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ABSTRACT 

 Bioactive glasses have been researched and developed for dental and orthopedic 

applications since 1969.   Current research has examined the substitution of non-traditional 

ions within the SiO2-CaO-Na2O-P2O5 which are suspected to improve the biological or 

material properties of bioactive glasses. This study examines four glass-ceramic 

compositions and the properties to understand the effects of increasing TiO2 concentration 

when substituted at 20, 40, and 60 mol % into a Bioglass based composition. 

 Examining the structure of the glass shows that it is possible to achieve a fully 

amorphous material via melt quenching for concentrations up to 20 mol% TiO2.  The 

thermal working range of the glasses is expanded with 20 mol % TiO2, 567 - 720C, then 

the Tg window decreases as higher TiO2 concentrations are incorporated into the glass, 605 

- 705C and 635 - 717C for 40 and 60 mol % respectively. The mechanical strength is 

affected by the sintering temperature with 800 C for the 20 mol % TiO2 best matching 

trabecular bone strength with a modulus of 1.79(±0.16) GPa.  Ionic release is negatively 

impacted by the addition of TiO2, limiting the use of high TiO2 compositions as a bioactive 

material.  Comparison of the 0 mol % and 20 mol % samples show a slower release of ions 

and consequently deposition of ions in a manner that suggest bioactivity with incorporation 

of TiO2 into the glass.
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INTRODUCTION 

1. What are Biomaterials? 

 “A biomaterial is a non-viable material used in a medical device, intended to 

interact with biological systems” is the definition laid out by Williams.1  The material in 

each case will be dependent on the application, as hip replacements have different needs 

than a pacemaker.  From this work the focus will be broadly on orthopedic replacement 

materials mainly bioactive glass and bioceramics.  Orthopedic materials are used to replace 

bone and aid in the repair process, defining the purpose and giving context to what is 

needed for implant success.  Current orthopedic replacements are either for full 

replacement of the bone, as a hip implant, or a fixture, like bone cements or surgical 

fixatives like pins, plates, or screws.2  

 The material selection for modern metallic implants include stainless steel,3 CoCr 

alloy,4 and Ti6Al4V.5  These materials are selected because they have the mechanical 

strength to bear the load of bone, though too high of a strength may cause bone density loss 

and eventually implant failure.6  One improvement in Ti-based implant is reduced elastic 

modulus to only 150% of natural bone.7  This method of failure has been a driving force 

for research into other materials that will avoid stress shielding while still solving the other 

demands of an implant. 

 The lifespan of an implant is currently above 10 years, meaning surgical revision 

is another issue for device failure that future implants need to address as implants fail.8  

The focus on the integration of implants to aid bone tissue by leveraging chemical and 

biological factors so that the natural tissue can replace the implant, to eliminate the need 

for revision surgeries. 

2. Bioinert / Bioactive / Bioresorbable. 

 Biomaterials fall into three distinct categories to qualitatively measure reactions: 

bioinert, bioactive, and bioresorbable.  The least reactive is bioinert, having no reaction 

with the body, as the material does not degrade or affect the local tissue by not interacting 
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with the material, and the interaction in vivo is fibrous encapsulation of the implant to 

isolate the foreign material.9  This level includes ZrO2 based dental implants, as they are 

used for the color similarity to tooth but do not react with the biological tissue directly.10  

The next classification is bioactive, the material interacts with the local environment to 

promote cellular adhesion and integrating the biomaterial directly to the host tissue, like 

with bioactive glasses, leaching ions for osteogenic growth to occur on the surface.11 

 The third degree of interaction is bioresorbable, where the material is absorbed by 

the body over a period so that the material can be fully replaced with functional tissue.  An 

example of a bioresorbable material is scaffolding for stent implants to prevent arterial 

collapse, that can be fully dissolved over 12 months.12 

 Bioactivity is a material property that indicates if a material is reactive within 

biological conditions.  Bioactivity does not indicate whether the reaction is positive or 

negative, but rather does it occur.  A better term is biocompatibility, this refers to a positive 

bioactive response in the desired situation.  The bioactive properties allow the glass to 

degrade and re-deposit as a hydroxycarbonate apatite layer in vivo that interacts positively 

with osteoblast cells.11 

 Biocompatibility is another property that is worth mentioning as the prior paragraph 

only refers to the degree of interaction without including if the interaction is positive or 

negative.  Biocompatibility defines the interaction as positive or negative including; 

adhesion, cytotoxicity, wear debris, or biochemical regulation toward certain pathways. 

