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Abstract

Factors such as the increasing ageing population, bone degenerative diseases, fractures, and
injuries have led to a great demand for synthetic bone replacement materials. Of these, bioactive
glasses have risen as a primary choice due to their ability to convert to bone-like hydroxycarbonated
apatite (HCA) mineral in biological solutions, which allows them to both chemically and physically
bond to bone. In addition, their ability to homogeneously release ions can help stimulate the body’s
natural repair mechanisms. While the majority of bioactive glasses are melt-quench derived silicates,
other glasses such as those based on borates, or ones fabricated through the sol-gel process have the
added benefits of lower chemical durability and enhanced textural properties, respectively, which both
aid in potentially providing more rapid bone repair. Yet, combining these properties to make a
bioactive sol-gel derived borate glass (SGBG) has so far not been investigated, possibly due to the
unique chemistry of the boron ion which makes sol-gel processing difficult. In this thesis, a wide
range of nine SGBG compositions in the B,O3-CaO-Na,O-P,Os system were created through a novel
sol-gel process. These calcined materials maintained their amorphous structure after processing and
possessed specific surface areas and porosities at least two orders of magnitude higher than their melt-
quench derived equivalents. These properties translated to a 25-fold increase in HCA conversion
rates, in simulated body fluid. Beyond composition, SGBG processing parameters were systematically
examined to determine their effects on the glass properties and bioactivities. Various precursor
materials led to different gelling behaviors yet also demonstrated rapid HCA conversion. Of these
parameters, calcination temperature had the greatest influence on the structure, creating a partially
crystalline material, which led to reduced textural and bioactive properties. This work also
methodically demonstrated the effect of sodium on SGBG composition, where decreased sodium
content led to higher surface areas, but did not substantially influence bioactivity. Furthermore, the
potential to enhance bioactivity in composite systems was demonstrated by the addition of SGBG
particles into an electropsun polycaprolactone scaffold. With as little as 5 w/v% SGBG addition,
these scaffolds demonstrated conversion to HCA, 7z wvitro. In conclusion, this dissertation has
introduced a new class of rapidly HCA converting bioactive glasses, fabricated using a unique sol-gel
processing method, resulting in enhanced the textural properties and making SGBGs promising

candidates for bone tissue engineering applications.



Résumé

Des facteurs tels que la croissance de la population vieillissante, les maladies dégénératives
osseuses, les fractures et les blessures ont entrainé une forte demande pour des matériaux synthétiques
en tant que remplacement osseux. Parmi ceux-ci, les verres bioactifs sont devenus un choix premier
en raison de leur capacité a se convertir en minéraux d'hydroxyapatite carbonatées (HCA) dans des
solutions biologiques, ce qui leur permet de se lier chimiquement et physiquement aux os. En outre,
leur capacité a libérer des ions de mani¢re homogene peut aider a stimuler les mécanismes de
réparation naturels du corps. Bien que la majorité des verres bioactifs soient des silicates dérivés de
fusion a haute température, d'autres verres tels que ceux a base de borates ou ceux fabriqués par le
procédé sol-gel ont les avantages d'une plus basse durabilité chimique et de propriétés texturales
supérieures, respectivement, qui aident a potentiellement fournir une réparation osseuse plus rapide.
La combinaison de ces propriétés pour fabriquer un verre de borate bioactif dérivé par le procédé sol-
gel (SGBG) n'a pas encore été étudiée, probablement en raison de la chimie unique des ions de bore
qui rend le traitement par sol-gel difficile. Dans cette thése, une large gamme comportant neuf
compositions de SGBG dans le systeme B0;-CaO-Na,O-P,Os a été créée grace a un nouveau
procédé de sol-gel. Ces matériaux calcinés ont maintenu leur structure amorphe aprés traitement et
possédaient des surfaces spécifiques et des porosités d'au moins deux ordres de grandeur supérieuts a
leurs équivalents dérivés fusion a haute température. Ces propriétés se traduisent par une conversion
en HCA 25 fois plus rapide dans le fluide corporel simulé. Au-dela de la composition, les parameétres
de traitement SGBG ont été systématiquement examinés pour déterminer leurs effets sur les
propriétés du verre et sur les activités biologiques. Divers matériaux précurseurs ont conduit a
différents comportements gélifiants, mais ont également démontré une conversion rapide en HCA.
Parmi ces parametres, la température de calcination a eu la plus grande influence sur la structure, créant
un matériau partiellement cristallin, ce qui a conduit a des propriétés texturales et d’activités
biologiques réduites. Ce travail a également démontré méthodiquement l'effet du sodium sur la
composition du SGBG, ou la teneur en sodium diminuée a conduit a des zones de surface plus élevées,
mais n'a pas influencé de manicre significative les activités biologiques. De plus, le potentiel
d'améliorer les activités biologiques dans des systemes composites a ét¢ démontré par l'ajout de

patticules de SGBG dans un échafaudage en polycaprolactone électrofilées. Avec seulement 5 p/v%



d'addition de SGBG, ces échafaudages ont été convertis en HCA in vitro. En conclusion, cette thése
a introduit une nouvelle classe de verres bioactifs qui se convertissent rapidement en HCA. Ces verres
bioactifs ont été fabriqués a l'aide d'une méthode unique de traitement sol-gel, ce qui a permis
d'améliorer les propriétés texturales et de rendre les SGBG des candidats prometteurs pour des

applications en ingénierie des tissus osseux.
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glasses at day 7 indicated similar Ca/P ratios. ....oeeeeeuniereeereineiniinieieeneiseieeieeeiseiseeesessesseesnaens 51

Figure 4.9 Mineralization rates of B46 and 45B5 in SBF solution. (a) ATR-FTIR spectra
demonstrated that B46 rapidly (in 0.5 h) converted to carbonated-apatite compared to 45B5
(3d). (b) XRD diffractograms indicated typical hydroxyapatite peak formation (“*” JCPDS 9-
0432) after 3 h for B46 compared to 3 d for 45B5. ... 53

Figure S4.10 Gel network formation. A schematic showing the suggested route to borate glass
network formation during the sol-gel process (recreated from Brinker et al. 1990 [187]. ......55

Figure S4.11 Sol-gel derived borate-based glasses. (a) Visual representation of the gels cast over the
10-day gelation period. B36 did not form a gel until day 3, where two distinct phases were
observed. (b) XRD diffractograms of the as-made glasses displayed two broad humps
indicating their amorphous nature. B36, on the other hand displayed a number of minor peaks,
which may be due to a precipitated phase. ........ccoccevviiiiiiniiiiiiniiie 56
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Figure $4.12 ATR-FTIR spectra of the SGBGs, as-made (AM) and calcined at different temperatures.
Sharp, doublet peaks indicate increasing crystallization with calcination temperature,
corroborating the XRD diffractograms shown in Figure 4.2. .......cccccoviiivnninniinincnnnn, 57

Figure S4.13 Properties of calcined SGBGs. (a) Percentage weight loss of SGBGs post calcination at
400 °C. Glasses with lower borate content experienced greatest extent of weight loss upon
calcination. (b) Effect of calcination temperature on B46 SSA and pore volume. There was a
decrease in these parameters with an increase in calcination temperature. ..........cooeeveveiceennnn. 58

Figure S4.14 Effect of SGBG dissolution on the pH of (a) DIW and (b) SBF. The increase in pH
values corresponded with SGBG composition, where glasses with lower borate content (i.e.,
higher soda content) resulted in greater extents of pH Increase. ......cccovvvvvevicvviccicicininnnn, 59

Figure S4.15 Morphology of SGBGs. SEM micrographs of all as-made and 400 °C calcined SGBGs

as a function of time in SBF (scale bar = 2 pm, inset = 500 nm). Glass surfaces became more
textured with time in SBF; attributable to HCA formation. ......coovevvevivieeinicecieeeeeeeeeenene 60

Figure S4.16 Mineralization rates of B46 and 45B5 in 0.02 M KoHPOy solution. (a) ATR-FTIR spectra
and (b) XRD diffractograms indicated that apatite peak formation initiated after 6 h in both
glasses demonstrating that the K,HPOy solution is prone to giving favorable in vitro
MINEraAliZAION FESULLS. w.vuvuiviiiiiiiicci s 601

Figure 5.1 Schematic of the sol-gel processing route and adjusted parameters (in bold). For the boric
acid precursor route, images referring to BA 400 are shown. For the TMB and TEB precursor
routes, images for TEB are shown with TMB giving similar results. ........cccoovveerrricrenrenieennn. 70

Figure 5.2 Structural characteristics of the various glasses using (a) ATR-FTIR and (b) XRD. The
spectra and diffraction patterns remain similar for all glasses except for BA 500, which
indicated the initiation of crystallization as shown by the sharp doublet peaks in ATR-FTIR
and crystallization peaks in XRIDD . ..c.coiiiiiiiiiiiciiceee e 72

Figure 5.3 ATR-FTIR spectra as a function of immersion time in SBF. Glass conversion to HCA
was Initiated in as little as 0.5h as indicated by the formation of the large phosphate peak
ALOUNA TO20 CIM™ 1ottt ee st s et s e aet s e aesesseetesesaseesesessesaeeas 73

Figure 5.4 XRD diffractograms as a function of immersion time in SBF. All particles produced
through the various sol-gel processing methods converted to HCA (“*”, JCPDS 9-0432) at a
FAPIA TALE. 1ot 74

Figure 5.5 Release of boron, calcium, and phosphorus in SBF as measured through ICP-OES. Rapid
ion release was observed with boron. The decreasing release trend of calcium and
phosphorous suggested their re-precipitation on the glass surface. .......ccoevvvcerevrccrerveneennn. 76

Figure 5.6 SEM micrographs of TMB, TEB, BA 300, BA 400, and BA 500 as a function of time in
SBF. Typical flower-like crystals, indicative of hydroxyapatite formation was initiated at 2h
and became well-defined by 6h. White scale bars = 1 um and black scale bars = 500 nm. ..77

Figure S5.7 Linear isotherm plots for each glass during surface area measurements through BET..79

Figure S5.8 Effect of calcination temperature on specific surface area for BA 300, BA 400, and BA
500. Weight loss upon calcination is inversely proportional to specific surface area
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Figure S5.9 SEM micrographs of the calcined glasses demonstrating the nano-textured surfaces of
the SGBGs. Upon higher calcination temperature, the glass surface becomes less porous as

verified by textural analysis data.........cccciiiiiiiiii 80
Figure §5.10 SEM micrographs of 0d and 30d aged samples at 7d in SBF. The flower-like crystals
suggest hydroxyapatite formation as confirmed by FTIR and XRD analyses. .......cccccccuevuuecce. 81

Figure 6.1 An overview of the effect of sodium content on the gelling of SGBGs. (i) casting and
ageing, (i1) gel monoliths at day 10, (iii) drying at RT for 1 day, (iv) drying at 120 C for 2 days.
Sodium influences the gelation behaviour of the glasses, possibly due to increasing pH.......89

Figure 6.2  Characterisation of the calcined SGBGs (a) ATR-FTIR spectra and (b) XRD
diffractograms of the glass particles produced as a function of sodium content. .................... 91

Figure 6.3 Reactivity through vapor adsorption using DVS. The direct exposure to 90% RH showed
rapid increase in mass change which increased with sodium content. ........ccoecceevvecrenrinieennn. 92

Figure 6.4 ATR-FTIR spectra as a function of immersion time in SBF. Characteristic apatite-like
peaks began to form after 30 min in SBF for higher sodium containing glasses. Peak formation
was less defined in lower sodium containing glasses. .........ccccvviririiiiviiininiiiiiees 93

Figure 6.5 XRD diffractograms as a function of immersion time in SBF. All SGBG compositions
rapidly converted to HCA (“¢”, JCPDS 9-0432). .....cccovviiiriiiiriiccrccereceseceneneieenne. 94

Figure 6.6 Release of boron, calcium, sodium, and phosphorus in SBIF as measured through ICP-
OES. Rapid ion release was observed with boron depending on composition and the
decreasing release trend of calcium and phosphorous suggested their re-precipitation on the
GlASS SULTACE. ..vuvuieiiiiiii bbbt 95

Figure 7.1 Characterization of BG particles. (a) Particle size distribution of the calcined BG particles.
(b) Nanotextured morphology of the glass surface via SEM. (c) ATR-FTIR spectra showing
the bonding moments for the BG particles and (d) XRD diffractograms displaying the typical
aMOIPhOUS NUMPS. .o 103

Figure 7.2 Morphology of as-made PCL and PCL-BG scaffolds. (a) SEM micrographs showing the
fibrous morphologies and BG incorporation in composite scaffolds (inset scale bars = 2 um).
(b) Range of fibre diameters for the various scaffolds, indicating wider distribution of

diameters with BG incorporation. (c) A macro view of PCL-5BG showing the cotton-wool
like nature and (d) ease of handling of the scaffold. .........cccoevviiiiiiiiiiiiie, 104

Figure 7.3 Structural analyses of as-made PCL and PCL-BG scaffolds. (a) ATR-FTIR spectra showing
representative bonding moments of the electrospun PCL and PCL-BG scaffolds. (b) XRD
diffractograms showing typical semi-crystalline peaks associated with PCL..........ccccccueeuc.ce. 105

Figure 7.4 Reactivity of PCL and PCL-BG scaffolds through vapour sorption. The direct exposure
to 90% RH, resulted in a rapid increase in mass of BG and BG incorporated PCL scaffolds.
At 6 hours, the equilibrium increase in mass increased with BG content in composite scaffolds.
The return to near 0% mass change after 12 hours for the PCL samples demonstrated their
hydrophobiC NATULE. ......ciiiiiiiiic s 106

Figure 7.5 SEM micrographs of PCL and PCL-BG scaffolds as a function of immersion time in SBF.
For PCL-5BG composite scaffolds, apatite-like crystals were visible at day 3 and rapidly
increased by day 7. Surface changes were visible in the non-doped PCL samples at day 7.107
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Figure 7.6 ATR-FTIR spectra of PCL and PCL-BG scaffolds as a function of immersion time in SBF.
The presence of the peak at 1020 cm-1 in BG incorporated PCL scaffolds at day 7 suggested
apatite Peak fOrMAtION. ..c.c.iiiiiiiiiiiiii e 109

Figure 7.7 XRD diffractograms of PCL and PCL-BG scaffolds as a function of immersion time in
SBF. Apatite conversion (“*”, JCPDS 9-0432), which was initiated at day 3 for the BG
incorporated PCL scaffolds were more defined by day 7 in SBF. .......cccccovviiiininnnn. 110

Figure 8.1 Aqueous interactions of a borate substituted Bioglass in 4 different size fractions. Above
75 um, there seems to be no effect on the mass change. ..o 120

Figure 8.2 XRD diffractograms of (a) B46 submerged in 4 different types of media after 7d and (b)
four different particle size fractions of B46 in SBF for 7d. Calcite formation is observed by
the Sharp PEaks. ..o 121
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Contributions to Original Knowledge

This thesis describes the processing and 77 vitro characterization of four- and three-component
sol-gel-derived borate glasses (SGBGs) for bone tissue engineering applications. Chapter 4 describes
the first iteration of SGBGs as bioactive glasses. It was shown that a wide range of chemistries could
be created using a novel sol-gel processing method. Furthermore, for the first time, a four-component
SGBG has been evaluated in terms of its textural, thermal, structural, reactivity, and bioactivity
properties. This study serves as a basis for the creation of further SGBG formulations.

Chapter 5 highlights the numerous processing parameters inherent to the sol-gel method that
can be altered to affect the final properties of an SGBG composition. These parameters have been
extensively examined and reviewed for other glass systems, such as those based on silica. However,
since the literature on sol-gel borate glasses is sparse, so far there has been no comprehensive study
investigating the processing parameters. It was demonstrated that the calcination temperature was
critical in determining the final structural and bioactivity properties. Despite the higher calcination
temperatures, which resulted in partially crystallized glasses, the bioactivity was still relatively high and
the conversion to bone-like mineral in simulated body fluid was observed within one day. These
findings provide significant contributions to the sol-gel borate glass literature for future applications
beyond bone tissue engineering.

Although sodium is typically added as a flux to lower the melting temperature in melt-quench
derived glasses, its addition to the sol-gel process is unnecessary. Yet, in order to directly compare to
previously generated melt-quench derived compositions, sodium was included in the first generation
SGBGs. Chapter 6 examines the effect of varying the amount of sodium inclusion on SGBG
processing and the final structural, textural, reactivity, and bioactivity properties.

Polycaprolactone (PCL) is a Food and Drug Administration (FDA) approved biodegradable
polymer that is biocompatible, but not bioactive. Since SGBGs were demonstrated to be highly
bioactive, Chapter 7 investigated their effect on the bioactivity of PCL by their incorporation into
electrospun fibers. It was shown that with only 5 wt. % SGBGs addition, a layer of bone-like mineral
was formed on the surface of the PCL-matrix composites. This study demonstrated how SGBGs can
endow bioactivity of otherwise non-bioactive materials and will serve as the basis for other hybrid and

composite systems.
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General Introduction

1.1 Introduction

There is an ever-growing need for bone replacement materials, largely due to the ageing
population, bone degeneration, fractures, and osteoporosis; factors that affect millions of people
worldwide [1]. Since bone is a living tissue with vasculature, it can often heal itself, but in the case of
severe injuries and diseases that lead to large defects, intervention with bone grafts, or “scaffolds”, are
needed [2]. Indeed, in the USA alone, 500,000 bone graft procedures are performed annually and
worldwide, this number is estimated to be more than 2.2 million [3].

After blood, bone is the most widely transplanted tissue in the human body [4]. The clinical
‘gold standards’ for repairing bone tissue are traditionally donor based, which can be autografts from
the same patient, allografts from other human donors, or xenografts from other animal sources [3, 5,
6]. These grafts can be advantageous because the supplied materials match the complex hierarchical
tissue structure of native bone. Although rejection is rare with autografts, donor site morbidity and
limited supply present some issues of concern. On the other hand, the factors that impact allografts
and xenografts, include limited donor supply, particularly in the former, as well as the potential for
disease transmission and rejection in both cases, which require these grafts to undergo thorough
processing prior to implantation [6-8]. These disadvantages have created a great push to develop
synthetically engineered grafts and are some of the main drivers for the recent growth of the bone
tissue engineering field.

While all material classifications have been used to replace bone, bioactive glasses have
emerged as a leader attributable to their capacity to convert to hydroxycarbonate apatite (HCA), the
mineral component of bone, their ability to release ions to help stimulate regeneration and their
capability to bond with both hard and soft tissues [9-11]. Dr. Larry Hench invented the first bioactive
glass in 1969, Bioglass® 4585 (46.1)Si0,-(26.9)CaO-(24.4)Na,O-(2.6)P,Os (mol%o), which has gone on
to become the most commonly used and researched composition, achieving great commercial success
[12]. The success of the this glass lies in its bone bonding mechanism, which is due to a surface HCA
formation, after an initial glass dissolution phase [13]. However, Bioglass®, along with the majority of
all other bioactive formulations, have generally been based on melt-quench-derived silica (SiOy)

glasses, and while these glasses can stimulate bone formation, their dissolution is often slow and



incomplete [14]. To improve these properties, the sol-gel technique, an aqueous based low
temperature processing method, can be implemented to create glasses with higher surface areas and
porosities, which can improve dissolution rate and conversion to HCA [15].

Despite improvements to the textural properties, the chemical composition still limits the
dissolution and reactivity rates of silicate-based glasses. An alternative route to improve the bioactivity
of a glass is through changing the chemistry [14]. Borate-based glasses are less chemically durable
compared to silicate glasses due to the three-coordinated preference of the boron ion, which leads to
lower network coordination of the glass network and translates into more rapid dissolution and
conversion rates [16-18]. Therefore, borate glasses have gained great attention in the past decade for
biomedical applications [19] with many based on previously reported bioactive, silicate glasses such as
“45B5” (46.1)B,05-(26.9)CaO-(24.4)Na,O-(2.6)P.Os (mol%) [17] and “13-93B3” (53)B.0O;-(20)CaO-
(12)K2O-(6)Na,O-(5)MgO-(4)P,Os (wt.%) [16]. While these glasses have demonstrated greater HCA
conversion rates than silicate-based equivalent formulations, opportunities exist in improving the
dissolution rates by adjusting the textural properties. Furthermore, although the sol-gel method has
been extensively studied in silicate-based systems [20], limited literature exists on sol-gel-derived
borate glasses, with most of the research focusing on structural investigations [21]. Therefore, there
is a need to explore sol-gel-derived borate glasses (SGBGs) for potential biomedical applications and

more specifically in bone repair and tissue engineering.

1.2 Aim, Hypothesis and Objectives

The aim of this doctoral thesis was to create bioactive SGBGs and examine their potential for
bone tissue engineering applications, # vitro. It was hypothesized that the lower chemical durability
and faster conversion to bone-like mineral of borate glasses, compared to silicate-based glasses, could
be further enhanced by producing the glasses via the sol-gel method. Moreover, this method would
also allow for the creation of a wider range of compositions and specifically, the tailoring of textural
properties. To achieve these goals, the following objectives were created:

1) Fabricate a range of SGBGs based on a previously used, melt-quench-derived
equivalent glass, and examine the textural properties, reactivity, and zz vitro bioactivity.

2) Examine the effect of different sol-gel processing parameters on the textural and
bioactivity properties of these glasses.

3) Investigate the effect of sodium content on textural, reactivity and bioactivity of

SGBGs.



4) Assess the effect of SGBG on the bioactivity of composite scaffolds through
incorporation into a degradable electrospun polymer.

To meet the first objective, a borate substituted Bioglass® with composition (“B46” —
(46.1)B20O5-(26.9)Ca0O-(24.4)Na,O-(2.6) P05 (mol%) was fabricated where the amount of borate was
increased or decreased by 5% increments, while maintaining the original ratios of CaO, Na,O and
P»Os, thus creating six unique glasses ranging from 36 to 61 mol% borate (B,Os). Furthermore, a
melt-quench derived borate substituted Bioglass® (45B5) was used as a control. Visual observations
of the sol-gel process for each glass were recorded and the resultant glass textural properties were
examined. Additionally, the structural characteristics, reactivity, dissolution, and bioactive properties
were extensively characterized for all glasses.

To satisfy the second objective, the B46 glass composition was processed using different
modifications of the sol-gel method including precursor materials, ageing time and temperature, as
well as calcination rate and temperature. These conditions were shown to influence the final textural,
structural, and bioactive properties of the calcined glass.

In order to meet the third objective, the sodium content in SGBGs was incrementally
decreased from the original B46 composition until no sodium remained, thus creating four unique
glass compositions, all processed using similar conditions. Unlike in melt-quench derived glasses,
sodium is typically not added during sol-gel processing, and this study investigated the effect of
reduced sodium content on the structure, reactivity, dissolution, and bioactivity of the SGBGs.

To meet the fourth objective, the B46 SGBG was incorporated into polycaprolactone (PCL),
a common medical polymer that is biodegradable, yet not bioactive. It was anticipated that due to the
high bioactivity degree of SGBGs, they might be able to improve the bioactivity of other materials, by
their addition in a composite material. PCL-BG composites were electrospun in order to create three-
dimensional (3D) cotton wool-like scaffolds. The electrospinning processing conditions were
examined as a function of different B46 filler amounts and the resultant fibrous composites were

characterized in terms of their structure, reactivity, and bioactivity.



2 Literature Review

2.1 Bone

In an adult human, the skeletal system is composed of 206 bones of various shapes and sizes,
which can be generally classified into three main categories: long (e.g, femur or tibia), short (eg,
vertebra) and flat (e.g, skull) [22, 23]. The function, composition, and size of the various types of
bones can vary greatly, and working together, they provide structural support, transmit mechanical
forces, protect vital organs, and store minerals within the body [23, 24]. An overview of the structure
of bone can be seen in Figure 2.1. A single bone is comprised of two main components: cortical and
cancellous bone. Cortical bone, also called compact bone, is located on the exterior of all bones and
possesses a dense structure with low porosity. Internally, bone is highly porous; called cancellous,
spongy, or trabecular bone [22, 25, 26]. Cancellous bone, also called “spongy” bone accounts for the
majority of the total bone mass (~80 %) in an adult skeleton whereas trabecular bone has significantly
more surface area [26-30]. The trabeculae that make up cancellous bone appears sponge-like, and
consists of the basic cellular structures: rod-rod, rod-plate, or plate-plate with a typical trabecular rod
being about 50 — 300 pm in diameter [31].

Approximately 65 wt.% of bone is an inorganic, mineral phase called hydroxycarbonated
apatite (HCA; Cas(PO4,CO3);(OH)) [32, 33]. The high inorganic content makes bone one of the most
mineralized tissues in the body along with tooth enamel and dentine [34, 35]. The remaining 35 wt.%
of bone is composed of the organic phase, which mainly consists of type I collagen (> 90 wt.%) along
with smaller quantities of non-collagenous proteins, proteoglycans, and water [23, 32, 36]. These
highly organized phases play critical roles in the properties of bone: the mineral phase provides
compressive strength and stiffness while the organic phase provides toughness and ductility [24, 32].

At the cellular level, bone is made up of osteoblasts (bone forming cells) osteocytes (mature
bone cells), and osteoclasts (bone resorbing cells). Bone is constantly being remodeled through the
functions of osteoblasts and osteoclasts [23, 24, 31|, which can be controlled through the action of
chemical factors [37-39]. Osteoblasts can be activated by increased secretion of the osteoid, the non-
mineralized portion of organic bone extracellular matrix (ECM), which is stimulated by the emission
of growth factors by various glands [40]. There are also many bone matrix non-collagenous proteins,

such as osteonectin and bone sialoprotein, that play significant roles in bone mineralization and have
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Figure 2.1 The hierarchical structural organization of bone including cortical (‘compact’) and cancellous (‘spongy’)
bone, collagen fibre assemblies of collagen fibrils, and bone mineral crystals (Nalla 2006).

broad functions that include control of cell proliferation and differentiation, cell-matrix interactions,
and mediation of HCA deposition [38, 39]. An imbalance in the dynamics of bone remodeling can
lead to osteoporosis, a skeletal disorder characterized by low bone density and deterioration of the
microarchitecture of bony tissue. This ultimately leads to an increase in fracture risk, a condition that
affects millions of people worldwide [41-43]. Bone health relies on many different factors and since
it is a highly-mineralized tissue, inorganic elements from diet or those released from synthetic bone
scaffold materials, such as bioactive ceramics or glasses, play a crucial role in its health as discussed

below.

211 Calcium

Calcium (Ca) is synonymous with bone health. Over 99% of all calcium in the body is found
in bones in the form of HCA making it a crucial structural component [44]. This element also mediates
many effects at cellular and tissue levels, such as acting as a signal transduction molecule for producing
cellular responses, which if not maintained, can cause bone disease [45]. Hypercalcemia occurs when
osteoclast activity increases causing the release of calcium stored in the extra cellular matrix, which
provides structural support for tissues and cells, as well as cell adhesion and in signaling [46], leading
to a decrease in bone density [47]. The opposite response can occur when bone production exceeds
bone resorption, requiring additional calcium to form new bone mineral, which is supplied by the free
calcium, thus decreasing HCA formation [45]. The amount of calcium and its effect on skeletal
production is thought to have a threshold zone, that is, if calcium levels are below the threshold zone
then increasing its levels will increase bone production, but if calcium levels are already above the

threshold zone, then increasing calcium will likely not have an effect on bone production (for adults



the suggested dietaty intake is about 1500 mg/day) [44, 45]. For these reasons, calcium is often a
major component in bone replacement materials and is one of the most important elements in bone

health that has been extensively studied and reviewed [48-52].

2.1.2 Phosphorous

Most of the phosphorous in the body is in the form of phosphates, which are generally
classified into two categories: orthophosphates (PO+>) and polyphosphates which can take many
forms [53]. Inorganic phosphate (P;), also known as orthophosphate, is the second most abundant
mineral element in the human body and plays an essential role in many bodily processes including
bone mineralization [45, 53, 54]. In fact, approximately 85% of the phosphates in the body are present
in bone and teeth as an orthophosphate [44, 45] and constituting an important regulator of skeletal
development, mineral metabolism, and intracellular signaling [54, 55]. During osteoblastic
differentiation, phosphates provide cell signaling functions [56, 57] and can also control mineralization
processes by moderating gene expression [58]. Orthophosphate couples with calcium ions to form
HCA in bone, dentine and enamel, as well as extracellular fluid and soft tissues [53, 54]. In contrast
to singular orthophosphates, polyphosphates, and in particular pyrophosphate (P.O-") are well known

to inhibit mineralization, and thus bone growth [45].

