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Abstract

Solgel derived, silicebased bioactive glass of a ternary system (SiDi CaO'i

P,Os) has the potential to promote hard and soft tissue regener@oonpared to
melt-derived glasses, glasses synthesisom the segel process has the advantage of

low processing temperatures, high specific surface areas (SSA) and tailorable porous
nanostructures. Using scaffolds as a strategy for tissue engineeriagptluationof

solgel derived bioactive glass@&s combination with alginate polymers as scaffold
composite materials has great potential and therefore requires further study.

This thesisnvestigates the synthesis of bioactive glasseshesotgel (acidic) route

and the multistep (alkali)) routet hr ough t he sol Y dSolgaelng Y

route nanoparticleslerivedwere heterogeneous in shape, wiiile multi-steproute
produced spherical (3090 nm diameter) nanoparticldacreases in calcium content

of the solled to an increase in pore size and a decrease in B88e dehydration
methods: oven, vaium and freeze drying were devidedcontrol the morphology of
nanoparticles. Freeze dried nanoparticles were found to have a rough surface texture,
with an aligne ordered porous nanostructure. This led to faster apatite formation
when compared to oven dried nanoparticles immersed in simulated body fluid (SBF).

A novel internal ionic diffusion crosinking method of alginate was deloped
utilising the glass naoparticles as nanocarriers, for the synthesis of algimatetive
glass composite scaffoldStrontium chloride (SrG) and copper chloride (Cugl
which provided therapeutic ions, were impregnated into the nanocarriers, and were
compared to calcium tdride (CaC}), asthe control. Impregnation efficiency was in
the order of CuGI> SICh& Ca &ttibuted to Cti having the smallest ionic radii
and its interaction with silinol groups dhe nanocarrier surface$caffold gelation

time was correlatedto the type of croséinking salt, its loading concentration and
glass to alginate (G/A) ratio. It was observed that Slkdzided nanocarriers (B%3)
were most efficient in crodsking when compared to CuChnd CaCl loaded
nanocarriers (BGCu and respectively), due to rhaving a greater affinity
towards alginate. Resukshiowedthat nanocarriers with the highest SSA possessed the
highest impregnation efficiency; howevermoaarriers with the largest pore diameter
and volume led to the fastestaffoldgelation time.

BGCa and BGSscaffolds showed significant improvements in maintaining stiffness
(Youngb6s modul us) and shear resistance
agueous solutions for up to 28 days, whiehre in contrast to thdeterioration in
mechanical properties of conventional CaCtosslinked scaffolds Calcium ions
were detectedn the range above 260 ppm in BGCa nanocarrier supernatant,
suggesting the gradual release of ions from the nanocarriers, internally diffioging i
the scaffold matrix, leading to continuous crisking over time.Meanwhile,in vitro
biological studies showed fast apatite formation on BGCa dolssd scaffolds in
SBF, with thescaffoldscapable oBupporing the attachment, growth and proliéion

of human osteoblast cells, thus indicating their high bioacti@iyntrol over glass
nanoparticle morphology was achieved and through specific ionic impregnation, the
successful synthesis afginatebioactive glass composite scaffolds was demotesdra
producing bioactive scaffolds with improved mechanical properties.
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Chapter 1

Introduction

1.1 Background

The need for bone implants have increased drasticaiy the past few decades
Although having the ability to selieal, damaged bone dige exceeding a critical size
requires an alternative pathway of treatment either via implantation osptantation.

In the case of bone transplantation, two main options available are autografting and
allografting, in which the former uses bones harvested from the patient, while the
latter uses bone tissue from a dorjdr 2]. However, with the increase in life
expectancy and a general ageing population, the need for implant materials to replace,
repair and regenerate body parts which we are now outliving is incredgitingthe

severe increase in demand for autologous bone grafts, the need for new bone

regenerative materials has become an element of global significance and importance.

The creation of an ideainplant substitute for bone tissue regeneration has proven
elusive even though extensive reseaacil effort has been put into iievelopment

One widely accepted strategy is the use of scaffolds as templates for cells to adhere
and proliferate, andt the same time provide some form of mechanical support to the
host tissueThe requirements for creatirsgiccessful implant substitutestésdesign a
structure which uses nontoxic, biodegradable materials, by which under selected
synthesis methods can form scaffolds which are able to provide an architectural path
for cells to adhere, proliferate and produce extracellular matrix along the scaffold
geometry[3]. The complication which leads to the elusive creation of this ideal
scaffold arises due to the wide array of materials and methods available for synthesis.
The combination of thousands of materials and methods available makeadsantp

rather impossible to determine the ideal recipehersynthesis of such a scaffold

The progression of materials for bone tissue engineering catiffeeentiated into
three generations. The first generation showed bioinert matestigls as zconia and

aluming which failed to integrate with native bone tissue, and over time became loose
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and separatefrom the surrounding tissue. Thecend generation progresseavénds
bioactive, biodegradableand resorbablematerials such ascalcium phospha
ceramicshpioactive glasseand compositesAlithough clinically used, prostheses made
of these materials had a limited working lifespan ofi 120 years before requiring
revision surgery2, 4, 5]. Currently inthe third generation of biomaterial research, the
focus would be orbiomaterialscapable of ugegulating the expression of specific
genes[6]. One such material is bioactive glagd)ich wasfirst introduced byLarry
Hench in 1969Bioactive glassebave been widely used both research as well as
commercially due toits osteoconductive and osteoinductive properties,itsnability

to encourage rapid bone formation compared to other biocergrics

Two decades agdjoactive glasses were synthesisedtiia solgel procesg8]. The
sokgel process is a relatively low temperature method of obtaining bioactive glasses
from the hydrolysis and polycondensation of metal hydroxides, alkoxides and
inorganic salts. Further benefigich as better bone bondjriggher degradation rates

and he ability to incorporate various cation inclusions into thegsblnetwork have

made this method of bioactive glass synthesis very attrgd&jiv®ecent papers on the
development ofsolgel bioactive glassnanoparticleshave pointed towardsiew
potential function®f these biomaterial®-11]. One of these new potdaiks is the idea

of capitalising on itsmesoporousstructurefor various applicationsn the fields of
imaging and sensingcarrierdelivery therapeuticsystemsand filtration [12-16].
Furthermore, these mesoporous nanoparticles have also been found to demonstrate
improvements in its bioactive and biological resporidés. Bioactive glasses and
bioceramics have been earmarkedaitablematerials, butlue to their inherent brittle
nature, they fail to providecompatible mechanical properties. To overcome this,
polymers are used in combinatievith these brittlematerialsto form composites
which combine the bioactive properties of the bioactive glamsddioceramics with

the mechanical properties of polymelNevertheless, issues such as stress shielding
and a mismatch in resorption rates between the glass and pgifaszshinder its

use in bone tissue engineerfig-19].
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1.2 Aims and objectives

This thesis explores the use of third generation biomaterials for the synthesis of
composite scaffolds, to address the need for new bone regenerative materials and its
pertaining shortfalls. Thisvork investigates the develognt and characterisation of
bioactive glass nanoparticles via two routes-@gland multistep routes) and the
ability to tailor nanopaicle morphology by varyingomposition drying procedurg

and heat treatment regimes. The synthesis of an algdudetive glass composite
scaffold through the use of the tailored mesoporous bioactive glass nanoparticles as
nanocarries for ionic crossinking formsthe next aim of this thesis. The feasibilil

this novel method will be investigated, with the objective of establishing a specific
system by which combinations of different crdis&ing ions, nanocarrier morphology

and alginate concentrations can @@ployed The next aim of this research is to
evaluate the microstructure, mechanical propewiedbiological response of these
composite scaffolds, to determine its suitability for bone tissue engineering

applications.

1.3 Thesis outline

This thesis is composed of sevehapters, in which the rét chapter provides an
introduction intothe main problem faced the need for regenerative bioactive
materials in the form of scaffolds to addreke shortage for bone implant§he

concept of scaffolds and bioactive glasses is briefly described.

Chaper 2 proceeds with the literature review of the work. The current issues and
treatments available for damaged bone tissue, thigHfundamental physiogy and
properties of bonealiscussed. Subsequently, the use of scaffolds for bone tissue
engineering andscaffold fabrcation techniques are detailedhe biomaterials
employed in the synthesis of scaffolds are reviewed, with the emphasis on the alginate

polymer and bioactive glasses.

Chapter 3 provides a detailed description of the materials used, thesgroutes of
various bioactive glass nanoparticles and composite scaffolds. The characterisation

techniques, principles and protocols of nanoparticles and scaffold microstructure are
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detailed. Furthermore, the standard protocols ifor vitro bioactivity, cellular
responsesand mechanical propertyevaluation on the sythesised materials are
outlined

The next threechapters describe theajor findings 6 this thesis. Chapter gtudies
the influence of processing through the-gel (acidic) route and & multistep
(alkali) routeon nanoparticle morphology, in terms of nanoparticle surface areas, pore
sizes, shapes and volumes. Additionally, variatioglass compositionjrying stage
and sintering regime®n final bioactive glass nanoparticle morplwlois also
investigated The in vitro bioactive response fromthe changesto nanoparticle

morphology is evaluated.

Chapter 5 investigates the feasibility of using the mesoporous bioactive glass
nanopartles derived in Chapter, /as nanocarrierdor the ionic crosslinking of
alginate, subsequently to synthesmlginatebioactive glass composite scaffolds.
Therapeutic ions, provided by strontium chloride, copper chloride and calcium
chloride areimpregnated into tha@anocarriers to evaluatihe fabricatbn of these

hybrid composite scaffolds in termsgdlation time and scaffold microstructure.

Chapter6 assesses the bioactivind biological response of the/brid composite
scaffolds developeth Chapters. The hybrid compositecaffolds were alscompared
with those prepared bgonventionakrosslinking using CaGl solutions particularly

the longterm stabilityin mechanical properties
Chapter7 discusses andoncludes the findings of the entire thesis. Future work is

proposed based on the exp@m of the investigation carried out from theulks and

discussions relatet the field of bone tissue engineering.
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Chapter 2

Literature Review

2.1 Overview

This literature survey provides the background pertaining to the issue ai hbad

need for bone implants. Hendade fundamental microand macrostructure of bone,

its function and characteristicare firstly described. Subsequently, the concept of
tissue engineering is introducedthvthe focus on scaffoldas the strategy for bone
tissue repair and regeneration. Scaffold design challenges, fabrication biomaterials,
and manufactureoutes availablare discussed:inally, an indepth review of the two
biomaterials(alginate and bioactive glasses3ed for the synthesis of these three
dimensionalcomposite scaffoldss presented with sections devoted tonaterial

molecular structure, synthesis, characterisation and application.

2.2 Bone

2.2.1 Function and structure

Bone forms the structural frame in which our body is built on. It plagsvital role in

our body as a form of locomotion, load bearing, homeostasis protection. It is
biologically dynamic, continuously remodelling throughout the lifetime of an
individual [2]. Bones have a diverse mierand macrostructure, each carefully
tailored to suit the many demands and functions of the body. Bone tissue is arranged
in eitherthe compct pattern (cortical bone) or the trabecular patteaingellousone)

[20]. The cortical bonewhich is of dense structure provides the mechanical and load
bearing ability of bone while the cancellous bone provides the porous supporting
structural network of strut§21]. Cancellous bone consists of a connected porous
network of rod and plate like cellular material. This low gignand thus low stress
bearing part of bone is protected by a hard outer shell of compact bone, which is the
cortical bongd22].
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Figure 2.1: The hierarchical structure of bone Modified after reference[23].

The micre and macroscopic detaif each part of the bone structure is depicted in
Figure 21. Microscopically, bone comprises of an organic and inorganic component.
Collagen type | fibres of 100 2000 nm in diameter, which forms the matrix of the
bone is the organic component. These fibres consist of fibrils which can be identified
by a distinctive periodic crodsand. The collagen present in bone is synthesised by
osteoblast cells and depositedaitamella or layered forif24]. Rod or plateshaped

bone mineral crystallites, mostly in the form of hydroxyapatite (HA) of 40 nm in
length and 5 nm in diameter forms the inorganic component of bone. These
crystallites are éposited and arranged in parallel to the collagen fibres thus providing
the rigidity and stiffness to the borj@4, 25]. These nanofibres are arranged in
lamellar sheets of abouti37 um in thickness. When grouped together in stacksiof 4

20 lamellae, they are arranged in concentings around the haversian canal, thus
forming an osteofi23]. The osteon rings which appear as alternating bright and dark
layers on the crossection are due to the differing orientation of each successive

lamella.

The rato of organic to inorganic phases in bone affects the mechanical properties. The
collagen fibres in bone retain similar characteristics to polymers which gives bone the
flexural resilience and toughness by decreasing the brittleness of the mineralised
phag HA. On the other hand, the mineral material gives bone the mechanical strength

and stiffness. Both cortical and cancellous bone display very different mechanical
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properties. For instance, the compressive strength of cortical bone is2ZLBDMPa

and haa Youngo6s iinB80dGP&A whide cantellods bone has a compressive
strength of approximately 011 6 MPa and a Yo unigd®dsGPano d ul
[26-29].

2.2.2 Current issues and treatments

Bone is the most commonly replaced tissue in the ladly the global orthopaedic
implants market is estimated to approach $41.8 billion by 280631]. Currently n

the U.K., there are over 600,000 bone and joetdated operations annuallg]. There
are varios causes for bone replacement operatiensh as bone trauma resulting
from significant It in bone tissuepsteoporosis, arthritis, bone tumours and brittle
bone diseasg82, 33.

The use of bioinert implants made of metal alloys, alumina or polyethiikaresbeen

widely applied to stabilise fractures and as orthopaedic imp]|ddisAlthough these
implants have superb mechanical propertib®y are biologically inert and thus
unable to regenerate. Furthermore, the issue of stress shielding arises due to the
mismatchin mechanical propertidsetweerboneand theimplant material This leads

to elevated levels of bone resorption at the iat@fbetween implant and natural
bone and over time, the implant will becomeo&® and fail Risk of infection and
allergy is also a cause for concern when the implants begin to wear and release debris
[6, 21].

The current gold standard for bone regeneration treatimantarafting, wherebyhe

pat i e nbobdes ar® varvested and implanted into the patigntAlthough this

type of treatment has the capacity to guide new bone tissue growth over the defect
site, this procedure has various limitatiossch agatient site morbidity, anatomical

and structural problemsdm the removal of bone tissig, 6]. Allografting is another

option used in which bone tissue from a donor is harvested and implanted into the
patient However, his optionalso has further limitations such wisal contamination

and transmission and a mismatch in compatibbiggweendonor and patientwhich

will lead to rejectiorof the implant35].
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Thus far, it can be seen that, although there are a variety of options available for bone
repair and replaceme operations, the limitationsf each methodnd the riskposel

to the patient isof significance Therefore, the need for improved materials and
alternative repaimethods to alleviate the problems currently faced by both surgeons
and their patients isguired.

2.3 Scaffolds for bone tissue engineering

One route scientisthave focused their attentipto address this issue of the severe
need for bone,is tissue engineerind1l7, 36, 37]. Tissue engineering is an
interdisciplinary field which encompasses both the principles of engineering and the
life sciences, for the development of biologicabstitutes which can maintain,
replace or regenerate tissue and its functj@hsThe strategies of tissue engineering
typically involve the use of signalling moleculesells as therapeuticand three
dimensional(3D) scaffolds[3]. Scaffoldsare 3D structures which form a site for
which cells can adhere and proliferai® repairbone defectand regenerate lost bone
tissue. Scaffolds can beynthesised frondifferent materials such as ceramics,
polymers metallic alloysor a combination of any one as a compofité 29, 37, 3§].

The materialaised should provide sufficient mechanical support at the implanted site,
over the period of new tissue growth. If biodegradable materials are used, time
dependent changes in its mechanical propetiege to be considered, to ensure

sustained structuralipport is provided over tim.7, 37].

Fundamentally, scaffolds for tissue engineering have to be of comparable mechanical
properties to the tissue it is fataied to replace. Additionallgood interconnectivity,
substantibpore sizes and pore homogeneisyessential Good interconnectivity is
importantfor nutrient transportcell attachment angroliferation andcdl in-growth

The porosities of the scaffolds have to be well interconneatidl a minimum
porosity of 50%for successful dein-growth Pore size should be a minimum of 100

um to enable cell penetratig@6, 39]. The preponderance in scaffold manufacture is
there will be a decrease in mechanical propestigs an increase in pore siznd
porosity and vice-versa as pores under significant loading will coalesce with one

another propagating a craclcausing the material to faiFurthermore, the ease of
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manufacture and reproducibility also has to be considered when designing a scaffold

for tissue engineerinB7].

2.3.1 Scaffold biomaterials

Over the past few decades, ceramics in tHd & bone tissue engineering have seen

a great transformation from being bioinert to bioactaed resorbablg40]. A
bioactive material is a material capable of stimulating an advantageous biological
response from the body when introdugéd]. Since the discovery of Bioglds45S5,

which incidentally also® t o t he coining of the term
host of hybrid ceramics, glasses agidssceramics have been syntlsesi and used as

novel biomaterialsfor bone tissue engineering. Currentihe focushas become
creating materialsvhich demonstrate the ability to stimulate specific responses at a
cellular level and capable of inducing osteogenesis on undifferentiated cells to follow

a bone cell lineaggs, 42].

Polymers also play an important role in the study of bone tissue engineering. In the
search foimprovedmaterials to achieve the objective of creating an ideal scaffold for
bone tissue engineering, many natural and ggitlpolymers, of various degrees of
mechanical properties and degradation raeese been testd@9, 43]. The polymers

have a wide range afedical applicationssuch agdrug delivery, imaging, medical
devices and tissue engineeriagaffolds[43]. Over the recent years, biodegradable
polymers have been the subject of research because of its suitability in drug delivery
as well as templating agents for the manufacture of micro and macro structures. Its
desirability is further enhanced by the fabatt many biodegradable polymers have
been found to repair and regenerate tissue and yet not become permanent fixtures in
the body[3, 38].

The most widely usegolymers for tissue engineering include polylactic acid (PLA),
polyglycolic acid (PGA) and copolymeric polyglycoliciddPLGA). These polymers
come from the family ofpoly- (Uhydroxy esters are biodegradableand
biocompatible making them highly suitable for medical applicatidi38, 43, 44].

Apart from synthetic polymers, natural polymers are also higbkired for its low
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toxicity, high biocanpatibility and cost efficiency{45-47]. Most commonly used
natural polymers include alginate, chitosan, silk and collf4&n

A list of the more widely used ceramics and polymers are compilddlate 2.1.
These biomaterials cape found used individually, or as a combination of two or
more chemically distinct phases as a composite biomatéri@ummary, there are
numerous biomaterials employed for the fabrication of scaffolds for tissue
engineering. Howeverthe selection of ibmaterials most suitable for tissue
engineering scaffold development would require furthedldapth understanding and
discussion of the materials on a molecular level, its structural behaviour and its

interaction when introduced to physiological environise

Table 2.1: Biomaterials usedfor bone tissue engineeringl17, 48-50.

Ceramics/Glasses Polymers

Demineralised bone matrix (DBM) Alginate
Melt-derived bioactive glass: Bioglass® (45S5) Chitosan

Silica-based sl-gel bioactive glass: binary, ternary, Collagen

guaternary systems. Silk

Phosphatdased sl-gel bioactive glass: binary, Polylactic acid (PLA)
ternary, quaternary systems. Polyglycolic acid (PGA)
Glassceramic: apatitavollatonite (AW) Polylacticcoglycilide (PLGA)

Calcium phosphate based ceramic: hydroxyapatite PLA variants: PLLA, PDLA and

(HA), tricalcium phosphate (TCP) PDLLA

Commercial graft: Collagraft (HA+TCP+fibrillar Polycaprolactone (PCL)

collagen) Polytetrafluroethylene (PTFE)
Polymethylmethacrylate (PMMA)
Polyhydroxyalkonoates (PHANd
variant: polyhydroxybutyraate
cohydroxyvalerate (PHBV)
Poly-3- hydroxybutyraate
cohydroxyvalerate (P3HB)
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2.3.2 Scaffold fabrication techniques

Various methods of producingcaffolds for bone tissue engineering are currently
available with comprehensive reviews provided in the literat{ire 17, 36, 50].
Specifically for alginate and bioactive glass scaffold synthdsesscommon methods
used such asfreeze drying, gel castinggas foaming thermally induced phase
separationTIPS), microsphere or short fibre sinteriagpd solid freeform fabrication
aim to meet the criteria of possessing both interconnected poresatflsisize with
sound mechanical propertigd7, 29, 37, 51, 52]. The different scaffold pore
architecture from the various fabrications routes is depict&tjumre 2.2.

For scaffolds fabricated through gel castindpe intendedbioactive slurry is
thoroughly mixedwith a monomer solutigrto which a surfactanfporogen)is added

to create adam mixture Once the foam structure has solidified, it is heated in a
furnace to burn off all polymers, leaving a porous bioceramic scafgfd This
techniquehas been employdd create opechannded scaffolds with porosities of 72

T 90% and pore sizes of 17122 um[53]. Solgel bioactve glass scaffolds with
porositiesof approximately82% andan average pore size of 32Bn were also
obtained fronthis method[54]. However, poor interconnection and a hetermpus
pore distributioncompounded bythe introduction of foreign substances and free
radicals from the surfactants and monomers suggest this method has its limitations
[55]. Furthermore, resitk organic solventstroduced were found to be toxic and

causedn inflammatory respon$é6.

Another method usetbr scdfold synthesis whichalso involves the foaming of the
biomaterials is gas foaming. This method differs from the method above in that it does
not require an organic solvent to create a porous structure, instead, gas is utilised.
Hydrogen peroxide (bD.) or citric acid with bicarbonate salt tgpically used as the
gasing agents to create foam. In various studiegDHvas used to create porous
scaffolds ofcalciumphosphatebioceramics omioactive glasseq57, 58]. Although
porosities in excess of 70%ere obtained from this methothe reproducibility and
controllability of pore sizes were diffilt and poor pore interconnectivity was

obtained.
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Solid freeform fabrication (SFF) is a computer aided method which is capable of
manufacturing highly reproducible scaffolds. The designs of the scaffolds to meet the
criteria of high interconnectivity angood pore homogeneity can be fabricated using
this method. Initially, a computer aided des{@®AD) or computer aided manufacture
(CAM) is laid out then through various fabrication routesch as stereo lithography,
selective laser sintering, 3D pringirand ballistic particle manufacturing, the scaffold

is fabricated 37, 59.

This method uses the same principle of transferring or removing the scaffold material
either in powder or liquid form on the surface repeatedly until theedeshape is
obtained Hydroxyapatiteand ®I-gel bioactive glasscaffoldsfabricated usg the 3D
printing route weregfound to provide a good template fanman osteoblasHOB) cell
attachment and proliferatid®, 60]. Scaffolds with tailored microstructures have been
achieved using SFF, with scaffolds synthesised with tuneable pore&uessfically,
bioactive glass scaffolds manufactunesing this route had a porosity range ofi50
60% and pore range of 300 1000 um[36, 61, 62]. Although this method is
reproducible, and macrostructures of the scaffolds can be specifically tailored, the
entire process from desigg to fabrication istime consuming and involves high

equipment codt59].

Figure 2. 2: Microstructure of bioactive glass andcomposite scaffolds fabricated by (a) foaming
[36], (b) thermally induced phase separation[63], (c) unidirectional freeze drying [64], (d)

microsphere sintering[36], (e) short fibre sintering[36] and (f) olid freeform fabrication [36].

35



Freeze drying has been seen as a promising approach for the fabrication of porous
scaffolds[19, 65-67]. Freeze dryingis a dehydration method in whic material
(scaffold) is frozerand thenpressure is reduced tactaevea region belowhe triple

point. During this processheat is transferred into the product, causing ftbeen
watertrapped within the scaffold matrio sublime directly from the did phaseto the

gas phase, leaving a porostsucture[68]. Thetriple point of waterns achieved at a
temperature of 0.009C and a pressure 6f1x10* MPa (4.58 Torr.]69]. Heat energy
transferred onto the produtiirough conduction, convecti@ndradiation is necessary

for the phase change (solid to gas) to take {66e68].

