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ABSTRACT 

Compositional modifications of traditional bioactive glasses were investigated to 

address adversity associated with the biological response after spinal cord injury (SCI); 

specifically the accumulation of calcium (Ca) and subsequent generation of reactive 

oxygen species (ROS).  Studies have shown yttria and ceria to have direct antioxidant 

scavenging capacity and provide neuroprotection under in vitro conditions of oxidative 

stress.  Therefore in this work, Ca is replaced by strontium (Sr) and yttrium (Y) and 

cerium (Ce) are incorporated at the expense of sodium (Na) in a 0.52SiO2-0.24SrO-(0.24-

x)Na2O-xMO (where x = 0.08; MO = Y2O3 and CeO2) glass series.  The structure, 

dissolution behavior and antioxidant capacity are first investigated for the glass series 

where excessive dissolution was found to cause fibroblast and osteoblast toxicity.  In an 

effort to reduce dissolution, thermal processing was employed to create a glass-ceramic 

series.  The glass-ceramic structure reduced solubility and eliminated osteoblast toxicity 

while maintaining a degree of ROS scavenging capacity.  Studies evaluating the glass-

ceramic bioactivity and in vitro observation of the interaction of these glass-ceramics 

with osteoblast and Schwann cells were then completed. 
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CHAPTER 1 -  INTRODUCTION 

Spinal cord injury (SCI) is the combination of primary physical damage to the 

nerve tissue and secondary biochemical processes that can cause further damage.  These 

processes often result in loss of motor and sensory functions where current methods of 

treatment produce minimal recovery of these faculties.  This work focuses on the 

development of a glass/glass-ceramic to be used in nerve conduits or as scaffolds that can 

stabilize the injury site and deliver therapeutic factors aimed at reducing the adverse 

effects associated with the biological SCI response to encourage and/or guide the 

regeneration of nerves for successful reconnection and restoration of function.  The 

proposed methodology in this research involves the development and characterization of 

calcium (Ca) free bioactive glass and glass-ceramics containing yttrium (Y) and cerium 

(Ce).  Y and Ce have known neuro-protective properties which may be imparted within 

the glass-ceramics. 

1.1 The Spine and Spinal Injury 

The spine consists of the spinal column and the spinal cord.  Vertebral bones, 

connective tissues, and muscles of the spinal column serve as the main physical support 

for the body and provide protection for the spinal cord.
1,2

  Nerves composing the spinal 

cord branch from each vertebra to allow exchange of motor and sensory information 

between the brain and specific regions of the body.
1
 Upon injury both the vertebrae and 

nerves may be compromised.  Loss of motor and/or sensory function with injury often 

occurs at and below the affected vertebrae; the regions of the body associated with the 

spinal nerves at each are shown in Figure 1-1.
2
 

1.1.1. Vertebral Structure 

The 29 individual vertebrae of the spinal column each have two segments, the 

vertebral body, anteriorly located, and the neural arch with spinous and transverse 

processes posteriorly.
1
  These processes serve as sites for muscle and ligament 

attachment.  Adjacent vertebral bodies (depicted in Figure 1-2) are connected by 

intervertebral disks which serve to transmit shifts in body weight with anterior and 

posterior longitudinal ligaments serving to support and stabilize the disk.
2
  Posteriorly,  



 

2 

 

 

Figure 1-1.  Spinal column and dermatome showing nerves associated with sensory and 

motor functions throughout the body. Adapted from Silva et al.
3
 and Ellis.

4
 

 

the neural arch features various facets, serving as synovial joints, and connecting 

ligaments between adjacent vertebrae.
1
  Stacked vertebrae produce a continuous vertebral 

foramen (spinal canal) and aligned notches that form the intervertebral foramen to house 

the spinal cord and spinal nerves exiting the spinal column, respectively.
1,2

 

1.1.2. Vertebral Composition 

 

Chemically, bones are composed of two main phases: amorphous carbonated 

calcium phosphate that, when crystallized, is commonly referred to as hydroxyapatite 

(HA), and collagen molecules.
5,6

  HA  is the mineral phase of bone and consists primarily 

of calcium (Ca) and phosphate (P).  It is formed in small needle or plate like  



 

3 

 

 

Figure 1-2.  Vertical cross section of the spine.
7
 

 

crystals depending on the type, location and load conditions of the bone being formed.
6,8

  

The size of the crystals can range from 200 Ǻ - 50 nm during formation.
8,9

  Collagen is 

the primary organic phase of bone and serves as the nucleation site for the HA crystals 

and as the matrix that tightly binds them together.
10

  Figure 1-3 shows the nanostructure 

of the collagen-crystal composite, where the crystals are formed along the individual 

collagen molecules, and the progression of packing to form a collagen fiber.
8
  The 

collagen fibers form sheets that make up the microstructure of bone; these sheets are 

called lamellae and are the base material for both cortical bone and cancellous bone.
10

  

Cortical bone or compact bone is the dense, outer layer of most bones.  Lamellae in 

cortical bone are layered in concentric circles with the direction of collagen fibers at 

varied angles to those of the previous sheets.
8
  Spaces between the lamellae layers are 

referred to as lacuni and are occupied by osteocytes.  Osteocytes are mature bone cells 

that monitor and maintain the protein and mineral content of bone matrix by 

communication through canaliculi (small canals between lacuni).
11

  The layered lamellae  
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Figure 1-3.  Microstructure of bone. Adapted from Rho et al.
8
 and Sprio et al.

12
 

 

and associated osteocytes are known as osteons.  Osteons form around a central canal or 

haversian canal that run longitudinally along the load-bearing direction and contain the 

bone tissue’s blood supply and nerves.  Perpendicular to the haversian canals are the 

volkmann’s canals that connect the various haversian canals and the bone center.  This 

network of canals allows the blood supply and nerves to run throughout the bone tissue 

and marrow.  Cancellous or spongy bone does not possess the density and strength of 

cortical bone but still provides support.  Cancellous bone is the porous interior of bone 

which reduces weight, and can help absorb transverse loads which might otherwise cause 

fracture.  It is formed from lamellae that roll upon themselves, still allowing for osteocyte 

residence, and interconnect with one another to form a trabecular network.
8,11

  The outer 

cortical tissue in combination with the interior cancellous tissue allows for a balance 

between strength and weight to create bones that are both load bearing and light weight. 

1.1.3. Maintaining Vertebra Integrity 

Bones are constantly being regenerated to maintain an optimal ratio between 

strength and weight.  This occurs through a process of resorption and re-mineralization.  

When osteocytes on the surface of the bone detect the need for remodeling they release 

factors such as the receptor activator for nuclear factor K (RANK) to recruit osteoclasts.
13

  

Osteoclasts are bone resorption cells derived from monocyte/macrophage cells and 

activated by the RANK pathway.  Once recruited, osteoclasts will attach to the bone 



 

5 

 

surface and release collagenase, among other degradation enzymes to dissolve the bone at 

the site.
11,14

  As the osteoclasts disperse, the cavity they created in the bone surface will 

be populated by the surrounding osteocytes that have since differentiated into 

osteoblasts.
13

  Osteoblasts reform the collagen and re-mineralize to initiate new bone 

formation at the remodeling site.  Once the site is saturated with Ca-PO4 molecules the 

nucleation and growth of hydroxyapatite crystallites is dependent on a variety of factors, 

some of which are believed to be non-collagenous proteins (osteocalcin, osteopontin, 

osteonectin, and sialoprotein) of the bone matrix.
15,16

  This process also allows bone to 

repair after injury, given that the site is stabilized and continued damage from bone 

fragments or abrasion is minimal. 

1.1.4. Spinal Cord 

As mentioned, the spinal cord (depicted in Figure 1-4) occupies the vertebral foramen 

(spinal canal) within the vertebral column, which provides an initial level of protection.
2
  

Secondary protection is afforded through the three meninges where the first, dura mater, 

is separated from the bone by the epidural space containing fat and vertebral veins.
1
  The 

dura mater lines the skull and spinal nerves in the intervertebral foramen and is 

continuous to the fused sacral vertebrae.  Between the dura mater and the second 

membrane, the arachnoid mater, is the subdural space which can accommodate blood 

after injury or byproducts from an immune response.
1
  The subarachnoid space 

containing cerebrospinal fluid surrounds the spinal cord and brain buffered only by the 

third membrane, the pia mater.  The pia mater and spinal cord ends at the L2 vertebra 

becoming a mass of nerve roots in the subarachnoid space to the coccyx.
1
  The spinal 

cord itself is composed of two regions (depicted in Figure 1-4 and identified in Figure 1-

5) the inner grey matter and surrounding white matter.  The color differential arises from 

the un-myelinated nuclei of the grey matter nerve cell bodies and the myelinated 

extended axons of nerve tissue found in the white matter, and in turns corresponds to 

functional differences.
1
  While the grey matter is responsible for senses and muscle 

control, the white matter is necessary to convey these messages throughout the body due 

to the lack of extended axons in grey matter.  The axons of white matter are also 

responsible for monitoring and maintaining homeostasis through unconscious 

mechanisms such as temperature, heart rate, digestion and hormone release.
1
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Figure 1-4.  Cross-section of the spinal cord and vertebra.
1 

 

1.1.5. Regenerative processes in the Spinal Cord 

Regenerative capabilities in the central nervous system (CNS) are inherently 

limited as nerve cells do not divide nor are they created through differentiation 

processes.
17-20

  This requires the close monitoring of the Cerebral Spinal Fluid (CSF) and 

spinal cord by microglial cells which serve as the CNS immune system.  The blood-brain 

barrier inhibits both antibodies and infectious agents from entering the CSF, however if 

the barrier is compromised, microglial cells are the last line of defense.  Therefore, 

microglial cells constantly monitor the neuronal environment for signs of infection and 

damage and will act to neutralize the aberrant molecules or agents.
1
  If a problem is 

detected they signal an inflammatory response and serve to eliminate the infectious 

agents or debris and subsequently deactivate the inflammatory response.
17,21

  Through 

maintenance of the CSF and action of microglial cells the neuronal environment can be 

preserved to allow proper nerve function throughout a lifetime.  However, if infection, 
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degenerative disease or injury physically compromises the nerves, recovery can only be 

achieved through existing nerve regeneration and reconnection.
17

 

1.1.6. Traumatic Spine Injury 

Sudden traumatic events including motor vehicle accidents (38%), falls (30%), 

violence (14%), and sports injury (9%), are the primary causes of spinal damage.
22,23

  

Injuries limited to the vertebra can heal over time, often requiring immobilization or 

surgery to remove or repair the damaged bone tissue, which can lead to recovery of 

structural integrity, with the possibility of some loss of spinal flexion.
23

  However, if the 

spinal cord is impacted, both mobility and sensory functions can be lost where 45% of 

individuals with SCI experience incomplete tetraplegia (paralysis of all four limbs or 

entire body below the neck), 21% experience incomplete paraplegia (paralysis of the legs 

and lower body) and 34% experience either complete para/tetraplegia.
22

 

1.1.6.1. Primary Spinal Damage 

The spinal cord is encased in the spinal column and contains a few interfacial 

layers between the nerve tissue and the inner vertebra.  Thus, the vertebrae will be the 

first impacted when experiencing compression, contusion, shear, distraction and 

dislocation forces resulting from trauma and may or may not be able to sustain them 

without damage.
24

  While injury to the vertebrae does not have to be significant for SCI 

to occur, computerized tomography (CT) and magnetic resonance imaging (MRI) scans 

show it is associated with 79% of SCIs.  Common spinal column injuries associated with 

SCIs are minor fractures 10% (including compression fractures), dislocations 45%, and 

burst fractures 30% (bone fragments).
23

  Besides incidents of trauma, general age related 

wearing of the disks including: disk dehydration, shrinkage, bone spurs, or osteoarthritis 

are other physical indicators that have been linked to SCI.
23

  These mechanisms which 

compromise the structural integrity of the vertebrae often translates to physical damage of 

the spinal cord.  Common SCI injuries result from compression, impact/projectile, 

laceration, and shearing of the nerve tissue or its protective mater with varying degrees of 

severity (Figure 1-5).
23,24
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Figure 1-5.  (A) Microlesion (B) Contusive Lesion (C) Stab Lesion. Adapted from Silver 

et al.
24

 

 

1.1.6.2. Neurological Response 

Shortly after a traumatic spinal injury biochemical cascades begin to first notify 

damage has occurred, and subsequently to mediate repair.  The initial cell response is 

dependent on calcium (Ca).  Damaged axons are no longer able to maintain the intra-

extracellular concentration gradient of Ca and thus an influx of Ca occurs.   This influx 

triggers a retrograde signal to the soma
25

 to initiate the mitogen-activated protein kinase 

(MAPK) pathway, specifically dual leucine kinase-1 (DLK-1), essential for growth cone 

formation and regeneration.
26,27

  Secondary signals are delivered to the cell body that 

perceives axonal damage has occurred by transmission of an array of proteins.  Proteins 

including β1-importin, Map kinase ERK, CREB2, RanBP1, Smads, c-Jun, NH2-terminal 

kinask (JNK), JNK signaling molecules, and ATF3,
21

 are responsible for providing 

secondary information about the location of the damage or activating genes to code for 

regenerative proteins.  Outside of the cell, these signaling protein factors intiaite the 

body’s inflammatory response and gilal cell activation.  Thus the bio-chemical and 

cellular processes initiate in an effort to repair damage to the neuronal tissue in the spinal 

cord.
28

  These secondary processes commonly induce edema, ischemia, inflammation, 

excitotoxicity (Ca mediated),
29

 loss of ionic homeostasis/fluid-electrolyte imbalance, 

excessive cytokine release and generation of radical oxygen species (ROS) (through 

glutamate, aspartate, iron
28,30

 and lipid peroxidation), which can result in further damage 

to the affected tissues or necrosis.  In addition, severe damage involves the inflow of 

blood containing monocytes, lymphocytes, and inflammatory mediators.  While these 
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processes occur as a means to heal damaged nerve tissue regeneration from surviving 

cells can be significantly limited as a result. One example is the balance between the 

inflammatory cytokines localized near the neuronal cell body which support axonal 

growth,
31

 and the suppressor of cytokine signaling (SOCS) proteins.  SOCS proteins are 

key mediators of the inflammatory response, however, in their role, also suppress 

cytokines promoting axonal growth.
32

  In addition to the inflammatory response, 

activation of microglia and astrocytes in the damaged tissue leads to the formation of scar 

tissue, referred to as the glial scar which serves as a physical impediment to reconnection 

of nerves.  Other physical aspects affecting the reconnection of nerves is the structure and 

composition of the extracellular matrix (ECM) produced, where inherent differences 

between the new and old may not properly support and guide the regenerating axon.
18,33

  

These biochemical and physical responses to SCI result in the progressive loss of neurons 

and oligodendroglial cells proximal to the injury site with ensuing axonal demyelination 

leading to degeneration of the axon at the site of severance and cell death.
33-37

  Ultimately 

the ability of spinal nerves to regenerate depends upon initial survival and the ability to 

express growth-related genes, the availability of neurotropic factors, the presence of 

growth inhibiting/apoptosis inducing molecules, and the characteristics of the glial scar 

and ECM.
24

 

1.1.6.3. Current Treatment Methods 

Current methods addressing SCI focus on pharmaceuticals, neurotrophic factors, 

cell delivery, grafts and conduits providing a combination of therapies.  However, over 

distances greater than 5 cm these methods show only minor improvements, reconnection 

does not often occur properly, and sensory or motor function is not recovered. 

Pharmaceuticals: 

In an attempt to correct these secondary mechanisms of spinal cord damage after 

injury, many pharmaceuticals have been evaluated.  The default standard of care is 

methylprednisolone sodium succinate (MPSS) which is given in high doses within 3 

hours of injury, though studies have shown that beneficial effects are modest.
18,23

  MPSS 

is a corticosteroid which is widely known for its neuro-protective properties including 

antioxidant properties, enhancement of spinal cord blood flow, reduction of calcium 

influx, attenuated lipid peroxidation and reduced posttraumatic axonal die back.  
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However, studies by Bracken et al. only show MPSS to support improved neurological 

function between 6 weeks and 6 months, at a year the function was not improved 

compared to the placebo group.
38,39

  Other treatments include inhibition of myelin-

associated inhibitory molecules (MAIM) that have been shown to collapse axonal growth 

cones.
40

  There have been multiple factors investigated with the aim of inhibiting the 

MAIMs, one of the most studied being the antibody IL-1, shown to effectively neutralize 

the MAIM inhibitory effect.
41,42

  In a clinical trial by Fehlings et al., Cethrin, a protein 

based MAIM inhibitor reported no significant side effects and 30% of patients recovered 

sensory and some motor function below the level of injury.
43

  Another significant 

inhibitory factor of axonal regeneration is the glial scar consisting of reactive astrocytes, 

microglia/macrophages, and ECM molecules, including chondroitin sulfate proteoglycans 

(CSPGs) that vary greatly in number and composition, and thus biological activity.
28

  

Multiple studies have documented the inhibitory effect of the CSPGs on axonal 

regeneration and others have suggested their removal attenuates this inhibition.  

Condroitinase ABC has been investigated regarding its ability to degrade the CSPGs and 

found to potentially enable motor and sensory function recovery in the damaged spinal 

cord of rats and cats in studies by Bradbury et al. and Tester et al., respectively.
44,45

  

Other pharmacotherapy treatments that have drawn favorable attention include 

gangiloside GM-1 (glycolipids found to promote neural repair and functional recovery),
46

 

minocycline (inhibits apoptosis  associated with human neurological diseases and 

attenuates secondary injury in SCI in animal models),
47,48

 estrogen,
49

 and the 

neuroimmunophilin ligand (improved motor function and long distance nerve 

regeneration in rats).
50

  However, these pharmaceutical therapies have not been proven 

significantly effective or reproducible in multiple studies, and independently are unable 

to encourage effective regeneration and reconnection of spinal cord nerves. 

Cell Delivery: 

Another area of significant interest in the treatment of SCI is the delivery of 

various types of cells to the injury site.  In numerous studies, olfactory ensheathing cells 

(OECs), bone marrow stromal cells (BMSC), human embryonic stem cells, and specific 

astrocytes have shown potential to aid in regeneration of the spinal cord nerves.  

Transplantation of OECs into a region of incomplete SCI has been investigated for neuro-
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protective behavior and axonal regeneration where a study by Woodhall et al. found that 

the OECs exhibit neuro-protective behavior, possibly by means of astrocyte modulation, 

reduction of proteoglycan expression, and release of numerous neurotropic factors.
51

  In 

addition, OECs have been found to promote axonal regeneration and re-myelination.
52,53

  

BMSCs have shown inconsistent results when introduced to SCI sites, however, a study 

by Osada et al. showed the combination of BMSCs with granulocyte colony-stimulating 

factor (G-CSF) and stem cell factors (SCF) enhances motor function recovery in mice.
54

 

In another study, 6 of 20 patients receiving autologous bone marrow transplant to the 

location of complete spinal cord transection  experienced improved sensory and motor 

function after 3 months.
55

 As previously discussed, the glial scar and associated cells can 

inhibit axonal growth and reconnection, however, specific astrocytes of this group have 

been shown to be advantageous.
24

  Reactive astrocytes that help form the glial scar can 

also release neurotrophic factors, reduce excitotoxic cell death, and in specific cases 

restrict the spread of inflammatory cells; though their efficacy is based on the specific 

astrocyte subtype.
56,57

  The potential to use autologous cells to encourage regeneration 

and reconnection of nerve cells in the spinal cord provides a dynamic way to address the 

multiple factors associated with secondary damage, however graft and conduit therapies 

currently show the greatest potential for successful regeneration. 

Nerve Grafts, Conduits and Combination Therapies: 

Autologous nerve grafts of peripheral nerves have been consistently shown to 

provide a favorable environment for axon regeneration particularly when utilized with 

various growth factors, where a study by Tsai et al. with rats showed significant 

improvement of locomotor performance after complete spinal transection in the T 

vertebral region over a gap size of 4 mm.  Another study conducted by Tadie et al. used 

autologous sural nerve tissue to bypass paraplegic damage at the T9 vertebral level by 

bridging from the spinal cord at T7/8 to the ventral roots in the L2-4 region enabling 

voluntary adductor and quadricep contractions within 8 months of the procedure.
18,58,59

  

Recently, autologous olfactory mucosal nerve tissue has shown potential to bridge 1 - 4 

cm spinal lesions, specifically in a study by Lima et al. where 11 of 20 para/tetraplegic 

patients recovered sensory and varying degrees of motor function a year after surgery.
60

  

Nerve guide conduits (NGCs) also serve as a bridge for regenerating axons, bypassing the 
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physical impediments of the glial scar tissue.  NGCs are typically composed of natural or 

biodegradable synthetic polymers and feature specific stiffness, swelling and 

permeability characteristics essential to prevent further axonal damage or degeneration.
61

  

In addition, porositiy and surface engineering are also considered based on the optimum 

parameters for cell attachment and directional growth where studies reviewed by 

Madigan et al. suggest stiffness and porosity simulating that of the original tissue 

encouraged reconnection over a greater distance by improving cell migration through the 

NGC and stabilizing it within the spinal cord prior to degradation.
61-63

  These works are 

supported through a study by Reynolds et al. implanting porous polymer NGCs into rats 

after complete spinal cord transection at the T10 level.  New neural tissue growth and 

restoration of hindlimb locomotor function was observed through the 2 mm gap.
63

  

Surface engineering to create canals around 450 µm in diameter and micron sized 

striations to guide regenerating axons through the conduit is also supported through 

studies by Khademhosseini et al. and Moore et al.
64,65

  Similar to autologous grafts, 

delivery of neurotrophic factors and supporting cells within the NGC further improves 

regeneration.
61,66,67

  The most successful NGCs to date are conduits with embedded 

neurotrophic factors that are time released creating a concentration gradient achieving 

successful regeneration over a distance of 2.5 cm.
67

  Despite the extensive research 

efforts and advances, statistics show that fewer than 2% of SCI cases reach full recovery 

of sensory and motor function a year after the event, leading to the continued pursuit of a 

treatment that will enable successful regeneration and reconnection of nerves. A new 

direction for NGCs was suggested by Bunting et al., through the incorporation of 

bioactive glass fibers in a commercial NGC which performed as well as an autograft over 

a 5 mm gap.
68

 

1.2 Silicate Bioactive Glass 

Bioactive glasses are defined by their capacity to react in physiological fluids and 

ultimately bond with living tissue. Silicate bioactive glasses, specifically fluroalumino-

silicates, found their first clinical uses in dental applications, however, they have since 

been developed for use as particulates, microspheres for drug delivery, dental/spinal 

cements/adhesives, coatings for orthopedic devices and sintered into bioceramic 

scaffolds.
69-72

  The diversity of applications arises from the range of compositions and 
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specifically by modifying elements that can be accommodated in the silica network.  The 

ability to incorporate different elements into the glass structure and their subsequent 

release into surrounding fluids and tissues can produce therapeutic effects in the 

surrounding tissues.  Some of the most common elements included for their therapeutic 

benefits are fluoride (F), zinc (Zn), and strontium (Sr).
73-75

  Initially used as dental 

materials, F was incorporated for its known benefits to the health and strength of teeth, 

this property was harnessed through the release of F
-
 by the bioactive glass upon 

dissolution.
71,76,77

  Zn was initially employed to replace aluminum (Al) in the glass 

network due to Al neurotoxicity.  However, secondary advantages became clear, as in 

ionic form (Zn
2+

) it was found to aid in the combat of infections, reduce inflammatory 

response, and act as a fungicide.
73,78-82

  Sr was introduced to produce an analogous effect 

to that of the osteoporosis drug strontium ranelate, where Sr
2+

 is incorporated into bone in 

place of Ca
2+

 and provides resistance to osteoclast activity.
74,83

  While each of these 

elements has therapeutic benefits, they also alter the silicate network and thus the 

potential bioactivity, therefore a balance between composition and therapeutic potential 

must be maintained as glasses are developed for biomedical applications. 

