer products, thanks to new production techniqgues m&kiAgwith
various molecular weights more available aleds expensivegl88]. The ease of
production makes PLA relatively inexpensiy&], although its price is still higlas
compared to petrolewinased polymerf/5].

PLA has arelatively high melting point(~ 170 °C [76]), high transparency,
excellent biocompatibility good mechanical propertieand diverse degradation rates
(Table 2.3) which mainly depend on tletereochemistry polymerization degree,
copolymerization and the presence of any additj¥és81]. PLA can be synthesized via
polymerization of lactic acid monomers or ring opening polymerization of lactides (a
dimer of lactic acid[89]) [75, 89]. The monomer lactic acid (Fig. 2.10 a and b) are
polymerizedvia polycondensation reactions to create polylactic acid since the hydroxyl
and carboxyl groups coexist in the monomers. In this case, the conventional
polymerization process can be veond) and normally results in PLA with low molecular
weights. The second synthesis method, ring opening polymerization of |4Eigle2.10
¢, d and g)is more common foproducing high molecular weight polylactidg’s, 76,

89]. Themonomer lactic acidanbe produced from the glucose of renewable resources

1. Although loth terms ofpolylactic acid and polylactide represent PLA, they are used typically when
PLA is a product of lactic acid polymerization or ring opening polymerization of lactide, respe{@9gly

In this thesisPLA andpolylactic acid have been mostly used.
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such as cane sugar and corn via a fermentation prpt&es®1, 88] Note that most of the

bacteria involved irthis process, producenly the L- form of lactic acid[89].

O O
CH CH
HO“""'”&S HOIllll-- 3
H OH HO H
() (b)
3 O. CHj
CH3 (@ —a H
Hu: 3C" Hu —Q
O
Hs;C H;C
(©) (d) (e)

Fig. 2.10. Stereochemistry of PLA monomers adctic acid, b) Dlactic acid, c¢) Lllactide,
d) DD-lactide and e) LBactide[89].

Since lactic acid has an asymmetric molecular structure (Fig. 2.10 a and b), PLA
exists in three forms:-PLA (PLLA), D-PLA (PDLA), and D,l-PLA (PDLLA) [74, 76,
80-82]. The D and L isomeric content generally determines whether the polymer is semi
crystalline or amorphou$78]. PLLA and PDLA are sendrystalliné and PDLLA is
mainly amorphousf the D-content is more than 5%lue to the randomly distributed L
and D isomeric content. As a result, PLLA generally exhibits better mechanical
properties and slower degradation rates compared to those of PDLLA (Tab[é, Z.3)
83]. Notethat, degree of crystallinity particularly affects the elastic modulus of a polymer

[83]. The density of PLA also depends on its crystallinity. For example, the density of a

1. For example PLLA has a crystallinity of ~ 379%5].
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crystalline PLLA is ~1.290 g/ctnwhich is higher tha that of the amorphous PLLA
(1.248 g/cm) due to the more packed, ordered chain arrangerf¥&jt PLA can
crystallize into different crystal structures (e&, b andg) depending on the conditions
under which crystallizationccurs. The most common and stable crystal structure of PLA
is a which forms via crystallization from melt and solutid@8, 89] Crystallization of

PLA and the characteristics of its crystal structures are comprehensively revieRe&fd in
[88]. Crystallization of PLA as the result of phase separation phenomenon in a ternary

system of PLAsolventnonsoVent is studied in Chapter 5.

(b) (©)

Fig. 2.11 Molecular structure of a) PLA in general, b) PLLA andPBLA [74].

PLA is biocompatible since lactic acid, its main hydrolytic degradation by
product, is naturally found in the body as a product of muscle contrg2@p82] PLLA
is considered to be the more biocompatible stereochemistry of PLA silactid_acid is
the naturally occurring form of this monom@5s]. PLA has been approved ltye U.S.
Food and Drug Administration (FDA) for clinicaapplications. For example,
bioresorbable PLA sutures which were initially proposed in 182) are commonly
used. Many studies have also focused on the potential of this polymer in orth¢2Hics

drug delivery and tissue engineerifi®]. Although PLA isbiocompatible, in some cases
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sudden release of its acidic degradatiorpbyducts results in a local drop in pH which
may cause minor adverse biological resporige34]. Poly (lacticglycolic acid} is the
most weltknown copolymer of PLAand PGAIn the field of tissue engineerirendis
also approved by FDA and is used in clinical applicat[@bs86].

As discussed in section 2he degradation kinetics of PLA depend on its ability
to absorb water. PLA is commonly blended with starch to improve its biodegradation
althoughdiminishingthe mechanical properties especially its toughfigss Fukushima
et al.[81], showed that the addition of clay to PLA also increases the degradation rate
since the clay is hydrophilithus enhancingvater uptake. They found that the presence
of clay also influencemicrobial degradatiomf PLA in a compogr [81]. Ozkocet al.
[83], found that incorporation of 3% clay nanoparticles into Rhéreases the elastic
modulus on the order of 33%btaining a PLA with high strength and stiffness as well as
an enhanced toughness is a big challenge for indif&tyAnother challenge is the glass
transition temperature of PLA (Tg; ~ 6065 °C) which is not high enougto meet the
required criteria obome of its potentiadonsumelapplicationg89]. However,the Tgis
not an issue formmedical applications since thepplication temperature the body
temperaturgis well below of65 °C. Theglass transition and melting temperature of PLA
is compared with some other thermoplastics in Fig. 2.12. Note that the TgL#f PL
increases with increasing molecular weight until it reaches a plateau for molecular
weightsof ~ 207 40 kg/mol[89].

1. Lactic acid / glycoliacid = 2/2375]. This ratio can vary teontrol the degradation rate and mechanical

properties of the final copolymer

28



C

)
E

400
350
300
250
200

[
150

100
50
0

T

Polyester
amides

Aliphatic

O copolyester
PHA

Polyolefins

i L 1

Nylon 6,6

VDC e

PTFE

@

-150-125-100 -75

50 256 O

T

g’ °C

25 560 75 100 125 180

Fig. 2.12. Glass transition and melting temperature of some thermoplastikgling PLA[88].

PLA has been successful in replacingnbiodegradablgolymers in some

applications such gsackingmaterialsand tableware[75, 77, 88]. In general, chemical

and/or biological(i.e., enzymaticandbr microbia) mechanism are involved in the

degradatiorprocesof PLA. Enzymes produced by cells may act as a hydrolysis catalyst

via absorptioronto the surface of the polymer andiagithe deesterification process.

The degradation of PLAn vivo starts with hydrolysis producing soluble oligomers

which are subsequentiyetabolizedby cells[76]. During degradationlactic acid enters

thetricarboxylic acid cyclevhereby it is excreted easihy the bodyin the forms oH.0

and CQ [82].

PLA is also degraded under controlled composting condifionkich favor a

microbial populatior{75, 76]. It has been shown that this process can take from a few

weeks to 3 months depending on the environment where the degradation is ockurring.

such environment, PLA beaks downltw molecular weight chainsia hydrolysis in

which pH, temperature, maige and the role of microorganisms are important. The

microorganisms eventually convert the low molecul@ight oligomers to mainl{C O,

and BHO as well as humu&.ow molecular weighPLA with andlow crystallinity is more

1. Commercial compost with various compositions can be purchased from some suppliers such as Societa’

Metropolitana Acque Torino (SMAT). The degradation test on the samp&gmenvironment is usually

performed under humiditjg1].
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easily degradeih such conditias bymicroorganisms such dse Bacillus licheniformis
andPseudonocardiaceaamily [75, 76, 81] Furthermorecrystaline segments diminish
the water permeability of the polymer, resulting in a slower degradatiocrystalline
PLA compared to that aimorphous PLA76, 80, 83, 84]

Thernp-mechanical history and molecular weighhave an impact on the
crystallinity of PLA and subsequentiys degradation behaviolhe tendency of PLA to
crystallize is inversely related to its molecular weight such that almost regardiss of
cooling rate fronthe melt statePLA with very high molecular weight undeelittle or
no crystallization (from melt) However, during annealing after quenching, the
crystallinity increases for all molecular weightgth the higher the molecular weight the
lower the crystallinityf74, 80]

PLA can bealsodecomposed to lactic acid by heatimgahumid environmentt
alsoundergoes pyrolysis by heating in the range of 18D 360 °C over 30 mintes[75,

88]. A predrying step (~ 40 100 °C)? is important to control thermal degradation of
PLA during the fabiation process. Several techniques such as "stretch blow molding”
and "casting and extrusion" which are commonly used for producing PLA products such
asbottles and sheetare reviewed irRef. [88]. The common foamingnethodsfor the
fabrication of highly porous PLAased scaffolds normally daot involve such high
temperatures (sectich4.1landChaptes5and § [7, 88].

Thick/large threedimensional PLA pieces may undergo heterogeneous
degradation behaviomitially the degradatiors fasteron the surface due tugherwater
content and then, over the time, it becomes fasieside the sample due to the
autocatalysisAutocatalysisis a resultof higherconcentration of acidic bgroductsof
PLA degradabtninside of thematerialacting as hydrolysis catalystSnce chain scission
begins the molecular weight andhe pH of the surrounding mediundrop, which
subsequentlyaccelerate the degradation procesbklote that o the surfaceof the
monolith, the carloxylic end groups may be neutralized more rapidly by the surrounding
fluid resulting in a slower degradation on the surface of the monolith at this[pon,

1. Fukushima et al[81], claimed that among the bacteriumhich aremostly present in commercial
composs, Bacillus licheniformigplaysa key rolefor the PLA degradation.

2. The drying time changes with the drying temperature and crystallinity of thdg8lA
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82, 90] Although hghly porousand fully interconnectedcaffolds are partially able to
allow for the dilution otthe acidicdegradation byproducts autocatalysi€an still lead to
premature collapse and failure of such scaffoldee incorporation of bioactive glasses
with alkali dis®lution by-productscanlower the effect ohutocatalysi$7].

The PLA family offers a wide range of properties for scaffold applications based
on theirrangeof crystallinity, mechanical properties and degradation rates. Thus, one can
selecta suitable PLA with appropriate characteristics for specific applications. In this
regard, the foaming procegs andcharacteristics and applications of PLA are reviewed
and discussed further in Chapter&4nd 6

2.3. Organicinorganic interface

One of the applications for the incorporation of an inorganic phase (e.g., a
bioactive glass) into a polymeric matrix is to fabricate a composite bone scaffed. T
commonbiocompatible, bioresorbable polymers aa bioactive, and themechanical
properties are not normally sufficient for supporting the defecbeae [7, 13].
Furthermore, high concentration acidic degradatiompimgucts of these polymers (e.g.,
PLA), may cause someadversebiological responsesn vivo [2, 74]. The additionof
bioactive glasses to the polymeric scaffolds not only induces bioactivity to the structure
but also partly buffers the acidic 4pyoducts due to the releagkalkali ions Also, such
a nanocomposite scaffold camore closely mimic the natural bonens the bone itself
is a nanocomposite comprising a polymeric matrix (mostljagen) and nansized HA
crystals[3, 78]. The incorporation of bioactive phases whibtter compressive strength
and Young's modulus @ampared to those of the common biodegradable polymers, may
reinforce the structure and increase the overall mechanical properties. However, in some
cases this incorporation hasorsenedthe mechanical properties of the final scaffold.
This isoftendue to the incompatibility between the glass and polymer phases since they
are hydrophilic and hydrophobic, respectiviy 7]. Surface OH groups malke glass
particleshydrophilicwhereas, th@onpolar speciem polymers such asiethyl groupsn
PLA (section 2.3), are responsible for their hydrophobic naReewan et al[7], claim

that the "the lack of interfacial bonding strength” due te ititcompatibility is the main
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reason forthe overallpoor mechanical properties of composite scaffolds wtaohfar
worsethan those of the pure polymeric scaffolds (Fig. 2.18). This incompatibility
makes it impossible to properly dispers®riganic particles throughout the polymeric
matrix. Agglomeration of inorganic particles organic solutiongan also diminish the
mechanical properties of the composstaffold. In particular, in the case of a highly
porous scaffold where the skelet@nvery thinlarge microrsizedagglomerates may act
asstress concentratmcreasing théikelihood of the entire structure collaipg [16, 91]

It has been also reported that, decreasing the particle size of the secondnphessss
the modulus of the composit§l6, 79]. Agglomerationcan also lowerthe overall
bioactivity of the scaffolddue to the inhomogeneous distribution of bioactiveigag
throughout the matrif3, 16 91].
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Fig. 2.13. The elastic modulus and compressive strength of the materials used for bone
regeneration purposes. The incorporation of inorganic phases (glasses or cevdammdymers
to develop "porous biodegradable composites” results in a very small increase in their mechanical

propertieq7].

Surface modification of the inorganic phasan help tacreate a better composite
scaffold in which théwo phases form a compatible interface and the inorganic particles
are welldispersed throughout the polymeric matrix. In this mangeod mechanical

propertiesard bioactivity are also ensurggl.
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The methods proposed for surface modification of bioactive phases (mostly
bioactive glasses) can be classified into physical, chemical and biological routes with
their own advantages, disadvantages and applicgi@n9296]. For example, wface
treatments involvingcids (e.g.HCl andHF) or bases (e.gNH4OH) [93, 94] attackng
the surface oé glass can change the surface texture and morphotdglye particlesand
consequentlgharge theirinteraction with the physiological fluids and cqi$g}]. Li et al.

[94], claimed that the surface roughness as a ressitatfchemical treatmersdt different

pHs can enhance cell hdsion and interfacial bondingmong all surface modification
methods, the chemical approach including surface deposition of a silane coupling agent is
the most effectiveThere is anothesimilar method in whichthe grafted molecules on the
surface oflhe glass particles form in situ via polymerization of monorfiss97] In the

next sectionthe most commosurface modificatiompproach fosilica-based glasses via

deposition of silane coupling agents is reviewed.