Hong et al [1Q] fabricatedpoly-L-lactide (PLLA) composites with bioactive glass
nanoparticles using this method, in which porous and interconnected scaffolds with
controlled degradability and good biocompatibility wasserved Via freeze drying,

Wu et al. [66] demonstrated that controlled orientation with tuneable pore size and
extremely high porosity of 98% could be obtainezhirunidirectional freeze drying of
gelatine scaffoldsUnidirectional freezing was carried out via insulating the specimen

at its sides and exposing one surface of the specimen to the cold finger. Hence, the ice
crystals would grow from this ice front upmwis along an axis, thus creating

directionality[66].

Scaffold architecture containing pore dtieoality has been shown tamprove
mechanical propertiesStudies into the fabrication of bioactive glass composite
scaffolds with orientated microstructures have found that, by aligning the
microstructure of the scaffolds in lamellar or columnar directions, superior directional
mechanical properties can be obtairjéd]. This was observed fromnidirectional
bioactiveglass scaffolds fabricatddom a silica-based bioactive glass (BGBE3) via
freeze drying which demonstrated improved compressive strength as compared to
scaffolds fabricated fromthermethodqTable 2.2).

Additionally, pore sizes can be controlled by varying cooling rates using the
fundamentals of the physics of ice formation to explain the manipulation of pore
shape and sizes through cooling rates. The nucteafiace crystals begin with the

arrangement of a few water molecules in a crystal structure. As energy is lost, the
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crystal structure continues to grow, fusing with other ice crystals until all the liquid is
frozen [70]. For scaffold fabrication, unde¢esding the parameters involved in the

procesf ice crystal formation is important in designing a suitable freezing regime.

Under slow cooling rates, the scaffold cools uniformly. Hence, the formafidce
crystals is homogeneoussulting is relatively homogenous pore sizéstthermore,

large ice crystals form since small amounts of heat from super cooling, which is a
highly exothermic process is released, melts the small ice crystals, and allows for the
ice crystals to connect with neighbouring cryst@s-67, 71]. On the other hand,
Deville et al [19] showed that for scaffolds which were cooled rapidly using liquid
nitrogen,there waso provision for a uniform cold environment to allow the scaffold

to cool gradually and form homogenous améational pores

There are dew reasons freezdrying would be preferredo create the scaffold as
opposed tsome other methods discussed abddainly, freeze drying allows for the
control and the creation of scaffolds with homogenous pore sizes, directional pore
orientation and scaffolds with high porosity. This is done through careful selection of
freezing rates and pressurésirthermore, theantroduction of foaming agents and
surfactants is eliminated, since the porous structure of the scaffold is fabricated

through the removal of ice, which in itself acts as pore templates.

Table 2. 2: Characteristics of similar material (bioactive glass 133) scaffolds fabricated by

different techniques.

Technique Compressive Pore size Porosity Reference
strength (MPa) (um) (%)
Gas foaming 11+1 10071 500 751 85 [72]
5+0.5 1007 500 8071 85 [73]
Solid freeform fabrication 15+ 1 70071 1000 5871 60 [36]
20.4 30071 800 50 [61]
Unidirectional freeze 25+3 9071 110 5371 57 [74]
drying 27 +8 6071 120 5071 55 [75]
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2.4 Alginate

2.4.1 Polymer structure

Alginate is a naturally occurring anionic polysaccharide whictypgcally extracted
from marine brown algaéPhaeophyceaePpart from brown algae being the most
desired source of extraction, due to high yield efficie(ey40% of dried algae
consists of alginate), alginate can also be extracted from bafitéyi@d7]. Alginates
are linear cpolymers containing (£+4) glycosidicallyl i n k@-rdannoironic acid
(M)  a+h-gulutdnic acid G) residues, as shown in the Haworth monomer formulas
(Figure 2.3). From the brown algae family of Laminaria;@ck-rich alginate has
been extracted from the stipes of Laminaria hyperborean, whitddobk-rich alginate
has been extracted Laminaria digitd?8, 79]. Separately, alginate from bacterial
sources has been found to be extremely rich #blddks, with alginates extracted
from Pseudomonas sp. containing néblacks[77]. Depending on the source of the
alginate, the amount of G and M monomers ad a®ltheir arrangement along the
polymer chain can differ widelyThe typical M to G ratio of the alginate ranges from
0.45 to 1.6, depending on the source of the algae.mdlecular weight of sodium
alginate range between 3200@00000g/mol and has aehsity 0f0.9 gcm® [46, 80.

Figure 2. 3: The chemical structure ofthe M and G alginate monomers[76].

The molecular structure of the alginatensists of blocks of similatMMMMM ,
GGGGGQ or strictly alternating GMGMGMGM) residues of which each have
different conformabnal preferences and behaviotigure 2.4) [46, 79, 81, 82]. The
structure of Gblocks differs from Mblocks, which affect the overall mechanical
properties of the polymer. The linkages between two gluronate unitsblnoks are
axialaxial, making the linkages shorter between each timits making the overall

structure less flexible and more susceptible to buckling. On the other hand, the
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mannuronate units in Mlocks are equatori@quatorial linked, forming a flat,
ribbontlike structure, thus providing the polymer with increased ilblity.
Interestingly, GMblocks contain a mixture of axialquatorial and equatoriakial
linkages which provide greater flexibility than the equates@iatorial link found in
M-blocks through an increase in the degrees of freedom associated witypthiof
linkage[81, 83, 84]. As shown inFigure 2.5, the G, M- and GMblocks can coexist

on a single polymer chain, taking on various block sequddégs
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Figure 2.4: The molecular structure of G-blocks, M-blocks and GM-blocks, showing the different

linkage arrangements[46, 80).
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Figure 2. 5. Composition of an alginate polymer chain containing different block type

combinations[76].
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2.4.2 Alginate hydrogels

It is widely accepted that alginate is a biocompatible polymer, suitable for use in the
biomedical industryln vitro andin vivo studies have shown that alginate does not
induce significant inflammatory responses or foreign body reaction when implanted in
animal model446, 85, 86]. However, there have also been reports of immunogenic
responses from alginate implants, partly attributed the impurities found in
commercially produced alginate especially since various impyrgigsh as heavy
metals, endotoxins and proteins could be present in the alginate extracted from the
many natural sourcg46].

The physical properties of alginate gels are highly dependent on its molecular weight
and chemical composition (& G ratio). Alginate, commonly supplied in the form of
sodium alginateis soluble in water. However, its solubility is highly dependent on
pH, as this will affect the electrostatic charges on the uronic acid reg@fleAs

such, as pH decreases to betw pH 3i 3.5, the alginate becomes protonated and
forms hydrogen bonds, thus taking the form of the insoluble alginic[46]d The
molecular weight and concentration play an important part in the viscosity of the
alginate solution. The higher the molecular weight or concentration, the more viscous

is the resultant alginate solution.

Although alginate solutions hauétle usein biomedical applicationsafter cross
linking, alginate hydrogels have been usedapplications such as drug delivery,
wound dressing and three dimensional scaffsigghesis Crosslinking is a process

in which the loose polymer chains are linked tbge with adjacent chains to form a
solid structure, consisting of networks of hydrophilic polymers intermittent by water,
also known as a hydrog&@ommoncrosslinking methods include ionic crodmking,

covalent crosdinking, thermal crosdinking andcell crosslinking [46)].

2.4.3 Hydrogel formation

lonic crosslinking is themost common approach used fydrogel formationlt takes
place when divalent ions introdugdaind to the Gblocks of the polymer chain and

form junctions, which attach to the other junctions formed with adjacent polymer
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chains [88]. The mechanisms of creeking of alginate blocks are typically
described using an edmx model wherein the axiaéxial linked G residues form
interstices to which the binding ion assempkesillustrated with Cdions in Figure

2. 6. Once the many sequences cblcks form bonds with other sequences, a gel
network is formed46, 86]. The length of the @locks is crucial in the formation of
stable junctions during crodisking. Stokkeet al [89 reported that a minimum
length of Gblocks consisting of at least 820 G esidues is required for stable

junctions to form

)

Ca®*(®)
_— -

Figure 2. 6: Alginate polymer chains crosslinked using calcium ions following the eggbox model
to form a gel structure [46].

One frequently used ionic creisker is calcium chloride (Cag)l[47, 88]. CaCl is a
salt whichis solid at room temperatureut readily solublein water, releasingCe’*
ions in the processOther sources of Ghions can also be obtained frocalcium
carbonatdCaCQ) or calcium sulphate (CaSQjJ46].

The process of Gaion crosslinking to form hydrogels involves the diffusion of ions
from a calcium rich source into the alginatdusion. This process of diffusion can be
separated into two distincbutes:l) external diffusion and 1) internal diffusion. The
external diffusion route involvethe gelation from the extremities of the alginate
solution progressing inwardand iswidely used in alginate bead syntheg§)]. For

the synthesis of alginate hydrogel scaffolds, the direct use of readily soluble Ca
sources through external diffusionfor crosslinking often causes apid and
uncontrolled gelationleading to heterogeneossructures with varying crodmking

dengty and polymer concentration gradief4s, 82].

41



To overcome this problenthe internal diffusion routean be employed, in which
C&" is introducedfrom within the hydrogel. @en used between low solubiity
source of calcium ions such aslcium carbonateQaCQ) or calcium sulphate
(CasQ) together with chelating agents such ahylenediaminetetraacetic acid
(EDTA) or glucono deltalactone (GDL), the internal diffusion routeslowly
dissociates th€d”, releasing the ions intthe surrounding alginate soluti¢47, 91,

92]. Kuo et al [47] successfully demonstrated the gelation of uniform and
mechanically improved alginate hydrogels through the combined uSa@® and

GDL. In this approachthe CaCQ and GDL solution is mixed into alginatiae pH of

the alginate solution is lowered by the hydrolisation of lacta@eising C& to
gradually disassociate fro@aCQ and crosdink the alginate. SimilarlyZmoraet al

[67] prepared alginate scaffolds by intensively mixing calcium gluconate solutions
with alginate, successfully rpducing alginate scaffolds with tailored pore
architecturelt has been agreed that the control of the gelation rate of the hydrogels is
essential in producing homogenous hydrogels and consequently improving the
strength and mechanical properties of tled sfructure[46]. However, due to the
limited availability of crosdinking ions, the internal diffusion method often results in
gels of lower strength as compared to the external diffusion method, where cross

linking is not limited[93].

2.4.4 Cross-linking ion affinity and functions

Apart fromC&" ions, \ariousotherdivalent bns have been used for tiemic cross

linking of alginate[90, 94, 95]. Interestingly,it has bea shown that the affinity of

ions towards alginate follows a rigid seriesThe movement and redigiution of
charges of divaleribns in alginatesolutions was documented by Thieleal [96, 97]

in the 1950s and showed that an ionotropic order existedbsequent research
employing the equilibrium dialysis of alginate involving varialigalentions allowed

for a moredetailed listing of thalffinity series(Table 2.3). Understanding thaffinity

of different divalent ions towards alginate is important, as eetaiion between the

gel modulus of rigidity (G) and crodimking ion type had been shown. Smidsreid

al. [98] demonstrated that, the G of alginate gels decreased in the same order as the

affinity series, summarised rable 2.4.
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Additionally, the affinity ofdivalentions was alsdound to beinfluenced by alginate
composition (G, M- and GMblock ratiog. The affinity of these ions we found to
follow the sequences of-Blocks: B&" > SF* > C&* > Mg®*; M-blocks: B&" > SF* &
C&* & Mg?*; GM-blocks: B&" & S** & C&* & Mg?*, through the study of its binding
strength to alginate fragmerjt89]. Essentially, these results showed that theldgks
highly influenced the affity of ions towards alginate, with Mand GMublocks
showing almost no influenaen ion affinity [76, 99].

Table 2. 3: Key changes and additions to theaffinity series, measured through equilibrium
dialysis of cations to alginate(M/G ratio: 0.45 - 2.1) over the years

Affinity series Year Reference
PF'>Cu*'>Cd'>Cd'a Z&a TeiMn 1958 [100]
P> Cu/*>Cd*>zn"a W& ECoamMn® 1961 [96]
Ba > SF* > Cd™> Mg? 1965 [107]
P> C#* > Cd* > Bd > SF > Cd'>Cd*d MNa ZxmMn* 2006 [90]

Table 2. 4: The correlation between the affinity series and modulus of rigidity of alginate gels
with different divalent ions [96, 9§].

Affinity series: Pr'>Cu’>Cd>zn"a Wd& €CwsmMn™

lon type P cu# cd* zn®* Ni¥ Ccdt Mn*
Modulus of rigidity (Ncn) 173 147 78 58 9737 28

Other divalent ions such &%, Zr** and B&" have also been used in the ionic cross
linking of alginate to form hydrogels for biomedical applicatip®8, 94]. Morch et

al. [90] studied the formation of microcapsule alginate beads Vig B&* and C&"

ionic crosslinking. The selection of 8fand B&* ions was basedn the affinity
series, which suggested that due to the higher affinity of these ions to alginate, the
microbeads formed will have a higher degree of stability th&hdBasslinked beads

More recently, Placeet al [94] employed alginate hydrogels cregsked via a

mixture of zinecalcium and strontiurgalcium ions for bone tissue engineering
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applications The resultshowed that, as the hydrogels degraded over time, a sustained
release of the crodmking ions led to favourable response of the osteoblast cells.
Noticeable improvements in osteogenic propertes well as increased levels of
alkaline phosphotasé\[LP) activity were observed from hydrogels crdisged with

zinc or strontium ions.

The study by Placet al [94] is important begause it points towards a dufahction

usage of these divalent ions. Not only are these divalent ions employed to ionically
crosslink alginate with physical improvements to the hydrogel propertiesadded
biological benefitsrom these ions could also be harnessédw Biolaical effects of
divalent ions such as strontiurBrt") have been found to be beneficia promoting

bone formation.Studies have shown that strontium can simultaneously increase
osteoblast cell proliferation and ALP activity and inhibit osteoclasts resorption of
calcium phosphatfl02104. Magnesium and zinc ions have both been found to play
a role in bone developmeand calcification of tissueStudies have shown that, with

the inclusion of these ions, ALP activity in osteobli#st cellsincreased, and acts as

cofactors to enzymes involved in bone formafie#, 10510§.

Furthermoregsilver and coppeions have also been used for bone tissogimeering
application, neverthelesor its antimicrobial properties. Silver substituted bioactive
glasses have been found to show antimicrobial effects across a whole range of
bacterial types, while copper has alseeb found to significantly reduce bacterial
activity [95, 109-117. Heliopouloset al [95] recently demonstrated the excellent
bactericidal effect of coppelginate treated wool fibres. In the study, the treated wool
fibres inhibted the growth and proliferation of E. coli bacteria and further showed that
copperalginate treatment increased the sustainability of its antimicrobial properties as
compared to copper treated wool fibréhe benefits of employing different divalent
ions for crosslinking alginate are huge, especially witetduatfunctional usagef

these divalent ions for the synthesis of scaffdldsgrelatively unexploredfurther

investigationis necessary
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2.4.5 Mechanical properties of alginate hydrogels

The sudy of the mechanical properties is imperative for various reasons. Mainly, it
provides a better understanding of the material and suitability in various ajppkcat
and requirementshe possibility to predict unacceptable levels of iesavoidfailure
andthe ability to tailor and modify its chemical structure to improve on its mechanical
characteristics.

For bone tissue engineering applications, it is important that the mechanical properties
of the implantmatch that of the native tissue it replacé@lthough the mechanical
properties of alginate hydrogels to date are inferior to that of bone, many attempts to
characterise its mechanical properties have been camiedhis would irclude the

gel s 6 p e swaling fropértiesstgbjlity and degradability The permeability

and consequently the degree of swelling of the gels when immersed in water or
physiological solutions is an important parameter to consider. Under physiological
conditions, the ion rich environment accelerates the chelatifegts on the ionic
crosslinks, leading to osmotic swelling of the g¢B0]. These expanded gels, with
increased pore sizes, encourage further permeatfidluids, causing a significant

reduction in gel stability and mechanical propertEs]3.

The degradation of ionically croéisked alginate gels occur either through ionic
exchange with its surroundings or by enayim cleaving. Enzymatic degradation of
alginate requires alginase, which is not present in mamid&ls As such, for
biomedical applications, the degradation of alginate gels is reliant on the ionic
exchange between the ionic crdisking ions within the gel with that of the
surrounding medi§46, 86, 88]. Therefore, the process of alginate gel degradation in
most in vitro and in vivo studies, which does not inwe the use of alginase, is
dissolution The limited long term stability of ionically crodimked alginate hydrogels

in a physiological environment have been a cause of concern, since the gels are
susceptible to cationic exchange reactip4]. Hence, other forms of crodigking

have been explored to improve on the physical properties of the hydrogels.

Compared to ionically crodmked gels, &ginate hydrogels wih controled swelling

properties andelasticity have been prepared byowalent crosslinking using
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poly(ethylene glycotdiamines.The improvementsvere a result othe difference in
bonding mechanisnj46, 114. Zhao et al [115 observed thedifferent stress
relaxation behaviour of alginate hydrogels from the onset of constant strain between
ionicaly and covalently crosinked alginate. Their results showed that stress relaxes
occurred from the disassociation and reformation of ionjcaibsslinked bonds in

the gel whilestress relaxes occurred through the migration of water for covalently
crosslinked hydrogels Although improvements in the mechanidegehaviour of the
hydrogels wereoted, covalent crodsking reagents have been found to be toxic and
thorough removal difficul{46)].

A stressstrain test is routinely conducted to ascertain the mechanical behaviour of
alginate hydrogel§l7, 18, 47, 67, 86, 116. Both tension and compression test can be
carried out to obtaithe stresstrain behaviour of theaterial[117]. The relationship

between stress argtrainfor a linear elastic solid such as a metal or a cerasnic
known as Hbeo mestOopelymers, wver regions of low stress, stress and

strain are proportional to each other, in which the constant of proportionality is the
modulus of elasticity or commonly known
elastic deformation or nepermanent deformatiodetermined from the maximum

stress applied to the material in whizhen the applied load is releaséd;an return

to its original shapethe stresstrain curve results in a linear relationship. E is

therefore a measure of stifftes t he mat eri al 6s HDJ I ity to

The stiffness of alginate gels have been found to be influenced by alginate
composition (ratio of G, M and-®1 blocks), concentration, molecular weight, cross

linking ion type and the degree afosslinking [79]. Since Gblocks are solely

involved in the gelation méanisms, alginates which werel®ck rich have been

found to posseshigher levels of stiffness than its GMnd M-block-rich counterparts

[76, 114. As for the alginate concentration, it has been found that alginate stiffness
increased with concentratidd?7]. Similarly, an increase in molecular weight was
found to increase the hydrogel 6s stiffn
Martinsenet al [118 to be in the region of 600 mL/g in alginate solution intrinsic

viscosity. Beyond this, the stiffness remained constant

46



Rupture, the failure of a material through significant plastic deformationagher
important mechanical behaviour of alginate hgdels, typically measured by
compressing cylindrical alginate constructs till the point of collapse, and recording the
force required to do sp47, 117, 119. Similar to stressstrain behaviour, rupture
strength is influenced in the same way by concentration, molecular weight; cross
linking ion type and the degree afosslinking of the alginate hydrogeStudies have
shown that, Mblock rich alginate gels display higher rupture strength as compared to
G-block rich gels. This is because, thguatorialequatorial links found in Mblocks

are longer, giving higher elasty to the gel, while the shorter axakial links found

in G-blocks form stiffer and more brittle gels, thus reducing the gel rupture strength
[79, 118. Through compressive testing, rupture of alginate gels have been recorded in

the form of its compressive modulus and stetgrsq12(.

2.5 Bioactive glass

Bioactive dass is an amorphous material which leglisordered arrangement of
atoms due to the rapid coolindg the molten ceramic. df bone tissue engingeg,
bioactive glasses can Islica-based, phosphateased or boratbased amorphous
material[4, 7, 121]. Among the various types of bioactive glasses,niost common
and readily used in clinical applications is Biogfad§S5 (46.1%5i0,, 24.4% NaO,
26.9% CaO and 2.698,0s; mol %). The term 45SSignifies that the composition
consist 0f45% weight of Si@ S for silicaas the natork former, and a 5 to tolar
ratio of Ca to P (in the form a€aO and FOs) [122. When Larry Hexch invented
Bioglas$, thefirst testconductedn 1969showed that BioglaSsvasable to not only
bond to bonebut the interfacial bond between the bioaetglass and the host tissue
wasalsogreater than the host bofE23 124].

There are two processing routes for bioactive glasses: thedemeled processing
route and the sajel route.Bioglas§ 45S5 is an example of malferived glassThe
sokgel route isa relatively low temperature method of obtainingdutive glasses
from the hydrolysis and polycondensation of metal hydroxides, alkoxides and
inorganic saltd8]. Although soigel processes have bed&nown since the 1880s, it

was not until a hundred years latehen it bgan receiing interest within the
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scientific community[125. The first solgel derived bioactive glasses of the ternary
system (SiQi CaO1 P,0Os) with a silica range of 50 95 mol % were developed by
Li et al.[8] in 1990.

2.5.1 The bioactivity of bioactive glass

The bioactivity of a material can be classified using the bioactivity indgxnhich
considers the time takdar 50% of thematerialinterface to bond to boné& material

is consideredClass A if it hasanlg of more thar8 and is able to bond to both hard
and soft tissue. On the other hand, a Class B material hgatwieen 0 and 8 and is
only able to bond to hard tiss{iE26-12§].

Another important factor about Class A biomaterials is its alibitytimulate both
osteoconduction and osteoinduction. Osteoconduction isptbperty of materials
which allows bone growth on its surface or in the context of three dimensional
objects bone growth will be observed along the surface of the pores andethafin

the material. On the other hand, osteoinduction is the stimulation of undifferentiated
mesenchymal cells inta boneforming cell lineage[128 129. The differences in

both terms are cruciabsteoconductions the formation of bone at the surface
betweenthe implant and the host bgnevhich is a characteristic of a second
generation biomaterialwhile osteoinductiorinvolves thegene activationrand cell

signalling, ischaracteristiof third generatiorbiomateriald6, 42].

2.5.2 Bioactive glass i melt-derived route

The traditional melderived routeof bioactive glass synthesis (Biogl8s45S5)
begins with the melting of the oxid€SiO,, NaCO;, CaCQ, P,Os) in a ciucible at
1370°C. Qucibles of platinum or graphite are used to ensure no contamination of the
molten glas$123. The molten ceramic is then quench immediately in water, allowing
no time for the atoms to arrange in a crystalline form, thus forming the amorphous
materia) also known as frit. Various oxides and multivalent cations can be added
during the melting stage, to obtain various compositions of §l2%%. The amount of

SiO, affects the rate of bone bonding.he most bioactive composition lies in the
region of around 45 wt. % SjOIt has been found that 5260 wt. % of SiQin the
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sydem (P05 is kept constant at 6 wt. Pbeduces the rate of bone bonding, while a
composition of more than 60 wt. % of Si@ the sytem renders the glass bigert

[129.

2.5.3 Bioactive glass i sol-gel route

Solgel bioactive glasses were firsthgrived by L et al [8] and Pereirat al [13( in

the early 90s. Theidactive glasses were synthesised in room temperature and the
proposed 58S glass (60%i0, 1 36% CaOi 4% ROs; mol %) contained a
composition close to 45S5, without the sodium oxide componEmt. research
demonstrated a wider bioactive range fdrgel bioactive glasses (up td8nol %of
SiO,), increased rate of hydrosgarbonate apatite (HCA) formation and that an
increase in silica led to an increasespecificsurface are§SSA) of the glass which
affected thebioactive response of the glgs. A binary system, 70S30C glag&0%
SiO, T 30% CaO; mol %) was subsequently develope&émavanapavan and Hench
[131], which was a simplified phosphafree system derived due to the rapid
dissolution of POs in the 58S glassTheHCA formation rateof the 70S30C glass was
found to behave similarly to the 58&ss[137].