1. Bioactive Materials 

 Materials outside of metals such as glass and ceramic are researched for bioactive 

properties.   

a. Bioactive Glass 

 Bioactive glass is designed to decompose in a way that aids osteogenesis, bone 

growth, through ionic leaching and formation of films rich with osteogenic ions that 

encourage osteoblast adhesion and bone remodeling.  The origin of bioactive glass came 

from Larry Hench in 1969 as 45% SiO2 24.5% Na2O 24.5% CaO 6% P2O5 as wt %.11  The 

success of the composition is the dissolution of CaO and P2O5 from the glass that redeposits 

as a hydroxyapatite-like layer on the surface.11  This basis, referred to as 45S5, has been 
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tailored by compositional changes and ionic substitutions for property modification, such 

as mechanical strength, biocompatibility, and anti-bacterial properties.13-15  

 

 

Figure 1.  Ternary diagram of SiO2-CaO-Na2O at 6% P2O5 
11 

   

 Bioactive glass chemically interfaces with the bone tissue and cells to begin the 

degradation process, the glass initially leaches ions and leaves behind a silica and 

hydroxycarbonate apatite layer, which encourages cell adhesion and remodeling.11  From 

this the downstream effects, like the immunological response time, to regulate and 

encourage osteogenesis at the implant site.11 

 Bioglass and its derivatives rely on releasing ions for bioactivity and the observed 

biocompatibility.  Aside from osteogenesis, bioactive glasses also promote angiogenesis 

and acts as an antibacterial agent.  The precise routes of each function are dependent on 

which ion or compound is released, Ca2+ and PO4
- are osteogenic because they form 

hydroxyapatite.  Additionally bioglass having high silica content also improves osteoblast 

differentiation and adhesion.16 

b. Bioceramics 

 Metals have issues with corrosion due to chemical and physiological conditions.17   

Ceramics are often used in lieu of metals because of the increased wear resistance and 
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chemical resistance, in biomedical applications this is seen as dental crowns.18  For 

arthroplasty applications use of Ytrria-Stabilized Zirconia, YSZ, has been in use since the 

1980’s because of its ability to limit crack growth by forcing morphological changes at the 

atomic level extending the lifespan and limiting failures of the implanted device.19 

 Calcium phosphate, CaP, materials are also seen as a viable implant due to the 

chemical similarity of inorganic phases to bone.  These CaP phases are often categorized 

based on the ratio of Ca:P, ranging from 0.5 to 2.0 and bone comes in at 1.67 Ca:P ratio.  

The ratio is a quick gauge for degree of degradation as well, with 0.5 being a quick 

dissolution and 2.0 being bioinert.20 

c. Bioglasses v bioceramics 

 Bioceramics are more difficult to break down in vivo and with the trend toward 

bioresorbable materials glasses offer greater interaction with the biological medium.  

Ceramics based on calcium phosphates, CaPO4, are bioactive though the degradation is 

very limited and only a surface phenomenon, with most coatings at 100µm thickness to 

achieve bioactivity.20  Bioglass shows enhanced resorption rate with CaPO4 cement 

composites than CaPO4 cement alone.21 

  Bioactive glasses release ions rapidly, which forces a pH increase locally in vivo, 

this increase helps to further the breakdown of the silica network contributing to the 

bioresorbable properties.22  Where ceramics are slow to release ions and is facilitated by 

cellular interaction 

3. Bone structure, composition, and properties 

 Bone is composed of organic and inorganic components, collagen is the primary 

organic phase and hydroxyapatite comprises the inorganic phase.  Hydroxypatite (HA), 

Ca10(PO4)6(OH)2, is the ceramic phase that gives the compressive strength for compressive 

loading.  The structure of bone is dependent on which bone and what typical forces are 

expected, however the simplest distinction of bone can be either a dense, cortical.  or 

porous, trabecular, bone.  This leads most research to examine bone isolated as cortical or 

trabecular samples.  Collagen type I bundles, composed of five triple helices approximately 
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100 μm length and 100 nm in diameter, serve to bind HA nano-crystals together to create 

the microstructure.23 

 Figure 2, shows that the structure and organization that is done by bone as it forms, 

this compounds the difficulty when designing for othropedic materials as these features 

will likely be in intimate contact with a device. 

 

 

Figure 2.  Structure of natural bone 24 
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1. Hydroxyapatite 

 HA naturally occurs in bone as the primary inorganic phase, and consequently the 

mechanical properties of bone are dependent on hydroxyapatite, this makes it an obvious 

choice for bone replacement.  However, the limited interaction with HA implants and bone 

prohibit using it as a bioresorbable material.  The Young’s modulus of HA varies from 35 

to 120 GPa, well above cortical bone, 18-22 GPa.20  The fracture strength of HA (1.2 MPa 

m1/2) is lower than bone (2-12 MPa m1/2) as well, likely due to collagen content in bone 

being less brittle than pure HA.20 

 Osteoconduction, bone growth, has been observed on porous HA samples with 

micropores, the reasoning being that the increased proximity to the “nearest neighbor” 

would allow the local concentration of Ca and P ions to accumulate and precipitate as 

apatite-like layer onto the scaffold.  Mechanically, the evolution of the scaffold as 

degradation occurs has obviously decreased from the as manufactured samples.25  

Nanoindentation on bone for elastic modulus, from cadaver femurs aged between 53-93 

years old, and determined that the average hardness of bone ranges from 0.4 to 0.829 GPa.26  