1.2.1. Composition 

The first form of bioactive glass (45S5) was developed at the University of 

Florida in the 1960’s by Professor Larry Hench and is known to partially degrade in vivo, 

resulting in a secure bond/tissue integration when implanted into the body.
84

  45S5 

(composition shown in Table 1-1) is one of many bioactive glasses that can elicit this 

response in the body where the key compositional element is the SiO2 content.
68,85,86

  

Other glasses in the soda-lime-silica system containing 45-60% SiO2 were also found to 

be bioactive, the composition range for which is shown in the ternary diagram in Figure 

1-6. 

 

Table 1-1. 45S5 Glass Composition 

45S5 Glass Composition (mol %) 

Former Modifier 

SiO2 P2O5 Na2O CaO 

46.1 2.5 24.4 26.9 
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Figure 1-6.  Ternary phase diagram of the soda-lime-silica system.  Region A - glasses 

capable of bond formation with both hard and soft tissues.  Region B - bioactive glasses. 

Region C - inert glasses where the high former content prevents reaction in physiological 

fluids.  Region D - glasses that resorb within 30 days in the body.  Region E - glasses that 

are not practical due to the high modifier content.From Tilocca.
87

 

 

1.2.1.1. Silica and Phosphate 

Silica is the primary glass former in silica based bioactive glasses.  Adjacent silica 

tetrahedra share one (bridging) O atom through Si-O-Si bonding and form a random 

network through variation in the angle of this bond which can range from 120° - 180°.
88

  

While any two tetrahedra may only share one O atom, each of the four O in a single 

tetrahedra may be linked to other tetrahedra which is referred to as a Q
4
 tetrahedral unit.  

Silica tetrahedra in bioactive glasses are typically found in Q
2
 and Q

3
 configurations 

where only two or three of the four O atoms in a tetrahedra are shared with other 

tetrahedra.
89,90

  Other bioactive glass formers that adopt similar Q
2
 and Q

3
 configurations 

are P2O5 and B2O3.  The creation of Q
2
 and Q

3
 units occurs through the addition of 

network modifying elements, which provide additional O and charge compensation to the 

glass network.
88

 

1.2.1.2. Calcium & Sodium 

Certain network modifiers such as Ca and sodium (Na) encourage silicate glasses 

to exhibit bioactivity.  They serve as network modifiers due to their low valence and bond 

strengths.
88

  When added to silicate glass they disrupt the network by increasing the ratio 

of O:Si where a ratio of 2 is that of SiO2 where all Os are shared between tetrahedra (Q
4
) 
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and ratio of 4 allows each Si to bond with four individual O atoms (Q
0
) at a charge of -4.  

The charge is compensated by ionic association of the Ca
2+

 or Na
+
 ions with the non-

bridging O atoms.
88,91

  The reduction of Q species and presence of ionically associated 

Na and Ca ions is associated with an expansion of the network structure where the larger 

Ca and Na ions sit.  The presence of these ionic species and expansion of the network 

helps create channels that are ideal for ion exchange which is an essential initial step for 

the bioactive cascade.
91,92

 

1.2.1.3. Other Elements 

Since the discovery of 45S5 many additional elements have been introduced with 

the aim of manipulating the glass network to impart specific modifications in dissolution 

behavior, mechanical properties, and bioactivity.
93,94

  Prediction of the role these 

elements may have in the glass can be made based on the valence, coordination number 

and associated field/bond strength where formers tend to have valences between 3 and 5 

with coordination between 3 and 6, and modifiers with valences between 1 and 4 and 

coordination 4 or greater.
88

  Some elements behave as intermediates adopting network 

forming or modifying roles based on the compositional ratios with other elements in the 

glass, such as Al. 

1.2.2. Bioactivity 

Bioactive glasses are characterized by their capability to incite the formation of a 

bond with hard, and sometimes soft tissues when implanted into the body.  For this to 

occur, the bioactive glass must proceed through a set of reactions, given in Figure 1-7, 

resulting in the formation of a hydroxyl-carbonate apatite (HCA) surface layer.
95

  The 

reaction cascade initiates with exchange of hydrogen ions in the physiological fluid with 

modifying cations of the glass network.  Thereby producing a characteristic increase in 

pH and alteration of the ionic content of the fluid.
95

  This pH increase is indicative of the 

reactivity of the glass and can enhance the subsequent dissolution of the glass network 

and formation of silanols.
96

  Once the surface silanols have polymerized creating a 

negatively charged surface, Ca (released from the glass or existing in the physiological 

fluid) will begin to deposit on the surface, and, in some cases, other cationic species 

released upon initial exchange with hydrogen ions. In order for the HCA layer to be 
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Figure 1-7.  Sequence of interfacial reactions for bonding between tissue and bioactive 

glass-ceramics.
95,97

 

 

biologically active the Ca/P ratio must mimic that of bone at 1.67.
97,98

  Deposition of 

additional elements may affect the overall Ca/P ratio or the subsequent interaction with 

bone cells in a positive or negative way depending on the ionic species. However, if a 

Ca/P ratio similar to that of the inherent bone tissue is achieved, bone cells are recruited 

to the site and osteogenesis occurs.
99

  This effectively bonds the bioactive glass to the 

regenerating tissue.  Therefore striking a balance between bioactivity and ion release is 

sometimes vital. 

1.2.3. pH and Ion Release 

While network modifying ions enable glass reactivity, the ratio of formers to 

modifiers and ionic characteristics of each determine the rate of reactivity and dissolution 

behavior of the glasses.  Dissolution of the glass network results in the release of ions 

which may act as therapeutic agents, which can be removed by biological processes, or, 
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in excess, cause cell toxicity related to specific ion levels or cumulative changes in pH.
100

  

Therefore, the balance between reactivity relating to bioactivity and ion release is vital to 

creating a biocompatible bioactive glass.  Typical bioactive glasses consist of Si, Ca, and 

Na, for which the release and effects in the body have been extensively studied.
101

  In this 

work Ca was exchanged for Sr, another common glass modifier, and Y and Ce are used 

as doping agents; while they are novel in bioactive glasses, a review of their known 

effects in the body follows. 

1.2.3.1. Silicon, Sodium and Strontium 

In its elemental form Si is found as a trace element in connective tissue and skin.  

It is used in many products, foods, supplements, and is found in drinking water where it 

can be absorbed as orthosilicic acid and in turn is readily excreted through the kidneys, as 

such, it has not been found to accumulate in any organs or cause toxicity.
102,103

  

Orthosilicic acid in the body has been shown at concentrations of 10 µmol to stimulate 

osteoblast differentiation and the production of type I collagen.  In addition, multiple 

studies have shown the importance of Si associated with the formation of ECM proteins, 

such as osteopontin, metabolic processes of osteoblasts and calcification.
104,105

  In 

addition, dietary supplements have been shown to improve bone mineral density in both 

rats and osteoporotic patients.
101,106

  While in vivo studies have not reported toxicity, 

static in vitro studies have reported osteoblast toxicity at concentrations greater than 120 

µg/ml.
107

 The toxicity of Si is likely a result of the Si concentration and pH, where above 

physiological pH the solubility of Si increases exponentially.
 108,109

 

Elementally Na accounts for 0.2% of the body composition and is ingested at a 

greater rate than any other element. Physiological levels vary but blood plasma maintains 

levels around 3600 µg/mL.
110

  Na
+
 is an essential ion throughout the body, necessary to 

maintain the ionic balance of physiological fluids, for proper nerve and muscle 

functioning, for effective signaling, and for multiple metabolic processes.
111,112

  Extreme 

ingestion of sodium can damage the kidneys and adversely affect blood pressure, 

however cellular toxicity has not been observed as it is readily processed and excreted 

from the body. 

Sr is another trace element in the body. It is present in grains, leafy vegetables and 

dairy products at moderate levels though can also be obtained through supplements or, 
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for osteoporosis patients, as strontium ranelate.  Sr is incorporated into bone in place of 

Ca, when it is available in sufficient quantity, and impedes osteoclast activity thereby 

reducing the rate of bone resorption.
74,83

  At excessive levels of Sr consumption (1000s 

ug/mL) bone development can be disrupted due to the excessive replacement of Ca in the 

tissue.  In extracellular fluids Sr is typically found at µM concentrations though toxicity 

has not been reported since excess is excreted through the kidneys in the same manner as 

Ca.
74,101,113,114

 

In this work the inclusion of Sr is not only for its therapeutic effect on bone but 

also drawing on the ionic similarities to Ca where Sr
2+

 is an ion of similar charge and 

ionic radius and thus serves as a network modifier within the bioactive glass in a nearly 

identical manner to Ca
2+

, though a slight expansion of the network is commonly observed 

due  to the slightly larger size.
74

  This enables the replacement of Ca in the bioactive glass 

network without significant effect on typical properties associated with Ca in the glass.  

Through this compositional modification, a bioactive glass can be developed that 

addresses the Ca
2+

 attributed excitotoxicity and oxidative stresses imposed on nerve 

tissue after SCI. 

1.2.3.2. Yttrium and Cerium 

Neither Y or Ce have defined biological roles and, while there is limited 

information on the elemental toxicities of Y and Ce, it can be expected that as with heavy 

metals, accumulation in the body poses a significant risk of toxicity especially to the 

liver.  However, in relation to this study the risk of toxicity was considered minimal 

based on the ion release reported by previous studies of Y and Ce bioactive glasses from 

which these compositions were formulated.  These studies successfully incorporated Y 

and Ce into bioactive glasses at low concentrations, 3-6 mol% and 1-5 mol% 

respectively.
115,116

  A study by Cacaina et al. evaluated Y containing bioactive glasses in 

simulated body fluid (SBF) up to 21 days and found that release was <0.03 mg/L at each 

time period, for all glasses.  It also showed Y to behave as a network modifier and 

decrease the reactivity based on the greater field strength of Y in comparison with other 

modifiers.
115

  A study by Leonelli et al. substituted Ce into the 45S5 glass composition 

and evaluated the glass-forming potential and bioactivity of the successful glasses.
116

  It 

was found that in homogeneous glasses the majority of Ce had a valence of III (attributed 
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to the high melting temperature which favors reduction of Ce
4+

 to Ce
3+

) and it behaved as 

a network modifier.
116

  Similar to Y, Ce content retards glass degradation likely by the 

same mechanism and was not detected using ICP with a 10
-4 

ppm detection limit.
116

  Both 

these studies show that bioactivity decreased in glasses with increasing Y and Ce content, 

but the deposition of Y and Ce inclusive HCA layers did occur after 7-14 days incubation 

in SBF.
115,116 

In other studies Y has been shown to encourage osteoblast adhesion and 

improve the electrical conductivity of the biomaterial which can aid in cell attachment 

and proliferation, and Ce salts can stimulate metabolic activities.
117,118

  Therefore, 

considering these studies, the risk of toxicity is low, and biocompatibility as well as 

bioactivity is likely. 

1.2.4. Sintering of Bioactive Glasses 

Thermal treatment of bioactive glasses may be employed to alter a number of 

properties, most commonly, to improve strength or reduce reactivity.
119-121

  Upon thermal 

treatment glasses experience an initial phase of densification beginning just above the Tg 

through viscous flow which allows the formation of sintering necks between particles and 

proceeds to the onset of crystallization.  During crystallization the viscosity increases 

preventing viscous flow and forestalling densification.  As the temperature is increased 

the viscosity will again decrease and secondary densification will proceed, again, through 

viscous flow to Tm.
122

  Heating rate during the sintering process has been shown to affect 

the characteristic temperatures where Tg and Tc increase with increasing heating rate and 

onset Tm decreases.
122

  Particle size can also produce changes in the sintering behavior, 

where smaller particles with greater surface energy will sinter to a greater degree at lower 

temperatures in comparison with larger particles.
123

  Identical heating rates and particle 

size distributions were used in this work to minimize variability. 

Crystallization of typical bioactive glasses proceeds through surface 

crystallization and produces a sodium-calcium-silicate, Na2Ca2Si3O9.
119,122,124

.  While 

crystallization reduces reactivity and thus can in turn reduce bioactivity, multiple SBF 

studies have shown the Na2Ca2Si3O9 phase does not eliminate bioactive potential.
125-127

  

Considering the similarities between the Ca and Sr ions previously discussed, it is 

reasonable to infer that primary phase generated for the SiO2-SrO-Na2O control glass 

may be a similar NaxSrxSixOx with bioactive potential.  Additional phases generated in 
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the Y and Ce doped glasses are also of significant interest in this work.  Though the effect 

of crystallization on bioactive glasses containing Y and Ce has not been studied, the basis 

of this concept stems from the study by Schubert et al. which found yttria and ceria 

nanoparticles to be neuroprotective.
37

  Within this study, glutamate, a well-known 

stimulant for ROS production, was used with HT22 cells (rodent nerve cells) to introduce 

oxidative stress.  It was shown that specific Y and Ce oxides provided the HT22 cells 

protection from ROS and that the toxicity and efficacy of the nanoparticles was size 

independent from 6-1000 nm; where each was non-toxic up to 200 µg/mL with the 

exception of 1µm ceria particles which were toxic at concentrations greater than 20 

µg/mL.
37

  In addition, the study suggested yttria nanoparticles were more effective at 

improving the viability of HT22 cells, in comparison with ceria, and exhibited a 

concentration dependent increase from 2 ng/mL-20 µg/mL; decreasing ROS by 50% at 

the highest dose.
37

  Three mechanisms were proposed for the improved viability of the 

HT22 cells, and through focused experiments, ultimately attributed the effect to direct 

antioxidant capabilities of the oxides.  The specific mechanism of this characteristic is not 

completely elucidated, though it is proposed that the cubic fluorite structure of the ceria, 

and the monoclinic B form of Y oxide (6 and 7 fold coordination) play a role.
37

  The 

generation of these phases is unlikely considering the elemental composition of the 

glasses, however similar structures with any combination Si, Sr, or Na may show similar 

behavior, and address the ROS triggered necrosis of neuronal tissues after SCI. 

1.3 Surface Properties of Biomaterials and Cell Attachment 

Cell interaction with material surfaces in vitro determine the potential for tissue 

integration; where cell attachment controls cell morphology which in turn affects cell 

activity relating to the rate and quality of bond formation.  Characteristics of the material 

surface such as material selection, surface features, roughness, composition and energy 

all affect the cellular response, and while it is generally accepted that choosing a 

bioactive versus bio-inert material will produce a positive cell response, preference of 

surface features can differ between cell types.
128,129
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1.3.1. Surface Features 

Cell attachment is governed first by focal contacts where surface microstructures 

allow the initial attachment of cells.  These focal contacts do not necessarily require all 

cell types to adopt a completely flattened morphology on the surface as some cell types 

require specific cytoskeletal conditions for proper function and signaling to the nucleus.  

Secondarily, many cells types require contact guidance or grooving for orientation and 

migration, such as fibroblasts which prefer deeper to shallow grooves.
130,131

  Osteoblasts 

on the other hand prefer pores 200-400 µm in diameter for attachment, migration and 

proliferation.
132

  The particulate size has also been shown to affect the cellular response 

where particles smaller than 125 µm recruit macrophages, those 200-500 µm are 

optimum for osteoblasts and larger particles recruit fibroblasts.
128

  Surface roughness has 

shown similar distribution in the cellular preferences where, in general, osteoblasts prefer 

rougher surfaces to those of fibroblasts.
133

 

1.3.2. Surface Chemistry and Charge 

Surface chemistry and charge can affect the binding and orientation of proteins 

the cells use to facilitate binding to the surface.
129

  Two specific studies show the 

preference of osteoblasts to surfaces with higher isoelectric points and amorphous vs 

crystalline Ti/TiO2.
128

  Surface energy or interfacial free energy is governed by the net 

charge and polarity at the surface, where these features can enhance the adsorption of 

proteins or affect the cell membrane potential.
134

  The surface energy dictates the binding 

of ions, water and proteins and the ultimate configuration of each
135

 where the alteration 

of proteins may produce changes in the protein-cell complex which again can affect cell 

morphology and signalling.
129

  The adsorption of various molecules and proteins to the 

bioactive glass surface from cell media allows for potential cell attachment without prior 

incubation in SBF, given the other aspects of the material surface are suitable.
136

 

1.4 Objective 

Development and delivery of bioactive glasses for nerve regeneration has been 

primarily focused on the peripheral nervous system, where it has been incorporated into 

polymer scaffolds, and used in the form of fiber wraps.
68,86

  These studies found modest 

benefits to incorporation of the bioactive glass pertaining to axonal regeneration, and 
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limited to no toxicity.  Therefore, options for delivery include particulate composites, 

fibers or scaffolds similar to those made by Wren et al.
137

 which possess specific 

characteristics that has been shown optimal for tissue integration including: porosity 

>90% and a pore size of 400-500 µm.
120,137

 

Therefore, the objective of the proposed research is to develop a material that can 

provide physical stabilization of the vertebra and spinal cord, and provide therapeutic 

factors which encourage and/or guide neuronal cells and nerves to regenerate and 

reconnect in a manner that restores sensory function.  The research herein focuses on the 

creation of a SiO2-SrO-Na2O glass/glass-ceramic series, where Y2O3 and CeO2 are 

substituted for Na2O.  Network characteristics are evaluated through network 

connectivity (NC) calculations, X-ray Diffraction (XRD), X-ray photoelectron 

spectroscopy (XPS), thermal analysis and magic angle spinning-nuclear magnetic 

resonance (MAS-NMR).  Bioactivity in SBF is observed with scanning electron 

microscopy (SEM) and energy dispersive spectroscopy (EDS), utilizing pH and ion 

content as supplemental techniques.  Biocompatibility is assessed through the MTT assay 

and SEM studies with L929 Fibroblasts, MC3T3 Osteoblasts and sNF96.2 Schwann cells.  

Finally, antioxidant capacity is evaluated with the ABTS assay for both glass-ceramic 

extracts and particulates. 

The following chapter sees the development and characterization of a control 

glass, and a series of five Y and/or Ce containing glasses, focusing on the network effects 

of Y and Ce and their potential to elicit a bioactive response.  
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CHAPTER 2 -  CHARACTERIZATION OF Y2O3 AND CeO2 

DOPED SiO2-SrO-Na2O GLASSES.
1
 

 

2.1 ABSTRACT 

The structural effects of yttrium (Y) and cerium (Ce) are investigated when 

substituted for sodium (Na) in a 0.52SiO2-0.24SrO-(0.24-x)Na2O-xMO (where x = 0.08; 

MO = Y2O3 and CeO2) glass series.  Network connectivity (NC) was calculated assuming 

both Y and Ce can act as a network modifier (NC = 2.2) or as a network former (NC up 

to 2.9).  Thermal analysis showed an increase in glass transition temperature (Tg) with 

increasing Y and Ce content, Y causing the greater increase from the control (Con) at 

493°C to 8 mol% Y (HY) at 660°C. Vickers hardness (HV) was not significantly different 

between glasses.  
29

Si Magic Angle Spinning-Nuclear Magnetic Resonance (MAS-NMR) 

did not show peak shift with addition of Y, however Ce produced peak broadening and a 

negative shift in ppm.  The addition of 4 mol% Ce in the YCe and LCe glasses shifted the 

peak from Con at -81.3 ppm to -82.8 ppm and -82.7 ppm respectively; while the HCe 

glass produced a much broader peak and a shift to -84.8 ppm.  High resolution X-ray 

Photoelectron Spectroscopy for the O 1s spectral line showed the ratio of bridging (BO) 

to non-bridging oxygens (NBO), BO:NBO, was altered, where Con had a ratio of 0.7, HY 

decreased to 0.4 and HCe to 0.5.  

                                                 

1
 Published: L.M. Placek, T.J. Keenan, F. Laffir, A. Coughlan, A.W. Wren, “Characterization of Y2O3 and 

CeO2 doped SiO2-SrO-Na2O bioactive glasses,” Biomed Glass, 1 [1] (2016). 
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2.2 INTRODUCTION 

Bioactive glasses are a class of material predominantly used for hard tissue repair 

in the body.  Research into these materials began with the development of 45S5 

Bioglass®, discovered in 1969 by Professor Larry Hench, which was found to partially 

degrade in vivo, allowing for the deposition of a hydroxyl-carbonate apatite (HCA) layer 

essential to the glass bonding and integration with host tissue when implanted into the 

body.
84

  45S5 is one of many bioactive glasses that can elicit this response where the key 

compositional element is 45-60 mol% SiO2
68,86

 which produces a random network of 

SiO2 tetrahedra where some oxygen (O) atoms lack a Si-OBO-Si bonding configuration 

(bridging oxygen, BO).  These non-bridging oxygen (NBO) atoms are instead bound to 

one Si atom and a modifying element (R) Si-ONBO-R, where the ratio of BO/NBO < 1 has 

been found necessary to allow glass degradation and bioactivity.
99,138

  Some of the most 

common network modifying or intermediate elements include aluminum (Al), fluorine 

(F), zinc (Zn), strontium (Sr), titanium (Ti), magnesium (Mg), gallium (Ga), and cerium 

(Ce).
73-75,93,116,139-141

  The ability to incorporate different elements into the glass structure 

can affect network connectivity and rigidity which is related to glass degradation, and in 

turn can alter the composition, morphology and thickness of the bioactive HCA layer 

subsequently deposited on the surface; in addition presence in the extracellular fluids 

upon release can allow these ions to act as therapeutic agents.
101

  Some examples include 

F which is incorporated in dental materials and released (as F
-
) acting to improve the 

strength of the surrounding tooth.
71,76,77

  Sr is used orally as strontium ranelate to improve 

bone strength in osteoporotic patients and has been added to bioactive glasses used in 

bone applications to provide a similar therapeutic effect when released as Sr
2+

.
74,101,114

  In 

addition, Sr and Mg have been used to reduce the solubility of the glass network and alter 

the formation and morphology of the HCA layer.
93,94,142

  The diversity of modifying 

elements that can be incorporated into the Si network of bioactive glasses gives rise to 

their many applications, such as particulates for bone void filling, glass microspheres for 

drug delivery, pastes/cements in dental and spinal applications, bone adhesives, scaffolds 

69,71,72,143
, and more recently, they have been applied in composite guides for nerve 

regeneration.
144,145
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The regeneration of nerves, specifically after spinal cord injury (SCI), is of 

particular interest, and there are many research activities currently aimed at aiding the 

regeneration and reconnection of these nerves.  However, there are a multitude of 

impediments to this process and over distances greater than 5 mm the reconnection does 

not often occur properly and functionality is not recovered.
146

  Nerve guide conduits with 

surface modifications and neuro-promoting growth factors have shown some 

improvement observed in the regeneration and reconnection process, however, the 

limited ability of nerves to regenerate and multiple post-injury environmental 

impediments continue to compromise the regenerating nerve tissue before 

reconnection.
34-37

 

This study aims to develop and investigate a series of bioactive glasses that can be 

used to alleviate two detrimental environmental conditions, specifically, influx of calcium 

ions (Ca
2+

)
 
and oxidative damage, for the re-growth of a damaged spinal cord nerve 

tissue.
68,86

  Through compositional modifications, a bioactive glass can be developed that 

addresses the Ca
2+

 accumulation and oxidative stresses that are imposed on nerve tissue 

after damage; the first is the replacement of Ca
2+

 in the glass network with Sr
2+

.  Sr
2+

 is 

an ion of similar charge and size to Ca
2+

, has been shown to serve the same network role 

in bioactive glasses (as a network modifier), encourages bone growth, and is metabolized 

through the same channels in the body as Ca
2+

.
74,147

  By exchanging the Ca
2+

 for Sr
2+

, 

additional Ca
2+

 will not be released at the site upon degradation of the glass, while 

maintaining the glass network degradability and potential bioactivity.
114

  The second 

modification involves the addition of yttrium (Y) and Ce to the glass. Studies using yttria 

and ceria nanoparticles found that both exhibit neuro-protective properties through direct 

scavenging of reactive oxygen species (ROS) from the site with limited toxicity.
37,148

  In 

addition, Y and Ce have both been successfully incorporated into bioactive glasses up to 

5 mol%.
115,116,149

  These simulated body fluid (SBF) studies show that the deposition of a 

HCA occurs, but is delayed (forms between 7 and 14 days incubation) and thickness is 

decreased with increasing Y and Ce content as a result of the increased network rigidity.  