2.3.1. Surface modification using silane coupling agents

The molecular structure aflane coupling agentsnables them to forroovalent
bondsto both glasses and polymers acting as eliokers The molecular structuref a
typical silane(Fig. 2.14) consists ofa polarend compatible witlthe glass(typically
hydrolysable groupsand a nonpolarend compatible with polymers/hich includes
organofunctional group These two ends are normally connected by alkyl gr¢Ejms
2.14). The length of thialkyl bridge (n) affects the reactivity and physical properties of
the silang[15, 33, 91] Table 2.4 summarizesasne silane agents whichre commonly
used for coupling polymers and glasses. Silane coupling agétiisa methacryl
organofunctional group such &%methacryloxypropyltriethoxysilangMPTES) are
known to behighly reactive withunsaturated polyestessich as®?PF(Fig. 2.9)[92].
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X  e.g., acyloxy, alkoxy, amine or haloget
R- (CHz)n - Si- X3 R  e.g., amino, methacryl or glycidoxy

n 0, 1, 2 é
| |

Linker Hydrolysable group

Organofunctionafjroup

Fig. 2.14. The general chemical formula of a silasmipling agenf98].

Table 2.4. Some silane couplinggentscommonlyused forthe surface modification of glass

[15, 91, 98]

Chemical name Chemi;al formula acc?]rding to Fig.14
methacryloxymethyltriethoxysilane CH,=C(CH;)COO 1 OGC:Hs
3-methacryloxypropyltrimethoxysilane CH,=C(CH;)COO 3 OCH;
3-methacryloxypropyltriethoxysilane (MPTES CH,=C(CH;)COO 3 OCHs
vinyltrimethoxysilane CH,=CH 0 OCH;
3-aminopropyltriethoxysilane (APTS) HoN 3 OGC:Hs
3-glycidoxypropyltrimethoxysilane CH,(O)CHCH.O 3 OCH;
methyltriethoxysilane CHs 0 OCHs
(3-acryloxypropyl)trimethoxysilane CH,=CHCOO 3 OCH;

dimethyldichlorosilane (CH3)2 0 Cl

The silane molecules bond to the surface of the inorganaterial via their
surface OH groups which are very reactive sifEBis reaction can occur vian
anhydrousor a hydrolytic route In anhydrous depositioffrig. 2.15) the siane molecule
directly bond@ to hydroxyl groups on thelass surfacan the absence of watend
catalyst This procedure igime consuming and needs highmperatures.Of the
alkoxysilanes, only methoxysilanes candsposited without catalysis via this anhydrous
route[92, 99].
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Fig. 2.15. Anhydrous depositions of a triethoxysilane onto the surface of a-sdisad glass
[98]. Note that thénydrolytic deposition is schematically presente€iapter 6 (Fig. 6.1).

In hydrolytic depositionthe silane molecules undergo hydrolysastach to the
surface hydroxyl groups via secondary boads thenthe covalent bonds form during
subsequentefluxing at ~707 100 e Gandbr drying' [92, 99. The hydrolytic route
normally includes a catalyst (an acid or a base) to controtates ofhydrolysis and
condensation reactions. This matter is discussed in the next section.

2.3.1.1.Parametes affecting the surface modification process

The water content, amount oéddedsilane and the pH as well as the nature,
morphology, specific surface area and surface chemistry of the[tissre the most
important parametefecing a surface modification proceds, 16 91-93,97-100].

The water contentin a surface modificatioprocesshas a significant impact on
the hydrolysis and selpolymerization rate of theilanemoleculeq98]. Silane molecules
easily hydrolyzeand in many casewater molecules the atmosphere or minawater

content in the starting materigl are enougtto initiate the hydrolysis reactiofExcess

1. The tydrolytic depositiorrouteis explained further in Chapter 6.
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water in the system caresult in undesirablesdf-polymerizatiod and/or multilayer
deposition of the silane onto tlsaerface of the glasas a result of rapid hydrolysj83,
98, 101, 102] To minimize selfpolymerization and muHiayer deposition, the amount of
water in thesystem must bearefullycontrolled.

The theoretical quantity of a silageupling agent{W in ng) required to yield a
surface coverage density o{mmol/m?) on silicabased glasparticles(wg in gramg with

a specific surface area 8f (m?g) isgivenby Eq.2.8.
W=w,S,M,r Eq.28

whereMy is the molecular weight of the silane (g/mol). The surface coverage density is
also presented often as molecules/mmich is equal to 0.8. This equation is validf we
assume that the entire surface of the glass particles is covered by hydroxylwgnizips
areall accessibldo the silane molecule®\Iso, all the silane moleculesustonly react

with thesehydroxyl groups (i.e., no unreacted silaoe selfpolymerization).However,

in practice, much morsilane (~ 10" 100 times) thanhis calculated value is required to
obtain the desirable surfaceverage since teassumptionsre not metn reality [15,

16, 91-93,97-100].

It has been shown that adding more silane to a surface modification process
increases the density of the surface coverage, until it reaches a plateau as the surface is
completely saturatedAt this stageadding moresilane does not increase theverage
densityandthey mostly selpolymerized97, 99] Pryceet al.[99], investigated the final
amountof modifier grafted ontdhe surface o bioactive glass as a function of initial
concentratiorof themodifier added to the process (Fig.&).1

1. The silane molecules can be swihdensed into three different forms (dimer, linear siloxane and-three
dimensional polysiloxanggspresented and explainedrigferencg92].

2. Unreacted silane also includes those moleculhich are weakly attached to the surface of the glass
particles via physisorption. A throughout rinsing step is required at the end of the surface modification
process to remove the physisorbed moleci@8k This issue isxplained further irChapter6.
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Fig. 2 16. Modifier content grafted onto the surface ofgeklderived 588glass particles versus
the amount of modifier added initially to theactionmixture[99]. Accordingto Table 2.4, APTS

stands for aaminopropyltriethoxysilane.

The presence of an acid or a base controls the rates dfiytirelysis and
condensation reactions (Egs. 2.6 and 2.7). In a report prepared by* G@8gstising
acetic acid as the catalyst to maintain the pH in the range of 4.5 to 5.5 is recommended.
They indicate that this pH rangatalyzesboth hydrolysis and condensation reactions.
However, employing a base such as ammonium hydroxide@Nhto adjust the pH (8
10), is also commoii5, 16, 97] In addition to catalyzing the hydrolysieaction (Eq.
2.7), basic condions also allow for effectiveatalyzationof the condensation reaction
resulting in an efficient deposition.

The surface chemistry a glassis affected by its production methddection
2.12). For example, lte high concentration of OH groups on the surfateolgel
derived glasses are attributed to the naturesadigel which involveshydrolysis and

condensation reactiortiroughwhich hydroxyl groups are massively formed (Eq4.12.

1. Composition of 58S bioactive glass (mol%): 60% SE&Bmol% CaO and 4 mol%®s [99].

2. Gelest, Inc. is one of the largest suppliers of silane coupling agents.
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2.3). The concentratiorof these surface hydroxyl groups decreases by increasing the

stabilization temperature tfiesolgel process (Fig. 27} [3, 16].

OH HO

: @)
I I > 400 °C / \ N HZO
Glass surface Glass surface

Fig. 2.17. The effect of temperature on the concentration of surface hydyooyps[100].

The high density of surface hydroxyl groups combined with the high specific
surface area makesolgelderived bioactive glasses potentially maesceptibleto
surface modificatiorwith coupling agents since there are more adtiyéroxyl sites on
their surfacd3]. Gao et al[16], showedexperimentallythat mesoporous sgelderived
58S bioactive glass is surface modified more efficiently compared teder@ed 45S5
Bioglas®. Theyshowed that PDLLA films containingurfacemodified sotgetderived
glass particles exhibit higher tensggengthcompared to that of not only pure PDLLA
film (~ 60% higher) but also the PDLLA film containing the same glass particles but
unmodified (~ 80% higher) (Fig. 2.18). In the case of rdelived 45S5 BioglaSsthe
improvement in tensile strength of the PDLLA film with surface modified particles is
negligible and still lower than that of the pure PDLLA fi]&6].
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Fig. 2.18. Tensile strength of PDLLAased films: a) pure polymer, b) containing 15 wt.% melt

derived 45S5 Biogla$sc) containing 15 wt.% salelderived58S bioactive glag4d6]. Note that

the mean particle size of the-i@seived melderived and sefjelderived glasses (before surface
modification) is reported 26m and 1nm) [16].

2.3.1.2. Advantages of surface modification

After successfukurface modification, the glass particles are expected to be more
hydrophobic resuitg in a more stable suspension in a polynsetution with less
agglomeration (Fig. 2.1 [15, 16 91]. According to colloid stability theorynbrganic
particlesare prone to agglomerateespeciallyin organic solutiong16]. Glass particles
hydrogen bond to each other vieeir surface hydroxyl groups formirlge agglomerates
(Fig. 2.1%) [91]. Mechanicaktirring and ultrasonication have only shtetm effectson
breaking the agglomerates; whereas, surface modification of particles praviaash
longerterm effect (Fig. 2.119) [15, 16]

A stable suspension of walispersed surface modified glass particles in the
polymer solutionprovides for acomposite scaffoldvith well-dispersed particles and a

strong interfacial bondAs mentioned before, this can ensure good mechanical properties
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and bioactivity of the finascaffold. It has also beeshownthatwell-dispersedioactive
particles leado the formation of a homogeneous distribution of hydroxyapatite in vitro
[15, 16,79, 97] Misra et al[79], showed that the exposure of bioactive nanoparticles on
the surface of the scaffold is considerably higher than that of larger nsiz@sh
particles. This leads to many advantages since the bioactive phase is not completely
embedded in the polymer matrand is directly in contact with the physiological fluid
and cellghigher overall bioactivity).

The surface modification process for a-gekderived 45S5 Biogla§susing
MPTES is presented and discussed in Chapter 6. The effect of this modificattesspro
on the agglomeration of particles and the incorporation of surface modified particles in

PLA to develop porous composite monoliths, are also investigated ichidyatier
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Fig. 2.19. a) Schematic of hydrogen bonding between glass particles resulting in agglomeration;
adapted fronRef.[15]; b) Schematic of grafted silameolecules preveirtg agglomerationThe

silane presented in this figureggaftedMPTES.This figure is reproduced @haptel6 (Fig. 6.4)
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2.4.The ideal scaffold andremaining challenges

Although scaffoldsmade of bioactive glassésvehigh levelsof bioactivity and
relatively goodcompressive strengff@]; they cannot be used in lohearing sites of the
skeleton because of poor tensile strength and toughn€&s the other hand,
biodegradable polymers are not bioactive and their acidic degradatiprodhycts may
be inflammatory[2, 3]. Biodegradable polymer/bioactive glasssomposites have the
potental to overcome thesegrlems: a ideal bone scaffold is a highly porous monolith
containing a bioresorbable polymeric matrix and wi&persed bioactive glass
nanoparticlel

Characteristics of a scaffold including materials type, mechanical properties and
morphology depend on its applicati¢®7]. The important characteristics of an ideal

scaffold for bone regeneration purposes are briefly exmglamehe following (a e):

a) It must be biocompatible, bioresorbable and bioac{®mss A) so that it
improves bone ingrowth[3]. The scaffold must bond to the defective bone without
forming scar tissug2]. MG-63 cellsare atypical cell culture used for studying the
biocompatibility and scaffold behavian vitro [79]. The bioactivitylevel of a scaffold
depend onthe characteristics, compositions and weight ratiits constituentsand their
interaction as well athe porousnorphologyof the framework5].

b) It must act as &D, interconnected, highly porou80¢90%) frameworkwhich
includesboth mesgoresand macroporeé> 100 um)[3, 74]. The high porosity of the
structure provides enough space for new tissue to penetrate and the degradation by
products tadispersq74, 87] Themesgores promote cell &gdsion onto the scaffoland
the macroporeallow cellular ingrowth and vascularisatidhis believedthat mes@ores
significantly affectcell respons&(particularlyosteoblast) and the degradation rate of the
scaffold [1, 2, 3, 7] However, he characteristics of amdeal morphologyfor bone
scaffoldsare not yet fully understooB]. Pore size morphology andnterconnectivity
stronglydepend on the fabricatiggrocess of the scaffold (section 2.42]).

1. All the advantages of using submicron (preferably nanosized < 100 nm) bioactive particles in a-polymer

based scaffold are explained in section 2.3.
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¢) It must exhibit mechanical propertieesmparabldo thoseof the defective bone
(Table 2.3and sectior2.3). The scaffold should not collapsiiring handlingsurgical
operationand ordinary body activitiesvhen it has been implantedhe mechanical
supportof the scaffold must be maintaineldiring theentire healingprocesg3, 7, 74,

78].

d) It must exhibit arelatively linear degradation rafesimilar to the rate of
defectivebone ingrowthThe rate of bone regeneratidself depends on sex, agad the
location of defective bone in the skeletohhus there is nb just one desirable
degradatiomratefor scaffolds [3]. Composite scaffolslare ideallydesignedo degradeas
onematerial without anymismatch between the degradation of¢thenponentsThis can
be achieved by developing a hybrid nanocomposite scaffold wherein the nanoscale
interactions between both organic and inorganic phases make them come into contact
simultaneously with the cells and physiological flu[ds 3, 7]. In hybrid scaffdds the
organic and inorganic phases are covalently bonded at molecular scales and the inorganic
phase is normally formed in situ via sgpéf [3, 15]. In order to incorporate the polymer
into the solgel process, the polymer must be soluinleaqueousmedia; forexample
natural polymers (section 2.2pome hybrid nanocompositescaffolds consisting of
bioactive glass particles ambly(vinyl alcohol)(P\A) or collagen matrix have been
developedput no desirableovalent bonds seenbetween the phas&s thosesystems
[3]. Hybrid nanocompositscaffolds are still under investigati¢® 15, 21, 103]

€) The fabrication method of the scaffold must be flexible in terms afhlapeof

the final productn orderto matchthe geometryf the defective bong].