Focus on bioactive glass synthesis has been centred on-tie solite due toarious
advantages over the melerivedroute. Crucially, soigel derived bioactive glasses
have been found to be more bioactive than the traditionaldeeited bioglasses.
Studies have shown that these glasses egbibigh rates oHCA formation when
exposed to simulated body fluids (SBRast bone bonding rates and improved
degradation and resorption characteristk®3. This is partly due to the higdpecific
surface areaéSSA) of the nanoparticlesvhich have been reported to contain pores
[134, 135. The SSA of solgel glass was found to be tviold larger than meilt
derived glass.The pores within the nanostructure of -gel bioactive glass
nanoparticles significantly increases tB8A of the glasses and hence increases the

rateof dissolution[136§].

The low processing temperature of the@el route(6007 700 °C)as compared to the
melt-derived routg(12507 1400 °C)is also attractive, since this procedows for

beter control in the homogenisation of the components, and reduces the cost of
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processing in terms of energy, equipment and lab@)r Furthermore, when
compared to meltlerived bioactive glass, the range $iO, content for solgel
bioactive glass to achievehsoactiveresponsas vastly broademwith solgel glasses
reported to be bioactive betweef b 85 wt. % of SiO; in the systenas compared to
457 60 wt. % SiQ for melt-derived glas$§9, 136].

2.5.4 Synthesis of sol-gel bioactive glass

The stages involved in sajel bioactive glass synthesis afgown inFigure 2.7. The
sokgel process begins with a two stage reaction of the hydrolysis and
polycondensation of alkoxide, metal hydroxide and inorganic salt precli8s8is

For asilica-based bioactive glasshe alkoxide precursor used to obtain the silica
component is dtraethylorthosilicate TEOS). TEOS s firstly reacted with water in
which a colloidal suspension in a liquid called the sol is formed. During this stage,
hydrolysis occurs through the nucleophilic attack of water on the alkoxide. This
reaction is usually catalysed through theliidn of acids or alkalis. Subsequently,
condensation of the silanol groups (SPH) occurs, producing silixone bonds {SD

T Si). Hence, TEOS acts as the network former and polycondensates upon aging to
form the silicae network Sii O T Si, releasingvater and ethanol as the-pyoduct

from this reaction[125 137, 13§. The two main stages of sgél chemistryare
summarised in Equation2.1 and 22. Firstly, hydrolysis occurs in which water
replaces the alkoxide group (OR) with the hydroxyl group (OH). Then, condensation
takes place, in which silinol groups lingether to form Si O 1 Si bondsyeleasing
water and alcohdt13§.

Si® OR+HOH z Sid OH+ ROH Equation 2.1

Sid OH + SB OH 2 Sid Od Si+ HOH Equation 22a
And/or

Sid OR+Sd OH 2z Sid 08 Si+ ROH Equation 22b

50



- p

Sol mixing
The hydrolysis and polycondensation of

TEOS and other precursors. Acids or
alkalis are added to accelerate the

process.
N /

l

Gel forming
A gel forms after the sol is left to age for

3 — 14 days in moulds at room

temperature.

l

Gel drying
The gels are dried at ambient

temperature, in an oven or via freeze
drying.

l

Heat treatment
The dried gel products are stabilised at
temperatures between 600 °C — 800 °C.

Figure 2.7: The different stages involved in the synthesis of sglel bioactive glass.

Solgel bioactive glasses exist in the form of binary, ternary or quaternary systems.
For instance, the precursors of calcium nitrate tetrahydrate (Ga{N®© added to

form a binary glass (SK» CaO) or triethyl phosphate (TEP) can be added to the sol
to form a ternary system bioactive glass (SiO CaO i P,Os). Further cation
inclusions such as MgO, AgO and ZnO can also be added to enhance or provide
novel properties to the bioactive glajs05 110, 139. The silicabased bioactive
glasses used in this research are of the ternary system. Hence, it is important to

understand the atomic structure of thedeca glasseswhich would provide for a
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clearer understanding of thmoperties of the glass, such as dissolution yatéch

influences the formation dfydroxy-carbonate apatite (HCA)

Silica-based glasses are composed of many units of thet&i@hedron, connected
through the oxygen atom to form a 3D network stuet{121, 14(. The SiO4
tetrahedral is classified by the number of oxygen atoms shared with other silicate
tetrahedral. These shared oxygen atoms are commonly referred to as bridging oxygen
(O71 SiT O). The four oxygen atoms per sdte suggest up to four possible bridging
oxygen bonds, which are classified b{®) as shown irFigure 2.8. The type and
relative amount of Q structures within glasscan be determined bgyagic angle

spinning solidstate nuclear magnetic resonance (NNME35, 141].

_ 0 _ Q! BN
) ) )
O SO O -Si--Ogt-Si Si-[OgSi*+-Og|-Si
o} O O
Si Si
0’ 0*
OB OB
Si OB Si OB Si Si OB Si OB Si
o Og
Si

Figure 2. 8 The Q structures assigned to the silic® network, where Og represents bridging
oxygen bondgq14(Q.

For bothmelt-derived andsolgel dasses, the Q value cde used toexplain the
network connectivity of the glasseBy understanding the average value of Q in a
structure the dissolution of the glass netwockn be determined.in et al. [135
determined through NMR that sgél glasses have a mixture of Q structure$, (@
and @), which was unlike melderived glasses which typically displayed a singte Q
structure. Hill et al. [141] suggested thatby taking the average of the total Q
structures measured, if the average Q value taashigh (>2.4), the high network

connectivity in the glass will inhibit the breaking of bonds and thus inhibit ion
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exchange when introduced in physiological fluid. On the other hand, too low a Q
value would lead to extremely rapid dissolutjd4q.

However, to base the dissolution of the-gel glass system wholly on the Q value
model is insufficient.Heat treated a-gel glassedave been found to still contain
hydroxyl groups (OH) due to the aqueous synthesis of thgesalass. Thesé OH
groups formsilinol (SiT OH) bonds in the silic tetrahedral, reducing the network
connectivity of the glass which leads tpid dissolution ofhe glassA recent study
determined that even after heat treatment of 700 °C, there was still @B8bonds
per silicon atom, which suggest that the effects ofi tH group in glass dissolution

rates are quite significapt, 135.

Calcium oxide (CaO),he secod component of the ternary glass in tlsgudy,
provides C& ions which arecrucial for osteogenesig?]. At the atomic structural
level, the calcium introduced into the glass acts as a network modifier, forming non
bridging oxygen bonds (Si O i Ca). This diffusion of C4 ions occurs at
temperatures between 400 °C and 56 P85, 147. Theincorporation ofC&" ions

in the glass reducesetwork connectivity, causing an increase in dissolutioretiai.

[8] found that with a compodgitnal range of I 45 mol % CaO, an increase in CaO in
sotgel glasses led to an increase in HCA formation, attributed to lower network

connectivity of the glass, which promoted its dissolution rate.

" ‘ﬁ
|

o/|8\o O/T\O
0 O

Figure 2. 9: The SiO, tetrahedral and the phosphate tetrahedral with the terminal double bond
[121.

The third componenphosphorus pentoxide {Bs), is alsoa network former. With an
affinity to oxygen, phosphorus (ROforms a tetrahedralvhich link together with

many tetrahedrons to form a phosphate 3D network. Howdweeditference between
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a silicateglass network and a phosphate glass network is that the building blocks
(SIO, tetrahedal units) are able to share all four oxygen atoms whilst phosphorus
(PQy) is unable to share all four oxygen atoms, whereby the unshared oxygen atoms
between phosphate tetrahedrons foeenminal double bondgl21]. This terminal end

of oxygen reduces the connectivity of the phosphate glass network, henceeitloeeas
dissolution of the glass in aqueous environmgtizg, 143.

In the ternary system of bioactive glass, thgOfis found in the form of
orthophosphate, and does not forny doonds with the silid@ network[144, 145.
Even after heat stabilisation treatment, the phosphorus is found tedpaiatentity
from the silicde network. Thus,when the glass is exposed to a physiological
environment, the phosphate lest rapidly [136. However, he isolated FOs
component of ternary glassgs been found to besmmumental in the formation of
HCA [12], 146. NMR studies have demonstrated that the introductiorn,©f id the
glass network led to the formation of amorphous calcium phosgh&te), isolated
from the networkand consequently acted as nucleation sites for HCA form§@ion
15, 147].

2.5.5 The sol

Across tle differentstages of sejel bioactive glass synthesiBigure 2.7), various
factors, such as sol composition and pH levels, drying aadtteatment temperatures

can affect the rate of reaction, the textural and structural properties of the final glass
product[125 148. Changes in sol compositidmve been found taffect the final
specific surface area(SSA), pore size and pore volume of the bioactive glass
nanoparticles. Studies have shown that the introduction of calcium and phosphorus
into the glass system decreases the nanopag#feand pore vaime[15, 149 15Q.

The efects of compositional changes on pore diameters remain unclear with
researchers reporting that an increase in calcium led to higher pore volumes and wider
pore diameters, while other reports suggesteaease inboth pore diameter and
volume[8, 15, 134 15(. Table 2.5 summarises the compositionaffects on ternary

glass nanoparticle morphologwithout the influence of surfactants or structure

directing agents.
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The process of hydrolysis occurs through the replacement of the alkoxide group in
silinol with the hydroxyl group in water. However, trae at which this process takes
place is highly dependent on the pH levels, with increasing rates of hydrolysis away
from pH 7 [138. The sol, which has been homogenously mixed with all the
precursors, is typically required to age for a period bfla days ér gelation to occur

[8]. During this period, nanoparticles are formed from the polymerisation of the
monomers in the sol. The particles grow throughout this process, linking together into
chains and subsequendynetwork is formed throughout the sol resulting in gelation.

To acceleratehis process, an acidic or basic catalyst, such as nitric acid is added to
the reactiori8]. However, differences in polymer formati@and growth using acid or
base catalyst were observed by Brinktral. [125. Briefly, it was observed that
linearly branched polymers were formed when acid was used, while, clustered or
highly branched polymers formed under alkali conditidfigure 2.10 illustrate the

differences betweethe two systems.

In 1968, Stobeet al. [151] derived monodispersed silica particles by means of acid
hydrolysis of TEOS and condensation via alcoholic solutions. This method, known as
the Stobe method, successfully synthesisspherical partiek ranging from 50 nr

2000 nm in diameter. Basified water was used as a morphological catalyst; without it,
the silica colloid was found to agglomerate irfteterogeneoushape and size
particles. More recently, afaster alkalimediated method of proding soigel
bioactive glass has also been repart@terein gelation time of the sol could be

reduced to 2 min by the addition of ammonia hydrokics].

Table 2.5: The effects of composition on bioactive glass nanoparticle morphology.

Glass composition Surfacearea Pore diameter Pore volume Ref.
(mol %) (m?g) (nm) (cm®g)
80%Si0,T 15% Cali 5% R.Os 127 4.4 0.13 (150
60%Si0,i 35% Cal 5% POs 79 12 0.25
100%Si0, 384 4.9 0.4
80%Si0,T 15% Cali 5% R.Os 351 4.8 0.36 [153
70%Si0, i 25% CaOl 5% POs 303 4.8 0.33
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Figure 2. 10: The progression of polymer growth of hydrolysed TEOS either via acid or base
catalyst[154.

FurthermoreHong et al [155 demonstrated the synthesis of extremélg bioactive

glass nanoparticles (< 80 nm in diameter) from a two steged@nd ceprecipitation

route in which the sol containing TEOS and calcium nitrate was slowly dripped into
ammoniated water containing ammonium dibasic phosphate. The bioactse gl
nanoparticles obtained from this were found to be homogenously spherical. Although
this method was reminiscent of the Stober methibd resultsdemonstrated that
bioactive glass of the ternary system could be synthesised by thishHouever, the
effects of employing this synthesis route on the textural, strucamdlbioactive
properties of the bioactive glasses were not characteridedce, an aim of this
current study isto improve on the homogeneity of nanoparticle morphology and

understand thaanostructure of nanoparticles derived from an alkali route
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2.5.6 Drying processes

A series of bioactive glass products from the-gsl process can be obtained, as
illustrated inFigure 2.11. A dense bioactive glass film can be produced from the
coating of the sol on a flat surface to initially formparous dry gel(xeroge) film
[154, 156. Thin fibres of bioactive glass in timanometreange can also be prepared
by electrospinning the sp#8, 157]. Aerogels can be formed by carefully drying the
block gelusing supercritical Cg keeping the 3D network of the structuvéa freeze
drying, pore liquor (byproducts of the polyamlensation reaction of the salthin

the gel can be sublimated without affecting the macrostructure of the block hydrogel,
hence forming an aerogEl5g. From the description of the various routes employed
to modify the end product of the sgél, it is obvious that drying forms an integral
stage in active glass processinmp which pore liquoris removed

O G
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Figure 2.11: lllustration of the various routes of processing the sol and g¢lL25.

The dying process has beararried out by evaporatiost room temperatureheating
in an oven or by lyophilisatiof8, 10, 71, 131]. For the preparation of glass particles,
Li et al [8] employed oven drying, with temperatures of betweeri &80 °C to
obtain bioactive glass powders with a wide range of surface areas @Bm?/g),

pore sizes (1.4 5.7 nm) and pore volumes (0.4%.57cnt/g). Oven drying was also
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used for thepreparéion of binary glass{0S30C:70% SiO, 1 30% CaQ mol %) and
pure silica glass (S100), which demonstrated homogenous nanoparticle morphology,
as shown imable 2.6 [135.

Zhonget al [159 also studied a novel method of using a high humidity environment
to dryternarysolgel bioactive gel§58S: 58% Si@1 33% CaOi 9% ROs and 77S:

77% SIQ 1 14% CaOi 9% ROs). A drying oven, with a relative humidity
maintained at 90 95%, was used to dry the gels over 3 days with a temperature of
180 °C. Results showed that homogenous and stable glass powder wasegrod
Furthermore, a comparison between particles produced via ambient drying and high
humidity drying revealed that high humidity drying led to an increase in pore diameter
and pore volume of these particles, with a decrease in surfaceTatda 2.6). The
increase in pore size and pore volume of these particles was attributed to the gradual
evaporation of pore liquor, thus reducing the shrinkagethedollapse of the gel
structure.The usage of freeze drying for the synthesis of bioactive glass particles was
demonstrated by Horgf al [155, however, the morpholazal properties of the gés

wereunclear

Table 2.6: The particle morphology of bioactive glasses processed using different drying routes.

Drying route Glass type Surfacearea Pore diameter Pore volume Ref.
(m/g) (nm) (cm/g)
Oven S70C30 135 9 0.3 135
100S 400 <2 0.28
58S 289 34 0.49
Ambient 77S 431 3.0 0.32 [159
100S 650 2.6 0.3
58S 151 132 0.45
High humidity 77S 389 4.0 0.41 [159]
100S 471 3.0 0.33
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2.5.7 Sintering regimes

The gel network is a mixture of silica colloidal particles surrounded by calcium and
phosphate groups and pore ligy@B85 160. After the drying process, the calcium is
deposited onhe surface of the silica nanoparticles. At this stage, the particles, with
structural units either taking the form of chdike clusters or discrete particles are

described as secondary particles, with dimensioniod im[161, 167.

Studies have shown that a minimum temperature of°@513 required for the fusion

of calcium into the silice network while temperatures above 500 is required to
remove the organic phase, aadtemperature of 608C and above is required to
eliminate any residual substances of nitrates and silanolpgrdi42 163 164.
However, above 800C, the amorphous state of the glass would transition into a
crystalline phas¢165. Lin et al. [166 have demonstrated that after heat treatment,
thesecondary particlesould coalesce with one another from viscous flows caused by
the sintering at high temperaturés form tertiary particles. Due td¢ random nature

of viscous flow and particle fusionanoparticle lsape, pore size and pore volume was
suggested to be heterogeneoushis was in contrast with the findings of
Saravanapavan and Hend84], which pointed to some form of ordered nanoparticle
morphology. The study demonstrated that tubular pores, taking the shape of
Gnkbottlesy were present within the nanoparticl@sh r o a t sizes -of
shaped pores were found to be approximatélyp nm in diameter, with a cavity size

of approximately 29 nm in diametgt34.

2.5.8 Bioactive glass nanoparticle morphology

Unlike the dense meltderived bioactive glasses, one attractive featuresadfyel
bioactive glasss is its inherent porous structyfe, 134, 167, 16§. Characteriation

of the nanoparticle textural features (nanoparticle shapecific surface areaensity

and pore size, shapevolumég have been carried out using techniques such as
transmission electron microscofyEM), nitrogen(N,) sorption, mercury porosimetry
and helium pyconometrpd5, 134, 150. TEM is used tgorovide visual results of the
nanoparticles, while nitrogen sorption, mercury porosimetry and helium pyconometry

techniques provideesults of aquantitative natureHelium pyconomet is a useful
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techniquefor the characterisation of nanoparticle density and its porosity. Since these
materials are porous, helium gas is able to penetrate into the porous structure, thus
providing accurate measur e meAdtit®onalyfthet he n
bulk density of the nanoparticle, which is the mass over the total volume (including

the pores), can also be measured. Thus, the difference between bulk density and true

density would give the nanoparticles poro§it@9.

N, sorption and mercury porosimetry are useful techniques for the characterisation of
nanoparticlespecificsurface area, pore size, pore volume and pore shape. In mercury
porosimetry, mercury is used to penetrate particles, and data obtained from the
differences in the intrusion and extrusion of mercury can be interpreted to determine
nanoparticle morphologyOne drawback of this technique is that, characterisation is
limited to pores of sizes greater than 50 [AM{. Therefore, N sorption is the most
appropriateechniquefor the characterisatiof solgel bioactive glass nanoparticles,
sincecharacterisation of pore sizes can be carried out within the domairis&ff &m
[169-171].

Although characterisation of the textural features of bioactive glass nanoparticles are
widely carried out using Nsorption and mercury porosimetry techniques, visual
verification by means of TEM is seldom reported. lah al [135 studied the
evolution of bioactive glass nanoparticles through different sintering temperatures
using both N sorption and TEM.Their TEM results were successfully verified
through N, sorption measuraents, and he&e suggested that both methods are
essential fomanoparticle characterisatioButeewonget al [172 similarly showed

the verification ofN, sorption measurements with TEM. A correlation was drawn
between the isotherms from, Norption and TEM, in whichexagonal and cubic pore

structures were observed within pure silica mesoporous nanopatrticles.

2.5.9 Application of mesoporous bioactive glass nanoparticles

The interesting textural features of @l bioactive glasses haved to further
exploration @ various possibilities in bringing together multifunctional mesoporous
bioactive glassesvhichare able to induce a bioactive response and act as reservoir

carriers of drugs for controlled delivefp5, 173. The benefits of mesoporous
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nanoparticlesvas noticedwo decades ago in the form of a silisased mesoporous
nanoparticle (MCM41) [12], which have ld to a surge in the discovery for novel
synthesis methods and application. Currently, the benefits of these mesoporous
nanoparticles include application as catalysis, cadadivery systems, filtration and
sensing12-16].

The use of mesoporous nanopartidessvehicles to store and deliver desired cargo
such as drug molecules, antibacterial agents and imaging sensors for biomedical
applications on a nanoscale has been documéh8ed4, 174-17¢. Largely this work

has been carried out on silica nanoparticles, with few studies focused on bioactive
glasses. The loading of mesoporous silica nanoparticles with cargo of various sizes
and properties, have been cadriout using the impregnation method, whereby, the to
beloaded nanoparticles are immersed in solutions containing the desired loading
material[168. The efficiency of loading is typically dependent on the morphology of
the silica nanoparticle (surface area, pore volume and pore size) but also its chemical
properties[15]. Higher surface areas will allow for more attawent sites for the
intended loading cargo, while increased pore volumes will permit higher amounts of
cargo to be stored within the mesoporous strudtlisel73. More interestingly, pore
size also highly influences the E73icien
177). Depending on cargo size, these pores can effectively filter out molecules which
are larger than the pore size, allowing only the-selected molecules to impregnate.
Menaaet al [178 effectively showed the selective loading of apomyoglobin with a
size of 4.1 nm on mesoporous bioactiylass with pore sizes of # 5 nm while

albumin(8.57 11 nm)was not loaded due to its larger size.

As mentioned, the chemical properties of the nanoparticles also affect its loading
capabilities. Silicebased bioactive glasses contain negative chdrgesthe free SiO

on its surface and also contain th@H functional group fronsilinol (SIOH) [177].

The effective loading is thus affected by the interaction between the chemical
properties of these naparticles and its host cargthrough electrostatic interactions,
polyethylenimine (PEI) can be electrostatically attached to negatively charged MCM
41 dlica nanoparticles for COcapturing applications, or to provide binding sites for

nucleic acid[177, 179. Covalent bonding is also used to bind the cargo onto the

61



surfaces of the nanoparticles. The organic functional gr@Hp, inthe form ofSiOH

can be readily modified via functionalisation to allow for the attachment of cargo with
various organic functional group$4, 15, 173 176¢|. For instance, the loading of dru
molecules onto mesoporous bioactive glass nanoparticles was demonstrated by Lopez
Noriegaet al [167] through the functionalisation of its surfacts incorporate a
hydrophobic drug]priflavone which is used to reduce the rate of bone resorption
Similar to silica mesopors nanoparticles, the silidsased bioactive lgss
nanoparticle also permiunctionalisation through covalent anchoring between the
silinol groups and the organic functignallowing for the loading and controlled
release of different drigg15].

In the biomedical field,the use of mesoporous bioactive glass nanoparticles has
suggested various improvemenis terms of itsin vitro bioactive responses
Additionally, the desirability of tese mesoporous nanoparticles are dueheor
nanoscale size, allowing the nanopartidiese efficiently internalised by plant and
animal cell§14]. Using an evaporatiemduced seHassembly (EISA) process, Yanh

al. [180 181] used a notionic block copolymer surfactant to structurally direct the
mesopores within the nanostructure of bioactive glass, successfully synthesising a
range of ternary glasses with a compositionageabetwee®0i 100 mol % ofsilica

in the system, wittnighly ordered cylindrical pores antbntrolledpore sizes 05.01

5.6 nm In vitro bioactivity studiesdemonstrated that glass with a composition of 85
mol % silica was the most bioactive, contrémyconventional sefiel glasses, which

was reported to be most bioactive around the region of 60 mol % silica. Since an
increase in calum within the glass systemdeo an increase in pore size and pore
volume without specific control of the mesoporoasucture the definitionof the

ideal bioactive regiors questionabl§8, 181].

Arcos et al [182 further showed that the rate of hydrokgrbonate apatite (HCA)
formation betweera highly orderedcylindrical mesoporous structusend disordered
mesoporous bioactive glass nanoparticles significantly improved. Although the
mesopore sizewere not specified, the results stedvthe formation of HCAn the
ordered glass was detected after 16 h of immersio8BF, while the disordered

mesoporous glass requireddays of immersion before HCAvas detected187.
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Recently, ordered mesoporous glass nanoparticles were found to have a faster
bioactive response than conventional-gel glasses, observed thrdughe rapid
formation ofHCA crystals when reded withSBF [15, 147]. Vallet-Regiet al [19
discovered that mesoporous ternary bioactive glass with an ordered nanostructure
consisting of threglimensional bicontinuous cubes develop#dA layer only after 1

h of immersion in SBFThis rapid formation of HCAcrystallites, claimed tde the
fastest recorded thus far, was attributed to the intrinsic textural and structural features
of the ordered mesopores, which encouraged ionic exchange with the surrounding
medium through efficient mass transport and diffusion processes

In summary the ability to modify the textural and structural properties of these
bioactive glass nanoparticles to allow for higher surface areas, larger pore volumes,
with a narrow pore size distribution and ordered nanostructure is important in
enhancing the benéf of mesoporous materials. Various strategies have also been
employed totailor these properties. However, there remain gapthen literature
regarding the control of ternary mesoporous bioactive glass nanoparticle morphology
by processing under diffemeé composition and pH conditionfer carrierdelivery
applications[15, 180, 183. Furthermore, it is difficult to determin¢he exact
compositional combination of glass for the optimum bioactive respatikeugh loth

the canposition and morphology of thesanoparticles play an important role in its
bioactivity response$149, 150. As such, further workis neededto verify the

influence of both composition and morphologyiowitro bioactivity
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Chapter 3

Experimental details

3.1 Overview

This chapterexplairs the experimentaldetails involved in the synthesis of the
materials used throughout this thesihe fundamentals behind experimental
techniques and the protocols involved. However, as the focus of each chapter is
different, certain materials and methods employed specifically to that particular
chapter will be described within that respective chapter.