In an effort to avoid the delayed bioactivity observed with previous Y and Ce containing 

glasses, Na content was increased.  The development and characterization of Y and Ce 
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containing glasses, where Ca
2+

 is replaced with Sr
2+

, is the subject of this study, with the 

aim of evaluating the glass network in terms of potential to elicit a bioactive response. 

Techniques used for bioactive glass characterization are focused on evaluating the 

glass structure and extrapolating their potential to elicit a bioactive response.  Calculation 

of the theoretical network connectivity (NC) can be the first indication of what is 

occurring when trends are observed in Simultaneous Thermal Gravimetric Analyzer-

Differential Scanning Calorimetry (TGA-DSC), Vickers hardness (HV), 
29

Si Magic 

Angle Spinning-Nuclear Magnetic Resonance (MAS-NMR) and X-ray Photoelectron 

Spectroscopy (XPS).  Ideal NC for deposition of a HCA layer is 2.0-2.4, and corresponds 

to a glass composed of mainly Q
2
- Q

3
 silicate tetrahedral units.

91,92
  Trends in the glass 

transition temperature (Tg) and HV observed in simple silicate systems associate 

increasing Tg/HV with a greater quantity of BOs, therefore indicating greater connectivity 

and relative increases in Q-speciation.
150,151

  This can also be observed through 
29

Si 

MAS-NMR where a fully connected silicate network of Q
4
 tetrahedra shows a peak 

center below -100 ppm increasing to nearly -65 ppm for Q
0
 species.

152,153
  XPS 

complements this technique with a main focus on the O 1s spectral line which can 

commonly be de-convoluted into its BO and NBO components, where the ratio between 

the two has been related to the potential for dissolution; the initiation step in the process 

for deposition of a HCA layer on the surface of the glass.
138,154

  These techniques are 

used herein to evaluate the bioactive potential of these Y and Ce containing 0.52SiO2-

0.24SrO-0.24-xNa2O glasses based on structure. 

2.3 EXPERIMENTAL 

2.3.1. Glass Synthesis 

Six glasses of varying composition were formulated for this study, two yttrium 

(Y) containing glasses (LY, HY), two cerium (Ce) containing glasses (LCe, HCe), one 

glass containing both yttrium and cerium (YCe), and one SrO-Na2O-SiO2 control glass 

(Con).  The Y2O3 and CeO2 are incorporated into each glass, with the exception of the 

control, at the expense of Na2O. Glass compositions (mol%) can be found in Table 2-1. 



 

27 

 

 

Table 2-1. Glass Compositions (XPS Comp.) in mol%, Particle Size & Hardness (HV) 

 Con LY HY YCe LCe HCe 

SiO2 52 (50) 52 (47) 52 (47) 52 (49) 52 (51) 52 (47) 

SrO 24 (24) 24 (22) 24 (24) 24 (25) 24 (25) 24 (25) 

Na2O 24 (26) 20 (28) 16 (22) 16 (17) 20 (22) 16 (20) 

Y2O3 - 4 (3) 8 (7) 4 (4) - - 

CeO2 - - - 4 (5) 4 (2) 8 (8) 

       

Particle Size 

(µm) 
4.2 3.9 4.5 4.3 4.4 4.6 

HV (GPa) 5.5 6.0 5.9 5.9 5.5 6.5 

 

2.3.1.1. Glass Powder Production 

Glass powders were prepared by weighing out appropriate amounts of analytical 

grade reagents (Fisher Scientific, PA, USA) and ball milling (1 h).  The mix was then 

oven dried (100ºC, 1 h), fired (1500ºC, 1 h) in a platinum crucible and shock quenched in 

water.  The resulting frit was dried, ground and sieved to retrieve glass particles <20 μm.  

2.3.1.2. Glass Rod/Plate Production 

The powdered mixes of analytical grade reagents (Fisher Scientific, PA, USA) 

were oven dried (100ºC, 1 h) and fired (1500ºC, 1 h) in a platinum crucibles.  Glass 

rods/plates were produced by pouring the melts into graphite molds.  The graphite molds 

were left for 1 hr before the glass was removed and subsequently annealed at the glass 

transition (Tg) temperature for 3 hrs.  The resulting glass casts were shaped into 

approximate dimensions of 15 x 3∅ mm rods and 50 x 30 x 5 mm plates using an Ecomet 

III polish/grinding machine (Buehler, IL, USA) with incremental grit silicon carbide 

grinding paper (MetLab, NY, USA). 

2.3.2. Glass Characterization 

2.3.2.1. Particle Size Analysis (PSA) 

Particle size was analyzed using a Multisizer 4 Particle Size Analyzer (Beckman 

Coulter, CA, USA). Glass powder samples (n = 3) were loaded into 20°C Isoton II 

Diluent at a concentration <10%.  Samples were evaluated using a 280 µm standard to a 

final count of 30000. 
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2.3.2.2. X-Ray Diffraction (XRD) 

Diffraction patterns were collected using a Phaser D2 X-ray Diffraction Unit 

(Bruker AXS Inc., WI, USA).  Glass powder samples (n = 1) were packed into zero 

background sample holders.  A generator voltage of 40 kV and a tube current of 30 mA 

was employed.  Scattering patterns were collected in the range 10˚<2θ<70˚, at a scan step 

size 0.02˚ and a step time of 10 s. 

2.3.2.3. Network Connectivity (NC) 

The NC of the glass series was calculated using equation 1 and basing the 

calculations on the molar compositions of each glass.  Multiple NC calculations were 

performed based on Y and Ce acting as (1) network formers, where charge compensation 

is provided in the order Na
+
 > Sr

2+
 and as (2) network modifiers.  Calculations were made 

assuming a net of 2 NBO were produced for each Y and Ce atom when assuming they are 

performing as network modifiers. 

 

 𝑁𝐶 =  
𝐵𝑟𝑖𝑑𝑔𝑖𝑛𝑔 𝑂𝑥𝑦𝑔𝑒𝑛𝑠−𝑁𝑜𝑛𝐵𝑟𝑖𝑑𝑔𝑖𝑛𝑔 𝑂𝑥𝑦𝑔𝑒𝑛𝑠

[𝐵𝑟𝑖𝑑𝑔𝑖𝑛𝑔 𝑆𝑝𝑒𝑐𝑖𝑒𝑠]
 (2-1) 

 

2.3.2.4. Thermal Analysis 

A SDT Q600 Simultaneous Thermal Gravimetric Analyser-Differential Scanning 

Calorimetry (TGA-DSC) (TA Instruments, DW, USA) was used to obtain a thermal 

profile of each glass (n = 2), specifically the glass transition temperature (Tg) and 

crystallization temperatures.  A heating rate of 20
o
C/min was employed in an air 

atmosphere using alumina as a reference in a matched platinum crucible.  Sample 

measurements were carried out every 0.5 s between 30˚C and 1300˚C.  TA Universal 

Analysis software (TA Instruments, DW, USA) was used to plot and obtain the 

temperatures of interest. 

2.3.2.5. Vickers Hardness (HV) 

HV testing was completed on glass plates mounted in epoxy resin and polished 

using 1200 grit silicon carbide polishing paper.  A HMV-2000 Hardness testing machine 

(Shimadzu, MD, USA) was used with a 500 g load cell at a load of 200 g and a dwelling 
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time of 15 s (n = 16).  Using the attached light microscope and computer, the diagonals 

created by the Vickers diamond indenter were measured and the hardness was calculated 

using Eq. (2) where the conversion factor from VHN to GPa is included. 

 

 𝐻𝑉 (𝐺𝑃𝑎) = 0.01819
𝐹

𝑑2
 (2-2) 

where: 

F = applied load (kgf) 

d = diagonal length (mm) 

 

2.3.2.6. Magic Angle Spinning-Nuclear Magnetic Resonance (MAS-

NMR) 

29
Si MAS-NMR studies were carried out on a Bruker 600 mHz Wide-Bore Solid 

State NMR spectrometer with a 9.4 T magnet (600.35 MHz proton Larmor frequency, 

119.27 MHz 
29

Si Larmor frequency) using a probe head for 7 mm rotor diameters.  The 

specimens (n = 1, <20 µm) were spun at 5.00 kHz. 200 scans were accumulated with 

single pulse excitation using a pulse length of 80° at 28 kHz rf field strength.  The recycle 

delays were chosen to be three times the spin lattice relaxation times as determined by 

inversion recovery sequences.  Spin lattice relaxation times ranged between 15 and 26 s.  

The chemical shift scale was referenced externally against Kaolin as secondary chemical 

shift standard at -91.34 ppm (center between doublet). 

2.3.2.7. X-ray Photoelectron Spectroscopy (XPS) 

XPS was performed using a Kratos AXIS-165 X-ray Photoelectron Spectrometer 

to analyze the surface chemistry, as well as the chemical state of the top few nanometers 

of the samples. Notched glass bars (n = 1) were broken under vacuum. Survey scans were 

used to monitor the presence of any contaminants. TMono Al X-rays were used with a 

100 lm spot size, 25 W, 15 kV, 240 eV pass energy, 0.5 eV step size, 3 sweeps, and a 

binding energy range of 0–1,100 eV. High resolution scans were then acquired of the 

binding energy regions associated with each element present in the glass. Spot size, 

power, and voltage were held consistent, however the pass energy and step size was 
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reduced to 55 and 0.05 eV respectively, and the number of sweeps was raised to 5. All 

data was normalized based on the C 1s peak position of 284.8 eV. 

2.3.2.8. Preliminary Cell Compatibility 

Glass plates (n = 1) were buffered for 24 hrs in DMEM Low Media supplemented 

with 10% FBS in a cell culture incubator at 37°C/5%CO2/95%air atmosphere (Fisher 

Scientific, PA, USA). sNF96.2 Schwann cells (ATCC CRL-2884) were seeded onto the 

glass plates in 6-well plates at a density of 10
4
 cells/well and incubated for an additional 

24 hrs. Cells were then fixed using the procedure from Wang et al.
155

 and imaged using a 

Quanta 200F Environmental Scanning Electron Microscope under a vacuum at a pressure 

of 0.60 torr. The electron beam was used at an accelerating voltage of 20 kV and a spot 

size of 3.0. 

2.4 RESULTS 

2.4.1. Particle Size Analysis 

Average particle size ranged from 4.2 µm for Con to 4.6 µm for HCe, with LY 

falling slightly outside the range at 3.9 µm. Particle sizes for each glass powder are 

presented in Table 1. LY is found to be statistically lower than the glasses containing high 

modifier content (HY and HCe) though the average particle size range is <1 µm for all 

glasses. 

2.4.2. X-Ray Diffraction (XRD) 

Scattering patterns are for all glasses can be seen in Figure 2-1. No crystalline 

peaks were detected in any of the six glasses confirming their completely amorphous 

nature. 

2.4.3. Network Connectivity (NC) 

The calculated NC for each glass is displayed in Figure 2-2. The NC of the 

control glass, Con, Y, and Ce glasses assuming Y and Ce serve as network modifiers 

remains constant at 2.2 considering Y and Ce are directly replacing Na. When Y is 

assumed to act as a network former, the NC increases to 2.6 and 2.9 for LY and HY 

respectively. This trend is also seen with the Ce containing glasses where NC increases to 

2.4 and 2.7 for LCe and HCe. The combination of Y and Ce in the YCe glass increases 
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Figure 2-1.  X-ray scattering of each glass powder. 

the NC to 2.8 when both elements are acting as network formers. Table 2-1 includes this 

data in addition to the NC as calculated using the compositions obtained through XPS 

analysis for comparison, and will be discussed in section 2.4.7. 

2.4.4. Thermal Analysis 

Tg obtained from TGA-DSC are shown in Figure 2-2 and full curves are shown in 

Figure 2-3. Con has the lowest Tg of 497°C. Tg increases for all glasses containing Y 

and/or Ce. Glasses containing 4 mol% Y or Ce content, LY and LCe, have Tg values of 

592°C, 518°C, respectively. Tg further increases to 661°C, 625°C, and 566°C with an 

increase in Y and Ce content for HY, YCe and HCe, respectively. Y content causes the 

Figure 2-2.  (Left) Network connectivity from the molar concentrations given in Table 2-1. 

(Right) Glass transition temperature (Tg) for each glass. 
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greatest increase in Tg with a comparable increase when both Y and Ce are added to the 

same glass. 

 

 

Figure 2-3.  SDT curves for each glass with relevant temperatures labeled. Glass 

transition temperature (Tg), Crystallization temperature (Tc), Melting temperature (Tm). 
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2.4.5. Vickers Hardness (HV) 

HV values are presented in Table 2-1 for all glasses. The control glass, Con, and 

LCe containing 4 mol% Ce, have a HV of 5.5 GPa. HV increases to 6.0 GPa and 5.9 GPa 

with the addition of 4 mol% and 8 mol% Y in the LY and HY glasses respectively.  The 

glass containing 4 mol% of both Y and Ce also has a HV of 5.9 GPa, while HCe 

containing 8 mol% Ce shows the greatest increase to 6.5 GPa, though the HV difference 

between the glasses was not found to be significant. 

2.4.6. Magic Angle Spinning-Nuclear Magnetic Resonance (MAS-NMR) 

MAS-NMR can be used to elucidate the Si environment and associated Q-

structure. Figure 2-4 shows the 
29

Si MAS-NMR studies for each glass composition. Con 

has a peak location at -81.3 ppm. Y containing glasses did not significantly shift the 
29

Si 

peak location centering at -81.5 ppm and -81.2 ppm for LY and HY respectively. Peak 

broadening is observed in the Ce containing glasses along with a slight shifting of the 

peak center. YCe and LCe containing 4 mol% Ce shifted the center to -82.7 ppm, while 

HCe with 8 mol% Ce saw the greatest peak broadening and a shift to -84.8 ppm. All 

peaks de-convoluted using a Gaussian distribution showed a peak curve fit to the primary 

peak with secondary peaks on the shoulder(s). 

2.4.7. X-ray Photoelectron Spectroscopy (XPS) 

XPS survey scans, shown in Figure 2-5, were used to confirm the glass 

composition. Glass compositions as calculated from XPS are included in Table 2-2. All 

glasses showed a slight decrease in Si content (from 1-5 mol%) and an increase in Na 

content (2-8 mol%). Sr, Y and Ce content remained consistent with the “as batched” 

values (±1-2 mol%). Using the XPS compositions, NC was recalculated and is included 

in Table 2 with the original values for comparison. NC decreases for all glasses due to the 

decrease in Si content and associated increase in Na content. The NC for Con decreases 

from 2.2 to 2.0. When Y and Ce are assumed to act as network formers the greatest NC 

decrease is seen for LY going from 2.6 to 2.1, followed by HY and HCe both decreasing 

by a factor of 0.3. The NC drops below 2.0 when Y and Ce are assumed to act as network 

modifiers, with the exception of LCe (2.1) and Con which remains constant (2.0). 
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Figure 2-4.  
29

Si MAS-NMR of each glass. 
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Figure 2-5.  XPS survey scans of each glass. 
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Table 2-2. Network Connectivity (using XPS comp.) 

 Con LY HY YCe LCe HCe 

Modifiers 2.2 (2.0) 2.2 (1.7) 2.2 (1.7) 2.2 (1.9) 2.2 (2.1) 2.2 (1.7) 

Formers 2.2 (2.0) 2.6 (2.1) 2.9 (2.6) 2.8 (2.7) 2.4 (2.2) 2.7 (2.4) 

 

High resolution scans for Si 2p, Sr 3d, Na 1s, Y 3d, Ce 3d and O 1s were 

completed and the binding energy (BE) for each peak maximum can be found in Table 2-

3. The range in BE for the 6 glasses and each spectral line is ≤0.7 eV indicating no 

significant shift in BE. High resolution scans for Y and Ce are shown in Figures 2-6 and 

2-7. The Y 3d5/2 and Y 3d3/2 peaks are seen in each Y containing glass (LY, HY and YCe) 

without significant shift in peak location or area. An indistinct maximum is seen in the Ce 

3d5/2 and Ce 3d3/2 peaks of the Ce containing glasses (LCe, HCe, YCe).  After curve 

fitting it can be seen that each glass containing 4 mol% Ce displays two peaks 

contributing to each spin of the Ce 3d spectral line (a, b and c, d) and a shoulder, e, 

around 916 eV.  The shoulder becomes more prominent when Ce content is increased to 

8 mol% in the HCe glass, and is associated with the appearance of an additional peak in 

each spin state (a2 and c2). 

 

Table 2-3. High Resolution XPS Peak Locations 

Spectral Line Con LY HY YCe LCe HCe 

Si 2p 101.2 101.5 101.4 101.1 101.2 101.1 

Sr 3d5/2 132.6 133.0 133.1 132.9 132.8 132.7 

Sr 3d3/2 134.3 134.6 134.7 134.4 134.6 134.5 

Na 1s 1070.4 1070.8 1071.0 1070.7 1071.1 1071.1 

Y 3d5/2 
 

157.7 157.2 157.4 
  

Y 3d3/2 
 

159.8 159.2 159.4 
  

Ce 3d5/2 a 
   

880.8 881.1 880.7 

Ce 3d5/2 a2 
     

882.6 

Ce 3d5/2 b    884.6 884.8 884.9 

Ce 3d3/2 c    898.7 899.1 898.7 

Ce 3d3/2 c2      901.3 

Ce 3d3/2 d    902.3 903.0 902.9 

Ce 3d3/2 e    916.3 916.3 916.6 

O 1s NBO 529.4 529.9 529.9 529.5 529.5 529.7 

O 1s BO 531.1 531.1 531.4 531.1 531.3 531.4 
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Figure 2-6.  High resolution scans of the Y 3d peak for yttrium containing glasses, LY, 

HY, and YCe. 

 

 

Figure 2-7.  High resolution scans of the Ce 3d peak for cerium containing glasses, LCe, 

HCe, and YCe. 
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Fitting of the O 1s spectral lines for the Con and glasses containing high total 

modifier content (HY, YCe, HCe) was undertaken and is presented in Figure 2-8. In the 

control glass, Con, a high energy peak, centered at 531.1 eV, is indicative of BOs, and a 

low energy peak, centered at 529.4 eV, represents NBOs.  These BO and NBO peaks are 

present in each glass and it can be seen that slight shifting occurs of the peaks to higher 

BE with addition of Y, and to a lesser degree with Ce.  Peak fitting revealed there is a 

decrease in the ratio of BO:NBO (shown in Figure 2-9) where Con has a ratio of 0.7, 

decreasing to 0.6, 0.5 and 0.4 for YCe, HCe and HY respectively. 

 

 

Figure 2-8.  High resolution scans of the O1s peak for Con, YCe, HCe and HY. 
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Figure 2-9.  Bridging to non-bridging oxygen ratio as determined using O1s high res-XPS 

for Con, YCe, HCe and HY glasses. 

 

2.4.8. Preliminary Cell Compatibility 

Images showing Schwann cell interaction with the polished bulk glass surfaces 

can be seen in Figure 2-10. All glasses prove to be acceptable surfaces for growth and 

attachment of Schwann cells, though differences in cell density and morphology are 

apparent, where the Con and LCe glasses show Schwann cells extensively covering the 

glass surface and spread forming a connected network. LY and HCe, appear to support a 

slightly lower cell population where most cells form a connected network over the 

surface. HY and YCe glasses show a significantly decreased cell population where cells 

are localized to groups and do not form a connected network, however individual cells 

show a greater degree of spreading on the glass surface. 

2.5 DISCUSSION 

With the aim of incorporating Y and Ce to reduce the oxidative damage 

associated with nerve injury while retaining bioactivity, 6 glasses containing various 

quantities of Y and/or Ce were synthesized and NC calculated assuming both a forming 

and modifying role for Y and Ce. The common cation charge of Y is Y
3+

, and Ce is also  
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Figure 2-10.  SEM images of Schwann cells fixed on each polished glass 

surface at 200X. 



 

41 

 

found as Ce
3+

, analogous to that of both Al
+3

 and Ga
3+ 

which have been found to act as 

network intermediates depending on the ratio to Si and charge compensating 

cations.
156,157

 Ce is also found as Ce
4+

, and while similar in charge to Si, it is nearly 

double the ionic size in addition to having a typical coordination environment greater 

than 4 as is seen for Si,
158

 therefore is not expected to serve in typical Si tetrahedral 

positions, though may produce an analogous forming effect. NC calculations, assuming 

that the Y and Ce are incorporated into the glass network in a forming role, suggests Y 

will produce a greater NC increase as a result of the required charge compensation, and 

Ce will produce an increase in NC similar to that of Si. However, considering Ce 

commonly exists in multiple oxidation states (Ce
3+

 and Ce
4+

) in glass structures, and has 

not been processed to produce glass of either state exclusively, multiple techniques 

within this study will be necessary to determine the cumulative role of Ce species within 

these glasses. As network modifiers, Y
3+

 and Ce
3+

 are assumed to create 2 NBOs/mol and 

therefore directly replace Na, suggesting that the NC will remain constant. The calculated 

NC for these glasses falls into the optimum range for bioactivity at 2.2 assuming Y and 

Ce act as network modifiers, and approach/exceed the upper limit when calculated as 

formers, however previous studies have found both to act primarily as network 

modifiers.
115,116,159,160

 

Glass formation and processing is verified through XRD that a completely 

amorphous structure was achieved for each glass, thereby avoiding potential mismatched 

onset times for the formation of a HCA layer seen with partially to fully crystallized 

materials,
124,126

 and average particle size for the glass powders falls within a 1 µm range 

further ensuring consistency between samples. Thermal analysis of the glasses was used 

to evaluate any change in the Tg where an increase in Tg represents greater stability of the 

glass network, which can be an effect of ionic differences or often as a result of increased 

quantities of BOs and higher NC.
150,151

 The significant increase in Tg with both Y and Ce 

content is seen for all glasses, increasing with increasing content. This indicates increased 

network stability as a result of the replacement of Na with both Y and Ce, where Y and 

Ce have complementary effects in the YCe glass and Y is producing a greater effect. This 

Tg increase is likely due to the ionic differences relating to Na, Y, and Ce considering the 

charge, size, field strength, and coordination environment typically adopted by each. Na 
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is found as Na
1+

 in glass networks and has low field strength in comparison to Y or Ce. In 

the glass each Na ion is associated with NBO and experiences an ionic association that is 

relatively weak; these characteristics allow Na to easily move through the glass network 

as evidenced by the immediate exchange with hydronium ions in incubation fluids.
161,162

 

Y and Ce are similar in ionic size to Na, however, as trivalent and tetravalent ions their 

associated field strength is higher which may impart a covalent characteristic to the O 

atoms they associate with within the glass network. In addition, the coordination 

environment of both Y and Ce in glasses has been found to be between 6 and 8 where 

they preferentially associate with NBOs.
158,163,164

 These characteristics are likely 

producing the increase seen in Tg where stronger Y-NBO and Ce-NBO association with 

multiple NBOs increase the stability, and likely has implications for their non-movement 

through the glass structure in vivo which has been observed through lack of release in 

SBF studies.
115,116,165

 When considering the possibility of increased network connectivity 

or rigidity, hardness can prove complementary and offer further indication of structural 

changes with composition.
166,167

 Current models use constraint theory to predict changes 

in the hardness where increased constraints on the network through increased 

connectivity reflect greater hardness values, though complex systems experience local 

maximum/minimum and are not completely understood.
168

 The lack of significant 

difference in hardness between the control glass and Y and Ce containing glasses 

suggests there is not a significant change in network connectivity. Therefore, considering 

the hardness in correlation with the Tg, Y and Ce are likely acting as modifiers, while 

producing an increase in network rigidity as an effect of their ionic characteristics 

compared to Na.
115,116,160 

 

To gain a better understanding of the role of Y and Ce in the glasses, the Si 

tetrahedral environment was evaluated using 
29

Si MAS-NMR and characteristic Q-

species indicators. Q species for SiO4 tetrahedra represent the NBO per Si where Q
0
 

represents 4-NBO/Si and Q
4
 0-NBO/Si. The Q

1
 species is centered between -70-72 ppm, 

Q
2
 at -77-80 ppm, Q

3
 at -85-89 ppm and Q

4
 ≥ -101 ppm.