The ideal polymerbasedscaffold has not been yeleveloped mainly due to
insufficient mechanical properties, undesirable degradation belandomorphologyl,

2, 3, 7] The complexty of the hierarchical structure of bone makes the creation of a

1. Degradation rate can be defined as the rate of hydrolysis, dissolution and weight loss (%) of the
polymeric matrix, bioactive second phase and the composite scaffold, respd&tivelg7]

2. Composite saffolds in which the organic and inorganic phases are bonded weakly via secondary bonds
are considered as class 1 hybrid compogitét Class 2 hybrid composites are explained in this section

and are usually referred to asbhiyl composites.
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similar structure very difficult Furthermore,a better understanding olie biological
systems andheir interaction with biomaterials is still neededdi&signan ideal scaffold
for bone healingl-7,17].

2.4.1.Scaffold production methods

Scaffold fabrication methods are basically polymer foaming techniguesh
result in highly porous monoliths with theharacteristics mentioned ithe previous
section In general, polymeric foams can be produftech thermoplastis or thermoset;
however,thermosetsare not normally used for scaffold production since they are not
biodegradable and biocompatiblg[104]. Scaffold fabrication methods include
conventional techniques such slvent casting and patrticle leachifif], template103,

105] and gas[105, 106] based techniques, anaiore advanced methods such as
"supercritical CO, assisted'[107] processingand 3D printing[105, 108]. The ®l-gel
processs one of the most promising methods which is able to produce not only bioactive
glass scaffolds but also hybrid composite scaffolds as explained in the previous section
[3, 21]. A review of scaffold fabricatiormethod is presentedby Dhandayuthaparet al.

[14] and their common applications in tissue engineering. Tddvantages and
disadvantages of these methods are also summariget.iir], [L09] and[14].

Solution phase separation methodse templatdree techniques used for
fabrication of porous structures such as scaffolds. These techniques are reviewed further
in the following setions sincene suchmethodis used in this work@haptes 4, 5 and 6)

is classified in this group.

2.4.1.1. Solution phase separatioathods

Solution phase separation techniques have been studied for more than 50 years for
the production of porous polymer structurfdslO]. The theory behindhese phase
inversion techniquesare explained inChapter 4 using-lory-Huggins equatio® The

addition ofanonsolvento or changing théemperature of a polymer solutichanges the

1. Mostcrosslinkers commonly used for curing thermosets are toxic to living £E04).
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Gibbs free energy of the systamaking it unstableand resulhg in a phase separation
(solid-liquid or liquid-liquid) [111]. Phase separation occurs if the tpbase system
including polymerfrich and polyme#ean, has a lower free energy than that of the initial
system. The polymeaich phasegenerallyforms a3D structure and the polymdégan
phaseflows thraugh it. After drying, e phase separatesi/stemis transformed intca
foamin which the polymerich and polymetean phases have formed the skeleton and
the pores respectively. The methodsm which the phase separation is induced by
changing the temperature adding anonsolvent are known as thermaihduced phase
separationIPS) and nonsolveninduced phase separation (NIPS), respectiy&l{09].
There are two main nonsolvelbdsed methods usg for producing porous polymer
structures: immersion precipitation and NIPS which are normally used to di&bric
polymer membranes and foamespectively.

Polymersolventnonsolvent ternary phase diagrams (Fig. 2.20) are used in order
to depictthe phaseseparation phenomena and mechanisms at equilibrium for systems
with various compositions. These phase diagrams can be developed experimentally
(explained inChapter4) or theoreticallyusing the Floryi Hugginsapproach{112-116].

The binodal curveseparateshe single phase and twahase regions and the spinodal
curve representthe systems in which any compositional fluctuation leads to instability
and phase separatiota spinodal decompositiohe compositionsvhich lie in the area
betweerthe binodal and spinodaturvesexhibit metastability and their phase separation
is mainly driven by nucleation and growtihe spinodal curve separates the metastable
and unstable regions [108,113]. The porous structures produced via spinodal
decomposition ar&nown to have interconnected, fine pores (~10 nm in diameter)
[117]. In general, depending on the system and conditions, (Hgyuial or solidliquid)
phase separationrystallizationor vitrification may occur. For examplgelation in high
polymer concentration systems is normally inducedcbystallization during phase
separation[111, 118]
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Fig. 2.20. A typical polymersolventnonsolvenphase diagrarflll]. Point C, where the binodal

and spinodal intersect, is known as the critical pdih®].

2.4.1.11. TIPS

TIPS is able to produce iphly porous (up to~ 97% [7]) scaffolds with
anisotropic, weklinterconnead morphologies (Fig. 2.21a)omprising macropores and
microporeq7, 87, 105] In this technique, a homogeneous polymer solution is quenched
inducing phase separation (liquicquid or solidliquid [13, 120) to occur. The phase
separated system is then freeze dried to minimize shrinkaga powbus structure is
obtained[7, 13 87, 120] Bioactive particles can be also added to the polymer solution
prior to the quenchingo producebioactive composite scaffolds (Fig. 2.21b). The
guenching temperature, characteristics of the starting matgradjsrer and solvent) and
the initial concentration of the solution are the most important parameters affecting the
final properties of the TIR8erived scaffoldd7, 13]. Higher polymer concentrations
combined with lower quenching temperatures encourage-lgglid phase separation in
which thesystem is transformed into a concentrgtetymer solution and frozen. In the
case of liquidliquid phase separation, polyraech andpolymerlean phases are formed

[120]. TIPS derived scaffoldsypically have good mechanical propert[@€5].
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Fig. 2.21. a) Thetypical anisotropic, tubular morphology of a THi&rived PDLLA scaffold; b)
Thesecond phaggarticles can be seen on geaffold[87].

Composite scaffolds containing bioactive particles have been also produced via
TIPS. Hong et al.[121], fabricated TIPSlerived PLLA scaffolds containing bioactive
glassceramic nanoparticlesS{0:CaO:BOs = 55:40:5in mol%). They showed that
incorporation of up t®0 wt.% glassceramic desnot significantly change the porosity
(917 92%) and morphology of the scaffolds. The porosity drops&8% fora scaffold
with 30 wt.% glasseramic content. Also, theompressivanodulus andcompressive
strength of the scaffolds increased from 5.5 to 8 MPa and 0.28 to 0.35ddpectively
as the glass content increased from zero to 30 J24.

Thereareseveralstudies orproduction ofporousmonolithsvia a modified TIPS
processwith the incorporation of a small amount of nonsolvent to promote phase
separation[122-126]. In modified TIPS,the nonsolvent/solvent raties an important
parameter affecting the phase separation behavior of thensykthas been shown that
the nonsolvent content has the greatest impact on the-ptont temperature of the
ternary systemdg123, 124] Chen et al.[122], showed that by incorporation of a
nonsolventinto a TIPS process the tubular anisotropic morphology is changed to an
isotropicstructure consisting of macropores (Fig. 2.22) with slightly higher pordsity
is due to different phase separation medtranfor these systems which is sdliiguid
phase separation induced by crystallization of the solvent (Fig, 2.22a) andlibigucd
phase separation (Fig. 2.22 b an{l@?].
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Fig. 2.22. The morphology of PDLLA scaffolds from anisotropic TH&rived (a) to isotropic
after the addition of a nonsolvent to the TIPS process (modified TIPS):
nonsolvent/solvent = 10/90 (b) and 85/(c)[122].

Hua et al[123, 124]producedscaffolds withinterconnected macroporous (50
150 nm) via liquid-liquid phase separatiowith the PLLAT dioxané water [123] and
PLGAI dioxané water [124] systems They show that by increasing the aging time at
various quenching temperatures and polymer concentrationspdtes morphology
becomes coars§t23, 124]

It has been shown that the incorporation soirface active substancés.g.,
surfactants) tahe modified TIPS process can decrease the interfacial energy between the

polymerrich and polymetean phaseandstabilizethe morphology122, 124, 126]

2.4.1.12. Immersion precipitation

There are several methods for fabrication of polymeric membranes from pelymer
solventnonsolvent systems; for examptasting the ternary mixture onsabstrate and
allowing evaporationof the solventto increase the nonsolvent/solvent rdgadingto
phase separatiom the system. Invaporinducedphaseseparation(VIPS), the cast
polymer solutions exposedo the nonsolvent vapor; e.g., water vafidrO]. Immersion
precipitation isthe most promising angvell-known type of phase inversionsedto
produce polymer membranes wélrange ofnorphologies and propertigsll1, 119, 127,

128]. These membraneare normally used for micfiliration purposes; e.g., PLLA
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membranegor removing "cell and cell debrig129] Immersion precipitatiomormally
involves a nonsolvent bdtlin which a polymer solution which is cast on a substrate
(support) is directly immersed Solvent exchange gradually occurs via diffusion of
solvent and nonsolvent (Fig. 2.23yjthout mechanical stirring. After formation of the
membrane skinit is assumed that the overall polymer concentration is conghant,
solvent content is decreasing afg nonsolvent content is increasifit30]. The mass
transfercontinuesvia diffusion until viscous effects stop the pess[111]. The dy/wet

method is aimilar technique in which the polymer solution is partly dried in air prior to
immersion in thecoagulationbath [110]. This results in different morphology and
properties for the final membrane compared to those membranes produced by immersion

precipitation.

Precipitation bath

Nonsolvent J2 J 18 Solvent

Polymer Solution

Fig. 2.23. Schematic of immersion precipitatitechniqug111]. The support is normally a glass
substrate on which the polymer solution is ¢428].

The type of solvent and nonsolvent, composition ofdb@gulationbath and the
initial concentration of the polymer solutiorifect the phase separation mechanism
Zoppi et al.[127] produced PLLA membranes via immersion precipitatiothefPLLA -
chloroformethanol systemrhey explainthatif a low concentratiorpolymer solution is
placed in acoagulatiorbath the solvent exchangeccursrapidly and the system quickly

passes the metastable region and enters the unstable area where spinodal decomposition

1. Also referred to as coagulation or precipitation §aft9, 127, 128]
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is the predominant phase separatimachanism. In the case of a high concentration
polymer ®lution, since the diffusion of the solvent and nonsolvent is slower, the system
mainly stays in the metastable region during phase separation which is most likely driven
by nucleation and growtii127]. Note thatin generalthe energy barrier for phase
separation by nucleation and growth is much higher than that of the spinodal
decomposition where the energy barrier is negligib8d].

Young et al. [113], producedpoly(vinylidene fluoride) (PVDF)membranes via
immersion precipitation usingthe solvent dmethylformamide (DMF) and two
nonsolvents:1-octanol and water which aresoft and harsh nonsolvents for PVDF
respectively. As shown inFig. 2.24, using different nonsolvents significantly affects not
only the ternary phase diagram but also the morphology of the membrane. The harsh
nonsolvent (water) promotes phase separatinakes the single phase smaller and
expands the unstable regioompared to that of the soft nonsolvent.

Xing et al.[128], investigated the effect of using a coagulation bath consisting of
two nonsolvents (ethanol and water) in varioasios on the properties of PLLA
membranes. They sived that increasing the water content (hamsimsolvent in the
coagulation bath decreases the porosity of the membranes and diminishes the uniformity
of the poresThe same observations have been reportethierstudieq113, 127].

The incorporation of the solvent in tkkeagulationbath has been also studied in
order to control the diffusion rate (i.e., phase separation rate). It has been shown that
increasing the solvent content in theagulationbath, increases the pore size bét
membranegiue to the slower phase separatiorthia metastable region providing the
pores with more time to growthe membranes are crystalline due to this slow solvent
exchange process providing the polymer chains with more timogystallize[113, 125,

127, 128]. Crystallization during phase separation is discussed asdessed
experimentally for PLLADCMi hexane system i@haptes 5 and6.

Although the effect opolymer molecular weight is generally less significant than
that of the other parameters mentioned a@2@, 125, 124]at low Mn, the effect of

molecular weight and its distributioare more noticeable orthe phase separation

1. The meaning of soft and harsh nolrent for a polymer can be explained by thieteraction

parametemwhichis explained inChapter4.
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behavior[115, 122] Polymers with high molecular weights exhibit a critical point closer
to the solvent and nonsolvent axis of their phase diagfaim can be seen in the phase
diagramof PLLA (300000 gmol)-chloroforni ethanolsystemdeveloped by Zoppi et al.
[127] as wellas the experimentally developed phase diagram of PLLA (18@/00ql)-
DCM-hexane presented hapterd.

DMF(2) DMF(2)
0.0 1.0 0.0 1.0

Crystallization

0.2 0.8

Crystallization

0.6
Binodal

. e T S s 0.0

O‘ID U‘[Z 0.4 0.6 0.8 T.b
Water(1) PVDF(3)

() (b)

Fig. 2.24. The phase diagram and morphology of the membranes produced via immersion
precipitation of systems: a) PVEIPMF-water and b) PVDIPMF-1-octanol[113].

Various types of norganic particles such as Ti(Q132] and ZnO[133] are
incorporated into polymeric memdnes in order to increaseydrophilicty and/or

mechanical propertieseduce membrane fouldirgy improving their performance (e.g.,
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gas separation) according to their application. The particlesoaneally dispersed in the
polymersolutionbeforecasing andthen thehomogeneous cast laysrimmerse in the
coagulation batt{110, 132, 133] Razmjouet al. [132] showed thatncorporation of
surface modifiediOz into the membranes makes the microvoids larger.

2.4.1.13. NIPSfor the production of porous monoliths

Although most of the nonsolvembduced phase separation studies have been
focused on the production of polymer membranes, porous monoliths can be also
produced via NIPSusing polymersolventnonsolvent systemsThe theoryof phase
separatiorfor membrane production via immersion precipitation and foam production via
NIPS are the same. However, the phase separation mechanism in these processes is
different due to a key differee in their productions stepsmmersion precipitation
methodinvolves acoagulationbath and no stirringandthe solvent exchange gradually
occursvia diffusion; but in the NIPS process normally thenonsolvent is mechanically
mixed with the polymer sotion. Due to the difference in material transport mechanism
(diffusion vs mixing) the time that it takes for a systeith high polymer concentration
to enter the unstable region is much longer in immersion precipitation compared to a
similar NIPS systemil09, 122125 127. This matter is discussed furtherGhapters.