2.1.3 Silica

Although silicon (Si) is not naturally present within the body, it has been shown to play an
important role in bone health [59-61]. Dietary silica can come from many sources including plant
based foods, beer, and some mineral water which is broken down by the gastrointestinal tract in the
form of orthosilicic acid [61]. Since silica (SiOy) is the main network former in the majority of
bioactive glasses, Si release is very important when understanding mineralization. Si is essential to
skeletal development [62-64] by promoting matrix synthesis and the differentiation of osteoblastic
cells [65, 66], where its ionic release from glass has been shown to stimulate osteoblast proliferation
and differentiation, zz vitro [67]. Advanced mapping techniques have recently shown that Si is located
in only the mineralized tissue areas and thus may play a biological role in bone formation due to its

distribution near these mineralized sites [68].

2.14 Boron
Although boron (B) is not an essential nutrient where no dietary intakes have been set [69,
70], it is present in several foods, including fruits, eggs, milk, wine, and legumes (fruit or seeds of the

third largest land plant family, e.g, peas or beans) [71]. Despite this, boron has been shown to affect



bone health, where in a study by Nielsen et al. it was found that boron supplements given to
postmenopausal women, along with a diet high in fruits and vegetables, helped prevent calcium loss
and bone demineralization [72]. Similar studies have also shown that low boron supplements given
to postmenopausal women decreased urinary calcium loss, which is a marker thought to decrease
osteoporosis risk [73-75]. Animal models have also investigated the effects of boron on bone health.
In a recent study by Hakki and colleagues, it was found that boron enhances the strength and alters
the mineral composition of bones in rabbits [76]. Here, New Zealand rabbits were fed high energy
diets supplemented with varying amounts of boron. It was found that all boron treatments
significantly increased magnesium and calcium concentrations whereas higher boron supplements also
increased the phosphorous concentrations in the tibia and femur [76]. Other studies have shown that

a decrease in dietary boron can lead to a reduction in bone strength in pigs [77] and rats [78].

2.2 Tissue Engineering

The human body is a collection of cells that form various tissues, which when damaged due
to injury or disease, need to be repaired or replaced. The current “gold standards” for tissue
engineering implants are traditionally donor based, ze., either through autografts (from the patient),
allografts (from human donors) or xenografts (from animal sources) [79]. However, the associated
disadvantages with some of these grafts have created a push to develop engineered tissue grafts and
are some of the main reasons behind the rapid growth of the field of tissue engineering. According
to Ratner, tissue engineering is a “broad term describing a set of tools at the interface of the biomedical
and engineering sciences that use living cells or attract endogenous cells to aid tissue formation or
regeneration, and thereby produce therapeutic or diagnostic developments” [79]. This general
definition mimics the broad scope and diversity of the tissue engineering field which encompasses
many disciplines from materials science to medicine.

The biomaterials created and used in tissue repair or replacement can be split into three distinct
generations. First generation biomaterials, used in the mid-twentieth century, were widely available, “off
the shelf” materials that, typically were not specifically designed for biomedical use. These were
intended to be bioinert, meaning that they would not react with, or cause a response from, the host
tissue [80]. However, it is now well known that no material is completely inert in the body and some
type of biological response will always be triggered. Second generation biomaterials realized this short
coming and were designed to elicit a controlled reaction when implanted into the body. In other

words, they were designed to be bioactive. Bone bonding materials such as bioactive glasses and



ceramics, as well as drug delivery systems such as drug-eluting vascular stents, were included in this
era along with new resorbable polymers e.g, poly(glycolic acid) (PGA) [79, 81]. Presently, the current
era is considered #hird generation biomaterials [81]. These materials acquire many of the second
generation biomaterials properties, but are also distinguished by their advanced modes of drug delivery

and ability to stimulate certain growth factors depending on the application [81].

2.2.1 Scaffolds for tissue engineering

Tissue engineering relies on the development of a porous, resorbable, three dimensional
scaffold, that can be seeded with cells that eventually degrades after the targeted tissue has been
regenerated [82, 83]. For bone tissue engineering, a scaffold should be osteoconductive (property of a
material to host direct bone formation on or within its structure) or osteoinductive (incorporation of a
biological, mechanical, or chemical signal that will induce osteogenic differentiation in a cell
population to form bone cells) or both [2]. Hutmacher originally listed the five key aspects of an ideal
scaffold [83] which were later modified by Jones [82] below:

1. be biocompatible and bioactive, promoting osteogenic cell attachment and osteogenesis;
i.  bond to the host bone without fibrous tissue sealing it off from the body;
fii.  have an interconnected porous structure that can allow fluid flow, cell migration, bone
ingrowth and vascularization;
iv.  be able to shaped in theatre so that it can fit the defect (for some applications, clinicians
may prefer porous granules to a single block);
v.  degrade at a specified rate and eventually be remodeled by osteoclast action;
vi.  share mechanical load with the host bone and maintain an appropriate level of mechanical
properties during degradation and remodeling;
vii.  be made by a fabrication process that can be up-scalable for mass production;

viii.  be sterilizable and meet regulatory requirements for clinical use.

Not all bones and injuries are the same and there is a growing need for a bone substitute with
controllable bioactivity [81]. The goal of creating a synthetic bone graft is to make a three-dimensional
scaffold to serve as an impermanent guide for bone repair that will also stimulate bone formation [82,
83]. For bone tissue, porosity and pore size on both the macro- to nanoscopic levels are important
factors to consider when designing a scaffold for bone regeneration [84, 85]. Since bone shape, size,

and morphology can vary, there is no standard or set pore size that should be targeted, but in general,
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an interconnected network with large pores (>100 pum) [86] to enable tissue ingrowth and
osseointegration (ability of scaffold to integrate itself into bone) after implantation is desirable [84]. For
example, pore size and 3D printed scaffold strut size, have been shown to be important factors to
consider during design since they also influence cell migration and vascularization [87]. Furthermore,
micropores (<2 nm) and mesopores (2 nm < 50 nm) can help promote adsorption of biological
molecules and cell adhesion [88].

Many types of materials have been studied for bone repair including ceramics [89], polymers
[90, 91] and glasses [45, 82, 92]. In addition, combining these materials into multifunctional, hybrid
or composite scaffolds, such as collagen with bioactive glass, offers synergistic benefits when targeting
a specific area of repair [93]. Another common technique to create ECM mimicking scaffolds is
electrospinning, which generates continuous, submicron fibers created on the basis a viscoelastic
solutions (typically polymers) that are uniaxially stretched using electrostatic forces [94]. The resultant
fibers achieve many of the required scaffold characteristics listed above, and have been used in various
mineralized tissue engineering applications [95-97].

Although the combination of different materials is beneficial to scaffold production, often, a
singular material, such as bioactive glass, can be used in either particulate or in a porous construct
form [82, 98]. For non-load bearing bone sites, the bioactive glass particles can simply be packed into
the defect. Other techniques include mixing the particles with the patient’s own blood or a polymer
to form a paste that can be used to fill a defect [82]. While many of these materials have had success,
there are still opportunities to improve the rate of bone healing by altering their chemical or physical
properties. To this end, bioactive glasses have emerged as a promising option attributable to their
ability to release ions, which allows them to both chemically and physically bond to native bone [12,

13].

2.3 Bioactive Glasses

2.3.1 Glass structure and properties

Glasses are in a sub-family of ceramics that are characterized by their lack of crystallinity and
amorphous nature, meaning they lack long-range, periodic arrangement. Hence, glasses are often
referred to as or nmon-crystalline solids or amorphous solids [99]. Glasses also exhibit a glass transition
temperature (1), which is the temperature that indicates when the solid (e.g,, glass precursor materials,
typically oxides), upon heating begins to behave as viscoelastic material or, equally, during cooling

when the supercooled liquid (e.g, glass melt) converts to a solid [99]. If any material meets these two
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requirements, it can be considered a glass and thus, according to Shelby, a glass can be defined as “an
amorphous solid completely lacking long-range, periodic atomic structure, and exhibiting a region of
glass transformation behavior” [99]. Although human use of glass can be tracked back to 7000 B.C.,
it was not until about a century ago did scientists begin to examine and postulate about the structure
of glass.

The earliest, and most simple, theory on glass structure was from Goldschmidt, who believed
that the ratio of cation to anion radii for simple oxides must be between 0.2 and 0.4 in order to form
a glass. This ratio implies tetrahedrally-coordinated cations are favorable for glass formation (although
this was not proven with any empirical evidence) [99]. A few years later, in 1932, The atomic arrangement
of glass was published by Zachariasen in an attempt to describe why glass formation might be favored
by certain coordination numbers [100]. He noted that silicate crystals have a tetrahedral network, and
instead of a close-packed structure similar to crystals, atomic arrangement in glasses were not periodic
or symmetric and that these networks stretch in all three dimensions resulting in isotropic behavior.
According to Zachariasen, this “vitreous network” formed the baseline requirement for glass

formation who went on to postulate the rules for glass formation as summarized below [100]:

1) Oxygen ions are bonded to no more than two cations.
2) Coordination number (CN) of a glass forming cation tends to be small (CN = 3 or 4).
3) Adjacent polyhedral connected at corners do not share edges or faces.

4) At least 3 corners must be shared to create a 3D network.

These statements make up what was later termed “Random Network Theory” (illustrated in Figure
2.2) which became the basis for modeling glass structure. Despite some of Zachariasen’s predictions
not holding true (ze., Sb2Os, P,Os, As:Os, Nb2Os, and Ta,O have not been made into a glass along
with the advent of non-oxide glasses - ¢.g., covalently bonded chalcogenide glasses), much of his theory
is still relevant today.

In addition to structural considerations for glass formation theory, there are also kinetic
theories which don’t question if a material will form a glass, but rather how rapid the material must be

cooled in order to prevent crystallization in order to form a glass. As stated above, one of the
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Figure 2.2 A glassy (“random”) network model from Zachariasen's 1932 paper, The atomic arrangement in glass
with the black circles as cations (network former) and white circles as oxygens. To imagine a 3D structure, place
an oxygen above the cation. (Note: in his original drawing two oxygen atoms are missing in the top center).

requirements for a materials to be considered a glass is that it must exhibit a T, in that, the melt must
maintain it’s liquid-like structure as it is supercooled below the melting point of the crystal, in order
to transform into a solid upon further cooling [101]. This behavior is often represented in the
relationship of either enthalpy or volume and temperature (Figure 2.3) [99]. Cooling the liquid (melt)
below the melting temperature (1) typically results in the material transformation to the crystalline
state (z.e., periodic arrangement of atoms, long-range order). However, a supercooled liquid is obtained
if taken below T, without crystallization, allowing the structure to keep re-arranging with no sudden
decrease in enthalpy. Further cooling results in increased viscosity, which increases until it becomes
high enough that the atoms can no longer rearrange themselves causing a deviation from the
equilibrium line, and resulting in a gradually decreasing slope until the structure becomes fixed (Z.e.,
enthalpy becomes dependent on heat capacity of the “frozen liquid”) [99]. Thus, the glass
transformation region lies between the enthalpy region of the equilibrium liquid and the frozen solid
(i.e., glass), and is time-dependent. However, it is typically easier to define T, as one temperature and
typically determined using thermal analysis or expansion curves usually through differential scanning
calorimetry (DSC). Since the experimental methods of these techniques (e.g, heating rate) can vary
[101], T, cannot be regarded as a true property of the glass, but rather an indicator of the approximate

temperature of when the solid, upon heating behaves as a viscoelastic material or, upon cooling, the
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Figure 2.3 The effect of temperature on the enthalpy of glass forming melt (Shelby 2005).

supercooled liquid converts to a solid [99]. While glasses do not have crystals in their structures, it is
also important to understand their potential formation and thus crystal nucleation and growth of
glasses has been extensively studied and reviewed [99, 102, 103].

The structure of glass is often in reference to the number and arrangement of non-bridging
oxygens (nbOs), ze., the oxygens that do not link to the network polyhedral, and the number of
bridging oxygens (bOs or “©@7), ie, those oxygens that link the network polyhedral [99].

[1322)
1

Quantitatively, the network forming units can be described by Q' species where the “i” represents the
number of bO atoms. For example, pure vitreous silica would be designated Q* since all the network
tetrahedral are bonded together. As more alkali oxides (R,O) are added, then the network becomes
more disrupted (Ze., less bonded) and the glass forming tetrahedra become Q’, Q% Q', and even Q"
species [99]. For silicate glasses, generally, a decrease in the Q number translates to a decrease in T,
and lower chemical durability, however the amount of modifying alkali (R") or divalent alkaline earth
ions (R*") will also influence these properties. However, for invert glasses (e.g. modifier/network
former >1) the inverse affect has been observed [104]. This trend does not always hold true for
phosphate or borate glasses (discussed later).

The majority of glass formulations today are silica based (81O, commonly called “sand”)

where silicon (Si) is the glass forming cation, which forms a silicon tetrahedron (SiO4") creating a
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Figure 2.4 Schematic of glass structure showing the network former (i.e., Si) in blue, network modifier (i.e., Na) in
gray as well as the oxygens, both bridging (dark teal) and non-bridging (light green).

network of -8i-O-Si- bridging oxygen bonds in three dimensions [82, 92]. Since silica is the main
ingredient and most abundant mineral in forming the amorphous network, it is termed the glass
network former. However, silica melts at relatively high temperatures (>1700 °C) so it is not practical
to make glasses that are only silica-based although it is possible for specialized applications (e.g., fused
quartz) [99]. For this reason, additional elements, called neswork modifiers, are often incorporated into
the glasses. These network modifiers do not form the main polyhedral network, but rather modify
the SiO," network, which in turn lowers T:, and/or affects the final properties, partly due to increased
nbO formation. Some of the most common network modifiers are calcium oxide (CaO, also known
as “lime”) and sodium oxide (Na,O, also known as “soda”) [99] making “soda-lime-silicate” glasses,
which have been extensively studied and make up nearly 90% of all the glasses produced today [105].

While silicate based glasses are the most common, glasses can also be based on other network

formers such as phosphate or borate. Similar to silicate based glasses, the network former in

13



phosphate glass is a tetrahedrally coordinated PO, unit. However the main difference is that one of
the terminal oxygens in phosphate is double-bonded meaning that, in terms of Q' notation, the highest
a phosphate group can achieve is Q’ [106]. Due to the ability to share only three oxygens, therefore
in the vitreous form it becomes P»Os to charge balance akin to silicate glasses, when network modifiers
are added, these convert to Q°, Q', and Q" species [107]. However, unlike silicate glasses, P,Os is very
hygroscoptic, and the addition of glass modifiers increases the chemical durability by forming P-O-
M" bonds [108, 109]. Phosphate glasses have a less rigid structure due to this three-coordinated

bonding and are able to have a wider glass forming range and thus a wide range of properties [110].

2.3.2 Borate glass structure

In contrast to vitreous silicate glasses, vitreous borate glasses consist of planar, trigonally
coordinated BOs groups (Figure 2.5) [99]. Since these building blocks are planar, the 3D structure is
created by “crumpling” the network, akin to crumping a piece of paper into a ball. This “pseudo” 3D
network consists of van der Waals bonds in the third dimension which allow for an easily disrupted

glass structure. This is observed by the low T, (= 260 °C) of vitreous borate versus that (= 1100 °C)

Figure 2.5 Schematic of vitreous borate glass with high proportion of boroxol rings (B;Os, example shown in green)
and trigonal borate groups (B@; example shown in blue) with filled circles representing boron and hollow circles
representing oxygen (adapted from Kroghe-Moe 1969).
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Figure 2.6 The five major Borate B ) structural units (0 < n < 4) represented in 2 dlmen5|ons adapted from Wright
(2015). (Key: Blue, tetrahedral boron; yellow, trigonal boron; dark teal, bO; aqua, nbO)

of vitreous silica [99]. Along with the planar BO; groups, vitreous borate also contains a number of
intermediate units, mainly boroxol rings (B;O¢) [111]. Although the occurrence of these groups was
first proposed by Goubeau & Keller in 1953 [112], it was not accepted for many decades, until neutron
diffraction and Nuclear magnetic resonance spectroscopy (NMR) data, confirmed that in vitreous
borate, approximately 70-80% of the boron atoms are in boroxol groups [113]. Borate glass is based
on five basic structure groups: i) BOy , i) BQ;, iii) BOGy,, iv) BOJ*, and v) BOs™ as seen in Figure
2.6. Also unlike in silicate glasses, the addition of modifying oxides (M.O) to B,Oj3 does not increase
the formation of nbOs but rather increases the coordination. The neutrally charged, three-fold [BO;]

units convert to negatively charged, four-fold [BO4] tetrahedra which are charge balanced by the

EolResiEel

boroxol group pentaborate group triborate group
B,O,9, B.O @, B.0.9,
di-pentaborate group diborate group di-triborate group
BSO6®52 B4()5®42 8303652_

Figure 2.7 Frequently occurring borate superstructures in either the glassy and/or vitreous state adapted from
Wright (2015). (Key: Blue, tetrahedral boron; yellow, trigonal boron; dark teal, bO)
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network modifying cation [M'] [99, 104]. One to three of these four coordinated units can be
incorporated into borate rings or in superstructures such as di-borates (Figure 2.7). These super
structural units are based on three-membered rings of the basic structural units (six-atom rings), and
are unique in that they have no internal degrees of freedom in the form of variable bond angles or
bond torsion angles except for the diborate group, which is rigidly planar. Numerous structural units
exist as reviewed by Wright and Vedishceva, some examples of which are presented in Figure 2.7
[114]. A further increase in modifying oxide addition causes the borate units to convert back to the
trigonal coordination, creating more nbOs and increasing the depolymerzation of the network.

In borate glasses, increased alkali results in higher T, and a decrease in coefficient of thermal expansion
(CTE) which is the opposite effect to that observed in silicate glasses [99]. However, what makes
borate glasses unique, is that with further increased alkali additions these properties reverse again, thus
giving rise to the borate anomaly [113] (Figure 2.8). This unique structure-property relationship was first
thought to depend on the conversion of three to four-fold coordination occurring up to a critical
amount of tetrahedrally-coordinated borate (= 13 mol% R,O) until further addition caused more
nbOs to form [115]. This model was widely accepted until the advancement of NMR which could
directly measure the amount of three and four-coordinate boron units and then it was found that a

maximum number of tetrahedrally coordinated boron units occurs around 35 — 40 mol% alkali oxide
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Figure 2.8 Simplified overview on the variation of borate super-structural units with increasing alkali oxide additions
(Shelby 2005). Experimental data represented by solid lines and dashed line indicates theory.
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[99]. This concentration is beyond the composition where the reversal of properties is observed, so
using four-coordinated boron values to explain this anomaly alone is not sufficient [114]. Further
measurements show that maximum T, occurs around 27 mol % RO while the lowest CTE occurs
near 20 mol % R,O. This confirms, that while there is a reversal of properties, they occur at different
alkali oxide concentrations. An explanation of this anomaly can be through the equilibrium reactions
for the two isomers of metaborate or orthoborate units (Figure 2.9) [104]. These metaborate units are
either 3 or 4-coordinated and equilibrium occurs between the two which occurs at different modifier
concentrations. These glass properties also depend on the cross-linking capability of the modifier
cations [116].
2.3.3 Bioactivity

According to Hench et al., a bioactive material is one, “that elicits a specific biological response
at the interface of the material which results in the formation of a bond between the tissues and
material” [10]. For glasses and ceramics, buactivity is defined by their to undergo surface reactions
when implanted into the body which leads to the formation of an HCA-like layer that can form a
bond with both hard and soft tissue [117]. Itis also generally accepted that a material is bioactive if it
forms an HCA-like surface layer 7z vitro usually through immersion in simulated body fluid (SBF)
according to Kokubo [118]. However, due to conflicting 7z vitro and in vivo results, this assumption has
been challenged by Bohner and Lemaitre [119]. Their main criticisms of the original SBF test
approach are that the procedure is long and tricky (reduced reproducibility), the solutions are not
filtered (may contain insoluble contaminants that affect precipitation), and the carbonate content is
not controlled. Additionally, it has been shown that SBF testing can cause both false negative and
positive results meaning the 7z vitro and 7n vivo results do not always correspond [119]. While they
suggest modified formulas and procedures to test iz vitro bioactivity, they are not as commonly

practiced as Kokubo’s original solution. A more recent, alternative approach to overcome some of
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Figure 2.9 Borate glass short-range order changes with modifier (M,0) additions which contribute to the boron
anomaly (Brauer and Moncke 2016).
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these drawbacks is to standardize Kokubo’s SBF testing procedure and evaluation time points while
also taking into account particle size and porosity [120]. In this study, consistent, repeatable results
were shown using the same glass compositions at different universities demonstrating that this should
be the preferred method of evaluation. Furthermore, the definition of bioactivity is evolving since
now bioactive glasses are being targeted specifically for soft tissue engineering applications [121].
Compared to glasses, ceramics have been a popular choice for bone tissue repair since they
offer better mechanical properties and their mineral compositions can be tailored to almost identically
match the high mineral content of native bone [122]. An example of this is synthetic hydroxyapatite
(HA, Caio(PO4)sOH,) which is one of the most prevalent materials used for bone repair since for its
osteoconductivity, bioactivity, and similar composition to native bone HCA [123]. However, it has
been shown that the high levels of crystallization, such as those associated with ceramics, limits their
bioactivity [124] and favored degradation of the amorphous regions also delays the onset of HCA
formation compared to fully amorphous glass [125]. This has been previously shown with Ceravital,
a 4585 glass-ceramic with small additions of MgO and KO, that could bond to bone [126], but the
crystal phase boundary instability of the structure leads to implant failure [12]. Therefore, although
bioactive glasses have been demonstrated to typically be more bioactive compared to ceramics due to
their amorphous nature, they have yet to achieve similar commercial success [82]. Furthermore, they
have the advantage of homogenous degradation and ion release, which can help stimulate the body’s
natural healing process [81]. However, the majority of glasses have poor mechanical properties
compared to bone and other hard tissues and are mostly limited to non-load bearing applications [82].
Structurally, bioactive glasses are in general of lower network connectivity (.e., lower ratio of
network formers to modifiers) which promotes quicker dissolution rates when exposed to body fluid
[92]. Similar to the Q' species quantitative approach in section 2.3.1, Hill proposed an alternative view
on the degradation of Bioglass® to supplement the reactive stages of HCA formation (discussed later)
[127]. In this study, it was emphasized that the structure (composition) of glass network (“network
connectivity”’) was the most influential property in predicting bioactivity, and tested this theory on
data on glass literature and understanding of glass structure at the time (7., phosphorous was part of
the glass network). In 2011, Eden developed the “split network model” which focused on each
network former through assessment of the mean number of bO and nBO as well as the average
network polymerization in multi-component glass systems [128]. Both of these models suggest SiO>—
P,0s—CaO-N2a,O containing glasses with silicate chains (Q' or Q” structures) can dissolve without Si-

O-S81 bond hydrolysis which is in contrast to the original dissolution mechanism proposed by Hench
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[13]. Later, also in 2011, Hill and Brauer [129] proposed an updated modified network connectivity
(N¢) model to predict the bioactivity of a glass based on its nominal composition in mol %, as given

by equation (1):

4(Ms)-2[Mio+M!T0]+6[Mp,0.]
[Mg]

Ne = (M

where M;is the molar fraction of the network forming oxide (e.g, silica) and M50 and M O represent
the mono and divalent molar fraction of the modifier oxides, while Mp, o, tepresents the molar
fraction of P,Os in the glass network. Since the structure (e.g., composition) is the prime determinate
factor for predicting the bioactivity of a glass [82], through this equation, it has been found that glasses
with an Nc between 2 and 2.6 are generally regarded as bioactive according to Eden [128] and near
2.0 < 2.4 for Hill [127]. For example, Bioglass® 45S5, has an Nc value of 2.12 [82, 129]. Itis important
to note that NMR and modeling studies, have indicated that the phosphorous remains as an
orthophosphate [PO4*] and does not enter the glass network (i.e., no Si — O — P bonds are formed)
[129] yet Si— O — P bonds can form at higher phosphate concentrations (e.g., > 50 mol%) [130]. This
has been taken into account in the model proposed by Hill and Brauer. The model also assumes that
the phosphates form their own network and are charge balanced by divalent cations and that the
network former is always four-coordinated, which is not always the case for all bioactive glass systems

such as those based on phosphate and borate.

2.3.3.1  Silicate-based bioactive glasses

The most commonly used glasses today are silicate-based [92]. As mentioned above, silica is
termed the glass network former while oxides of calcium (CaO) and sodium (Na,O) are called network
modifiers since they are added for easier processing (z.¢., lowering the glass melting temperatures) and
tailored properties through the creation of Si-O" (Ca**/Na*) bonds [82, 92]. In the late 1960s, Dr.
Larry Hench created the first silicate bioactive glasses, with his most successful formula: (45)SiO»-
(24)N2a,O-(24)CaO-(6)P>Os in wt. % [82, 92, 110], being Bioglass® “45S5” (Note: Only bioactive glass
with the 45S5 composition should be called Bioglass® since it is trademarked by the University of
Florida where it was invented while all other compositions should be referred to as “bioactive glass”
(BG) [82].) In vivo studies using rats found that this glass formulation chemically bonded to bone [11].
Since this initial discovery, Bioglass® has been extensively studied for use in bone tissue engineering

[12, 82, 92].
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Compared to traditional silicate glasses, the high amounts of CaO and Na,O in 4585, promotes
rapid ion exchange during dissolution, while the P,Os addition creates a less chemically durable glass
which helps promote rapid HCA conversion and bone bonding rates [45]. The process of how the
surface of Bioglass® dissolves and forms a crystallized apatite layer has been extensively reviewed [45,
81, 82, 92]. In brief, the process can be divided into the following five stages [10, 82]:

1) Rapid cation exchange of the Na*/Ca** with H* or H;O" from solution (body fluid/SBF).

This creates Si-OH bonds on the glass surface, increases the pH of the solution, and forms
a Si-rich area at the glass surface. The phosphate component of the glass is lost at this
stage.

2) The high pH leads to the break-up of the silica glass network through OH which
continues to break the Si-O-8i bonds. Soluble Si(OH), is lost in solution which generates
more Si-OH on the glass surface.

3) Condensation of the Si-OH groups occurs and the silica rich layer is repolymerized

4) Ca* and PO4” groups then migrate to the surface through the silica-rich layer and form a
solution rich in amorphous CaO-P,Os on the silica-rich layer.

5) The hydroxyls and carbonates from the solution are incorporated and the CaO-P,Os film
is crystallized to HCA.

In contrast, the mechanism of HCA formation in other glass systems has not been as extensively
studied, which may be because those glass systems have not been as well studied for bone tissue
regeneration. The main disadvantage of silicate bioactive glasses are their relatively slow degradation
rate (depending on the composition) and concerns on the extended effects of concentrated SiO»

sources in the body [92].

2.3.3.2 Borate-based bioactive glasses

Similar to other non-silicate-based glasses, such as phosphate, borate glasses tend to have
lower chemical durability which increases their degradation rate, limiting their commercial potential
for many industrial applications [17, 131]. However, in potential bone tissue engineering applications,
these glasses have been demonstrated to have good 7 vitro cell compatibly with osteogenic stem cells
and exhibit rapid conversion to HCA [132]. Day et al. provided the first major review of how borate
glasses can be customized for biomedical applications [133]. Since, these glasses have only recently
been investigated for tissue engineering applications, many of the formulations have been based on
silicate based glasses (e.g, 4585 and 13-93) where the borate is either fully or partially substituted for
the silica.
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One of the first melt-quench derived bioactive borate glass was based on the original “45S85”
composition [17], where borate was substituted for the silica either completely or in 1/3 or 2/3 molar
ratios to the silica amount. The glasses were ground and separated into three different particle size
ranges then subjected to a 0.02 molar KbHPOy, solution held at 37 °C (an alternative to using SBF
since this solution makes the calcium content in the glass the determining factor for conversion).
Higher borate content led to a more rapid HA conversion rate while also lowering the pH of the
phosphate solution. Fully substituted borate glass particles in the size range of 150 — 300 pum
completely converted to HA after 4 days while the partially substituted borate glasses did not
completely convert to HA, even after 70 days in solution [17] (Figure 2.10). The borate substituted
4585 system was also investigated by Ning and colleagues who produced borate glass microspheres
through the flame spraying technique [134]. Again, bioactivity was characterized by submersion in
K>HPO, solution and cell viability was tested using goat bone marrow stromal cells (BMSCs) with cell
proliferation being measured using an MTT assay. Quick conversion to HA (~ 10 days) along with
positive MTT assay results again confirmed the potential of these glasses for bone tissue engineering
applications [134]. Fu et al. created another borate substituted 4585 glass and fabricated scaffolds via

the polymer foam replica method [135]. Cellulose-based porous foams were initially covered by a
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Figure 2.10 Schematic showing the dissolution of 4555 glass and borate substituted 4555 (Huang 2006).
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slurry of borate glass, which were then heat treated create trabecular bone-like amorphous scaffolds.
The scaffolds formed a layer of HA after 7 days in a solution of 0.02M K HPO,. Cell viability using
BMSCs was also tested and it was found that boron concentrations under 0.65 mM were conducive
to their proliferation [135]. In addition, murine MLO-A5 cells were tested, demonstrating good
proliferation and function. These tests suggested that borate substituted 4585 was a promising
composition for bone tissue engineering applications.