89,152,153,169
 Bioactive glasses 

typically exhibit a Q
2
 to mainly Q

3
 species distribution which corresponds to a NC within 

the 2.0-2.4 range.
89

 The control glass, Con illustrates an appropriate initial composition 

with a calculated NC of 2.2 and an NMR peak location at -81 ppm falling between the Q
2
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and Q
3
 species characteristic shifts. This indicates the Con will likely exhibit 

degradability to allow for a bioactive response in vivo. Similarly, LY and HY produce a 

minimal shift in comparison to Con supporting the Q
2
, partially Q

3
 Q-structure. This 

substantiates the Tg, HV, and literature that Y is performing as a network modifier. With 

the addition of Ce, a negative shift is observed for YCe, LCe, and HCe; the magnitude of 

which is similar for YCe and LCe and greater for HCe, indicating the effect is solely due 

to Ce content in the YCe glass. Generally this shift toward a higher Q-structure, indicates 

increased network connectivity, however shifts for Q-species have characteristic ranges 

up to 10 ppm depending on the conditions and composition of silicate glasses; therefore 

the 1.4 – 3.5 ppm shift observed may not be significant based on the average Q
x
 shift 

values chosen for graphical representation. A distinct feature of significance present in 

the MAS-NMR spectra is peak broadening occurring with the addition of Ce to the glass 

and presence of shoulders in the Q
0
 and Q

4
 characteristic regions. The broadening 

suggests the Q-species distribution in the glass is becoming diversified where in an ideal 

glass there will be a ratio of two adjacent Q-species. In practice, glasses will typically 

exhibit two prominent Q-species with small contributions from the remaining, which is 

the case with the Con and Y containing glasses with a prominently Q
2
-Q

3
 distribution. 

The addition of Ce however suggests the presence of increasing quantities of each Q type 

with increasing Ce content. It can also be seen that the Ce effect on Si-O environment is 

not affected by the presence of Y in the glass as the peak shifts and shoulders are similar 

in both YCe and LCe containing 4 mol% Ce each. This Q-species distribution is possibly 

due to the multivalent states and range in coordination environments adopted by Ce ions 

in glasses.
116,158

 The presence of Ce
4+

, with higher field strength than Ce
3+

, may begin 

acting as an intermediate, where Si-O-Ce
4+

 bridges approach the BO to NBO distinction 

simulating Q
4
 forming regions. In comparison, the Ce

3+
 ions may produce regions where 

the coordination environment and potential charge balancing implications create species 

ranging from Q
0
 to Q

3
. While the overall peak shift may suggest a higher quantity of Q

3
 

species, peak broadening indicates there are a range of local effects on the Si-O-X 

environment associated with Ce which may be clarified through high-resolution XPS.  

The compositional comparison as determined by XPS maintains a consistent 

reduction of Si and an increase in Na. Minimal shifting in the Si 2p, Sr 3d, Na 1s, and Y 
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3d peaks do not indicate a significant difference in the elemental bonding environment 

between glasses. The lack in shift of the Si 2p peak is of interest specifically for the Ce 

containing glasses considering the peak shift and broadening observed in MAS-NMR. 

The overall shift in the MAS-NMR spectra relating to the bridging or non-bridging nature 

of the Si coordinating O atoms, does not appear to effect the immediate Si-O bonding 

reflected in the XPS survey scan. The Ce 3d spectral line does not exhibit a maximum, 

but does have the characteristic Ce 3d5/2 and Ce 3d3/2 multiplet with contributions from 

Ce in both the Ce
3+

 and Ce
4+

 oxidation states as demonstrated in a study by Gavarini et 

al.
170

 Relating the BEs found in that particular study to the data for the Ce containing 

glasses in this work, components a, b, c and d of the multiplet are attributed primarily to 

Ce
3+

 with a small content of Ce
4+

 reflected in each and component e. In HCe, e becomes 

increasingly prominent with the appearance of tertiary components a2 and c2 also 

suspected to be attributed to Ce
4+

.  The multiple states of Ce and the modest increase in 

Ce
4+

 as Ce content increases, supports the peak broadening seen in MAS-NMR as 

increasing the diversity of Ce ions will produce an increasingly complex coordination and 

charge compensation dynamic within the network. The mechanisms of Ce in the glasses 

are not well distinguished through the MAS-NMR data suggesting looking instead at the 

O environment. The XPS O1s peak data shows the addition of Y and Ce shifts both BO 

and NBO peaks to slightly (0.3-0.5 eV) higher BEs compared to the control glass, Con. 

This is likely due to the ionic effect associated with substituting Y and Ce at the expense 

of Na; where National Institute of Standards and Technology (NIST) BE for the Na-O 

peak is prominent at 529.7 eV and Y2O3, CeO2 and Ce2O3 peaks are found up to 532.0 

eV,
171

 and is supported by Tg/HV. The significant differences between glasses from XPS 

become apparent when analyzing the ratio of BO:NBO. BO:NBO decreases with the 

addition of both Y and Ce indicating that while they increase the network rigidity, in 

replacing Na, HY is creating a 17% increase and HCe is creating an 11% increase in 

NBOs at 8 mol%. This increase in NBO is not suggested in the NMR spectra and may be 

attributed to variations in the physical state of the samples where MAS-NMR was run on 

<20 µm powders and XPS with glass surfaces broken under vacuum. Atmospheric 

interaction the high energy surface of the glass particulate likely altered the network at 

the surface of the particles, which can in turn affect the overall MAS-NMR spectra, while 
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XPS will show the bulk characteristics. The creation of a greater quantity of NBOs with 

the addition of Y in comparison to Ce may be due to any number of differences between 

the two such as distribution throughout the network, coordination environment, required 

charge balancing, and presence of Ce in a tetravalent state. Further the YCe glass creates 

only a 6% increase in NBO where it might be expected to fall between HY and HCe as 

seen with the Tg values. While the effect of Y and Ce is complementary in producing the 

increase in network rigidity seen through Tg they appear to behave independently in the 

network considering the MAS-NMR shifts are nearly identical to that of LCe and the 

XPS peak locations do not significantly shift indicating lack of interaction between the 

two within the network. Therefore, the effect when considering network connectivity is 

likely not additive and would be representative of the 4 mol% additions which would 

produce an average increase in NBOs around 7%, which is still slightly higher than that 

observed in the actual YCe glass but may be accounted for by additional charge balancing 

required with multiple tri/tetravalent ion types existing within the same network. A 

BO:NBO ratio greater than 1 indicates a glass will have low bioactivity, Con, HY, YCe, 

and HCe all maintain BO/NBO ratios less than 1 further supporting their potential to 

degrade and incite the formation of a HCA layer in vivo.
172

  

The glass series shows network characteristics suggesting their bioactive potential 

(evaluation of which will be the subject of future work) but does not give any indication 

of their biocompatibility. Therefore, work was undertaken to evaluate initial 

biocompatibility with Schwann cells on the polished glass surface where each was shown 

to support cell attachment with differences in population. This may be affected by any 

number of factors including but not limited to composition, surface charge and energy, or 

slight roughness variation. Based on population size present on the glass surfaces the Con 

and LCe glasses appear to perform slightly better than LY and HCe, followed by HY and 

YCe and is likely due to surface effects created by the increasing Y and Ce content. 

2.6 CONCLUSION 

Y glasses show a significant increase in thermal stability, while not altering the 

glass hardness or indicating a prominent shift in the Q-species as observed by 
29

Si MAS-

NMR. XPS shows a decrease in the BO:NBO ratio with 8 mol% Y supporting the 

literature that it serves as a network modifier in the glass structure while increasing the 
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rigidity due to its ionic properties. Ce glasses show moderate increase in Tg, no change in 

hardness, and present a negative shift and peak broadening in the 
29

Si MAS-NMR, 

suggesting the diversification of Q-species. XPS shows an indistinct maximum with 

multiple Ce states for the Ce 3d spectral line indicating an increase in Ce
4+

 ions with 

increasing Ce content and a decrease in BO:NBO ratio similar to that of Y. Therefore, 

while the multitude of bonding environments associated with the presence of 

tri/tetravalent Ce may indicate some intermediate activity, collectively it serves as a 

network modifier in the Ce-containing glasses. 

The ability of bioactive glasses to interact with physiological fluids and induce the 

deposition of a HCA layer is dependent on the glass composition and the connectivity of 

its network, which can be interpreted through various characterization techniques. The 

characterization techniques used in this work to evaluate the network structure, in 

agreement with previous studies, support that Y and Ce are both preforming primarily as 

network modifiers in the glasses, and increase network rigidity due to their ionic 

characteristics. This suggests NC falls within the optimum range for bioactivity, while 

Schwann cell attachment to each glass surface supports preliminary biocompatibility and 

maintains that these glasses are candidates for solubility and cytocompatibility studies. 

Therefore, the following chapter focuses on evaluating the glass series solubility 

through pH and ion release relating to cytocompatibility of dissolution products.  Time 

and dose dependent cytocompatibility is evaluated with L929 Fibroblasts, MC3T3 

Osteoblasts, E.coli and S. Aureus cell and bacterial lines.  In addition, antioxidant 

capacity of the extracts  is evaluated to determine the potential these glasses may have to 

provide neuroprotection under oxidative stress.  
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CHAPTER 3 -  SOLUBILITY, CYTOCOMPATIBILITY 

AND ANTIOXIDANT CAPACITY OF Y2O3 AND CeO2 

DOPED SiO2-SrO-Na2O GLASSES.
2
 

 

3.1 ABSTRACT 

The solubility and cytocompatibility of Yttrium (Y) and Cerium (Ce) are 

investigated when substituted for Sodium (Na) in a 0.52SiO2-0.24SrO-(0.24-x)Na2O-

xMO glass series (where MO = Y2O3 or CeO2). Solubility is evaluated through pH and 

Inductive Coupled Plasma-Optical Emission Spectrometry (ICP-OES) analysis where pH 

of deionized (DI) water increased between 11.2 and 12.5 after incubation of glass 

powders over 1, 7 and 30 days. Ion release of Silicon (Si), Na and Strontium (Sr) from 

the Con glass (not containing Y or Ce) was at minimum 2x greater than that of glasses 

containing Y or Ce, where Con Si release reached a solubility limit after 1 day and then 

precipitated in the following 7 and 30 days.  Release from Y and Ce containing glasses 

reached a maximum of 1800 µg/mL, 1800 µg/mL, and 10 µg/mL for Si, Na, and Sr, 

respectively. Release of Y and Ce was below the ICP-OES detection limit <0.1 µg/mL.  

Cell viability of both L929 fibroblasts and MC3T3 osteoblasts decreased for Con, LY, 

and LCe extracts; HY extracts did not significantly decrease cell viability while YCe and 

HCe saw viability decrease at higher extract concentrations (20%, 33%).  Bacterial 

studies saw similar trends to those observed with fibroblasts and osteoblasts, where Con 

and LY eliminated 100% of bacteria at a 9% extract concentration.  In addition, 

antioxidant capacity (a possible mechanism for neuroprotection) was evaluated using the 

ABTS assay where all glasses had some inherent radical oxygen species (ROS) 

scavenging capability with Con reaching 9.5 mMTE. 

  

                                                 

2
 Under review; Co-authors: Timothy J. Keenan, Aisling Coughlan, Anthony W. Wren. 
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3.2 INTRODUCTION 

Bioactive glasses have a variety of applications due to their characteristic 

dissolution when in contact with fluids, including water and various simulated or 

physiological fluids that can result in the deposition of a hydroxycarbonate-apatite (HCA) 

layer and subsequent formation of a bond with host hard tissues.
84,90

  The dissolution of 

the glassy network is initiated by exchange of hydrogen ions (H
+
 or H3O

+
) with R

+
 and 

R
2+

 (commonly Na
+
 and Ca

2+
) modifying ions in the glass network. This is followed by 

attack of the Si-O bonds to form silanol groups and allows for Si(OH)4 dissolution into 

the aqueous environment.
127

 Biocompatibility is dependent on the quantities of these 

dissolution products and the response they induce in the adjacent cells. Dissolution 

products from silicate based bioactive glasses are known to exhibit osteogenic, 

angiogenic, and antibacterial properties.
101

 Specifically, the glass former, Si, is known to 

support collagen I and extra cellular matrix formation, is essential for metabolic 

processes relating to formation and calcification of the bone matrix, and, in oral 

supplements, improve bone mineral density.
101,173

 Na is an essential component in blood 

and extracellular fluids maintained at concentrations up to 3600 µg/mL and is involved in 

multiple cellular functions and signaling.
111,112

  Calcium (Ca) and Sr have been shown to 

serve the same role in the glass network as well as some similar functions within the 

body. Sr was first administered to osteoporosis patients as strontium ranelate
[13]

 and is 

known to localize to bone tissue where it can substitute for Ca. It is present in 

extracellular fluids at µM concentrations whereas Ca is present at mM 

concentrations
101,113,114

 but toxicity has not been reported since excess is excreted through 

the kidneys in the same manner as Ca.
74,113

 Additional elements of interest are Y and Ce 

which have been successfully incorporated into bioactive glasses, however, the studies 

concerning the dissolution of these glasses give limited information reflecting any effect 

they may have on biocompatibility as any release was minimal. In addition, these studies 

show that bioactivity decreased in glasses with increasing Y and Ce content, but the 

deposition of a HCA layer did occur after incubation in simulated body fluid (SBF).
115,116

  

Other studies evaluating yttria and ceria nanoparticles found they were non-toxic up to 

200 µg/mL and offered neuroprotection via direct ROS scavenging.
37,148

 This antioxidant 
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capacity is what is hoped to be imparted on the SiO2-SrO-Na2O glass used in this work 

through doping with Y2O3 and CeO2. 

Antioxidant potential is of significant interest for applications involving nerve 

regeneration and reconnection since one of the many factors impeding this process are 

ROS. Primary physical damage to nerve tissue is accompanied by ischemia, 

inflammation, migration of activated glial cells and loss of ionic homeostasis in the 

extracellular fluid due to the influx of calcium and production of cytokines and ROS.
33,174

 

Nerve tissue is particularly sensitive to changes in the ionic content of extracellular fluids 

and after injury the consequential fluctuations cause Ca excitotoxicity and necrosis in 

adjacent (uninjured) nerve tissues.
34

 This secondary damage occurring at and around the 

injury site significantly impedes the regeneration and reconnection of nerves, and over 

distances greater than 5 mm the reconnection does not often occur properly and 

functionality is not fully recovered.
21,34-37,68,86,146

 Standard treatment of nerve injury 

involves the administration of Methylprednisolone Sodium Succinate (MPSS) to reduce 

the inflammatory response, which addresses only one of the many impediments 

encountered by regenerating axons after injury.
86,144,149,175

 Recent studies have shown 

bioactive glasses have the potential to encourage nerve regeneration after injury through 

mechanical guidance and delivery of growth factors.
 
Therefore, this work proposes the 

inclusion of Y2O3 and CeO2 into bioactive glass which may produce ROS scavenging 

capability similar to that observed in yttria and ceria nanoparticles, where Sr is replaced 

with Ca to avoid contributions to Ca excitotoxicity. 

Previous work by the authors investigating these Y2O3 and CeO2 doped SiO2-

SrO-Na2O glasses found Y and Ce serve as modifying ions in the glass network while 

increasing the rigidity due to ionic differences with Na for which they are being 

substituted, but maintain a network connectivity and structure that should support 

dissolution, biocompatibility and potentially bioactivity.  In this work the dissolution 

products will be evaluated along with their effect on L929 fibroblasts, MC3T3 

osteoblasts, Escherichia Coli, and Staphylococcus Aureus to assess the cytocompatibility.  

Antioxidant capacity will be assessed via the ABTS assay to determine the potential of 

these glasses to provide protection from ROS produced after nerve tissue damage with 

the goal of improving nerve regeneration and reconnection. 
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3.3 EXPERIMENTAL 

3.3.1. Glass Synthesis 

Six glasses of varying composition were formulated for this study, two yttrium 

(Y) containing glasses (LY, HY), two cerium (Ce) containing glasses (LCe, HCe), one 

glass containing both yttrium and cerium (YCe), and one SrO-Na2O-SiO2 control glass 

(Con). The Y2O3 and CeO2 is incorporated into each glass, with the exception of the 

control, at the expense of Na2O. Glass compositions (mol%) can be found in Table 3-1. 

 

Table 3-1. Glass Compositions in mol% and Surface Area (SA) 

 Con LY HY YCe LCe HCe 

SiO2 52 52 52 52 52 52 

SrO 24 24 24 24 24 24 

Na2O 24 20 16 16 20 16 

Y2O3 - 4 8 4 - - 

CeO2 - - - 4 4 8 

       

SA (g/m
2
) 0.84 0.92 0.93 0.84 0.75 0.68 

 

3.3.1.1. Glass Powder Production 

Glass powders were prepared by weighing out appropriate amounts of analytical 

grade reagents (Fisher Scientific, PA, USA) and ball milling (1 h). The mix was then 

oven dried (100ºC, 1 h), fired (1500ºC, 1 h) in a platinum crucible and shock quenched in 

water. The resulting frit was dried, ground and sieved to retrieve glass particles <20μm.  

Glass particles were imaged using a Quanta 200F Environmental Scanning 

Electron Microscope (FEI, OR, USA) under a vacuum at a pressure of 0.60 torr. The 

electron beam was used at an accelerating voltage of 20 kV and a spot size of 3.0. Energy 

dispersive x-ray spectroscopy was carried out using an FEI EDAX system equipped with 

a silicon-drift detector at an 11 mm working distance, collected full frame for 100 s at a 

minimum 1000 CPS. 

3.3.2. Glass Solubility 

3.3.2.1. Surface Area Analysis 

Surface area of the glasses was determined using an Advanced Surface Area and 

Porosimetry, ASAP 2010 System Analyzer (Micrometrics Instrument Corporation, GA, 
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USA). After oven-drying (100°C) overnight approximately 60 mg of each glass powder 

(n = 3) was weighed into standard ¾” tubes and loaded into the instrument.  Liquid 

nitrogen, nitrogen and helium gasses were used to purge and obtain isothermal gas 

absorption on an 11 point scale which was then used to calculate the specific surface area 

using the Brunauer-Emmett-Teller (BET) method. 

3.3.2.2. Sample Preparation 

Sterile liquid extracts were prepared by weighing out 1 m
2
 of each glass powder 

(n = 3/time period) into glass vials. Vials were covered with aluminum foil and 

autoclaved. The sterile glass powders were then transferred to sterile 15 mL centrifuge 

tubes and 10 mL sterile ultra-pure de-ionized (SUPDI) water was added to each tube, 

including glass-free control tubes.  The tubes were sealed and incubated on a rotating tray 

for 1, 7 and 30 days. Upon removal, each sample was filtered (Amicon Ultra-4 

Centrifugal Filters, Fisher Scientific, PA, USA) to separate the liquid extract from the 

glass powders. A 1.5mL aliquot from each sample extract was removed into a sterile vial 

to be used for cytocompatibility studies. 

3.3.2.3. pH Analysis 

The pH of each sample extract was measured using an Accumet® Excel XL 15 

pH meter (Fisher Scientific, PA, USA). Prior to testing, the pH meter was calibrated 

using pH buffer standards 4.00±0.02, 7.00±0.02 and 10.00±0.02. The probe was rinsed 

with DI water and allowed to stabilize in the pH 7 buffer between readings which were 

taken after the pH value stabilized for 10 s. 

3.3.2.4. Ion Release 

The ion release profile of each glass was measured using Inductively Coupled 

Plasma–Optical Emission Spectroscopy (ICP – OES) on a Perkin-Elmer Optima 8000 

(Perkin Elmer, MA, USA).  ICP – OES calibration standards for Si, Sr, Na, Y and Ce 

were prepared from stock solutions. 
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3.3.3. Glass Cytocompatibility 

3.3.3.1. Fibroblast and Osteoblast Viability 

L-929 Fibroblasts (ATCC CCL-1) and MC-3T3-E1 Osteoblasts (ATCC CRL-

2593) were maintained on a regular feeding regime with Medium 199 Media (w/Earl’s 

balanced salts and L-glutamine) or Minimum Essential Medium (MEM) Alpha Media 

(w/L-glutamine, ribonucleosides, and deoxyribonucleosides), respectively, both 

supplemented with 10% fetal bovine serum (FBS) in a cell culture incubator at 

37°C/5%CO2/95%air atmosphere (Fisher Scientific, PA, USA). Cells were seeded into 

96-well plates at a density of 10
4 

cells/well and incubated for 24 hrs. Glass extracts and 

SUPDI water controls, were added to the 100 μL wells in quantities of 10 μL, 25 μL and 

50 μL, producing final concentrations by volume of 9%, 20% and 33%. After addition of 

the extracts the plates were incubated for an additional 24 hrs. 

Cytocompatibility was tested using the methyl thiazolyl tetrazolium (MTT) assay. 

10 μL of MTT reagent was added to each well and incubated for 4 hrs (37°C/5%CO2). 

After incubation each well was aspirated and 100 μL of MTT solubilization solution 

(10% Triton X-100 in acidic [0.1 M HCl] Isopropanol) was added, and mixed by gently 

pipetting at half the well volume (50 μL). Once the crystals were fully dissolved, the 

absorbance was measured at 570 nm using a µQuant Microplate Spectrophotometer (Bio-

tek Instruments Inc., VT, USA). Media wells with the SUPDI water control samples were 

used to determine the background effect and a control cell population was assumed to 

represent 100% viability to normalize the readings. 

3.3.3.2. Bacterial Inhibition 

Bacterial inhibition of the glass extracts were tested against E. coli (ATCC CRM-

8739) and S. aureus (ATCC 49230) using the broth transmission method.  Bacterial 

stocks were made by plating bacteria from frozen stores onto Lysogeny (LB) agar and 

Trypticase Soy (TS) agar, respectively, then incubating at 37°C for 24 hrs.  Sterile loops 

were used to extract one colony from each plate, into 5 mL of LB or TS broth and 

allowed another 24 hrs incubation at 37°C.  Agar and broth was made according to 

ATCC recipes and autoclaved before use. 
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SUPDI water controls and glass extracts (100 µL) were added to 1 mL of sterile 

bacterial broth in 24-well plates giving a concentration of 9% glass extract. Each well 

(with the exception of the sterile broth control wells) was then inoculated with 10 µL of a 

1/50 dilution of the respective bacterial containing broth yielding a bacterial 

concentration of 1%.  After incubation for 24 hrs at 37°C the plates were removed and 

100 µL (n = 4) from each sample well was pipetted into a 96-well plate.  Plates were read 

at 590 nm using a µQuant Microplate Spectrophotometer for the absorbance. Wells 

containing sterile broth and SUPDI water controls served as a background measurement 

and those containing bacteria broth-SUPDI water controls served as the uninhibited 

bacterial populations. Sample wells were compared against the respective uninhibited 

populations representing 0% growth inhibition. 

3.3.3.3. Stastical Analysis 

One-way analysis of variance (ANOVA) was employed to compare the difference 

in cell viability and bacterial inhibition relative to the control populations. Comparison of 

relevant means was performed using the post hoc Bonferroni test. Differences between 

groups was deemed significant when P < 0.05. 