HA ranges from 42.2 – 81.4 GPa across sintered samples between 1150 – 1300°C.27  

a. Mechanical properties 

 Because of the loading that bone undergoes the mechanical properties are the 

primary focus for creating a successful orthopedic device.  The elastic modulus has been 

most studied for bone, is accepted as ranging between 35 and 120 GPa.20  The biaxial 

flexural strength (BFS) for bone is less studied, however because BFS examines the 

strength over a larger area where 3 point bending only loads along one axis, comparisons 

can be made between the two tests.28  Cortical bone drives the mechanical properties of 

bone setting it as the target for orthopedic implants.  The ultimate stress in tension and 

compression are rather different for whole bone, 92.25 MPa and 153 MPa respectively, 

and strength decreased with increasing porosity.29  Another study directly compared tensile 

(111.3 MPa), compressive (149.1 MPa) and flexural (223.4 MPa) tests.30  With additional 

studies comparing cortical (130-180 MPa compression, and 50-151 MPa tension) and 

trabecular (4-12 MPa compression, 1-5 MPa tension) a more generalized model for bone 

can be established.31  



7 

 The response of bone to mechanical stimuli is as a quasi-brittle material.32-34 Meaning 

bone can withstand low strain, approximately 0.3%, and will fracture at higher strains, >2%.35   

Compressive loads are most common, though can be subjected to torsion or tension to failure.  

Bone is also anisotropic, because the lamellae layers alternate between parallel to bone and 

orientated off the parallel axis of the Haversian canal.36 A common load for bone is 

approximately 4 MPa, though can increase dependent on activity, with forces peaking at 3 

times body weight.37  

 Bone reacts to loading to strengthen or weaken, Frost et al.  proposed that remodeling 

is linked to micro-strain.  The ideal strains from Frost claim that between 2000-3999 με 

produces cortical bone.38  Additionally, a study done on rat ulnae showed cyclic loading was 

optimal to encourage bone growth compared to static loading conditions.39 

 The mechanical demands of bone vary by composition; trabecular bone elastic 

modulus that ranges from 1- 2 GPa, and compressive strength ranging from 1 – 100 MPa.40  

Where cortical bone ranges 100 – 230 MPa compressive strength and 7 – 30 GPa elastic 

modulus.41 

b. Stress Shielding 

 Also known as Wolff’s Law, stress shielding is a phenomenon that occurs when 

there is a mis-match of elastic modulus between an implant and natural bone.  This mis 

match causes the bone that is not undergoing loading and gradually lose bone mass through 

remodeling.  The exact biological process is not well understood, but it is thought to be 

influenced by fluid pressures in local bone, either hydrostatic or interstitial fluid flow.42  

From this under-loading of bone a decrease in mechanical strength over time is observed, 

this is a concern with larger and permanent implants.  Wolff suggested bone is self-

optimizing, and this is now understood as bone metabolism or remodeling.   

2. Bone remodeling 

 Because bone is such a complex system key terms have been developed to explain 

the stages of bone remodeling.  The simplest bone-implant relation is osteointegration, 

defined by having the bone firmly anchored to the implant, this fixes the implant to the 

surrounding tissue.  The next goal is to promote osteoconduction, migration of osteo-type 

cells into the implanted volume, which will give a stronger anchor for the integration and 
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decrease risk of aseptic loosening.  Osteogenesis refers to differentiation into osteo-type 

cells from the nearest cellular lineage and subsequent bone deposition and remodeling 

phases, osteointegration is the furthest goal for bone remodeling as this treats the implant 

as native tissue.43 

 Bone remodeling process is a multi-stage process, as detailed in Figure 3, beginning 

with the secretion of cytokines that activate osteoclast precursors to begin forming into 

osteoclasts and migrate to bony surfaces (activation).44  Once attached to the bony surface 

osteoclasts release hydrogen and phosphatases that cause an acidic pH to aid enzymatic 

decomposition of the bone tissue leaving a pitted surface (resorption).45  After the 

resorption stage the pitting exposes mononuclear cells that differentiate to macrophages 

which do finer cleaning than osteoclasts can (reversal), at this point the bone has been 

cleaned and osteoblasts begin depositing a new bone layer (formation).  The final stage 

(termination) is reached when the resorption and deposition rates equilibrate.44  It is 

speculated mechanical loading influences remodeling which is seen in stress shielding, 

where rigid implants weaken the anchoring bone through elastic modulus mis-match.46   

 

 

Figure 3.  Bone remodeling process of natural bone 47 
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 Osteoclasts have also been shown to remove on average 29 μm of bone depth and 

a surface area of 10,876 μm2 when exposed to the hormone RANKL,48 this pitting can 

provide mechanical anchoring points for osteogenic ingrowth to cement the implant firmly.   

4.  Ions For Therapeutic Effects 

 Therapeutic effects can be achieved through ionic release of bulk bioactive glass 

surface reacting with in vivo cells and fluid.  The effect is strongly related to the ion 

released, concentration, and ability to remove the ions to prevent cytotoxic accumulation.  