Unless statedtherwiseg dl chemicals used throughout the synthesis of materials were
purchased fronsigmaAldrich, U.K. All experiments employed ultrpure deionised
water, obtained froma Purelab UHQ water polishing unit (UHESMK3; Elga,
U.K.) to ensure purity and consistency of the synthesised materials.

3.2 Bioactive glass synthesis

3.2.1 Sol preparation

The synthesis of bioactive glass nanoparticles fadldvwhe sequence of: sol
preparation Y dFo the gtudié conhductddethisi tmegis, the
composition and the pkonditionsof the sab were varied during its preparation.
Bioactive glass nanoparticles from two routes were synthegibth were 1) solgel

(acidic) route andl) multi-step (alkali) route.

The weight of preursors used for each composition was determineitebgting the
weight of the precursor with its respective molar weigbtoss the thredifferent
precursorsused, to obtain the moles ofeach precursor for thedesired glass
composition.The mol % of theglass compositiorwas subsequentlgonverted to

wt. %.
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) Solgel route
Four types of al-gel bioactive glasses of the ternary syst@i@, i CaOi P,Os with
different compositions were synthesis Table 3.1 lists the sample codes associated
with each type of glass composition and summarisesamounts of precursors used
in the synthesis. Ae solgel glasses wergrepared according to the methad
reported elsewhere with modificatiph21].

For a glass composition @5% SiO, 1 30% CaOi 5% P,0Os (wt. %), 23.53 g of
tetraethyl orthosilicaté TEOS was added to 6L of 0.1 M nitric acid and allowed

to react under stirring. Then a series of reagents was added in the following sequence,
allowing 60 min for eacheagent to react completely: 1.§ariethylphosphate (TEP

and 1.85 g calcium nitratedtrahydrate Ca(NG),2). The resultant solution was kept

in sealed plastic containers for days at ambient temperature to allow gelation to
occur[8].

Table 3.1: Composition of solgel route derived bioactiveglass with corresponding weight of each

precursor.
Sample Glass composition (wt. %) Weight (g)

TEOS Ca(NOy), TEP
BG35 35%SiQ 1 60%Ca0 5%P;0s 12.54 21.46 1.82
BG50 50%SiQ 1 45%Ca0 5%P;0s 18.38 16.56 1.82
BG65 65%SiQ 1 30%Ca0 5%P;0s 23.53 10.85 1.82
BG80 80%SiQ 1 15%Ca0 5%P;0s 29.00 5.43 1.82

1)) Multi-step route
A multi-step bioactive glassf theternary systen$iO, i CaOi P,Os wassynthesised
by modifying the methogldescribed elsewhefd51, 165. Table 3.2 list the sample
code associated with théype of glass composition and summarises the amounts of

precursors useith the synthesis.

For theglass composition 5% SiQ-30% CaG5% B.Os (wt. %), briefly, 34.05¢g of
tetraethyl orthosilicate (TEOS) was added to 120 mL of ethanol and stirred. 0.1 M
nitric acid was added to the solution to (pH 1.9) and stirred. Separaie8i g of
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calcium nitrate(Ca(NG;),) was dissolved in 200 mL of deized water and then
mixed together with the TEOS solutiof.66 g of ammonium dibasic phosphate
((NH4)HPQOy) was dissolved in 3 L of deionized water, the pH was adjusted to pH 11
using ammonium hydroxid@NH3 28% in HO). Using a peristaltic pump, the solution
containing TEOS andalcium nitratewas slowly dripped into the ammonium dibasic
phosphate solution and stirred vigorously. During this process, the pH value of the
solution was maintained at pH 11 using ammoniumrdyide. The resultant mixture

was aged for 48 h before drying

Table 3.2: Composition of multi-step route derived bioactive glasand weight of each precursor.

Sample Glass composition (wt. %) Weight (g)

TEOS Ca(NO3)2 NH4(PO4)2
nBG65 65%SiQ i 30%Cali 5%P.0s 34.05 17.81 1.66
3.2.2 Drying

Drying is an important stage in the processing of bioactive glass nanoparticles for the
control of nanoparticle morphologysgecific surface area, pore size, shape and
volume). The bioactive glass nanopares obtained from both the sgél and multi

step route were subjected to different drying processes (Route A, B and C

respectively).

Route AT Oven dryingis a common method of air drying the gels in an open
container, accelated by means of heating the materials in an qi&§. In this

study, both types of bioactive glasses were placed in a drying oven with a temperature
maintained al.50 °C for 24 h.

Route BT Vacuum dryingemployed the concept of lowering the external pressure
applied overthe drying gels by creating a vacuum environment. The lowering of
external pressure would createequilibrium betweernhe external pressure acting on
the gel and the capillary pressui@med from the liquid within the poresyhich
would continuously pull the gel network inward during evaporatdiowing gradual

evaporation of the samplesa®ples were transferred into dryingssels, with the
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open end coveredith a perforated film. Tis ensured the contents did not spew out
when the pressure was reduced. The drying vessels were then plageskaled

chamber and subjected to a vacuiom24 h.

Route Ci Freeze dryingemoved the frozen solvents trapped within the bioactive
glass products through sublimatjomhich is a process of converting the ice directly
into vapour (solid to gas phase transition). Samples were placed into drying vessels,
and frozen from room tempsure to-25 °C at a freezing rate of 1°C/min.
Manufacturer guidelinesuggested that the appropriate pressure for freeze drying
should be set between 2B0% of the vapour pressure of i&8]. For a temperature

of -25 °C, the recommended pressure was between 932 mTorr. Hence,he
samples were held a5 °C for 6 h,to ensure the entire sample was at the setting
temperaturdoefore lyophilisation was carried out irfraezedryer (VirTis wizard 2.0)

at a pressure of 100 mTorr for 24 h.

3.2.3 Sintering

Sintering is the next stage in the processing of bioactive glass to ensure the
incorporaion of calcium into the silicateetwork and the removal of nitrate and other
impurities [147]. Once the drying step was completed, the bioactive glass
nanoparticles were removed from their respective environments and heat treated in
inert alumina crucibles using an Eliurotherm (2116/2416) overhe products

were heat treated to 150 °C, 400 8DO °C and 680 °C using a holding time of 16 h,

with a heating and cooling rate of 1 °C/min from room temperature.

3.3 Bioactive glass composition and crystal structure analysis

3.3.1 Scanning electron microscopy and energy-dispersive

spectroscopy

A scanning electron microscof8EM) was usedot obtain a selected area of interest
for energydispersive Xray (EDX) analysis An SEM obtains an image through the

detection of secondary electrons which are emitted from the surface of the sample
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having beerexcited by the primary electron beam. Detectors pick up the emitted

secondary electrons from various positions anddbuwip an image

For the EDX analysis carried outach element within a selected area of interest can

be associated with a charactacist-ray. The energy level of this characteristieray

is determined by the atomic number of the elemPnting spectroscopy, therea of

interest is excited with an accelerating voltage. The accelerating electrons generated
bombard the specimen, resogi in the emission of an -Kay spectrum. The
accelerating electrons whi ch eacttkemifronc i d e n
the inner shell, andire subsequently filled by electrons from the outer shell. The
surplus energy created from the ejection and filing of electrons create the
characteristic Xray [184, 185. The Xray spectrum genated is then detected by the

EDX detector.

The compositional elements of the nanoparticles produced were verifiedsBMa
(JEOL JSMG6301F field emission SEM) equipped with amergydispersive
spectroscop€INCA X-sight Oxford Instruments) detectokll samples selected for
analysis were adhered onto aluminium stubs and carbon coated (Gatan 681 high
resolution ion beam coater). An accelerating voltage of 20 kV was selected based on
2.5 times the highest excitation energy of the material analyd&dA enegy
software was used to identify and quantify the elements present in the spetimen.
spectrum obtained was quantitatively analysed by measuring the peak intensities (peak
area) of the characteristic-pay. Details of peak deconvolution and area calculation is

detailed in the manufl[a8t urer 6s operating

To improve on the accuracy of the results (error < = 2 %), standardisation was carried
out. Standard material with accuratelypokvn intensity and concentration (Micro
Analysis Consultants Ltd.) were used to evaluate the concentration of elements in the
unknown sampleHydroxygpatite and wollastonitewith known concentration were

used as controls to further ensure any error frbm results obtained which had
developed over time was corrected for. The quantitative results obtained were
normalised and were obtained from at least an average of 5 measurements over

different sample sites (n = 5).
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3.3.2 X-ray diffraction

X-ray diffradion (XRD) works on the principlef the diffraction of a monochromatic

X-ray beam of wavelengtte) whi ch is transmitted into
Atoms within the material cause the beam to scatter, amddiate the beam at

different directions.If the atoms are arranged in a symmetrical order (crystalline
structure), the readiated beams from varying angles of incidence will scatter in
similar directions and will constructively build up, resulting in diffraction peaks. The
relationship betweethe spacig between diffracting planesd the angle of incidence

I's descr i bedinkqguatidh8.la[18q.0lse criystalographic structure of

the nanoparticles synthesised was measured by XRD, usingray diffractometer
(Bruker D4 Endeavoatf)i ari.t h2dopaleue KUwerad i
and 80° with a step size of 0.05° and a count rate of 2 s/step.

ad=—— Equation 3.1

whered is the distancketween diffracting planeg; is aninteger 7 is the wavelength

of monochromatic Xayandd i s t he angle of incidence.

3.3.3 Transmission electron microscopy

A transmission electro microscope(TEM) was employed to studyioactive glass
crystal structureand nanoparticle morphologWithin a TEM, the accelerating high
voltage electron éam generated by the electron gun transmits the electrons through
the specimerwhich is then focused onto a photographic plate through the aid of a
series of condenser, objective and projector lenses. Once the image is formed on the
photographic plate, eharge couple device (CCD) camera is used to obtain the image
[187]. The high accelerating voltage used in TEM allows the beam to transmit through
the samples; therefore, TEM images capture the projection of the obiiggtt.
magnification characterisation of nanoparticle morphology was carried out using a
TEM (JEOL 1010 TEM at an accelerating voltage of 100 kV. The TEM specimens
were prepared by suspending the nanoparticle powder in ethanol using a sonicator

(Branson 250 Sonicator) before being collected on TEM copper grids for imaging.
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The shorrange structure of amorphs states and nacxystalline states of the
bioactive glass nanoparticlewas characterised by high resolution transmission
electron microscopy (HRTEM)HRTEM is in fact another mode of transmission
electron microscopyin which the inteérence between attered and wstattered
electron beam which passes through the sample is used. When the electron wave
passes through a sample, the electrons interact with the atom columns, causing a phase
shift in the wavefront. For crystalline materials, the interferenicom the phase shift

leads to the formation of bright and dark stripes recorded by a CCD camera. These
stripes are known as lattice fringes, in which the dark lines represent the atoms while
the bright lines represent the projection of electrons betweeatom column§l86

18§.

Samples were analysed BIRTEM (FEI Tecnai G2 F20) at 200k\M.he micrographs
obtained were processelrough Image J (NIH, United States). The lattice fringe
distance for crystalline phases were calculatedguitie fast Fourier transfornkT)
algorithm in Image J, in which a FT diffraction pattern was created, and the distance
measured between the bright dit88 189.

3.3.4 Fourier transform infrared spectroscopy

Fourier transform infrared spectompy (FTIR) is a technique which uses the
principles that each molecular structure absorbs and transmits infrared radiation
differently. Each different material is built from anigue combination of atoms.
Hence, thespectrum, resulting from the different transmitted peaks (eneagy)he
infrared beam passes through a sam@Eeunique. Thesg@eals correspond to the
frequencies of vibratiotetween the bonds of the atoms. Fautr@nsformation is

then used to interpret the different transmitted frequeftid.

A Fourier transform infrared spectamgpe (FTIR; Perkin Elmer Spectrum 2 IR
Spectroscope) equipped with an attenuated total reflectance (ATR) accessory was
utilised to characterise the functional groups present in the materials. Samples selected
for analysis were pressed against a diamond crystay the pressure arm to ensure
good contact between the diamond and the sample. A diamond crystal was selected

for its high refractive index, allowing the generated infrared beam to internally reflect
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the beam upwards into the sample and back intoatectbr. A beam penetration of a

few microns as suggested by the manufacturer was suitable for the nanoparticle
samples testefll90. FTIR spetra were collected from an accumulation of 32 scan,
with a wavelength resolution of@n’, between the frequencies di@® cm and400

cmt.

3.4 Nitrogen sorption analysis
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Figure 3.1: Isotherm types according to the IUPAC report[19]].

Quantitative measurements of the specific surface area (SSA) and pore morphology

were carried outising the nitrogen (N sorption technique. This technique analyses
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the interaction between the adsorbent (bioactive glass nanoparticles) and adsorbate
(N2). As the N is adsorb onto the surface of the adsorbent, a monolayer is formed
which covers the suate of the samples. With further addition ofdd a gradual
increase in pressure stepse, multiple layers are formed. For porous materials, the

N2 begins to fill the pores. An isotherm can then be plotted as a function of
equilibrium pressure (P) ovesaturation pressure { P/R against the volume of
adsorbateThe international union of pure and applied chemistry (IUPAC) describes
six isotherms Figure 3.1), each reflecting a unique condition. Additionally, with
porous structures, hysteresis appears as monolayer coverage of the nanoparticle
surface progresses to multilayer coverq§@9 191]. Four hysteresis loops can be

identified in this multilayer region of the sorption isotherm, showFigure 3.2.
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Figure 3. 2: Hysteresis loop types according to the IUPAC reporf19]].

The SSA of the nanoparticles wamslculatedusing the Brunaueir Emmetti Teller
(BET) theory.This theory uses the first part of the adsorption isotherm in the relative
pressure region of 0.05R/P,< 0.35 which corresponds to the monolayer formation,

to predict the number of adsorbate molecules required to cover the adsorbent with a
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monolayer ofmoleculeg[192. Although, there exists no pressure at which the entire
surface of the adsorbent can be coddg exactly one monolayer of molecules, the
BET theory allows for the experimental determination of the number of metecul
required to form a monolay¢i69. The BET equation is expresseddqguation3.2

— Equation3.2

wherew is the weight adsorbed) is the weight adsorbed in a monolayer and
the BET constant.

To obtain the total surface are&)(of the nanoparticles can be calculated using
Equation 33.

S=— Equation3.3

where0 is Avogadro constant) the crosssectional area of each nitrogen molecule;

0 molecularweight of the adsorbate.

Pore size and volumdistribution measurements were carried out using the Bairrett
Joyneri Halenda (BJH) analysis based on the Kelvin equation which relates the
equilibrium vapour pressure of a liquid in a curved surface are¢bhet@quilibrium

vapour pressure of the liquid on a plane surfa&sg.

In— —Al Of Equation3.4

where0 is the equilibrium vapour pressure of the adsorbate liquid in a narrow pore;
N is theequilibrium pressure of the adsorbate liquid exhibiting a plane surfase;

the surface tensiomy is the molar volume of liquid adsorbateradius of dropletlY
universal gas constaritftemperature aneHs the contact angle between the adsorbate

liquid and the pore wall.
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Pores on a porous adsorbent material are filled with liquid adsorbate at saturated
pressure. Hence, total pore volunae X can be calculated by measuring the volume of

adsorbate athe pressure approaching saturation as shown in Equatigh69.

Vo=—— Equation3.5

where 0 is the ambient pressure addis the volume of adsorbate at pressure
approaching saturation.

The assumption used in the calculat@mnEquation3.6 is that no surface other than
the inner walls of the pore exists. For the calculation of average pore diamgtér (
is assumed that the pores are of cylindrical geomeétoyvever, in reality different
hysteresis loop have been associated withfferent pore shage[191, 194. By
considering thse two assumptionis, can be calculated from the ratio of total pore

volume and the BET surface area

E— — Equation3.6

where $er is the BET calculated surface araad \j, nanoparticle total pore volume.

For N, sorption test, samples of approximately 1 g wefiestly weighed andilled

into round base glass tubes for degassing. The tubes were placed onto a heating rack,
to which nitrogen was introduced into the tubes &4 at a temperature of 15Q °

to remove contaminants and moistu€@nce degassed, the nanoparticle powder was
reweighed and transferred into the analysis port where the adsorbatea@Ninjected

into the glass cells containing the samples (adsorfmnénalysis.

The SA of the nanoparticles was measured by nitrogen sorption at 77 K
(Micromeritics Tristar 3000) using tHRET method, whilegpore size distribution and
pore volume of the nanoparticlessdetermined using the BJH methdihe SSA of

the sample was then calculated by dividingwBth the sample weight used in the
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analysis. At least five adsorption points in the relative presdoi®)(range of
between 0.05 and 0.35 were used to obtain a BET plot. The gradient (m) and the
intercept (C) okach linear BET plot was positive with a linear regression correlation
coefficient (R) no less than 0.9999134, 191].

3.5 lon-selective electrode detection

The ion-selective electrodedSE) setup consistd of 2 electrodes, the calcium ion
specific electrode and a reference electrode. The permeable membrane of the
electrodes respond to the presence of ions in a solution, measuring the potential
difference generat between the 2 electrodes which are attachedstdtraeter. This
potential difference is then matched with the calibration curve to obtain the

corresponding ionic concentration of the solution.

Calibration of the system was carried out using stan@axdb solutions of 1, 10, 100

and 1000 ppm. A standard solution of 1000 ppm was made up by diss?lvéip g

of CaC} into 1 L of deionised water. Subsequently a series of dilutions was carried
out to obtaina further3 standard solution®\ linear relationship (calibration curve)
between the electrical potential developbg the ISE and standard solution
concentrationwas obtained before measurements were takene calcium ion
concentration released over time was tracked using calciurseientive electrodes
(ELIT 1801) and measured by converting the potential difference recorded by the
electrodes into concentration units (ppm or mg/L) using ion analysing software
(Nico2000 ISE/pH lorAnalyse).

In Chapter 4,Hhe dissolution of bioactivglass nanoparticles was monitored through
Cd" concentration changes of the supernat&imilarly, in Chapter 6.the ionic
release of C4 from loaded nanocarriers (BG0.5Ca and BG0.8Ca) was quantitatively
tracked by ISE measurementilanoparticles wereirktly weighed beforebeing
immersed in deionised water and incubate87a®C.A working concentration 0.03

g/mL bioactive glass nanoparticles or loaded nanocarriers to deionised water was
incubated aB7 °Cover 1, 2, 24 hand 7, 14, 21 and 28 daetpoints.
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3.6 In vitro accellular studies

The simulated body fluid (SBF) model proposed by Kokebal [195 was used for
bioactivity testing of materialsThe preparation of SBF was tailored specifically to
obtainthe ionic concentrations listed irable 3.3 which closely resembled the ionic

concentration of blood plasma.

For the preparation of 1000 mL SBF, firstly, a thoroughly cleaned polyethylene
beaker was filled with 800 mL deionsed water and placed in a water bath set at a
temperature of 36.3C. Next, the following chemicals were added one by one
following the respective order of listing: 7.996 g\dCl, 0.35 g ofNaHCG;, 0.224 g

of KCI, 0.228 g ofK;HPOsin 3H,0, 0.305 g ofMgCln 6H,0, 40 mL of 1M HCI,

0.278 g ofCaC}, 0.071 g oNaSO, and 6.057 g of CH,OH);CNH,. Each chemical

was left to stir until completely dissolved before the subsequent chemical was added.
The pH of the solution was carefully monitored during the addition of
(CH,OH)3;CNH; to ensure the pH did notogbeyond pH 7.5. The pH of the final
solution at36.5 °C was adjusted to pH 7.45 using 1NICl. Once completed, the
solution was made up to 1000 mL with deionised water and cooled to room

temperature before being stored in a refrigerator.

Table 3.3: lonic composition of SBF compared to human blood plasma [7].

Concentration (mmol/L)

lon Simulated body fluid (SBF) Human blood plasma
Na' 142.0 142.0

K* 5.0 5.0

Mg** 1.5 1.5

ca” 2.5 2.5

o] 147.8 103.0

HCOy 4.2 27.0

HPO? 1.0 1.0

SO? 0.5 0.5

The bioactive responsaf the nanoparticles was tested by immersion in SBF with a
final nanoparticle to SBF concentration of 0.1 mg/mL. The nanoparticles were
incubated at 37 °Omonitored at 2 h intervals up 12 h,and then a4 h, 48 h and 96

h time points After each time point, the reacted nanop#et were removed, rinsed in
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delonised water and dried in anr &irculation drying oven. Changes themical
composition of the nanoparticles pre apost immersiorwere analysed byEDX.

SEM (Hitachi S3400N) and FTIR were employed to examsuefacechanges.

For the testing of composite scaffoldgually sized cylindrical scaffolds of 7€0.5
mm radius and 5.5 0.5 mm in height with a surface ®BF volume ratioof 0.04
were incubated at 3C overa period of 1, 3, 7 and 14 dayster each time point, the
samples were removed, gently rinsed in deionised water and freezeGha@awes in
surface structure of the scaffolds after immersion in SBF whaeacteried by SEM
and Fourier transform infrared spectroscopy (FTIR)

3.7 In vitro cellular studies

3.7.1 Cell culture

Primary human steoblasbone (HOB) cells model was used to evaluate the biological
responses to the nanoparticles and scaffolds synthesised in this thesis. HOB cells,
obtained by anethod previously describg@i96 were cultured in 25 cfrsterile tissue
culture flasks at 37 °C in a humidified air atmosphere of 5%. T@e culture medium

used was Dulbectomodified Eagle medium (DMEM}upplemented with 10% fetal

calf serum (FCS), dascorbic acid (150 g/mL),-glutamine 2 mM), penicillin and

streptomycin (00 units/mL).

Once confluent, the HOB cells were collected by trypsinising adherent Caltsire
mediawas removed from the flask and the cells rinsed with PBS toplately
remove any residue seruwhich would prevent the effects ofypsin on the céd.

Once rinsed, trypsin is added to dislodge the cells from the flask. The cell suspension
was then centrifuged and the pellet resuspenddcesatn DMEM. Cell viability was
assessed using the Trypan bimelusion test. The cell concentratisias measured

using a cell counteBjorad TC10 Automated Cell CounteBromthe live cell count
concentrationobtained, the original cell suspension waben diluted by adding

appropriate amounts of DMERS the requirectell concentration o4x10* cells/mL
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Prior to seeding, the scaffoldsere sterilised byltraviolet light exposure for 5 h.
Afterwards the scaffolds were conditioned in Dulbecco's modified Eagle medium
(DMEM) for 24 h before seedin@he scaffolds were then placed individually inte 24
well culture plates andlL mL of HOB cells in DMEM (410 cells/mL) wasseeded
onto each well. The plates were then incubated at 87 in a humidified air
atmosphere of 5% CQor a period ofl, 4 and 7 daysTwo-photon confocal and SEM

microscopy weraised to observeell morghology on the seeded scaffolds.

3.7.2 Cell morphology characterisation

Two-photon confocal wassed to observe cell morphology on the seeded scaiffolds
Chapter6. Prior to imaging, caffolds were rinsed iphosphate buffer solutio®PBS

to remove residual DMEM and then stained using Cy3 Cyanuweic acid dye
Stainedsamples weréhenplaced onto giss slides and scanned using a-ploton
confocal nicroscope(Nikon Eclipse T), with a laser waveleri of 820nm and a

band pass filterange of 580 620nm.

Samples selected for SEM imagingre fixed in a glutaraldehyde solutiong%o in
H,0) for 24 h before Osmium tetroxide (OgPwas added The osmium stained
samples were then rinsed 01 M PBSto remove residual OsCEthanol vas then
added at increasingurity of 30%, 50% and then 100% onto the samplegramlually
remove all PBS. The prepared constructs veksigydrated in &0, exchanger, gold
coated(Gatan 681 high resolution ion beaoate) for 2 min at 80 mAbefore imaged
using afield emission SEM (JEOL JSM401F) with a beam voltage range of 3
kV.