3.3.4. Antioxidant Capacity 

Evaluation of the antioxidant capacity of the glass extracts was conducted using 

an 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid (ABTS) assay and Trolox
®
 as a 

standard for comparison. A 7 mM ABTS, 2.45 mM potassium persulfate solution was 

prepared in DI water and incubated in the dark at room temperatures for 12 hrs.  The 

solution was then diluted to obtain an absorbance of 2.55 ± 0.07. A 50 mM Trolox
®
 

solution was prepared by dissolving 25 mg Trolox
®
 in 150 µL methanol, and adding 

1.747 mL DI water and 103 µL 1M NaOH to a final pH of 7.3. Dilutions were made in 

the range 0.5 mM–10 mM to obtain a Trolox
® 

standard curve. Standards and glass 

extracts (n = 3) were added (25 µL) to 0.5 mL ABTS solution in a 1.5 mL centrifuge 

tube, sealed and vortexed then 100 µL (n = 4) of each sample was pipetted into a 96-well 

plate.  Plates were read at 734 nm using a µQuant Microplate Spectrophotometer to 

obtain the absorbance. A one-way analysis of variance (ANOVA) was employed to 

compare the difference in antioxidant capacity between time periods for each glass and 
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between glass extracts. Comparison of relevant means was performed using the post hoc 

Bonferroni test. Differences between groups was deemed significant when P < 0.05. 

3.3.5. Preliminary Cell Adhesion 

Glass (+10 wt% <75 µm PVA) powders (0.15 g/disk) were pressed in a 6 mm Ø 

stainless steel die at a pressure of 4 tons and subsequently heated to 50°C above the glass 

transition temperature (Tg+50, previously determined by the authors) for 6 hrs. Disks were 

buffered for 24 hrs in 199 Media and fibroblasts were seeded onto the disks in 6-well 

plates at a density of 10
4 

cells/well and incubated for 24 hrs. Cells were then fixed using 

the procedure from Wang et al.
155

 and imaged using a Quanta 200F Environmental 

Scanning Electron Microscope under a vacuum at a pressure of 0.60 torr. The electron 

beam was used at an accelerating voltage of 20 kV and a spot size of 4.0. 

3.4 RESULTS 

3.4.1. Scanning Electron Microscopy (SEM)/Energy Dispersive X-ray 

(EDX) 

SEM images and EDX generated spectral oxide contributions for each glass 

powder are presented in Figure 3-1. Images show each glass powder consists of particles 

<20 µm and some agglomeration is occurring. EDX reveals the presence of each element 

of interest in the glasses and relative correlation with the as calculated composition. 

3.4.2. Surface Area Analysis 

Average surface area ranged from 0.68 m
2
/g for HCe to 0.93 m

2
/g for HY. Surface 

area of each glass powder is presented in Table 3-1 where no significant difference is 

found between glasses. 

3.4.3. pH Analysis 

pH of the glass extracts, presented in Figure 3-2, was found to range from 11.2 for 

HY to 11.9 for Con after 1 day and increases slightly, though not significantly, over the 7 

and 30 day time periods to 11.4 and 12.7, respectively. 
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Figure 3-1.  SEM images of glass particles at 1000X and EDX generated oxides list. 
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Figure 3-2.  pH of liquid extracts from Y/Ce glass series over 1, 7 and 30 days incubation. 

 

3.4.4. Ion Release 

Ion release is for all glasses and time periods is shown in Figure 3-3, where Y and 

Ce are not included as any release was below the detection limit (<1 µg/mL). Si release 

reaches a maximum for Con near 16k µg/mL after 1 d and decreases to 4.5k by day 30.  

The second highest release of Si is from LCe between 1.4k and 1.8k µg/mL over the 30 

days.  The remaining glasses release between 400 and 1k µg/mL over the 30 days without 

a significant increase or decrease in release between time periods.  Similar trends are seen 

with Na release, where Con releases significantly more compared to the Y or Ce 

containing glasses, from 6.3k after 1 and 7 d decreasing to 3.75k after 30 d. The Y and Ce 

containing glasses each show a trend of increasing Na release over the 30 d time period, 

with LCe, again, releasing the second greatest quantity of 1.8k µg/mL after 30 days, 

followed by LY, HCe, with HY and YCe releasing around 500 µg/mL after 30 days.  

Release of Sr follows the decreasing trend of release over the 30 days for Con where a 

maximum release of 89 µg/mL is released after 1 d, 69 µg/mL after 7 d, and 40 µg/mL 

after 30 d.  The Y and Ce containing glasses each release <10 µg/mL with the peak 

occurring after 7 days and subsequent decrease at 30 d below that of the 1 d release. 
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Figure 3-3.  Ion release from each glass extract over 1, 7 and 30 days. 

 

3.4.5. Fibroblast and Osteoblast Viability 

Viability of fibroblast cells after incubation with various concentrations of glass 

extracts (t = 1, 7, 30 d) is shown in Figure 3-4. At a concentration of 9% the fibroblast 

viability is reduced to 25% by Con, LY, and LCe with a trend in decreasing viability over 

the 30 d time period.  YCe and HCe appear to decrease the fibroblast viability at a 

concentration of 9% but is not found to be significantly different from the control 

population. At an extract concentration of 20% the viability remains below 25% for Con, 

LY, LCe, and additionally HCe, with the viability dropping to 0% for Con at 30 d.  This 

trend continues at the 33% concentration where both 7 and 30 day Con extracts produce a 

viability of 0%. YCe does not indicate a significant difference from the control population 

at the 9% or 20% extract concentrations but indicates a significant drop in viability to 



 

58 

 

25% with the 1 d extracts at 33% concentration, recovering with the 7 and 30 day 

extracts.  HY does not significantly affect cell viability at any concentration or time 

period. 

 

 

Figure 3-4.  Fibroblast viability after incubation with glass extracts at 9%, 20% and 33% 

concentrations by volume over 1, 7 and 30 days. * indicates a significant difference (P < 

0.05) between the control Fibroblast population and the extract incubated populations. 

 

Viability of osteoblast cells after incubation with various concentrations of glass 

extract (t = 1, 7, 30 d) is shown in Figure 3-5.  At a concentration of 9% the osteoblast 

viability is reduced to 50% by Con and LCe with a trend in decreasing viability over the 

30 d time period.  LY, YCe and HCe do not significantly affect osteoblast viability at a 

concentration of 9%. At an extract concentration of 20% the viability drops to 75%, 0% 

and 0% for Con at 1, 7 and 30 d respectively, and below 25% for LY, LCe and HCe at 

each time period.  YCe causes a significant decrease in fibroblast viability below 25% 
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after 1 day and then increases cell viability after 7 d before dropping back into range with 

the control population after 30 d. At the 33% concentration Con extracts produce a 

viability of 0% and LY, LCe, and HCe extracts maintain viability below 25%; while YCe 

does not indicate a significant difference from the control population. HY does not 

significantly affect cell viability at any concentration or time period. 

 

 

Figure 3-5.  Osteoblast viability after incubation with glass extracts at 9%, 20% and 33% 

concentrations by volume over 1, 7 and 30 days. * indicates a significant difference (P < 

0.05) between the control Osteoblast population and the extract incubated populations. 

 

3.4.6. Bacterial Inhibition 

Bacterial inhibition for each glass extract at a 9% concentration and each bacterial 

type is shown in Figure 3-6.  For both E. coli and S. aureus, Con and LCe yield 100% 

bacterial inhibition.  LY and the 7 and 30 d HCe extracts inhibit E. coli growth by 65% 

while HY, YCe and 1 d HCe extracts inhibit E.coli growth by 25% or less.  S. aureus 
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inhibition by LY was limited to 30% after 1 d, increasing to 75% after 7 d and holding 

after 30 d.  HY, 1 and 7 d YCe and 1 d HCe extracts produced less than 10% S. aureus 

growth inhibition, increasing to 40%, 62% and 45% for 30 d YCe, 7 d HCe and 30 d HCe 

extracts. 

 

 

Figure 3-6.  E. coli and S. aureus inhibition after incubation with glass extracts at 9% 

concentration by volume. * indicates a significant difference (P < 0.05) between the 

control E. coli or S. aureus population and the extract incubated populations. 

 

3.4.7. Antioxidant Capacity 

Antioxidant capacity in mM Trolox
®
 equivalency (mMTE) is presented in Figure 

3-7.  Con had the greatest capacity at 8.2-9.5 mMTE followed by LCe and LY at 5.9-8.5 

mMTE and 7.3-7.9 mMTE, respectively. HCe capacity falls just below this range from 

4.3-5.9 mMTE. HY and YCe glasses have antioxidant capacity significantly lower at 0.9-

1.2 mMTE and 1.9-2.1 mMTE, respectively. 

 



 

61 

 

 

Figure 3-7.  Antioxidant capacity of glass extracts relative to Trolox
®
. * indicates a 

significant difference (P < 0.05) between time periods for each glass; † indicates non-

significance between glasses. 

 

3.4.8. Fibroblast Adhesion 

Considering the cytocompatibility, and antioxidant behavior Con, HY, and as an 

intermediate HCe glasses were selected for a preliminary evaluation of cell interaction by 

seeding fibroblasts onto pressed powder disks. SEM images of fibroblast cells after 24 hr 

incubation are presented in Figure 3-8.  While each disk shows the presence of fibroblast 

cells on the disk surface cell morphology differs between the glasses. Fibroblast cells 

present on the surface of the Con disk are rounded and clustered together, without 

showing significant attachment to the disk surface or spreading. On both the HY and HCe 

disks fibroblast cells are present and appear to form a connected network over the disk 

surface. 
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Figure 3-8.  SEM images of Fibroblast cells after 24 hr incubation on Con, HY and HCe 

disks at 500X. 

 

3.5 DISCUSSION 

With the aim of incorporating Y and Ce to reduce ROS damage associated with 

nerve injury while retaining biocompatibility, six glasses containing various quantities of 

Y and/or Ce were synthesized, imaged and incubated in SUPDI water for 1, 7, and 30 

days. EDX confirms the relative oxide contribution to each composition and correlates to 

the calculated compositions. The increase in pH seen is similar to that observed in typical 

bioactive glasses,
96

 where the Con glass saw the greatest spike from 11.9 after 1 day to 

12.4 after 30 days.  There is a direct relationship between the increase in pH and the 

dissolution of the glass network, relating to the initial exchange of hydrogen ions (H
+
) 

with Na
+
. This attack is most pronounced in the Con glass with the highest Na content 

and lack of trivalent cations (Y and Ce) which are not released from the glass network 

and likely require charge compensation thereby reducing the mobility of the Na and Sr 

ions which serve this role. In addition, the pH has a direct correlation with the dissolution 

of silica species into solution based on the surface charge and the extent to which the 

reaction will be catalyzed;
176

 as a result, at higher pH, Si dissolution rates increase. In 

Con, Si release is exceptionally high, though is in accordance with the solubility curves, 

where up to a pH of 9 the solubility limit is around 120 µg/mL and increases to around 

30,000 µg/mL at a pH of 11.5.
108,109

 Con Si release of 16,000 µg/mL after 1 day is within 

the solubility limit at a pH of 11.9. The Si concentration in solution decreases after both 7 

and 30 days suggesting the Si release approaches the solubility limit between 1 and 7 

days and proceeds to precipitate over the 30 day time period.
177

 The silica 
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polymerization/precipitation is associated with the gelation of the liquid sample over time 

and when buffered with culture media and broth which causes the pH to drop and 

supersaturation to occur.
178-180

  Na and Sr are also released in significant levels in Con, 

where Na release exceeds levels typically found in physiological fluids (2,500-3,500 

µg/mL).
110,181

 Sr, in the role of replacing Ca, is released in quantities greater than 10 

µg/mL which have been found to impede osteoblast mineralization activity in vitro.
113,182

 

Both Na and Sr concentration decreases after 30 days indicating that precipitation of 

Na/Sr salts or complexes is occurring. Ion release levels for Con are excessive for 

biomaterials applications and therefore require modification to reduce the solubility into 

an acceptable range.
183 

 

The pH increase seen in the Y and Ce containing glasses are similar to those seen 

with the Con glass, however exhibit a trend where greater Y or Ce content relates to 

modestly lower pH values and significantly reduced ion release. This is supported 

through prior work by the authors which found that Y and Ce increase network rigidity. 

Si in these glasses is released at a maximum of 1,800 µg/mL in the LCe glass after 7 

days, followed by LY, HCe, and at 400 – 500 µg/mL from YCe and HY where significant 

changes are not observed over the 1, 7 and 30 day time period. Na concentration 

increases over the 30 day time period for each glass and reaches a maximum of 1,788 

µg/mL for LCe, which is within physiological levels. Sr concentrations range from 10.6 

to 0.9 µg/mL, levels found to support healthy bone mineralization.
182

  In these glass 

extracts Sr release peaks after 7 days and 30 day values are lower than those seen after 1 

day, suggesting the Sr is precipitating out of solution. The precipitation of Sr may be 

analogous to that observed with Ca in bioactivity testing, where the negatively charged 

silanol bioactive glass surface is suspected to attract the positively charged Ca or P ions 

(in solution containing Ca and P) resulting in the deposition of an amorphous CaP layer. 

Therefore suggesting, when in physiological fluids containing Ca and P a HCA layer 

doped with Sr may form.
184

 Y and Ce release was undetectable in agreement with the 

literature.
115,116

 The immobility of the Y and Ce in the glass network suggests that while 

they serve as network modifiers, their field strength results in covalent-type bonding that 

prevents the successful breaking of bonds and reduces mobility through the glassy 

network. Ion clustering may also contribute, where presence of smaller clusters of 
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modifying ions has been shown to reduce the rate of dissolution.
87

 In studies by Christie 

et al.
160,164

 and Du et al.
158

 it was found that Y and Ce tend to form clusters of 2-4 and 1-2 

atoms, respectively. These studies also showed that with increasing content, cluster size 

of both the Y or Ce and of other modifying ions, such as Ca, increases.
158,164

 These 

factors likely reduce solubility of Y and Ce glasses as seen by the significant reduction in 

ion release compared to that of Con. In addition, subtle differences in release can be seen 

between glasses with different concentrations of Y or Ce, where the lowest release is 

observed in the glasses with the highest Y and/or Ce content, and secondarily in glasses 

containing Y over Ce. Therefore general pH and ion release yields the trend: NC > LCe > 

LY > HCe > YCe > HY which is reflected in cytocompatibility studies. 

The high pH and ion release associated with Con, causes both fibroblast and 

osteoblast toxicity; where fibroblasts see a 75% decrease in viability with an extract dose 

of 9%, and osteoblasts decrease by nearly 50%. Fibroblast and osteoblast toxicity may be 

attributed to both the excessive ion release and the pH, both which significantly exceed 

levels found in typical physiological fluids such as simulated body fluid (SBF). This 

holds for glasses containing only 4 mol% Y or Ce which drop fibroblast viability under 

25% at a 20% dose, joined by HCe at the 33% dose. These trends directly relate to the 

release and pH trend seen between the glasses where Con is in excess of physiological 

levels, even accounting for dose and the buffering capacity of the cell media, the 

environment proves these levels to be inhospitable for fibroblasts. Osteoblasts show 

viability is maintained above 50% at a 9% dose for most extracts and similar toxicities to 

those of fibroblasts are seen at the 20% and 33% doses. This may be attributed to a 

greater inherent buffering capacity in the osteoblast media or resiliency in the osteoblast 

cells themselves.
185

 In either case, minimal toxicity is observed for the YCe and HY 

glasses which show the lowest pH increase of all the glasses and similar ion release 

values; making these glasses the best candidates for use without modification in terms of 

cytotoxicity. 

Bacterial inhibition can be primarily attributed to the pH of the extract. E. Coli 

grows optimally at pH between 6.0 and 8.0, can survive at a pH of 9.2, however once the 

pH reaches 9.4 E.coli is eliminated.
186,187  

Similarly, S. aureus optimal pH is also between 

6 and 8 but have been shown to survive in vitro up to a pH of 10.
188-190

 All extracts 
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exceed the pH necessary to eliminate both bacterial types, however it can be seen that not 

all samples eliminate bacteria, and for YCe and HCe inhibition can be affected by dose.  

This occurs due to the buffering capability of the LB and Tryptic Soy broths used where 

9%, 20%, and 33% doses produce variable increases of broth pH in addition to ion 

content.  It is known that both bacteria types are sensitive to Na, however concentrations 

released by the glasses do not approach those necessary to reduce the water activity (aw) 

to levels shown to affect bacterial survival and growth.
191,192

  However, another 

consideration with the presence of Na in the extracts, is it has been shown to reduce the 

ability of E. coli to adapt to alkaline environments by disrupting their proton exchange 

mechanisms.
193

 Therefore, it is suggested that pH is to be attributed to the bactericidal 

characteristics where the extracts are producing an increase in pH where at some 

concentrations, exceeds the buffering capacity of the broth affecting bacterial survival. 

The glasses showing the greatest antibacterial potential are those also producing the 

greatest fibroblast and osteoblast cytotoxicity, and therefore require modification for use 

as a biomaterial. 

Antioxidant capacity of these glass extracts is observed through ABTS assay, 

where Con shows the greatest potential, with the other glasses following the same trend 

seen throughout this study. The ABTS assay shows stability up to pH values of 13 (95% 

confidence) and therefore antioxidant capacity is attributed to the glass dissolution. 

Considering Na and Sr will exist as cations in solution any role in the in the antioxidant 

behavior of the extracts is unlikely. However, the dissolved Si may indicate a source of 

the observed reduction; as the Si-O network is broken there is a quantity of dissolved 

silica in solution most commonly ortho-silicic acid at a pH between 4 and 9.
173

 At higher 

pH (greater than 8) it has been shown polymerization of the ortho-silicic acid occurs 

producing a variety of silicic acid species carrying a charge from -1 to -4 at a pH of 

12.
194-196

 The existence of these negatively charged species may account for the 

neutralization of the ABTS radical cation by electron donation or through hydrogen 

bonding.
197

 This is supported in a study by Preari et al. which found a supersaturated 

solution of silicic acid molecules with hydrogen bond donating (HBD) ability was 

stabilized by polyethylene glycols (PEG) through hydrogen bonding with the hydrogen-

accepting PEG O atoms.
197

 Therefore, potential for ROS scavenging can be related to the 
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quantity of dissolved silica in the extracts where Con shows the highest release of Si as 

well as the greatest ROS scavenging ability and HY the opposite. In addition, it can be 

seen that over the 30 day time period the antioxidant potential slightly increases for the 

Con, LY, LCe and HCe glass extracts while no effect is observed for the HY and YCe 

glass extracts though the Si release is stable for Y and Ce containing glasses and 

decreases for Con. This is likely due to a maximum concentration of the negatively 

charged silicic acid polymers that can be generated with a given Si concentration, at a 

given pH.
180,196

 For the LY, LCe and HCe glasses, at a stable Si concentration, a slight 

increase in pH observed over time may produce more charged species and an associated 

increase in antioxidant capacity. In the Con extracts, though overall Si concentration 

decreases, saturation of charged silicic acid species remains consistent and responds to 

the slight increase in pH corresponding to the slight increase in antioxidant capacity. 

Therefore, increase ROS scavenging over time for Con is similarly attributed to the slight 

increase in pH.
 
Further research is required to clarify the mechanism of antioxidant 

behavior in these extracts, and potential for enhancement through processing. 

Overall, Con showed the greatest cytotoxicity, bacterial inhibition and antioxidant 

potential while HY presented the inverse. HCe was selected as an intermediate between 

the two extremes to test the interaction of fibroblasts with the glass surfaces based on cell 

morphology. While all three glasses supported cells on the surface, cell attachment and 

round morphology suggests the cells are not compatible with the Con surface, and may 

be advancing into a cell death cycle. The HY and HCe glasses show the cells attached and 

spread across the glass surfaces suggesting in accordance with the cytocompatibility 

studies that these glasses do not pose a toxicity risk and are a suitable surface for cell 

growth. 

3.6 CONCLUSION 

The ability of bioactive glasses to interact with physiological fluids and induce the 

deposition of a HCA layer is dependent on the dissolution characteristics, but more 

important is the effect the dissolution products have on the extracellular fluids and 

adjacent cells. This work has shown Con to release Si, Na, and Sr at levels that are in 

excess of those seen in typical physiological fluids. As a result, and in association with 

high pH, cytotoxicity is seen with fibroblasts, osteoblasts and both bacterial types. 
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Glasses containing Y or Ce show reduced solubility where release is higher for LCe and 

LY in comparison with YCe and HY, but are retained within levels seen in physiological 

fluids, however, they are still associated with relatively high pH, which produces 

significant cytotoxicity. HCe falls in the middle of the range and exhibits concentration 

dependent cytotoxicity, while YCe and HY do not cause pronounced fibroblast, osteoblast 

or bacterial toxicity. Antioxidant capacity is greatest in Con where the presence of silicic 

acid is suspected to neutralize the ABTS radical. However, all glasses have antioxidant 

capacity in the mMTE range and therefore may provide neural protection from ROS 

species produced after nerve injury. Preliminary work testing the fibroblast response to 

the glass surfaces support cytocompatibility studies where HY and HCe caused limited 

toxicity and shows fibroblast adhesion and spreading on the glass surfaces. The inverse 

relationship observed between cytocompatibility and antioxidant capacity is less than 

ideal and therefore modification of these glasses using thermal treatments to produce 

crystallinity in the glasses and potentially improve their cytocompatibility by reducing 

solubility and enhancing antioxidant capacity will be the subject of future studies. 

 Therefore, the following chapter focuses on thermally inducing the formation of 

crystalline phases in the glasses.  Two thermal treatments are employed, one at 50°C 

above the Tg, (Tg+50) and the other at Tc1, noted by “A” and “S” respectively.  In the 

interest of sample size the control, Con and three best preforming Y and Ce doped 

glasses, in terms of biocompatibility (HY, YCe, HCe), have been selected for the work 

herein.  Identification of the phases generated, observation of surface features, and 

analysis of ion release will provide an indication of the potential effects on bioactivity 

and biocompatibility.  In addition, antioxidant capacity is again evaluated, where greater 

insight on the mechanism and potentially correlations between phases and ROS 

scavenging ability may be made.  
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CHAPTER 4 -  EFFECT OF CRYSTALLIZATION ON THE 

SOLUBILITY AND ANTIOXIDANT POTENTIAL OF 

Y2O3 AND CeO2 DOPED SiO2-SrO-Na2O GLASS-

CERAMICS.
3
 

 

4.1 ABSTRACT 

Crystalline phase generation of a 0.52SiO2-0.24SrO-(0.24-x)Na2O-xMO glass-

ceramic series (where x = 0.08 and MO = Y2O3 or CeO2 and processing temperatures 

were 50°C above the glass transition for annealed (A)-lower temp, or the 1
st
 

crystallization temperature for sintered (S)-higher temp) is investigated through X-Ray 

Diffraction (XRD) and Scanning Electron Microscopy (SEM). The prominent phase for 

Con (not containing Y or Ce) is a sodium-strontium-silicate while yttrium (Y) and cerium 

(Ce) containing glass-ceramics show sodium-Y/Ce-silicate and oxide phases. SEM 

imaging of the disk surface shows the presence of Na rich regions in the Y and Ce 

containing glasses and multiple distinct phases including Ce crystallites in the HCe-S 

glass-ceramic. Disk shrinkage during thermal processing ranges from 1-7% for Con-A/S, 

HY-A/S, YCe-A/S and HCe-A in both diameter and thickness; while HCe-S disks shrink 

17% in diameter and expand 60% in thickness. Ion release of Si and Na into simulated 

body fluid (SBF) are greatest from the Con-A disks at 1550 µg/mL and 4475 µg/mL, 

respectively, though comparable with levels released from Con-S. Release from the Y 

and Ce containing disks reached 320 µg/mL for Si and 630 µg/mL for Na. Antioxidant 

capacity was evaluated using the ABTS assay where ground disks and extracts from disk 

incubation in SBF were tested. Ground, un-incubated disks outperformed incubated 

disks, which in turn exceeded antioxidant levels reached with all extracts. The range of 

antioxidant capacity for all samples was 3.9 – 0.31 mMTE. The preservation of 

dissolution potential and antioxidant capacity with thermal treatment maintains the 

candidacy of these glasses for evaluation in terms of bioactivity.  