Generally, the aforementioned ions in 45S5 are all considered to be beneficial to bone 

growth and serve as a basis for other bioactive glass compositions. 

 Calcium and phosphorus are major components of bone, as Ca10(PO4)6(OH)2 or 

hydroxyapatite,20  from a bioactive glass the released ions promote the deposition of CaP 

rich film that is converted into hydroxy carbonate apatite, which gives bioglass 

osseointegration properties.11  Making these ions ideal for the inclusion in bioactive glass 

compositions. 

 Strontium is used as osteoporotic medication in the form Strontium renalate, which 

downregulates osteoclast activity by 30% in isolated rat cells and has increased 

differentiation to pre-osteoblast cells, MC3T3-E1.  In humans the alveolar bone showed a 

decreased resorption rate and increased surface area for mineralization, which also 

increased bone mass and mechanical strength.49  From this clinical and laboratory evidence 

there is solid rationale to include Sr2+ into a bioactive glass.  Strontium as a dopant in 45S5 

has also shown lamellar bone growth compared to woven bone growth on un-doped 45S5.50   

Additionally strontium is similar in size and charge to calcium, 0.118 nm to 0.100 nm 

respectively and both having +2 charge.51  

 Silicon has been shown to promote collagen synthesis and used as a gel promotes 

osteoblast differentiation.  The biochemical regulation of silicon also positively correlates 

with bone mass density with osteoporotic patients when introduced from dietary changes.52  

The use of silicon has origins in bio-glass from Larry Hench with the composition of 45S5, 

bioglass.53  Additionally, Si has been linked to skeletal development benefits as well when 

dietary intake was controlled in infant rats over 26 days and examined post-humorously.54   

Silicon is known to promote angiogenesis, vasculature growth, which is extremely helpful 
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in bone remodeling as vessels aid in removal of wastes and can bring in other materials to 

maximize the regenerative process.55 

 Sodium in the bone metabolic process has been linked to osteoblast differentiation.  

Decreasing the sodium concentration showed an upregulation of osteoblast activation, and 

thus bone growth.56 Sodium is also being examined as an early detection sign of 

osteoarthritis through MRI measurements.57  Sodium, is also tightly regulated in vivo, a 

normal Sodium level would range from 135 – 145 mmol/L, and decreased Na levels can 

promote osteoclast differentiation and activity.56  Sodium also readily dissolves in aqueous 

solutions and the weak bond to oxygen helps expose a larger surface area to continue 

reacting and releasing other ions into solution and increase the overall interactions with the 

bioglass. 

1. Titanium in vivo 

 The use of titanium (Ti) in orthopedics is not without limits: low shear strength, 

leaching from dopants, and wear rate can cause adverse effects on the implanted tissue, 

these issues limit the effective life of Ti implants to a decade.7 The passivation of the 

surface however, can limit further leaching into the metallic bulk of titanium, which limits 

leaching of metallic ions into the surrounding tissue. 

 Titanium is not an ion (Ti4+) that is naturally found in vivo, clinically titanium 

metals will naturally create a thin oxidized layer, or passivation layer, that will prevent 

ionic leaching from the bulk material.  The passivated layer is also more stable, biologically 

speaking, allowing cell adhesion to TiO2 opposed to fibrous encapsulation.58  The risk of 

using an ion that is not native to a biological system is increased as there are many different 

interactions that can occur, however titanium is a more biologically acceptable material 

and does not invoke an immune response allowing osteointegration due to the promotion 

of ALP, osteopontin, and osteonectin that encourages osteoblast differentiation.58 

Titanium shows excellent characteristics within a biological environment at the 

clinical level as implanted devices for dental implants or in TJA (total joint arthroplasty) 

for load bearing applications.59,60 TiO2 can precipitate apatite from SBF after treatment 

with H2O2 in low concentrations, 3-6 mass%, along with anatase phase.61  One rationale to 

include TiO2 has been from Boyan et al.  where crystallized TiO2 versus amorphous TiO2 
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showed preference for chondrocyte adhesion and proliferation.62  Typical studies of TiO2 

in glasses has been limited to low concentrations, < 5 mol %,63-65 to remain glassy with 

some success.  Going above these percentages, to 10 – 30 mass%, have often yielded 

partially crystallized glasses.66-68  Previous studies have also shown that the addition of 

TiO2 into a SiO2-PO4
3--CaO-Na2O glass ceramic shows increased antibacterial properties 

against S.  epidermidis by inhibition zone measurements.68  TiO2 also shows increased bone 

bonding strength over commercially pure Ti-metal when used in orthopedic studies over 

12 months.69 Some research concludes that the slowed ionic release from Ti-doped 

bioactive glasses promotes osteoblast adhesion and proliferation.70 

 