Xin et al.[125], produced porous polycarbonate monoliths via NIPSstwogved
that the pore and skeleton size of the foams decrease with increasing polymer
concentration, nonsolvent/solvent ratio or molecular weight. The pore and skeleton size
increase with increasing the phase separation standing tempeiE26ite However,
fabrication of scaffolds with desirable morphology and characteristics NARS is
challenging109].

In order to control the morphology of the final foam, phase separation standing
temperature mabe adjusted or sacrificial phases may be incorporatesl production of
polymer scaffolds from phase separated polysodventnonsolvent systems via
modified TIPS at various phase separation standing temperatures is explained previously
in section 2.41.1.1.Reverchon et a[134], produced PLA scaffolds from Pldioxane
ethanol systerwith a macroporoumorphology due to addition dfuctose particles (250
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T 500mm) as porogeto the gelsThey also produced composgeaffolds by introducing
hydroxyapatite nanoparticles (up to 50 wt.%)o the foams They reported that the
porosity decreaseandcompressive modulus increases (up to 123 kPa) by increasing the
hydroxyapatite content They also showed that due to the eresting fibrous
nanostructure combined with macropores, theman mesenchymal stem cells can
efficiently differentiate onto the sffald [107].

Unlike TIPS and modified TIPShe fabricationof porous monoliths via NIPS at
various phase separation standing temperatures doeequote quenching in liquid
nitrogen or freeze drying. The nonsolvent content is normally enoughdacing phase
separationthroughout the system. PLA foamsth different morphologies which are
successfully produced from PEBCM-hexane systems vi&lIPS at various phase
separation standing temperatures,stveliedin Chapters 5 and 6. I6hapter 6, the effect
of incorporation of glass particles on morphology of Ploams arediscussed This
templatefree, versatile method has shown a great potential as a foaming technique which

can be also used for producing scaffolds used in tissue engineering.
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Chapter 3

Synthesis of 45S5 Biogla8svia a straightforward organic, nitrate-free
solgel process$

Ehsan Rezabeigi, Paula M. Wesdamsand Robin A.L. Drew

Department of Mechanical and Industrial Engineering, Concordia University
Montreal, QC H3G 1M8, Canada

Abstract

More than four decadesfter the discovery of 45S5 Biogldssas the first
bioactive material, this composition is still one of the most promising materials in the
tissue engineering field. Sgeklderived bioactive glasses generally possess improved
propertes over other bioactive glasses, because of their highly porous microstructure and
unique surface chemistry which accelerate hydroxyapatite formation. In the current study,
a new combination of precursors with lactic acid as the hydrolysis catalyst bawe b
employed to design an organiutratefree solgel procedure for synthesizing of 45S5
Bioglas§. This straightforward route is able to produce fully amorphous submicron
particles of this glass withneappropriately high specific surface a@atheorder of ten
times higher than that of the meleérived glasses. These characteristics are expected to

lead to rapid hydroxyapatite formation and consequently more efficient bone bonding.
Keywords Sokgel; 4555Bioglas€’; Organic; Nitratefree; Lactic adéd

3.1. Introduction

Bone repair has been an important issue since early fiBn&$. After the first

generation of biomaterials (metals and alloys) were applied to bone healing, the first

1. This Chapteiis published as: Ehsan Rezabeigi, Paula M. Waddms and Robin A.L. Drew, "Synthesis
of 45S5 Bioglas® via a straightforward organic, nitrafieee solgel process", Materials Science and
Engineering: C, vol. 40, pp. 248252, 2014
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bioactive material, 45S5 Biogl&s$45% SiQ, 24.5% CaO, 24.5%la0 and 6% BOs
(wt.%)), developed by Hench et 4b] in 1969, began a new era in this field. This glass
has been the parent composition for many bioactive glasses. According to the ternary
phase diagram of the Bai CaQ SiO, system with 6wt.% POs, few compositions
exhibit Clas A bioactivity, amongst which 45S5 Biogldssas the highest bioactivity
index making it the most bioactive compositi®n 38]. This glass is not only capable of
in-situ hydroxyapatite formation3, 5, 7, 20-22, 38], but also releasegertain
concentration®f soluble Si and Ca cations as it dissolves in physiological flwdsh
consequently upregulate seven groups of gem@gding osteogenic propertigs, 5, 7,

22]. The released ions can also promote vascularization which is vital for the bone
healing proces$3]. Additionally, 45S5 Bioglasswith high specific surface area has
antimicrobial properties which camplay an important role especially in dental
applicationsinvolving infected root canal$42]. These characteristicalong with an
ability to chemically bondwith both hard and soft tissues without scaring or
inflammation, can mostefficiently accelerate the healing proceds35]. The next
generation of biomaterials iseing designed for the purpose of tissues loss prevention
and he presence of 4538ioglas§ among the primarily investigations demonstrates the
importance of this material in this fie]82].

Bioactivity is not only dependent on composition, but also on glass microstructure
and surfacechemistry which are governed by the processing r{i2d¢ The solgel
technique provides a flexible, letemperature method for developiagwide range of
bioactive glass compositions with enhanced chemical homogeneity and[Budify 36,

136]. Silicabased sebelderived glasses inherently have high spedfticfacearea and
high concentration of surface silanol grougising rise to Igher bioactiviy [3, 21]. This
high specific surface area is dueth@ir "interconnected nanoporous structUi@"as a
result of the condensation architecture of tetrahedral @n@s[21]. These structural and
chemical characteristics distinguish -g@lderived bioactive glasses from mdk#rived
and lead to faster hydrolysis and increased bioactivity. Bagethese characteristics
even some glass comknsns which were previously classified as lsvel bioactive or
nonbioactive materials cad be rendered highly bioactiveComparisons of the

properties of meltlerived 45S5 BioglaSswith sokgekderived bioactive glasses mostly
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in the SiQ-CaO-P.0Os system such as 58S and 77S, demonstrated that, regardless of the
composition, the rate of hydroxyapatite formation is faster fogebtlerived glassegs,

10, 17,21, 24, 36, 136]The solgel technique is very sensitive to procesaditionssuch

as pH type and rati® of reactantstemperatre, and atmospheric condition§hese
factors govern the characteristics of the final prodili@t 69 137]. Also, controlling the
process becomes very difficult, as the number of precursors and/or their reaatesty
increase, especially in the case of the sodium precuf8pf36, 60] The presence of
inclusions such as N@ in the glass network generally accelerates the first step of
hydroxyapatite formatiof24, 36 38]. Substitution of NgO by other oxides s as KOs

[138] and ZnO[139] have been investigated for some specific applications. However,
45S5 Bioglas&with a 25 year history of clinical applicatiofs, 21] in different fields
such as orthopedics and dentisp2, 49, 140]is still the most promising bioactive
composition

Sodium and calciumitratesand nitric acid have been traditionally used in most
bioactive glass sejel processes due to their high solubility, specificity, low cost, and
ease of thermal decomposition. Heat treatments abové®@@e required to remove the
nitrate byproducts thaare hazardous to living cellg3, 141] Such heat treatment
conditionsare above the crystallizatiolemperature (62800 °C) of 45S5 Bioglasy
resulting in the formation of a crystalline phasen¢st likely eitherNaCaSpOe or
NaCaSiz0Oo) [49, 50] Even thought has been reported that M&SizkOs has some level
of bioactivity[9], crystallizationof these glassegenerally diminishes their bioactivify,

49]. Furthermore,high temperatureéheat treatmest canlower the concentration of
hydroxyl groups on the glass surfd8e21].

Chen et al. [31] showed that lacticacid catalyzed hydrolysis produces
nanoparticles with rough surface morphologmsthe 60 mol% Si@ 36 mol% CaO, 4
mol% P-Os system. Lactic acid and lactate areat@ertain extent biocompatibl@his
organic acid is classified as "GRAS (Generally Recognae&afe) for use as a food
additive" by the US Food and Drug Administration (FOA%2]. In this studywe will
show that lactic acid is compatible with ooew aganic solgel systemleading to a
stable,homogeneous and transparent € the contrary with the other commonly used

acids such as HCIl and HNQOn this case there is rmmncern about miniscule amounts of
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acid or its byproducts potentially being inporated in the final bioactive glass.
Furthermore, the complete conversion of precursors to the final oxides may occur at
lower stabilization temperatures than those of the inorganigedobute4137, 143]

In spite of the superior properties of 45S5 Biodgtass well as the advantages of
the solgel technique, there have bdew studies on sejetderived 45S5 Bioglagsand
most either involved nitrateontaining materials, or the synthesisaoflassceramicor
ceramic[9-12]. LucasGirot et al.[137] were able to synthesize an amorphous bioactive
glass (52S4) of the same fecmmponent system as 45S5, via a nitfede soigel
process using inorgangodium and calcium precursqSaCQ and NaCQs) and acetic
acid. Although, no in vitro tesivas reporteda very high dissolution ratds expected
based on the glag®mposition combined with its high specific surface area (86/@)m
Specific surface area, which increabésactivity, is acritical characteristic especially for
NaO-containingsolgetderived bioactiveglassesbecause the final product is likely to
possessuperhigh dissolutionrates in vitrg resulting in overly high bioactivity to be
used efficiently ér bone regeneration purpog2s, 24 38].

To the authorsdéd knowl edge, t ,lsubsiicrans t he
45S5 Bioglas® powder with appropriately high specific surface area has been
synthesized via a straightforwamganic nitratefree solgel process using lactic acid as
the hydrolysis catalyst. All precursors are stalmdeler normaroom conditions and are
soluble in water and/or ethanohaking the sol preparation procegsy simple without

theneed fora glove boxfreezedrying, or refluxing.
3.2. Materials and methods
3.2.1. Materials

All materials were obtained commercially and used without further purification.
Precursors includé et r aet hyl ort hosi | i0%)atriethyl phodpr@ats ; Al d
( TEP; Al dr i ddum L-lGcta péhtaydrate (Fsher; >98.0%) and sodium

DL-lactate aqueous solution (Sigm&rich; syrup, 60 % (w/w)). Absolute ethanol
(Fisher, >95.5%) and Dlactic acid (Fulka, ~90%were used as solvent and hydrolysis
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catalyst, respectively. Deionidevater (DI water; Fisher, Deionized Ultra Filtered Water)

was also used.

3.2.2. Solgel process

To produce 1g of the glass, TEOS (1.67 ml) is dissolved in absolute ethaol (2.6
ml), and then added to the dilute lactic acid (0.55 55 ml DI water) and stirredfor
1 h until thesolution becomes clear (Sol.1). Next, Sol.1 is added to [TEP (0.14 ml) +
lactic acid (8 ml)] in order to prepare Sol. 2. Aftdy minof stirring, Sol. 2 is added to
the solution of calcium lactate pentahydrate [(1.35 g)l wéter (12.50 ml) + lactic acid
(20 ml)] and subsequently stirred for 3 h (Sol. 3). Sol. 3 is added to the solution of
commerciakodium lactate syrup (1.47 g) and 16 ml of lactic acid (Sol.4) and then stirred
for 24 h. Thefinal colorless, transparentisgpHa 1 . 7 ) is sealed and
temperature for 4%8lays, during which gelation occurs and a few days are allowed for
aging. The system is stirred briefly up to three times over the period of day 20 to day 40.

During the procedure, aeh new matéal is added dropwise to the next
sol/solution and the sequencein which the precursors are addesl critical. Since
atmospherichumidity can alter the water balance in the sol, the container should be
sealed during stirring and storage. The water content of the starting materials must also
be considered in determining the amount of DI water to add. The anufuatgic acid
addedat each step weréesigned such that the pH was maintained between 1 and 2
during the sol preparation process, avoiding gelatma contrding the rates of
hydrolysis and condensatiof60, 69]. It is convenient to adjust the pH of each
sol/solution befee it is incorporated in the next stejm this manner, there is no need to
continuouslymeasure and adjust the pH of the sol.

The resultant gels transferred to a wide quartz crucible and dried under high
humidity at 170°C for 4 days TG (TA Instrumens, TGA Q50JDSC (Setaram, Setsys
12) analyses were performed on the dried gel in ordeapturethe thermal behavior of
the material and to design an efficient heat treatment for the subsequent stabilization. The
analyses were performed under nitrogemasphere with a heating rate of°&/min

using aluminum andalumina crucibles respectively Since the gelwas previously
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subjected to thdrying step the weight loss below 17 (Fig. 3.1)is mostly related to
humidity absorptiorfrom the air. Most of the residual organic materialsnd water are
eliminated from the gebelow 550°C (~ 57% out of 62%total weight losg. This
temperature is below the crystallizatimmperaturewhich is 614°C according to the
DSC results45S5 Bioglass crystallizationtemperatures of 61%9C [49] and 6506690 °C
[50] for the heating rates of 35C/min and 530 °C/min, have been reported in the

literature. Baed orourresults, 550C isselected for thetabilizationprocedure
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Fig. 3 1. Results of DSC and TG analyses on the dried gel (nitrogen atmosphere, 5 °C/min.).

The stabilization processs performed in humid air using a tube furnace
(Barnstead Thermolyne mod21100) and alumina crucibles. The dried gel is heated up
to 550 °C with a heating rate of 0.4 °C/min and a dwell time of 3 hours, and then the
furnace is shut down and left to cool to room temperature before removing the sample.
The low heating rate anddhi humidity facilitate the oxidatioand subsequent remalv
of theresidualbyproductsDrying andstabilization of the gel under high humidisyalso

expected to provide more homogenous prody86].
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To evaluate theefficiency of the stabilization process, another TGA was
performed on the stabilized powdd¥id. 3.2), confirming effective stabilization. The
small weight loss in TGA of thstabilized powder, occurring at lower temperatures than
400 °C, can be attributieto the absorbed water. The weight loss may also be related to
reactions between hydroxyl groups on the surface of the glass particles to produce water
moleculeq100].