                                                 

3
 Under review; Co-authors: Timothy J. Keenan, Aisling Coughlan, Anthony W. Wren. 
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4.2 INTRODUCTION 

Biological response to nerve injury includes: influx of monocytes, lymphocytes, 

and inflammatory mediators, activation of microglia and astrocytes, formation of the glial 

scar and is accompanied by differences in the new extracellular matrix (ECM) and 

changes in the extracellular fluid composition where calcium (Ca
2+

), glutamate, aspartate 

and iron are commonly released stimulating the production of reactive oxygen species 

(ROS) at the site.
18,28-30,33

  While these are natural repair mechanisms they often result in 

degeneration of the axon at the site of severance.
33-37

 This work aims to mediate the effect 

of biologically generated ROS through composition and processing modification of a 

bioactive glass series.  

Ion release and surface dissolution of bioactive glasses is a highly desirable 

therapeutic characteristic resulting in biodegradable properties when immersed in a 

hydrated medium. This characteristic is essential for initiation of the bioactive cascade 

resulting in the deposition of a hydroxycarbonate apatite (HCA) surface layer and 

subsequent integration with host tissues. The released ions have been shown, in 

appropriate quantities to be therapeutic, where the most commonly investigated ions Si, 

Ca and P encourage osteogenesis.
101

 If however, the ion release rate is excessive or 

associated spikes in pH are not accommodated by the dynamic physiological 

environment, toxicity can be observed. Previous work by the authors on these 

compositions has shown both osteoblast and fibroblast toxicity through cell viability 

assays as a result of rapid glass dissolution.
198,199

 In an effort to alter the dissolution 

behavior of bioactive glasses two techniques are considered: compositional adjustments 

and partial crystallization.
119

 Common compositional adjustments focus on the inclusion 

of ions such as Sr, Ti, Mg, and Al which have been shown to increase network rigidity 

and decrease glass dissolution.
93,94,137,200

 In many cases the composition is selected with 

the aim of providing specific therapeutic effects and alteration is not desirable. In this 

work the composition was formulated with two goals; the first with the aim of producing 

a glass that will not contribute to excess calcium (Ca) accumulation occurring at the site 

of nerve injury.
34,35

 Therefore, Sr was utilized in place of Ca as they have previously been 

shown to play similar roles in both the structure of bioactive glasses and also within the 

body.
147,184,201

 As such, further alteration of the Sr content was not considered desirable. 
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In addition, Y and Ce are also included in these glass formulations as they have been 

shown to increase the stability of the glass network and decrease dissolution.
198,202

 

Additional network forming ions may only produce a marginal decrease in glass 

dissolution and convolute the determination of the effect Y and Ce have on the properties 

of these glasses. The effects of Y and Ce are of significant interest as excess Ca not only 

results in calcination and excitotoxicity, but also triggers the production of ROS at the 

injury site. This causes problems in adjacent tissues, where under oxidative stress, a 

reduction in the ability of the nerve tissue to regenerate and also supporting tissues to aid 

in recovery is evident.
203

 Y and Ce have been incorporated with the aim of harnessing the 

ROS scavenging abilities described by Schubert et al.
37

 In this study, yttria and ceria 

nanoparticles were found to directly scavenge ROS and provide neuroprotection to cells 

under oxidative stress, and has been supported in subsequent work.
37,204

 The antioxidant 

capacity is attributed to their structure as oxides. In light of these studies, thermal 

treatment of the glasses may result in the development of Y and Ce oxide phases capable 

of ROS scavenging. Therefore, in an effort to reduce the dissolution and produce ROS 

scavenging Y and Ce oxide phases, glasses will be thermally treated at high and low 

temperatures to produce glass-ceramics. These glass-ceramics will be evaluated using 

XRD, SEM, and shrinkage to determine the phases produced and resulting differences in 

physical properties. Dissolution will be evaluated based on inductively coupled plasma-

optical emission spectroscopy (ICP-OES) ion release and antioxidant capacity will be 

evaluated for both ground disks and extracts using the ABTS assay. The work herein 

aims to characterize the properties and antioxidant potential of Y/Ce glass-ceramics for 

reducing oxidative stress after nerve injury. 

4.3 EXPERIMENTAL 

4.3.1. Glass Synthesis 

Four glasses of varying composition were formulated for this study, one 

containing yttrium (HY), one with cerium (HCe), a glass containing both Y and Ce, 

(YCe), and one SrO-Na2O-SiO2 control glass, (Con). The Y2O3 and CeO2 is incorporated 

into each glass at the expense of Na2O. Glass compositions (mol%) can be found in Table 

4-1.  
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Table 4-1. Glass Compositions in mol%  

 Con HY YCe HCe 

SiO2 52 52 52 52 

SrO 24 24 24 24 

Na2O 24 16 16 16 

Y2O3 - 8 4 - 

CeO2 - - 4 8 

 

Glass powders were prepared by weighing out appropriate amounts of analytical 

grade reagents (Fisher Scientific, PA, USA) and ball milling (1 h). The mix was then 

oven dried (100ºC, 1 h), fired (1500ºC, 1 h) in a platinum crucible and shock quenched in 

water. The resulting frit was dried, ground and sieved to retrieve glass particles <20 μm. 

Glass powders were ball milled for 24 hrs with <75 µm polyvinyl alcohol (PVA) added at 

10 wt% to act as a binder.  

4.3.2. Thermal Analysis 

Hot stage microscopy (HSM) (Mistura 3.32) was used to obtain the sintering 

temperature (Ts) at 5% height reduction, for each glass (n = 1).  Samples were formed 

using glass particulate mixed with Isopropyl Alcohol pressed into a stainless steel die.  

The samples were then ejected onto an alumina plate and centered in the HSM furnace 

for optimal imaging.  The samples were heated at a rate of 10°C/min from 30°C to 

400°C, 5°C/min up to 975°C, and 2°C/min to the final temperature of 1300°C, images 

were collected every 12 s. 

A SDT Q600 Simultaneous Thermal Gravimetric Analyzer-Differential Scanning 

Calorimetry (TGA-DSC) (TA Instruments, DW, USA) was used to obtain a thermal 

profile of each glass-PVA particulate (n = 1), specifically monitoring the PVA burnout, 

as the Tg and crystallization temperatures have been previously determined.
202

 A heating 

rate of 10°C/min was employed in an air atmosphere using alumina as a reference in a 

matched platinum crucible. Sample measurements were carried out every six seconds 

between 30°C and 500°C. TA Universal Analysis software (TA Instruments, DW, USA) 

was used to process the data. 

4.3.3. Disk Production 

A 12 mm Ø stainless steel die was used to press 0.5 g of powder at a pressure of 8 

tons. The disks were heat treated at two processing temperatures (Tp1 and Tp2), where the 
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heating profile and processing temperatures are given in Figure 4-1. Processing 

temperatures were selected at the glass transition (Tg), 50°C above Tg (Tg+50), sintering 

(Ts), and 1
st
 crystallization (Tc1) temperatures for each glass individually. Thermally 

treated disks are denoted by annealed disks (A), heated to Tg/Tg+50, and sintered disks (S), 

heated to Ts/Tc1.  

Disk thickness and diameter were measured with digital calipers before and after 

thermal treatment (n = 15). Averaged values for each glass-thermal treatment 

combination were used to calculate the average diameter and thickness of each disk type. 

The shrinkage was calculated according to the following equation: 

 

 𝑠ℎ𝑟𝑖𝑛𝑘𝑎𝑔𝑒 (%) =  
𝑥𝑖−𝑥𝑡

𝑥𝑖
100 (4.1) 

 

where Xi = the initial average thickness or diameter, and Xt = the average thickness or 

diameter after thermal treatment. 

4.3.4. X-Ray Diffraction (XRD) of A/S Disks 

Diffraction patterns were collected using a Phaser D2 X-ray Diffraction Unit 

(Bruker AXS Inc., WI, USA). Glass-ceramic disks were ground (<20 µm) and (n = 1) 

packed into zero background sample holders. A generator voltage of 40 kV and a tube 

current of 30 mA was employed. Scattering patterns were collected in the range 

10˚<2θ<70˚, at a scan step size 0.02˚ and a step time of 10 s. 

4.3.5. Scanning Electron Microscopy (SEM) 

SEM images of the disk surfaces (n = 1) were collected using a Quanta 200F 

Environmental Scanning Electron Microscope under a vacuum at a pressure of 0.60 torr. 

The electron beam was used at an accelerating voltage of 20 kV and a spot size of 3.0. 
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4.3.6. ICP-OES Ion Release 

Sterile liquid extracts were prepared by incubating glass-ceramic disks (n = 3/time 

period/composition) in sterile 15 mL centrifuge tubes with 5 mL simulated body fluid 

(SBF) due to the ion content mimicking that of human blood plasma, prepared by the 

method described by Kokubo et al.
110

 Dry disks in tubes without SBF (t = 0/“un-

incubated”) and tubes containing only SBF were used as controls. SBF containing tubes 

were sealed and incubated for 1, 7 and 14 days. Upon removal, each sample was filtered 

(Amicon Ultra-4 Centrifugal Filters, Fisher Scientific, PA, USA) to ensure particle free 

extracts. The ion release profile of each glass was measured using Inductively Coupled 

Plasma–Optical Emission Spectroscopy (ICP – OES) on a Perkin-Elmer Optima 8000 

(Perkin Elmer, MA, USA) with a detection limit <0.1 µg/mL. ICP – OES calibration 

standards for Si, Sr, Na, Y, and Ce, were prepared from stock solutions (Perkin-Elmer, 

Figure 4-1.  Thermal treatment profile and processing temperatures for annealed and 

sintered disks. 
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MA and Fisher Scientific, PA, USA). Na ion content in SBF solution is presented as the 

difference in Na ion content of incubated samples relative to SBF-only samples. 

4.3.7. Antioxidant Capacity 

Evaluation of the antioxidant capacity of the glass-ceramic disks was conducted 

using an 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid (ABTS) assay and 

Trolox
®
 as a standard for comparison. A 7 mM ABTS, 2.45 mM potassium persulfate 

solution was prepared in DI water and incubated in the dark at room temperatures for 12 

hrs.  The solution was then diluted to obtain an absorbance of 2.55 ± 0.07. A 50 mM 

Trolox
®
 solution was prepared by dissolving 25 mg Trolox

®
 in 150 µL methanol, and 

adding 1.747 mL DI water and 103 µL 1M NaOH to a final pH of 7.3. Dilutions were 

made in the range 0.5 mM–10 mM to obtain a Trolox
® 

standard curve. Standards, glass-

ceramic powders, and extracts (n = 3) were added (10 mg or 25µL) to 0.5 mL ABTS 

solution in a 1.5 mL centrifuge tube, sealed and vortexed (ground disk samples were 

centrifuged using an 5415 D centrifuge, Eppendorf, Westbury, NY, USA at 3000 rpm for 

2 min) then 100 µL (n = 4) of each sample was pipetted into a 96-well plate. Plates were 

read at 734 nm using a µQuant Microplate Spectrophotometer to obtain the absorbance. 

A one-way analysis of variance (ANOVA) was employed to compare the difference in 

antioxidant capacity between time periods for each glass and between glass-ceramic 

powders/extracts. Comparison of relevant means was performed using the post hoc 

Bonferroni test. Differences between groups was deemed significant when P < 0.05. 

4.4 RESULTS 

4.4.1. Thermal Analysis 

Glass-PVA powders were monitored for burnout of the polymer phase used to 

stabilize the powder pellets during pressing (shown in Figure 4-2). PVA weight loss 

between 200°C and 500°C was 81%, followed by Con-PVA at 11%, and the Y and Ce 

containing glasses-PVA from 7-8%. 
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Figure 4-2.  Weight change of PVA and glass-PVA powders up to 500°C. 

 

4.4.2. Shrinkage 

Shrinkage of the disks is represented in Figure 4-3. Thickness shrinkage of the 

disks was similar between A and S samples for Con, HY and YCe ranging from 2-4%. 

Diameter shrinkage ranged from 1% (HY-A) to 7% (Con-S and YCe-S), with the 

remaining disks at 4-5%. HCe-A shrinkage was within the previously mentioned ranges 

at 3% for thickness and 4% in diameter, however HCe-S thickness expanded by 60% 

with a diameter shrinkage of 17%. 

4.4.3. X-Ray Diffraction(XRD) and Scanning Electron Microscopy(SEM) 

XRD and SEM comparison of A and S disks are shown in Figures 4-4through-4-7. 

Evolution of crystallinity can be seen for each set of disks where A-disks exhibit partial 

crystallinity and S-disks show fully crystalized structures. A sodium-strontium-silicate is 

the primary phase associated with the Con disks and is also present in the Y containing 

disks though the primary phase becomes a sodium-strontium-yttrium-silicate for each. Ce 

is present as a sodium-cerium-silicate in YCe-A, as sodium-cerium-oxide in YCe-S and as 

a sodium-cerium-oxide and ceria in the HCe-S disks. There is also a recurring strontium-
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silicate phase in each S XRD pattern, the molecular formula (MF) for which can be found 

in Table 4-2, along with the MF and PDF information for each identified phase. Through 

the associated SEM images it can be seen that Con disks show minimal porosity and 

appear to have a reacted surface layer. HY, YCe and HCe-A disks have visible porosity at 

a magnification of 30X and distinct packed and sintered particle morphology as well as 

regions of dark crystallite growth. HCe-S disks show both porosity and crystallite growth 

and at high magnification the presence of multiple phases. 

  

 

Figure 4-3.  % shrinkage of disks after thermal treatment. 
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Figure 4-4.  XRD patterns and SEM images at 30X, 500X and high magnification of 

thermally treated Con disks. 
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Figure 4-5.  XRD patterns and SEM images at 30X, 500X and high magnification of 

thermally treated HY disks. 
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Figure 4-6.  XRD patterns and SEM images at 30X, 500X and high magnification of 

thermally treated YCe disks. 
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Figure 4-7.  XRD patterns and SEM images at 30X, 500X and high magnification of 

thermally treated HCe disks. 

 

 

 

 



 

81 

 

Table 4-2. PDF and Molecular Formulas (MF) for XRD Identified Phases 

ID Phase PDF MF 

1 Sodium Strontium Silicate 04-014-2585 Na6Sr3Si6O18 

2 Sodium Silicate 00-023-0529 Na2Si2O5 

3 Strontium Silicate 

00-034-0099/00-030-1302 

00-032-1257/04-016-6880 
SrSiO3 

00-058-0576/04-012-0759 SrSi2O5 

C 

Cerium Oxide 04-008-6551 CeO1.66 

Sodium Cerium Oxide 04-015-0264 Na0.09Ce0.91O1.87 

Sodium Cerium Silicate 04-018-2280 Na8CeSi6O18 

X Silicon Oxide 01-075-3159/01-073-3418/01-075-3902 SiO2 

Y 
Sodium Yttrium Silicate 

04-012-5275 Na3YSi3O9 

00-028-1190 NaYSiO4 

00-035-0014 Na3YSi2O7 

00-035-0406 Na9YSi6O18 

Sodium Strontium Yttrium Silicate 00-059-0766 Na4Sr2Y2Si4O15 

Z Strontium Yttrium Silicate 04-017-9226 SrY2Si3O10 

 

4.4.4. Ion-Release 

Ion release of Si (presented in Figure 4-8) reaches a maximum of 1550 µg/mL for 

Con-A after 7 days incubation, decreasing to 580 µg/mL at 14 days. Con-S shows a 

similar trend where Si release reaches a maximum 950 µg/mL decreasing to 720 µg/mL. 

Regarding the Y and Ce containing disks, Si release ranged from 190 µg/mL to 320 

µg/mL over the 14 day period without any significant difference in ion release that can be 

attributed to thermal treatment. Sr release shows trends opposite those of Si where a 

maximum release of 13 µg/mL and 24 µg/mL was reached for Con-A/S respectively. Y 

and Ce containing disks show a significant trend in increasing Sr release (shown in 

Figure 4-9) where S-disk release profiles show significantly higher release at each time 

period. Sr release for these samples ranges from 50 µg/mL from HCe-A after 1 day to a 

maximum of 1085 µg/mL from HY-S after 14 days. Na release is presented in Figure 4-

10 as the difference in Na content in comparison with that of SBF-only samples 

incubated over the same time period. Similar to Si, Na release from Con disks is 

significantly greater than the other samples however, it does not experience a drop off 

after 14 days as experienced with Si. Na release for both Con sample types are 

comparable reaching a maximum of 4475 µg/mL after 14 days incubation. Both HY-A/S 

and YCe-A/S disks show an increase in Na release from 1 to 7 days reaching 630 µg/mL 

for A-disks and 409 µg/mL for S-disks. This is followed by a reduction below levels seen 

in SBF after 14 days. HCe-A/S disks also appear to reach a maximum release after 7 days 
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followed by a reduction, however the significance is unclear. Significant release of Y or 

Ce was not detected. 

 

 

Figure 4-8.  Si on release from each disk extracts over 1, 7, and 14 days. 

 

 

Figure 4-9.  Sr ion release from each disk extracts over 1, 7, and 14 days. 
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Figure 4-10.  Change in Na
+
 content relative to SBF-only samples after 1, 7, and 14 

day disk incubation. 

 

4.4.5. Antioxidant Capacity 

Antioxidant capacity is determined by comparing the quantity of the ABTS 

radical reduced by a known concentration of the antioxidant Trolox to that reduced by the 

sample, and is given in terms of mM Trolox Equivalency (mMTE). The antioxidant 

capacity of the ground disks is presented in Figure 4-11 where the Con disks, at 2.9-3.9 

mMTE, and un-incubated samples performed better than 7 day incubated samples. HCe-

A un-incubated reached 1.7 mMTE and the remaining samples fell within the range of 

0.8-1.2 mMTE. Significant difference between t = 0 and 7 day incubated samples was 

found for Con-A, HY-S, and both HCe disk types, where the t = 0 samples showed higher 

antioxidant capacity. Another trend is observed through the significant differences 

between sample type at the same time period. Con 7 day, both HY time periods, and HCe 

t = 0 samples show the S-samples preform significantly better than their A counterparts; 

the exception is YCe t = 0 where the opposite is observed. The antioxidant capacity of the 

extracts collected after disk incubation in SBF is presented in Figure 4-12 and shows that 
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Con disk extracts have the greatest antioxidant capacity. Con-A extracts show an increase 

in antioxidant capacity up to 1.14 mMTE after 7 days and a decrease to 0.96 mMTE after 

14 days. Con-S extracts increase over the 14 day period to 0.91 mMTE. The remaining 

samples fall in the 0.31 – 0.51 mMTE range without distinct trends between time periods. 

Significant differences in antioxidant capacity based on time for each extract are 

observed for each disk type with the exception of YCe-A and HCe-S. For Con-A, each 

time period is significantly different from the other two, while for Con-S the 1 day value 

is significantly different from the 7 and 14 day values, but the two are not significantly 

different from each other. The remaining glasses only show significance between the 

values at one adjacent time period, though the time periods and trend varies. 

 

 

Figure 4-11.  Antioxidant capacity of disk particulate after thermal treatment and 7 

day incubation in SBF. * indicates a significant difference (P < 0.05) between time 

periods and sample type for each glass. 
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Figure 4-12.  Antioxidant capacity of disk extracts relative to Trolox
®
. * indicates a 

significant difference (P < 0.05) between time periods for each sample. 

 

4.5 DISCUSSION 

In an effort to reduce the dissolution of the original glass series thermal 

processing was utilized to crystallize pressed disks. Initial burnout of the polymer phase 

prior to reaching the lowest processing temperature is confirmed through thermal analysis 

where of the 10% addition all Y and Ce glasses reached 7-8% weight loss corresponding 

to the 81% observed in the PVA sample by 500°C. Con reached 11% weight loss which 

can be attributed to its small particle size and highly reactive nature,
198

 where the 

additional 3% is due to loss of free water and –OH groups from the surface.
119

 Following 

the burnout of the PVA and approaching the processing temperature, glasses are expected 

to follow similar sintering behavior to that which is seen in 45S5 Bioglass, beginning 

with the initial phase of densification just after the Tg is reached through viscous flow, 

onset of crystallization where viscosity increases preventing viscous flow, and secondary 

densification where increasing temperatures cause viscosity decrease and viscous flow to 

resume.
122

 Using HSM, Ts corresponded to a 5% volume reduction. Shrinkage 
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calculations suggest each sample reached 1-7% of both thickness and diameter with 

minimal differences between disks processed at high (S) versus low (A) temperatures 

with the exception of HCe-S. The similarity in shrinkage may be a result of the heating 

rate. A study by Bretcanu et al. found the heating rate to correlate with the magnitude of 

shrinkage, where at a heating rate of 10°C/min 45S5 powder forms reached a maximum 

shrinkage of 6% at 900°C.
122

 This suggests that the heating rate of 10°C/min selected for 

this work limited the shrinkage around 6%, and coupled with the holding temperatures 

selected, A-disks were likely held in the temperature range favoring viscous flow for the 

duration of their thermal treatment, while S-disks were heated through the region 

allowing viscous flow into the plateau where viscosity is too high as a result of 

crystallization and neither entered the second densification.  The HCe-S samples are the 

exception to this where thickness expansion and diameter shrinkage relates to an overall 

expansion of the disk. One consideration for this is that the Ts is greater than the Tc, and 

may also approach the temperature required for second densification. Therefore, upon 

thermal treatment these samples pass through the viscous flow and crystallization regions 

to reach the sintering temperature and returned to the Tc. HCe HSM trace reveals a 10% 

volume increase initiating around 1100°C and peaking at nearly 1150°C. While the 

maximum processing temperature for these samples was 963°C, HSM was running at a 

rate of 2°C/min and the samples were treated at a rate 10°C/min. Bretcanu’s study also 

shows the effect of heating rate on different characteristic temperatures where Tg and Tc 

increase with increasing heating rate and onset Tm decreases. It is possible that the onset 

of the expansion seen in the HSM trace occurred at a lower temperature during the 

thermal treatment as a result of the increased heating rate. In conjunction with a potential 

onset temperature decrease, the furnace may have slightly overshot approaching the 

target temperature. The expansion seen in the HSM trace and HCe-S disks suggest the 

chemical expansion. This is not observed in the other HSM traces and can therefore be 

attributed to the presence of Ce, despite the presence of Ce in the YCe disks for which a 

study by Li et al. may also support an explanation.
205

 The reduction of Ce
4+

 to Ce
3+

 at 

higher temperatures (~1000°C) is associated with structural expansion of the ceria unit 

cell by 17% and creation of oxygen vacancies for charge compensation.
206

 This 

combination likely produces the expansion seen in the HCe-S samples though inherent 
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differences in the molar volume between the glassy and crystalline phases may contribute 

as well.
205

 This does not appear in the YCe HSM traces as Y has been shown to reduce 

the reduction of Ce
4+

 to Ce
3+

 as well as stabilize the transition.
205

 Presence of Ce 

crystallites in the HCe-S glass-ceramic are observed under SEM at high magnification 

and confirmed by the identification of a sodium-cerium-oxide phase (suggesting Na was 

charge compensating in the glassy network) in the corresponding XRD patterns, both of 

which are only observed in the HCe-S disk; lending further support to the Ce reduction 

mediated expansion characteristic of the HCe-S disks. In addition, XRD patterns of Con 

samples show a primary sodium-strontium-silicate and secondary strontium-silicate 

phase, which can be compared to the sodium-calcium-silicate and calcium-silicate phases 

commonly generated during typical bioactive glass sintering 
119,122,124

. This suggests that 

despite the crystallinity, dissolution and HCA layer formation may still occur, as seen in 

SBF studies with these analogous phases. SEM images support that Con is still 

significantly reactive based on surface morphology where Con-A/S disks have a reacted 

surface layer. While similar phases are prominent in each Y and Ce containing disk they 

have a surface of packed and sintered powder and varying degrees of Na rich surface 

crystallite growth. This suggests reduced reactivity in comparison with Con and which 

may be confirmed through analysis of ion release. 