The addition of TiO2 to the Bioglass based glass composition proposed in this work 

will be characterized in order to describe any significant benefits or drawbacks associated 

with its use in close proximity to natural bone for use as a regenerative material.  This will 

be achieved by examining the material properties, such as crystal structure, ionic 

dissolution, glass-bonding, thermal behavior, and mechanical strength.  Additionally,  

imaging will also be employed to describe and understand the surface dissolution and any 

mineral deposition. 
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EXPERIMENTAL PROCEDURE 

1. Glass formulation 

 Three TiO2 containing glasses (KS-20, KS-40, KS-60) and one control glass (KS-

0) were formulated to understand the effect of TiO2 addition on glass properties, 

compositions are listed in Table I.  The dry reagents were weighed and mixed via rolling 

for at least 1 hour, then melted in a Pt crucible at 1500°C in Lindberg Blue M furnace for 

1 hour then shock quenched in water.  The frit was then dried and pulverized to pass a 45 

μm sieve opening. 

Table I. Mol % of Glass Compostions proposed in this study 

mol % KS-0 KS-20 KS-40 KS-60 

SiO2 45 35 25 15 

TiO2 0 20 40 60 

P2O5 1 1 1 1 

CaO 23 19.67 16.33 13 

SrO 10 6.67 3.33 0 

Na2O 21 17.67 14.33 11 

2. Glass charaterization 

1. X-ray diffraction 

 X-ray diffraction was done via a Bruker D2 from 10° < 2θ < 70° at a step size of 

0.02 with a 1 sec scan per step while rotating at 60 rpm with glass powders held in a 

stainless-steel sample holder.  Voltage was set at 40 kV and amperage was set at 40mA, 

with a Cu Kα1 source (λ = 1.54Å) and LynxEye detector.   

2. Disc preperation 

 To form disc samples, 0.4 grams of each powder were pressed into 12mm diameter  

molds at 10 tonnes and sintered for 24 hours at 600 °C, 800 °C and 1000 °C, with a 
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10°C/min step rate during the sintering profile. A Lindberg Blue M type furnace with 5 

discs of each composition and multiple temperatures were used for sample treatment.  

Several discs of 6 mm diameter and 0.1g of powder pressed at 3 tonnes were also sintered 

at 600 °C for 24 hours were made to be submerged in varying pH solutions, detailed later. 

3. Biflexural strength 

 The method laid out by Williams et al.71 with a 1mm/min crosshead speed on an 

Instron 5566 P6016 10kN load cell with 5 discs to determine the biaxial flexural strength 

and modulus.  Discs of 12 mm diameter were fractures and thickness was measured prior 

to testing at 3 points per disc (n=5) to determine thickness for calculations.  The equation 

used is as follows:  

𝐵𝐹𝑆 =  
𝐹

𝑡2 ∗ (0.63 ∗ 𝑙𝑛 (
𝑅

𝑡
) + 1.156)   (1)  

 Where F is force in Newtons, t is thickness in mm, and R is radius of supports. 

Additionally, biflexural modulus was calculated from Choi et al.72 for ball on ball biaxial 

flexure from this equation: 

𝐸𝐵𝐹 =  
𝛽𝑃𝑎2

𝜔ℎ3      (2)  

 Where β is the center deflection function of the disc, P is the maximum load 

failure, a is the ring support radius, ω is the center of disc deflection, and lastly h is disc 

thickness. 

4. Particle size analysis 

 Beckman Coulter Multisizer 4 was used to obtain an average particle size, D10, 

D50, and D90 information for each powder with n = 3, the aperture opening measured 100 

μm diameter.  Each sample was suspended in an electrolytic solution (NaCl) at 25 C and 

stirred during the measurement to ensure an even distribution of particles in suspension.   

5. Magic Angle Spinning Nuclear Magnetic Resonance 

Bruker Avance III 600 with an Ultrashield Plus solid-state NMR magnet and probe 

diameter of 4mm.  The 29Si channel had a frequency of 600.20 MHz, while the proton 

channel had a frequency of 119.29 MHz.  Polydimethylsiloxane was used for reference.  A 

low power decoupling was used for each sample, which spun at 7.0 kHz and had an 
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applied pulse length of 75°.  For KS-0, KS-20 and KS-40 a relaxation time of 60 seconds 

was used for 300 scans.  KS-60, due to high Ti content, had a relaxation time of 120 seconds 

for 300 scans.   

6. Differential Scanning Calorimetry 

 SQT 600 instrument heated samples from ambient temperature at 10°C / min to 

1050 °C in Pt pans in ambient atmosphere.  The data was recorded was analyzed via TA 

universal software, to find the glass transition temperature, Tg, and crystallization 

temperature, Tc, of each composition. 

7. Inducitvely Coupled Plasma  

 Perkin Elmer Optima 8000 on each glass after DI water immersion for 1, 10, 100, 

and sample flow rate of 1.5 mL/min were analyzed and spectral results were analyzed.  

Each powder was controlled such that 10mL of deionized water had 1m2 surface area per 

glass powder.  Each ion examined and 1000 hours with n = 3 for each glass and timepoint.  