More simpler, ternary borate glasses, in the Na,O-CaO-B,O; system, have also been studied
for bone tissue engineering [136]. Particles in the size range of 212 — 355 um were loosely compacted
into disks and soaked in a 0.25 molar K,HPO, solution for 1 or 7 days where partial and nearly full
conversion to calcium phosphate (CaP) was observed, respectively. Additionally, bone marrow
derived human mesenchymal stem cells (hMSCs) adhered to the pores of the bioactive glass and the
levels of alkaline phosphatase, an eatly osteogenic marker, increased [136]. Furthermore, Liang et al.
investigated another ternary borate glass composition (though the formulation was not specified),
where particles and microspheres of different sizes were loosely compacted and sintered at different
temperatures to form 3D constructs with approximately 25 — 40% porosity [137]. Full conversion of
the glass to HA took place in less than 6 days in KoHPO, (0.25M, pH 9). I vitro cell culture
demonstrated that hMSCs adhered to the scaffolds and produced alkaline phosphatase [137]. This
conversion of borate glass to HA has also been investigated by Han and Day [138]. Their randomly
shaped glass particles or microspheres based on (1 or 2)CaO-(2)Na,O-(6)B.O; in molar ratios were
reacted with a phosphate solution that was prepared by dissolving K;HPO4-3H,O in distilled water at
different temperatures. The amount of HA produced was limited by the calcium content since the
amount of phosphate was very high and it was shown that conversion could be achieved by further
submersion in a K;HPOy solution at pH 9. Both glass compositions converted to HA and the reaction
rate was controlled by a variety of factors including temperature, Ca content in glass, and P content in
solution [138].

Borate glasses have also been doped with other ions thought to improve bone healing. Pan
et al. investigated a strontium doped borate glass of the composition (36)B.Os-(18)SiO»-(6)Na,O-
(22)Ca0O-(8)K,O-(2)P205-(12-x)MgO-(x)SrO (where x = 0, 6, 12 in mol %) [139]. Bioactivity was
tested by immersion in Dulbecco’s modified Eagle’s medium and cytotoxicity was tested through the
MTT assay, where osteoblast-like cells were seeded on the glasses and the increase of strontium was
shown to enhance cell adhesion [139]. In addition, strontium in this glass system was shown to control

the release of boron. Lithium containing borate glasses have also been investigated by Yao et al. [140],
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who created microspheres of (10)LiO»-(10)CaO-(80)B.O; (wt. %) glass which were then converted to
hollow HA spheres through immersion in K;HPO,. While no cell compatibility was performed, this
novel method of creating hollow HA microspheres might serve as potential drug delivery systems
[140].

Borate glasses have also indicated positive results, when tested 7z viwo. Using the 13-93B3
composition, Bi et al. fabricated trabecular, oriented, and fibrous scaffolds [141]. The scaffolds were
placed in a rat calvarial defect model and examined after 12 weeks. According to histomorphometric
and SEM analyses 33, 23 and 15% new bone was formed by using trabecular, oriented, fibrous
scaffolds, respectively. As a comparison, implanted 4555 formed 19% new bone. It was found that
all of the implanted scaffolds fully converted to HCA, and interestingly, doping 13-93B3 with 0.4 wt.%
copper increased the amount of new bone formed from 15% to 33% for the fibrous scaffold, but had
little effect on the other scaffolds. However, the extent of new blood vessel formation was higher in
the trabecular scaffold [141]. In another study, silicate 13-93 and borate 13-93B3 grid-like scaffolds,
along with an oriented 13-93B3 glass scaffold, were compared to autografts in critical-size segmental
defects in rat femurs [142]. The percentage of new bone formed according to histomorphometric
analysis of the scaffolds (25 — 28%) was not significantly different from the autografts (38%).
Furthermore, the grid-like 13-93 scaffolds showed significantly higher cartilage formation (18%)
compared to 13-93B3 scaffolds (8%0) and autografts (8%0) [142].

In terms of applications that extend beyond bone tissue engineering a borate glass nanofiber
mat termed DermaFuse™ has recently been investigated for wound healing by the MO-SCI
Corporation (Rolla, Missouri, USA) [143]. The glass fiber mat has a is borate substituted 13-93 glass
with a composition of (53)B.0O;-(20)CaO-(12)K,O-(6)NaxO-(5)MgO-(4)P.Os in wt.% [143]. The
researchers were interested in this composition because of the high boron content which allows for
rapid dissolution as well as the high calcium content was also desirable since it is suspected to assist
in epidermal cell migration, critical in wound healing [143]. With DermaFuse™ treatment, patients
with chronic open wounds, experienced an increase in wound closure rates from 0.3 mm/day to 0.8
mm/day and after complete treatment there was minimal to no scating present [143]. More recently
ETS Wound Care, LLC has gained FDA approval for their flagship product MIRRAGEN™ (formally
DermaFuse™) for the treatment of acute and chronic wounds [144]. Although only recently studied,
the inherent lower chemical durability of borate glasses offers superior flexibility in the tissue engineer

realm compared to the silicate based glasses.
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2.4  Glass Processing Techniques

Glass is not a solely man-made material. In fact, there are many naturally occurring forms of
glass such as Obsidian generated by the quenching of volcano molten rock, Fulgurites, which are
formed when lightning strikes the beach or in the desert, and Tektites, which are due to meteorite
impacts. Some animals, such as sea sponges, even possess siliceous, glass-like skeletons [167]. While
some early ancestors relied on these glasses, such as obsidian for tools or weapons, it wasn’t until
about 7000 B.C. when the first isolated examples of glass production were discovered [99]. Glass
production became more prevalent by 2500 B.C., where there were multiple locations of production
which likely started in Mesopotamia and then Egypt [168]. Motivation for the first glass production
was decorative, possibly to simulate gems, then transforming into bead production, which was helped
with the discovery of colorants such as iron salts, copper, and manganese [168]. This was followed
by the glass blowing technique, of which, the first pieces were made about 2000 years ago. This
technique became popular and was used extensively by the Roman Empire to create bowls and
drinking vessels [168]. From here, glass production grew at a rapid rate and glass use has become an
integral part of our society today. A thorough review of this rise is given by Kurkjian and Prindle
[168]. Like the approach of the ancient Egyptians, the most common and frequent production
method involves using heating raw materials (e.g., oxides) to high temperatures then immediately
followed by their rapid cooling (i.e., melt-quench technique) to preserve their amorphous structure as
discussed in section 2.3.1. While this basic approach of glass production has its roots in ancient
history, the sol-gel process was developed much more recently, in the 1930s [21]. However, both of

these production methods offer distinct advantages for many applications as discussed below.

24.1  The melt-quench technique

Glasses are traditionally made by mixing precursor materials in powder form such as silica,
boron oxide, sodium oxide, and calcium oxide, which are then heated until melting at high
temperatures (>~1000 °C depending on the composition) [99]. Since many glass forming materials,
like silica, melt at relatively high temperatures (>1700 °C) it is not practical to make glasses that are
only based on silica (eg., fused quartz) although it is possible for specialized, high temperature
applications [99]. For this reason, network modifiers are added to lower the melting temperature
and/or affect the final properties [99]. Borate based glasses tend to have lower melting temperatures

due to their lower network connectivity, as discussed in sections 2.3.2.
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Once the melt has reached a low viscosity, it is quickly cooled (“quenched”) to maintain its
amorphous structure [99]. This can be done by pouring the melt directly on a cool steel plate or in a
graphite mold. It is also possible to heat treat the glass, through annealing, at a lower temperature
than the glass T, in order to remove any residual stresses and create a more durable glass, thus one
that degrades more slowly [169] and has increased mechanical properties [45]. Once cooled, glasses
can be mechanically ground to yield small particles. Additionally, changing the glass composition can
significantly alter their intrinsic and thermal properties. On the other hand, some glasses are very

difficult to form through melt-quenching, and consequently are made by using the sol-gel method.

24.2 The sol-gel technique

The sol-gel processing method is as a robust, low temperature, solution based approach that
is the basis for creating many nanostructured forms. The method is advantageous to traditional high
temperature glass processing in that it can be carried out at room temperature making it easier to
adjust the composition, and since the raw materials are in liquid form, uniform mixing and
homogeneity are easier to achieve. Additionally, near end-shape forming is achievable with sol-gel
produced materials [82], although cracking upon drying can make monolithic shape formation
difficult. Another drawback is that the sol-gel process is expensive due to the raw materials and time
consuming when compared to the melt-quench technique. Nevertheless, it is the most suitable
technique for producing amorphous, highly porous materials amongst other specialty materials [145].

Early investigations of the sol-gel process occurred in the mid-1800s by Ebelman who noticed
that silica alkoxides (e.g., tetracthylorthosilicate (Si(OC;Hs)s or TEOS) in the presence of moisture,
hydrolyze slowly forming hydrated silica, “a glass-like material” [146]. However, it was not until the
1910s that a solid structure was produced by this technique [147]. In the 1930s, Geffcken made oxide
films from alkoxides [148], a process that was further developed by the Schott glass company [149].
Yet, there was sparse interest in the sol-gel route until the 1970s when Yoldas [150] and Yamane [151]
made bulk glass from alkoxide gels. This revitalized this technique, which has since greatly expanded
in terms of the types of materials that are made today. A schematic overview of both the sol-gel and
melt-quench methods can be seen in Figure 2.11.

To understand the sol-gel process, some key concepts must first be defined. A suspension in
which the dispersed phase is so small (< 1 um) that short range forces, such as van der Waals attraction
and surface charges dominate is termed as a co/loid [21]. Due to the relative size of the dispersed phase,
it exhibits random motion, created from collisions with molecules of the suspending medium, known

as Brownian motion. A colloidal suspension of solid particles in a liquid is called a so/ [21], and an
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interconnected, ridged network with polymeric chains or coalesced particles, with average length
greater than a micrometer and contains sub-micrometer pores, that forms a solid network, is called a
ge/ which forms [152]. Thus, the final goal of the sol-gel process is to obtain a gel from the initial sol,

an overview of which can be found in Figure 2.12.
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Figure 2.11 An overview of the two main glass processing methods: Sol-gel and melt-quench. Due to the aqueous
nature of the sol-gel process, there is greater processing flexibility which can result in a wide variety of final forms.

There are a couple basic approaches for making sol-gel monoliths as described by Hench et
al. [152]: 1) gelation of a solution of colloid powders, and 2) hydrolysis and polycondensation of
alkoxide precursors. Both approaches are followed by ageing, drying, and calcination stages. The
most common method for biomaterials based applications involves using metal-organic precursors
(e.g., metal alkoxides) which are converted to inorganic materials in an organic solvent or water [153].
The majority of sol-gel processing uses TEOS as the silica source, and thus network former. When
mixed with water, TEOS undergoes hydrolysis that creates a sol (Eqn. 2). This solution of particles
then undergoes polycondensation (Eqn. 3) to form nanoparticles which then coalesce during gelation

to form a fine, interconnected gel [34]:
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Si(OCH,.CHy)s + H,O = Si(OCH,CH3);0H + CH;CH,OH @)
Si(OCH,CH3);OH + Si(OCH,CH:);0H = (CH;CH,0):8i-O-Si(OCH,CHy); + H,O 3)

Silicon alkoxides are typically not sensitive to water and can take days to hydrolyze. To improve this
process, either acidic or basic catalysts are added. Acid catalysts work by protonating the negatively-
charged alkoxide ligands making it become a better leaving group. Basic catalysts provide better
nucleophilic OH" groups for hydrolysis and deprotonated silanol groups Si-O for condensation. Acid
catalysts mostly increase the hydrolysis rates as opposed to basic catalysts, which enhance
condensation, though they both increase the rate of both events [154].

After the gel has formed, it must be further processed to generate a useable material since
excess organic materials from the process are typically not desired in the final product, especially for
biomedical applications. Before drying, gels undergo an ageing step, where the gel network is
strengthened by forming more interconnected bonds, usually resulting in the slight shrinkage of the
gel [21, 152]. To eliminate the organic materials (generally an alcohol, e.g, ethanol, or water or both),

the gel must be dried which, depending on the method, can produce drastically different final products
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Figure 2.12 A basic overview of the sol-gel process taken from Jones (2013). Variations of this method exists where
nanofibers and aerogels, amongst other forms can be produced.
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in terms of porosity and microstructure. The two most common final forms are xerogels or aerogels.
Xerogels are produced when the gel is allowed to dry in atmospheric conditions. During this drying
process, the nanostructured porous layers are under large surface tension and exposed to capillary
forces causing the fine microstructure to collapse and the gel to shrink [152]. The resulting monolith
structure has significantly reduced porosity compared to the original gel network. Creating a xerogel
as a final product is often desirable if it is going to be in particle form since it can be easily ground.
To make aerogels, a more controlled method of drying called critical point drying or supercritical
drying is required. The principle of this technique relies on the critical point of the solvent liquid. The
physical characteristics of a liquid and gas are not distinguishable at the critical point, thus a gel soaked
in a fluid raised to its critical point can be converted to a gaseous phase without damaging the
nanostructure of gel. Often, the as prepared gel is soaked in ethanol or acetone to remove all the
water and then supercritically dried using liquid carbon dioxide which is miscible with alcohol. The
near zero surface tension of the CO; /g and solvent prevents the structure from collapsing upon
drying, thus preserving the nanopores. As a result, acrogels are highly porous, low-density materials
consisting of nano-sized pores, which can be used in a number of applications such as catalysis, drug

delivery, thermal insulation, and more recently in tissue engineering [155, 156].

24.2.1  Sol-gel derived borate glasses

While the sol-gel process has been extensively studied for silicate systems, there is a distinct
lack of literature of sol-gel derived borate glasses. This may be due to the more complicated bonding
nature of borate glass systems (section 2.3.2), which tends to form three- and four-coordination
compared to the typically four-coordinated silicate glasses [21, 157]. Lower coordination leads to
greater difficulty in forming a gel due to reduced bonds in the z-direction, thus reducing the 3D
character. Alkyl borates rapidly hydrolyze to form boric acid (Eqn. 4) and, in an aqueous solution, it

can further hydrolyze to form borate ions (Eqn. 5):

B(OR); + 3H,O = B(OH); + 3ROH )
B(OH); + H:O = B(OH)y + H' )

It is thought that the coordination of boron depends on the concentration of water and pH
[157] leading to polyborate formation which are thought to be the backbone of the gel. In alcoholic
solutions of alkali borates, it is speculated that a critical concentration of a tetrahedrally coordinated

boron is needed. This may require a minimum level of alkali addition or perhaps sufficiently high pH
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where tetrahedrally coordinated borate is dominant [21]. Brinker described a mechanism of
polyborate formation (Figure 2.13). In this proposed mechanism, it is thought that both the hydrolysis
and condensation reactions occur via the SN mechanism, which involves nucleophilic attack of either
the OR or OH ligands of the electrophilic, trigonal boron with the elimination of water or alcohol
[21].

Despite this lack of literature, the fabrication of sol-gel borate glasses was first reported by
Tohge and colleagues, which was based on a simple binary system (80)B.O;-(20)NaxO (mol%) [158].
Other borate-based systems have been reported only for binary sodium [159], lithium [160], and
barium [161] compositions with little detail of chemistries, except that large additions of water result
in precipitation [157]. Other elements such as Si [162] and Ti [163] have also been examined yet,
studies regarding applications of any of these glasses are scarce. Brinker and colleagues studied a
borate-lithium aerogel and noted that B-O-B linkages between primary units required at least one four-
coordinated boron unit [157]. More recently, Bengisu created a series of high borate containing (>
87% B,O3) di and tri-borate glasses doped with lithium or phosphate or both [164]. However, only
compositions with lithium formed bulk gels while the other compositions resulted in direct
precipitation.

Borate has also been added as a structural element in other sol-gel systems. For example,
Carta el al. examined gel formation in the 40(P>O5)—x(B.O3)—(60—x)(Na,O) (10<x<30 mol%) system
[165]. Itwas reported that replacing sodium oxide with borate led to improved glass thermal stability,

decreased its hygroscopic nature, and increased its bond strength by forming new P-O-B bonds, where
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Figure 2.13 Hydrolysis and condensation reactions under neutral conditions via the SN mechanism through
nucleophilic attack of OH or OR ligands on electrophilic, trigonal boron followed by the elimination of alcohol of
water (Brinker and Scherer 1990).
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the boron was almost entirely in four-fold coordination. In a follow-up study, Carta et al. explored
the effect of borate addition in 40(P20s5)—x(B203)—(60—x)(Na,O) (10=x=25 mol%) glasses [166] and
confirmed that increasing the amount of borate led to a greater amorphous character and an increase

in B-O-P bonds.

24.3 Sol-gel silicate-based bioactive glasses

As discussed in section 2.4.2, the sol-gel method is a flexible, solution based approach to
making glass. Post hydrolysis, the precursors undergo condensation reactions to form the initial sol,
which is then followed by additional polycondensation reactions to generate a gel (ze., the glass
network). While melt-quench derived glasses require a SiO, content of =< 60 mol% in order to be
bioactive, HCA formation is possible up to 90 mol% SiO, content when produced via sol-gel
processing [15]. This is due to the excess —OH groups that are incorporated into the glass network
during processing, which lowers Nc to a greater extent [170]. Furthermore, inherently, sol-gel
processed glasses have nanoscale porosity, which are generated by the elimination of the organic
precursor species during the drying step. This greatly increases their specific surface area and allows
for their rapid degradation and HCA conversion when placed in physiological environments [170].

The first sol-gel derived bioactive glasses were created in the early 1990s, which were based
on the ternary system [(100-x)SiO—(x-4)CaO—(4)P.Os, x = 40, 30, 20 (mol%)] [15, 171]. Fourier
Transform Infrared (FTIR) Spectroscopy of these glasses post immersion in tris-buffer solution and
SBF, identified HCA associated phosphate peak formation. Attributable to the enhanced textural
properties of this sol-gel derived composition, these glasses converted more rapidly to bone-like
mineral when compared to melt-quench derived glasses [172]. One of the compositions from Li et
al. [15] became a ‘standard’ sol-gel composition “58S5” [(60)SiO»-(36)CaO-(4)P,Os (mol%)| and has
since been well studied [172, 173].

Christoduoulou et al. showed that the ionic release products from a sol-gel derived 58S glass
exposed to primary human osteoblasts promoted the upregulation and gene expression of common
osteogenic markers such as alkaline phosphatase, osteocalcin, and osteopontin. However, the results
were not statistically significant when compared to non 58S treated well plates [174]. This study also
identified that a narrow range of 58S glass dissolution products (Si > 50 ppm) enhanced the occurrence
of mature, terminally differentiated osteoblast with prolonged periods in culture.

Another commonly studied silicate-based composition is “708S30C” [(70)SiO»-(30)CaO (mol
%)]. Although this glass is phosphorous free, it has been shown to be bioactive [175], for example,

Radev and coworkers used FTIR to demonstrate phosphate peak formation after soaking in 1.5X SBF
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[176]. Lin and coworkers were able to tailor the nanoporosity of this composition by adding specific
amounts of trimethylethoxysilane (TMES) during the sol—gel process [177]. Further work studied the
effect of protein interactions with these glasses and found that modal pore diameters > 6 nm were
accessible to fibrinogen while < 2 nm diameters inhibited their penetration [178]. Along with the
addition of TMES, the glass surface could also be controlled by its composition, gelling pH, and final
calcination temperature, all of which can affect its bioactivity. Zhang et al. found that sol-gel derived
70S glass particles could be encapsulated with alginate to help with murine embryonic stem cell
expansion and differentiation using a bioreactor system [175]. This therapy showed promising results
for bone transplantation where the glass particles could improve the bone bonding rate by rapidly
forming HCA within the implanted matrix.

Since melt-derived glasses often require a flux in order to lower the melting temperature of
the glass as discussed in section 2.4.1, one of the main advantages of the sol-gel process is that it
negates the use of sodium, thus allowing for simplified compositions. Since the glass network is
essentially formed at room temperature no fluxes are needed and thus are not often included in sol-
gel compositions [82]. Notwithstanding this, Na containing sol-gel-derived glasses have been made
which are thought to help increase the dissolution rates of glasses. To improve the textural properties
of Bioglass®, the sol-gel process has been implemented. For example, Pirayesh et al. created 4585
glass-ceramic particles through this process [179] where a calcination temperature of 700 °C resulted
in 80% crystallinity. However, upon immersion in SBF, an HCA layer was detected after 21 days
similar to that of the melt-quench derived glass. However, the HCA layer for the sol-gel glass appeared
to be finer [179]. Cacciotti et al. also created a gel-derived 45S5 glass and demonstrated that the
calcination temperature and dwell time influenced crystalline phase evolution and microstructure thus
impacting the dissolution rate which is important for bone repair [180].

Faurea and researchers recently developed a new method to create a sol-gel derived 4585 glass
by replacing the commonly used nitric acid catalyst with citric acid [181]. These glasses showed
increased Ca and P amounts using energy dispersive spectroscopy (EDAX) and SEM within 4 hours,
thus demonstrating a significantly more rapid HCA formation compared with the melt-quench derived
equivalent. It was also reported that the more mild processing conditions of the citric acid route can
be more attractive as it allows for the addition and encapsulation of biomolecules (e.g., drugs, growth
factors, etc.) that can help accelerate bone growth [181]. Similarly, by using a multi-step, nitrate-free
method, Rezabeigi et al. created a 4585 sol-gel derived glass with 10 times greater surface areas than

that of melt-quench derived glasses [182].
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While sol-gel derived glasses show more rapid conversion rates to HCA, they often have low
strength (2-3 MPa) [183], and thus are mainly used in low-load sites only. Furthermore, they are often
limited to particulate form after calcination since it is difficult to maintain a crack free monolith during
drying. To overcome these limitations, the conversion of these glasses to 3D scaffolds may tailor the
mechanical and dissolution properties, and potentially widening their potential range of applications.
While most bioactive glasses suffer from poor mechanical properties, 3D printing alighed bioactive
silicate glass scaffolds has proven successful in large segmental bone defects in a rabbit femur
segmental defect model [184].

As discussed in section 2.4.2.1, borate-based sol-gel glasses are uncommon and their
applications have so far not been intended for biomedical applications. However, there has also been
recent work of incorporating borate in silicate-based sol-gel systems to help improve bioactivity.
Cicero et al. doped a silicate based sol-gel glass (x)B.O3[100—x](61)S102-(9)P.05-(30)CaO (x = 0 — 30,
mol%) and found that the amount of borate effected the structure and type of HCA formation in SBF
[185]. Partially crystalline glasses were obtained with samples up to 10 mol% B»O; while higher borate
content produced more vitreous forms. Furthermore, less than 10 mol% B,Os lead to both A-type
HCA and HA formation while increasing the amount of borate resulted in amorphous B-type HCA
formation. Seyedmomeni et al. found that in a (64)SiO—(26-x)CaO—(5)P>05—(5)ZnO—(x)B.0O; (x =
5, 10, 15 in mol%) composition, increasing the borate amount to =210 mol% led to both increased

crystallinity of the as-made glass but also increased its bioactivity in SBF [186].
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3 Statement of the Problem

Bone repair is a major health concern due to an ever-increasing ageing population. While
traditional methods such as autografts, allografts, and xenografts have demonstrated success, their
drawbacks have led to a great push for novel synthetic bone graft materials. Bioactive glasses offer
distinct advantages as their chemistry can be tailored to convert to bone-like mineral while
homogeneously releasing ions which help trigger the body’s natural healing mechanisms.

Today, the most common and successful bioactive glass, is the Bioglass” 4585 formulation
[82]. While hundreds of studies have been performed on this glass composition along with achieving
great commercial success [12], problems still remain with its slow and incomplete dissolution [92],
along with its limited processing flexibility and the tendency to crystalize [82]. Although the advent
of sol-gel processing has improved the textural properties of these glasses and greatly expanded the
compositional range that are considered to be bioactive [15], the dissolution rate is still slow and
incomplete due the inherent silicate chemistry.

This has led to investigating alternate bioactive glass systems such as those based on
phosphates [110] or borates [19]. While phosphate glasses can fully and linearly dissolve, their
dissolution products typically do not increase the pH locally [187], which may reduce the ability for
HCA deposition thus impacting their potential in bone repair applications. Due to the unique
chemistry of borate glasses, their lower chemical durability allows for rapid and complete conversion
to bone-like mineral [17]. Therefore, there has been an increase in interest in using borate glasses for
a wide variety of tissue engineering applications from bone repair to wound healing [92]. However,
there is potential to improve the reaction rates and widen the compositional range of these glasses to
potentially provide rapid, tailored healing.

While sol-gel derived silicate [152] and phosphate glasses [166, 188-191] have been well
studied, literature on sol-gel borate glasses is sparse and to the best of our knowledge there are no
studies on bioactive sol-gel-derived borate glasses. Thus, this dissertation focuses on the fabrication
and characterization of novel, sol-gel derived borate glasses for bone tissue engineering applications.
It also expands the processing knowledge of sol-gel borate glasses that can possibly be used in other
tissue engineering applications. Despite the great potential of borate-based glasses to be used in bone

tissue engineering applications, the use of borate in sol-gel processing is relatively not well documented
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and the few existing examples mainly examine the overall glass structure [146, 157, 158, 160, 162, 164].
Thus, there is an opportunity to combine the inherently lower chemical durability of borate glasses
with increased textural properties through the sol-gel process to create highly bioactive sol-gel-derived

borate glasses for bone tissue engineering applications.
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4  Highly Bioactive Sol-Gel-Derived Borate Glasses

Borate glasses have recently gained much interest in bone tissue engineering applications since
they are less chemically durable than silicate-based glasses, thus allowing for the rapid conversion to
bone-like mineral. Itis also well known that the sol-gel process can increase the rate of bone bonding
due to its ability to enhance the glass textural properties. While sol-gel borate glasses have been
previously fabricated, there are no studies on assessing bioactive compositions. Thus, the objective
of Chapter 4 is to describe the processing of six SGBG compositions based on a borate-substituted
“4585” glass and their resultant structural, textural, reactive, and bioactive properties. This work was
reported in a manuscript published in the peer-reviewed journal Chemistry of Materials and is reproduced

below.
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Abstract

Attributable to their low chemical durability, borate-based glasses have been demonstrated to
convert rapidly to hydroxy-carbonated apatite (HCA), the inorganic component of bone. However,
the effect of sol-gel processing on the bioactivity of borate-based glasses has not been investigated.
In this study, the gel and glass forming abilities of six different borate-based glass formulations with
borate content ranging from 36 to 61 mol% and based on a previously studied four component melt-
derived glass system [(46.1)B2Os-(26.9)CaO-(24.4)Na,O-(2.6)P.Os; mol%], were investigated.
Compared to melt-quench, sol-gel processing fabricated nanoporous glass particles with at least two
orders of magnitude greater values for specific surface areas and total pore volumes, which translated
to dramatically higher aqueous interaction and ion release rates. Surprisingly, when immersed in
simulated body fluid, HCA conversion was achieved in as little as 3 hours for sol-gel derived borate
based glasses, demonstrating a 25-fold increase in mineralization rate when compared to melt derived
equivalents. The ability of the sol-gel derived borate-based glasses to rapidly convert to bone-like
HCA holds promise in numerous potential tissue engineering applications, including the repair and

augmentation of mineralized tissues.
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4.1 Introduction

Since their initial conception more than 45 years ago, bioactive silicate-based glasses have been
widely studied, of which Bioglass® (“45S57; (46.1)SiO,-(26.9)CaO-(24.4)Na,O-(2.6)P>Os, by mol%),
has been in clinical use for more than two decades [10, 35, 92, 192]. Owing to their ability to release
ions in physiological environments, a layer of hydroxy-carbonated apatite (HCA) is formed on the
surface of bioactive glasses, which has been shown to promote bonding to bone tissue. However, as
a consequence of the slow and incomplete dissolution of silicate-based glasses, there has been a recent
growth in interest in bioactive glasses based on other network forming oxides (e.g. phosphates, borates)
[193, 194]. In particular, and attributable to their lower chemical durability, borate-based glasses have
been shown to undergo more rapid degradation and conversion to HCA when compared to silicate-
based glasses [16, 17, 19, 131, 138, 195]. Furthermore, while the excess release of boron can be toxic
[196], borate-based glasses have been demonstrated to support the proliferation and differentiation of
stem cells, 2z vitro [135, 136, 197]. Numerous studies have also shown that these glasses are able to
regrow bone with no toxicity, iz vive [141, 198, 199]. More widely, borate-based glasses are being used
as substrates to treat bone infection [200-202], in wound healing applications [143, 203-205], as well
as neural substrates for axon growth [2006].