Ion release studies reveal Con-A/S disks are reactive in SBF and release 

significantly higher levels of Si and Na and lower levels of Sr than the Y and Ce 

containing disks. Si release approaching 1550 µg/mL exceeds typical levels released by 

bioactive glasses where a solubility limit is reached at 120 µg/mL up to a pH of 9; this is 

suggestive that the pH of the extracts are slightly higher where the solubility limit begins 

to increase exponentially.
108,109

 The maximum value of Si release from the Con disks is 

10x lower than that observed from the original glass powders, though a similar drop-off 

in concentration is observed after 7 days incubation. This suggests the Si release reaches 

the solubility limit after 7 days and proceeds to precipitate over the duration of the 14 day 

time period, though at a lower pH and corresponding concentration than that of the 

original glass powders.
177

 Na is typically found in physiological fluids at concentrations 

ranging from 2,500-3,500 µg/mL 
110,181

; the original glass and Con-A/S disks release 

exceeds these levels with only a minor decrease associated with the thermal treatment, 
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though the rate of release was slowed reaching a maximum release at 14 days in 

comparison to after the first day.
198

 Sr, which was released in excess at 100 µg/mL from 

the original glasses decreased to 13-24 µg/mL from the Con-A/S disks bringing it into the 

range found to support healthy bone mineralization.
113,182

 Ion release levels for Con disks 

are still high but reduction of both Si and Sr release by a factor of 10 upon thermal 

treatment will likely reduce the associated toxicity to levels seen for the original Y and 

Ce containing glasses with similar release.
198

 Si release from HCe disks decreased by a 

factor of 2 from the original glasses and showed only minimal decreases by HY and YCe 

disks. These levels were found to pose minimal toxicity to fibroblasts and osteoblasts 

through glass extract cell viability assays.
198,199

 With the exception of HCe-A, Na released 

by the Y and Ce containing disks increases over the initial 7 days of incubation to a 

maximum of 630 µg/mL which is well within physiological levels. Subsequently, 

precipitation in excess of the Na that was released, (drawing from the concentration in 

SBF) occurs in the following 7 days. Na release from HCe-A is the exception where 

release remains within physiological levels peaking at 1525 µg/mL after 7 days of 

incubation. Sr release for the original glasses fell within the optimum range from 10.6 to 

0.9 µg/mL, however is released in dramatically higher levels from the Y and Ce 

containing disks. While Sr levels are excessive, any excess is excreted through the 

kidneys in the same manner as Ca, thereby reducing the potential for toxic effects.
74,113

 In 

addition, disks treated at higher temperatures exceed the Sr concentrations of those 

treated at lower temperatures. This is indicative of effects relating to devitrification with 

thermal treatment. The crystalline phases generated in Con are analogous to those 

observed in the standard 45S5 glass, however with the addition of Y and Ce, the 

stoichiometric ratios will change as the crystalline phases are generated. For those 

samples containing Y and Ce, their incorporation into the sodium-strontium-silicate 

phase and the other phase variations may occur at the expense of Sr (considering ionic 

charge and size similarties), in which case the residual glass phase would be a Sr rich 

silicate.
207,208

 The principle of bioactive glasses rests on their dissolution, and it is well 

known that crystalline phases are resistant to dissolution in comparison with their 

amorphous counterparts.
209

 Therefore, a residual glassy phase rich in Sr after 

devitrification may account for the excess Sr released from the Y and Ce containing 
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samples in comparison with that observed from the parent glass. Further work is required 

to clarify the structural role of Sr in the network and describe the significantly increased 

propensity for dissolution from the glass-ceramic network. Y and Ce are retained in the 

glass-ceramics as seen with the original glasses and in agreement with the 

literature.
116,202,210

 

Y and Ce were incorporated in the glass composition with the aim of developing 

structures within the glass network similar to those present in yttria and ceria 

nanoparticles shown to provide cell protection from oxidative stress. It is clear in both the 

ground disks and extracts from incubation in SBF Con samples show the greatest 

propensity for ROS scavenging. In addition, the antioxidant capacity associated with 

ground disks is double that of the extracts, and of the ground disks, Con disks have 

double the capacity of Y and Ce containing disks. Therefore, in these glass-ceramics Y 

and Ce can be considered inhibitors of ROS scavenging. Since Y and Ce are known to 

increase the rigidity of the glass network which leads to reduced solubility it may follow 

that the antioxidant capacity is related to the reactivity of both the surface and dissolution 

products.
116,158,163,202,210

 The lack of Y or Ce in the extracts further eliminates them as a 

source for the ROS scavenging ability of these glass-ceramics. Therefore, it is likely due 

to the silanol surface and silicic acid species in the extracts.
194-196

 The negatively charged 

surface or extract species may account for the neutralization of the ABTS radical cation 

through hydrogen bonding.
180,196,197

 While the study by Preari et al. addressed silicic acid 

species in relation to hydrogen bonding, studies by Howard et al.
211

 and multiple works 

by Spange et al.
212-214

 further support the hydrogen bond donating (HBD) ability of 

surface and silica gel silanol groups. These studies found that, in comparison with 

unprocessed silica surfaces, those chemically modified to reduce the quantity of surface 

silanols, showed reduced polymer adsorption attributed to the reduced polarization 

parameter α which is directly related to HBD ability. Therefore, the reduction of ABTS is 

likely attributable to the HBD ability of silanols on both the reacted particulate surfaces 

and of silicic acid species in the extracts.
212-214

 Additional, work relating the surface 

conditions and silicate species in the extracts is will give insight into the proposed 

mechanisms. 
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4.6 CONCLUSION 

The thermal treatment of Y and Ce glasses were shown to produce glass-ceramics 

with varying degrees of crystallinity and associated shrinkage with the exception of the 

HCe-S samples which exhibits an expansion due to Ce
4+

 reduction. The resulting phases 

reduce Si and Sr release from Con-A/S samples while Na release remained consistent. Y 

and Ce containing disks shows a significant increase in release of Sr after thermal 

treatment, exceeding levels found to promote bone mineralization. Antioxidant capacity 

remained at mMTE for treated Con disks and fell to < 1 mMTE for the Y and Ce glass-

ceramics. Therefore, the formation of glass-ceramics partially reduces solubility, while 

maintaining antioxidant capacity. While solubility is maintained it is necessary to 

evaluate the potential for bioactivity. 

Therefore, in the final chapter, deposition of a HCA layer, MC3T3 Osteoblast and 

sNF96.2 Schwann cell attachment of SBF incubated samples is evaluated through optical 

microscopy and SEM.  
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CHAPTER 5 -  BIOACTIVITY OF Y2O3 AND CeO2 DOPED 

SiO2-SrO-Na2O GLASS-CERAMICS.
4
 

 

5.1 ABSTRACT 

The bioactivity of Yttrium (Y) and Cerium (Ce) are investigated when substituted 

for Sodium (Na) in a 0.52SiO2-0.24SrO-0.24-xNa2O-xMO glass-ceramics (where x = 

0.08 and MO = Y2O3 or CeO2). Bioactivity is monitored through pH and Inductively 

Coupled Plasma-Optical Emission Spectrometry (ICP-OES) where pH of simulated body 

fluid (SBF) ranged from 7.5-7.6 and increased between 8.2 and 10.0 after 14 day 

incubation with the glass-ceramic disks. Calcium (Ca) and Phosphorous (P) levels in SBF 

after incubation with Y and Ce containing disks show a continual decline over the 14 day 

period. In contrast, Con disks (not containing Y or Ce) caused the elimination of Ca in 

solution after 1 day and throughout the incubation period, and initially showed a decline 

in P levels followed by an increase at 14 days. Scanning Electron Microscopy (SEM) and 

Energy Dispersive Spectrometry (EDS) confirmed the presence of Ca and P on the 

surface of the SBF incubated disks and showed precipitates on Con and HCe (8 mol% 

Ce) samples. Cell viability of MC3T3 Osteoblasts was not significantly affected at a 9% 

extract concentration. Optical microscopy after 24 hr cell incubation with disks showed 

Con samples do not support Osteoblast or Schwann cell growth, while all Y and Ce 

containing disks have direct contact with Osteoblasts spread across the wells. Schwann 

cells attached in all wells, but only showed spreading with the HY-S (8 mol% Y, heated to 

sintering temperature) and YCe (4 mol% Y and Ce) disks. SEM of the compatible disks 

shows Osteoblast and sNF96.2 Schwann cells attachment and spreading directly on the 

disk surfaces. 

  

                                                 

4
 Under review; Co-authors: Timothy J. Keenan, Anthony W. Wren. 
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5.2 INTRODUCTION 

Bioactive glasses are defined by their ability to become securely bonded with host 

tissues in vivo. This characteristic arises from a reaction cascade beginning with the 

exchange of hydrogen ions (H
+
 or H3O

+
) from physiological fluids with R

+
 and R

2+
 

(commonly Na
+
 and Ca

2+
) modifying ions in the glass network. Subsequently, dissolution 

of the Si-O glass network creates a surface consisting of silanol (Si-OH) groups which 

proceeds to condensate to Si-O-Si and facilitates the deposition of an amorphous 

hydroxycarbonated  apatite (HCA) layer.
84,90,127

  The formation of the HCA layer on the 

biomaterial surface is essential for bonding with host tissues. As such, bioactivity is 

evaluated based on the formation of a HCA surface layer after incubation in 

physiological fluids, commonly simulated body fluid (SBF). SBF replicates the pH and 

ion content of blood plasma, of particular interest is the change in Ca and P content of 

SBF with initial concentrations at 2.5 mM and 1.0 mM, respectively.
110

 The fluctuation 

of these ions in solution can be indicative of dissolution from the glass network, if the 

glass contains either element, or precipitation, potentially for the formation of an HCA 

layer. Aside from Ca and P, other dissolution products from silicate based bioactive 

glasses have been found to encourage the bonding of bioactive glasses with host tissues. 

These ions commonly activate or upregulate the cellular response to the HCA layer, and 

encourage osteogenesis; one example is Si, which is essential for metabolic processes 

relating to formation and calcification of the bone matrix and can improve bone mineral 

density.
101,173

 Of particular interest in this work is Sr which has been shown to perform 

similarly to Calcium (Ca) in both the glass network and the body.
 74,101,113,114 

As such, it 

makes Sr an ideal candidate to replace the Ca component of typical bioactive glass 

compositions. One drawback to the replacement of Ca with Sr is the reduction of glass 

network solubility and changes in the formation and morphology of the HCA layer 

resulting in reduced bioactivity.
93,94,142

 The replacement of Ca is considered due to the 

excessive Ca accumulation at the site of nerve injury and the dissolution behavior of 

bioactive glasses. Aside from the physical damage associated with nerve injury, loss of 

ionic homeostasis in the extracellular fluid occurs due to the influx of calcium and loss of 

Na. This Ca accumulation alone can cause excitotoxic necrosis in adjacent cells and 

tissue and limit the regeneration potential of nerve tissue, which already has limited 
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ability to reconnect over gaps of 5 mm, but also stimulates the production of radical 

oxygen species (ROS).
21,34-37,68,86,146

 The presence of ROS and accompanied oxidative 

stress on neighboring cells and tissue, in addition to the impediments created by the 

inherent biological response further reduce the chance at successful regeneration and 

reconnection for functional recovery.
33,86,144,149,174,175

  

Current techniques employed to aid in the regeneration and reconnection of 

nerves focus on Methylprednisolone Sodium Succinate (MPSS) to reduce the 

inflammatory response, or nerve guide conduits.
146,175

 Conduits provide physical 

stabilization and axonal guidance, as well as having the capability to deliver and maintain 

growth factors at the site of regenerating axons.
18

 Recently, bioactive glass fiber wraps 

have been considered for use as nerve conduits and have shown the potential to 

encourage neurite outgrowth, which can be extended to particulates in composite grafts 

with polymers, for improved flexibility and degradability.
68,86,149,155,215

 Improvements on 

bioactive glasses for nerve conduit applications has been suggested through the removal 

of traditional ions such as Ca while maintaining Na to supplement the ionic fluctuations 

seen after injury. Additionally, for the purpose of encouraging functional recovery of 

nerves, the oxidative stress may also be addressed. Elimination of ROS is proposed 

through the addition of Y and Ce as dopants, where studies have found that 12 nm yttria 

and ceria nanoparticles (non-toxic up to 200 µg/mL) offered neuroprotection via direct 

dose dependent ROS scavenging.
37,148

 Therefore, upon inclusion in the glass composition 

one or both elements may create a local coordination environment in the glass network 

that will allow it to act as an antioxidant. One consideration with the introduction of 

trivalent and tetravalent ions into the glass network is the effect on bioactivity. Studies by 

Leonelli et al. and Cacaina et al. revealed that Y and Ce have been successfully 

incorporated into bioactive glasses, however, bioactivity decreased with increasing Y and 

Ce content. The deposition of a HCA layer was delayed in these glasses forming after 7-

14 days incubation in simulated body fluid (SBF).
115,116

  

Previous work evaluating the effect of Y2O3 and CeO2 on SiO2-SrO-Na2O glass 

structure and solubility found Y and Ce to perform as modifier ions within the glass 

network, though they produce an increase in rigidity and decrease the solubility due to 

ionic differences with Na for which they are being substituted.
198,216

 Despite the reduced 
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solubility, the dissolution products still posed toxicity in osteoblast viability studies, so 

glasses were thermally treated to produce partially crystalline glass-ceramics and further 

reduce the solubility.
199

 While partial crystallization reduces the solubility it has also 

been shown, through numerous studies, to reduce the bioactivity of bioactive 

glasses.
119,124,126

 This work uses pH, Inductively Coupled Plasma-Optical Emission 

Spectroscopy (ICP-OES), Scanning Electron Microscopy (SEM), and Electron 

Dispersive Spectroscopy (EDS) to evaluate the bioactivity in terms of Ca and P presence 

on the surface of Y and Ce containing glass-ceramics heat treated at a high and low 

temperature, namely the first crystallization temperature (Tc1) or 50°C above the glass 

transition (Tg). 

5.3 EXPERIMENTAL 

5.3.1. Disk Synthesis 

Four glasses of varying composition were formulated for this study, one 

containing yttrium (Y), HY, one with cerium (Ce), HCe, one glass containing both Y and 

Ce, YCe, and one SrO-Na2O-SiO2 control glass, Con. The Y2O3 and CeO2 is incorporated 

into each glass, with the exception of the control, at the expense of Na2O. Glass 

compositions (mol%) can be found in Table 5-1. 

Glass powders were prepared by weighing out appropriate amounts of analytical 

grade reagents (Fisher Scientific, PA, USA) and ball milling (1 h). The mix was then 

oven dried (100ºC, 1 h), fired (1500ºC, 1 h) in a platinum crucible and shock quenched in 

water. The resulting frit was dried, ground and sieved to retrieve glass particles <20μm. 

Glass powders were ball milled for 24 hrs with <75 µm polyvinyl alcohol (PVA) added at 

10 wt% to act as a binder. 

Glass powders (0.15 g/disk, n = 3) were pressed at in a stainless steel die at a 

pressure of 4 tons and subsequently heat treated at two processing temperatures (Tp1 and 

Tp2), where the processing temperatures are included in Table 5-1. Disks were heated to 

Tp1 at a rate of 10°C/min and held for 6 hrs, then heated at a rate of 1°C/min to Tp2, 

followed by an additional 6 hr hold and cool down at 5°C/min. Processing temperatures 

were selected at the glass transition (Tg), 50°C above Tg (Tg+50), or sintering (Ts) and 1
st
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crystallization temperatures (Tc1) for each glass individually, and are denoted by annealed 

disks (A) and sintered disks (S). 

 

Table 5-1. Glass Compositions in mol% and Characteristic Temperatures (°C) 
 Con HY YCe HCe 

SiO2 52 52 52 52 

SrO 24 24 24 24 

Na2O 24 16 16 16 

Y2O3 - 8 4 - 

CeO2 - - 4 8 

 

A 
Tg 497 661 625 566 

Tg+50 547 711 675 616 

S 
Ts 607 809 709 963 

Tc1 777 783 793 738 

 

 

5.3.2. pH Analysis 

Sterile liquid extracts were prepared by incubating glass-ceramic disks (n = 3/time 

period) in sterile 15 mL centrifuge tubes with 5 mL simulated body fluid (SBF) prepared 

as described by Kokubo et al. 
110

 The tubes, including disk-free control samples, were 

sealed and incubated for 1, 7, and 14 days. Upon removal, each sample was filtered 

(Amicon Ultra-4 Centrifugal Filters, Fisher Scientific, PA, USA) to ensure particle free 

extracts. A 1.5 mL aliquot from each sample extract was removed into a sterile vial to be 

used for cytocompatibility studies. 

The pH of each sample extract was measured using an Accumet® Excel XL 15 

pH meter (Fisher Scientific, PA, USA). Prior to testing, the pH meter was calibrated 

using pH buffer standards 4.00±0.02, 7.00±0.02 and 10.00±0.02. The probe was rinsed 

with DI water and allowed to stabilize in the pH 7 buffer between readings which were 

taken after the pH value stabilized for 10 s. 

5.3.3. Inductively Coupled Plasma-Optical Emission Spectroscopy (ICP-

OES) 

The Ca and P ion content was measured axially using Inductively Coupled 

Plasma–Optical Emission Spectroscopy (ICP – OES) on a Perkin-Elmer Optima 8000 

(Perkin Elmer, MA, USA) with a detection limit of 0.1 µg/mL.  ICP – OES calibration 

standards for Ca and P were prepared from stock solutions (Perkin-Elmer, MA and Fisher 
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Scientific, PA, USA) at 0.1, 1, 10 µg/mL for samples diluted 1:10 after Ca and P 

concentrations in the SBF-only samples were found to be 93.4±1.5 µg/mL and 38.0±0.7 

µg/mL, respectively. Ca and P precipitation from SBF solution after incubation with 

disks is reported based on the percent remaining in solution relative to that of the SBF-

only controls using equation 5-1: 

 

 % 𝐶𝑎 𝑜𝑟 𝑃 𝑟𝑒𝑚𝑎𝑖𝑛𝑖𝑛𝑔 𝑖𝑛 𝑆𝐵𝐹 𝑠𝑜𝑙𝑛. =  
[𝑋]

[𝑆𝐵𝐹]
∗ 100 (5.1) 

 

where [X] is the ion concentration of the sample solution, and [SBF] is the ion 

concentration of the SBF-only samples. 

5.3.4. Osteoblast Viability 

MC-3T3-E1 Osteoblasts (ATCC CRL-2593) were maintained on a regular 

feeding regime with Minimum Essential Medium (MEM) Alpha Media (w/L-glutamine, 

ribonucleosides, and deoxyribonucleosides), supplemented with 10% fetal bovine serum 

(FBS) in a cell culture incubator at 37°C/5%CO2/95%air atmosphere (Fisher Scientific, 

PA, USA). Viability studies were conducted using cells seeded into 96-well plates at a 

density of 10
4 

cells/well where after 24 hr incubation cells were confluent across the well 

surface. Confluency was not achieved with Schwann cells and therefore not used for 

viability studies. Glass/ceramic extracts and SBF controls, were added to the 100 μL 

wells, 10 μL/well, producing a final concentration by volume of 9%. After addition of the 

extracts the plates were incubated for an additional 24 hrs. 

Cytocompatibility was tested using the methyl thiazolyl tetrazolium (MTT) assay. 

10 μL of MTT reagent was added to each well and incubated for 4 hrs (37°C/5%CO2). 

After incubation each well was aspirated and 100 μL of MTT solubilization solution 

(10% Triton X-100 in acidic (0.1M HCl) Isopropanol) was added, and mixed by gently 

pipetting at half the well volume (50 μL). Once the crystals were fully dissolved, the 

absorbance was measured at 570 nm using a µQuant Microplate Spectrophotometer (Bio-

tek Instruments Inc., VT, USA). Media wells with the SBF control samples were used to 

determine the background effect and a control cell population was assumed to represent 

100% viability to normalize the readings. One-way analysis of variance (ANOVA) was 
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employed to compare the difference in cell viability relative to the control population and 

between time periods for each sample. Comparison of relevant means was performed 

using the post hoc Bonferroni test. Differences between groups was deemed significant 

when P < 0.05. 

5.3.5. Bioactivity 

After SBF incubation, disks were removed, rinsed gently with DI water and stored 

in a desiccator. Any HCA deposition on the disk surface (n = 1) was observed with a 

Quanta 200F Environmental Scanning Electron Microscope under a vacuum at a pressure 

of 0.60 torr. The electron beam was used at an accelerating voltage of 20 kV and a spot 

size of 3.0. Energy dispersive x-ray spectroscopy was carried out using an FEI EDAX 

system equipped with a silicon-drift detector. 

5.3.6. Cell Adhesion 

MC-3T3-E1 Osteoblasts (ATCC CRL-2593) were maintained as described in 

section 2.4. sNF96.2 Schwann (ATCC CRL-2884) cells were maintained on a regular 

feeding regime with DMEM Low Media supplemented with 10% FBS in a cell culture 

incubator at 37°C/5%CO2/95%air atmosphere. Adhesion studies were conducted after 

allowing the glass-ceramic disks (n = 1) to buffer for 24 hrs in Media with 3 exchanges. 

Osteoblast and Schwann cells were seeded onto individual disks in 24-well plates at a 

density of 10
5 

cells/well and incubated for 24 hrs. Optical images of each disk/well were 

taken at 4x magnification. Osteoblasts were subsequently fixed using the procedure from 

Wang et al.
155

 An additional milliliter of DMEM low media was added to each well for 

the schwann cell samples which were then incubated for an additional 72 hrs and fixed. 

SEM images were collected using the parameters given in section 5.3.5. 

5.4 RESULTS 

5.4.1. pH Analysis 

pH (presented in Figure 5-1) of the SBF was found to be 7.5 increasing to 7.6 

after 14 days. All disks produced an initial increase in pH after 1 day incubation and 

continued increase over the 14 day time period. HCe-A and HCe-S disks produced an 

initial pH increase of 8.2 and 7.8 increasing to 8.7 and 8.2 after 14 days. The HY and YCe 
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disk extracts fell within the HCe-A/S pH range, while for Con extracts pH was found to 

range from 9.0 to 10.0, with Con-A at a higher pH than Con-S at each time period. 

 

 

Figure 5-1.   pH of liquid extracts from Y/Ce disk series over 1, 7 and 14 days incubation. 

 

5.4.2. Inductively Coupled Plasma-Optical Emission Spectroscopy (ICP-

OES) 

The percent of Ca and P content remaining in solution after disk incubation in 

SBF is shown in Figure 5-2 and Figure 5-3, respectively.  It can be seen that over the 14 

day incubation, the Ca in solution decreases for the Y and Ce containing disks, with the 

exception of HY-S which reaches a plateau after 7 days. An initial drop of 27%, 24% and 

2% after 1 day occurs for HY-S, YCe-S and HCe-S, further decreasing to 49%, 51% and 

27% after 14 days, respectively. The A-disks produce a greater Ca reduction in 

comparison with the S-disks, of 29%, 36% and 38% after 1 day to 92%, 64% and 100% 

after 14 days for HY-A, YCe-A and HCe-A, respectively. Con disks cause 100% decrease 

of Ca in solution after 1 day, however with P, causes a 75% and 66% decrease after one 

day, with a further decrease at 7 days, and a subsequent increase to 52% and 56% for 

Con-A and Con-S at 14 days. The Y and Ce containing disks do not follow this behavior 

but show continued decrease of P in solution over the 14 day incubation. Similar to Ca, 

HCe-S causes minimal change in P concentration at 1 day while the remaining samples 
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cause decrease between 22% and 69%. After 14 days a 73% to 94% decrease in P content 

is seen for all Y and Ce containing disks. 

 

 

 

 

Figure 5-2.  % Ca ions remaining in solution after 1, 7, and 14 day disk incubation 

relative to SBF-only samples. 

 

 

 

 

Figure 5-3.  % P ions remaining in solution after 1, 7, and 14 day disk incubation relative 

to SBF-only samples. 
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5.4.3. Osteoblast Viability 

Osteoblast cell viability was tested using liquid extract concentrations of 9% and 

the results are presented in Figure 5-4. This shows that viability does not differ 

significantly from the control population for any sample at any time. While statistical 

analysis did not find a significant increase associated with the HY-A 7 day (131%) or 

HCe-A 1 (126%) and 7 day (131%) samples, these samples showed viability higher than 

that of the control population. 