100 A

20 Stabilized powder

60 -

40 A

Weight (%)

Dried gel [—»
20 A

0 . T .
0 200 400 600 800

Temperature (°C)

10 mm

Fig. 3 2. TGA resultsand physical appearance of the dried gel and the stabilized powder

(nitrogen atmosphere, 5 °C/min.).

3.2.3.Characterization

After stabilization, the material was groundath an agate mortar and pestle and
characterization tests were conducted on thalteeg white powderMorphology and
composition were studied using a scanning electron microscope (SEMCHII, S
3400N) equipped with energlispersive Xray spectroscopy (EDS; Oxford Instruments;
Wave Model). For this purposspecimens were uncoateohd consisted of powder
spreadon a carbon tape whicltvasmountedon an aluminunsample holderThe imaging
was carried out under high vacuum (< 1 Pa) with probe current, accelerating voltage and

emission current set to G8A, 10 kV and 78mA, respectively The EDS analyzer was
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calibrated using Sig) NaAlSkOs, Si0®;, CaSiQ, and GaP astandardsin order to
guantitatively detecthe oxygen, sodium, silicon, calcium and phosphorcostents

Since the elements in the glass composition heavier than carboand thereis no

overlap in the Xray spectra,EDS analysis is able to provideslatively accurate
compositional results. To reveal the state of crystallinity of the powderayX

di ffractometry analysis (XRD; X0 P@rka Pr o,
radiation. Data were collected from 20 to 120 degreqs &though only portions of the
patterns containing useful information are reported (26°<&°). A quantity of 15 mg

of the powder was used for the Brunauer, Emmett and Teledbbrptioiidesorption

test (BET; Tristar 3000 V6.07). The BE3pecific surface area of the sample whass
measured by nitrogen adsorption7at3 K. Particle size distributionf the powdemwas
determinedvia laserlight scattering particle size distribution ara$y(PSA; Horiba LA

920) using isopropyl alcohol aa dispersant. It should be noted that the analyzer
measures the distance between the farthest points on each object and reports it as the

particle diameter.

3.3. Results anddiscussion

The results oftte EDS analysis on the stabilized powder for four different points
are summarized in TabR1. The average ED8omposition is very close to the nominal
composition of meiterived 45S5 Biogla§s The small standardeviation values
indicate that the matat is homogenous. Under acidic conditions and prolonged reaction
time as in our sefel process, the predominant growth mechanism is expected to be
clusterclusterrather than monomealuster resulting inthe formation of a polymeric gel
[60, 69]. Thistype of gel is chemically more homogeneous than colloidal gels due to the
possibility of better mixingat molecular scalefs0]. Since all five expected elements are
present in the composition of the material, we can conclualetile starting materials
have undergone thexpectechydrolysis and condensation reactions.
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Table 3 1.The results of EDS analysis

O (wt.%) Si(wt.%) | Na (wt.%) | Ca (wt.%) P (wt.%)
EDS results 43.3(2.46) | 21.2(0.14)| 16.4(1.18) | 17.0(1.69) | 2.1 (0.24)
Nominal composition 40.66 21.03 18.18 17.51 2.62

4 The values in parentheses are standard deviaifdosr different measurements

XRD patterns of thelried gel before and after various heat treatments are shown
in 3.3 No peaks can be detected in the patterns of the dried gel and stabilized powder,
although there is a broad band between 30° and 3§°if2the latter patternThis
indicates that no crystallization occurs during the stabilization process. This olmservati
combined with the results of the compositional analysis confirms that the white stabilized
powder is fully amorphous sglelderived 45S5 Biogla$s The heat treatments at higher
temperatures resulted in crystallization M&CaSisOg, forming a glasseramic with
ceramic content increasing with the heat treatment temperature3.Begshows the
pattern of the glass sintered at 104D, whichis completely in agreement with the
previous studiefll, 12 50].

The BET results (2 repeats) are shown inblea3.2. The BETspecific surface
area of the powder is 11.75#m, which is on the order of ten times higher than that of a
similar sized meltderived 45S5 BioglaSspowder which is known to be dense rather
than porous[l7, 36, 42]. This characteristic iggoverned by the salel process
parameters, in particular the compositions of the starting materials and the gelation
conditions. Each salel system has its own gelation time, which is strongly dependent on
the solgel process variables. The condensat&actions continue even after the gelation
point due to the diffusion of small clusters through the network, increasing the chance of
their bonding to the network. The 4fay processing period in our system aids this
phenomenon, which may lead to a momnpact network microstructuj@l, 60, 69,

137]. The addition of a gelation catalyst accelerates the network formation, giving rise to

a sparser, more heterogeneous network. Furtherntdnas been shown that inorganic
solgel routes produce more porous glasses VWEds homogeneity in SECaOP.0s
systems, whereas glasses obtained from metalorganic routes have improved and more

homogeneousextures[144]. Theefore, the smaller specific surface area in this study
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compared to that of the common -g@lderived glasses cadre mostly attributed to this

new combination of organic starting materials and its slow gelation process.
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Fig. 3 3. XRD patterns of the gel after a) drying (170 °C), b) stabilization (550 °C), heat
d ) 28aZSEOQ)A C and
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Table 3 2. Specific surface area of the stabilized powder

BET-specific surface area )

Total Pore Volume (cig)

Mean pore diameter (A)

11.75

In adsorption

0.065

In adsorption

276.21

In desorption

0.076

In desorption

324.32

The particle size distribution of the powder is presentddgn3.4. Therefractive

index of 45S5 Biogladsandits suspension in isopropyl alcohol were considemetie

1.55 and 1.08respectively. Two populations are distinguishable in this diagram:
submicron and micresized. As explained previously, the predominant growth

mechanism for our salel system is clustesiuster, leading to the formation of rather

large secondary particlesThe submicrossized population follows a lognormal
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distribution, and may be related to breakup of larger particles that occurs due to stirring
prior to gelation[145]. The second larger diameter population likely consists of
aggregates held together by hydrogen bonding of the surface hydroxyl groups as well as
some particles held together by covalent bonds. Simple grinding by mortar and pestle
leads to the upper limit of particle size of about 280. According to the differatial
distribution, the powder includes approximately 43% submicron partigtbsthe mean

size of 600nm, whereasthe overall mean is 328 mm. Surface modification is a

commonly used method teducetheagglomerabn [3, 21]
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Fig. 3 4. Particle size distribution of the stabilized powder, volume% and cumulative volume%.

Agglomeration is also obvious in the SEM images of the stabippedier (Fig
3.5. The morphologyof the particlescan be observedh Fig. 3.5d showing arough
surface asreportedby Chen et al[31] for their ternary system. They proposed a
hypothesis claiming that thsurface roughness and nanoscale morphology of the as

synthesized glass are attributed to the presence of lactic acid as catalyst. This feature can
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result in higher bioactivity as well as improved interaction between particles and polymer

matrix in compoge scaffolds leading to better miemaechanical interlocking.

TMG-SEM 7.0

Fig. 3 5. SEM morphologies of the stabilized powder in different magnifications:
a) x10K, b) x18K, c¢) x20K, and d) x65K.

3.4. Conclusion

Until now, clinical applications of 45S5 Biogla8sare limited only to the melt
derived type. Considering all the advantages of theyabtechnique, 45S5 Biogldss
with improved properties which can besynthesized at room temperature via a
straightforward, flexible and ixpensive sebel route, is an excellemfandidate for the

current and future applications of this materalthis paper, the development of a novel
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organic nitratefreg soklgel routefor the synthesis of 45S5 Biogld8svas presented.

This process allows fahe synthesisf fully amorphoushomogeneous, pure, submicron
45S5 Bioglas’ powder with appropriately high specific surface area (11.7/)rfor

further processingSince 45S5 is the most bioactive composition andgsbtierived
bioactive glasses exhibit the highest rate of hydroxyapatite formation and bone bonding,
this materialis expected talisplay superiobioproperties, making a good candidate as

second phase in polymeric scaffolds, and/or a dental filler.
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Chapter 4

Isothermal ternary phase diagram of the polylactic acid
dichloromethane-hexane systerh

Ehsan Rezabeigi, Paula M. Weadamsand Robin A.L. Drew

Department of Mechanical and Industrial Engineering, Concordia University
Montreal, QC H3GLMS8, Canada

Abstract

The ternary phase diagram of polylactic acid, dichloromethane (solvent) and
hexane (nonsolvent) is experimentally developed at room conditions based oreyaked
observations over lday periods. The experimentg@rocedureis explained in detail,
allowing it to be applied to similar ternary systems. Theggons are distinguishable in
this diagram: single phase, ligdiduid phase separated and sdlglid phase separated.
This diagram is then assessed based on the deleeconcept in ternary phase diagrams.
Phase separation kinetics are also evaluated using turbidity studies to quantitatively
monitor the cloudiness of the sampteger time. The results show thatsmall increase
in polylactic acid concentration on tlwder of a few weight percent can drastically
increase the phase separation rabte application of polylactic acid in various fields has
been increasing, andiis work provides fundamental informatioressentialfor solvent
basedorocessing (e.g., nons@nt induced phase separation and immerprecipitation)

of this polymerin thesystem composed of dichloromethane and hexane.

Keywords:Phase diagram; Polylactic acid; Dichloromethane; Hexane; Nonsolvent; Phase
separation; Turbidity

1. This Chapteiis published as: Ehsan Rezabeigi, Paula M. Waddms, Robin A.L. Drew, "Isothermal
ternary phase diagram tife polylactic acielichloromethandexane system”, Polymer, vol. 55, pp. 3100
3106, 2014.
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4.1. Introduction

Phase inversion and phase separation in polymer solutions are of interest mainly
due to the subsequent applications such as the production of polymef#ijersorous
membraneg119] and monolith foams[125] with controllable morphologies. Phase
separation in a homogeneous polymer solution can occur by increasing the free energy of
the systenby changing the temperatufthermally induced phase separation; T[R&5])
or adding an adequate amount of nonsolvent (nonsolvent induced phase separation; NIPS
[125]).

The change inGibbs free energgue tomixing, in a polymersolvent system can
be calculated bthe Flory-Hugginsequation Eq. 41) [112, 131]

DG=RT(nInf,+n,Inf,+nf,c,,) Eq. 4.1

whereR is the gas constant, and T is the absolute temperdtoeesubscripts 1 and 2
correspond to solvent and polymer, respectively. Alsts the number of moles arid
represents the volume fractiofhe Flory-Huggins interaction parametér) betweerthe

two speciess givenby Eq. 42 [147]

Vr
RT

Cyj = (d - dj)2 Eq. 4.2

where Vf represents reference molar volume, dnisl the solubility mrameter, which can

be calculatedising "the group contribution methodlia Eq. 43 [131, 147]

raq G
M

a=

Eq. 43

Herer is the densityG is the group molar attraction constant, and M is the molecular

weight or mer molecular weight for a polynjéB1, 147]
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The addition of a nonsolvent to this binary system increasd3Gha the mixture

because of itfteractiors with the polymer and solvent as shown in E4.[212].

DG =RT(n Inf, +n,Inf, +n,Inf; +g,(u)n,f, + coonif, + o0 f ) Eq. 44

In this equation, subscri@® refersto the nonsolvent, andigis the solvenrnhonsolvent
parameter which is a function of=uf / @+f§) [112, 131].

Phase separation occurs when there is apfase system with a lower free
energy level than the single phase at the current cond[fdn<31] Depending on the
free energy level of the system (Eq. 4.4)o types & nonsolvent inducedhase
separation mayccur when addinga nonsolventto a stable polymer solution: liquid
liquid phase separation and seliguid phase separatiofii25]. The formerprocess
results inpolymerrich andpolymerlean phasewhile thelatter resultsn a polymerlean
liquid phase and pure polymer precipit§i@5, 131] Liquid-liquid phase separation is
the principle of the NIPS foaming techniqugach polymeisolventnonsolventsystem
has its own phase separation behavior and ksetibich aregoverned by the polymer
concentratiorandmolecular weightnponsolvento solventratio, and their naturd25]. A
ternary phase diagram for such sysieman provide useful information on the
thermodynamic statef the systenunder certain conditiord13, 119, 148, 149]

Polylactic acid (PLA) is ahermoplastic which islassified as saturatedliphatic
polyeste. Because of the asymmetric molecular structure, PLA is commonly used in
different forms of LPLA (PLLA), D-PLA (PDLA), and D,L-:PLA (PDLLA) [74]. During
the past few decades, PLA has been commercially produced and useduirs Vigids
such as biologyagricultureand packaging industrigs5, 76, 81]. This biodegradable
polymer is an interestingnvironmentally friendlyreplacementor the oitbased plastics
Also, snce PLA has been approved by US Food and Drug Administration (FDA) for
clinical applications, maniiology-relatedstudies have been conductedtbis material;
for examplePLA-based bone scaffoldg4]. Thefacile synthesis bPLA, its availability,
transparency, relatively high melting pqinbiodegradability, biocompatibility and
mechanical properties, haattractedattention to this polymeoth in terms of practical

applications and researfrg, 81]
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Considering theincreasing applicationsof PLA as well as the number of
fabrication techniqus based on phase separatiand inversion phenomena for films,
fibers, membranes and foantke study ofphase diagramfor PLA-based systems
important Numerical calculations have been widely used to determine the binodal and
spinodal boundaries and developing the phase diagram in pedgiventnonsolvent
ternary systems, whereas there are fewer experimental studies to identify different
regions in the phase diagrddil3-116]. In our work, an isothermal section of the RLA
dichloromethane (DCMhexane system is developed experimentailyoomconditions
and its potential for the production of highly porous monoliths is demonstrated. PLA is
insoluble inhexanebut soluble in DCM[75, 77] Since hexane is miscible wilbCM,
this chemical was selected as the nonsolvent for the-PCM solutions Visual
inspection is used to identify twghase conditions.

For some compositionghase separation rates aso studied and compared
using turbidity measurementiBhere arevariousmethods to monitor the phase separation
processamongst which turbidity is a convenient way to quantitatively measure the light
transmissionthrough the samples over timen this technique, theéurbidity of the
sampleswhich is measured innephelometricturbidity units (NTU), is used as an
indication ofthe progressof phase separatioihe turbidiyy meter is much more sensitive
thanthe naked eyeto small changes in cloudineasd can more accurately detect the
degree ophase separation.