While the majority of bioactive glasses are melt-quench derived, the sol-gel process has
demonstrated distinct advantages, including increased surface area, nanoporosity, purity, and
homogeneity, coupled with reduced processing temperatures [82, 152, 173, 207]. In contrast to
silicate-based sol-gels where the main network former is tetrahedrally coordinated [SiO4] resulting in
a strongly interconnected network [20], in borate-based glasses, the boron ion is typically trigonally
coordinated giving it a pseudo three-dimensional character since the BOs; network is more planar.
However, it is also known that in many borate-based glass systems a fraction of the boron can be
four-coordinated [BO4], which depends on the amount of alkali metal present [208, 209].
Nevertheless, this combination of three- or four-fold coordination lowers the network connectivity
(N¢), which in turn reduces the chemical durability and increases the dissolution rate of the glasses
[17]. More importantly, this makes gel formation difficult, which may have resulted in the sol-gel
processing of borate-based glasses being relatively poorly studied. Notwithstanding this, the first sol-
gel borate-based glasses, fabricated by Tohge and colleagues [158], were typically either two- or three-
component systems often modified with alkali metals such as Na, K, and Li [160, 210] along with

other elements such as Si [162] and T1.[163] Yet, studies regarding their applications are scatce.
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Today, borates are commonly added to increase the thermal shock resistance of silicate-based
glasses and used to produce non-linear optical materials (e.g, beta-barium borate thin films) through
the sol-gel method [161, 211]. For more biomedical focused compositions, boron has been used as a
modifier in the sol-gel process [166, 212, 213] and as the main component in a sol-gel precipitation
method [214]. Recently, the addition of up to 20 mol% borate was shown to improve the apatite
forming ability of silicate-based glasses produced through a sol-gel process [185]. However, to date,
a multi-component glass with borate as the network forming oxide has not been made using sol gel
processing, and the effect of sol-gel processing on the bioactivity of such borate based glasses has not
yet been investigated.

Herein, the creation of bioactive sol-gel derived borate-based glasses (SGBGs) has been
attempted for the first time. The gel and glass forming abilities of six different SGBG formulations
with borate content ranging from 36 to 61 mol%, based on a previously studied four component melt-
derived boron substituted 4555 glass (“45B5”) [17, 134], were investigated. The effect of sol-gel
processing and composition on the glass nanoporous properties were analysed. Furthermore, in order
to investigate the reactivity and bioactivity of SGBGs, their aqueous interactions, ion release and

mineralization in simulated body fluid (SBF) were characterized.

4.2  Experimental

Materials

Boric acid (299.5%), monosodium phosphate (>99%), sodium carbonate (=99.5%), calcium
carbonate (299%), and anhydrous ethanol were all purchased from Sigma Aldrich (Canada). Triethyl
phosphate (>99.8%) and sodium methoxide (25 wt.% in methanol) were obtained from Fisher
Scientific (Canada). Calcium methoxyethoxide (20% in methoxyethanol) was purchased from Gelest
(USA).
Sol-gel processing

All materials were used as received and all sol-gel processing took place within a nitrogen gas
purged glove box. Boric acid was first added to anhydrous ethanol in a watch glass-covered Teflon
beaker, and magnetically stirred at 40+3 °C to aid dissolution. Once the solution was clear, triethyl
phosphate, calcium methoxyethoxide, and sodium methoxide were added in a drop wise manner at
30 min intervals. After the final addition, the solution was mixed for a further 30 min or until the
viscosity was too high for any further stirring. The sol was then cast into polypropylene vials, sealed,

and stored at 37 °C for further gelation and ageing. After 10 days, the gels were removed and placed
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in crystallization dishes and dried in air at room temperature for 1 day, followed by oven drying at 120
°C for a further 2 days. Table 4.1 gives the investigated SGBG compositions.

To investigate the effect of calcination temperature on the properties of the SGBGs,
calcination of the as-made particles were carried out in air at 400, 450, 500, 550 and 600 °C. All
temperatures were reached at a heating rate of 3 °C/min, followed by a 2 h dwell time, and then
furnace cooled. Following calcination, the particles were ground and sieved to isolate a particle size
fraction of 25 — 75 um and stored in a desiccator until analysis. A melt-derived borate glass (“45B5”),
equivalent to B46, was generated through melt-quenching, as previously described.[17]. Here, boric
acid, monosodium phosphate, sodium carbonate, and calcium carbonate were thoroughly dry mixed
and placed in a Pt crucible then heated at 1100 °C for 2 h with intermediate stirring to insure
homogeneity. The melt was then rapidly quenched between two steel plates and the resultant glass
was ground to 25 — 75 um particles.

Particle characterization

The particle size (Dsg) of the sieved glass powders was determined using a Horiba LA-920
(ATS Scientific Ink., Canada). The specific surface area of the calcined powders (400 °C, n=3) sieved
to 25 — 75 um were measured with nitrogen gas adsorption and desorption isotherms collected with a
Micromeritics TriStar 3000 (Micromeritics Instrument Corporation, USA) gas sorption system.
Specific surface area (SSA) values were determined from the isotherm with the Brunauer—Emmett—
Teller (BET) method.[215] The Barrett—Joyner—Halenda (BJH) method,[216] using the adsorption
isotherms, provided the average pore width and pore volume values.

Thermal analysis

Differential scanning calorimetry was performed with a Jupiter STA 449 (Netzsch, Germany)
using 30 mg of calcined glass powder in a Pt crucible under flowing argon purge. Analysis was carried
out between 50 and 1000 °C at a heating rate of 10 °C/min and the output was used to calculate glass
transition and crystallization temperatures (T, and T, respectively).

X-ray diffraction

X-ray diffraction (XRD) diffractograms of the glasses were analyzed with a Bruker D8
Discover X-ray diffractometer (Bruker AXSS Inc., USA) equipped with a CuKa (A = 0.15406 nm)
target set to a power level of 40 mV and 40 mA. Using an area detector, three frames of 25° were
collected from 15 — 75 2 theta (°) and merged in post processing. Phase identification was carried out

using X’Pert Highscore Plus (PANalytical, Netherlands).
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Attenuated total reflectance-Fourier transform infrared spectroscopy

Attenuated total reflectance-Fourier transform infrared (ATR-FTIR) spectroscopy was carried
out using a Spectrum 400 (Perkin-Elmer, USA) between 4000 and 650 cm™ with a resolution of 4
cm’ using 64 scans per sample. All spectra were baseline corrected and normalized to the total area
surface area under absorption bands using Spectrum software (Perkin-Elmer, USA).
Nuclear magnetic resonance

Solid state ''B nuclear magnetic resonance (NMR) was used to examine the structure of the
glasses. ''B NMR spectra were recorded on an Agilent/Varian VNMRS300 spectrometer with a ''B
frequency of 96.2 MHz. Approximately 2000 accumulations for each spectra were obtained by
applying a 90 degree pulse of microseconds every 8 seconds with proton decoupling.
Dynamic vaponr sorption

In order to investigate the aqueous interactions of SGBGs, their vapour sorption was
examined using a DVS Intrinsic (Surface Measurement Systems Ltd., UK), which measures mass
changes (£ 0.1 pg) under controlled humidity and temperature. Approximately 5 mg of SGBG
particles was placed in an aluminum pan and inserted into a chamber at 37£0.05 °C. Two methods of
analysis were carried out: 1) the relative humidity (RH) was increased stepwise at 5% RH up to 90%
RH then back down to 0% RH while the relative mass change was measured when equilibrium was
reached or after maximum of 4 h; 2) the glass particles were directly exposed to 90% RH for 6 h, and
then to 0% RH for a further 6 h.
Inductively coupled plasma optical emission spectrometry

Release of boron, calcium, sodium and phosphorus ions from glass powders in deionized
water (DIW) at a 1.5 mg/mlL ratio, were quantified using an inductively coupled plasma— optical
emission spectrophotometer (ICP-OES, Thermo Scientific iCAP 6500, USA). Aliquots of 10 mL
were filtered through a 0.2 um nylon filter and stored in a 15 mL falcon tube to which 4% (w/v) nitric
acid (Fisher Scientific, Canada) was added. NIST standards were used as calibration values. The pH
of the DIW solution was measured at each time point using an Accumet XIL.20 pH meter (Fisher
Scientific).
Scanning electron microscopy

Scanning electron microscopy (SEM) was used to investigate the morphological properties of
the glass powders. Samples were sputter coated with Au/Pd and analysis was petformed with an
Inspect F50 Field Emission Scanning Electron Microscope (FEI Corporation, USA) at 10kV. To
determine HCA conversion, Energy Dispersive Spectroscopy (EDS) using an attached EDAX and a
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TEAM EDS Analysis System was performed at 20kV on 8 unique glass surface areas to determine
the Ca/P ratio at the 6 h and 7 d time points.
Bioactivity

The zn vitro mineralization of the glasses was examined using Kokubo’s SBF (pH 7.4) [117].
Glass powder was added to sterile 50 mL falcon tubes containing SBF at a 1.5 mg/mL ratio and stored
at 3711 °C. Twice per day, the vials were gently agitated in order to prevent agglomeration.
Mineralization of the glasses was examined at 6 h, 1 d, 3 d, and 7 d time points when the powders
were gently rinsed twice with DIW then twice with ethanol, dried overnight at room temperature, and
then dried in an oven at 60 °C for 1 d. The pH of the SBF solution was measured at each time point

using an Accumet X1.20 pH meter (Fisher Scientific).

4.3 Results and Discussion

Sol-gel processing

Figure 4.1 provides an overview (using B406) of the sol-gel process. During this process, boric
acid was dissolved in ethanol, which created excess water, thus allowing for hydrolysis and
polycondensation reactions, and eventually leading to the gelling of the precursor materials. A
schematic of this proposed network formation is presented in Figure $4.10. All compositions formed
a gel, as qualitatively confirmed by placing the storage vials upside down and noting no flow. The
viscosity of all compositions increased post mixing and sol formation was initiated almost
immediately, except for B36, which exhibited two distinct phases; a bottom precipitate layer, and a
clear gel layer similar to the other compositions (Figure S2). Monolithic gels also formed in larger
containers (Figure 4.1) demonstrating the scalability of this process. Upon monolith drying, as-made

particles were generated, as often observed with non-silicate-based sol-gel systems [158, 166]. XRD

Table 4.1 Glass compositions

Glass Composition (mol %) Composition (wt %)

D B,0; Ca0 Na,0 P,0s B,0; Ca0 Na,0 P,0s
B36 36.2 31.9 28.9 3 38.6 27.4 274 6.6
B41 41.1 29.4 26.6 2.8 43.6 25.2 25.2 6.1
B46 46.1 26.9 24.4 2.6 48.6 22.9 22.9 5.6
B51 51.1 24.4 221 2.4 53.6 20.7 20.7 5.1
B56 56.1 21.9 19.8 2.2 58.6 18.4 18.4 4.6
B61 61.3 19.3 17.5 1.9 63.6 16.2 16.2 4.1
45B5 46.1 26.9 24.4 2.6 48.6 22.9 22.9 5.6
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(i) Mixing (i) Casting and Ageing (iii) Gel Monolith (iv) Drying (v) Calcination

as cast 5d 10d

Figure 4.1. An overview of the sol-gel process; (i) mixing of precursor materials, (ii) casting and ageing, (iii) gel
monoliths at day 10, (iv) drying, and (v) post calcination at 400 °C (scale bars =1 cm). (iii) Demonstrates the scaling
up possibilities.

diffractograms of the as-made glass particles displayed two broad humps indicating their amorphous
and homogenous nature, except for B36, which displayed a number of minor peaks, attributable to a
precipitate phase (Figure S4.11).

XRD diffractograms of SGBGs calcined at different temperatures indicated their progressive
crystallization with temperature, with low borate content glasses crystallizing at lower temperatures
(Figure 4.2). All SGBGs underwent crystallisation when calcined at 600 °C, with the majority resulting
in a form of Na-Ca-B phase, indicating the successful incorporation of the precursors into the glass
network during processing. It was also found that glasses with higher sodium content tended to
crystallise at lower temperatures; an effect previously observed in sol-gel derived silicate-based glasses
[163]. This was corroborated by ATR-FTIR spectroscopy which showed sharp, doublet peaks at
increased calcination temperatures, indicating crystallization (Figure $4.12).

Properties of calcined SGBGs

Since all SGBGs remained amorphous post calcination at 400 °C, this temperature was chosen
in this study to investigate the properties of the various glasses. Calcination at this temperature yielded
glass particles of high SSA and large pore volume values (Table 4.2). There was an increase in these

parameters with an increase in glass borate content, indicating that the low borate content glasses
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Figure 4.2 Effect of calcination temperature on SGBG structure. XRD diffractograms of calcined glasses indicate
the amorphous characteristics by the presence of two broad humps. Crystallization of the glasses was initiated
at higher calcination temperatures and was dependent on SGBG composition. All SGBG compositions
crystallised at 600 °C.
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Table 4.2 Glass Textural and Thermal Properties: Average Median Diameter (Dso), Specific Surface
Area (SSA), Average Pore Width and Average Pore Volume as well as Glass Transition
Temperature (Ty) and Crystallization Temperature (T.)

D D50 SSA Pore Width Pore Volume Tq T,
(um) (m?/g) (nm) (cm’/q) O (O

B36 34.7 549+7.7 328+2.0 0.42 £0.06 431 474
B41 34.6 718183 33.2+£1.9 0.65 £0.11 441 510
B46 43.8 938 £8.2 289 0.7 0.74 £ 0.05 453 525
B51 33.7 114.2 £ 14.9 32.9+1.0 0.94 £0.18 474 579
B56 38.8 121.0+12.9 296 £04 0.98 £0.11 485 632
B61 47.1 1384 +11.8 29.0+£0.7 1.18 £ 0.12 484 639
45B5 441 0.238 £0.017 34.0 £ 8.6 0.00089 =+ 0.00006 473 531

underwent greater extents of densification at lower temperatures, likely leading to their earlier
crystallization (Figure S4.13) [217]. In contrast, the average pore width remained consistent, which
can be attributed to the uniform processing conditions. Compared to the melt-derived 45B5, the SSA
and total pore volume of B46 were ~400 and ~800 times greater, respectively. On the other hand, an
increase in the calcination temperature of B46 led to a decrease in these parameters (Figure S4.13).
Thermal analysis of the calcined SGBGs indicated that there was an increase in both T, and T. with
an increase in glass borate content and corroborated their crystallization trends observed through
XRD. Previously, it has been shown that the addition of B,Oj3 increased the T, of phosphate-based
glasses [165].

ATR-FTIR spectroscopy was used to analyse the bonding regions of the calcined SGBGs
(Figure 4.3). The three main regions associated with borate-based glasses were present at 850 — 1200
cm’ (B-O stretching of BO, units), 1200 — 1500 em™ (B-O stretching of BOs units), and a band at
~720 cm™ attributable to the B-O—B bending of BO; units, which was more defined in lower borate
content glasses [218-220]. With a decrease in glass borate content, the broad band between ~942 and
~1000 cm™, attributable to the B—O linkages of BO, [165, 221-223], formed a defined shoulder peak
at ~870 cm™', which is characteristic of the B-O stretching of boroxol rings as obsetrved in the B36 to
B51 range of the SGBGs. A comparison of the spectra of 45B5 and B46 indicated that both glasses
were of analogous structures as they displayed similar peaks.

"B MAS NMR spectroscopy provided geometrical information on the borate unit (Figure 4.3).
All calcined SGBGs exhibited a large, sharp peak near 0 ppm, which can be attributed to ''B nuclei
occupying a relatively symmetric site in the chemical structure. The small broadening to the right of

this peak, as seen in B46 — B61, may be due to ''B in less symmetric sites. B36, B41, and B61 showed
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greater broadening on the left side, which may indicate ''B in asymmetric sites (i.e., BO3) or the same
amount but in sites of less symmetry. The resonance associated with BO4 was quite narrow located
in a chemical shift range of 0 and -11 ppm due to its small quadrupole coupling constant. Conversely,
BO:s has a stronger quadrupole interaction and produces a more broad resonance between 14 and 18
ppm. Furthermore, when ''B occupies a state of low symmetry, the relaxation times are relatively
short (100 ms) due to its quadrupole nucleus. The glasses analyzed in this study required an 8-second
delay between pulses, which suggested that the ''B were in a state of high symmetry and likely to be
tetrahedrally coordinated, supporting the ATR-FTIR spectra.

A plot of the relationship between Nc¢ (Supporting Information) and the difference between
T and T, of each glass composition, demonstrated a linear correlation (R* = 0.9384; Figure 4.3). An
increase in the difference between Tt and T, provides a good estimate of the tendency of the glass to
remain amorphous [224, 225], which was used to predict the glass forming ability of the SGBGs. As
verified by XRD and ATR-FTIR (Figure 4.2 and Figure S4.12, respectively), glasses with higher borate
content remained amorphous at higher calcination temperatures and suggested that these

compositions favored glass formation.
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Figure 4.3 Characterisation of calcined SGBGs. (a) ATR-FTIR spectra of the SGBGs calcined at 400 °C and 45B5
indicate typical borate bonding modes. (b) 11B MAS NMR of the SGBGs calcined at 400 °C including 45B5. (c)
Glass forming ability as indicated by the trend of the difference between T. and T4 versus Nc. Compositions
with higher borate content were more likely to form a glass, as demonstrated by the increase in the difference
between T.and T,

SGBG aqueons interactions and ion release
Attributable to their relatively lower chemical durability, borate-based glasses have been shown

to undergo more rapid dissolution when compared to silicate-based glasses [17, 226]. In this study,
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DVS was used to investigate the immediate aqueous interactions of SGBGs as an indicator of their
reactivity and potential solubility, by gravimetrically measuring their sorption and desorption of water
vapour at different RH values [227]. Under a stepwise increase in RH, the % mass change for all
SGBGs was similar up to 60% RH, above which there was a significant increase in mass (Figure 4.4).
The mass change at 90% RH correlated with glass composition with the lower borate content glass,
B30, resulting in ~74% increase, compared to ~36% for B61. Upon decreasing RH, desorption
mainly occurred between 90 and 55% RH, and the final mass change at 0% RH ranged between 19.5
and 23.7%, which correlated with SGBG composition. With regard to the melt-derived 45B5, there
was no mass change up to 65% RH, above which there was a gradual increase up to ~11% at 90%
RH. Desorption in 45B5 mainly occurred between 90 and 65% RH reaching a final mass change of
~3%.

Under the direct exposure of SGBGs to 90% RH, there was an immediate rapid increase in
mass within the first 2 h that was followed by a slower rate of increase up to 6 h (Figure 4.4). The
rate and extent of mass change (~58 to ~41%) were dependent on SGBG composition, and increased
with a decrease in glass borate content suggesting greater extents of reactivity. Upon immediately
lowering the RH to 0%, there was a rapid decrease in mass with lower borate content glasses indicating
greater extents of final % mass change. In contrast to SGBGs, the direct exposure of 45B5 to 90%
RH resulted in ~11% mass increase at 6 h, and was less than that of B46 (~48%). In addition, beyond
the first 2 h, 45B5 experienced a relatively linear rate of % mass increase, similar to that experienced
by melt-derived silicate [228] and phosphate-based glasses [227].

Therefore, reactivity, as indicated by vapour sorption, was found to be highly dependent on
SGBG composition, where atomic and molecular structures play prominent roles in the chemical
durability of multi-component glasses [82, 229] and can be related to Nc [127, 129]. It is likely that in
the case of lower borate content glasses, the fewer boron units resulted in more terminal groups,
specifically OH , which were more prone to aqueous interaction and resulted in higher extents of
mass change. This is particularly relevant to sol-gel derived glasses as these terminal groups are not
fully removed during drying and calcination [82]. On the other hand, the role of SGBG textural
properties (SSA and pore volume) were prominent as B46 and 45B5 experienced drastically different

% mass changes.
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Figure 4.4 Reactivity through vapour adsorption. (a) The stepwise increase in % RH, with adsorption (solid line)
and desorption (dashed line), indicated that lower borate content glasses experienced higher % mass changes.
(b) The direct exposure to 90% RH showed a rapid increase in mass. The rate and extent of mass change were
dependent on SGBG composition, and increased with a decrease in glass borate content suggesting greater

extents of reactivity.

ICP-OES measurements up to day 7 in DIW revealed the release of all four SGBG
components (Figure 4.5). There were rapid rates of release of boron and sodium ions, which were
dependent on borate and soda contents in the SGBGs, respectively. Beyond the 6 h time point, boron
and sodium ion concentrations remained constant, indicating their full release. Interestingly, while
the release rates of calcium and phosphorus ions were also rapid within the first 6 h, the extents of
the release of these ions was inversely related to glass composition. Furthermore, beyond the 6 h time
point, there was a concomitant decrease in the concentrations of these ions in solution that was
presumably due to their complexing. The rates of ion release from the SGBGs were supported by
changes in DIW pH, rapidly increasing within the first 6 h, then stabilising at a constant value, which

suggested full ion release (Figure S4.14).
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Figure 4.5 SGBG ion release. (a) Boron, (b) Calcium, (c) Sodium, and (d) Phosphorus ion release in DIW as
measured through ICP-OES.

The ion release profiles from SGBGs were distinct from those of the melt derived 45B5, which
demonstrated a slower, more gradual release rate, where by day 3, the concentration of boron ions in
solution reached a similar level to that of B46 achieved after 6 h. Sodium ion release was also higher
in 45B5, which may be due to the lower release of boron ions, leading to a more basic solution, as
previously reported [17]. The higher extent of sodium ion release resulted in higher pH values, even
with the significantly lower textural properties of the melt-derived 45B5. Furthermore, the release of
calcium ions from 45B5 displayed a contrasting trend to that of B46, where after the 6 h time point,
it steadily increased in concentration and eventually stabilized at day 3. The extent of phosphorus ion
release from 45B5 was found to be at least 10-fold lower when compared to B46.

Bioactivity in SBF

The bioactivity of the various SGBGs was investigated up to day 7 in SBF. ATR-FTIR
spectroscopy indicated that carbonated-apatite was initiated in as little as 6 h for all SGBGs, through
the formation of a strong band at ~1020 cm™ along with shoulders at ~961 and 1062 cm™, which are

characteristic of the bending modes v1 and v3 of PO.,” [230] respectively (Figure 4.6). In addition,
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the broad bands at ~1470 and ~1421 cm™ can be attributed to the stretching mode (v1) and (v3) of

CO5”, respectively, [231, 232] while the weak band at ~1640 cm™ is due to the bending mode (v2) of

water [233, 234].

commonly associated with carbonated-apatite [231, 232].

The sharp peak at 870 cm™ also indicates the bending mode (v2) of CO5™ as is

However, this peak was also observed in

the as-made SGBGs (Figure 4.3), particularly in lower borate content glasses as the B-O stretching of

boroxol rings, suggesting a combination of both structural forms. An increase in exposure time to

SBF corresponded with these peaks becoming sharper and more defined, indicating the progressive
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Figure 4.6 Mineralization in SBF solution. ATR-FTIR spectra before and after immersion in SBF for 6 h, 1 d, 3 d,
and 7 d. The bending mode (v3) of POs* at ~1020 cm’, which is characteristic of apatite formation, was
observed at the 6 h time point and became more defined at longer times in SBF.
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crystallization of HCA. While higher borate containing SGBGs presented more defined phosphate
peaks at earlier time points, the spectra at day 7 indicated smaller carbonate peaks.

XRD analysis confirmed apatite formation in 6 h as indicated by the appearance of peaks at
~25 and ~32° 20; characteristic of hydroxyapatite (“*”, JCPDS 9-0432) where higher borate content
glasses indicated more defined peaks (Figure 4.7). At day 1, all SGBGs displayed more prominent
broad apatite peaks, which may indicate the formation of nanometer-sized or partially crystalized HCA

[17]. On the other hand, B36 showed the formation of a calcite phase (“07, JCPDS 5-0580),
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Figure 4.7 Mineralization in SBF solution. XRD diffractograms before and after immersion in SBF for 6 h, 1d, 3 d,
and 7 d. Characteristic hydroxyapatite (“»” JCPDS 9-0432) peak formation initiated at the 6 h time point and

became more defined at longer times in SBF.
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attributable to its higher lime content, along with the lower Nc likely resulting in calcite forming
terminal groups. Furthermore, and in line with that observed in DIW, the increase in the pH of SBF
solution corresponded with glass borate content, thus favoring HCA formation (Figure S4.14).
Indeed, the conversion mechanism of borate-based glasses to hydroxyapatite is thought to be similar
to that of Bioglass® 45S5, but without the formation of an SiO; rich layer [17, 219]. It has been
described that in the case of borate-based glasses, an HCA is initially formed on the outer glass surface
which then continually reacts towards its center, causing a reduction in volume, until full conversion
has taken place [219]. This has been attributed to the relatively rapid release of BOs> and Na* ions,
while the remaining Ca** and PO,” ions from the glass migrate to the surface and react with similar
ions in the SBF solution leading to formation of an amorphous calcium-phosphate layer that
eventually crystalizes into HCA. With the SGBG formulations investigated in this study, it is proposed
that a similar mechanism of conversion occurs, yet at a significantly more rapid rate compared to melt-
derived glasses, attributable to their significantly higher textural properties and rapid ion release rates.
Therefore, in order to further examine the effect of sol-gel processing on the bioactivity of borate-

based glasses, the rates of mineralization of B46 and 45B5 were directly compared. Figure 4.8 shows

31828 +0135

Figure 4.8 Morphological characterization of B46 and 45B5 as a function of time in SBF. The initial textured
surface of the calcined B46 increased in roughness with time in SBF. As-made 45B5 demonstrated a smooth
surface that became rougher with time in SBF. EDA EDAX of B46 at 6 h indicated a Ca/P ratio of 1.6, closely
resembling that of hydroxyapatite. EDAX of both glasses at day 7 indicated similar Ca/P ratios.
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the SEM micrographs of these glasses as a function of time in SBF (Figure S4.15 shows the SEM
micrographs of all glasses at more extensive time points in SBF). Attributable to sol-gel processing,
the surface of calcined B46 exhibited a rough, nanoporous texture [82]; corroborating the textural
properties in Table 4.2. In contrast, 45B5 displayed a relatively smooth surface appearance, typical of
melt-derived glasses. However, surface roughness in both glasses became more apparent with time in
SBF, as has been previously observed in borate-based glasses [219, 235]. EDAX analysis of B46 after
6 h in SBF indicated the rapid formation of an apatite-like calcium-phosphate layer, with a Ca/P ratio
approaching that of HCA (1.60 + 0.01). This was in contrast to 45B5, where the Ca/P ratio at the 6
h time point was more reflective of the glass composition. However, by day 7 in SBF, a comparable
Ca/P ratio was observed in both glasses. ATR-FTIR spectroscopy of the glasses at earlier time points
in SBF indicated that HCA-like formation was achieved in as little as 0.5 h in B46, compared to 3 d in
the case of 45B5 (Figure 4.9). Furthermore, XRD diffractograms showed that HCA formation was
initiated after 3 h for B46, compared to 3 d for 45B5. This demonstration of the highly bioactive
nature of SGBGs, is unprecedented, and can be attributed to their ability to release greater extents of
phosphate ions, thus favoring rapid HCA formation in SBF. Indeed, in assessing the bioactivity of
melt-derived borate-based glasses, numerous studies have utilized either 0.02 M or 0.2 M K,HPO,
solution [226, 235-238], which provide supraphysiological concentrations of phosphate ions (20 and
200 fold higher compared to that in SBF, respectively) to enable calcium-phosphate formation and
the eventual conversion to hydroxyapatite [17]. As a comparison to SBF, this study also investigated
the mineralization of B46 and 45B5 in 0.02 M K,HPO, It was found that apatite formation initiated

within 6 h in both glasses, indicating that KoHPO, artificially promoted rates of mineralization in melt
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derived borate-based glasses (Figure S4.16). Therefore, while the use of SBF in assessing 7 vitro

bioactivity has been questioned [119], it can be regarded as more representative than KoHPO, solution.
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Figure 4.9 Mineralization rates of B46 and 45B5 in SBF solution. (a) ATR-FTIR spectra demonstrated that B46
rapidly (in 0.5 h) converted to carbonated-apatite compared to 45B5 (3 d). (b) XRD diffractograms indicated
typical hydroxyapatite peak formation (“«” JCPDS 9-0432) after 3 h for B46 compared to 3 d for 45B5.
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In terms of potential uses for the repair and augmentation of mineralized tissues (bones and
teeth), a rapid mineralization rate may be desirable as it can potentially lead to faster tissue repair.
However, a compromise may be necessary between rapid rates of ion release and biological responses.
To this end, and as has been demonstrated with silica-based glasses combined with the sol-gel
processing, numerous parameters can be easily adjusted to alter the properties and chemical durability
of the glasses, ultimately leading to the control release of therapeutically relevant ions for targeted
healing and repair [82]. This will be the subject of further research including the role of higher borate

containing glasses in regulating mineralization as well as cellular and tissue responses 7 vitro and in vivo.