 

 

Figure 5-4.  Osteoblast viability after incubation with disk extracts at 9%, 20% and 33% 

concentrations by volume over 1, 7 and 14 days. * indicates a significant difference (P < 

0.05) between time periods for each sample. 

 

5.4.4. Bioactivity 

SEM images of the surface of each disk before (t = 0) and after 1 and 14 day 

incubation in SBF are presented in Figures 5-5 through 5-8. Additionally, the EDS 

generated oxides are included for each disk. The t = 0 Con disks both exhibit what 

appears to be a partially reacted surface and correspondingly a high concentration of 
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Na2O relative to SiO2. After incubation the ratio becomes comparable to the initial glass 

composition and the presence of quantities of CaO and P2O5 are detected on the surface. 

Among Con samples, the Con-A 14 day sample was the only to detect SrO at the surface 

of the disk. The HY disks initially and after 14 day incubation each show a packed and 

sintered powder surface with SiO2, SrO, and Na2O content comparable to the original 

glass composition. EDS also detected small quantities of Ca on the surface of the HY 

disks, though no precipitates are observable. The YCe disk surfaces appear as a 

compacted/sintered powder surface without visible precipitates over the 14 day time 

period similar to those of the HY disks. EDS shows surface composition is comparable to 

that of the original glass, though for YCe-A, Na rich crystals present at t = 0 skews the 

ratio between Na2O and SiO2, and presence of Ca and P. HCe-A, t = 0 also shows 

significant presence of Na rich surface crystals which are reflected in the oxide ratios. 

After 1 and 14 day incubation precipitates form on the surface with Ca identified after 1 

day and quantities of both Ca and P after 14 days. Similar trends are seen with the HCe-S 

disks though there is a localization of Ce at the surface, opposite that observed with HCe-

A disks. In addition to increasing Ca and P precipitates, after 14 days cracks appear on the 

surface similar to those appearing on the Con-A disks over the same incubation period. 

5.4.5. Cell Adhesion 

The optical images of the disk-cell interface after 24 hr incubation are shown in 

Figures 5-9 and 5-10. It can be seen that the 14 day incubated Con disks continue 

reacting when in contact with cell media causing it to gel and creating an inhospitable 

environment for cell attachment and survival. Y and Ce containing disks, while they may 

continue to react in cell media, allow the media to maintain its viscosity and clarity, and 

supports Osteoblast attachment and spreading with many cells directly contacting the 

disks. Schwann cells show reduced viability when incubated with the Y and Ce 

containing disks in comparison with the osteoblasts, though it can be seen that cell 

attachment has occurred. Despite the cell attachment, the majority of the cells adopt a 

spherical shape and in some cases appear to be ruptured. However, HCe-S, YCe-A and 

YCe-S show a small population of Schwann cells attached and spreading. Of the samples 

with attached and spreading Osteoblast and Schwann cells SEM images were collected 

after fixation and are presented in Figures 6 and 7. In Figure 5-11 it can be seen that the 
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disks containing Y and Ce all support osteoblast attachment and spreading. Schwann 

cells, at high magnification, are not as easily visible as osteoblasts, therefore Figure 5-12 

includes 30X images showing the presence of Schwann cells (the darker spotting) across 

the HY-S and YCe disk surfaces. 

5.5 DISCUSSION 

The bioactivity of Y and Ce inclusive glass-ceramics for the reduction of 

oxidative stress generated by excess calcium and ROS upon nerve injury was evaluated 

after incubation in SBF for 1, 7, and 14 days. The increase in pH seen is similar to that 

observed in typical bioactive glasses,
96

 where the Con-A glass saw the greatest spike from 

9.7 after 1 day to 10.0 after 14 days.  There is a direct relationship between the increase 

in pH and the dissolution of the glass network, relating to the initial exchange of 

hydrogen ions (H
+
) with Na

+
. This exchange is most pronounced in the Con glass-

ceramics as they contain the highest Na content. In addition, they lack the 

trivalent/tetravalent Y and Ce ions which reduce the mobility of Na through the network 

as a result of steric hindrance or charge compensation requirements, thereby reducing the 

Na content available for exchange upon glass dissolution.
115,158,160,216

  As such, glass-

ceramics containing Y and Ce show a maximum increase in pH of 8.7 which is below 

that observed for the Con glass-ceramics at any time period. The lower shift in pH 

observed with the Y and Ce containing glass ceramics may also influence cell viability 

studies and compatibility. Biological environments maintain pH for proper functioning of 

cells, and while moderate fluctuations in pH may be buffered within physiological fluids, 

greater shifts can lead to apoptosis in adjacent cells. Therefore, lower shifts in pH are 

desired with any biomaterial to minimize adverse effects on surrounding tissues. As such 

and regardless of thermal processing, the Y and Ce containing glass-ceramics elicit a 

lower pH than the Con glass-ceramics. In addition, Con glass-ceramics will likely have 

greater initial ion exchange, consistent with work on the solubility of these glass-

ceramics which found the overall network solubility was significantly higher than that of 

the Y and Ce containing glass-ceramics.
198

 Another trend is observed in the pH for Con 

and HCe glass-ceramics where samples processed at lower temperatures (A) show higher 

pH than those processed at higher temperatures (S). This is due to the degree of 

crystallinity imparted on the structures after thermal processing. 
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Figure 5-5.  SEM images of t = 0, 1, and 14 day SBF incubated disks at 500X and EDX generated oxides list for Con. 
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Figure 5-6.  SEM images of t = 0, 1, and 14 day SBF incubated disks at 500X and EDX generated oxides list for HY. 
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Figure 5-7.  SEM images of t = 0, 1, and 14 day SBF incubated disks at 500X and EDX generated oxides list for YCe. 
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Figure 5-8.  SEM images of t = 0, 1, and 14 day SBF incubated disks at 500X and EDX generated oxides list for HCe. 
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Figure 5-9.  Optical images at 4X of 14 day incubated disk-Osteoblast interface after 24 hr incubation. 
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Figure 5-10.  Optical images at 4X of 14 day incubated disk-Schwann interface after 24 hr incubation.
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Figure 5-11.  SEM images at 1kX after disk incubation with Osteoblasts and fixation. 
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Figure 5-12.  SEM images at after disk incubation with Schwann cells and fixation. 
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Glass quenching often freezes molecules with bond lengths that are not optimum 

and therefore stressed; thermal treatment at and above the Tg allows these bonds to relax 

and at higher temperatures reform in crystalline structures.
91,119

 The presence of periodic 

atomic arrangement increases the rigidity of the material and decreases the solubility, 

and, in general, the greater degree of crystallinity the lower dissolution potential of a 

material.
122,124

 HY and YCe glass-ceramics do not show a significant difference in pH 

increase at any time period throughout the SBF incubation. This is suggestive that their 

reactivity is inherently lower than that observed for Con and HCe, where initial studies 

evaluating the glass solubility in DI water found these glass compositions to have 

reduced solubility.
198

 The high Y content (8 mol%) in the HY composition and the 

additive effects of 4 mol% of both Y and Ce in the YCe glasses, produce an increase in 

network rigidity attributed to the higher field strength of Y and Ce in comparison with 

Na. It was also found that while both Y and Ce have increased field strength Y produces 

greater network rigidity due to the presence of a single valance state and ability to 

partially stabilize the multiple valences adopted by Ce in the glass network. As a result of 

the multiple valances and coordination environments associated with the Ce ions, charge 

compensation, and field strength, local network rigidity around the Ce ions varies within 

the glass network. This results in slightly higher dissolution potential for Ce containing 

glass-ceramics in comparison with those containing Y.
115,158,160,216

 Thus, while thermal 

treatments inducing crystallinity in the glasses should cause reduced reactivity in the S 

processed glass-ceramics, the rigidity of Y containing A samples must be at a level 

comparable to that observed for the crystalline phases generated through S temperature 

processing. While pH changes based on glass-ceramic dissolution does not show a 

significant difference between the A and S processed Y containing disks, there are 

differences in surface conditions indicated by Ca and P fluctuations in SBF over the 

incubation  period.  

The reduction in Ca content over the 14 day SBF incubation suggests adequate 

reactivity to produce surface conditions, specifically the proportion of negatively charged 

silanol groups, and encourage the association and chemisorption of Ca onto the surface, 

followed by PO4 for charge neutralization.
95,162

 Con, with the highest pH, suggesting the 

greatest reactivity, shows elimination of Ca in solution for both A and S samples, 
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suggesting significant calcium precipitation on the sample surface. Since the reacted 

surface dictates the association with Ca ions and thus facilitates deposition; glass-

ceramics processed at lower temperatures, with higher reactivity, would be expected to 

produce greater Ca reduction from solution, as seen for each of the A vs S, Y and Ce 

containing samples. However, considering the trends in pH and Ca content for the Y and 

Ce containing glasses and the effects of Y in comparison with Ce on rigidity, the reduced 

pH and minimal Ca deposition seen for the HCe-S glass-ceramic samples relates to a 

lower reactivity than expected. This is likely due to the presence of Ce crystallites at the 

surface of these samples, which is not observed in other Ce containing samples, and is 

attributed to the high sintering temperature of the HCe glass composition. The 

concentration of Ce crystallites likely impede surface reactions creating silanols (Si-OH), 

thereby reducing the potential for Ca deposition. P follows identical trends to that of Ca 

with the Y and Ce containing glass-ceramics where all samples cause a decrease in P 

content throughout the 14 day incubation period. A samples cause a greater P decrease 

than S and HCe-S demonstrates the lowest propensity to cause P precipitation, all of 

which can be accounted for through the same mechanisms. One difference of note is the 

precipitation rates of Ca and P, where Ca shows a linear decrease over the 14 days and P 

shows greater precipitation between the 1 and 7 days than between 7 and 14 days. The 

variation in rates may be accounted for by the ratio of Ca:P typically found in the 

amorphous HCA layer on bioactive materials which ranges from 1.54-1.73 with the 

optimum of 1.67.
217

 As such, after 7 days it is likely that this ratio is approached and 

deposition rate is reduced. Con glass-ceramics do not show similar P trends to that of Ca, 

although it does show an initial decrease greater than that of any Y or Ce containing 

sample. However, after 14 days the P content increases from levels seen after 7 days 

suggesting re-release into solution. This may be indicative of continued degradation of 

the glass-ceramic as release of Na was found to continue throughout the 14 day 

incubation period.
198

 EDS complements ICP-OES through relative comparison of surface 

species on the glass-ceramic disks, and may provide further insight into Ca and P 

deposition trends. 

SEM images of the Con glass-ceramics correlate with the high reactivity 

suggested by pH and ICP-OES studies where the t = 0 disks show a reacted Na rich 
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surface layer. Once incubated the surface Na decreases, likely dissolving into the SBF 

and promoting the deposition of Ca and P which are significant after 1 day in correlation 

with the levels detected in SBF. In addition, after 14 days the Con-A samples show 

reduction of Ca on the surface and elimination of P, also consistent with the significant 

re-release of P observed through ICP-OES. This effect is less pronounced in the Con-S 

samples where 1 and 14 day Ca and P levels were comparable as listed by EDS. Visually 

the Ca and P deposition are presented as small meshed needle-like crystallites at higher 

Ca content and a porous amorphous deposition at lower concentrations. In contrast, visual 

depositions on the surfaces of HY, YCe and HCe-A glass-ceramics are nearly undetectable 

in the SEM images, however consistent with the reduction in both Ca and P in SBF, EDS 

detected small quantities of Ca, and in the case of YCe samples, P on the surfaces. 

Previous studies with Y and Ce containing bioactive glasses saw the delay of HCA 

formation up to 14 days based on the glass composition.
115,116

 In addition to comparable 

quantities of Y and Ce in compositions used in this study, the resulting glasses were 

thermally treated to produce glass-ceramics, which can further reduce the bioactivity. 

Therefore, therefore it may require additional time for Ca and P deposition to form a 

visual HCA layer. This is supported by the visual deposits on the 14 day HCe-A samples, 

which have been shown to have reactivity between Con and other Y and Ce glass-

ceramics through pH and ICP-OES. These deposits and relative Ca content appears to 

fall, visually, between the amorphous character of Con-A, 14 day deposits and the 

crystallites seen on samples with higher Ca content. HCe-S samples show incremental 

increase in the Ca and P content detected on the surface where deposition appears in a 

thin distribution across the disk surface. The presence of Ca and P detected on the surface 

of each disk indicates a degree of bioactivity for each, and potential for adherence of cells 

to these surfaces. 

Cell attachment and morphology gives insight into the biocompatibility of a 

material. Optical microscopy of the Con glass-ceramic disks incubated for 24 hrs with 

cells show reduced clarity of the media associated with gelation and unattached spherical 

cells. The gelation of the liquid media upon incubation is suggestive of continued 

reactivity and significant silica release. When approaching the saturation limit silica can 

polymerize potentially causing an increase in media viscosity and an inhospitable 
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environment for Osteoblast and Schwann cell lines.
178-180

  Y and Ce containing glasses 

with reduced reactivity do not cause this phenomena and, as such, cell attachment occurs 

in each well for these samples. In addition to attachment, Osteoblasts exhibit cell 

spreading and growth across the well, uninhibited by proximity to the disks. This 

correlates to the results obtained from osteoblast viability analysis conducted with the 

SBF incubated disk extracts. Statistical analysis revealed there was no significant 

difference between any of the sample incubated populations and the control population. 

These two observations show the Y and Ce containing glass-ceramics are not toxic to 

osteoblasts after processing at either temperature and therefore may have the potential for 

cell adhesion directly to the sample surfaces. Therefore, SEM was employed and shows 

the presence of osteoblast cells attached and spreading across each Y and Ce containing 

glass-ceramic. While there was no toxicity and favorable cell morphologies with 

Osteoblasts, they tend to be robust compared to Schwann cells. This is illustrated in the 

optical images of disk incubation with Schwann cells where cell attachment of spherical 

cells is observed in each well, but growth and spreading only occurs in the HY-S, and YCe 

disk sample wells and is limited to a fraction of the population. This indicates adverse 

effects on Schwann cells in proximity with the disks, possible toxicity over time, and may 

eliminate the potential for cell growth and attachment on the disk surface. However, 

when the best performing disks HY-S, YCe-A, and YCe-S were observed through SEM, 

low magnification images revealed the presence of cells that exhibited spreading across 

the surfaces. Cells do not form a connected network across the disks and are singular or 

in small groups. Schwann cells function in close proximity in vivo and therefore 

achieving a network as observed with the Osteoblasts would be beneficial and presents a 

direction for future research. 

5.6 CONCLUSION 

The ability of bioactive glasses to interact with physiological fluids and induce the 

deposition of a HCA layer is essential to the formation of a bond with host tissues. This 

work has shown Con glass-ceramics to have the greatest reactivity with the highest 

increase in pH and the greatest reduction in Ca content from SBF. In addition, Ca and P 

deposition appear as a mesh of needle like crystallites, however despite the lack of 

osteoblast toxicity observed through viability analysis when directly incubated with cells 
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Con samples cause complete toxicity to both cell populations. Y and Ce containing 

glasses show reduced reactivity with moderate pH increases in SBF upon incubation and 

reduction of Ca and P content and corresponding deposition. However, only HCe-A 

shows significant Ca and P deposition suggesting the bioactivity may be delayed by more 

than 14 days for the remaining Y and Ce containing glass-ceramics. Observation of cells 

in direct contact with Y and Ce containing glass ceramics suggest only HY-S, YCe-A and 

YCe-S are suitable surfaces for cell attachment of both Osteoblasts and Schwann cell 

types. While bioactivity was demonstrated for Con and HCe-A glass-ceramics, the 

combination of bioactivity and direct cell compatibility suggests HY-S, YCe-A and YCe-S 

may prove better candidates considering the sensitive nature of regenerating nerve 

tissues. 
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CHAPTER 6 -  SUMMARY 

 

6.1 BASIS & HYPOTHESIS 

Biological response after SCI can cause Ca mediated necrosis through 

excitotoxicity and oxidative stress to the damaged axon(s) and adjacent tissues effectively 

impeding nerve regeneration, reconnection, and recovery of sensory and/or motor 

function.  

Glass-ceramics containing yttrium and/or cerium can serve as a bioactive 

framework for nerve growth, support restoration of ion homeostasis, and provide 

antioxidant protection. 

 

6.2 THESIS OBJECTIVES 

 Synthesize a series of Y and Ce containing SiO2-SrO-Na2O glasses. 

 Determine the structural role of Y and Ce in the glass network. 

 Determine glass solubility and cytocompatibility. 

 Use thermal characteristics to develop profiles for thermal processing. 

 Synthesize a glass ceramic series and determine phases present. 

 Characterize the physical properties and reactivity of the glass-ceramic series. 

 Assess antioxidant capacity of glass extracts, glass-ceramic particulate, and glass-

ceramic extracts. 

 Determine bioactivity of the glass-ceramics. 

 Observe cell attachment on glass-ceramic surface. 

 

6.3 THESIS CONCLUSIONS 

6.3.1. Ch. 2 Characterization of Glasses 

 XRD confirmed all glasses are amorphous. 

 Tg increases with increasing Y and Ce content and shows a greater increase for Y 

containing glasses. 
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29

Si MAS-NMR shows minimal shift in Q-distribution between Y and the control 

glass (Q
2
 – Q

3
). 

 
29

Si MAS-NMR shows peak broadening and shifts toward Q
3
 species with an 

increasing Q
4
 shoulder for Ce containing glasses. 

 HiRes XPS for Si 2p, Sr 3d, Na 1s, Y 3d, Ce 3d does not show significant peak 

shifting between glasses. 

 HiRes XPS for Ce 3d reveals a multiplet of peaks with contributions from both Ce 

III and Ce IV where increasing Ce content increases Ce IV contributions. 

 Addition of Y and Ce shifts the O 1s NBO and BO peaks to slightly higher BE. 

 The ratio of BO:NBO decreases with increasing Y and Ce content. 

 Schwann cells were able to attach and spread over polished bulk-glass surfaces. 

 

6.3.2. Ch. 3 Solubility Cytocompatibility & Antioxidant Capacity of Glasses 

 pH ranges from 11.2 to 12.7 when glasses are incubated from 1 – 30 days in DI 

water. 

 Ion release is significantly higher from the Con glass which greatly exceeds levels 

seen in physiological fluids. 

 Sr release from the Y and Ce containing glasses is in the optimum serum range 

for bone mineralization and decreases after 30 days, suggesting it is precipitating. 

 Con, LCe, and LY glass extracts decreased viability of fibroblasts and osteoblasts, 

and significantly inhibited E. coli and S. aureus growth at all doses and time 

periods. 

 HCe glass extracts exhibited dose dependent fibroblast and osteoblast toxicity as 

well as time dependent E. coli and S. aureus inhibition. 

 HY and YCe glass extracts showed minimal cell toxicity and bacterial inhibition at 

all doses and time periods. 

 All glass extracts show antioxidant capacity in a mMTE range. 

 

6.3.3. Ch. 4 Effect of Crystallization on Solubility & Antioxidant Potential 

• With the exception of HCe-S all glass-ceramics presented 1-7% shrinkage upon 

thermal processing. 

• HCe-S experienced 17% shrinkage in diameter and a 60% expansion in thickness. 
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• Con glass-ceramics presented a primary Na6Sr3Si6O18 phase. 

• XRD and SEM shows the presence of sodium-(strontium)-yttrium-silicates for Y 

glass-ceramics and presence of sodium-cerium-silicates/oxide crystallites 

dispersed in a strontium-silicate phase in Ce glass-ceramics. 

• Si ion release decreases with thermal processing though is still greater for the Con 

glass-ceramics in comparison with the Y and Ce glass-ceramics which are in the 

127-325 µg/mL range throughout the 14 day period. 

• Sr release from Con glass-ceramics is reduced, while the Y and Ce glass ceramics 

release significantly greater quantities than those observed for their glassy 

counterparts. 

• Na content precipitates from SBF after 14 day incubation with Y and Ce glass-

ceramics. 

• Antioxidant capacity of the un-incubated glass-ceramic particulates is higher than 

the 7 day incubated samples, and falls between the capacities of glass extracts and 

glass-ceramic extracts. 

• Antioxidant capacity of  the glass-ceramic extracts are reduced in comparison to 

the glass extracts. 

• Con samples display significantly higher antioxidant capacity than Y and Ce 

samples. 

 

6.3.4. Ch. 5 Bioactivity and Cytocompatibility of Glass-Ceramics 

• pH ranges from 7.8 to 10.0 when disks are incubated from 1 – 14 days in SBF 

where A samples produce slightly higher pH in comparison to S. 

• Ca and P levels decrease over the 14 day incubation period.  

• SEM shows a varying degree of amorphous and crystalline Ca and P deposited on 

the surfaces of Con and HCe-A glass-ceramics confirmed by EDS. 

• EDS suggests there may be some deposition of Ca and P on HY, YCe and HCe-S 

glass-ceramics. 

• Glass-ceramic extracts did not decrease osteoblast viability. 

• Optical and SEM images show osteoblast compatibility and attachment on Y and 

Ce glass-ceramics. 

• Optical and SEM images show Schwann cell compatibility and attachment on 

HY-S and YCe glass ceramics. 
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In the glasses, Y and Ce are acting as network modifiers while increasing the 

characteristic temperatures due to the differences in field strength with Na for which they 

are substituting.  In a modifying role, NC and Si speciation distributed between Q
2
 and 

Q
3
 suggest the glass series will elicit a bioactive response. However, solubility resulted in 

ion release exceeding physiological levels and in combination with increasing the 

basicity of the incubation media caused dose dependent cytotoxicity. Despite the release 

related toxicity, Si release and polymerization to form silicic acid species, may be the 

mechanism for the observed mMTE antioxidant capacity.  In addition, decreasing Sr 

levels further support potential biocompatibility when considering the similarities 

between Ca and Sr. Fibroblast/Osteoblast and bacterial compatibility is inverse to 

solubility and antioxidant capacity where glass cytocompatibility falls in the order: Con 

< LCe < LY < HCe < YCe < HY.  The bolded glasses were elected for further study.  

Upon thermal treatment sintering and crystallization occurs where the generated phases 

may be analogous to those found to be bioactive after 45S5 crystallization.  The 

generation of crystalline phases in the glasses reduces the solubility but maintains 

potential for bioactivity based on Ca and P ion content reduction in SBF and detection 

through SEM/EDS.  In addition, while antioxidant capacity is reduced, ROS scavenging 

potential remains in the mMTE range.  The potential for antioxidant capacity appears to 

correlate with the reactivity, further supporting that silanol and silicic acid species 

generated upon dissolution may provide the mechanism.  Oppositely, cell compatibility 

favors the glass-ceramics demonstrating lower reactivity, where both osteoblasts and 

Schwann cells were able to attach and spread across the HY-S and YCe glass-ceramic 

surfaces.  While Y and Ce do not appear to impart similar antioxidant scavenging 

capability to these bioactive glass/glass-ceramics, the capacity is shown and therefore the 

potential to alleviate oxidative stress after SCI exists with further development. 

6.4 FUTURE WORK 

There are two aspects within this work for which the mechanism behind the 

behaviour is not clear and therefore should be addressed. The first is the significant 

increase of Sr release upon crystallization from the Y and Ce glass-ceramics while the 

Con sample release was significantly reduced.  The second relates to the mechanism 

behind the observed antioxidant behaviour, where factors, such as ionic species relative 
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to pH should be evaluated in a manner where the effect of each may be distinguished 

from the system through a designed experiment.  Another direction for future work is the 

surface modification of these glass ceramics, to evaluate the extent the surface chemistry 

and charge affects the cellular attachment.  Related work would involve the incorporation 

of these glass-ceramics in PLGA fibre sheets or creation of similar glass fibres which 

could then be and thermally processing to generate crystalline phases.  With these 

composite fibre sheets Dorsal Root Ganglion (DRG) studies can be completed to evaluate 

the compatibility and extension of spinal nerve tissue with the bioactive glass-ceramic.  

Additionally scaffolds could be produced and evaluated in terms of mechanical properties 

for use as a potential structural support and cell seeding and migration can be assessed as 

a delivery device.  
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