4.2. Experimental procedure

4.2.1. Materials

PLA (NatureWorks LLC, |l ngeoE Bragepol yme
molecular weight (Mn = 97000, M/M, = 2) and 1.6 % Bactide content,

dichloromethane (DCM, Fisher Chemical; Stabilized/Certified ACE.5) and hexanes

(Fisher Chemicals; Certified AC398.5 %) are used. The average molecular weights of

the polymerare provided by the supplier based on the solution viscosity measurements
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which have been specifically performed on the PLA batch we purchasedel€kant

physical and cheral characteristicef thesesubstanceare presented in Tabfel.

Table 4 1. Some physical and chemical properties of the PLA, DCM and hexane

PLA (asreceived) DCM Hexane
Chemical formula (CsH4O2)n CH:ClI2 CeHu14
0 cl
Chemical structure R’EO\H%OH /LH T,
n
CH3 cl H
i i @
Thermalcharacteristics Melting p0|.n't 168 Boiling b Boiling b
Glass transitior @ . 400 ) 69®
(eC) temp 65 point point
Density(g/cny) 1.240 1.33© 0.65©
Molecul igh
olecular weight 72.06 84.93 86.17
(g/mol)
Va?;:npgz)ssure ; 376(at 2L °C) ® 128(at 21 °C)®

(a) From Fig. 4.1.

(b) FromRef.[150].

(c) Specified by supplier.
(d) Mer molecular weight

4.2.2 Sample preparationand characterization

In order tofacilitate the dissolution of PLA in DCM, the-asceived PLApellets
are melted at 190 e G20-30 min.) under nitrogen atmospherand then quencled by
placing thenmin a freezeat-23 ¢ @0 min.) in order to remove all crystallinitfthe DSC
resuls (Fig. 4.1) revealthata crystallization peak-100€C - 150€C) appears in the curve
of the PLA subnited to this thermal treatment, while no such peak exists for the as
received samplélhe area beneath this ped®29J/g) is close to the area of the melting
peak (24.26J / g, at ~168 e C) -geemahediPlbAgs almbsacomptetele me |
amorphos (~ 95%).

Since the phase separation process takes placeroam temperature and
atmospheric pressurthe only system variables are the concentrations of components of

which there are only two independent variabtas: concentration of PLA in DCM (first
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stage in the solution preparation procedua)d the hexane/DCM (v/v) ratio.
Experimentalpoints were spaced with a resolution of 0.25 wt.% and 0.25 in these
variables, respectively. In order to precisely locate the boundary of the-liquid and
solid-liquid regions of the phase diagram, experimental points in its vicinity were spaced
more closely in terms of hexane/DCM withiesolution of 0.15When needed additional
points were evaluated closé the boundariesit should be noted thata sample
cortaining the PLA in DCM concentration ofixo wt.% and hexanéo DCM volume

r at i Yois mferredto as (X wt.%, Y v/v)n the following

Temperature ("C)

0 25 50 75 100 125 150 175 200 225 250
0.2 1 1 1 T T L] Ll L) ]

EXOT

0.1 F
As-recetived PLA ———»

g7

Heat flow (W/g)
S
b

03 | X
04 }
Melted-quenched PLA
05 F
-0.6

Fig. 4. 1. Results of DSC analysis, and physical appearancereicas/ed andaneltedquenched
PLA.

PLA-DCM solutions with different concentratie(0.2530 wt.%) are prepareds
required by weighing (£ 0.01 g) the PLA and the mixture (amorphous pellets and DCM).
To accelerate thelissolution processthe mixture is stired aB0 e C unt i | n o
visible, adding DCM as needed. Finally, the solutions are once again weighed at room

temperature and the evaporated DCM is replaced to produce the desired concentration.
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Solutions prepared in this manner were stadilegle phase stems at room temperature,
and the saturatiopoint was not reached

Subsequentlyhie required volume of hexane (+ 0.01 mlyradually added under
vigorous stirringat room temperaturénstantaneous localized phase separation for higher
PLA concentratin solutions is avoided by adding the hexane in a dropwise mdrneer.
final samplesaretightly sealed and stored eiom conditionsThe samplesrevisually
inspectedseveral times @ay for a maximumof 14 days.A visually noticeable increase
in blurriness was taken to be the clguoint or liquidliquid phase separation.
Precipitation vasrecorded as solitiquid phase separatiofihese results are theised to
develop the phase diagram.

A turbidity meter(MicroTPW, HF Scientific InG. 0<NTU<1100)is aso used to
monitor the phase separation rafesselected system3he devices calibrated at least
once a day using 0.02, 10 and 1000 NTU stand&atsh reported turbidity value in this
study is the average of three measurements

In order to demonstkte the potential of the NIPS process, we also prepare and
characterize one PLA monolith using a composition which undergoes-liquid phase
separation: (18 wt.%, 1 v/v). After the nonsolvent addition, the phase separation starts
and proceeds until gation. The gel is soaked in methanol in order to completely replace
the solvent and nonsolvnet and then dried in air. The porosity% of the-déiirR@&d
foam is calculated based on apparent density and its morphology is examined by
scanning electron microspy (SEM; HITACHI, S3400N).

4.3. Results and discussion

The morphology and porosity% of the PLA foam produced from the Higmuidd
phase separated system at 18 wt.%, 1 v/v is presented iM.EigThe interesting
morphology and high porosity @he final monolith illustrate the potential of the NIPS
process. The current fundamental study of the phase behavior of th®E@MAhexane
system is necessary in order to fully map the process space for the eventual production of

highly porous PLA monolits.
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Before developing the phase diagram, the solubility parameters of each
component of our system are calculated. By u&iqg43, and the information provided
in Table4.1 , the solubility parameters of PLA,
to be 1010, 10.54 and 7.24 (cal/é?, respectively. From Eq#.1 to 4.3, we can see
that a larger difference in solubility parameters results in a larger validéfof mixing,

meaning a lower potential for dissolution. As expected, DCM is a good candglate a

solvent for PLA since‘a’PLA- dDCM‘ is very small. Hexane is also a good candidate for

nonsolvent for PLA since{dpLA- dhexanL is large. This indicates that, addition of this

nonsolvent to a PLAYCM solution will effectively increase th@ibbs free energy of the

system according tBqg. 44, which may result in a phase separation

Phase separated

) ("/
7o

Fig. 4 2. Overview of the production of a highly porous foam from a ligigdid phase
separated PLADCM-hexane sample (18 wt.%,v/v).

4.3.1. Developing the ternaryphase diagram

The results of our tday study of theppearancef the varioussamplesusedto
determine the phase boundaries are summarized in #&bl&€he likelihood for phase
separation increases #se concentration of PLA inDCM and/or the hexane/DCM
volume ratioincreaseq111, 125]. For example, sampleé.6 wt.% 1 v/v), undergoes
liquid-liquid phase sepairian, thus for all the samplesitiv higher concentration of PLA
in DCM (6.75t0 30 wt.%) with hgane/DCM volume ratio of 1 or higher, phase
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separation definitelyoccurs As discussed previously, the systeninimizes its free
energy by phase separation and the resultant phase state (eithelidigdiar solid
liquid) is stableandis unaffected bynechanical stirring at room conditions (confirmed
experimentally).

Table 4 2. The results of 14lay observation of the samples

PLA in DCM concentration (wt.%)

— o o o Riw|¥ v |
Z MR E P DT S b R P A P A R e P e e e A EA P I AR R
E/ o — — — —
80.25 S| |S S S| [S|S|S|L|L|L
S| 05 s| |s s|s|s|s|s|s|[s|L|L]|L L
G| 0.75 S|s s[s| [s|s|s|L|L|L] |L LIL|L
o] 1 S| |s|s|s|s|s|L|L|L|L]L]L]L L] L L{L|L LiL|L|L
15| [P] [P] [P P

1.25 |P|P|[P|P P

(S) Single phase

(L) Liquid-liquid phase separation

(P) Precipitation, elid-liquid phase separation
[] Indicates no measurement

Egs.4.5 and 4.@reused to convert theointsof Table4.2to theconcentration of

each componerfivt.%), sothatthe resultan beplacedontheternary phase diagram

PLA(Wt.%in overallsysteh= 2046(Xp.0) Eq. 45
2046 +V,,,(100- X,
DCM (Wt.%) = 2046(100- Xp,) Eq. 46

2046 +V,, 5 (100- X, )

Here XA and Wyp are the concentration t¢fie PLA in DCM solution (wt.%) and the
hexane/DCM volume ratjarespectively.Note thatEq. 4.5givesthe concentration of
PLA in the final mixture, containingboth solvent anchonsolvent In Table 4.3, the
compositions and thephase stateyhich arefrequentlyused inthis article,are shown in
terms ofboth presentations

In Fig. 4.3 the results of all experimentge shownon the PLADCM-hexane

phase diagram where tlphase boundarieare subsequenthdrawn by conecting the
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experimental pointsSince sample 0.5 wt.%, 1.15 v/v) exhibited solid-liquid phase
separatior(Table 4.2), all the compositions with higher hexane/DCM volume ratio and/or
PLA in DCM concentration were assumed to show sldjdid phase separation and the
boundary separatingthe solid-liquid region from the liquidliquid region was simply
drawn as a line representing this conditiofeTponts which are very close to the
boundaries mayshow metastabilityand/or very slow phase separation kinetics which are
not captured within the 14 day timeframe.

Although PLAIs reported to be soluble MCM up to~ 99 wt.%[77]; we did not
carry out any experiments abo22 wt.% PLAline in the phase diagram, duettee high
viscosity of thePLA-DCM solutions

Table 4 3. Key points from Table 4.2, converted to the compositions on the ternary phase
diagram, using Egs. 4.5 and 4.6

Nomenclature used ihable4.2 Overall mixture compositior|
PLA in DCM State PLA DCM | Hexane
concentration (wt.%) Hexane/DCM (V) (Wt.%) | (Wt.%) | (Wt.%)
1 1 Single phase 0.67 66.72 32.61
5 1 3.41 64.88 31.71
7 1 4.81 63.94 31.25
10 1 Liquid-liquid 6.94 62.51 30.55
13 1 9.12 61.04 29.84
1 1.25 SolidHiquid 0.62 61.69 37.69

In Fig. 4.3, the boundary separating the single phase and Jigquidi phase
separated regions is known as the binddall]. Since the composition region in the
vicinity of this boundary is expected to exhibit metastability, it is possible that the true
binodal falls slightly below the boundary that we have identified after 14 days of
observation. As expected, the single phiasgon is wider, i.e. the binodal occurs at a
higher PLA wt%, at low hexane/DCM volume ratios. Precipitation becomes more likely
towards the hexanech portion of the phase diagram. The ligliglid and the solid

liquid phase separated regions include tompositions that may be useful for various
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fabrication methods such as NIPS foamjbhg5] and immersiofprecipitation techniques
[111, 113].

100

@® Single phase

B Liquid-liquid
phase separated

-

_______________________ Solid-liquid
phase separated

Not Studied

Hexane (wt.%)

Fig. 4. 3. The results of all the experiments in leA-DCM-hexane ternary phase diagram.

The liquid liquid phase separation process in our system is mainly governed by
spinodal decomposition for moderate to high PLA concentration resulting from-micro
scale concentration fluctuations. The fine, homogeneaterconnected morphology of
the monolith shown in Figl.2 also indicates the occurrence of spinodal decomposition.
Nucleation and growth is most likely the phase separation mechanism occurring for the
low PLA concentration sampleg122, 131] Spinodal decomposition occurs
spontaneously for unstable conditions where only a negligible energy barrier exists,
whereas, nucleation and growth, is favored under metastgliity. The liquidliquid
phase separation leads to a polymen phase which eventually forms the backbone of
the monolith and a polymer lean phase filling in the chanfi€&]. The solidliquid

phase separation is expected tourdry the spinodal decomposition at the lower polymer
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concentrations and nucleation and growth at the highest concenfdftinBoth result
ultimately in the formation of senrurystalline particles of PLAL30, 131].

It has been observed that some compositions in the Heguid phase separated
region reach a gelation point over time after the initial phase separation. Initially the
system retains fluidity and resembles an emulsion and after the gelation point the
submergd monolith is no longer fluid. These compositions are located towards the PLA
and hexane rich corner of the ligdiquid phase separated region. Gelation in such
ternary systems including a crystallizable polymer is attributed to the crystallization of
the polymer which occurs during the later stages of phase separation as the solvent

diffuses from the polymerich phase to the polymégan phas§l27, 130]
4.3.2.Experimental verification of the phasediagram

Sinee the lever rule is applicabke ternary phase diagranit can be usedo
further testour phase diagram. This rule provides information alibetposition of a
mixture of two known compositionsin the phase diagram. €hcomposition of the
mixtureis on the line connecting tisetwo primary points, and its exact positidapends
on themixing weightratio [148]. Eqs.4.7 and4.8 give the compositior(point C) of the
mixture of the starting composition@ints A and B. These equations are obtained
based on the lever ruknd an adaptatioof the ternary phase diagram to tGartesian

coordinate system.

PLA. =PLA, - a(PLA, - PLA) Eq. 4.7

DCM. =DCM; +a(PLA, - PLA, + Hexang - Hexang) Eq. 4.8

Here PLA is the weight%of PLA in themixture at point iand & the weight fraction of
composition A in the final mixture (i.eaq = BC/ABand @ a <1). Note that the above

equations require that PleA PLAA.
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In order to use the lever rule to verify our phase diagrapgi®s(A, B1 andB:2
in Fig. 4.4 were selected from different regionand 3 binary combinations were
prepared by mixing, and the position of the resultant points@CandCs) on the phase
diagramwere calculated using Eqgs. 4.7 and 4.8. The compositions of the initial mixtures
and their binary combinations are presented in Table 4.4. The phase states of jpoints C
C. and G were liquidliquid phase separated, single phase and single phase, nespecti

in accordance with the phase diagram.