4.4 Conclusions

Highly bioactive borate-based glasses have been created using a novel sol-gel processing route.
All glasses remained amorphous after calcination at 400 °C and demonstrated nanoporosity through
high specific surface areas and large pore volumes. Reactivity and ion release from the sol-gel derived
glasses were found to be composition dependent. Furthermore, the onset mineralization of all SGBG
compositions occurred within 3 hours in SBF, demonstrating at least a ~25 fold increase in bioactivity
rate relative to melt-derived borate-based glasses. The ability of the SGBGs to rapidly convert to
bone-like HCA holds promise for the repair and augmentation of mineralized tissues. Future work
will investigate the effect of these glasses on cellular functions as well as the role of other ionic doping
for a broader potential range of tissue engineering, antibacterial, and would healing applications.
Supporting Information

Details on gel network formation, a visual overview of gelation, XRD of the as-made glasses,
ATR-FTIR at higher calcination temperatures, pH, SEM, bioactivity using a KoHPO, solution as well
as the effect of calcination temperature on weight loss, specific surface area, and pore volume can be
found in XXX.
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4.5 Supporting Information

Sol-gel processing

A proposed process of gel formation is presented in Figure S4.10. It is thought that the
hydrolysis and condensation reactions can both occur using the Sx mechanisms involving the
nucleophilic attack of either the OR or OH ligands of the electrophilic, trigonal boron with the

elimination of water or alcohol [239].
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Figure S4.10 Gel network formation. A schematic showing the suggested route to borate glass network
formation during the sol-gel process (recreated from Brinker et al. 1990 [187].

The ability of B36 in forming a gel monolith may have been impacted by its low borate
(network forming oxide) content. Nevertheless, both of the formed phases were dried together and
used for comparison purposes. Lower borate content gels appeared darker orange in colour (Figure
S4.11), and upon calcination, all glass particles appeared off-white (Figure 4.1). XRD diffractograms
of as-made glass particles displayed two broad humps indicating their amorphous and homogenous
nature, except for B36, which displayed a number of minor peaks attributable to a precipitate phase

(Figure S4.11).
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Figure S4.11 Sol-gel derived borate-based glasses. (a) Visual representation of the gels cast over the 10-day
gelation period. B36 did not form a gel until day 3, where two distinct phases were observed. (b) XRD
diffractograms of the as-made glasses displayed two broad humps indicating their amorphous nature. B36, on the
other hand displayed a number of minor peaks, which may be due to a precipitated phase.

ATR-FTIR spectra of the as-made (AM) glasses displayed the peaks associated with borate-
based glasses [218-220], which were similar to and more defined than those of the calcined glasses
(Figure S4.12). An increase in calcination temperature led to greater extents of crystallization as
confirmed by the conversion of rounded peaks to more defined, sharp, doublet peaks. A calcination
temperature of 400 °C (“Calcined”) was chosen for the remainder of the study since all glasses
remained amorphous at this temperature (Figure 4.2), which are likely to be more bioactive compared
to partially crystallised glasses [82].

Properties of calcined SGBGs

Reduction in glass surface area is the driving force in densification [217] and the SGBGs with
lower borate content indicated the greatest extent of weight loss through calcination (Figure S4.13).
On the other hand, an increase in the calcination temperature of B46 led to a decrease in glass particle

SSA and pore volume (Figure $4.13).
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Figure S4.12 ATR-FTIR spectra of the SGBGs, as-made (AM) and calcined at different temperatures. Sharp, doublet
peaks indicate increasing crystallization with calcination temperature, corroborating the XRD diffractograms
shown in Figure 4.2.

Calenlation of SGBG network connectivity

Network connectivity (INc), which has been used to predict the bioactivity of glasses [127,
129], is a measure of the bridging oxygen bonds per network former (usually calculated for an Si atom
in silicate-based glasses). Nc is measured on a scale of 0 to 4, with 4 indicating a fully connected,
chemically most stable network (e.g., quartz). On the other hand, glasses with an Nc between 2 and
2.6 have generally been regarded as bioactive [128], e, Bioglass® (45S5), which has an Nc of 2.12

[129] as calculated using equation (6):

Ne = 4(Si02)—2[M£0.+M”0]+6[P205] ©)
[5102]

where M' and M" represent glass network modifiers sodium and calcium, respectively. Modeling and
NMR studies, have indicated that the phosphorous does not enter the glass network (¢, no Si— O —

P bonds are formed) and remains as an orthophosphate [PO,”], which is accounted for in the above
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calculation [129]. However, Si — O — P bonds can occur at higher P concentrations ( > 50 mol%)
[130].

In the case of borate-based glasses, while it is also possible to form B — O — P bonds [240], as
in the case of silicate-based glasses, it is assumed that the phosphorous does not enter the glass
network and is present in an orthophosphate. In addition, if it is assumed that boron is 4-coordinted,
as supported by the ATR-FTIR and NMR data (Figure 4.3), then a similar Nc value can be calculated

as that for Bioglass®. However, it should be noted that there are three main limitations to using this
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Figure S4.13 Properties of calcined SGBGs. (a) Percentage weight loss of SGBGs post calcination at 400 °C.
Glasses with lower borate content experienced greatest extent of weight loss upon calcination. (b) Effect of
calcination temperature on B46 SSA and pore volume. There was a decrease in these parameters with an
increase in calcination temperature.
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approach with sol-gel derived glasses, where: 1) the above calculation does not take into account the
increased surface area and porosity; 2) not all boron is 4-coordinated; and 3) the sol-gel process results
in residual OH" groups on the surface, which may contribute to the bioactivity rates of the SGBGs in
this study, even in Nc ranges where bioactivity is thought to be inhibited [128]. The latter, has been
previously demonstrated for sol-gel derived silicate-based glasses [15].
Measurement of DIW and SBF pH values in the presence of SGBGs

The extent of change in pH of the DIW and SBF solutions was dependent on SGBG
composition (Figure S4.14), where lower borate content SGBGs resulted in higher pH values in both

solutions, and can be attributed to higher extent of Na" ion release [17].

————;;
B8.0q = =

e T

..... * [=3

8.0 -+ B36 -+ B51
1 - B41 B56 - 45B5 d
55 - B46 -« B&1 (a) 74 (b)
(% 2‘4 7"2 IéS 6 24 7‘2 WéB
Time [h] Time [h]

Figure S4.14 Effect of SGBG dissolution on the pH of (a) DIW and (b) SBF. The increase in pH values
corresponded with SGBG composition, where glasses with lower borate content (i.e., higher soda content)
resulted in greater extents of pH increase.

SGBG mineralization in SBF

Figure S4.15 shows the SEM micrographs of all as-made and calcined (at 400 °C) SGBGs as
a function of time in SBF. As-made and calcined SGBGs were comprised of textured porous surfaces,
which became smoother after 6 h in SBF, attributable to the washing of loose nanoparticles. However,
the surfaces regained their textured appearance with time in SBF, and by day 7, the typically observed
HCA morphology was apparent, which correlated with ATR-FTIR and XRD (Figure 4.6 and Figure
4.7, respectively).

59



As Made Calcined 6h 1

4

B41

B56

45B5 -I-I-'-I-

Figure S4.15 Morphology of SGBGs. SEM micrographs of all as-made and 400 °C calcined SGBGs as a function
of time in SBF (scale bar = 2 um, inset = 500 nm). Glass surfaces became more textured with time in SBF;
attributable to HCA formation.
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Comparing the mineralization of B46 and 45B5 in 0.02 M K2HPOy solution

As a comparison to SBF, this study also investigated the mineralization of B46 and 45B5 in
0.02 M K,HPO,, which provided a 20 fold increase in phosphate content compared to SBF. It was
found that apatite formation initiated within 6 h in both glasses, indicating that KoHPO, artificially
promotes rates of 7z vitro mineralization through the provision of excess, non- physiological
concentrations of phosphate ions (Figure S4.16). Furthermore, the appearance of a sharper PO,> peak

and more pronounced shoulder regions in the ATR-FTIR spectra, indicated that the exposure to
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Figure S4.16 Mineralization rates of B46 and 45B5 in 0.02 M K;HPQ, solution. (a) ATR-FTIR spectra and (b) XRD
diffractograms indicated that apatite peak formation initiated after 6 h in both glasses demonstrating that the
K,HPO, solution is prone to giving favorable in vitro mineralization results.
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K;HPO, did not favor the production of COs* and OH" peaks, indicators of carbonated-apatite

formation.
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5 Effect of Processing Parameters on Sol-Gel-Derived Borate Glasses

The sol-gel method has many different processing parameters that can be adjusted to tailor
the final glass properties. These parameters have been extensively studied and reviewed for silicate
glasses but little literature exists for borate-based glass systems. In the previous chapter, the ability of
the sol-gel process in fabricating a range of SGBG compositions was examined. Chapter 5 investigates
the effect of various sol-gel processing parameters, on the resultant structural, textural, and bioactive
properties of a single SGBG composition. While it was found that, these properties remained
relatively similar through each processing variable, calcination at higher temperature, created a glass-
ceramic, yet maintained a rapid rate of HCA conversion. This work was published in the Special Larry

Hench memorial issue of the peer-reviewed journal, Journal of Materials Science, and is reproduced below.

63



Effect of Processing Parameters on Textural and Bioactive Properties

of Sol-Gel Derived Borate Glasses

William C. Lepry, Shiva Naseri, and Showan N. Nazhat*

Department of Mining and Materials Engineering, McGill University, Montreal, QC, Canada

*corresponding author showan.nazhat@megill.ca

64



Abstract

A compositional range of recently developed bioactive sol-gel derived borate glasses (SGBGs)
have demonstrated remarkably rapid rates of conversion to hydroxy-carbonated apatite (HCA) in
simulated body fluid (SBF). Although the composition of SGBGs did not greatly impact HCA
conversion rates, it is still unknown how the sol-gel processing parameters affect the textural
properties and thus bioactivity of the glass. In this study, a borate substituted Bioglass® “45S5”
formulation [(46.1)B,0O5-(26.9)CaO-(24.4)Na,O-(2.6)P>Os; mol%], was fabricated using different sol-
gel processing parameters including; precursor materials, ageing time and temperature, along with
calcination rate and temperature. It was found that a higher calcination temperature led to a partially
crystallized glass with almost a magnitude decrease in specific surface area relative to the other glasses.
All processing routes resulted in highly bioactive glasses according to Fourier-transform infrared
spectroscopy, x-ray diffraction, and scanning electron microscopy, which confirmed HCA formation
in SBF in as little as 2 hours. The majority of ion-exchange occurred within 30 minutes, facilitating
this rapid conversion to bone-like HCA. Interestingly, the partially crystallized glasses (i.e., glass-
ceramics) also underwent full conversion to HCA in SBF. Furthermore, ageing time and temperature
did not affect the bioactive properties of these glasses, which allow for significantly reduced processing
times. In summary, this study demonstrates that SGBGs can be tailored for targeted tissue engineering

applications by varying the sol-gel processing parameters.
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5.1 Introduction

Silicate-based bioactive glasses have been extensively investigated for bone tissue engineering
applications due to their ability to form a hydroxy-carbonated apatite (HCA) bone-like mineral layer
on their surfaces when exposed to physiological fluid, both 7z vitro and in vive [12, 241]. Recently,
borate-based glasses have been shown to undergo more rapid conversion to HCA when compared to
silicate-based glasses attributable to their lower chemical durability [16, 17, 19, 131, 138, 195]. The
combined enhanced and full dissolution rates of borate-based glasses have contributed to an increase
in interest in their potential application in bone tissue engineering. Indeed, accelerated HCA
conversion rates may be advantageous for mineralized tissue repair, since shorter conversion times
could translate to more rapid healing, as has been demonstrated in various bone defect models 7 vivo
[141, 198, 199]. Borate-based glasses have also been successfully used as substrates to treat bone
infection since they can be loaded with antibacterial drugs such as teicoplanin [200, 242], gentamicin
[201] and vancomycin [202]. Furthermore, more recent interest in the potential application of borate-
based glasses has expanded into soft tissue such as wound healing [204, 205, 243, 244] and nerve repair
[245, 2406].

Bioactive glasses have traditionally been made using the melt-quench technique which involves
the melting of precursor oxide powders at high temperatures to generate a melt and followed by its
rapid cooling (quenching) to maintain the amorphous network. Alternatively, the sol-gel process
typically uses liquid based precursors, such as metal alkoxides to allow for the gelling of the glass
network through hydrolysis and condensation reactions at ambient conditions. The gelling process is
then typically followed by drying and calcination steps to remove any remaining organic products,
which also lead to the densification of the resultant amorphous glass [20, 152]. Compared to melt—
quench, sol-gel derived glasses offer a number of advantages for biomedical applications such as
increased surface area and porosity attributable to lower processing temperatures. These enhanced
textural properties translate to quicker ion release and degradation rates and increase the HCA
conversion rate [15, 82, 173]. Furthermore, the reduced processing temperatures allow for the
incorporation of metallic elements that are typically difficult to include through the melt-quench
method, which have been implicated in creating positive biological responses [247].

While sol-gel derived borate-based glasses have been previously fabricated [158, 160, 162, 163,
210, 248], their intended applications have not been biomedically focused. However, in an attempt to

increase the bioactivity of sol-gel derived glasses, borate has been added as a modifier to either silicate-
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or phosphate-network forming glasses [166, 185, 212].  Furthermore, we have previously
demonstrated that sol-gel derived borate glasses (SGBGs) based on B,O3;CaO;Na,O;P,Os with a
wide compositional range (36 — 61 mol% B,O3) rapidly converted to bone-like mineral in SBF [249].
In particular, and compared to a melt-quench derived equivalent [17, 134], the sol-gel processing of a
borate substituted Bioglass® 4585 formulation [(46.1)B,O3-(26.9)CaO-(24.4)Na,O-(2.6)P;Os; mol%o]
demonstrated at least a 25 fold increase in HCA conversion rates. In order to investigate the impact
of processing parameters on the properties of these highly promising SGBGs, in this study, the effects
of varying precursor materials, ageing time and temperature, as well as calcination rate and
temperature, on their morphological, textural and bioactivity properties were investigated. By

adjusting these properties, we aim to tailor these glasses for targeted tissue engineering applications.

5.2  Experimental

Materials and methods

Boric acid (BA; 299.5%), trimethyl borate (TMB; = 99%), triethyl borate (TEB; = 99%), and
anhydrous ethanol were all purchased from Sigma Aldrich (Canada). Triethyl phosphate (>99.8%)
and sodium methoxide (25 wt.% in methanol) were purchased from Fisher Scientific (Canada) and
calcium methoxyethoxide (20% in methoxyethanol) was purchased from Gelest (USA). All materials
were used as received and all sol-gel processing was carried out in a nitrogen gas purged glove box.

A borate substituted Bioglass® 45S5 formulation (BA 400) [(46.1)B.03-(26.9)CaO-
(24.4)Na,O-(2.6)P,Os; mol%], was fabricated as previously described [249]. Briefly, boric acid was
added to anhydrous ethanol in a watch glass-covered Teflon beaker, and magnetically stirred at 4013
°C to aid dissolution in nitrogen atmosphere. After the solution became clear, triethyl phosphate,
calcium methoxyethoxide, and sodium methoxide were added in a drop wise manner at 30 minute
intervals. After the final addition, the solution was mixed until gelation (< 30 minutes). The sol was
then cast in polypropylene vials, sealed, and stored at 37 °C for further gelation and ageing. After 10
days, the gels were removed and placed in crystallization dishes, then dried in air at room temperature
for 1 day, and followed by oven drying at 120 °C for a further 2 days. The as-made glasses (oven dried;
AM) were calcined to 400 °C at a rate of 3 °C/min, with a 2 hour dwell time, and then furnace cooled.

Table 5.1 and Figure 5.1 provide a summary of the different processing parameters
investigated in this study. Both TMB and TEB were used as a substitute for the boric acid precursor,
which were added without the addition of ethanol. For the boric acid precursor materials, the

following processing parameters were investigated: ageing temperatures of 25 °C (RT) and 65 °C
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(65C), ageing times of 0 day (0d) and 30 days (30d), calcination rates of 1°C/min (1C/min) and 10
°C/min (10C/min), and calcination temperatures of 300 °C (BA300), 400 °C (BA400), or 500 °C
(BA500). 0d ageing was initiated after the final precursor material was added, which was stirred until
gelation, then immediately placed in a crystallization dish to start the drying step, as described above.
All glasses followed similar drying and calcination schedules to that used for BA 400, unless otherwise
stated. Post processing, all particles were ground and sieved to 25 — 75 um particle size fraction and
stored in a desiccator until further analysis.
Particle characterization

The average particle size (Da) and median diameter (Dso) of the sieved glass powders were
determined using a Horiba ILA-920 (ATS Scientific Inc., Canada). The specific surface area of the
powders (n=3) sieved to 25 — 75 um was measured with nitrogen gas adsorption and desorption
isotherms collected with a Micromeritics TriStar 3000 (Micromeritics Instrument Corporation, USA)
gas sorption system. Specific surface area (SSA) values were determined using the Brunauer—Emmett—
Teller (BET) method [215] while the Barrett—Joyner—Halenda (BJH) method [216], using the
desorption isotherms, provided the average pore width and pore volume.
Bioactivity

The zn vitro mineralization of the glasses was examined using Kokubo’s SBF (pH 7.4) [117].
Glass powder was added to sterile 50 mL falcon tubes containing SBF ata 1.5 mg/mL ratio and stored
at 371 °C. Twice daily, the vials were gently agitated in order to prevent agglomeration.
Mineralization of the glasses was examined at 0.5h, 2h, 6h, 1d, 3d, and 7d time points where the
powders were gently rinsed with deionized water then twice with anhydrous ethanol, dried overnight
at RT, and then dried in an oven at 60 °C for 1 day.
Attenuated total reflectance-Fourier transform infrared spectroscopy

Attenuated total reflectance-Fourier transform infrared (ATR-FTIR) spectroscopy was carried
out using a Spectrum 400 (Perkin-Elmer, USA) between 4000 and 650 cm™ with a resolution of 4 cm’
' using 64 scans per sample. All spectra were baseline corrected and normalized to the total area
surface area under absorption bands using Spectrum software (Perkin-Elmer, USA).
X-ray diffraction

X-ray diffraction (XRD) diffractograms of the glasses were analyzed with a Bruker D8
Discover X-ray diffractometer (Bruker AXSS Inc., USA) equipped with a CuKa (A = 0.15406 nm)

target set to a power level of 40 mV and 40 mA. Using an area detector, three frames were collected
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from 15 — 75 2 theta (°) and merged in post processing. Phase identification was catried out using
X’Pert Highscore Plus (PANalytical, Netherlands).
Inductively coupled plasma optical emission spectrometry

Release of boron, calcium, and phosphotus from glass powders in SBF at a 1.5 mg/mL ratio,
were quantified using an inductively coupled plasma—optical emission spectrophotometer (ICP-OES,
Thermo Scientific iCAP 6500, USA). Aliquots of were filtered through a 0.2 um nylon filter and
stored in a 15 mL falcon tube to which 4% (w/v) nitric acid (Fisher Scientific, Canada) was added
followed by dilution. Serial diluted standards of boron (1, 10, 100 ppm), calcium (1, 10, 100 ppm),
and phosphorous (0.1, 1, 10 ppm) were used.
Scanning electron microscopy

Scanning electron microscopy (SEM) was used to investigate the morphology of the glasses.
Samples were sputter coated with Au/Pd and analysis was performed with an Inspect F50 Field

Emission Scanning Electron Microscope (FEI Corporation, USA) at 5kV.

5.3 Results and Discussion

Effect of precursor material on gel formation

In addition to boric acid, glasses were also fabricated using two other borate sources; TMB
and TEB. Both of these precursors have been previously used in borate sol-gel synthesis [162, 164,
250] that can potentially provide a processing advantage since they do not require the addition of a
solvent (ze., boric acid with ethanol) and can be added directly to the process. Despite not forming a
free standing gel, upon evaporation, an almost translucent gel-like layer was found on the bottom of

the crystallization dish when using these precursors and processing methods (Figure 5.1). This layer

Table 5.1 Overview of the Sol-Gel Processing Parameters Investigated in this Study

D Boron Precursor  Ageing time (d) Ageing Temperature (°C) Firing rate (*C/min) Calcination Temperature (°C)
AM Boric Acid 10 40+ 3 — —
TMB Trimethyl Borate 10 40+ 3 3 400
TEB Triethyl Borate 10 40+3 3 400
od Boric Acid 0 40+ 3 3 400
3o0d Boric Acid 30 40+ 3 3 400
RT Boric Acid 10 25+3 3 400
65C Boric Acid 10 65+ 1 3 400
1C¢/min Boric Acid 10 40+£3 1 400
10C/min Boric Acid 10 40 +3 10 400
BA 300 Boric Acid 10 40+ 3 3 300
BA 400 Boric Acid 10 40+ 3 3 400
BA 500 Boric Acid 10 40+ 3 3 500

69



was then dried for 2 days at 120 °C and calcined at 400 °C, resulting in glass powder similar to that
produced using boric acid as the precursor material. Change in ageing time and temperature appeared
not to impact gel formation. However, gels aged for 30d in storage vials appeared to have more pore
liquid on the surface, which was attributed to greater network formation and gel shrinkage with
increased ageing time.

Typically, in sol-gel processing, water is added to hydrolyze the precursors and form OH
groups, which allow for the condensation reactions to form the gel and essentially glass network [152].
In this study, while no water was explicitly added, it was created through the mixing of boric acid and
ethanol, which is thought to hydrolyze the remaining species [249]. When TMB and TEB were used
during processing, neither water nor ethanol were added, and as a consequence prevented hydrolysis
to occur, which may explain the lack of gel formation. Often, boric acid is precipitated when water is
added to either of these precursors [160, 164] which is why it was avoided. However, it is recognized
that further work is required to optimize the processing of SGBGs through these precursors. It is
hypothesized that by changing the glass composition or processing parameters, TMB or TEB based

sol-gels can result in free standing gel monoliths similar to those seen in Figure 5.1. Nevertheless,
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Figure 5.1 Schematic of the sol-gel processing route and adjusted parameters (in bold). For the boric acid
precursor route, images referring to BA 400 are shown. For the TMB and TEB precursor routes, images for TEB are
shown with TMB giving similar results.
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despite the lack of gel formation, both precursors resulted in glass compositions with high surface
areas and porosities.
Textural properties

The average particle diameter (42.8+5.5 um) and median particle size (34.6+7.3 pm) values
were consistent across all glasses (Table 5.2). All glasses resulted in high SSA values, which were at
least two orders of magnitude higher than that of a similar glass composition made through melt-
quenching [249]. AM (91+6 m*/g) , BA 300 (106+1 m®/g), and BA 400 (95+3 m*/g) resulted in
similar ranges of SSA values, as previously reported [249]. However, calcination at 500 °C (BA 500)
led to an almost magnitude of order decrease in SSA (15+1 m?/g). The linear isotherm plots for each
of these glasses are shown in Figure S§5.7. This was due to increased densification at higher
temperatures, thus reducing porosity and SSA (Figure S5.8).

Despite the lack of gelation, both TMB and TEB generated particles of high SSA values (7534
and 8112 m*/g, respectively), which were in a similar range to that of BA 400 (953 m*/g). Ageing
time, also appeared to influence SSA, where 0d (13117 m?®/g) indicated higher values than those of
either 30d or BA 400 (aged for 10 days), which in turn were similar. While RT and BA 400 were of
similar SSA values, ageing at 65 °C resulted in a slight increase (11916 m*/g). Calcination rate played
a minor role as the slower (1 °C/min) and faster (10 °C/min) calcination rates resulted in similar SSAs
(89+3 and 104£20 m’/g), respectively. Figure S5.9 shows typical SEM micrographs of the

investigated glass surfaces which all appear very similar (except for BA 500) and are in contrast to gel-

Table 5.2 Glass particle textural properties (n=3): average mean (Davs) and median (Dso)
diameter, specific surface area (SSA), average pore width and average pore volume

D Particle Size (um) SSA PoreWidth  PoreVolume
Dave Doy (m?/q) (nm) (am3/q)
AM 50.7 45.4 91+ 6 203 0.6 0.2
T™MB 53.9 491 75+4 12 £ 0.1 0.3 £0.02
TEB 47.9 40.7 812 13+ 0.1 04 +0.03
od 441 36.8 131+7 16 + 0.4 0.8 £ 0.1
30d 44.8 35.1 97 1 22+2 0.7 £0.1
RT 40.2 30.5 103 +2 18 +0.2 0.7 £0.03
65C 39.2 30.3 119+6 19 £1 0.8 £ 0.1
1C¢/min 37.1 28.5 89+ 3 25+1 0.8 £ 0.1
10C/min 36 26.7 104 £ 20 24 +5 0.8 £ 0.1
BA 300 39.2 28.5 106 =1 22 +1 0.8 £ 0.1
BA 400 36.9 25.1 95+3 23 %2 0.7 £0.1
BA 500 43.6 38.5 15 %1 38+3 0.2 £0.04
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derived 4585 glass-ceramics in which the ageing conditions were found to affect the surface
morphology [251].

Pore volume and pore width values generally followed a similar trend to the SSAs. Average
pore volumes of TMB (0.3+0.02 cm’/g) and TEB (0.4+0.03 cm’/g), were lower than that of BA 400
(0.7£0.1 cm®/g) which may be due to their lack of gel formation. Furthermore, average pore widths
for TMB (12£0.1 nm) and TEB (13£0.7 nm) were also noticeably smaller than that of BA 400 (23£2
nm). The lower pore volume (0.2+0.04 cm’/g) and increased pore width (38+3 nm) of BA 500,
relative to BA 400, further shows the effect of increasing calcination temperature on glass textural
properties. Based on the wider textural property ranges observed for TMB, TEB, 0d, 30d, BA300,
BA400, and BA500, these glasses were chosen for further analyses and assessment of bioactivity.
Structural analysis

The bonding regions of the SGBGs were examined using ATR-FTIR spectroscopy (Figure
5.2). Three main regions are associated with borate-based glasses: 850 — 1200 cm™ (B-O stretching
of BO, units), 1200 — 1500 cm™ (B—O stretching of BOs units), and a band at ~720 cm™ attributable
to the B-O-B bending of BO; units [218-220]. The broad band between ~942 and ~1000 cm™ can

S o L I
/ 960_?45 788\
_ _/\/’\ \| BA 400
5 _— -
s / '\,\/\ BA 300 &
AN a
g \/ \\/\ 30d i
; /\/‘\b\ od 2
_/\/’\\/\ TEB
/U’\ \ TMB
_/ \V‘\ AM
1600 1400 1200 1000 800 15 25 35 45 55 65 75
Wavenumber [cm™'] 20 [°]

Figure 5.2 Structural characteristics of the various glasses using (a) ATR-FTIR and (b) XRD. The spectra and
diffraction patterns remain similar for all glasses except for BA 500, which indicated the initiation of crystallization
as shown by the sharp doublet peaks in ATR-FTIR and crystallization peaks in XRD.
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be attributable to the B—O linkages of BO4[165, 221-223], while the defined shoulder peak at ~870
cm' is characteristic of the B-O stretching of boroxol rings. The spectrum of AM was not as smooth
as those of the calcined glasses, which may be due the presence of residual precursor organics.
Furthermore, the spectrum of the BA 500 indicated shatp, doublet peaks at ~1000 cm™, indicating
greater extent of crystallization.