A plasma flow rate of 12 L/min (Ti, Ca, Na, Si, P, and Sr) was calibrated for 1, 10, 100, 

and 1000 ppm concentrations and de-ionized water as a control, 0 ppm. 

8. Brunauer-Emmett-Teller theory 

 All glasses were subjected to N2 adsorption for surface area analysis after N2 

purging for 1 hour in FlowPrep 060, each glass was massed prior to experimentation, 

samples were then loaded into a Micrometrics Tristar 3020. 

9. Scanning Electron Microscopy & Energy Dispersive X-ray Spectroscopy 

 SEM/EDX was used to analyze the surface of samples post-aqueous corrosion 

testing. For this test, 6 mm diameter discs were prepared from KS-0 and KS-20 and sintered 

at 800 °C for 24 hours, the discs were then submerged in solutions of varying pH, 4,7,10 

(HCl, deionized water, and NaOH respectively) as a test for precipitation on the different 

compositions at 1 hour, 10 hours, and 100 hours immersed in differing solutions.  

Desiccated for at least 24 hours at ambient temperature and then analyzed via FEI Quanta 

200 SEM, Au-coated samples with 5kV images and 20kV EDAX analysis on selected 

features. 
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RESULTS AND DISCUSSION 

1. Particle size analysis 

 The average particle size for each glass composition was found to be less than the 

45 μm sieve used for particle processing as seen in Figure 4. Approximately 90% of the 

particles were under 30 μm, and the median ranging from 12 to 15 μm. One advantage that 

this may offer is a textured surface to promote cellular adhesion.  The distribution in 

particle sizes could be beneficial for sintering and processing of the materials which will 

allow for the smaller particles to become embed within a solid matrix thereby promoting 

increased density, mechanical strength, and contact area for cell adhesion. 

 

 

Figure 4.  Particle size analysis with the average (left) and distribution (right) 
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2. X-ray diffraction 

 The diffraction patterns from x-ray diffraction are presented in Figure 5 and shows 

that this series of glass can produce an amorphous material from melt-quenching from 

1500°C, as seen in KS-0 and KS-20. KS-40 and KS-60 presented CaTiO3 phases in an 

amorphous matrix. At a sintering temperature of 600°C KS-0 still is amorphous and 

crystallinity appears in KS-20, KS-40, and KS-60 at 600°C with KS-20 no titanium is 

incorporated within the crystal structure.  KS-20 shows that titanium forms crystalline 

structures at 800°C, and at 1000°C some strontium substitutes in for the calcium location 

within the crystal phase.  Similar experiments show that TiO2 substitution for SiO2 can also 

create an amorphous material.66  The presence of an amorphous hump is seen with all 

materials at even 600°C, suggesting that is still below the crystallization temperature of 

each composition of glass. 

 

Figure 5.  XRD of compositions with associated phases at labelled temperatures with the 

background signal removed 
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 Distinct multiple phases appear in each composition and temperature, with a 

preference for Calcium and Oxygen appearing in most crystalline phases, usually with 

either Silicon or Titanium.  CaTiO3 appears in KS-20 beginning at 800 °C and 1000 °C, 

KS-40 from as quenched to 800 °C, and KS-60 as quenched and 600 °C meaning the largest 

challenge to keep a glassy phase is to prevent the formation of calcium silicates in KS-0 

and KS-20, but there is little to be done with KS-40 and KS-60 regarding crystallization.  

Comparable crystal structures can be found with TiO2-doped bioactive glasses with similar 

CaO concentrations that disappear when the CaO is replaced with Na2O in the glass 

formulation.73  Strontium did not seem to induce crystallization in KS-20 and KS-40 until 

1000 °C suggesting that the incorporation of SrO may help to widen the glass 

transformation range of TiO2-doped materials.   

 

Figure 6.  Comparison of KS-series as quenched  

 The as quenched and 600 °C samples show an amorphous hump in the XRD 

patterns with calcium titanite beginning to crystallize at 600 °C for all samples with any 

TiO2 presence.  The comparison of all quenched glasses, Figure 6, more clearly shows the 

CaTiO3 peaks of KS-40 and KS-60, The shift from KS-0 to KS-20 indicates that TiO2 
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narrows the amorphous hump, which may indicate the preference of TiO2 to crystalize in 

this glass system.   

3. Brunauer-Emmett-Teller theory 

  

 

Figure 7.  Surface Area Analysis done with BET method 

 

 Surface area analysis was conducted using Advanced Surface Area and Porosity 

measurements and the data is presented in Figure 7. This data presents the distribution in 

surface area of glasses as-sieved, that were later used for ICP-OES analysis and disc 

preparation. This data shows that slight differences exist between some of the processed 

samples. KS-20 and KS-60 have higher surface areas relative to KS-0 and KS-40. Though, 

these values are extremely low compared to mesoporous self assembled materials with 

surface area values of over 400 m2/g,74 and other similar SiO2-CaO-P2O5 based solgel 

glasses with values around 100 m2/g.75 The possible advantage of having these glasses with 

a lower surface area may improve the sintering of particles for scaffolds and their use as 

an extrudable material for additive manufacturing processes. 
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4. Magic angle spinning nuclear magnetic resonance 