3.8 lonic cross-linker preparation

3.8.1 lonic cross-linker solutions

The source of divalent ions employed for nanocarrier impregnation and subsequent
crosslinking experiments in Chapter 5 were from strontium chloride rCopper

chloride (CuCJ)) and calcium chloride (Cagl The properties of each chemical are
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shown inTable 3.4. The mass of solute for each chemical was calculated using

Equation 37.

ms=——— Equation 3.7

whered is the mass of soluté;is themolar concentration) is the molar weight;

0 the volume (mL) of solution prepared.

Table 3.4: Properties of crosslinker chemicals.

_ Chemicals
Properties
SrCIz CUCIZ CaC|2
Colour White Brown White
Molecular weight (g/mol) 266.6 268.9 110.9
Purity (%) > 99 99 99

3.8.2 Physical properties of cross-linker solutions

The density, surface tension amcosity of the crosdinker were evaluated. All
measurementsarried out with therosslinker solutionswere maintained at 20 %y
immersion in a water bath\ digital thermometer was used to Wgrihe temperature

of the solutions At least 3 repeated measurements were recorded and the average

taken
) Density

Density is the mass of the substance per unit volurdd. The density’( of cross

linker solutions were determined by Equat&B.

m — Equation 33

whered is the mass of deionised water for a given volemandd is the mass of

solute for a given volumes
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1)) Surface tension
Surface tension is a measure of the cohesive force between the liquid molecules on the
surface[198. The surfacdension () of crosslinker solutions were evaluated using
the capillary rise method. The experimental setup was such that a small bore glass
capillary tube was inserted into the crdisger solution of which its surface tension
was to be determined. Theeight to which the liquid rose was used to calculate the
surface tension using Equati8i®.

r — Equation 3

whereQis the density of the crodmker solution, g the gravitational acceleration
(9.81ms?), h the change in height within the capillary tube arttie inner radius of

the capillary tube.

Beforeanalysis,ther of the capillary tube was measured by using deionised water at
20°C, since the known surface tension of water at that temperatvi2e7i8<10° Nm™
[199. Measurements were recorded after allowing the inserted capillary tube to stand

in the liquid for at least 10 min to eng an equilibrium temperature was achieved

)  Viscosity
Viscosity is the measure of t hdgl98.iThpui dos
viscosity ofthe crosdinker solutiors were measured using &Tube Viscometer
(BS/U Size A VWRViscomete). The vscosity was determined usiigjuation3.10.

S EmO Equation 310

wherek is the viscometer constarnt,the density of the crodsker solution to be

examined andthe time taken for the fluid to flow between 2 predetermined points.
Prior to testing, the viscometer was cleaned usie@nisedwater. The viscometer
constant = 0.00643) was determined usidgionisedwater at 20 °C, given that the

dynamic viscosity of water is 1002 pPd.20(. The viscometer was clamped
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vertically with a retort stand, and immersed partially in a water bath, ensuring the
water level was above the level of liquid to be tested. A syringe was used to fill the
viscometer with the testing fluid arslabilised for 15 minin the water bathA pipette

filler was then used toaisethe fluid upto the reservoirThe time taken for each
crosslinker fluid of similar amours to flow between twgredetermined points on the
viscometer was recorded using a stop wi2€H].

3.9 Scaffold fabrication

3.9.1 Alginate and composite hydrogels preparation

Alginate sodium salt was used to produce composites studied in Chaprat§. Its
properties are shown ifable 3.5. A seres of alginate solutions with concentrations
of 2, 4 and 6 wt. % were preparéldpically, for thepreparation of 2 wt. % alginate
solution, 2 g of alginate powder was weighed dig$olvedin 98 mL of deionisd

water

Table 3.5: Specifications of the alginate usef02.

Parameter Specification
Alginate source Brown algae
Colour Off white, brown
Solubility in water 100 mg/mL
Viscosity (2 wt. % solution at 2%C) 1007 300 cps

In Chapter 6, puralginate (Alg) and alginatbioactive glass composite (AlgBG)
scaffolds were used as controls. Alg scaffolds were made of 2 wt. % algotatien
(100% organic component) while AlgBG scaffoldere made oR wt. % alginate
solutionand 3 wt. % bioactivglass nanoparticles (BG65), therefore having a glass to
alginate (G/A) ratio of 60:40). Both scaffolds were synthesised by external diffusion
using the ionic crosknker calcium chloride (Cag) [90]. Firstly, 2 mL of slurry was
poured into a mould (mould size: 15.5 mm diameter, 40 mm height) andliotass
with 0.045 M CaCl Then he gels were left to cure for 24 h before removal from

moulds for subsequértesting. Based opreliminary studies in whiclCaCh cross
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linkers with molarities of 0.015, 0.03, 0.045 and 0.09 wére usedfor the
development of alginate composite scaffpliisvas found that 0.045 M crodisked
scaffolds were most homogenoj®03. Therefore, scaffolds synthesised by external
crosslinking (Alg and AlgBG) were crosknked using0.045 M CaCl. The mass of
the required reagent (& of solute) to produce the specifitolar concentration

required was calculatadsing Ejuation3.7.

3.9.2 Freeze drying of hydrogels

30 -

20 -

10 -
\ Time (min)
0

300 400 500

-10 -

Temperature {C)
H
o
o

20 -

-30 -

40 -

Figure 3. 3: Freezing regimeused to freeze the scaffoldgrior to drying.

Scaffolds were fabricated by freeze drying Hyathesied hydrogels.The hydrogels

were firstly frozernto a temperature 625 °Cunder a controlled and gradual freezing

rate of 1°C/minwi t h hol ding times in between eac
ertire sample was at the setting temperature, as showigire 3.3. As previously

discussed in the literature,gradual freezing regime had been reported to produce
controlled and uniform ice crystal formation, leading to the formation of homogenous
pores within the scaffolfil9]. Hence, this freezing regime was selected to ensure all
scafblds were dried under controllembnditions. Once frozersamples werdreeze

driedat a pressure of 100 mTorr for 24 h.
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3.10 Scaffold microstructure analysis

The homogeneity of material distributed within the cylindrical scaffolds produced was
determinedusing dry to wet weight ratiggl7]. This methodvas used to measure the
consistency omaterial throughout different sections of the scaffblgevaluating the

loss of water froneach section before and after drying. Changes in theodwet
weightratio between sections of the scaffold would suggest that material distribution

was not unibrm.

The aspreparedscaffolds were sectioned perpendicular to the cylindrical axis into 3
disks of equal thickness. The wet weights of each diskeweeasured before
dehydrationby freeze drying (Section 3.9.2After drying, the disksvere weighed

agan, and the dry towet weight ratios were calculatedAt least 3 repeated
measurements were recorddéor each sectionand the average and standard
deviationsreporte@dn O 3; N SD). Additionally, the
the synthesised ayldrical scaffolds was characterised using enaligpersive Xray

(EDX). For EDX analysis, the elemental concentration of BGX within each disk was

measured (n = 5; + SD).

The surface morphology of theylindrical scaffolds was studied with the aid of a
scanning electron microscope (HitachB800N SHE/) with a beam voltage of 20 kV.
Samples wereut parallel to the cylindrical axis, and surfaces coatithl gold Gatan

681 high resolution ion beam codteior 2 min at 80 mA. Furthermore, the
micrographs wreprocessed through ImageNIH, United States). Pore diameters of
each disk section were measured using the line function with a minimum of 50

measurements recorded (n = 50; £ SD).

3.11 Scaffold mechanical properties evaluation

3.11.1 Scaffold degradation

The in vitro degradation rate of scaffolds was monitorelmsphate buffer saline
solution (PBS)PBSwas prepared by dissolving one tablet of RB§maAldrich) in

200 mL of deionised water to obtain a final pH of 7.45 with a concentration of\).01
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phosphate bufferQ.0027 M potassium chloride and 0.137 M sodium chloride in

vitro degradationp (%) of scaffolds wa calculated using Equationl3.

Equally sized scaffolds of 7.0 £ 0.5 mm in radius and 5.5 + 0.5 mm in height were
incubated in PBS at 37 °C for 10 h. At each hourly interval, the samples were
removed, gently wiped with blotting paper and weighed. The pH of the PBS was also
recorded at ez time point.

D(%) = x100% Equation 311

where Wais weight after immersioand W is weight before immersion

3.11.2 Scaffold structural integrity

Swelling, S(%) as a percentage change mlume was calculated using theuation

3.12 and waterabsorption, W[(%,) as a percentage changeweight was calculate
using the [uation3.13. Scaffolds were immersed in deionised water at 37 °C over 0,
7, 14 and 28 day time points. At each time point, samples were removed, gently wiped
with a blotting paper and the dimensions measured using a vernier caliper.

Additionally, the weight of the sffalds was recorded using a high precision balance.

%) = x100% Equation 312

where 4 is volume after immersioand V4 is volume before immersion

W(%) = x100% Equation 3.3

where W, is weight after immersioand W is weight before immersion
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3.11.3 Compression test

For its application as scaffolds for tissue engineerihg, synthesised composite
scaffolds would be subjected to lebdaringsituations Since its inservice forces

would largely be of a compressivanature, compression test was conducted to
determine thestress and strairof all scaffolds [29]. Stress is defined as the
instantaneous load applied to a specimen divided by its-sex$®onal area while

stran is the change ifength of a specimen in the direction of the applied stress
divided by its original lengtljil117]. Using compression test, the sample is deformed
along the direction of the applied stress, as such the output recorded will be the force
applied agaist the change in sample length. From this, engineering stress and
engineering strain can be calculated, which takes into account the geometrical changes
of the sample during compression. This is because, asathple is compressed, the
crosssectional ara of the sample increases while contracting along the direction o

the force, thus requiring a greaterce to deform it.

Elastic deformation, which is the deformation of a matevisgrestress and strain are
proportional, was initially determined from series of 5 repetitivdeformationtess

between 0.3 mni 1 mm, in which the maximum distance the applied load could
compress the scaffold without permanently deforming it was measured to be 0.5 mm.
The Youn g @smodalosdotielastisity (E)f thescaffolds, which describes its
stiffness, or resistance to elastic deformation was calculated from the ratio of stress to
strain[117. The Youngdés modulus was deter mined
unconfined parallel plate compression over the first 0.5 mme@drohation (elastic
deformation) using a mechanical tester (Hounsfield Materials Tester H5KS) equipped
with a 100 N load cell. Test samples were subjected to compression at a rate of 1

mm/min, to minimise any strainate dependence

3.11.4 Puncture test

Due to the elastic nature of the scaffolds, preliminary studies using parallel plate
compression testing demonstrated ttte determination at which point maximum
compression strength had been achieved was arb[t2@8. Therefore, gpuncture

test wasusedt o det er mi ne t he mga ofithegcalffolddR0Aa r str
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Shear stress is a measure of the force applied parallel to the surface of a material
[117]. This method pvided an absolutealue (maximum force) which could be
applied to the scaffold prior to failure(ax was calculated using Equaticdi14.
Samples were placed on a sample holder and were puncturechusistpbm designed
probe Figure 3.4) at a rate of 2 mm/min.

Zmax= — Equation 3.2

where Fis themaximumforce applied to the scaffolshd A is the crossectional area
of the materiathearedgarallel to the appd force

All samples selected for mechanical testing were cured for 24 h postliokosg

before removal from the moulds. Ftre asprepared scaffolds, mechanical testing

was carried out within 2 h of removal from moulds. Scaffolds were immersed in
deionised water and incubated3at °Cfor a period of 7, 14 and 28 days. The reaction
solutions wergefreshed every 7 days and changes t he scaffol dsd Y
(E) and maxi muyd)overtimeawere determaeds Priprlib testing, the
surface moisture of the sample was removed using blotting paper to avoid slippage
during testing. The results represented the meanstamtlard deviations ait least
threesamples n O 3; N SD)
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Figure 3. 4: Experimental setup of puncture test showing (a) the geometry of the probe and
scaffold; (b) 3D representation of the setup and the inner radius {rand outer radius (r,) of the

sample holder.
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Chapter 4

Synthesis and characterisation of mesoporous
bioactive glass nanoparticles

4.1 Introduction

Bioactive glass nanoparticles have been widely applied in the biomedical field. In
particular, its mesopous propertiehave been extensively researdhen in areas
extending fromenhanced solubility and bioactivity, to multifunctional usage with
antibacterial, protein and drug delivery capabilifi#g, 15 173 176. The synthesis

of solgel bioactive glass nanoparticles follows the sequente: sol mi xi ng
and drying Y [h2§.a At eachr stamd, mlwamges Experimental
parameterssuch as thecomposition and g of the sol, drying methods artieat

treatment temperatures could affect the final bioactive glass nanoparticle morphology.

Bioactive glasshanoparticle morphologyo include specific surface area (SSA), pore
size, pore volume and poshape of a nanopatrticle, has been shown to be influenced
by its compositionSpecifically, glasses containing higher levels of silica &é&dger

SSA while glasses with higher caleiu contents contained largeores[180 205,

206]. Additionally, changes in the pldonditions of the sol @ere found to affect the
growth of the silicte network[13§].

Furthermore,one importantstage in sefel processing of bioactive glasses is the
drying stage, where liquid (pore liquor) is reved from the gel upon condensation.
This has been carried out by evaporation under ambient condi@hrniseating in a
drying oven[159 or sublimation via freeze dryin[d.0, 71]. Studies have shown that

this diying stage is critical in establishing the final gel macrostructure, crucial for the
production of porous scaffolds, flms and membrane struc{d3 156, 159, 207].
However, identification of the effects of the drying stage on nanostructure are few and
far in betweer{154). For the processing of bioaet glass nanoparticles, grinding or
milling bulk glasses into a fine powder most commonly usefll7]. Typically, this

leads to a heterogeneous distribution of nanoparticle shape and[X3Zesl35.
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Recently, some work has been carried out on the removpbm@ liquorthrough
freeze drying, producing a monodispersed powder and simultaneously eliminating the
grinding stef 155 164. Lastly, heat treatment has also been found to affect the pore
size of the nanoparticles. Studies have shown thatnarease in the maximum
sintering temperature led to a reduction in pore size and caused densification of the
nanoparticle$20g.

Therefore, in this chapter, the effects of varying glass compgspidnconditions,

drying proceduresand heat treatment regimes droactive glassnanopaticle
morphology were investigatedlhe aim of this chapter was to understand the
morphological differences betweeranoparticles of different silicomnd calcium
content. Boactive glassesvere also prepared from the sajel (acidic) route and the
multi-step (alkali) route, to examine the effects pH conditionson nanoparticle
morphology. This was done by producing glasses of the sheraical composition.
Concurrenty, the control of nanoparticlanorphologicalusing solgel derived and
multi-step derived bioactive glassethrough different drying methodswas
investigaed, to establish a protocol which reduced phecessing time and effort in
nanoparticle synthesisleat tratment regimes of the dried nanoparticles were also
varied and changes to nanoparticle morphology evaluated. This study should provide a
better understanding of how these changes fundamentally affect the final nanoparticle
morphology, in order to provide @atform for further sudies carried out in Chapters

5 and6 of this thesis.

4.2 Nanoparticle synthesis

The effects of different glass composition on nanoparticle morphology were studied
using hoactive glass nanopatrticles of the ternary systi@, i CaD i P,Os with
varying silicon and calcium content (BG35, BG50, BG65 and BG&0nhmarised in
Table 4.1

The effects of different pKacid and alkaliprocessing conditions and different drying

proceduregRoute A, B and Cpn nanoparticle morphology were studied throtigt
types of bioactive glasses derived from tlkgel route (BG65) and the mulstep
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route (NBG65). Both types of glasses were of tdr@ary systen65% SiO, 1 30%
CaOi 5% P,Os (wt. %). A summary of thedrying parameters set for dadrying

procedure is providenh Table 4.2.

Additionally, the effects of different heat treatment regimes (maximum sintering
temperatures) on nanoparticle morphologgrevstudied usingBG50 and BG65
bioactive glassesubjected to different maximum sintering temperatures of 150 °C,
400 °C, 500°C and 680 °C(Table 4.3) Details of the synthesis of these bioactive
glassesvere described in Secti@?2.

Table 4.1: Sample code andorresponding composition of the various bioactive glasses.

Sample Glass composition (wt. %)

BG35 35%SiQ T 60%Cali 5%P0s
BG50 50%SiQ 1 45%Ca0 5%P0s
BG65 65%SiQ 1 30%Cal 5%P0s
BG80 80%SiQ i 15%Cali 5%P,0s

Table 4. 2. Sample code, ynthesis pH conditionsand drying parameters set for the bioactive

glasses.

Sample pH Route Description of method

conditions

Oven dried at 150 °C for 24 h.
Vacuum dried at ambient temperature for 24 h.
Freeze dried at 100 mTorr-&5 °C for 24 h.

BG650D  Acidic
BG65VC Acidic
BG65FD Acidic

Oven dried at 150 °C for 24 h.
Vacuum dried at ambient temperature for 24 h.
Freeze dried at 100 mTorr-&5 °C for 24 h.

nBG650D Alkal
nBG65VC  Alkali
nBG65FD  Alkali

O m™ >» 0 © >
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Table 4. 3: Sample code, corresponding composition and sintering temperature of the various

bioactive glasses.

Sample Glass composition (wt. %) Sintering temperature (°C)
BG50 150°C 50%SiQ 1 45%Ca0 5%P,0s 150
BG50 400°C 50%SiQ 1 45%Ca0 5%P.0s 400
BG50 500°C 50%SiQ 1 45%Cali 5%P0s 500
BG50 680°C 50%SiQ 1 45%Ca0i 5%P0s 680
BG65 150°C 65%SiQ 1 30%Cal 5%P.0s 150
BG65 400°C 65%SiQ 1 30%Cal 5%P.0s 400
BG65 500°C 65%SiQ 1 30%Cal 5%P.0s 500
BG65 680°C 65%SiQ 1 30%Cal 5%P.0s 680

The composition of the different bioactive glasses were analysedergy dispersive
X-ray spectroscopyEDX). Additionally, X-ray fluorescencgXRF; LSM Analytics,

UK), a techniquevhich identifies the characteristic enef@gcondary Xray) released

by electron movement from a higher level to the lower level due to the ejection of
electrons by Xrays,was used to confirm the composition of the nanopartidies.
functional groups of the different composition nanoparticles armalysed by Fourier
transform infrared spectroscopy (FTIR), while the crystal structure was analysed by
X-ray diffraction (XRD) and high resolution transmissi@hectron microscopy
(HRTEM) with fast Fourier transform KT) analysis according to the protols
described in Chapter 3.

Nitrogen (N) sorption techniques were used to obtain isotherms of the nanoparticles
of interest.The specific surface area (SSA) of the nanoparticles was measured using
the Brunaueri Emmetti Teller (BET) theorywhile pore size and pore volume
distribution measurements were carried out using the Barrdtyneri Halenda
(BJH) method.The nanoparticle structure/as characterisedusing a transmission

electron microscope (JEOL 1010 TERt)an accelerating voltage ofLQV.
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4.3 Bioactive glasses of different composition
4.3.1 Compositional analysis

EDX analysisof the different silica and calcium content of the four compositions of
ternary solgel derived glassed@G35, BG50, BG65, BG80) is shown igure 4.1.

As expected, the increasing silica and decreasing calcium content shown from BG35
to BG80 is correspondent to the nominal compositiohable 4.1). Table 4.4
summarises the XRF measured composition of each glass. It shows consistency in the
composition of each glass, where a proportionate change was recorded for the
compounds ofSiO, and CaO, whé P,Os remained close to the designed 5 wt. %
nominal composition. Howeveacross each glass tyg@aO recorded an approximate
decrease of 7 wt. % from the intended nominal values.
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Figure 4. 1. The distribution of (a) silica content and (b) calcium content of the various bioactive
glasses analysed using EX Data represents the mean + SD, n = 5.

One explanation for thiseductioncould be due to the lost of calcium nitrate within

the pore liquor which is the khyroduct ofthe gel condensation reaction. During the
sokgel process, calcium is not introduced into the sdicetwork until heat treatment

is carried out, and thus remains largely within the pore liquor of th§l8é) 144,

159. The decrease in CaO has also been observed in other studies, wherein variations
of up to 25% were recorddd 31]. This decrease in CaO content as compared to the
theoretical value was attributed to the leaching of cations during the agihdrying

stageq131, 158. Although much care had been taken during the removal of the gel
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from the moulds for heat treatment, some residue liquor could have bsgn o
resulting in the decrease cdicium

Table 4.4: XRF measurementsof experimental nanoparticle compositions (wt. %)

Sample SiO, (wt.%) CaO (wt.%) P,Os (Wt.%)
Nominal 35.00 60.00 5.00
BG35
Experimental 33.60 53.66 5.56
Nominal 50.00 45.00 5.00
BG50 _
Experimental 49.18 38.18 5.96
Nominal 65.00 30.00 5.00
BG65
Experimental 63.56 23.42 5.28
Nominal 80.00 15.00 5.00
BG80
Experimental 76.12 9.86 5.64

4.3.2 Functional groups within different bioactive glasses

The FTIR spectra of the four bioactive glssvith different composition ahown

in Figure 4.2. The silicde was found to be represented by a few band$; Gii Si
stretching between 1040 €nand 1200cm™, Sii O1 Ca stretchingaround 95@mni,

O1 Sii O stretching at around 81" and the Si Oi Si bending at 46@m™[131,

134, 152, 159 164, 189 209, 2170. Furtheranalysis of the broad band between 1040
cm* and 1200cmi* showed that as calcium content decreased, broadening of this band
took place. Studies have shown that this broad band could be decovoluted into 5
separate bands, occurring at around 1640, 108 cni', 1100cmi*, 1160cm* and
1200cm™. Each of these bands corresponded to the asymmetric stretching ©fiSi

Si, with 1080 crit and 1200 cm bands belonging to a cyclic or brancHie
structure while 104@m*, 1100 cni and 1160 cm belonging to a linear structure
[162 21Q.
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Figure 4.2: FTIR spectra of ternary bioactive glasses with varying composition.

As discussed in the literature, the polymer formation ofgsblderived silicebased

glass can be synthised into linear or branchdike polymer clusters depending on

the pH conditions during synthedis25. Therefore, it is possible that, although all
these glasses were derived under acidic conditions, both types of structures could be
found. However, thednd occurring at 1200 ¢hwas not profound in BG35, BG50

and BG65 spectra, pointing towards a more lirsteuctured silicebased glass, which

was in agreement with the literatuf@25. As silica content within the glass
increased, thesdands merged to fom the broadband observed in the BG80

spectrum, indirectly confirming the high silica composition of BG80 bioactive glass.

Studies have suggested that for glasses with a low calcium content, there are high
numbers of Si O™ species @) which hold theC&"* ions loosely. Only when the
calcium content is high, the €aons can be incorporated into the network, forming

SiT O71 Cari Sii O[7,131, 135. Hence, the Si O1 Ca band which was observed
present in all samples except 8Gcould be explained by the decrease in calcium
available to form bridging bonds with the iSO speciesFurthermore, the presence

of the O7 Sii O band around 956m™ in BG80, and less prominent in the other
glasses corroborate with previous studwsich showed a decrease in thisnd

intensity as calcium content increasg8, 131]. The band at 470 ch which
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corresponded to the bending mode of this group was presafitsamples, with the
intensity of thebandincreasing as silica content within the glass incre§s8t] 159.

Phosphate bands {PO) were present in all samples at positions of 570 and 960

cm®, correspondingat  t Jaen ddvibdation of this group respectively{152, 211].
Studies have 4mmoawie sépdrated into twe disgresmndscentred

at 570 crit and 600cm™. However, due to the low comeation (5 wt.%) of
phosphorous within the glass system, the presence of laesk were found to be
low. The rather indistinguishableand in the low calcium BG80 glass has been
suggested to be due to the influence of the network modifier calciurahvghliess in

the BG80 sample, since the introduction of calcium promotes the isolation of
orthophosphatgl89.

4.3.3 Crystal structure

The effects of varying silicand calcium content on glass structure was analysed

using XRD. The crystal structure of the bioactive glasses play a significant role in its
degradation when introduced into a physidal environment, and hence might have

an effect on the biological consequences, since bioactivity and biocompatibility of
these glasses are reliant on the ionic release fa6&s Figure 4.3 shows the four

spectra obtained from BG35, BGHG65and BG80. Both BG35 and BG50, showed
someformof crystalinity, with 2 peaks ident.
be attributed the calciumphosphatecrystalline phase detected within the glass, since,

BG35 and BG50 contained high levels of calcii8n131]].