XRD diffractograms (Figure 5.2) showed that all glasses remained amorphous, as indicated by
the two broad humps after calcination, except for the glass calcined at 500 °C, which was partially
crystallized into CaB,Os (JSPDS 4-009-3864) and NaBO, (JSPDS 37-0115) as previously reported
[249], corroborating the ATR-FTIR spectra.

HCA conversion in SBF

The in vitro bioactivity of the SGBGs was examined up to day 7 in SBF. ATR-FTIR
spectroscopy showed a phosphate peak was formed in as little as 0.5h, as indicated by the strong band
at ~1020 cm™ along with shoulders at ~961 and 1062 cm™, which are characteristic of the bending

modes v1 and v3 of PO4> [252], respectively (Figure 5.3). Furthermore, carbonate peaks were formed
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Figure 5.3 ATR-FTIR spectra as a function of immersion time in SBF. Glass conversion to HCA was initiated in as
little as 0.5h as indicated by the formation of the large phosphate peak around 1020 cm™
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as indicated by the broad bands at ~1470 and ~1421 cm™ represent the stretching modes v1 and v3
of CO5* while the sharp peak at 870 cm™ indicating the bending mode v2 of COs> [231, 232]. This
band was also observed in the calcined glasses (Figure 5.2), which represents the B-O stretching of
boroxol rings, suggesting a combination of both structural forms. The broad band at ~1640 cm™ was
due to the bending mode (v2) of water [233, 234]. Increasing time in SBF led to sharper and more
defined peaks, suggesting formation of carbonated apatite.

XRD patterns confirmed the formation of HCA through the development of hydroxyapatite
characteristic peaks at ~25 and ~32° 20 (“*”, JCPDS 9-0432), that were observed at the 2h time point
in SBF in all glasses except for BA 500, which did not indicate peak formation until day 1 (Figure 5.4).
The more prominent, broad apatite peaks maybe in nanometer-sized or partially crystallized HCA
[17]. At longer immersion times, the apatite indicating peaks become more defined suggesting a
greater extent of crystallization. On the other hand, BA 500 indicated an interesting mineralization
trend. Once immersed in SBF, the partially crystallized glass initially (at 0.5h) became more

amorphous, as indicated by the loss of the shaper more defined peaks in ATR-FTIR and XRD (Figure
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Figure 5.4 XRD diffractograms as a function of immersion time in SBF. All particles produced through the various
sol-gel processing methods converted to HCA (“+”, JCPDS 9-0432) at a rapid rate.
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5.3 and Figure 5.4, respectively). At longer times in SBF, characteristic HCA peaks became more
prominent and by day 1, there was little evidence of the initial partially crystallized glass structure
(Figure 5.4). This was surprising since glass-ceramics typically maintain some of their crystal structure
after exposure to SBF according to XRD [253, 254]. However, it has also been shown that
hydroxyapatite can be the sole-remaining crystal structure after immersion in SBF, although it can take
up to a week [179] or even longer [255] to form and is dependent upon the glass composition and
calcination temperature. Despite their reduced SSA values, rapid HCA rates were still maintained in
BA 500. Since glass-ceramics typically are of higher toughness and flexural strength compared to
glasses [250], this finding indicates that it may be possible to create mechanically strong, partially-
crystallized SGBGs without compromising bioactivity as was previously shown with sol-gel derived
compositions based on Bioglass® 4555 [251]. This also confirms the dominant effect of atomic and
molecular composition on the chemical durability and bioactivity of multicomponent glass systems
(82, 229].
SGBG ion release and bioactivity

In addition to ATR-FTIR and XRD analyses it is also important to examine the ion release of
these glasses to better understand their bioactivity [120]. The release of boron, calcium, and
phosphorous from the SGBGs in SBF were measured up to day 7 through ICP-OES (Figure 5.5) with
the neat SBF concentrations of Ca and P included as dashed lines (B levels < 0.01ppm). Except for
BA 500, which showed a relatively more gradual release rate, all other glasses indicated that the
majority of the boron was released within 0.5h, beyond which, its concentration remained relatively
constant, as previously observed [249]. Similar release rates were observed for calcium and
phosphorous in the glasses. However, beyond the 6h time point, there was a concomitant decrease in
their concentration in solution, suggesting their re-precipitation, and corroborated the surface HCA
formation results observed through ATR-FTIR and XRD for between 0.5 and 2h [120, 249]. Since
the decrease was particularly prominent in the case of phosphorous, it can be proposed that this
decline in concentration maybe be used as an indicator for HCA formation in bioactive glasses. This
also confirms that the increased surface area and composition of the SGBGs allows for rapid ion
release and thus conversion to HCA. Further studies are needed to accurately pinpoint the rapid rates
of HCA conversion in these glasses by measuring phosphorous and calcium release at time points

earlier than 0.5h.

75



-+ TMB -~ TEB -+ od -~ 30d
& BA300 -e BA400 -4 BA500 ©- SBF

225

200
E
3175
c
2
<]
4]
150
125
0.5 2 6 24 72 168
Time [log h]
250
225
200
£
o
2
€ 175
2
i
S50
125
100
0.5 2 6 24 72 168
Time [log h]
35 = 5
30
E
a
=
«
-
2
<]
£
a
&
<]
£
a

Time [log h]

Figure 5.5 Release of boron, calcium, and phosphorus in SBF as measured through ICP-OES. Rapid ion release
was observed with boron. The decreasing release trend of calcium and phosphorous suggested their re-
precipitation on the glass surface.

The ion release data also supported the theory that HCA formation in borate glasses follow a
“volume reduction” model, driven by dissolution-precipitation reactions, in which HCA is initially
formed on the glass surface then continually reacts towards its center until full conversion has taken

place [17, 219]. This was indicated by rapid release of boron while the remaining calcium and
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phosphorous from the glass migrate to the surface, as observed by the decreasing trend, and react
with similar ions in the SBF solution leading to the formation of an apatite layer that ultimately
crystallizes to form HCA. However, further studies are needed to explore the HCA conversion
mechanisms of the SGBGs.

Due to discrepancies in mineralization findings when carried out using 2 vitro and in vive studies
[119], there has been a recent drive to create a unified method to examine the 7 vitro mineralization
behavior of bioactive glasses when using SBF [120]. One approach to do this would be by correcting
for the surface area of the glasses. However, it was found that the amount of particles required for
sol-gel derived glasses, compared to melt-quench derived glasses, becomes impractical for SBF studies
[120]. Therefore, in order to investigate the effect of glass surface area on bioactivity, in this study, a
commonly used glass/SBF ratio (1.5 mg/mL), was applied [120].

SEM micrographs confirmed surface HCA formation (Figure 5.6). After 2h in SBF, the glass
surfaces became coarser and by 6h, flower-like crystals were observed, which become more defined
and pronounced with immersion time. In the case of BA 500, the conversion appeared to be slower,

with HCA crystals observed only after day 1, as also indicated by XRD. However, by day 7 in SBF,
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Figure 5.6 SEM micrographs of TMB, TEB, BA 300, BA 400, and BA 500 as a function of time in SBF. Typical flower-
like crystals, indicative of hydroxyapatite formation was initiated at 2h and became well-defined by 6h. White
scale bars = 1 um and black scale bars = 500 nm.
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the surface of BA 500 was completely covered by HCA crystals. 0d and 30d samples also showed
HCA formation at day 7 (Figure §5.10).

5.4 Conclusions

The effects of processing parameters on the structural, textural and bioactivity of a sol-gel
derived borate substituted Bioglass® 45S5 formulation were investigated. While the different
precursor materials affected the gelation properties, all of the resulting glasses were of high specific
surface areas and porosities. Calcination temperature had the greatest effect on these properties as
calcination at 500 °C formed glass-ceramics that resulted in a magnitude reduction in specific surface
area. The majority of the glasses converted to HCA within 2 hours of SBF immersion according to
XRD. This corroborated with ion release measurements, which showed rapid release of boron within
30 minutes and a decreasing release profile of both calcium and phosphorus, which was attributed to
their re-precipitation. Future work will investigate the effect of these glasses on cellular functions as
well as the role of other ionic doping for a broader potential range of tissue engineering, antibacterial
and wound healing applications.

Supporting Information

The surface area linear isotherm plots, a graphical representation of percent weight loss and
SSA upon calcination at different temperatures, morphology of the all glasses investigated and
hydroxyapatite formation of 0d and 30d samples are shown.
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Figure S5.7 Linear isotherm plots for each glass during surface area measurements through BET.
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Figure S5.8 Effect of calcination temperature on specific surface area for BA 300, BA 400, and BA 500. Weight loss
upon calcination is inversely proportional to specific surface area measurements.

Figure S5.9 SEM micrographs of the calcined glasses demonstrating the nano-textured surfaces of the SGBGs. Upon
higher calcination temperature, the glass surface becomes less porous as verified by textural analysis data.
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Figure S5.10 SEM micrographs of 0d and 30d aged samples at 7d in SBF. The flower-like crystals suggest
hydroxyapatite formation as confirmed by FTIR and XRD analyses.
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6 Effect of Sodium on Sol-Gel Derived Borate Glasses

The previous two chapters have demonstrated that highly bioactive SGBGs can be achieved
over a large compositional range and after many different processing techniques. Yet, there has been
no study that examines the effect of adjusting a single compositional component on the properties of
these glasses. One of the benefits of the sol-gel process is that sodium is not required due to the
aqueous nature of the sol-gel processing. However, sodium was included in the original SGBG
composition to directly compare to a previously made melt-quench derived equivalent. Therefore,
Chapter 6 examines the effect of systematically decreasing the sodium content in a four-component
system until a three-component system was generated. It was found that although sodium content
greatly influenced the processing and textural properties of the SGBGs, surprisingly, it did not greatly
affect their bioactivity. This chapter contains a manuscript that is to be submitted to a peer-reviewed

journal and is presented below.
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Abstract

Bioactive, sol-gel derived borate glasses (SGBGs) can rapidly convert to hydroxy-carbonated
apatite (HCA) in simulated body fluid (SBF). The processing conditions and compositional changes
in four-component glasses have previously been investigated, yet the effect of certain elements, such
as sodium, on the processing and bioactivity has not been investigated. Therefore, in this study, a
borate substituted Bioglass® 45S5 of the formulation (46.1)B,05-(26.9)Ca0-(24.4)Na,O-(2.6)P.Os;
mol%, was created as the baseline glass and the amount of sodium was incrementally decreased three
times by approximately 8% until a sodium-free, three-component composition was generated. It was
found that the decreasing sodium content altered the gelation behaviour and resultant glass textural
properties. It also greatly affected the glass reactivity, as measured through gravimetric changes when
exposed to water vapour. Interestingly, there was very little effect on the bioactivity rate in SBF
according to x-ray diffraction and Fourier-transform infrared spectroscopy. Furthermore, ion release
profiles were not greatly affected by the sodium content either. This study serves as the basis to

develop more simplified SGBG systems for tissue engineering applications.
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6.1 Introduction

Silicate-based bioactive glasses have demonstrated great clinical success in mineralized tissue
repair due to their ability to convert to bone-like, hydroxycarbonated apatite (HCA) [10, 12, 257].
Attributable to their ability to homogenously release ions to help stimulate healing, recently they are
also being targeted for soft tissue applications [121]. Compared to silicate-based glasses, borate glasses
are of lower chemical durability which can allow for quicker conversion rates to HCA [16, 17, 19, 131,
138, 195] and ion release for soft tissue engineering applications such as wound healing [203-205, 244].

Regardless of composition, the majority of bioactive glasses are traditionally generated through
the melt-quench process, which involves the high temperature melting of oxides followed by their
rapid cooling (“quenching”) to preserve the amorphous structure. With the advent of the sol-gel
process - a robust, low temperature, aqueous based processing approach - it was possible to create
bioactive glasses with orders of magnitude higher specific surface area values [15]. This process
typically uses a mixture metal alkoxide precursors (the “sol”), which undergo hydrolysis and
condensation reactions to form a “gel”, essentially the glass network. This gel then undergoes heat
treatment (calcination) to eliminate excess precursor organic materials and to densify the glass.
However, given that the calcination temperatures are relatively low, sol-gel derived glasses maintain
their high specific surface area and porosity characteristics.

From a biomedical materials prospective, sol-gel derived glasses offer distinct advantages
when compared to their melt-quench derived equivalents. For example, the increased surface area
and porosity values allow for more rapid ion release rates and thus increased conversion rates to HCA
[15, 82, 173]. In fact, these improved textural properties have enabled the expansion of the bioactive
silicate-glass compositional range; up to 90 mol% SiO, compared to the melt-quench derived limit of
60 mol% SiO [15]. Furthermore, based on the precursors, which are typically metal alkoxides, a wide
variety of metal ions can be more easily incorporated into the glass structure attributable to lower
processing temperatures. Thus, fluxes such as sodium, used to improve the processability of
traditional melt-quenching methods through decrease of melting temperature and to also increase the
solubility of bioactive glasses, are not necessary in the sol-gel process [82].

Nonetheless, Chen et al. created the first sol-gel derived Bioglass® “45S5” [(46.1)SiO.-
(26.9)Ca0O-(24.4)Na,O-(2.6)P,Os (mol%)] with the intention of increasing the mechanical properties
while creating a more biodegradable crystalline phase [255]. After calcination, the resultant glasses

were semi-crystalline, which has been commonly been found in other sol-gel derived “45S5” glasses
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[179, 181, 251, 258, 259]. This is mainly due to the requirement of reaching high enough calcination
temperatures to eliminate the precursor nitrates. A similar 4585-like composition [(49.2)SiO»-
(25.8)Ca0O-(23.3)Na,O-(1.7)P,Os (mol%)] has also been reported to partially crystallize after
calcination [260]. However, amorphous versions of this glass are possible by adjusting the precursors,
processing routes, and most importantly, the calcination temperatures [180, 261].

While sol-gel derived borate glasses have been far less investigated [160, 162, 163, 210], the
first reported compositions incorporated sodium [158]. Borate has also been added as a modifier in
sol-gel derived silicate- and phosphate-systems to help improve glass bioactivity [166, 185, 212].
Furthermore, we have previously reported on a wide compositional range of highly bioactive sol-gel
derived borate glasses (SGBGs, with 36 — 61 mol% B,O3) based on variations of the Bioglass® “45S5”
composition, ze., [(46.1)B.0O3-(26.9)CaO-(24.4)Na,O-(2.6)P,0Os; mol%]| whose melt-quench derived
composition has been previously studied [17, 134]. Recently, we have shown that similar sodium
containing SGBG compositions, can be produced through various sol-gel processing methods and
are highly bioactive converting to HCA in less than 3 h according to X-ray diffraction (XRD) [262].
However, while it is known that sodium is not needed for the sol-gel process, there has yet to be a
systematic study reporting on the effect of sodium content on the properties of SGBGs. Therefore,
this study examined the effect of systematically decreasing sodium content on the processing,

structural, reactivity and bioactivity properties of these glasses.

6.2  Experimental

Materials and methods

Table 6.1 gives an overview of the SGBG compositions investigated. The original
composition was based on a borate substituted Bioglass® (24Na) [(46.1)B205-(26.9)CaO-(24.4)Na,O-
(2.6)P,0s; mol%], and the amount of sodium was incrementally decreased by = 8 mol% until a three
component, sodium free SGBG composition (0Na) [(61.0)B.O3-(35.6)CaO-(3.4)P,Os; mol%)] was
generated, while the ratios of the other components were maintained. The glasses were fabricated
following a previously described [249]. Briefly, boric acid (299.5%) and anhydrous ethanol (both
from Sigma Aldrich, Canada) were mixed and magnetically stirred in a watch glass-covered Teflon
beaker at 40 = 3 °C to aid dissolution. Once the solution became clear, triethyl phosphate (>99.8%;
Fisher Scientific, Canada), calcium methoxyethoxide (20% in methoxyethanol; Gelest, USA), and
sodium methoxide (25 wt.% in methanol; Fisher Scientific, Canada) were added in a drop wise manner

at 30 min intervals. Once the final addition was complete, the sol was mixed for an additional 30 min
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or until gelation occurred, followed by transferring into sealed polypropylene vials, and aged at 37 °C
for 10 days. The gels were then transferred to crystallization dishes and dried in air at room
temperature (RT) for 1 day, followed by oven drying at 120 °C for 2 days. Finally a calcination step
was undertaken at 400 °C at a rate of 3 °C/min, with a 2 h dwell period, followed by furnace cooling.
The calcined glasses were then ground to a particle size fraction of 25 — 75 um and stored in a
desiccator until analysis.

Glass particle characterization

The average particle size (Da) and median diameter (Dsg) of the glass powders was determined
using a Horiba LA-920 (ATS Scientific Inc., Canada). The specific surface area (SSA) of each powder
was measured with nitrogen gas adsorption and desorption isotherms collected with a Micromeritics
TriStar 3000 (Micromeritics Instrument Corporation, USA) gas sorption system. SSA values were
determined using the Brunauer—Emmett—Teller (BET) method [215] while the average pore width
and pore volume were calculated using the Barrett—Joyner—Halenda (BJH) method [216].

X-ray diffraction (XRD)

XRD diffractograms of the glasses were analyzed with using a Bruker D8 Discover X-ray
diffractometer (Bruker AXSS Inc., USA) equipped with a CuKa (A = 0.15406 nm) target set to a power
level of 40 mV and 40 mA. Three frames were collected from 15 — 75 2 theta (°), using an area
detector, and merged in post processing while phase identification was carried out using X’Pert
Highscore Plus (PANalytical, Netherlands).

Attenuated total reflectance-Fourier transform infrared spectroscopy (ATR-FTIR)

ATR-FTIR spectroscopy was carried out between 4000 and 650 cm™ with a resolution of 4
cm’' using 64 scans per sample using a Spectrum 400 (Perkin-Elmer, USA). The collected spectra
were baseline corrected then normalized to the total area surface area under absorption bands using
Spectrum software (Perkin-Elmer, USA).

Reactivity and bioactivity

The aqueous interactions of SGBG particles were investigated through dynamic vapour
sorption (DVS) using a DVS Intrinsic (Surface Measurement Systems Ltd., U.K.), which measures
mass changes (£0.1 pg) under controlled relative humidity (RH) and temperature. Approximately 5
mg of glass powder were placed in an aluminium pan and inserted into a chamber at 37 = 0.05 °C
which were then directly exposed to 90% relative humidity for 6 h and then to 0% RH for a further 6
h. Kokubo’s SBF (pH 7.4) was used to examine the 7z vitro mineralization of the glasses [117]. Glass

powder was added to sterile 50 mL falcon tubes containing SBF at a 1.5 mg/mL ratio and stored at

87



37£1 °C. The vials were gently agitated twice per day to prevent agglomeration. The ability of the
glasses to form HCA were examined at 30 min, 2h, 6h, 1d, 3d, and 7d time points where the powders
were gently rinsed with deionized water then twice with anhydrous ethanol, dried overnight at room
temperature, and then dried in an oven at 60 °C for 1d.
Inductively coupled plasma optical emission spectrometry

The release of boron, calcium, sodium and phosphorus ions from glass powders at a 1.5
mg/mL ratio in SBF, were quantified using an inductively coupled plasma—optical emission
spectrophotometer (ICP-OES, Thermo Scientific iCAP 6500, USA). Collected aliquots of were
filtered through a 0.2 um nylon filter then stored in a 15 mL falcon tube which contained 4% (w/v)
nitric acid (Fisher Scientific, Canada) followed by dilution with DIW. Serially diluted solutions of
Boron (1, 10, 100 ppm), Calcium (1, 10, 100 ppm), and Phosphorous (0.1, 1, 10 ppm) were used as

standards.

6.3 Results and Discussion

Effect of sodium content on gelling

Figure 6.1 provides an overview of the SGBG sol-gel process as a function of sodium content.
While the compositions with less sodium did not form gels during the ageing process, Na8 and Na0
formed a gel-like layer after drying at RT for 1d. Furthermore, it took approximately 1d for Nal6 to
form a gel after casting. Together this suggests that sodium may be a key component in the gelation
process and that higher pH is needed for gel formation (pH of Na precursor ~12). It has also been
previously shown that at higher pH, BOH, species dominate [21] thus allowing for easier gel

formation since the network former exists as a four-coordinated structure, allowing for more

Table 6.1 SGBG Compositions and Codes (mol%)

Gl
IT;S B,0, | cao | pP,0, | Na,0
Na24| 461 | 269 26 24.4
Na16| 511 | 208 29 163
Na8 | 56 32.7 3.2 8.1
Nao | 61 35.6 3.4 0

88



(i) Casting and ageing (i) Gel monolith (iii) Drying at RT (iv) Drying at 120 °C
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Figure 6.1 An overview of the effect of sodium content on the gelling of SGBGs. (i) casting and ageing, (ii) gel
monoliths at day 10, (iii) drying at RT for 1 day, (iv) drying at 120 C for 2 days. Sodium influences the gelation
behaviour of the glasses, possibly due to increasing pH.

interconnection. The gelling behavior of Na8 and Na0 was observed to be very similar to previously
reported (Na24) compositions generated using trimethyl borate (TMB) and triethyl borate (TEB) as
precursors [262]. The gelation process is also akin to the evaporation-induced self-assembly (EISA)
used in the creation of mesoporous glasses [263], that is, the excess organic material is evaporated
from the surface, resulting in the final material form. However, the method in this study does not
result in a well-organized final structure due to the lack of structural directing agents during processing
which is common using EISA. Itis also interesting to note that the NaO SGBG is very similar to one
of the first, and now most commonly reported, silicate sol-gel composition “58S” (60)Si10,-(36)CaO-

(4)P,0s (mol%) [15, 264].
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SGBG textural properties

A summary of the glass textural properties is given in Table 6.2. All the particles were ground
to similar median particle size (Dso) to directly compare their textural properties. Specific surface area
values increased with decreasing sodium content, and was in contrast to the pore width values, which
decreased with decreasing sodium content. In silicate-based systems, sodium is added as a network
modifier that disrupts the glass structure, thus creating non-bridging oxygens (nbOs). In melt-quench
derived glass systems, sodium improves the handling of the glasses by lowering the processing
temperatures and, once incorporated into the glass structure, lowers the chemical durability increasing

the dissolution [82]. The observed increased surface area can be attributed to a more connected glass

Table 6.2 Glass particle textural properties: Average Median (Dso) and Mean (Davs) Diameter, Specific Surface Area
(SSA), Average Pore Width and Average Pore Volume

Particle Size (um) .
ID SSA (m?/g) Pore Width (nm) Pore Volume (cm3/g)
Dave D,
Na24 44.88 39.23 37.26 32.62 0.44
Nalé 36.99 29.91 71.24 27.35 0.57
Nas 30.53 29.25 138.95 18.3 0.99
Nao 42.85 43.94 159.18 10.74 0.64

network, as previously observed in other sol-gel systems [15]. Furthermore, the decreasing pore size
might also be attributed to this effect as increasing nbOs would essentially create a larger glass network.
The pore volume of each glass remained high, but did not follow a trend with composition.
Structural Analysis of as-calcined SGBGs

SGBG bonding regions were examined using ATR-FTIR spectroscopy (Figure 6.2 a). There
are three main regions associated with borate-based glasses: the B—O stretching of the BO, units (850
— 1200 cm™), the B-O stretching of the BOs units (1200 — 1500 cm™), and the B-O-B bending of the
BO; units indicated by the band at ~720 em™ [218-220]. B-O stretching of boroxol rings are
characteristic of the shoulder peak at ~870 cm™ and the B—O linkages of BOsare indicated by the
broad band between ~942 and ~1000 cm™ [165, 221-223]. SGBGs with decreasing sodium content
demonstrated broader, smoother spectra peaks. XRD diffractograms (Figure 6.2 b) showed that all

glasses remained amorphous, as indicated by the two broad humps after calcination at 400 °C.
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Figure 6.2 Characterisation of the calcined SGBGs (a) ATR-FTIR spectra and (b) XRD diffractograms of the glass
particles produced as a function of sodium content.

Assessment of SGBG reactivity through aqueous interactions

As an indicator of their reactivity, DVS was used to investigate SGBG aqueous interactions
by gravimetrically measuring their sorption and desorption of water vapour at direct exposure to 90%
(RH) relative humidity. DVS has previously been used to examine the reactivity of bioactive glasses
[265, 266]. All glasses demonstrated a rapid increase in mass within the first hour (Figure 6.3). The
rate and extent of mass change after 6 h was highly dependent on composition, which decreased with
a decrease in glass sodium content. Lowering the RH to 0% resulted in a rapid decrease in mass with
the higher Na containing glasses demonstrating a greater extent of mass loss. However, the overall

final mass change increased with an increase in glass sodium content.
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Figure 6.3 Reactivity through vapor adsorption using DVS. The direct exposure to 90% RH showed rapid increase
in mass change which increased with sodium content.

Given that the mass change was independent of the SSA values (for example, Na0 particles of
159.2 mz/g had a final mass change of ~9% compared to that of Na24 which was 37.3 mz/g and
resulted in a mass change of ~17%), this data confirmed that the atomic and molecular structures
have dominant roles on the chemical durability of multicomponent glasses [82, 229], as also previously
reported with SGBGs where the highest SSA glasses were the least reactive according to DVS [249].
The increased reactivity of SGBGs with higher sodium content can be attributed to a greater presence
of nbOs in the glass structure, which reduce its network connectivity, making the glass more
susceptible to chemical attack [267]. Interestingly, a similar DVS protocol on a previously created
melt-quench derived Na24 glass equivalent resulted in an ~11% mass increase at 6 h [249], which is
in a very similar range to the final mass change of ~12% observed for Na0 in this study. However,
the SSA for the melt-quench derived glass was 0.2 + 0.02 m*/g while that of Na0 is 159 m*/g. This

further demonstrates the importance of composition on the reactivity of multi-component glasses.
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SGBG bioactivity and ion release in SBF

The ability for SGBGs to form HCA was examined up to day 7 in SBF. After 0.5h, ATR-
FTIR spectra of Na24, indicated the formation of a phosphate peak, as shown by the strong band at
~1020 cm™ along with shoulders at ~961 and 1062 cm™, which are characteristic of the bending modes
vl and v3 of PO,> [252], tespectively (Figure 6.4). The formation of similar peaks also initiated in the
case of the other SGBG formulations but at a slower rate in particular with lower sodium containing
glasses, as observed by more gradual peak formation. Carbonate peaks at ~1470 and ~1421 cm™,
which represent the stretching modes v1 and v3 of COs™ were as well as a sharp peak at around 870
cm’ that indicates the bending mode v2 of COs™ [231, 232] also formed. This band is thought to be a
combination of the B-O stretching of boroxol rings found in the calcined glasses (Figure 6.2) as well
as the bending mode v2 of CO5™. The v2 bending mode of water can also be seen by the broad band
at ~1640 cm™ [233, 234]. At longer immersion times in SBF, more defined peaks were observed,
suggesting the formation of carbonated apatite.