100 Hexane

Fig. 4 4. The compositions used in the lever rule tests.

Table 4 4. Lever rule application for points in Fig. 4.4

Compositions of the starting points (wt.%)

Point A (wt.%) Point B (wt.%) Point B (Wt.%)

PLA DCM Hexane | PLA DCM Hexane | PLA DCM Hexane
7 86 7 11 61 28 10 53 37
Lever rule; compositions of the mixtures (wt.%)
Point G Point G Point G
(mixture ofA and B;a=0.1) | (mixture of A and B; a= 05) | (mixture of A and B; a= 07)
PLA DCM Hexane | PLA DCM Hexane | PLA DCM Hexane
10.6 635 259 9 73.5 17.5 7.9 76.1 16

Next, 3 new samples with compositions, © and G were made by adding
hexane to PLADCM solutions, and the turbidity of these samples as well as the samples
which had been prepared via the lever rule, were measured every three hours over 24
hours, and the averages are presented in Fig. 4.5. The tedidftisamples with the
same composition prepared in two routes are dAme within experimental ertor

confirming that the lever rule is applicable to our phase diagram. These turbidity values
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remainalmost the same after 5 days, except for sampleviidse turbidity gradually

increased up to ~ 450 NTU due to slow ligliglid phase separation.

90
80 A
70 -
60 A
50 -
40 1
30 -
20 -
10 A

Turbidity (NTU)

Points C1 Points C2 Points C3

Fig. 4. 5. The turbidity measurements in average (8 measurements over 24 hours). Left columns:
direct mixing of hexane with PLAACM solutions; right columns: the results of the lever rule.

4.3.3. Turbidity studies

Phase separation occurs for all compositions in theptvase regions of the phase
diagram, but the rate of phase separation varies significantly with compositibig.
4.6, theturbidity versus timeof 5 different systems is showhhe curves in this figure are
the average of two sets of experimeritee samplewith the highest PLA conter(tL3
wt.%, 1 v/v)has the fastegthase separatidanetics,reaching 1100 NTU wfin 8 hours.
In comparison,titakes45 and66 hourgo reach the same turbidity for samples (10 wt.%,
1 v/v) and (7 wt.%, 1 v/v), respectivelalving of the PLA concentratiorL8 wt.%, 1
viv to 7 wt.%, 1 VA, results in an ~8 timesslower phase sepaion. This strong
dependence of phase separation rate on PLA content means that the mass transfer
between the polymaich and polymetean phases in sample (13 wt.%, 1 v/v) is faster
during phase separation, most probably due to lower miscibityaseseparation
continues until the systemeaclesthe viscous effect regiofi11] wherethe interphase
mass transfer stops. After this point no further visible change is observed. This results in

79



the formation of a percolatingolymer framework through the mixture. For the sample
with lowest polymer concentratiod (vt.%, 1 v/v) essentially n@hangean turbidity was
detected over 5 days, confirming that this sample is single phased. Sample (5 wt.%,
1vlv), which is very closed the experimentally determinddhodal,shows a very small
increase in turbidity after 5 days, indicatitigat the sample gradually undergoghase
separatiorat a very slowate The images of these five samples at different stages of the
turbidity studes are shown in Figl.7. In some cases, especially at turbidity less than 20

NTU, the naked eyeannotdifferentiatebetween the samples.

1200

1000 -

800 -

0 Hexane —» 25

600 -

Turbidity (NTU)

200 -

=== === S = S e e — o .

0 20 40 60 80 100 120 140
Time (hour)

Fig. 4 6. Kinetics studies using turbidity measureme®tg13 wt%, 1 v/v),A (10 wt.%, 1 v/v),
(7 wt.%, 1 v/v),x (5 wt.%, 1 v/v) and® (1 wt.%, 1 v/v).
Standard deviation (SD) of all points < 5.
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Fig. 4 7. The physical appearance of the samples used for the turbidity studies at different stages.
Left to Right: (13 wt.%, /v), (10 wt.%, 1 v/v), (7 wt.%, 1 v/v), (5 wt.%, 1 v/v) and (1 wt.%, 1
v/v). The background of the images is black to make a better contrast with the samples.

In order to be able to properly attribute turbidity changes after nonsolvent addition
to phaseseparation, we must considére linear increase in turbidity with polymer
concentration in a single phase system (Fig.. 4:B¢ best fit line(Eq. 4.9) provides an
accurate (R= 0.98)relationship between the concentration of the PLA in DCM solutions

and their turbidity values

T =5.25X ., +2.07 Eq. 49

where T and X.a are turbidity (NTU) and the concentration (wt.%) of the PLA in DCM
solution, respectively. Since no chemical reaction occurs between PLA and DCM, this

line is expected to be valid for even higher concentrations.
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Fig. 4. 8. Turbidity vs. the concentration of PLBCM solutions. SD of all points < 2.

In Fig. 4.9, the turbidity of samplgg wt.%, 1 v/iv)and (1 wt.%, 1.25 v/v)are
shown over 5 days. These compositions are in the single phase anltigealigpphase
separated regions of the phase diagram, respectiValylg4.3). The turbidity of both
sanples decreases from ~3MNTU (Eq. 49) to ~ 4.5 NTU (Fig.4.9 upon nonsolvent
addition, due to the low turbidity of hexane (~ 0.08 NTU) and to the absence of liquid
liquid phase separation. The turbidaf sample(1 wt.%, 1.25 v/v)gradually dropsover
the first 40 hours due to precipitation, while the turbidity of sanfplat.%, 1v/v) is
essentially constanf\fter ~ 55 hours, the turbidity of sample (1 wt.%, 1.25 v/v) increases
about 0.43 NTU over 14 hours, and plateaus. As shown in the imalg®g.i4.9, the
precipitation of a very thin layer of PLA on theall of the cuvette has resulteoh the
higher turbidity The turbidityof theliquid phase after transferririg aclean cuvette was
found to be0.7 NTU, which is very close to that measuifed a mixture of hexane and
DCM at v/v = 1.25. This indicates that tpeecipitationof sample(1 wt.%, 1.25 v/v)is
completeafter ~ 70 hours This isalsoin agreement with our visual inspection results
(Table 4.2)

Di Luccio et al.[111] alsoshowed that the precipitation ratea similar ternary

systemis strongly related to the polymer concentrationour system, we observe the
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same phenomenon. For example, complete precipitation occurs withinhbessl®

seconds for sampl@ wt.%, 1.25 v/v).

\

Turbidity (NTU)
(3] (98]

v
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0 20 40 60 80 100 120 140 160

Time (hour)

Fig. 4. 9. Kinetic studies on sample®: (1 wt.%, 1 v/v) andA (1 wt.%, 1.25 v/v). The turbidity
of the liquid phase of sample (1 wt.%, 1.25 v/v) is 0.7 (dashed line). SD of all points < 0.06.

4.4.Conclusion

The ternary phase diagram for PIDCM-hexane system was developed
experimentally by identifying th@oundariesdbetweensingle phase, liquidiquid phase
separated and solajuid phase separated regionhe detailed procedurdeveloped
here & general andan be used for similar systenihe validity of the phase diagram
was verified by the lever rul&inetics studies using turbidity measurements showed that
increasing PLA concentration significantly speeds up the phase separation Kinetics.
Considering the increasing applications of PLA in forms such as foam, fiber and
membrane, identification of different phase regions in the -BPiCM-hexane phase
diagram, facilitates nonsolveirtvolved fabrication processes such as NIPS and

immersionpreciptation
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Chapter 5

Production of porous polylactic acid monoliths via nonsolvent induced
phase separatioh

Ehsan Rezabeigi, Paula M. Weadamsand Robin A.L. Drew

Department of Mechanical and Industrial Engineering, Concordia University
Montreal, QCH3G 1M8, Canada

Abstract

Polylactic acid (PLA) is one of the most promising polymers for use as the matrix
of a bone scaffold. In this work, porous PLA monoliths are fabricated via nonsolvent
induced phase separation using dichloromethane as a sahtehexane as a nonsolvent.

The PLAdichloromethandiexane compositions which undergo liqligid phase
separation followed by gelation are shown to allow for the production of high quality
foams. Solvent exchange with methanol after aging the gel isdfée substantially
reduce shrinkage during drying. Using this simple, versatile and terfifgatenethod we
produced PLA foams with porosities as high as ~90.8%, specific surface area up to 54.14
m?/g, crystallinity up to 62.6% and compressive modulugjirapfrom 1.8 to 57 MPa.
Depending on ternary mixture concentration and standing temperature a range of
mesoporous and combined meso/macroporous morphologies suitable for use as a bone

scaffold are produced.

Keywords:Polylactic acid, scaffoldpam

1. This Chapteris published as: Ehsan Rezabeigi, Paula M. Waddms, Robin A.L. Drew, "Production
of porous polylactic acid monoliths via nonsolvent induced plsaparation”, Polymer, vol. 55, pp. 6743
6753, 2014.
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5.1. Introduction

Polymer foams are weknown for the ease of processing and high specific
surface areq103]. Porous polymers in the form of particles, fibers, films, membranes
and monoliths are used in many fields such ahioming, packing, filtration, thermal
and/or mechanical insulation, electronics, smart materials and biomedical applications
[103, 104 106, 117, 151] Porous polymer monoliths are also widely used as the
precursor template for the production of otheragosr materials[103]. Thus, many
polymer foaming methods have been developed to meet the various requirements of each
application[104].

Templatebased foaming techniqug403] such as colloid crystal templating
[117], "gasbased techniques[106] such as those involving supercritical fluids
(especially CQ) [106, 107] and more recently, thermally induced phase separation
(TIPS) and 3D printing14, 122 152]are commonly used for foaming of thermoplastics.

In order to increase the process flexibility, some combinations of these techniques have
also been developed suels combined injection molding/TIPR53], and nonsolvent
induced phase separation (NIH#sed 3D printing of scaffolds with a maximum
porosity of 75.8 + 1.9154]. Dhandayuthapani et aJ14] thoroughly classified the
fabrication techniques for polyméased scaffolds.

Although nonsolveninvolved technologies have been used for almost 50 years
for the fabrication of membranes, the production of porous monoliths via NIPS has only
been studied in a limited wgy03, 104 125 151, 155] Advantages of NIPS such as
versatility, simplicity and room temperature processing, make this technique very
promising. Also, the shape of the final monolith can be determined with a mold wherein
the phase separation and gelation o¢8ufL25, 155] NIPSderived porous polymers are
typically expected to be isotropi{d17], highly porous and fully interconnectgtiO5,

117, 125] The phase separation mechanism and consequently the morphology and
properties of the final porous qucts are strongly dependent on the phase separation
standing temperatur@olymer concentration and its molecular weight, the nonsolvent to

solvent ratio as well as their natyi5, 155]
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The NIPS process can be understood by the MHygins theory for the
polymersolventnonsolvent ternary systenjd18, 155. Addition of nonsolvent to a
polymer solution increases the Gibbs free energy of the system which may consequently
result in phaseseparation[118, 125, 155] The phase separation continues until the
combination of the two phases reaches a stable condition with the lowest free energy.
Depending on the composition and temperature this condition can beligudiphase
separated or ddid-liquid phase separated. The sdiguid phase separated system
includes the polymer precipitate and a polyiean liquid phase with a clear boundary in
between the two phases. Ligtiduid phase separation leads to the formation of an
interpenetrahg network structure of a polymeich phase consisting of the polymer and
a portion of the solvent, and a polyrlean phase which contains the nonsolvent and the
remaining solvent. At this stage the mixture simply appears cloudy even though two
distinctphases coexist. The polymech and polymetean phases will form the monolith
skeleton and pores respectively after aging and drjitg, 125, 155] Shrinkage and
densification caused by pore collapse due to capillary forces are important challenges
associated with the drying of gels obtained from the aged phase separated [8em
157]. The YoungLaplace equation (Ed.1) gives the pressure differendep] between
the liquid phase of the gel and its vapaflecting the capillary forces applied on the
pores during drying.

29
Dp=— Eq.5.1

Heregis the liquidvapor (surface) tension and r is the mean pore r§tli6 157]

The use of higher than room temperature drying temperatures to facilitate
evaporation of the solvent(s) is not possible in the case of many polymers such as
polylactic acid (PLA) due to the low glass transition temperafibe 88, 155, 158]
Supercritical drying can be used to transform gels into aerogels with almost no capillary
forces involved156]. In our NIPS process, the issue with the gel shrinkage is mitigated
and the effect of drying is examined on shagé& and the crystallinity of the monoliths.
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PLA is an environmentally friendly thermoplastic with relatively high melting
point as well as good biodegradability, biocompatibility and mechanical propgthies
88, 155, 158] Since lactic acid has asymmnietmolecular structure, PLA can be found as
L-PLA (PLLA), D-PLA (PDLA), and D,l-PLA (PDLLA) with different properties. Due
to these properties along with the polymerization process which makes PLA inexpensive
among the aliphatic polyesters, this polymes baen extensively studied, produced and
used in many applicatior{88, 105, 151]. PLA has been approved by the US Food and
Drug Administration (FDA) for clinical applications; for example, PLA bioresorbable
sutures are used clinicall¥4, 75 155]. PLA has been shown to have a low adverse body
response when used as soft or hard tissue implants. Most research is currently focused on
using this polymer as a matrix for bone scaffgiis7, 105, 109]

An ideal polymetbased composite scaffold must be highdrous and consist of
both interconnectechepores and macropores (>16fh) which are important for the
attachment of bone cellsmeopores), and vascularization and bone ingrowth
(macropores) respectivelj3, 106]. Thus, a versatile polymer foaming technique is
required to create the desirable morphology and properties for this application.