Separately, a broad band was id®svhnoed be
noticeable diffraction maxima in the XRD patterns of BG65 and BG80, thus
suggesting the amorphous nature of the bioactive giasples. This broad band was

more prominent in the BG80 pattern, characteristic of sb&sed glasses due to
incipient SiO, crystalline phasel8, 134, 142, 152, 206].
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Figure 4. 3: XRD patterns of BG35, BG50, BG65 and BG80.

The results of XRDwere furtherverified by HRTEM, with the lattice fringe spacing

(d) measured using theourier transform KT) patterns of the corresponding areas.
Figure 4.4 shows the HRTEM imge of BG35in which regions of highly ordered
structures and regions with random arrangemeete observedThe area of interest

al and a3 showed lattice fringes, corresponding to an ordered structure which
consisted of a 2.8 lattice spacingThe diffeent direction associated with the lattice
fringes in a3, was deduced to be of the same crystalline material, since the diametric
arrangement of the FT bright dots were equidistanceX(2.&nd therefore correspond

to repetitive frequencie§189. The area of interesta2 showed a disordered
arrangement, thus suggesting the amorphous nature of this [d§@n180-187.
Similarly, the HRTEM image of BG5Q(Figure 4.5) also showed regions of
amorphous disordedestructures (area of interest a2) interjected waharystallites

(area of interest al and a3). The measured lattice fringe distance was found to be 2.8

A and 2.9A respectively.
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Figure 4.6 shows the HRTEM image of BG65, which was largely dominated by
amorphous regions. The area of interesshbwed an area where some lattice fringes

could be identified. The FT pattern al showecda diametric arrangement of vague

dots, each having a-gpacing of 0.27 nm. The other areas of interest (a2 and a3)
showed no form of order, which was further evidenced by the FT patterns, which
showed no observable doft$87. Appl yi naw(EBuatog §.Dtso Lt he 2d
anglesmeasured in XRvher e t he p e akds2.18 dcculted, the latBcd . 7 U
spacing (d) was calculated to be 2&nd 2.7A respectiely, thus in agreement with
thedistances measured from the FT patterns of the lattice fringes which were between
2.77 2.9A.

Using the standard card of hydroxyapatite (HA) (JCPDS0482), wollastonite
(JCPDS 431460) and cristobalite (JCPDS-89425), the espacing corresponding to
peaks in HA were 2.8\ and 2.78A, wollastonite were 3.08 and 2.78A, and
cristobalite2.84 A respectively.Saravanapavasat al [131] showed that for glasses
containing a high calcium content (> 50 wt. %), wollastonite was the major crystalli
phase, with traces of cristobalite. However, no mention of a calphosphate phase

was noted in that study, since the glasses studied were of the binary compositjon (SiO
T CaO) Nevertheless, in this study, ternary glasses containing phosphate was

producedconfirming the trace amounts of HA detected within the glasses.

The results from XRD and HRTEM demonstrated that glasses wtagh higher
amounts of calciuntontainedcrystalline phases consistent with previous studies.
Based orthe dspacingmeasuredthe presence of a calciusilicate crystalline phase
in the form of wollastonite with trace amounts of a calcpinosphate (HA)
crystalline phase and crystalline i the form of cristobalite can be foumdthin
the solgel glasses syntheséEL31, 212 213.
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Figure 4. 4. HRTEM micrograph of BG35 with FT patterns and lattice fringe spacing

corresponding to the areas of interest al, a2 and a3.
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Figure 4. 5: HRTEM micrograph of BG50 with FT patterns and lattice fringe spacing
corresponding to the areas of interest gla2 and a3.
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Figure 4. 6: HRTEM micrograph of BG65 with FT patterns and lattice fringe spacing

corresponding to the areas of interest al, a2 and a3.
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4.3.4 Morphology

Nitrogen (\,) sorption was performed on the synthesised bioactive glassi&eoént
composition(BG35 1 BG80) to determinets specific surface areapore size, pore
volume and pore shapEigure 4.7a shows the isotherms for these four terngiass
compositions producedeach isotherm was irreversible, and foundrépresent the

Type IV isotherm based on the six idealised isotherms describethe IUPAC
classification To distnguish it from other isotherms, Type IV isotherms demonstrate

an initial concave reversible adsorption and desorption branch to the relative pressures
(P/Ry) axis[19]]. The irreversibility of these isotherms, characteristic by the presence
of a hysteresis loop, suggested the nanopatrticles contained pores.

Each isotherm clearly occurs at a different level décabed N volume and show
different hysteresis loops. Both BG35 and BGS6thermsdisplayed a H1 loop
ascribed tacylindrical and operended porefl71, 191]. The H1 loop is defined by a
nearparallel and almost vertical adsorption and desorptiondbravithout the distinct
steep drop in the desorption branch. Howeves,lbng sloping hysteresis loop over a
broad range of relative pressuresther point towards a wide distribution of pore
width [134]. BG65demonstrated &3 andH4 hysteresis loopdefined bya sloping
desorption branch, without the long plateau observed in the upper regiBi%.dfl3
loops are distinguished by a steeper, veHikal loop, while the H4 loop is shorter
and horizontklike, and occurs at the upper regionsRiP,. Both these loops are
associated with wedger slit-shaped pores, with pores of a H4 loop being found in
the micropore ranggl69 171, 191]. BG80, whichcontainedthe highest silica content
and lowes calcium contentamong the differentglasses was defined bya H2
hysteres loop. Characteristic bthe H2 loop is the steep, ngmarallel desorption
branch occurring at the lower closing end of the hysteresis Togplong plateau in
the upper regionsf P/P; anda narrow hysteresis loop with anrgversible desorption
branch between 0.4 0.7 P/P, suggested thahe BG80 nanopatrticles containgares
which were not well interconnectednd wereextremely small micropores (< 2 nm)
due tothe completefilling of these micropores with Noccurringat lower relative
pressure$l69 191].

101



(%)
(=}
1

B
o
"

w
(=}
1

Volume of adsorbed N, (cm3/g)
N
o

[y
o
L
L
[

0 T T T T T
0 0.1 02 0.3 0.4 05 0.6 0.7 0.8 0.9 1
Relative pressure P/P,

0.045

—s—BG35
——BG50

e

=)

i
1

o o

o o o

N o w

w w wv
1 L

dV/dlog(D) Pore Volume
S o
- o
w N

(=]

o

ey
1

0.005 -

0 T
1 10 100

Pore Diameter (nm)

—»%—BG65
—e—BGS0

0.25

0.2 4

0.15

dV/dlog(D) Pore Volume

1 10 100
Pore Diameter (nm)

Figure 4. 7: (a) Nitrogen sorption isotherms of solgel derived bioactive glass nanoparties with
different compositions; pore size distribution for solgel derived (b) BG35 and BG50

nanopatrticles and (c) BG65 and BG80 nanoparticles.

102



Q
=
& o @
s a8

o

Surface area [m%g)
-
- MNooB e 2 W
- = &5 & 2 8 =
Average pore diameter [nm)

S R R oW B @ @ W

BG35 BGES G380 BG35 BGaS

C

BG3S BG6S

3
Total pore veolume (cm*/g)
=1 [=1 =] (=] =] (=] =1

o o o =}
o o o o o o b oo oo 2
o B omow B oG & U & D

Figure 4.8 : The (a) specific surface area, (b) average pore diameter and (c) total pore voluimie

bioactive glass nanoparticles with different composition

Figure 4.7b and cshow the pore diameter distribution for BG35, BG50 and BG65 and
BG80 bioactive glasses respectively. Both BG35 and BG50 glasses ddsplay
similar pore diametedistribution in which twaodistinctive pore types were observed
The nanoparticles contad micropores (< 2 nm), aral range of mesopores with a
modd value at 3.7 nm and betweeni 930 nm. The pore diameter distribution of
BG65 shoved a narower distribution of pores centred around 3.7, mmaking up a
large proportion of pore volumé small proportion of ncropores werealso present
illustrated ly the increase in pore volume fpore diametersf less than 2 nm. The
pore diameter distribudn of BG80 nanoparticles showed an increase in pore volume
for pore diametertess tharnlO nm, suggesting BG80 contained a narrow distribution

of extremely small pores, with the majority being micropores.

Figure 4.8ashows an increase in the specific surface area (SSA) of the bioactive glass
nanoparticles with an increase in silica content whitgure 4.8b clearly shows the
inverse relationship between increasing silica content and decreasing average pore
sizes The total pore volume, which translates to the porosity of the nanoparésles,

seen inFigure 4.8c, showed the total pore volume of BG65 nanoparticles being the
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highest BET analysis showed that a decrease in CaO and an increase;ite®i0

the overall increase iIBSA of the nanoparticles, but an overall decrease in pore size.
Such trends have been observed previously in both binary and ternary glass systems
[15, 131, 181, 206 .

One explanation for this occurrence canpbevided by considering the presence of
nonbonding oxygen atoms in the siliemnetwork. Calcium when introduced into the

glass network acts as a network modifier, and therefore an increase in calcium would
increase its interaction with the silteenetwak, consequently leading to an increase

in the number of nothonding oxygen atoms. The quantity of micropores formed from
these voids therefore increases, coalescing to form mesopores, and thus decreases the
SSA but increases the pore size of the nanapesti205. Interestingly, the
relationship between glass composition and pore volume was not obvious, with BG65
nanoparticles determined to be most porous, recording the highest total pore volume

amongst the four compositions.

Although studies have shown that an increase in the silica content would lead to a
decrease in pore volume, due to the reason similar to the influence of composition on
pore size as discussed above, the high pore volume of BG65 nanoparticles could be
attributed to the susceptibility of the netwoik the effects of freeze drying (which

will be discussed in Section 473. Briefly, it was observed that the mesopores of
BG65 nanopaitles followed the shape of icerystals, creatinglit- or wedgelike
shapedooreswhile BG35, BG50and BG80 nanoparticles were not readily influenced

by the effects of ice crystal formationjue to crystalline phases present in these

nanoparticleswhich hindered ice crystal growth
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Figure 4.9: TEM micrographs of sol-gel derived bioactive glass nanoparticles of the composition
(a) BG35, (b) BG50, (c) BG65 and (d) BG80.

TEM was used to studshe effects of different silicon and calcium content on the
nanostructure of the bioactive glass nanogpladi The nanostructure of the ternary
glasses BG35, BG50, BG65 and BG80 are showRigure 4.9. Both BG35 and

BG50 reveal a similar nanostructure consisting of gdded platdike particles with a

broad range of sizes (30100 nm in width). Both nanoparticle types were found to
contain mainly spherical micropores and mesopores. BG65 revealed porous elongated
nanoparticles, containirglit-like mesopores, whilBG80 which had the highest silica
content, showed an undefined structure of agglomerated nanoparticles packed together
in a chainlike cluster conformation, similar foure silica nanoparticles derived from a
similar soigel route [161]. Closer inspection of the nanostructure suggests the

existence of micropores within the nanoparticles.

Changes in the nanostructure of these various bioactive glasses due to compositional
variation have been studiagsing gas sorption techniqué® 131, 134, 181, 214.

When Li et al [8] studied a range of glasses containing .S&0 i 90 mol %),
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changes in SSA and porosity were noticed, in whitinarease in silica contentdéo

an increase in overall pore volume and S®Afortunately, the effects of these
changes were not corroborated visually with the aid of microscopes. To date, not
much work has been carried out to verify the findings using both techni@j8gs

and hence, this work intends to explore the use of TEM as a meanbsténtiating

the results of the Nsorption test performed.

1(RI) (RID)

0 10 20 30 40

Pore Diameter (nm)

Figure 4.10. TEM micrograph showing the existence of a duapore nanostructure in BG35 and

BG50 nanoparticles and verification through N sorption analysis.

Figure 4.10 shows the corroborated evidence of this unique occurrence in which the
BG35 and BG50 nanoparticles synthesised possessed a mixture of micropores and
mes@ores.The first region (Rl)yverified by N sorption analysis of the pore volume
showedan increase in pore volume for pore diametess than 5 nmwith a peak

pore volume(0.034 cni/g) corresponding to pore diametersle$s thar2 nm. The
limitation of the equipment provides for a sensitivity of up to 1.7 nm, and hence, pore
sizes smaller tharthis thresholdcannot be quantified accuratd®15. However, the
peak in pore volumdor pore diameters less than 2 nm sufficient to draw a
conclusion that the pores can t&tegorically characterised as micropores based on
the IUPAC classificatioi191]. The second region (R|Ishowed peakpore volume
(0.0251 0.03cnt/g), correspondingd pore diameters between 135 nm, classified

as mesopored 91]. Both pore regions (Rl and RIl) indicated on the TEM micrograph
in Figure 4.10 were spherical, with a pore diameter range 6f 2 nm for RI type

pores and between 2060 nm for RII type pores.
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A dualmodal pore structurim mesoporas bioactive glasses was described by &an

al. [150 in which pore diameters centred at 5 nm and approximately 20 nm were
recorded The formation of this pore structure was attributed to the interconnection of
thesesmaller mesopores int@riger mesoporesinterestingly, the study geeon to

show the enlargement of these pores when the nanoparticles were soaked in water,
attributed to the leaching of the inorganic Ca and P sp&oiesthe wall framework

Thus, from theTEM and BJHanalysis carried out, the dualodal pore structure
observed in the higher CaO component glasses of BG35 and BG50 canftubed

by the leaching oinorganic species during agimgio the liquor causing the creation

of voids, observed as the micropores and the coalescing of these voastthé

larger nesopore structures

4.4 Acidic and alkali derived bioactive glasses from different

drying procedures

4.4.1 Physical characterisation

Understanding the effects different drying procedures on nanoparticle morphology
was carried out by studyinthree dferent drying routes Figure 4.11a andd
demonstrates the outcome of oven drying (Route A), in which gels have shrunk and
were compacted into a dense cake of bioactive glass makégiale 4.11b ande also
shows a similar outcome in the final product from vacuum drying (RoutBdjte A
followed the more common method of oven dry[@g139 151, 152 214, whereby

the lossof pore liquor through evaporation caused a rise in capillary pressure within

the network, causing it to contract and shifibk6].

ConverselyRoute B was intended to mitigatiee situation of high external pressure

by removing the pressure altogethierough the creation ad vacuum in the drying
chamber. It was expected that, by creating a vacuum, the driving force of shrinkage
due to external pressure would be avoiddéowever, at low pressures, thereliquor

which consisted of a mixture of water and ethanol as therédgucts of condensation,
boiled due to a drop in the boiling point and then froze from the loss of enetigg in

liquor from boiling [197]. This phepmenon caused a significant rise in capillary
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pressure as the liquor rapidly evaporated, and intensified the shrinkage of the solid
network[156].

Figure 4.11c and f show fine bioactive glass powder obtained via freeze drying
(Route C). This route was designed in which the capillary press§tine bquor within

the pores was reduced to zero, as liquid surface tension became nullifiett (
Hence during e drying stage, the pore liquor which had been solidified was
sublimated into gas, without transiting through the liquid phase, resuhingoi
shrinkage or contraction of the gels. Through the acceleration of the drying rate, the
rapid flow and diffusion of vapour within the gel caused cracking of the xerogel,
which eventually led to the collapse of the structure to form bioactive glassepowd

Figure 4. 11: Synthesised bioactive glasses from the sg&l method prepared by (a) oven drying,
(b) vacuum drying and (c) freeze drying; the multistep method prepared by (d) oven drying, (e)

vacuum drying and (f) freeze drying.

In the ternary glass systethe gel, an intermediate between a solid and a lidL6d|,
is formed by a silice network of discrete colloidal particles, surrounded by calcium

and phosphate groupand would contain voids ibetween the network lich are
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filled by liquid [135 159. This liquid trapped within the voids of pores in the sikca
network creates a capillary gsure (P]125.

P=—- Equation 4.1

where 9 is the I|liquid surf ace-sotidentedaceo n, d
and r is the radius of the pore within the network.

During the final stages of drying in which capillary pressure is at the maximum (> 760
kTorr), it has been found that the extent of shrinkage of the dried network due to the
exertion of capillary pressure establishes the final pore volume and pore $ire of

solid structure on a macroscékbqg|.

One strategy of overcoming this is by freeze drying, whereby the liquor within the
network transits from solid ice directly into vapour without passing through the liquid
phaseg[65, 71]. Under such a condition, no surface tension exists, hence eliminating
capillary pressure altogether. Considering the way at which the liquor is removed
from the gel during the drying stage is essential in providing distinct condiibitd
would influence the bioactive glass g&hrough freeze drying, the time consuming
step of milling often employed to obtain ulfiae powder is significantly reduced,
since freeze drying of gel monoliths removes liquor within the gel without undergoing
much shrinkage to produce xerogels, whiem de easily crushed into powdét,

125. Furthermore freeze drying of the precipitants can easily form monodispersed
ultra-fine nanoparticles without even the need ohdimg[165. From this work, the
ease of obtaining ultrBine bioactive glass powder through freeze drying was

demonstrateavhich extended to both the sgpél and multistep routes.

4.4.2 Composition homogeneity evaluation

Table 4.5 shows the elemental concentration of thegelland miii-step derived
bioactive glasses dried vaven, vacuum and freeze dryiraptainedusingEDX. The
theordical composition of the glassas 65%SiO, T 30% CaOi 5% P,Os (wt. %),
however, some difference in the actual elemental concentrations were observed.

Notably, multistep derived glasses achieved a closer experimental content than those
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synthesised by the sgkl method.Separately, @mparing the effects of the vaus
drying routes on final glass compositiorg significant variatiorwas observed. This

was expected as no loss of precursors would have occurred during the drying process.

Table 4.5: Elemental composition of the bioactiveglasses synthesised. All values represents the

mean + SD, n = 5.

Synthesis Sample Elemental concentration (wt. %)
route Si Ca P
BG650D 60.5+4.1 35.4+4.6 4.0+£0.6
Solgel BG65VC 59.7+£3.3 35.4+4.9 4.8+0.9
BG65FD 61.1+2.6 34.7£2.9 4.2+0.4
nBG650D 64.7+1.2 28.6+1.4 6.8+0.6
Multi -step  nBG65VC 64.8+1.1 28.8+1.0 6.4+0.3
nBG65FD 64.7+£0.4 28.3t1.3 7.0£0.9

The standard deviation recordedTiable 4.5 is representative of some batichbatch
variation, since manufacturer guidelines suggests an accuracy with a relative error of
less than 2% should be considered when standardisation is carriefl8%ut
Analysing the standard deviation of each element, a larger standard deviation for the
elements of Si and Ca was recorded for glasses derived from tgelsaue,
particularly solgel glasses processed by oven drying and vacuum drBiG§50D

and BG65VC). During the condensation of the sol, @dich is present from the
soluble precursor of calcium nitrate used and the element P which is present within the
sol asan orthophosphate becomes homogenously distributed as the gel network forms
[7, 139. Throughoutdrying, migration of Ca occurs due to capillary diffusion, while

the orthophosphate, isolated in its own form, remains randomly distributed throughout
the dried network. Hence, heterogeneity between samples tested can be attributed to
the migration of cabn specieg7, 130, 159. Additionally, a reduction in the standard
deviation of samples processed via freeze drying, wiimhld suggesimprovements

in compositional homogeneity of BG65FD powders were attributed tethestion of

the effects otapillary diffusion which hinderedcation migration
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4.4.3 Morphology

Fundamental changes tbet internal nanostructure of a single partitlgught about

by the different drying processeshould be characterised, pertinetd the

establishment of a path towards better morphological control on a nanoEkale.

possibility of tailoring bioactive glass nanostructures is vital for dejinapplications.

Therefore,the effects of different drying procedures on bioactive glaseperticle

morphology from both the sgel (acidic) route anthe multi-step (alkali) route were

investigated.
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Figure 4. 12 The adsorption and desorption isotherms for (a) sefjel derived and (b) multistep

derived bioactive glass nanopatrticles; (c) effects of various drying procedures on SSA and the

difference in SSA between the two synthesis routes.

N, sorption was performed on all samples produced frRoute A,B and Cdrying

proceduresFigure 4.12a showsthe adsorption and desorption isotherms forgsdl

derived bioactive glass nanoparticles. All three isotherms were irreversible, and

corresponded to the Type IV isothg as seen inFigure 4.12a [19]]. Both
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nanoparticles deriveddm oven drying and vacuum drying (BG650D and BG65VC)
displayed a H2 hysteresis loojd71 191, 194]. This type of hysteresis loop
correspond to pores of ngner f ect cylindrical shape wi
pores of a certain radius Wie filled by liquid N at a higher relative pressure during
adsorption than when it is emptied during desorption. The emptyinginfthie wider

section of the pore is thus hindered by the narrow neck leading to the steep desorption
branch observe{ll69 171]. This Type IV, H2 isotherm is typically found in oven

dried mesoporous bioactive glasses derived from thgedabute[134, 15§].

Interestingly, the hysteresis loop of the freeze dried sample (BGo&®ifferent.
Correlating the shape of the loop to the five idealised types of hysteresis in the
IUPAC, this loop correspormdito a H4 hysteresis loofhe pores from a H4 Igois
measured as the spaces between parallel platiesarily suggesting the pores were
slit-shaped[169 191]. However, typical H4 hysteresis loops are defined by its
horizontal adsorption and desorption branches which arepagaliel, and stretch a
wide range of relative pressures. Since, the loop obsdfigrde 4.12a is slightly
sloping, it could be suggested that the hysteresis loop of BG65FD was a combination
of H3 and H4type loops pointing towards wedge or slit-shaped pores, formed
throughthe aggregation of platike particles tapering at an end.71, 191].

Figure 4.12b shows the isotherms obtained for nanoparticles derived from the multi
step route. It is evident that all three isotherms are similar and correspond to Type IV,
with a H1 hysteresis loofl9]]. The H1 loopsuggestd that poredound within the
multi-step derived nanoparticles meecylindrical and opeended[134, 169. The
sloping of the hysteresis loop, unlike the vertical loop described in an idealised
example, suggests that the pores come in a variety of sizes. The interconnectivity of
the pores within the naparticles, measured by the width of the loop, and the shape of
pores between all three drying routes are rather similar, demonstrating that the method
of drying bioactive glasses from the midtep route has no effect on the final

nanoparticlenanostructte.

One possible reason for this is due to the synthesis of the steithioactiveglass,

which employs the use of a morphological catalyst to advance the rate of
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polycondensation, thus forming a more tightly packedat#éioetwork which is less
susceptible to change$he repelling of material from the ice front was shoton
become more difficult as the viscosity and particle size of the material increased,
because of the increased interaction between material content.tidesfects of ice
crystal formation on pore architecture are less prof¢a8d216 .

The specific surface area (SSA) of the bioactive glass nanoparticles derivethérom
three drying methods was compared and showRigare 4.12c. The SSAof the
bioactive glass nanoparticleerived fromthe solgel route andhe multistep route
showed thabven drying produed nanoparticls with the highest SSA, whilgeez
drying produced nanoparticles with the lowest SSA. However, it is clear that
nanoparticles derived from the syl route had a significantly higher SSA than those
derived from the mukistep route. For instance, the SSA of BG650D with a SSA of
224.6 mig was 2.2 times larger than the SSA of nBG650D.

Changes in nanoparticle morphology between thegebland multistep derived
glasses due to different drying routes is depicte@igure 4.13. Comparing both
synthesis routes, it was evident that thegalroute produced nanoparticles with a
narrow pore diameter distribution, with modal pore diametersio#3m across all
drying routes Figure 4.13a), while a wide pore diameter distribution was observed
for nanoparticles synthesised from the mstgp route, notable ifrigure 4.13b.
Figure 4.13c and d show the average pore diameter and total pore volume of each
nanoparticle type, calculated nogi the BJH method. The pore sizes of the
nanoparticles derived from the mudtiep route were on average thfell larger than
sotgel derived nanoparticles across all drying procedures, in agreement with the pore
diameter distribution plotsH{gure 4.13b), wherein multistep derived nanopatrticles

had a broad distribution of pore diameters.
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Figure 4.13: Pore size distribution for (a) solgel derived nanopatrticles and (b) multistep derived
nanoparticles, dried by different routes. The effects of synthesis method and various drying

routes on (c) average pore diameteaind (d) total pore volume.