This SGBG-HCA conversion was confirmed by XRD diffractograms where hydroxyapatite-
characteristic peaks at ~25 and ~32° 20 (“”, JCPDS 9-0432), which were observed at the 2 h time
point in SBF in all glasses (Figure 6.5). It has previously been reported that the broad apatite peaks,
which become sharper with longer times in SBF, suggest nanometer-sized or partially crystallized HCA
[17]. This rapid HCA formation is similar to previously studied SGBG formulations [249, 262], and
demonstrates that, while sodium inclusion impacts the reactivity, the bioactivity is not largely affected

by its presence in these glass systems. However, it should be noted that while the sodium content is
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Figure 6.4 ATR-FTIR spectra as a function of immersion time in SBF. Characteristic apatite-like peaks began to
form after 30 min in SBF for higher sodium containing glasses. Peak formation was less defined in lower sodium
containing glasses.
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decreasing, calcium and phosphate are increasing, both of which are known to be important in
bioactivity [82]. These results are in contrast with those indicated by ATR-FTIR as strong phosphate
peaks were not observed until after day 1. However, there is a noticeable shift in from the calcined
glass pattern at early time points.

In order to provide greater insight into the effect of sodium content on SGBG bioactivity, the
release of boron, calcium, sodium, and phosphorous ions in SBF were measured through ICP-OES
[120]. Figure 6.6 shows the release profiles up to day 7, along with the neat SBF concentrations of
calcium and phosphorous. All glasses released the majority of boron ions by 0.5 h and according to
the total borate content in the glass as indicated by the relatively constant values at longer times.
Similar to previously reported SGBGs, the there was a decreasing trend in calcium release after 0.5 h
for each composition [249, 262], which indicates re-precipitation on the glass surface as confirmed by
the HCA peaks in XRD diffractograms. A more rapid decreasing trend was observed for
phosphorous between 2 h and 1d, which is thought to be an indicator for HCA formation [120].
Sodium release rates, on the other hand were difficult to measure as the amount of sodium in SBF is
very high (142 mM) [117]. Nonetheless, the slightly increasing release rates corresponded well with
composition in that higher sodium containing glasses released a larger amount of Na ions in solution.
Previous dissolution studies with a Na24 equivalent in water showed that sodium release was fairly
static from 6h — 168h (~ 225 ppm) [249]. Future studies in water may provide better understanding

of sodium release rates in these glasses along with examination at earlier time points than 0.5 h.
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Figure 6.5 XRD diffractograms as a function of immersion time in SBF. All SGBG compositions rapidly converted
to HCA (“+”, JCPDS 9-0432).
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Overall the ion release data supports the previously proposed dissolution-precipitation
reactions that describe the “volume reduction” model (section 2.3.3.2) for borate glasses in that, HCA
is formed on the glass surface and continues reacting towards the center until only HCA remains [17,
219]. This is in contrast to silicate-based glasses where a gel-like surface layer is formed on which the
HCA is deposited [10]. The volume reduction model is supported by the fact that boron release rate
and HCA formation is rapid, according to XRD (Figure 6.5). However, since the amount of borate
increases with decreasing sodium content, further investigations with fixed borate content, are needed

to observe the direct role of sodium in SGBGs.
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Figure 6.6 Release of boron, calcium, sodium, and phosphorus in SBF as measured through ICP-OES. Rapid ion
release was observed with boron depending on composition and the decreasing release trend of calcium and
phosphorous suggested their re-precipitation on the glass surface.

6.4 Conclusions

A new range of sol-gel derived bioactive borate glasses with decreasing amounts of sodium
have been created. Lower amounts of sodium limit gel formation but increase the specific surface
area values of the calcined glasses. Furthermore, in this study, sodium did not induce crystallization
as is commonly observed in other sol-gel systems. Reactivity of the glasses was highly influenced by
sodium content but there was no correlation with bioactivity as all glasses demonstrated rapid HCA
conversion within 2 h according to XRD. The study represents a step towards more simple, three
component SGBG for biomedical applications.
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7  Acellular Bioactivity of Sol-Gel Derived Borate Glass-

Polycaprolactone Electrospun Scaffolds

The previous three chapters have demonstrated that a wide range of SGBGs can rapidly
convert to bone-like HCA, 7z vitro. Therefore, their combination in a polymer may enhance the
bioactivity of a composite system. Composite biomaterials offer synergistic advantages as the phases
can work together to mimic more complex tissue targeted for repair. Chapter 7 focuses on a novel
composite system of SGBG particle incorporated into electrospun polycaprolactone (PCL) fibers.
PCL does not demonstrate bioactivity by itself, however, with up to only 5 wt.% addition of SGBG
particles, the composite scaffolds converted to HCA within three days. The improved handling and
increased bioactivity of these scaffolds might provide alternative options for tissue repair. This work
was published in the Special Larry Hench memorial issue of the peer-reviewed journal, Biomedical

Glasses and is reproduced below.
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Abstract

Recently, sol-gel derived borate glasses (BGs) have shown unprecedented conversion rates
to bone-like mineral (hydroxycarbonated apatite). In an effort to explore their potential applications
in bone tissue engineering, this study reports on the fabrication and characterization of BG particle
incorporated electrospun e-polycaprolactone (PCL) fibrous composites. The electrospinning
technique successfully incorporated PCL fibers with BG particles at 2.5 and 5 w/v%, with the higher
BG loading creating a three-dimensional cotton-wool like morphology. Dynamic vapor sorption
showed greater extents of mass change with BG content attributable to water sorption, and indicating
greater reactivity in the composite systems. I vitro bioactivity was investigated in simulated body fluid
for up to 7 days. Scanning electron microscopy, Fourier-transform infrared spectroscopy and x-ray
diffraction indicated apatite formation in the 5 w/v% incorporated composite scaffold, which initiated
as early as day 3. In summary, sol-gel derived BGs incorporated-fibrous electrospun PCL composites

indicate rapid reactivity and bioactivity with potential applications in mineralized tissue engineering.
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7.1 Introduction

Current procedures in the repair and augmentation of damaged or diseased bone rely mostly
on using either autografts, where bone is sourced from another site of the patient, or allografts where
it is sourced from another patient [268]. However, these have drawbacks in terms of limited supply,
donor site morbidity, and the risk of infection [3], which have led to the field of tissue engineering as
a viable alternative method to traditional bone repair techniques. Therefore, there is an ever-increasing
demand for new bioactive and biodegradable three-dimensional (3D) scaffold compositions that
mimic the native collagenous, fibrous-based bone extracellular matrix (ECM) [269].

Electrospinning (ES) is a common technique in scaffold fabrication attributable to its
simplicity and reliable creation of long, continuous fibers [270]. ES involves the application of high
voltage differences between a polymeric liquid and a collecting target in order to produce structures
of different morphologies. ES has been widely used for tissue engineering due to the ability to attain
diameters of fibers similar to that in the ECM [271]. In particular, it has been used with FDA approved
biodegradable polyesters based on polycaprolactone (PCL) and polylactides (PLAs), amongst others
[272]. However, while these polymers are biodegradable, they are hydrophobic in nature and, more
importantly, in the context of bone tissue engineering, are not bioactive.

Indeed, bioactivity is recognized as a critical requirement for bone tissue engineering since
bioactive materials (e.g. bio-ceramics and -glasses) have the ability to form hydroxycarbonated apatite
(HCA), the mineral component of bone, in physiological fluids [12, 241]. Therefore, a composite of
long continuous fibers incorporated with bioactive particles may prove to be a successful scatfold for
bone tissue engineering; allowing for custom bone grafting and easier handling in a clinical setting.
Surprisingly though, there has been very little studies on the effect inorganic particle additions to
polyester fibers produced through ES. Hydroxyapatite [273], Mg,COs-doped HA particles [274], and
CaCO; nanoparticles [275] have previously shown to improve the bioactive response of electrospun
PCL fibers. Bioactive glass particles, (70)SiO,-(25)CaO-(5)P>Os (mol.%) have also been added to PLA
fibers, which allowed for a calcium phosphate layer to form on the surface [276]. Using the sol-gel
process, hybridised polymer-glass fibers have been generated using polyvinylbutyral [277] and PCL
[278].

In addition to bioactive silicate-based glasses, recently there has been much interest in borate-
based glasses (BGs) attributable to their lower chemical durability and more rapid HCA conversion

rates [17]. Numerous studies have also shown that these glasses are able to re-grow bone with no
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toxicity, i vivo [141, 198, 199]. Furthermore, while almost all bioactive glasses are produced by the
melt-quench technique, the sol-gel process, a liquid based synthesis approach that typically uses metal
alkoxide precursors, can offer many advantages for biomedical applications [82, 207]. In particular,
higher surface areas and porosities, which have been shown to allow for rapid ion release and
degradation thus increasing HCA formation rates [15, 82, 173]. Similar to melt-quench glasses, almost
all of the research performed on bioactive sol-gel glasses has been silicate-based [20]. However, the
processing of highly bioactive sol-gel derived BGs based on the four component system, B,O;-CaO-
P»05-Na,O, with borate content ranging from 36 to 61 mol.% have recently demonstrated remarkable
HCA conversion rates in as little as 30 minutes in simulated body fluid (SBF) [249]. The sol-gel
processing of BGs combine their lower chemical durability with increased surface area and porosity
resulting in rapid calcium and phosphate ion release and thus conversion to HCA.

Melt-quench bioactive BGs have been well represented in composite system. For example,
BG incorporated chitosan composites have been created as an antibiotic delivery in the treatment of
chronic osteomyelitis [279]. They have also been used as fillers in methacrylate-based composites
[280]. However, bioactive BGs and in particular when processed through sol-gel technique have not
been used as fillers in electrospun composite scaffolds. Herein, sol-gel derived BG incorporated
electrospun PCL fibers were fabricated for potential applications in bone tissue engineering, and their

reactivity and acellular bioactivity were investigated 7 vitro.

7.2 Methods

Sol-Gel borate glass production

Sol-gel-derived BG of the formulation (46.1)B.03;—(26.9)CaO—(24.4)Na,O—(2.6)P,Os
(mol.%) was fabricated as previously reported [249]. Briefly, using a nitrogen filled glove box, boric
acid (299.5% Sigma Aldrich) and anhydrous ethanol were mixed in a covered Teflon beaker and
magnetically stirred at 40 £ 3°C until the solution became clear. This was followed by the addition of
triethyl phosphate (>99.8%, Fisher Scientific), calcium methoxyethoxide (20% in methoxyethanol,
Gelest, USA), and sodium methoxide (25 wt.% in methanol, Fisher Scientific) at 30 min intervals. The
solution was then allowed to mix for another 30 min or until the viscosity became too high for further
mixing. The resulting sol was then cast into polypropylene vials and sealed to undergo ageing for 10
days at 37 °C. The gels were then removed, placed in crystallization dishes, and dried in air at room
temperature for one day followed by drying at 120 °C for a further two days. Calcination of the dried

gels was cartied out at 400 °C using a 3 °C/min ramp rate and a 2 h dwell time. Post calcination, the
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glasses were pulverized using a planetary ball mill and sieved to < 25 um. The median (Dsp) and
average diameter (D.y,) of the sieved glass particles were determined using a Horiba 1LA-920 (ATS
Scientific Inc., Canada).
Electrospinning of PCL-BG composites

PCL (Number average molar mass of 80,000, Sigma Aldrich) was added to glacial acetic acid
(Sigma Aldrich) at 20 w/v% and mixed overnight until the solution became clear. The solution was
then ultrasonicated for 1 h to ensure homogeneity [281]. In another approach, the surfactant F127 1
w/v% (Sigma Aldrich), was added during sonication. For composite scaffold fabrication, along with
1 w/v% sutfactant addition, BG patticles were incorporated at either 2.5 or 5 w/v% (wt.%) relative
to PCL solution. These mixtures underwent manual mixing for 1 min followed by sonication for a
further 3 min to ensure homogeneity. The solutions was then loaded into a 3 mL syringe and placed
in a commercial ES apparatus (Starter Kit 40KVWeb, Linari Engineering stl, GR), using 15 kV, 15 cm
working distance, 21G needle (OD, 0.8 mm), and a flow rate of 0.4 mL/h collected on a flat grounded
collector. Table I provides a summary of the compositions investigated and their codes.
Dynamic Vapor Sorption

The aqueous interactions of the electrospun scaffolds were investigated through dynamic
vapor sorption (DVS) using a DVS Intrinsic (Surface Measurement Systems Ltd., U.K.), which
measures mass changes (£0.1 pg) under controlled relative humidity (RH) and temperature.
Approximately 20 mg of scaffold sections were placed in an aluminum pan and inserted into a
chamber at 37 + 0.05 °C. The scaffolds were then directly exposed to 90% relative humidity for 6 h
and then to 0% RH for a further 6 h.
Bioactivity

The 7n vitro mineralization of the electrospun scaffolds were examined using Kokubo’s SBF
[117]. Scaffolds were added to SBF (pH 7.4) at a 0.25 mg/mL ratio and stored at 37 + 1 °C. The
SBF solution was replaced every third day. Mineralization was examined at days 1, 3, and 7 where the
scaffolds were gently rinsed with deionized water then dried.
Scanning Electron Microscopy

Scanning electron microscopy (SEM) of the calcined BG particles and fibrous scaffolds before
and after immersion in SBF was performed with an Inspect F50 Field Emission Scanning Electron
Microscope (FEI Corporation, USA) using an accelerating voltage of 2kV. Samples were sputter

coated with Pt prior to analysis. Measurement of fiber diameters was completed with Image] v.1.49

(NIH, USA) software (n = 200).
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Attenuated total reflectance-Fourier transform infrared spectroscopy

Attenuated total reflectance-Fourier transform infrared (ATR-FTIR) spectroscopy was
performed on the calcined BG particles and fibrous scaffolds before and after immersion in SBF.
ATR-FTIR was carried out using a Spectrum 400 (Perkin-Elmer, USA) between wavenumbers 4000
and 650 cm™ with a resolution of 4 cm™ and 64 scans per sample. Spectra were baseline corrected and
normalized to the total area surface area under absorption bands using Spectrum software (Perkin-
Elmer, USA).
X-ray diffraction

X-ray diffraction (XRD) analysis was performed on performed on the calcined BG particles
and fibrous scaffolds before and after immersion in SBF. XRD were analyzed using a Bruker D8
Discover X-ray diffractometer (Bruker AXSS Inc., USA) equipped with a CuKa (A = 0.15406 nm)
target set to 40 mV and 40 mA. Three frames of 25° were collected from 10 — 70 2 theta (°) using an
area detector the merged. Phase identification was carried out using X’Pert Highscore Plus

(PANalytical, Netherlands).

7.3 Results

Characterization of the BG and as-made electrospun PCL-BG scaffolds

The calcined BG particles were characterized in terms of particle size, morphology, and
structure through ATR-FTIR and XRD (Figure 7.1). A histogram showing the particle size
distribution of the calcined BG is shown in Figure 1a. The median particle size (Dso) of the as prepared
powders was 10.64 um with an average particle diameter of 11.59 £ 6.74 um. SEM micrographs
(Figure 7.1) showed the resultant nanotextured surface of the glass from the sol-gel process. ATR-
FITR spectrum of BG particles (Figure 1c), indicated three regions at 850 — 1200 cm™ (B—O stretching
of BO; units), 1200 — 1500 cm™ (B—O stretching of BOj; units), and a band at ~720 cm™, attributable
to the B-O-B bending of BO; units (Figure 7.1) [218-220]. The broad band around 1000 cm™, is
attributed to the B—O linkages of BO4[165, 221-223] and the defined shoulder peak at ~870 cm™, is
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Figure 7.1 Characterization of BG particles. (a) Particle size distribution of the calcined BG particles. (b)
Nanotextured morphology of the glass surface via SEM. (c) ATR-FTIR spectra showing the bonding moments for
the BG particles and (d) XRD diffractograms displaying the typical amorphous humps.

characteristic of the B—O stretching of boroxol rings. XRD (Figure 7.1) confirmed the amorphous
nature of the glass as observed by the two broad humps typical of this material [249].

SEM micrographs of as-made PCL and PCL-BG scaffolds confirmed the typical continuous
fibrous structure achieved through the ES technique (Figure 7.2). Insets for PCL-2.5BG and PCL-
5BG show that the BG particles were successfully incorporated within the PCL fibers. According to
fiber diameter measurements (Figure 7.2 and summarized in Table 7.1) the addition of surfactant
(PCL-S) resulted in a smaller, more uniform distribution of fibers compared to neat PCL.

Furthermore, the addition of BG (PCL-2.5BG) generated a broader range of fiber size. This increase
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in fiber diameter was significant (p < 0.05) in the case of PCL-5BG. The resultant cotton-wool like

nature of the PCL-5BG and the potential handling ability can be seen in Figure 7.2.

Table 7.1 Scaffold compositions and their average fibre diameters as
measured from SEM micrographs (n = 200).

D Surfactant BG Avg. Fibre
(wW/v%) (w/v%) Diameter (um)
PCL 0 0 1.2x05
PCL-S 1 08+0.3
PCL-2.5BG 1 2.5 1.0+0.7
PCL-5BG 1 5 35+£18
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Figure 7.2 Morphology of as-made PCL and PCL-BG scaffolds. (a) SEM micrographs showing the fibrous
morphologies and BG incorporation in composite scaffolds (inset scale bars = 2 um). (b) Range of fibre diameters
for the various scaffolds, indicating wider distribution of diameters with BG incorporation. (c) A macro view of
PCL-5BG showing the cotton-wool like nature and (d) ease of handling of the scaffold.

The structural and chemical properties of the electrospun PCL and PCL-BG composite

scaffolds were characterized through ATR-FTIR and XRD analyses. ATR-FTIR spectra of PCL and
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Figure 7.3 Structural analyses of as-made PCL and PCL-BG scaffolds. (a) ATR-FTIR spectra showing representative
bonding moments of the electrospun PCL and PCL-BG scaffolds. (b) XRD diffractograms showing typical semi-
crystalline peaks associated with PCL.

PCIL-S showed common bands associated with the crystalline (1294 cm™) and amorphous (1163 cm’
") phases [282]. Furthermore, the band at 1721 cm™ [282] can be attributed to the stretching of v,(C=0)
while the bands at 1238 and 1180 cm™ represent the asymmetrical stretching of v,(C—-O—C) and
symmetric stretching of v(C—O—C) respectively [283]. Peaks at 1047 cm™ and 1470 cm™ are associated
with C-O stretching [284] and C—H bending [278], respectively. The incorporation of BG in PCL,
resulted in new bands at 1570, 891, 806, and 680 cm™. Furthermore, the C—H bending at 1470 cm™
begins to fade to form a shoulder region with increasing glass addition. In addition, the two defined
diffraction peaks related to the (110) and (200) lattice planes at 21.5 and 23.6° 2-theta respectively,
indicated the typical semi-crystalline morphology of PCL [285]. Compared to the amorphous BG
(Figure 7.1), the PCL semicrystalline peaks dominate the XRD diffractograms of the composites.
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Scaffold reactivity through vapor sorption

The aqueous interactions of the scaffolds, as an indicator of their reactivity and potential
degradation, were investigated using DVS (Figure 7.4). Under direct exposure to 90% RH, BG
incorporated PCL scaffolds demonstrated a rapid increase in mass within the first hour. This was
followed by a plateauing region, ultimately leading to an equilibrium mass gain of ~24.8 and ~38.9%
for PCL-2.5BG and PCL-5BG, respectively after 6h. Both of these values were below that observed
for neat BG particles (~48.3%) and substantially greater that those observed for PCL (~1.2%) and
PCL-S (~2.2%)).

60- 100
RH =90%

.......................................
P

= PCL

= PCL-S

— PCL-2.5BG
— PCL-5BG
- BG

RH [%]

Mass Change [%)]
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Figure 7.4 Reactivity of PCL and PCL-BG scaffolds through vapour sorption. The direct exposure to 90% RH,
resulted in a rapid increase in mass of BG and BG incorporated PCL scaffolds. At 6 hours, the equilibrium increase
in mass increased with BG content in composite scaffolds. The return to near 0% mass change after 12 hours for
the PCL samples demonstrated their hydrophobic nature.
Scaffold bioactivity in SBF

The bioactivity of the PCL and PCL-BG scaffolds were investigated in SBF for up to 7 days.
SEM micrographs of the PCL-5BG scaffolds indicated the progressive deposition of flower-like
crystals as a function of time in SBF, which was prominent by day 7 (Figure 7.5). The surface at PCL-

2.5BG showed a fairly similar formation, though to a much lesser extent. Asimmersion time increased
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the fibrous scaffolds began to undergo surface transformation as observed by the roughening of PCL
and PCL-S at day 7.

ATR-FTIR spectra of the PCL-5BG scaffolds as a function of time in SBF indicated the
progressive increase in the intensity of the peak around 1020 cm™, which is attributed to PO, [252]
and indicating apatite formation (Figure 7.6). In contrast, the spectra for the PCL, PCL-S, and PCL-
2.5BG remained largely unchanged as a function of time in SBF. XRD diffractograms of the scaffolds
at day 7 in SBF confirmed apatite formation in PCL-5BG (Figure 7.7). The presence of the peak at
~32° 2-theta, which is the main peak associated with hydroxyapatite, along with the development of

other peaks, also related to hydroxyapatite (“”, JCPDS 9-0432) confirmed apatite formation.

7.4 Discussion

Electrospinning, a relative simple technique that generates fibrous scaffolds from polymer
solutions, has been widely investigated for PCL, as well as other polyesters and their blends [271, 281,
284, 286]. However, compared to glacial acetic acid, other solvents, such as chloroform [271, 287],

acetone [286], methylene chloride [288], and hexafluropropanol [289], amongst other combinations
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Figure 7.5 SEM micrographs of PCL and PCL-BG scaffolds as a function of immersion time in SBF. For PCL-5BG
composite scaffolds, apatite-like crystals were visible at day 3 and rapidly increased by day 7. Surface changes
were visible in the non-doped PCL samples at day 7.
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[290, 291], have been more commonly used to dissolve PCL for electrospinning. Nevertheless, interest
in the use of less toxic or potentially harmful solvents in ES arose with the introduction of the “Green
Electrospinning” concept [292]. In particular, PCL electrospun fibers have also been generated by
using less or non-toxic solvents (benign solvents), offering potential environmental and biomedical
applications advantages [293, 294]. The suitability of this system has already been tested in the
fabrication of neat PCL electrospun fibers [281] and blends of PCL/gelatine electrospun fibers [295].
Furthermore, PCL dissolved in glacial [293] and 90% acetic acid [290] and with the fiber size range is
similar to reported values [293]. Previous research has shown that adding pyridine to acetic acid helped
reduce the overall size of PCL fibers and generated predictable the fiber distributions [296] which may
be a future approach to control fiber size. A previous study has also shown that using acetic acid,
acetone, or a combination of both did not affect the chemical structure of ES-PCI, and indicated that
the solvent was removed by evaporation during processing [297]. Solvent removal can also be
performed by freeze drying and rotary evaporation, though this would likely initiate the conversion
process of the BG particles.

The wider range of fiber distribution with increasing BG content might also be related to the
electrical conductivity [298] or viscosity [295] of the solution. In ES, as the electric potential intensifies
the polymer solution at the needle tip elongates to form a conical shape called the Taylor cone [299,
300]. With further electric potential increase, it reaches a threshold value causing the formation of a
polymer jet as the surface tension is overcome by the repulsive electrostatic force. The polymer jet is
then ejected from the Taylor cone towards the metal collector and collected after thinning due to
solvent evaporation and bending instabilities that are electrically driven [301]. Therefore, a polymer
solution with higher electrical conductivity exerts greater tensile force, which can increase the
stretching and splitting of the jet, creating a broader distribution and overall smaller fibers. However,
it is also possible that if the solution flow is not high enough, a thicker fiber diameter will form since
a greater tensile force is exerted. Since the ES parameters were consistent across all materials, in order
to compare the fabricated electrospun scaffolds, it is conceivable that the increase in BG loading also
increased the viscosity which might have required a greater ejection rate in order to produce thinner
fibers. In this study, it was found that the incorporation of BG at greater than 5w/v% (e.g. 7.5 and 10
w/v%) prevented the generation of fibrous matrices. Previously, it has been shown that the addition
of up to 5 w/v% multi-walled carbon nanotubes increased both the diameter and distribution of the

electrospun PCL fibers [298].
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Figure 7.6 ATR-FTIR spectra of PCL and PCL-BG scaffolds as a function of immersion time in SBF. The presence of
the peak at 1020 cm-1 in BG incorporated PCL scaffolds at day 7 suggested apatite peak formation.

An alternative approach to generate bioactive fibers involves the direct electrospinning from
a sol, or sol-gel hybrid, which can be advantageous since it does not require a separate glass particle
addition to the polymer and the resultant glass or glass-hybrid fibers are typically more uniform and
homogenously distributed due to the nanoscale nature of the sol [82]. Nevertheless, the cotton-wool
like appearance in this study, is reminiscent of previous work on glass fibers made by ES, directly from
a sol with no polymer addition [302]. It was reported that the Ca®" ions from the sol can act as charge
carriers, which has previously been shown to increase the charge density on the surface of the jet [303],
leading to greater branching from the primary jet. However, in this scenario, it leads to the splitting
of several jets, known as “splaying” which has been previously described [270], and can result in a
“bush-like” appearance. PCL and PCL-S did not show any signs of this build up making it likely that
BG played a primary role in creating the 3D fiber morphology. PCL-2.5BG began to form fibrous
mats that were not entirely flat but not nearly to the extent of the 3D morphologies generated with
PCL-5BG. Since these glasses have previously demonstrated rapid dissolution rates [249], it is possible
that during their mixing with the PCL solution, released Ca** and BO5™ ions that may have acted as
charge carriers, increasing the electrical conductivity, and thus causing the cotton-wool like
appearance. This 3D morphology may be desirable for many tissue engineering applications since it
can be packed into various defects [302]. Moreover, it has been recently reported that fibrous, “cotton
candy-like” BGs have been successfully used for wound healing applications [205, 244, 304].DVS has
been used to predict the reactivity and potential solubility of bioactive glasses [249, 265, 266] and
polymer coatings [305]. In the case of glass systems, it has been found that the extent of mass change

is dependent primarily on the composition, followed by textural properties [249]. Here, since the
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Figure 7.7 XRD dlffractograms of PCL and PCL-BG scaffolds as a function of immersion time in SBF. Apatite
conversion (“”, JCPDS 9-0432), which was initiated at day 3 for the BG incorporated PCL scaffolds were more
defined by day 7 in SBF.

incorporated glass composition was the same in both BG incorporated scaffolds, the volume fraction
of BG influenced the final mass change, increasing with BG content. The terminal —-OH groups, that
result on the surface of the BG from the sol-gel process [82], are thought to make the composites be
more prone to aqueous interactions. Furthermore, the <2% mass change with the PCL and PCL-S
samples have previously been observed with water sorption studies [306] and were expected due to
the hydrophobic nature of the material. Therefore, it can be concluded that the mass change observed
in the composites, was a direct result of the BG additions. This hydrophobicity of PCL was also
demonstrated by the final mass change after 12 hours which was approximately 0% for all materials
except for the BG particles, which has the ability to undergo permanent mass change [249].

Only PCL-5BG indicated apatite conversion as observed through SEM, ATR-FTIR and XRD
analyses. SEM micrographs indicated significant apatite formation as well as fiber degradation. PCL
surface degradation has been previously shown at day 7 in SBF by Joshi et al. [307]. Apatite formation
was also supported by ATR-FTIR spectroscopy, in particular by the slight broadening of the peak
around 1020 cm™ in PCL-5BG at day 3, which was more pronounced by day 7, surpassing the intensity
of the characteristic PCL v (C=0) peak at 1721 cm™. 'This apatite conversion time scale was confirmed
by XRD through the peak ~32° 2 theta apparent in PCL-5BG scaffolds, where at day 7 showed
significant retardation of the inherent semi-crystalline peaks of PCL, as previously reported through
the addition of other dopants to PCL or by changing the PCL fabrication process [298]. It also
indicated the prominence of apatite presence at this time point, which can be confirmed by the
additional peaks (“»”, JCPDS 9-0432). Despite the higher DVS reactivity of the PCL-2.5BG scaffold

compared to PCL and PCL-S, there was no indication of mineralization. While the surface
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transformation of PCL-2.5BG appears to be similar to that of PCL-5BG, it cannot be concluded that
HCA conversion has occurred based on the ATR-FTIR and XRD data. This suggests that the
minimum particle loading needed for HCA conversion is above 2.5 w/v %. Howevet, it is anticipated
that this may be achieved by varying the sol-gel and electrospinning processing parameters.