The great potential of NIPS for the production of porous polymer monoliths is the
main motivation for the current study. Inroprevious work[155], the PLA- DCM
(solvent) - hexane (nonsolvent) phase diagram was experimentally developed at room
conditions. The liquidiquid phase separated region of this diagram was identified and is
used in this sty to develop a NIPS procedure for producing PLA foams. The resultant
foams are then characterized in terms of porosity, shrinkage, morphology, crystallinity
and mechanical properties. The phase separation mechanism is identified for each
composition andemperature by considering the morphology observatjagg, 128
159.

Although crystallization from melt and solution for PLA has been well stydied
88, 109, 159]there is still a lack of detailed information about crystallization during
phase sepation in a ternary system containing a nonsolvgI5]. PLA is a
crystallizable polymer and depending on the D and L isomeric contents and its
thermal/process history, it can be samystalline (PLLA and PDLA) or amorphous
(PDLLA) [88, 155]. In our study the effects of phase separation temperature, drying
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conditions and the nonsolvent/solvent ratio on the crystallinity of the foams are also
investigated elucidating the crystallization and phase separation processes.

We demonstrate that highly porous, semystalline PLA foams with high
specific surface areaynique morphologies and high mechanical properties can be

produced by NIPS process which is a simple, flexible method.

5.2. Experimental procedure

5.2.1.Materials

High average molecular weight PLA (M 97000, M/M, = 2) with 1.6% D
|l actide was obtained from NatureWor ks LL
molecular weight is calculated based on solution viscosity measurements conducted on
our PLA batch by the supplier. Dichloromethane (DCM, Fisher Chemical,
Stabilizel / Certi fied ACS, 099.5), hexanes (Fishi
and methanol (Fisher Chemicals; Certified ACS, 99.9 %) are also used. The physical and
chemical properties of these materials which may be useful for the results and discussion

section are presented Ref.[155].

5.2.2.Fabrication of PLA foams

PLA-DCM-hexane mixtures in liquitiquid phase separated form are used to
create PLA foams via the NIPS procd4$5]. The mixtures of appropriate ternary
compositions are prepateas described ifRef. [155]. Then phase separation process
occurs by storinghe tightly sealed vials containing the mixtures undgnospheric
pressure and one of 4 stlmg temperature$-23 °C, 4 °C, 23 °C and 40 °C). The
majority of experiments are performed under ambient conditions (23 °C) and selected
system compositions are evaluated at the other phase sepatatidmgtemperatures.

Note that when phasseparation occurs at temperatures other than room temperature the
process can be considered to be a combination of NIPS and TIPS techniques. Depending

on the composition of the system and the standing temperatume mixtures undergo
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gelation as a resutif phase separation. The gels are allowed to age at room temperature

for an additional 1€80% of their gelation time. The gel point for these ligldgid

phase separated systems is defined as the loss ofilkeiidehavior{118]. The wet, aged

gels are removed by breaking their glass vessels. Cubic specimens are carefully cut from
the central portion of the gels, and immediately immersed in ~150 ml methand.{fig.

The cubes are suspended on a mesh platform while tiamnaodis gently stirred in order

to improve the solvent exchange process which lasts for 30 hours. The methanol is
completely replaced once during this process.

After the solvent exchange stage, the methaoaked, cubic monoliths are
obtained and thentimensions are measured using a caliper. The samples are then dried in
air at room temperature on a mesh platform for up to 24 h. Drying is assumed to be
complete when the weight of the monolith does not change when placed under vacuum
for several hours (rcmHg).These conditions were determined by exploring the effect of
the lack ofsolvent exchange and vacuum drying on the crystallinity of the fadum.
linear shrinkage is determined from the dimensions of the dry and wet monoliths. Cubes
of 5x5x5 mni are precisely cut from the centre of the dry monoliths where they are more
homogenous. The apparent densities of these cubes are determined from mass and

volume. The monoliths are kept stored in a desiccator for further characterization.

Methanol(~150 ml)

(From the toi] \ |

After
cutting Magnetic stirrer

Fig. 5 1. Steps involved in the NIPS process to create the monoliths: PLA in DCM solution (a),
liquid-liquid phase separated system (b), aging gel (c), the wet, aged gel (d) and solvent exchange

(e) which is followed by drying in air.
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5.2.3. Characterizationof the foams

The specific surface area and mean pore size of the monoliths are measured by
Brunauer Emmett Teller (BET) N adsorptioindesorption test (Tristar 3000 V6.07) at
77.3 K, after a degassing step. Morphology of the monoliths are examined by scanning
electron microscopy (SEM; HITACHI,-3400N) using secondary electron mode under
high vacuum. The foam specimens aretedavith Au/Pd (70/30 wt.%) using a rotary
pumped sputter coater (Quorum, Q150R ES). Note that the best images were obtained
from the fracture surface of the foams. Mi€€d analysis (SKYSCAN 1176) is used for
obtaining threedimensional images of the mdwlogy. For this purpose, the cubic
samples are used with no additional preparation.

Differential scanning calorimetry (DSC; TA Instruments, Q10) analysis was
performed (5 °C/min, nitrogen atmosphere) using sealed aluminum pans in order to
obtain the crymllinity of the foams.

Compression tests are performed on cubic foams (5x5x% using a DMA, TA
Instruments, Q800 instrument. The load is applied by ramping from 0.05 N to a
maximum of 15 N at a rate of 0.5 N/min. The modulus of the foams is themdwetdr
from the slope of the elastic portion of the streain curves (only if R> 0.95). The
plates and the contacting faces of the samples must be completely parallel for accurate

results.

5.3. Results and discussion

5.3.1. Porosity and morpholagy

In order to fabricate NIP8erived foams, the starting ternary composition must
undergo liquidliquid phase separation and it also must form a gel. Compositions within
the liquidliquid phase separated region in the PREM-hexane phase diagram that
undergo gelation within 20 days are shown in Fag (shaded area in figure). It is
believed that crystallization in the polyragch phase leads to gelatighl8, 155] where

micro-crystallites act as crosslinks and result in the formation of a-thneensonal
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percolating networltike structure[118]. The main focus of the current work is on the
systems containing hexane/DCM = 1 (v/v) and various PLA contents within the gelation
window because they are the most useful for the production of scaffolds. Systems with
v/v < 1 exhibit much longer gelatiomes (820 days) compared to those of systems
containing v/iv = 1 (Tabl&.1). Less hexane and more DCM (i.e., v/v < 1) in systems with
the same PLA concentration result in a lowB&G according to Eq. 4 oRef. [155],
causing a reduced likelihood for phase separation followed by crystallization and
gelation.

@® Single phase
0 @ Liquid-liquid phase separated
100 SolidHliquid phase separated
Gelation*

* In this region, the systems undergo

2 75 gelation within less than 20 days.

%)

i e
Not studied v
2,
Pl

50

e,
e/

Hexane (wt.%)

Fig. 5.2. The phase diagram of the PHRCM-hexane system experimentally developed at room
temperature (23 °C) based on ad&y/observatiorj155]. The binodal most likely curves up as
indicated after the last liguiiquid phase separated experimental pa#jt Note that the sets of
linearly arranged experimental poin®) (fepresent hexane/DCM ratios 1, 0.75, 0.5 and 0.25 from
right to left.
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Table5.1 presents the gelation time, apparent density and linear shrink#ge of
foams prepared from mixtures with hexane/DCM = 1 v/v (big) at phase separation
standing temperatures of 23 °C ai2@ °C.The linear shrinkage (Tabkl) is isotropic
except for the monolith witthelowest PLA concentration (10 wt.%, 1 y/23°C) where
twisting also occurs (Figh.3a). The samples that shrink isotropically are essentially
crackfree even for high values of shrinkgd®6, 157]

Table 5 1. Gelation time, linear shrinkage and apparent density of monoliths containing

hexane/DCM = 1 v/v presented as meagiandard deviation (n = 4)

Linear shrinkage in 3 directions (%  Apparent

System§) Gelation time | Width Length | Thickness density

(W) (L) (M) (g/erm)

(7 wt.%, 1 viv, 23 °C) N/A® N/A N/A N/A N/A

(10wt.%, 1 v/v, 23 °C)| 15+ 1.5days| 50.9 +3.0| 48.6 +2.9| 45.7+5.5| 0.63+0.03
(13 wt.%, 1 v/v,23°C)| 3+0.5days | 46.7+2.0| 47.1+1.5| 46.5+£3.0/ 0.69 +0.03
(15wt.%, 1v/v,23°C)] 24+3h 45.0+1.0| 435+0.7| 445+0.7| 0.75+0.04
(17 wt.%, 1 v/v, 23 °C) 8+x2h 27.6+7.5| 27.6 +8.0| 27.3+9.5| 0.44+0.18
(18 wt.%, 1 v/v,23°C)] 6.5+05h | 1.5+05| 1.8+06| 22+0.7| 0.14+0.01
(20 wt.%, 1 v/v, 23 °C)| 115+ 15 min.| 25+05 | 2.0+£03 | 25+0.2| 0.15+0.01
(23wt.%, 1v/v,23°C)] 40+6min. | 1.3+0.2| 1.6+03| 1.1+03| 0.19+0.01
(25wt.%, 1 v/v,23°C)] 30x5min. | 1.6+03| 20+05| 1.8+05| 0.20+0.02
(13 wt.%, 1 v/v;-23 °C) ~4h 36+03| 3.2+03| 3.8+0.2| 0.12+0.02
(23 wt.%, 1 v/v-23°C)| ~ 10 min. 35+05| 39+04| 42+05| 0.20+£0.01

(a) System(X wt.%, Y v/v, T °C) corresponds to a system of RDICM solution (X wt.%)

mixed with hexane at a nonsolvent to solvent volume ratio of Y (v/v) whigkoised to undergo
phase separation at a temperature of T °C.
(b) No gelation occurs within 20 days.
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(@) (b)

Fig. 5 3. The physical appearance of methanol soaked gels (left images) and air dried gels (right
images)corresponding to compositions of Table 5.1: (a) (10 wt.%, 1 v/v, 23 °C) and (b) (18
wt.%, 1 viv, 23 °C).

Using the apparent density of the foams and3.the porosity of the foams can
be calculatedl7, 104].

P=1- — Eq.52

HereP represents the foam porosity/. is the relative densitjd04] wherer and oare
respectively the foam apparent density (Tdblg and the density of the nonporous PLA
[160] which can be calculated from Eg3 [161].

FA=W(re-r)+r, Eq.53

Herew. is the crystalline volume fraction and and r. arerespectively thelensity of

fully amorphous (1.248 g/cthand crystalline (1.290 g/cinPLA [75, 161] The porosity

of the foams must be calculated based on the density of the nonporous PLA with the
same degree of cstallinity. It will be shown in sectiob.3.2 that all of the NIPSlerived

foams are semtrystalline and their crystallinity depends on the composition of the

system and the preparation conditions such as phase separation standing temperature. The
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corresponding mean crystallinity values are obtained from the results presented in section
5.3.2 in order to calculate the actualvalues.

Fig. 54 illustrates the dependency of porosity and linear shrinkage on initial PLA
in DCM concentration. Three rems can be distinguished in this figure: at low PLA
concentrations we have a region of fragile geldat high PLA concentrations we have a
region of resilient gels with a transition zone in between. In the following paragsephs
will examine theporosty, shrinkage, microstructure and specific surface sresmach of

these three regions.

Fragilegel Transition Resilientgel
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PLA in DCM concentration (wt.%); vIiVE

Fig. 5 4. Porosity and average linear shrinkage versus PLA in DCM concentration of original
mixture (n=4): O shrinkage anfl porosity of the systems phase separated at ambient conditions
(23 °C), Ashrinkage andAporosity of (13 wt.%, 1 v/\»23 °C), and® shrinkage and®
porosity of (23 wt.%, 1 vis23 °C).
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At low PLA concentrations and ambient standing temperature, the phase
separation and pore formationeahanism is most likely nucleation and groi?2,
155]. Since the gelation times are long for these compositions (1 to 16 days), large pores
and high porosity might have been theoretically expejd2d, 125 155]. However, the
thin skeleton of these monoliths are not strong enough to resist the capillary forces
induced during drying leading to severe pore collgis&®, 157] This results in high
shrinkage and low porosity aarcbe seen in Fig.4. The impact of substantial shrinkage
on the morphology of these foams can be seen in SEM image$ &-ay.b and c). The
expected nucleation and growth microstructure is not observed because of severe pore
distortion due to shrinkge. Crystallization of PLA immediately after the ligdiduid
phase separation process provides more strength for the PLA framework leading to the
formation of final foams whose microstructures are presented in the following. The
crystallization of PLA dung the phase separation is discussed further in séz8ch

In the case of low PLA concentration and low standing temperature (13 wt.%, 1
viv, -23 °C) the system exhibits a very low shrinkage and the highest porosity of all the
systems studied. The low shrinkage of this system is due to the presence of very large
pores in its morphology (Figh.6 a and c) which are less affected by capillary forces
during drying according to E&.1. A bimodal pore size population, large spherical pores
(Fig. 5.6 a and c) combined with much smaller pores (5ige), results in muchigher
porosity compared to that of the monolith of the same composition but phase separated at
room temperature (Fidg.5b). The formation of this dual morphology can be understood
by considering Egs.-4 in Ref. [155]. Accoding to these equations, the Gibbs free
energy of a ternary system rapidly drops at lower temperatures combined with the
presence of the nonsolvent hexane, facilitating the occurrence of phase separation. Under
these conditions, the polymer lean nucleivgiguickly into large spherdd04] at-23 °C
due to rapid DCM diffusion from the polymech to polymeslean phase as a result of
lower solubility of PLA in DCM at such a low temperature. As a result, the polyicter
phase beomes so concentrated in PLA and very lean in DCM and hexane that its
composition is most likely located close to the Pti¢h corner of the phase diagram.
The formation of the mesoporous, neelite morphology (Fig5.6e) is likely a result of
crystallization of PLA from this highly concentrated solutidi8,119, 122, 162]
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Fig. 5 5. SEMimages of the monoliths prepared at ambient conditions (23 °C); initial PLA in
DCM concentrations (wt.%) of a) 10, b) 13, c¢) 15, d) 17, e) 18, f) 20, g) 23 and h) 25.
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