 

 

Figure 8.  MAS-NMR data of each composition 

 

 The NMR spectra for each sample, Figure 8, show that with increasing TiO2 content 

the Si4+ has increasing q-speciation, and the largest component of the bonding also increase 

from a Q1 in KS-0 and KS-20 to Q2 in KS-40 and KS-60, which compared to 45S5 is more 

bonded where Q0 dominates the NMR spectra.76  The 5 possible peaks for the combination 

for a full signal are a convolution of Q0, Q1, Q2, Q3, and Q4 for 29Si MAS-NMR found at -

72, -77, -82, -88, and -92 ppm respectively.  The only Q4 species appears in KS-60 and is 

low relative to the present species of Si4+, this suggests that Ti4+ is forcing Si4+ into 

crystalline structures.  Also, since the Si4+ is the only ion being probed there is a decreased 

overall intensity directly related to the Si4+ content as seen in Figure 9. The shifting 

becomes more obvious when overlapping the deconvoluted images in Figure 9, where the 
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signal is shown to decrease substantially as SiO2 is removed, the shift in speciation is 

unlikely to be affected by the lower signal making Ti4+ interactions with other ions more 

favorable than Si4+.  Shifting to lower ppm is also observed with increasing TiO2 content,66 

indicating that there is a change in Si4+ bonding as TiO2 is added, not solely a lower release 

due to Si4+ replacement. The favoring of low q-speciation for Si4+ has been linked to the 

formation of CaP layer and the depletion of cations from the silica network on the surface 

of bioactive glass.77 The addition of TiO2 to create a more bound silica network would 

make Ti4+ a network former, though the delayed increase observed in 40 mol% and above 

suggests that Ti4+ acts in an intermediate manner in the glass network. 

 

Figure 9.  NMR spectra overlapped for all glass compositions 
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5. Differential Scanning Calorimetry 

 The thermal profile for each glass shows a processing window relative to the glass 

transition temperature and crystallization points for each composition, KS-0 from 685 – 

775 °C, KS-20 has the widest range from 567 – 720 °C, KS-40 narrows to 605 – 705 °C, 

with KS-60 having the slimmest range from 635 – 717 °C.  Beyond the crystallization 

temperature other phases that may be driving the shift in heat flow, but the primary interest 

is to keep a glassy material the first crystallization temperature is considered the most 

pertinent to this work.   

  

 

Figure 10.  DSC for each composition  
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With similar glass (33SiO2-21CaO-32.5Na2O-12P2O5-1.5MgO) having a Tg at 634 °C and 

crystallizing at 830 °C,78 the addition of TiO2 here has shifted the range to lower processing 

temperatures available which can be beneficial when creating heat treated biomaterials 

such as scaffolds.  Even compared to 45S5 the glass-ceramics here have a lower Tg and 

lower crystallization temperature.79 

 The addition of TiO2 seems to initially drive down the Tg but then as the TiO2 

concentration increases so does Tg, indicating that concentrations of TiO2 should be used 

near the 20 mol% level to achieve the widest window for Tg.  This shift in Tg suggests that 

TiO2 acts as a network modifier at a lower concentration, 20 mol %, and then acts as a 

network former for glasses as the concentration increases.  The use of SrO in the mid-range 

compositions may be beneficial to expanding the Tg processing window as well, as one 

study reports a large increase when SrO replaces CaO for the glass working range.80 

6. Biflexural strength 

 The biflexural strength of the material is shown in Figure 11, pertaining to equation 

1, the forces shown reveal that the 600 °C sintering temperature resulted in extremely weak 

materials across all compositions, likely due to being below the Tg for all compositions as 

the discs are unlikely to be fully sintered and loosely bound together causing the low 

strengths observed, KS-20 as the exception to this due to being nearest the Tg (Figure 10).  

The highest strength materials occurred at 800 °C for KS-0, KS-20, and KS-40, whereas 

KS-60 peaked at 1000 °C. The biflexural strength of each composition drastically differs 

with sintering temperature, as previously stated in Figure 10, the 600 °C is below the Tg 

for all glass compositions. At the 1000 °C sintering an increase of mechanical strength is 

noted for the KS-60 only with the exact cause is assumed to be the majority TiO2 

concentration governs the mechanical properties.   
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Figure 11.  Biflexural strength of KS-series of discs after a 24-hour sintering profile 

 

 The modulus calculated from equation 2, Figure 12, have similar strengths however 

this distinction accounts for the material thickness and deflection from the disc center.  KS-

20 sintered at 800 °C shows similar modulus to trabecular bone (1-2 GPa), though all 

compositions fall short of the cortical modulus minimum of 7 GPa.40  Compared to the 

flexural strength of hydroxyapatite KS-20 achieved a similar strength, 61.6 and 64.7 MPa 

respectively, at a lower sintering temperature of 800 °C versus 1250 °C.81 The wide 

standard deviation in KS-40 800 °C is not recommended for load bearing applications, the 

source of the deviations is assumed to be processing defect related but is not examined here 

for the variation in disc strengths. 
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Figure 12.  Biflexural modulus of KS-series of discs after a 24-hour sintering profile 