In summary, electrospun PCL scaffolds incorporated with sol-gel derived bioactive BG
particles were successfully fabricated. Despite their larger fiber diameters, PCL-5BG scaffolds
demonstrated high reactivity according to DVS and significant conversion to apatite by day 7 in SBF
according to SEM, ATR-FTIR, and XRD analyses. The cotton-wool like morphology produced with
higher BG content is thought to be due to the increased electric conductivity of the solution due to
dissolution of the glass during mixing and can potentially improve handling in the clinic to fill unique
bone defect sites. Concluding, this a primary example of using sol-gel derived borate glasses to
improve the reactivity and bioactivity of a biodegradable polymer can potentially be useful in
mineralized tissue engineering applications. Further studies will focus on investigating cellular
responses to these promising bioactive scaffolds.
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8 General Discussion

Due to the ever-ageing population, there is great demand for synthetic bone replacement
materials. While many different types of materials excel at certain elements of bone repair, bioactive
glasses have emerged as a leader in the field due to their ability to convert to HCA, which allows them
to physically and chemically bond to native bone tissue [82]. The most successful and well-studied
bioactive glass, was actually the first one to be invented in 1969 by Dr. Larry Hench [12] and since
then, many different chemistries and processing methods of bioactive glasses have been investigated.
Yet, despite great advancements in this field, bioactive sol-gel-derived borate glasses have not been
studied investigated for mineralized tissue repair until now. This thesis investigated the sol-gel
processing of bioactive four-component SGBGs. An overview of the glass compositions and selected
properties are provided in Table 8.1.

Table 8.1 Summary of all glass compositions and selected properties

ot mol % N Dso SEA Pore V;)Iume HCA formation SBF (h)
B,O; CaO Na,0  P,Os (um) | (m*/g) (cm™/9) | ATRFTIR| XRD
B36 36.2 31.9 28.9 3.0 1.15 347 55+8 0.4+0.1 6
B41 411 29.4 26.6 2.8 1.68 346 72+8 0.7 0.1 6
?;_ B46 46.1 26.9 24.4 2.6 2.1 43.8 94+8 0.7 +0.1 0.5 3
a | Bs1 51.1 244 22.1 24 2.46 337 | 114£15 | 0.9+0.2 6
S| Bse 56.1 21.9 19.8 2.2 2.75 388 | 121£13 | 1.0+0.1 6
B61 61.3 193 17.5 1.9 299 | 471 | 138+12 | 12%0. 6 6
45B5% | 46.1 26.9 24.4 2.6 2.1 441 0.24+0.02| 0.0009 72 72
AM 2.11 45.4 91+ 6 0.6+0.2 - -
T™B 211 | 49. 75+4 | 0.3+0.02 05 6
TEB 2.11 40.7 81+2 0.4+0.03 0.5 0.5
od 2.11 36.8 131+£7 0.8+0.1 0.5 0.5
w | 30d 2.11 35.1 97 +1 0.7 +0.1 0.5 2
;g RT 6.1 269 " 26 2.11 30.5 103 +2 0.7 +£0.03 - -
8| es5C 2.11 303 119+6 0.8+0.1 - -
“ | 1¢/min 211 | 285 | 89+3 | o08+01 05 2
10C/min 2.11 26.7 104 +20 0.8+0.1 0.5 2
BA 300 2.11 28.5 106 % 1 0.8+0.1 0.5 2
BA 400 2.11 25.1 95+3 0.7 0.1 0.5 2
BA 500* 2.11 38.5 1541 0.2+0.04 05 24
o | Na24 | 46. 26.9 24.4 26 2.1 39.2 37 0.4 0.5 2
& | Nat6 | 511 29.8 16.3 2.9 2.53 29.9 71 0.6 0.5 2
E Na8 56.0 327 8.1 3.2 2.88 29.3 139 1.0 0.5 2
“ 1 Nao 61.0 35.6 . 3.4 317 | 439 159 0.6 2 2

* Full compositional details given in Chapters 4, 5, and 6
* Melt-derived composition
*BA 500 is a glass ceramic
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8.1 SGBG composition and structure

To date, many of the melt-quench derived bioactive borate glass compositions have been
based on the full substitution of silicate with borate in bioactive silicate-based glasses, e.g, the creation
of 45B5 (46.1)B20;-(26.9)CaO-(24.4)Na,O-(2.6)P,Os (mol%o) [17, 308] to mimic 45S5. This approach
was also used as a starting point, where in Chapter 4, a series of six SGBG compositions (36 — 61
mol% B,Os) were fabricated based on a borate substituted 4585 bioactive glass composition. Despite
some phase separation during processing (Figure S4.11) with the lower borate containing glass (B36),
all six SGBG compositions generated amorphous structures post calcination at 400 °C and
demonstrated rapid conversion to HCA in SBF according to ATR-FITR, XRD, and also supported
by SEM analysis. Although only B46 and 45B5 were tested at time points below 6h (Figure 4.9), it
can be assumed that the conversion of the other glass compositions (e.g, B36, B41, B51, B56, and
B61) would be equally rapid based work presented in Chapters 5 and 6.

The bioactivity was predicted using the network connectivity (IN¢) model [129] as discussed in
section 2.3.3. While this model has served as a good indicator for predicting the bioactivity of multi-
component glasses, there are some limitations based on the following assumptions [82, 129]:

1) The glass is homogeneous

2) Once a bO bond is broken, it disappears, and is replaced with an nbO

3) Subjective selection of glass network formers and modifiers

4) Network former is four-coordinated

5) Resultant high surface area and excess —OH groups from sol-gel processing are not

considered

The first assumption implies that there exists a uniform distribution of ions within the glass
(e.g., homogeneity). Although the glasses were fully amorphous (except for B36) after calcination,
which suggests homogeneity, it has also been shown that phase-separated amorphous glasses may be
generated through both melt-quench [309] and sol-gel derived systems [310]. Considering the
possibility of the existence of phase separation in SGBGs, there may be new insights on the structure
and dissolution properties, where the various phases will have different dissolution or conversion
rates, which in turn control the overall HCA convetsion rates. Second, the model assumes that once
a nbO is formed from breaking a bO, that the initial bond disappears. However, in practice this
depends on the size and charge of the replacing ion, which can affect the properties of the glass

network [129]. The equation leaves it to the user to determine whether ions are network formers or
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modifiers. For example, many bioactive glasses have substituted MgO for CaO to create more dense
glass networks and typically lowering degradation rates [311]. However, Watts et al. showed that in
their glass composition, magnesium can enter the network as either a network former (MgO4) and/or
modifier (Mg”") when it replaces calcium [312]. Since the same four elements were used for each
composition in Chapter 4, and phosphate is assumed not to be part of the glass network, this drawback
was not considered. Another key assumption in this model is that the network former is four-
coordinated, which is not always the case with borate systems as discussed in section 2.3.2. This would
in turn affect the 2 to 2.6 range for Nc that is thought to be bioactive. Perhaps the most overarching
assumption of this model is that it equates bioactivity with glass dissolution. For instance, Brauer and
Hill described a scenario where substituting two Na* ions for one Ca>" ion would likely increase the
dissolution, and thus the predicted bioactivity [129]. However, since Na™ does not directly contribute
to apatite formation, this would not hold true in practice [129]. In Chapter 6, reduced sodium content
led to slower phosphate peak formation according to ATR-FTIR, but equally rapid HCA formation
according to XRD. Interestingly, since borate glasses follow a “volume-reduction” model based on
dissolution and direct HCA precipitation [17, 18], the Nc model might be more effective for borate
systems once and new calculation model is formulated based on the previously mentioned limitations.

In predicting Nc in Chapter 4, it was also assumed that the boron was four-coordinated, as
based on NMR analysis. Thus, the resultant 2.12 Nc¢ value was in a similar range to that of the original
Bioglass®” composition [82]. Yet, as discussed in section 4.3, 2 more advanced NMR magnet is needed
in order to better decipher the exact amounts of three and four-coordinated boron ions in the glass
structure.  Additionally, more advanced NMR techniques are necessary to determine whether
phosphates enter the borate glass network. Although this is not the case in the Bioglass® network
[313], B-O-P bonds are known to exist in borate glasses [240]. These findings would influence the
Nec calculation and possibly give better insight into the structure of SGBGs. Perhaps, the number “4”
in eqn (1) would be changed to 3 or 3.5 to represent a combination of both three- and four-
coordinated borate units in the glass structure. Similarly, Chapter 6 discusses the effect of sodium on
SGBG network, where a reduction in sodium content increased Nec (Table 8.1) since a greater portion
of network former is present.

The N calculation also does not factor in the high surface area and porosity values of glasses
generated through the sol-gel process [82]. Thus, the sol-gel process leads to artificially lower Nc
values since the H" can disrupt the glass network by acting as a modifier [170]. It has also been

previously demonstrated in silicate sol-gel systems that, even after thermal treatment, OH" groups
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remain present which further increase dissolution rates [170]. Both of these factors are also not
considered in the Nc calculations. These resultant processing properties allow sol-gel glasses to be
bioactive [15] beyond the limit of 2 to 2.6 Nc values [128]. Yet, similar to melt-quench derived glasses,
it has been shown that in silicate sol-gel systems, the phosphate is also present as an orthophosphate
[314] however this might also depend on the amount of phosphate in the glass composition. For
these reasons, the Nc model may not be ideal for non-silicate and sol-gel derived systems, and thus a
new model that factors in the aforementioned limitations would provide new way to predict
bioactivity. Furthermore, chemical analysis of these glasses to determine the actual composition would
provide more accurate N¢ calculation models.

The above limitations have led to a recent drive to model bioactive glasses through advanced
molecular dynamic simulations [267, 315-317]. Since the molecular structure is the most important
factor in determining glass dissolution and bioactivity [82, 229], understanding how the structural
elements are connected can provide better insight into optimizing the glass composition compared to
being based on previously made glasses. By modeling a series of four-component melt-quench derived
glasses containing SiO»-CaO-NayO-P,Os, Mathew et al. defined three key parameters for optimal
bioactivity; the silicate Nc, the phosphate content (orthophosphate), and the molar ratio of Na to Ca
[315]. These models become more complex in the case of sol-gel glasses due to the amount of water
in the system. Nonetheless, simulations to model the influence of water on the dissolution and
reactivity of these glasses have been investigated [318-320]. Simple models in a (CaO)«(S102)1-«(H.O)y,
system suggest that calcium distribution is more homogeneous with increasing OH™ content [321].
These models might prove useful for sol-gel compositions as the processing parameters can be easily
varied and to overcome some inhomogeneity as was seen with B36 in Chapter 4. These simulations
have increased the understanding of how compositions affect structure and dissolution behavior, and
have also been applied for phosphate glass systems [322, 323]. However, although borate mixed alkali
systems have been modeled [324], bioactive borate glasses compositions have not. Indeed, although
the modeling of borate-based glasses may be more challenging than for silicate-based glasses since the
boron ion can take many different forms, understanding when these superstructures form may help
in designing borate glasses for different tissue engineering applications.

Chapter 5 focused mainly on the effect of processing parameters on SGBG structure and
properties, with some of the compositions resulting in their partial crystallization when calcined at
higher temperatures, thus forming glass-ceramics (Figure 5.3). Although the induction of

crystallization is known to reduce the bioactivity of amorphous glasses [82], the ability to design glass-
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ceramics with potentially increased mechanical properties may prove to be beneficial. In fact new
glass-ceramic system, Biosilicate® [325], is being designed due to easier processing characteristics. In
addition, although several 4585 bioactive glass systems have been created through the sol-gel route
[179, 181, 251, 258, 259], only a few remain amorphous after calcination [180, 261]. While this may
be due to the effect of precursors, such as the use of nitrates, it mainly depends on the final calcination
temperature. Thus, calcining below T, results in amorphous forms, but depending on the precursor
materials (e.g., nitrates), the lower temperature may not be high enough to properly eliminate nitrates
or organics, and thus some will remain in the glass which might inhibit bioactivity. In this study,
nitrates were not used during the processing of SGBGs, and thus a lower calcination temperature was
obtainable. Calcination at higher temperatures, ze¢., above T, resulted in the partial crystallization of
the glasses into various Na-Ca-B phases (Figure 4.2 and Figure 5.2). Further investigations of these
created phases and their bioactivity have yet to be examined, which may provide greater insight on the

semi-crystalline glass conversion to HCA.

8.2  SGBG sol-gel processing parameters

Compared to melt-derived equivalents, SGBGs have not been extensively studied. This may
be due to their unique chemistry where the boron ion can achieve three- or four-fold coordination
along with forming numerous boron ion species (section 2.3.2). In fact, many of the original SGBGs
have been based on two- or three-component systems made using very similar precursors or
processing conditions [158, 160, 162, 163, 210]. This dissertation, and in particular Chapter 5,
demonstrated numerous different methods of producing SGBGs and their effects on the final
structural, textural, and bioactive properties. Despite the variations in the processing parameters, all
the resultant glasses demonstrated very similar overall bioactivity, with calcination temperature being
the most influential factor. However, this calcination step is subjective, and there is no “standard
temperature” in sol-gel processing, though it is the norm to use a temperature close to that of T,.
Therefore, a more interesting comparison would be between BA 400, TMB, and TEB since the
generated glass is of the same composition is, but is fabricated using different borate precursors.

Work published by Brinker and Scherer provided a robust overview of the chemistry of sol-
gel borates [21]. A possible mechanism of hydration and condensation, under neutral conditions, is
given in Figure 2.13. Similar to what Brinker and Scherer proposed, the basis of this work started
with boric acid which is mixed with an ethanol group, producing a B(OR); group and water. It was

postulated that instead of explicitly adding water, as in other sol-gel processing approaches, this initial
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step produced enough excess water to hydrolyze the other components in the system. Therefore, the
resultant B(OR)s starting group was likely TEB (BO;CsHis), when boric acid and ethanol were mixed.
However, in the case of the latter two methods of using either TMB or TEB, no water (or alcohol)
was explicitly added to hydrolyze this system, since it has been shown that additional water rapidly
causes precipitation of B(OH)s; in both these precursor materials [326], which may have resulted in
the lack of gel formation (Figure 5.1 and Figure 6.1). Nevertheless, upon evaporation a clear, gel-like
layer did form which was similar to that reported on evaporation-induced self-assembly of
mesoporous glasses [263]. This lack of gel formation (ze., 3D character) might be the cause in the
slight decrease in the calcined glass textural properties when compared to those produced using boric
acid as the precursor material (Table 5.2). Therefore, more possibilities regarding hydrolysis and
condensation reactions, using different precursors and processing parameters, need to be examined
using less complex, two or three-component system will allow for better deciphering of pH effects
due to the reduced influence of precursor materials.

The other precursors in the four-component compositions included calcium (calcium
methoxyethoxide 20% in methoxyethanol), which has been shown to be superior compared to calcium
nitrate, since the former can enter the network during processing while the latter will only enter the
glass network after heating [327]. The phosphate source was TEP, which is the most commonly used
precursor for sol-gel bioactive glasses although not always used when phosphate is the main
component in the sol-gel process [188, 189]. Sodium methoxide 25 wt.% in methanol was used as the
sodium source and although the addition of sodium is not common the sol-gel process, it has been
previously investigated to improve the glass mechanical strength and has also recently been added to
create sol-gel derived Bioglass® equivalents as discussed in Chapter 6. For SGBGs, upon the final
addition of sodium, the pH of the sol greatly increases, and gelation often occurs within a few minutes
due to an inherently high pH. Further studies are required to explore the order of precursor addition,
which may affect the hydrolysis and condensation reactions, thus impacting gel formation and possibly

the generated glass structural and textural properties.

8.3  SGBG textural properties

This study has, for the first time, demonstrated that the specific surface area and porosity of
an SGBG composition (B46) is two orders of magnitude higher than its melt-derived equivalent. It
is well known that the sol-gel process increases these properties [82, 173] and that the surface of the

material has a significant effect on its bioactivity [328], which has been shown using pure SiO; sol-
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gels, where larger pore size and pore volume decreases the induction time of HCA formation, z vive
[329]. This was also supported by other 7z vivo studies where two implants of sol-gel-derived glasses
of (96)SiO2-(4)B,Os (wt.%) with SSA > 200 m*/g were found to bond to bone using the tibial pushout
method in rats [330]. While it was observed that compositions with higher content of network formers
had higher surface areas, the morphological surface differences between amorphous SGBGs were not
directly compared in this study. However, differences were observed with the melt-quench derived
glass (45B5) and the semi-crystalline BA500, which were smoother and less coarse, when compared
to the amorphous SGBGs. Nevertheless, comparing and quantifying the amorphous SGBG surface
morphologies may provide better insight into the ability to tailor their properties by altering the sol-
gel processing parameters. Chapter 6 further demonstrates the influence of sodium content on the
glass textural properties. As the sodium was decreased, SSA increased (Table 8.1). It is thought that
this is due to less nbOs forming with a decrease in sodium content, which in term, increases the
network connectivity, and thus surface area. Therefore, the addition of sodium might depend on the

targeted final applications of the glasses.

8.4  SGBG Reactivity, dissolution, and HCA formation

Reactivity of the SGBGs was examined by investigating their interactions with water vapor,
which has been shown to predict the dissolution behavior of bioactive and soluble glasses [265, 266].
It was found that the composition is the key determining factor in final mass change due to vapor
sorption. This supports the previous notion that composition is the key determining factor in
determining the dissolution of multicomponent glasses [82, 229]. In particular, and in addition to
sodium influencing thermal and textural properties, it can also be inferred that sodium plays a key role
in determining reactivity of a glass. Recently, modeling techniques have given new insights on the
surfaces of silicate glass [267], where along with nbOs, it was shown that there is also an excess of
sodium at the surface [320]. This more hydrophilic sodium surface interacts with vapor, which then
allows the water molecules to penetrate into the glass network to initiate dissolution. By using DVS
in this thesis, this was observed experimentally as the SGBG compositions with higher sodium content
led to greater extent of final mass change (Figure 4.4 and Figure 6.3). Modeling studies, using borate
glasses to determine if excess sodium exists on the surface, would also provide greater insight into the
differences in reactivity as a function of composition. The effect of textural properties on reactivity
was also analyzed by directly comparing the B46 SGBG with its melt-quench (45B5) derived

equivalent. While 45B5 was also of high sodium content (24.4 mol%), the more dense structure
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generated by its melt-derived processing, did not allow for as easy water penetration and interaction
with sodium to initiate dissolution.

As previously reported for melt-quench derived 45S5 glass particles [265], a decrease in B46
particle size led to greater extent of aqueous interactions (Figure 8.1). Interestingly, above 75 um, the
effect of particle size was found to be negligible as all SGBGs experienced a similar, final mass change.
This may represent the limit where glass structural properties override the textural properties but also
brings into question the surface chemistry and potential dissolution kinetics of the glasses with higher
particle size fractions. This finding also needs to be confirmed by using the alternative, step-wise DVS
method previously used (Figure 4.4). The effect of both SGBG composition and texture could be
observed when incorporated into electrospun PCL-matrix composite scaffolds. Increasing amounts
of SGBG addition increased the final mass change, suggesting that only small additions (5 wt.%) of
SGBGs are required to enhance the reactivity rate of scaffolds.

Bioactive borate glass buffer in solution as they dissolve in a pH range of 8 — 10 [16, 18, 331].
At physiological pH (7.4 £ 0.2), B(OH)s is the stable species in solution. However as the pH increases

(z.e., due to glass dissolution) greater amounts of B(OH), form [332] according to equation 6:
B(OH); + OH <> B(OH)s (pKa = 9.24) (0)

Borate glass bulk dissolution has been previously studied by using lithium chloroborate glasses [333]
where it was reported that the glass dissolution in water is controlled by a reaction controlled
mechanism. Furthermore, unlike in silicate glasses, the inability of borate glasses to form a surface
gel-like layer during dissolution, is likely to increase the importance of the pH environment during
dissolution since the ions are directly released and HCA is deposited on the glass surface itself [333].
It has been shown that the pH of a solution determines the relative amounts of polyborate species in
solution [334]. For bioactive borate glasses, a simple conversion mechanism (z.e., dissolution without

formation of a gel-like layer) was discussed in section 2.3.3.2.
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Figure 8.1 Aqueous interactions of a borate substituted Bioglass in 4 different size fractions. Above 75 um, there
seems to be no effect on the mass change.

In this dissertation, the SGBG ionic release in both water (Chapter 4) and SBF (Chapter 5
and 6) were measured through ICP-OES. Comparing the same composition in each dissolution
environment (Figure 4.5 and Figure 5.5) demonstrated a similar trend: after an initial release of all
ions, boron concentration in solution remained stable, whereas that of calcium showed a slight
decreasing trend over time in solution. This decreasing trend was even more prominent in the case of
phosphorous concentration at around 6h, indicating HCA formation. The rapid HCA formation after
submersion in SBF, supports this dissolution model, however, shorter ICP time points (z¢., < 30 min.)
are required to examine the initiation of dissolution and better understand the mechanisms of HCA
conversion for SGBGs. To this end, a single, sol-gel-derived borate substituted Bioglass® composition

was submerged in four different environments Table 8.2.

Table 8.2 lonic Concentrations of Various Dissolution Media

Media
D pH Na* K+ Mg?* Ca> cr HCOs HPOZ  SO,2
SBF 7.4 142.0 5.0 1.5 2.5 147.8 4.2 1.0 0.5
PBS 7 57.1 2.0 0.0 0.0 84.4 0.0 8.0 0
DMEM 7.4 155.3 53 0.8 1.8 119.3 0 0.9 0.8
DIW ~5.5 0 0 0 0 0 0 0 0

*DMEM also contains amino acids, vitamins, glucose, sodium pyruvate, and phenol red
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Although, the effect of dissolution media was also examined in Chapter 4 where a K,HPO,
solution was compared (Figure S4.106), this resulted in artificially rapid HCA conversion rates due to
the non-physiological pH and the excess of phosphorous in the solution which makes the calcium in
the glass the limiting rate factor. Studies on silicate 13-93 glass in SBF and DMEM have shown that
the ionic release of silicon and potassium is very similar however, HA formation was detected on the
glass surface at week 2 in SBF and week 4 in DMEM, although by 2 weeks the DMEM formed HA
obtained better crystallinity [335]. The XRD results of the four tested components can been seen in
Figure 8.2. Interestingly, at day 7 B46 in PBS and SBF form HCA while glasses submerged in DIW
and DMEM formed calcite (the first formation of these peaks was observed at 2h — data not shown).
This is surprising as DMEM and SBF have very similar ionic concentrations with major difference
being the HCO5™ content (Table 8.2). Also interesting is that in DIW, B46 converts to HCA which
suggests rapid dissolution and re-precipitation at a near ideal Ca/P ratio. To the best of our
knowledge, the XRD patterns of 4585 after immersion in water have not been recorded. However,

when exposed to water vapour through DVS, the various CaSiO,, NaP, CaP, Ca;)Na(PO,);, and
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Figure 8.2 XRD diffractograms of (a) B46 submerged in 4 different types of media after 7d and (b) four different
particle size fractions of B46 in SBF for 7d. Calcite formation is observed by the sharp peaks.
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NaCaPOy, phases formed, which were dependent on particle size suggesting surface area and particle
size plays a role in conversion kinetics [265]. In another study, four different particle size fractions of
B46 were submersed in SBF for 7 days (Figure 8.2). Interestingly, above 75 um size fractions, the
glasses converted to calcite as opposed to HCA with the 25 — 75 um size fraction. This further brings
into question the effect of bulk surface area as well as the dissolution and conversion mechanisms of
SGBGs. It can be speculated that the lower surface area favors calcium release and re deposition, as
seen with ion release overtime. However, further studies are needed to pin point the surface changes

at shorter time points.

122



9 Conclusions and Future Perspectives

9.1

Conclusions

The following conclusions can be derived from this dissertation:

A wide compositional range of bioactive sol-gel derived borate glasses can be processed for
potential applications in mineralized tissue repair. Four-component glasses based on a borate
substituted Bioglass® 4585 formulation [(46.1)BO3—(26.9)CaO—(24.4)Na,O—(2.6)P,Os;
mol%)] ranging from 36 — 61 mol% B,O; were fabricated using a unique sol-gel processing
technique. Increasing the borate content increases the Ty, specific surface area, and porosity.
Compared to the melt-quench-derived equivalent, the SSA and porosity of SGBGs were
approximately 400 and 800 times greater, respectively. This is in direct correlation to lowered
amounts of network modifiers which disrupt the glass network creating nbOs. These glasses
demonstrated rapid HCA conversion in SBF according to XRD (3h), ATR-FITR (30 min),
and SEM (6h). This can be attributed to the lower chemical durability of the borate glass
system combined with the increased specific surface area and porosity which allows for faster
dissolution and rapid ion release rates. Bioactivity of these glasses was relatively unaffected by
composition.

SGBGs can be fabricated through various precursor and processing conditions. Overall,
regardless of the processing route, the glasses demonstrated similar structural and textural
properties.  Calcination temperature was found to have the most effect where higher
temperatures generated partially crystalline glass with an order of magnitude lower specific
surface area and slower conversion rates to HCA.

According to the aqueous interactions of the SGBGs as measured through DVS, reactivity
was found to be approximately four-fold greater than the melt-quench derived equivalent
glass. Furthermore, total mass gain was inversely related to the amount of borate network

former demonstrating the effect of network modifiers, especially sodium, on reactivity.
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* Sodium is not a necessary component to fabricate bioactive SGBGs. Sodium free SGBGs
demonstrated higher SSA and porosity and maintain the rapid HCA conversion rates per XRD
and ATR-FTIR.

=  SGBG particles can increase the bioactivity of non-bioactive systems. The addition of 5 wt.%
SGBG to electrospun PCL scaffolds, generated bioactive fibrous composites as characterized

through HCA formation by day 3 in SBF.

9.2 Future Perspectives

The high bioactivity of SGBGs has demonstrated great potential in mineralized tissue repair.
The research reported in this dissertation are anticipated to lay the ground work for all future bioactive
investigations of SGBGs aiming to examine composition, sol-gel processing, ion release, and
composite or hybrid scaffold formation. Nonetheless, due to the limitations of this research many
different areas can be expanded upon for future work.

While the structure of SGBGs was examined using various techniques, more advanced NMR
studies are needed to decode the amounts of three- and four-coordinated borate species and how
these are influenced by network modifiers such as sodium. As structure is the determining factor for
chemical durability of multi-component glasses [82, 229], this data will be essential in creating new
compositions for targeted tissue engineering applications. New computer modeling [229, 317] of
bioactive borate glass systems will also be helpful in determining the structure of these glasses along
with the more complex structural units inherent to borate systems and their effect on the bioactive
properties. From this information, modified network connectivity models can be created to better
predict the bioactivity of the borate glass network.

The sol-gel process contains many variables which have been thoroughly examined using
silicate based glass systems [336]. However, these have not been systematically examined in borate
systems. Chapter 5 examined many of these parameters, and while the final results demonstrated
similar overall glass structural and textural characteristics, additional work is needed to examine some
fundamental chemistry questions such as the effects of pH, alcohol, and water, which will also serve
to expand the work of Brinker and Scherer [21] and others [157, 158, 160, 162]. While it has been
suggested that a certain amount of four-coordinated borate units is needed for gel formation, this has
not been specifically examined in this work. Understanding the effect of precursor materials will
provide new insights to borate gel formation. After the gel has formed, the drying rate of the gels is

another key parameter that can be further examined in these systems. Step by step, or gradual drying
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of gels has been previously examined in other sol-gel systems [337]. This might help achieve
monolithic forms which can be used for a variety of applications beyond the medical focus.
Additionally, there are numerous other precursor materials that might influence these aforementioned
properties. Further examinations on different SGBG chemistries are also needed to investigate the
dissolution effects on SGBG compositions and how these correlate with bioactivity. These
parameters will also greatly influence the textural properties which also play an important role in
reactivity and bioactivity properties.

Perhaps the key remaining studies are those using cells 7z vitro along with ir vive animal models.
While borate glasses can be toxic in static cell cultures conditions [196], the toxicity can be reduced by
providing a dynamic environment [132] and they have been successfully studied using multiple cell
lines [135, 136, 338]. The importance of the dynamic environment is seen by the numerous 7 vivo
with animal bone [339, 340] and skin models [205, 341] and even in human trials [244, 342]. Thus, to

truly evaluate the potential of SGBGs in repairing tissues, these studies will be crucial.
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