Figure 4.13d shows that across the three drying routes, the total pore volume of multi
step derived nanoparticles were higher than thegsbberived nanoparticles. The
total pore volume is an indicatof the porosity of these nanoparticles, thus suggesting
the multistep route produced bicve glass nanoparticleshich were more porous
[217]. This could be attributed to the larger pores found in the +stdp derived
nanoparticles, which take up a larger proportion of the total nanopatrticle volume. It is
worth noting that ternary sglel glasses have been found to contain pore volumes in
the region of 013 i 0.25 cnt/g, therefore, suggesting that, although both the
processing condition of the sol and drying procedures have an effect on the total pore

volume of the nanopatrticles, this influence is not profdurad, 187].
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Figure 4. 14: BJH adsorption and desorption pore diameter distribution with corresponding
schematics of proposed unit pore geometry of (a) ovedried, (b) freeze dried solgel bioactive

glass and (c) freeze dried multstep bioactive glass.

Analysis of the hysteresis loops pointed towards the existence of different pore shapes
within the nanoparticles. To further ascertain these findings, casoparof BJH pore

size distribution between the adsorption and desorption branch was carried out to
determine the geometric structure of the poregure 4.14a andb show the
comparison between the adsorption and desorption pore size distribution for oven
dried (BG650D) and freeze dried (BG65FD)-gel bioactive glass nanoparticles
respectively. Differences are apparent between both branches. The adsorption branch
of BG650D showed a broader distribution, with the modal pliaeeter at 2.6 nm,

while the desorption branch showed a narrow distribution, with a modal pore diameter
of 3.7 nm.Pore size distribution from the adsorption branch corresponds to the cavity
size of the pore, whereas the desorption branch corresponds to the throat size of the
pore, due to the difference in.Molumes during filling and emptying of pores at given
P/R, as previously describegd 25, 171]. Therefore, theseesuls indicated that the
mesopores have a varied cavity size, with a more consistent throat Ilsigealsb

confirms that the unit shape structuretibése mesopords a nonperfect cylinder,
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with a narrow necland wide bog, t aki ng t he shape of an
the schemati¢134, 171].

Separately, the pordiameterdistribution of BG65FD from the adsorph branch was
broader, with modal persizes less than 1.8 nm, whitee desorption branch showed a
similar narrow size distribution of 3.7 nm. Based on hysteresis analysis and the
difference between the adsorption and desorption modal pore sizes, tbparesr

within BG65FD nanoparticles are interpreted to be a mextifroperended tapered

and wedgeshaped, formed by the spaces between plates of agglomerated tertiary
particles[169, 191]. As for all bioactive glass nanoparticles synthesised from the
multi-step route, in each case, both the adsorption and desorption branches showed a
wide distribution of pore sizedtigure 4.14c depicts the pore =@ distribution of
NBG65FD.Considering the modal diameter of the throat was less than half the modal

cavity diamete(—— 1®), the geometry of these mesopores \waggested to be

approximately cindrical [134, 169 218].

One explanation for the occurrence of-stir wedgeshaped poresound within
BG65FD nanoparticles due to the rearrangement of the 3D gel network consisting

of water and the many units of the it@trahedron linked by oxygen atoms during
freezing. In the gelled state, the secondary particles are entangled in a matrix which
consists of water and ethand35. When the gel monolitibegins to freeze, the
interface between the base of the gel monolith and the cooling plate begins to freeze
first, forming ice crystals within the 3D gel network. As freezing progresses upwards,
ice crystal formation would grow along the progressing caddtfupwards, forming
elongated rod like ice crystalexpelling the polymer phase to the edfigkg. Upon
sublimation, these ice crystals which have acted as templates are removed, leaving a

pore architecture consisting of elongated channels atl@iplates of material.
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Figure 4. 15. Schematic representation of the ice crystal formation and subsequent templating
(wedgelike shape) of nanoparticle pore shape via the sublimation of ice.

This model of unidirectionafreezing is widely replicatedor tailored hydrogel
scaffold manufacture at theacrascale leve[19, 66, 67]. However, in this instance,
the same model is applied the nanascale levelto explain the occurrence of these
slit- or wedgeshaped pores within theanoparticlegFigure 4.15). The application of
this model is based on the fact that, in a gelled statesafgel derivednanoparticles
themselves contain water wwh areheld together by linked SiQetrahedron chains
[140. Hence, the directionality of ice crystal formation will in effeetlign these
chains when freezing, hence, forming the- dlit wedgeshaped pas within the

nanoparticles
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Figure 4. 16: TEM micrographs of sol-gel derived bioactive glass nanopatrticles from (a) oven

drying, (b) vacuum drying, (c) and (d) freeze drying.

Figure 4.16 shows TEM micrographs @oltgel derivedbioactive glass nanoparticles
dried via Route A, B and C. The nanoparticles preduby Route A and Route B
(Figure 4.16a and b)were heterogeneous in size and shapth some interstitial
spaces between the tertiary particles. The nanopartieleéged from Route C showed

a rough surface texture, with an ordered mesoporous structure seemingly aligned to a
single axis. Measurements revealed elongatedikedparticles of 10i 30 nm in
diameter with a mean length-width aspect ratio of 2.3. Coerksely, TEM
examination of the nanoparticles synthesised by the -stielp route Figure 4.17)
revealed spherical shaped nanoparticles witlmenetermainly rangingfrom 307 90

nm. All multi-step derivednanoparticles revealed rather spherical mesopores of
various sizes. No significant distinction could be made of the three drying routes on

nan@article morphology.
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Figure 4. 17: TEM micrographs of multi-step derived bioactive glass nanoparticles from (a) oven

drying, (b) vacuum drying and (c) freeze drying.

From TEM observation some form of order is evident in the morphology of the
nanoparticles. Primarily, the shape of the nanopegiélom this study was highly
influenced by the synthesis method {gel or multistep), rather than affected by the
drying processHowever, nanoparticles prepared via freeze dryiRigure 4.16c)
showed a difference in nanoparticle suefaexture and alignment in tlagglomerated
tertiary particles. Furthermore, cylindrical mesopores observed within the-stapti
derived bioactive glasses are in agreement witlortepthat pore shape and size
homogeneity within nanoparticles existeloased on isotherm and hysteresis loop
analysis from gas sorption td& 134, 150. TEM examination from thistudy further

confirmed these findings.

By using glasses of a similar compositi@b% SiO, 1 30% CaO1i 5% P,0Os; wt. %),
this study provides an insight into the effectsolfgel (acidic) and multstep (basic)

synthesison the final morphology ofbioactive glassnanoparticle. Moreover, this
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comparison also clearly showed that the drying procedure of bioactive glasses prior to
heat treatment has a profound effect on nanopadpseific surface are@ore shape,

size and volume. Through tlencomitant use of Nsorption and TEM techniques,

more conclusive result on the effects of synthesishats on nanoparticle
morphology can be drawn.

4.5 Bioactive glasses of different sintering regimes

4.5.1 Morphology
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Figure 4. 18 Adsorption and desorption isotherms of (a) BG50 nanopartles and (b) BG65
nanoparticles, heat treated at different temperatures.
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Figure 4.18a and bshow the isotherms for bioactive glasses of two compositions
(BG50 and BG65) heat treated at temperatures of 150 °C, 400 °CC%0fl 680 °C.
Comparing both compositions, all founteerms of BG5(Figure 4.18) fall into the
category of Type IV with a H1 hysteresis lod®1]. The pores for this category are
openended tubes or cylindershe long neathorizontal loop which stretches across a
broad rang of relative pressures suggestlee nanoparticles contad wide range of
porediametersFigure 4.18b shows the collection of isotherms for heat treated BG65,
which all correspond to TypéV isotherms with H4 hysteresis loap3his is
evidenced by the nelnmiting adsorption at high pressuds’1, 191]. As previously
discussedpore shapes identified with thig/steresis werelit-shape, lamellar pores
tapered at an entlpon closer inspection dfigure 4.18a, it is interestingd note that
apart from the BG5@80°C sample, the other isotherms display a-eclosing
desorption branch at low pressure. This phenomenon, known as low pressure
hysteresis, occurs in nerngid porous structures which have swelled during adsorption
[19]1]. The reasos for this occurrence areéhe possibility of irrevesible N, uptake

into pores whichare about the same size as the iNolecule or a chemical reaction
between Nand BG5(191]].
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Figure 4. 19: Effects of heat treatment temperature onSSA and the difference in SSA between
BG50 and BG65 nanopatrticles.
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Changes in specific surface area (SSA) of the bioactive glasses with respect to
temperaturés shown inFigure 4.19, where a increase in temperature from 150 °C to
500 °Cled toan increase in SSA. Since the BET method calculateS$Aebased on

a monolayer coverage of adsorbate on the seyfiads possible that, as temperature
increases, the voids left by the removal of impurities, and the fusion of calcium into
the silicae network as network modifiers, is filled by.Mnd therefore is considered

as an incease in SSA. At a heat treatment temperatuB80FC, the SSA decreases

which is irline with the fusion of the secondary partic@sQ.
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Figure 4. 20: The effects of heat treatment on pore size distrition for (a) BG50 nanoparticles
and (b) BG65 nanopatrticles; (c) average por@iameter and (d) total pore volume of BG50 and

BG65 nanoparticles

The effects of temperature oime both BG50 and BG65 glasses are similar, wherein,
between 150 °C and 680 °C, not much difference in pore distribution is observed,
apart fromBG50 680°C,which slows a shift in pore diameter distribution from peaks
centred around 30 40 nm to two distinct peaks at 3.7 nm and 11.7 asnseen in
Figure 4.20a and b Comparing theeffects of heat treatment dhe average pore
diametersand total pore volume of the nanoparticlEgy(ire 4.20c and d) adecreae

in average pordiameterwhile an increase in total pore volume vedserved as heat
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treatment temperature increased. Howet@r,nanoparticles heat treated G80 °G
total pore volume decreased

Figure 4.21: TEM micro graphs of BG65 solgel derived bioactive glass nhanoparticleleat treated
to (a) 150 °C, (b) 500C and (c) 680 °C.

Changes in BG65 nanoparticle morphology was examined using, @a&Mhown in

Figure 4.21. The heat treated sample of BG65 at low temperature (150-fgLjré 4.

21a) showed needlike nanoparticles with a rough surface texture. Closer
examination revealed that the nanoparticles consisted of an agglomeration of smaller
particles approximately 5 nm inatheter. These particles, termed secondary patrticles,
were consistent with the evolution of structural units during theeslbsynthesis of
bioactive glass, whereby at low heat treatment temperatures, these secondary particles,
which maintain their dimenshs from early on in the condensation stages,

agglomerated under drying to form the larger nediklée nanoparticles observed

[139.
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Figure 4.21b and ¢ showed heat treated BG65 nanoparticles at a temperab@d@ of

°C and 680 °C respectively. The nanoparticles appeared to have a smoother surface
texture without defined secondary particles aggregaficiemperature of at least 400

°C is required to cause viscous flow between the secondary particles, fusing to
become larger tertiary particl¢s34, 208. Therefore, the nanoparticles observed in
Figure 4.21b and c represent tertiary particles, which wouygesmr to be slightly

larger than the nanoparticles heat treated at 150 °C due to the fusion of secondary
particles.Figure 4.21c show nanoparticles which appear to be denser, corroborating
with the N, sorption results, which suggestadreduction in the interstitial spaces
between the agglomerated secondary particles which form the pore size and pore

volume of the tertiary particledue to higher sintering temperatufé85 181].

The selection of different heat treatment temperature was done based on critical stages
in the bioactve glass evolution. Briefly, 150 °C was selected as the minimum
temperature required for ;Nsorption sample preparation. Previous studies on the
effects of sintering on bioactive glass structure and calcium distribution have shown
that solgel derived bioetive glasses must be heat treated to above 400 °C for the
incorporation of calcium into the silitanetwork and above 600 °C for the complete
removal of nitrate but above 800 °C, crystallisation of the glass takes|[@lat&5

142 163. Hence, at 150 °C, it was expected that no changes in theesieavork

would have occurred at thisagfe. At 400 °C and 500 °C respectively, calcium would
have entered the silisanetwork to form Si O 1 Ca bonds and nitrates would have
started to decompose. Thus, for both compositions (BG50 and BG65), as heat
treatment temperature increased from 150t8C500 °C, the total volume of ;N
adsorbed increase&i@ure 4.18). This increase was also matched with an increase of
total pore volume, which was in agreement with the removal of nitrate and other
impurities, creating more interstitial voids-liretween th network of secondary
particles[135 147.

The maximum sinténg temperature of the bioactive glasses was limited to 680 °C
because studies have shown that glasses treated at this temperature, network
connectivity was the lowest with the highest content af SH groups, which would

promote bioactivity, due to thavourable negative surface charge of silinoliakh
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induces the adsorption of calcium and phospiwts, leadingo the precipitation of
apatite[142 158 181]. At temperatures of 680 °C, both BG50 and BG65 glasses
exhibited a decrease in total pore volume, also seen by the isotherms with the lowest
volume of adsorbed N At this temperature, viscous flow of the secondary pasticle
occurred, fusing together, reducing the interstitial spaces between the pf20des
These results highlight the effects of heat treatment temperatures on the evolution of
bioactive glass nanostructure, thus providing furthederstanding on the control of
bioactive glass nanoparticle morphology

4.6 In vitro studies

To reveal the effestof changes in glass composition on the ionic release®fid@es,

ISE measurements were carried out on the supernatants containing the respective
nanoparticles, as shown figure 4.22. Results indicated a burst ionic release within

the first 2 h of immersion, with BG35 releasing the highest concentratior’bib@s,
followed by BG50, BG65 and the lowest release was recorded from BGS80
nanoparticles. As the imméns of the nanoparticles proceeded, the cumulative
amounts of ionic release by each nanoparticle type increased, reaching a maximum
concentration at day 7. After 7 days, the total concentration Bfi@as detected in

the supernatants decreased.

Comparing the release concentration between each bioactive glass variant, a direct
relationship could be drawn between the release concentration and glass composition.
Through the dissolution of the glass network, glasses with a higher content of calcium
would lead to a larger proportion of €dons being released. Such results were also
noted by Martinezet al [206], in which higher calcium containing binary glasses
released greater amounts of calcium ions into its surroundings after 24 h. Furthermore,
it was established that the decrease of calcium concentration in the immersion fluid
was attributed to the consumption of cafoiand phosphate ions through the growth

of apatite nuclej206. Zhonget al [159 also demonstrated thabmtinued immersion

in a controlled environment led to the precipitation of calcium and phosphate ions
which were released from the network, forming an apatite structure, thus causing a

decrease in the calcium ion concentration from the surrounding fluid.
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Figure 4.22 The cumulative release concentration focalcium ions from the different bioactive

glass nanoparticles over time in deionisedater.

The dissolution of glass begins with the exchang€at ions with H', causing the
hydrolysis of silicée groups to form silinols (Si OH). The Sii O T Si bonds of the
silicate network is then attacked due to the increase in hydroxyl concentration in the
supernatant, creating more silinol groups on the surface of the glass, while releasing
soluble Si(OH). Continued immersion would then lead to the condensation and
repolymerisabn of the silinol groups on the surface, forming a silich layer low in

cation species. The released?’Cand PQ* groupsfrom the glass are attracted
towards this silicaich layer, reprecipitating to form an apatite structurks the
results showrin Figure 4.22 represent the cumulative amounts of'dan release by

each nanoparticle type, the decrease in the calcium ion concentration of the
supernatants wasdicative of the precipitation otalcium and phosphate igns

resulting in a net decrease in ttaciumionic concentration of the supernatant.

The bioactive response of the nanoparticles, observed through the ratdroky
carbonateapatite(HCA) formation, was determined using the SBF mddépg. The
FTIR spectra ofthe solgel derived bioactive glass nanoparticles before and after
immersion in SBF at various time points are illustratedFigure 4.23 Before
immersion (0 h), a strong band between the region of LASMO cnt was identified

as the asymmetric stretching modes of $ i Si, while the band at 470 ¢hwas
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identified to correspond to the bending mode of 811 Si[131, 210 219. Another
broad band observed at 890 trprresponded to the $iO i Ca bond, suggesting
that after heat gatment at 680 °C, the calcium was successfully introduced into the
glass network as a network modifier, forming fwrdging oxygen bondgl31, 152

159, 164.
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Figure 4. 23 FTIR spectra of BG65 bioactive glass nanoparticles from (a) oven dryingnd (b)
freeze drying; nBG65 bioactive glass nanoparticles from (c) oven drying and (d) freeze drying
Asterisks (*) highlights the rapid appearance of R O bonds within 12 h

After 12 h of immersion in SBF, a weak twin band in the FTIR spectrum of BG65FD
nanoparticlesKigure 4.23b) was observed to have formed at the wavebamé00

cmtand 570 cil. This twin band sasisymnsesiobendng ed w
mode of Pi O bonds in the amorphous calcium phosphgté7, 165 22Q.
Interestingly, this twin band was not observed in the BG650D nanopatrticle spectrum

at this early time point, demonstrating the rapid formatioH®©A of within 12 hfrom
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the solgel bioactive glass nanoparticles derived from freeze drying. As incubation
progressed, the twin bands at 600"cand 570 cn appeared on the BG650D
samples while they intensified on the BG65FD sampl&ther sets of peaks also
formed, whch corroborated with the formation ¢fCA, and thus indicated the
bioactivity of the nanoparticles. Peaks formed at 1460' emd 1420 cm after
continued immersion was attributed to the formation df O bonds. These C O
bonds ar e;vifratian mode &f earbdnate ions, which have undergone peak
splitting [107, 164, 219. A separate G O bond was identified at the wave number
780 cm’, whi ch cor r gvibrptionaldneds ofthis bon@ls 218§.

Table 4.6: Detected infrared band positions for HCA overtime.

Peak assignment BG650D BG65FD nBG650D nBG65FD
(cm)

12 h 24 h 12 h 24 h 12 h 24 h 12 h 24 h
Carbonat - - - 1460 - 1460 - 1460
Carbonat - - - 1420 - 1420 - 1420
Carbonat - 780 780 780 780 780 780 780
Phosphat - - - 660 - 660 - 660
Phosphat - - - 640 - 640 - 640
Phosphat - 600 600 600 - 600 - 600
Phosphat - 570 570 570 - 570 - 570
Phosphat - 470 470 470 - 470 - 470

The FTIR spectra of the nBG nanoparticles before and after immersion in SBF are
shown inFigure 4.23c and d.Prior toimmersion (0 days), a strong band in the region

of 10807 1200 cnt and at 890 crh was observed which corresponded to ¢h
asymmetric stretching modes ofiSO i Si, whilst the band at 470 ¢htorresponded

to the bending mode of this gro{ip34, 210 219. A SiT O Cabond was observed

at 960 crit [134, 152 159, suggesting that after thermal treatment at 680 °C, the
calcium was introduced into the glass network as a network modiiening non

bridging oxygen bondglL35.

After 24 himmersion in SBF, a twin band was observed around the wave number 600
cm™* and 570 cnt for both nBGOD and nBGFD sampleshich corresponddto the

& antisymmetric bending mode ofiPO bonds in the amorphous calcium phosphate
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[107, 220. Another set of peaks formed at 1460 cand 1420 ci after immersion

was attributed to the forman of Ci O bonds. These CO bonds arze fr ol
vibration mode of carbonate ions, which have undergone peak sp|iltaty219.

The presence of PO and Ci O bonds suggests the formationH€A and indicates

the bioactivity of the nanoparticl¢$34, 219, 221].

The formation oHCA was further verified by EDXraalysis.Figure 4.24 shows the

EDX curves of the bioactive glass nanoparticles before and after immersion in SBF at
the 96 h time point. Initially, the curve showedamposition containing higher levels

of the element silicon, followed by calcium and then phosphorebgh was in
agreement with the composition of the glass. After immergiogure 4.24b), Al
nanoparticlesshowed an increase in the elemental contents of calcium and
phosphorous and a decrease in the silicon element. The results confirmed the
formation of a calcium phosphateh phase on the surfaces of these nanoparticles
[165, 221].

Ca
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Figure 4. 24: EDX spectra of BG65FD nanoparticles (a) before immersion and (b) after 96 h
immersion in SBF.

SEM microgaphs presented irigure 4.25 show the progression of HCA crystallites
growth on the surfaces of the bioactive glass nanopatrticles. After 96 h of immersion in
SBF (Figure 4.253a), small cauliflowetlike crystals were observed to have formed on
the surfaces of the agglomerated bioactive glass nanoparticles. At 7Fitaye (4.

25b), these cauliflowelike structures had increased in size, forming additional HCA

crystallite branches from further nucleation of calcium phosphate.
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Figure 4. 25. The formation of HCA crystallites (marked by red arrows) on the bioactive glass

nanoparticles after (a) 96 h immersion and (b) 7 days immersion in SBF

The bioactive response of bioactive glass nanoparticles can be enhanced through a
combination of composition and nanoparticle morpholpgyl5, 181]. In this study,
glasses of the similar compositiovere studied,therefore, the improvements in the
bioactive reponse can be correlated soléty changes in nanoparticleorphology

The specific surface area (SSa&)d pore volumef BG650D was found to be higher

than BG65FD, which would suggest that BG650D nanopastislould have a greater
glasssolution interface, accelerating its bioactive respofsgg. Yet, BG65FD
nanoparticles were found to have a fask€A formation rate than BG650D
nanoparticles, as wasimmarised inTable 4.6, which highlighted the detection of

carbonate and phosphate bands after 12 h immersion for BG65FD nanoparticles.

One explanation for this ctiibe due to the difference in pore shape and size of these
nanoparticlesThe larger pore sizes found within BG65FD nanoparticles, combined
with the slitlike shaped pores ctl have improved the penetration &BF,
accelerating thénic exchange procefgtween the glass amie solution, leading to
HCA formation on the surface and also within the nanopar{ite 182 20§.
Furthermore, it e &6 b o tlike Iskapee pdreswith small pore openings found
within BG650D would have hindered fluid flow, leading to poor ion transport.
Whereas, the shiike shaped pores of BG65FD would Viea created channels,
allowing efficient ion transport and diffusignthus contributing to rapid ionic
exchange between the glessution interface$l5, 66, 227. The drying method did

not affect the nanoparticle morphology of nBG65 glasests, both nBG650D and

nBG65FD containg cylindrical poresHence, it was observed that the rate of CHA
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formation was similar, in which carbonate and phosphate bands were only observed
after 24 h immersion for both sampld&ble 4.6).

These results confirm the bioactive nature of the bioactive glass nanoparticles
synthesisedy the solgel route and the mulstep route and successfully show an
improvement in thédCA formation rate through changesthe nanostructure of these
nanoparticles due to freeze drying. It is clear that the bioactive response of bioactive
glas®s is determined not only by th@ompsition and SSA, but also by thegiore
shape and size.

4.7 Summary

Four compositions of teary solgel derived glasses, namely BG35, BG50, BG65 and
BG80 were synthesised. EDX results confirmed the different concentration of Si and
Ca within each glass type, while XRF showed that the components p68dRB0s

were close to the nominal valuesile CaO wa®on average Wt. % lower across all
compositions than the nominal valuekhis was due to the leaching of aons
during the aging and dry stagego the pore liquarFTIR analysis further confirmed
changes in the functional groups withime glasses through the merging of peaks
around 1040 cthto 1200cm™* and the absence of ti&i O Ca bond in high silica
content glass (BG80).

Nanoparticles containing higher amounts of calcium (BG35 &80} were found to
contain crystalline phass which were identified to be wollastonite and
hydroxyapatite An incipient amount of the SiCcrystalline phase of cristobalite was
determined in the high silica content BG80 glalse use ofN, sorptionand TEM
analysis showethat both BG35 and BG50anoparticles @ntainedduatmodalpore
diameter morphology, with two distinct pore diamatgions of < 2 nm and 1535

nm. The isotherms of these two glass types were classified as Type IV with a H1
hysteresis loop. This was correlated to be egmuhedcylindrical pores, which was
observed under TEM to be okphericakhape, due to thevo-dimensional projection

of the image. The isotherms oBG80 were defined as Type IV with a narrow H2
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hysteresis loop, which suggested the nanoparticles contpomdy connectednot
well definedcylindrical micropores.

The direct canparison between sgkel (acid derived and mukstep (alkali) derived
bioactve glass of similar compositiofBG65 and nBG65 respectivelygvealedthat

the polymerisation stagesduring synthesis play an important role in the final
nanoparticle shape and nanostructur8olgel derived nanoparticles were
heterogeneous in shape, while mgtep derived nanoparticles were spherical with
diameters rarigg from 307 90 nm. The differece in nanoparticle shape was due to
the difference in polymer growth during the hydrolysis and condensation of the sol.
The progression of polymer growth under acidic conditions are of a linear form, while
under basic conditions, the growth becomes higphdyrched and clustered.

Oven, vacuunand freeze drying were employed to process these nanopavtithes
results suggestinghat different drying methods can alter the final nanoparticle
morphology This was especially evident in sgél derived bioacte glass
nanoparticles, whergtisotherm analysis showed that the nanoparticle morphology of
freeze dried nanoparticl®G65FD) was profoundly different that those of oven
(BG650D) and vacuum driedBG65VC) nanoparticles Type 1V, H3/H4 and Type

IV, H2 respectively. This suggestedBG65FD containedpores formed from the
aggregate of platike particleswhile both oven andracuumdried nanoparticles
containedless defined cylindricalo i b k t -liké shédped mesopores. Additionally,

the unit pore geometnyithin individual nanopartiles was determined by comparing

the BJH adsorption and desorption branches. The results indicated that the mesopores
ofBG650ODhad a consistent throat size, with
of different sizes buwvith similar necksBG65FDrevealedslit- or wedgelike shaped
mesopores. Changes in mesopore shape were attributed to -tingsiaéd formation
process, during which pore shape was tailored from the direction of the coldrtent.

SSA ofBG65FDwerealso found to béalf that ofBG650D

A decrease in pore size and pore volume was observed with the increase in maximum

sintering temperature, attributed to the densification ohtdtevorkfrom the fusion of

secondary particlesdowever the viscous fle and fusion of these smaller secondary
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particles (51 8 nm) into tertiary particles did not affect the final mesopore shape of
the nanoparticles.

Throughin vitro bioactivity testing, the differences in nanostructure from the effects
of freeze drying mproved the reactivityof BG65FD to SBFE The formation of
hydroxy-carbonate apatite (HCAyvas noticedafter 12 h immerson, while HCA
formation onBG650D occurred only after 24./Whe collective difference iraverage
pore size of BG65FD (4 nnip BG650D (31 nm) and pore shape (diike shaped
pores of BG65FD) was found to improve the penetradiwch fluid flow of SBF within
BG65FD nanoparticles. This led to increased g&mdstion contact, promoting faster
ionic exchange between €aand H in SBF, thusrapidly initiating the bioactivity
mechanismSince the drying stage did not influence the nanoparticle morphology of
nNBG65 nanoparticled;ICA growth was only detectedfter 24 h for both oveand
freeze dried nBG65 nanoparticles. This confirmed the effext changes in
nanoparticle morphology, and specifically pore shape and size on the bioactive

response of nanoparticles.

These findings suggest that changes in glass composition and heat treatment regimes
affected the crystal structure and morphology of the nanopartielethermorethe

pore shapavas found toreplicate ice crystal formation, which wasident inBG65
nan@articles Therefore, although it was possible to alter the pore shape through
freeze drying, the effects of composition also played a vital role irconérol of
nanoparticle shap&he influence of heat treatment was also significant with changes

seen o pore size and volume; however, the shapes of the pores remained unchanged.
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Chapter 5

Mesoporous bioactive glass nanoparticles as
lonic cross-linker nanocarriers for composite
scaffold synthesis

5.1 Introduction

Alginate hydrogels are widely usénl tissue engineering research due to its low cost
and biocompatible naturpl6, 86]. Typically, ionic crosdinkers such as calcium
chloride or calcium sulphate are used for the synthesis of hydrpgbg&lsHowever,

the gelation kinetics is difficult to contralue to the rapid gelation induced by these
crosslinkers, resultingin poor structural uniformity and varying degree of cross
linking within the hydroge[82]. Controllability is esential for the development of
scaffolds for tissue engineeringecausea controlled gelation rate will allow for
structuralhomogengy. This is crucial to ensure uniform pore sizes, porosity and
interconnectivity as well as improved mechanical properte the scaffold.
Furthermore, the consistency and reproducibility of uniform scaffolds would warrant a
successful application in bone tissue engineering, which requires nutrient uptake and

transport, structural integrity and mechanical predictability.

In the literature survey, the affinity of different divalent ions towards alginate, and its
effects on final hydrogel properties was discus$66, 96]. Furthermore, the

therapeutic properties of divalent ®rsuch as strontium and copper ions were
reviewed. Briefly, strontium was highlighted for its ability to stimulate bone

formation, while copper is known for its antimicrobial properfE32 109.

In this chapter, mesoporous bioactive glass nanoparticles have been employed as ionic
crosslinker nanocatrriers to deliver divalent ions required to clodgsalginate for the
synthesis of alginatbioactive glass composite scaffolds. This study was stimulated
by the notion of using bioactive glass nanoparticles as a soul@e ofons for the

ionic crosslinking of alginate. In Chapted, it was discussed thathe diffusion of

calcium intothe glass networkequired a sinteringemperature of at leagt00 °C.
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Thus, the first objective was to stuthe effects of the different sintering temperatures
of the bioactive glass nanoparticles on thelation characteristicof alginate

solutions

Since the synthesis of consistent and reproducible homogenous scaffolds is vital, the
overall aim of this chapter was to devise a strategy in which the gelatiofic&ioét
alginate could be controllederived nesoporous ibactive glass nanoparticles of
various compositions BG35, BG50 BG65 and nBG6% demonstrated different
nanoparticle morphologyror instance, BG35 and BG50 contained a -ghaaé size
morphology, wile BG65 and nBG65 recorded the highest specific surface(868/)

and largest pore diameter respectively.

Therefore one aim was to study the effects of nanopartistephologyon its ability
to uptake divalent ions for its role as nanocarriers to dmoksslginate.Additionally,
the divalent ions of strontium and coppeith calcium as the controlyere studied
with respect to their effects on gelation kinetitis.was hypothesised thahree
individual variablesvould affect thegelation kinetics of alginate) heat treatment of
bioactive glass nanoparticles) Hanocarrier morphology, Ntype ofcrosslinker ion.

These were investigated in this chapter.

5.2 Composite material fabrication

The feasibility of employingiioactive glass nanoparticlggoduced through the sol
gel route(BG35, BG50, BG6pand the multistep routerfBG65)discussed in Chapter
4, as nanocarriers for the ionic crdisking of alginate wasnvestigatedoy using2 1

6 (wt. %) alginate solutions0.057 1 M concentration o$trontium chloride (SrG),
copper chloride (Cu@) and calcium chloride (Caglionic crosslinking solutions
were preparednd their physical propertieslénsity, surface tension and viscokpity
measured, according to the protocols described in SectionTBe8koactive glass
nanoparticles used asnocarriers were loadéldroughimpregnatiorwith ionic cross
linking solutions of SrGl CuCh and CaCJ, usng a nanocaier to solution ratio of 10
mg/mL [223. For a typical experiment).5 g BGX (X = Sr, CuCa)was mixed with

50 mL of the ionic solution (XG). The mixture was then vortexed for 2 min before
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filtration. The filtered solids were then dried and grounda fine powder. The
iImpregnationefficiency (uptake @ncentration) of thenanocariers was determined
using energydispersive Xray (EDX). The different impregnated nanocarriers,
containing the respective ions tSCu#*, C&£") is summarised ifable 5.1.

Table 5. 1: Nanocarrier designation corresponding to the properties of the different bioactive

glass nanoparticles, produced via impregnation with different crostinking solutions.

Nanocarrier Properties Loading concentration (M)
BGSr BG65impregnated with SrGl 0.057 1

BGCu BG65 impregnated with Cugl 0311

BGCa BG65 impregnated with Cagl 0.17 1

BGO0.5Sr BG65 impregnated with Srgl 0.5

BGO0.5Cu BG65 impregnated with Cugl 0.5

BGO0.5Ca BG65 impregnated with Cagl 0.5

BG35CL-Ca BG35impregnated with Cagl 0.171

BG50CL-Ca BG50 impregnated with Cagl 0.171

nBG65CL-Ca nBG65impregnated with Cag¢l 0.171

Composite hydrogels were ionically crdstked using the variously loaded
nanocarriers, compiled imable 5.1. The typical prepation for a cylindrical scaffold

is described as follows. In a clear vial with a diameter of 15 mm, BGX Sr, Cu,
Ca)was weighed and suspended in 1 mlLodeied water using a sonicator (Branson
250) for 20 s. 1 mL of the alginate solution was then pipetted into the vial, and the
mixture vigorously stirred until homogenous. Gelation time was determined when the
mixture no longer flowed when the vial wasddt at 45947]. The gelation of the
alginate was carried out under ambient conditions and the averages and standard
deviations (SD) of triplets were reportdthble 5.2 summarises the different scaffold

compositions studied.
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Table 5.2: Weights used for the synthesis of composite scaffolds with different glass nanocarrier
(G) to alginate solution (A) ratios.

G/A Weight concentration  Weight concentration of Totd volume of

ratio of BGX alginate solution composite slurry
(wt. %) (wt. %) (mL)

40:60 4 6 2

60:40 6 4 2

80:20 8 2 2

5.3 Interaction between alginate and differently sintered
bioactive glasses

The influence of BG35, BG50, BG65 and nBG65 bioactive glass nanoparticles
processed by different heat treatment regimes on the gekatietics of alginate was
investigated Two interdependenvariables were studied) the effects of bioactive
glass composition and nanoparticle morphology and Il) the effects of maximum

sintering temperature of the bioactive glasses.

Figure 5.1 shows the gelatiotime of alginate solutions by different bioactive glass
nanoparticles sintered 250°C, 400 °C and 500 °Q\No specific trends were observed

in the gelation rate of alginate, with complete gelation occurring within Sagrioss

all bioactive glassesintered betweeth50 °C and 400 °C. Glasses sintereds@d °C
showed some differences, with nBG65 nanoparticles requiring the longest time to

crosslink the alginate solution.

Initially, it was expected that the time taken to complete gelation would have
decreased as the calcium content of the bioactive glasses increased, from BG35 to
BG65. However, results indicated that the composition of the glass was not solely a
determining factor inhe gelation rate of alginate. One explanation for this was
attributed to a balance between specific surface area (SSA) and calcium content.
Nanoparticles with a higher SSA would increase the gdtgeate interfacial contact

and consequently, higher amasirof C&* ions would come into contact with the
alginate, thus leading to rapid crdsking [15, 135. BG35 was found to va the
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highest calcium content with the lowest SSA while BG65 had the lowest calcium
content but the highest SSATgble 5. 3). Hence, the net effect of SSA and
compogion on the crosdinking rate of alginate meant that both BG35 and BG65
(sintered ab00 °Q crosslinked the alginate within the shortest time

WEBG35 OBG50 OBGES EnBGES

Time {min)
= = Fod ol [*5] [#X] = N
[} L [ ] (%3] [ ] (%3] [ ] L
1 1 1 1 1 1 1 ]

Ln
1

-

150 400 300

sintering Temperature (°C)

Figure 5. 1. Gelation time of alginate across 3 sintering temperatures foBG35, BG5Q BG65 and

nBG65respectively Data represents the mean + SD, n = 3.

Interestingly, Figure 5.1 showed thatthe gelation rateof alginate byBG65 and
nBG65 was different, even though both were of similar compositince nBG65
had a lower SSA than BG&3able 5.3), it would suggest that nanoparticle SSA was
a contribuing factor to thegelation rate of alginatd-urthermoreanother reason could
be attributed to the stability of nBG6Results from Chaptet had pointed towards a
tightly packed highly branchedsilicate polymer network. Therefore, this could
explainthe difference in gelation timeof alginatebetween BG65 and nBG65, owing
to the stability of the silid@ network, which in turn controls the releaseGs" ions
through dissolutiof136, 214).
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The effects of BG65 nanoparticles sintered at temperatures between the ranges of 50
680°C on alginate gelation time is shownRigure 5.2. The correspondin@&” ionic
concentration, released from the bioactive glass nanoparticles sintered within that
temperature range was also measured. The results indicated that an increase i
sintering temperature led to a decreas€afi ionic concentration, whila sharp rise

in gelation time(from 5 min to 5 h)was recordedetween the temperatures of 500
560°C, with alginatebeing partially gelled after extdad periods (> 5 h) of expare

to the bioactive glass nanoparticles

-—+— Gelationtime  —=— lonic concentration

400 - - 800
350 - - 700
300 - - 600

- E

[= o

E 250 - - 500 2

— =

] o

E ]

-5 200 - - 400 E

T

= c

Q 7]

2 g

=2 150 - 300 §

© -
(=]
100 - L 200
50 - - 100
0 . : : ; ' : . 0
0 100 200 300 400 500 600 700 800

Sintering temperature (°C)

Figure 5. 2: The gelation rate ofalginate solution and corresponding calcium ion concentration
measured of BG65 nanoparticles sintered at various temperature®ata represents themean +
SD, nO3.

Table 5.3: The SSA, pore width and pore volume of the various nanoparticle carriers synthesised.

Sample BG35 BG50 BG65 nBG65
SSA (m2/g) 17.9 33.2 115.7 73.0
Pore diameter (nm) 8.3 6.4 4.0 11.3
Pore volumecn/g) 0.04 0.04 0.09 0.19

139



The diffusion of calcim into the silicée network of solgel bioactive glassesccurs at
temperatures above 40@ while a temperature above 560 °C is required for the
decomposition of nitratd135 163. Prior to diffusion,the loose C# ions are
deposited on the surface of the sileaetwork, and hence easily soluble when
introduced in waterThe rapid gelation (< 5 mm) of alginatefor temperatures below
500°C can be attributed to a large proportiorpodiffused calcium in BG65, while
the rapid loss in crodsking ability above 560 °C is likely due to tllkecomposition
of nitrate resulting in thecompletediffusion of calcium intothe glass network?,
135. The significant decrease of £dons from 700 ppm to less than 100 ppm
between the temperatures of 150 °C and 5QGsR6wn inFigure 5.2, confirms the
mechanism of G ion diffusion into the silicee network.
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Figure 5. 3: pH levels of the supernatant containingBG65 nanoparticles stered at various
temperaturesin deionised wate sampled after 1 h incubation.Data represents the mean + SD, n
=3.

Figure 5.3 shows thapH levelsof the supernatarftontaining BG65 nanoparticles i

deionised water)remaired r el at i vel y aandpalticlessinferdd ap H
temperatures below 40T, with anincrease in pH from acidic to alkali observed
between 400°C and 500°C. This results would suggest changes in the sdica

network with diffusion of calcium firstly occurring followed by the decomposition of
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nitrate, since the lost of nitrate ions (MOcauses the number of free” kbns to
decreas¢l35 163.

Studies have demonstrated that a controlled releases®fi@s led to improved
hydrogel structure integrity and uniformity, which were found to improve the
mechanical properties of thlwrerall alginate hydroggh7]. The increase in gelation
time between 500C and560°C (Figure 5.2) initially pointed towardghe possibility

of tailoring gelation rates through temperature contidierefore, thesintering
temperature of the nanoparticles was increasedvas at 10°C increments, to
systematically record the gelation responses of algindi®wvever, he results
indicated that gelation kinetics was uncontrolleydnd the sintering temperature of
500°C.

Nevertheless, the concept of using bioactive gtas®particles for ionic crodmking
was further developed througts application as a nanocarrier for the delivery of
crosslinking ions. Instead of relying on the leaching@d* ionswhich were loosely
bound to the glass network as the source fosglimking alginate, sintered bioactive
glass nanoparticles to the optimised temperature of°6gd42, were impregnated
with crosslinking ions The feasibity of using this novel methotbr the gelation of

alginate wasubsequently studied.

5.4 Nanocarrier impregnation

5.4.1 Loading analysis

Mesoporous bioactive glass nanoparticB&385, BG50, BG65 and nBGGgXermed
nanocarriers were impregnated with crtisking ions of S**, Cu?* and Ca®*. Two
parameters were studiedhich werehypothesisedo affectimpregnation: 1) cross

linker ion type and Il) morphology of the nanocatrriers.
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Figure 5. 4. EDX spectra of (a) unloaded nanocarrier, (b) the presence of copper and chloride
elements after impregnation with 0.5 M of CuC} solution and (c) the correspondingEDX
measured elemental concentration of the impregnated crosisking ion s of strontium (Sr), copper
(Cu) and calcium (Ca) at various initial crosslinker solution loading concentration. Data
represents the mean + SD, n = 5.

The loading of the nanocarriensth the specific crostinker solutions of SrG| CuCp

and CaClwas measured bigDX and shown irFFigure 5.4. A comparison of spectra
between the nanocarrier (BG65 nanoparticles) before and after impregnation with
CuCh solution(Figure 5.4a and b) demonstrated thah¢ elemental peaks &, Ca

and R corresponding to the nanocarrier compositiwas presentn both spectra, with

the additional presence of the loaded ions Cu and Cl peakpectively after
impregnation.Quantitative EDX analysis of the loadednocarriersn Figure 5.4c
revealed arincreasein the elemental concentratiaf Sr, Cu ad Cg respectively

with an increase inhe loadingcorcentrationof the crosdinker solution This was
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expected as final loading capacity of a carrier is dependent on loading concentration,
since a higher concentration would permit more ions to come into contact with the
surfaces of the carrier for a given afd®, 173. Interestingly, the amount of Cu
acsorbed was significantly higher. For instance, at similar impregnation

concentrations of 0.5 M, thenpregnatedelement of Cu was recorded to be 8 times
higher than both Sr and Ca.
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Figure 5.5: Loading efficiency of BG35, BG50, BG65 and nBG®B nanoparticle carriers measured

by EDX, through the initial loading of 0.1 M crosslinker solutions a) SrCl,, b) CuCl, and c)
CaCl,. EDX measurements of Ca loaded nanocarriers have been normalised against respective
unloaded nanocarrier Ca elemental concentrations. Data represents the mean + SD, n = 5.

The effects ofnanocarriertextural features on ionic loading capabilitiegere
examined through a standard impregnation concentration of 0.1t @hic cross
linking solution.Figure 5.5 shows the loadingfficiency of SP*, Cu?* and Ca®" ions
onto the four nanearrier types(BG35, BG50, BG65 and nBG6Bespectively)

analysed using EDXResults showed that BG65 nanocarriers were incorporated with
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the highest concentration of crelgking ions, while the impregnation efficiency of
nNBG65 nanocarriers was the lowest.

The mechanisms dbading dictate that without specific tailoring of the carriethe
intended load such as through functionalisation of the surfaces to improve the
interactions between the carrier and the host molegeteerally,the loading capacity

of the nanocarrier is dependent on SSA and pore vo[u®el73. Studies on the
impregnation efficiency ofmesoporousanocarrierssuggestshat higher SSAand
pore volumes would increase thertact surface betven the porous matriand the
intended load molecule, thudlowing large quantities of the intended load to be
incorporated into the carrier by adsorption onto the pore walls, increasing the loading
amount[14, 168 176 223. BG65 nanocarriers were fodrio have the highest SSA
(Table 5.3), which would explain its ability to uptake the largesaupity of ions as
seen inFigure 5.5.

In order to understand the reason behind the differences in impregnation efficiency
between the different ions and the nanocarrier, fundamental physical properties of the
crosslinking solutions were examinedable 5.4 summarises the density, dynamic
viscosity and surface tension of SfCCuCh and CaC} at various concentrations.
Similar trends were observescrossall crosslinker types, whereby, increas in
solutibn concentration & to an overall increase in density, dynamic viscosity and
surface tension. An increase in ionic concdmrameant that more solutes were
dissolved per volume, hence an increaseciosslinker concentration k& to a

proportional incrase in density of the fluidL9g.

Dynamic viscosity, which is the measure of resistance of the-tinéss solutions to
shear force, is a function of density and the velocity of the fluid flow through a
restricted crossection[19§. Sincean increasén concentration kg to an increase in
density as well as an increase in the time taken for the fluid to flow through the
restricted crossection of the viscometer, dynamic viscosity was found to increase.
Surface tension was measured throtigh capillary rise method and is a function of
density of the fluid and the change in height of the fluid within a capillary [tL®8.

Similarly, increasesni crosslinker concentration k& to an increase in overall surface
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tension of the fluid. Thereforghe behaviour of the different crelisker solutions
observed througlehanges in dynamic viscosity asdrface tensiomvith changes in
concentration were comparable, and ttuasild not haveattributed to the differences

in loading efficiency.

Table 5. 4: Density, dynamic viscosity and surface tension of crodimker solutions. Data

represents the mean + SD, n = 3.

Crosslinker Density Dynamic viscosity Surface tension
concentration (kgm) (Pa.s) x10° (Nm?) x10°
(M) SrClz CUC|2 CaC|2 SrC|2 CUCIz CaC|2 SI'CIQ CUCIZ CaC|2
0.1 1025 1011 1009 1.0 1.0 1.0 76.9 85.3 70.9
+00 +00 +01 47 +27 +15
0.5 1131 1065 1053 1.2 1.2 1.1 795 89.9 88.8
+00 +01 +02 +24 +29 %30
1.0 1265 1132 1109 15 14 1.3 83.0 955 109

+0.1 +0.1 +0.2 +51 +3.0 +3.0

Table 5.5: Elements of the crosdinkers, its corresponding symbol, ionic charge and radiu§224].

Element name Symbol lonic charge lonic radius (nm)
Strontium Sr 2+ 0.118
Copper Cu 2+ 0.73
Calcium Ca 2+ 0.1
Chlorine Cl 1- 0.167

The bnic radii of the crossinker ions was also consideretb establish if any
influence onloading efficiency was due to ionimovement and diffusion within and
out of thenanoparticle micrpores.Table 5.5 shows the ions used in the crdisger
solutions andts corresponding ionic radiu$he values indicated that copper had the
smallest ionic radii among the three ions used for elinkgg. The aerage pore size

of the nanocarrier (BG65) was found to be 4 nm in diamétewever, isotherm
analysis showed that BG65 also contained micropores (< 1.7 nm in diameter).

Although all the ions used had diameters smaller than these pores, the mobility of ion
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Is influenced by its size, and thus this suggested that copper ions were essentially
more mobile[197]. Furthermore, copper is a transitional elemehtis having an
incomplete eorbital, and is known to form ligands when exposed to water through
hyberdisation in which, dative bonds from thater molecule fill in the incomplete d

orbital.

Up to a maximum of 6 water molecules can form dative bonds with a single copper
ion, thus forming a large ligand structy22y. Pore diameters have been found to
influence the adsorption of molecules, whereby the pores act esesentive barriers,
allowing nolecules of a certain size to be hodte88 173 223. Separately, the pores

also act as reservoirs, allowing a selected volume and size of molecules to be
successfully loadedl15, 176. Based on the significantly high loading capacity of
BGCu from EDX analysisKigure 5.4c), it was proposed that the mobility of the
copper ions allowed forhigher surface coverage throughout the micro and
mesoporous structure of the nanocarrier, while the large copper ligands which formed
would have occupied the micro and mesopore cavity and would be confined within

the inner parts of the pores, particulaayionic concentration increased.

5.4.2 Understanding the mechanisms of impregnation

A rinsing test was conducted to determine the loading mechanism involved when the
nanocarriers were impregnated witle ttrosdinking solutiors. Figure 5.6 shows the

EDX analysis carried out on BG0.5Sr aB&0.5Cu nanocarriers before and after
rinsing. The results indicated that, prior to rinsing, higher concentrations of their
regective impregnated ions was detected, while a decrease was noted upon rinsing.
These results would suggest that a portion of the loaded salts woultawe
penetrated into thgores of the nanocarrier, and thus easily rinsed off from the

exterior surface[168§.
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Figure 5. 6: EDX analysis of the loaded cros$inking ion concentration strontium or copper
before and after rinsing with deionised waterData represents the mean + SD, n =.5

Figure 5. 7: Adsorption and desorption isotherms ofthe carrier BG65, and the vatously loaded

nanocarriers containing strontium, copper and calcium ions respectively.
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