7. Inducitvely coupled plasma  

 The release rate of all ions, Figure 13, shows that the release of silicon (Si4+), 

sodium (Na+), and phosphorous (P5+) ions increase with time whereas strontium (Sr2+), 

calcium (Ca2+), and titanium (Ti4+)decrease with time. The release of Na+ reached the 

highest after 1000 hours from KS-0, indicating that Na+ is actively released by the glass 

and remains in suspension, likewise with Si4+ and P5+, supported by other studies that also 

show similar trends.66,82  Sr2+ and Ca2+ show peaks at 10 and 100 hours, respectively, this 

indicates that the ions have leached from the glass and then precipitated back out of 

solution, possibly forming crystals on the surface of the glass, since the samples were not 

agitated to prevent re-deposition.  The general trend of all ions shows that the release of 

ions is negatively impacted by the addition of titanium in the glass.  To further describe the 

effect of this approach would be to use SBF over DI water, as that is more biologically 

relevant.  To contrast with another study by Li et al.82 the ion release rates reduce and 

correlate more closely with crystalline behavior than amorphous releases. 

 The mechanism of glass particle dissolution is suspected by way of breaking 

oxygen bonds in Si-O-Ca or Si-O-Na primarily to initiate the dissolution of a glass, 
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however, addition of TiO2 can slow this process and has been shown to be more insoluble 

in solution. Also, crystallization can limit the degradation rate, i.e. CaTiO3 limits the Ca 

release as observed from TiO2 containing glasses.83 

 

 

Figure 13.  ICP data for each glass with 1m2 surface area over logarithmic time scale 

 

 The main reason to examine the release of ions is to provide evidence of 

approximate concentrations to the in vitro environment as the presence of ions in solution 

is known to favor certain cellular pathways.84  
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8. Scanning electron microscopy / Energy dispersive X-ray spectroscopy 

The degradation of these glasses are important to understand at an ionic level, as done 

with ICP, and also at a microscopic level, with analysis from SEM and EDAX.  The 

information gathered is about proving the glasses degrade in a manner that produces 

biologically relevant depositions that can be used with cells to aid in osteogenesis and other 

regenerative processes.  Additionally, this examination shows if there is a preference for 

nucleation points or if the depositions is homogenous across the surface.  Images can be 

found in the Appendix along with relevant EDAX spectra.  EDAX signal similarity of 

Silicon (1.37 KeV) and Strontium (1.81 KeV) does complicate the distinction of which is 

present in the differentiation, which lead the focus on Calcium, Sodium, and Titanium for 

this experiment. Also, the low release ionic release rates from ICP for KS-40 and KS-60 

excludes these compositions from analysis. 

The KS-0 discs after 1-hour in all 3 solutions showed deposition of small sphere-like 

growths on the surfaces, Figure 14, 15, and 16.  EDAX of the KS-0 discs at all pH’s and 

times show that the deposits have significantly higher Calcium than the surface of the disc, 

however Calcium Phosphates had not formed due to the low Phosphate in the glass 

compositions (1 mol %).   

Looking at the 10-hour samples for KS-0 the spheres, Figure 17,18, and 19, had 

grown larger and seems that the spheres could not support their own weight and collapsed 

onto the surface making bowl-shaped features on the disc surfaces.  Some samples showed 

dendritic features that appeared at 10 and 100 hours and only when in pH 4 solution, Figure 

17 and 20.  The 100-hour KS-0 discs show an obviously crystalline deposit with less 

Sodium in the crystal and primarily Calcium.  Lower Sodium concentrations are supported 

by the ionic release that shows continual increase over the 10-hour period.  

KS-20 discs experienced a slower development of the same surface features, where 

KS-0 spherical features were apparent at 1-hour, the KS-20 samples lacked that stage and 

directly went to Calcium rich features that were like 100-hour KS-0 crystallized features 

with lower Silicon or Strontium relative content, Titanium also did not dissolve from the 

disc and redeposit over any period.  At 100-hours the Calcium rich features can be seen 
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anchored to the discs, the nucleating point seems able to support multiple crystals, opposed 

to a large single crystal growth.    
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SUMMARY AND CONCLUSIONS 

 For this study four bioactive glass compositions were batched with varying TiO2 

concentrations (0, 20, 40, and 60 mol%) for melt quenching and characterized for use as a 

potential bioactive scaffolding material. 

 TiO2 acts as a crystallizing agent in bioactive glasses, the main crystal that would 

develop at low annealing temperatures is CaTiO3, but can still form a glass from melt-

quench at 20 mol % TiO2.  From MAS-NMR data the KS-20 composition showed a similar 

glass connectivity to KS-0, suggesting TiO2 in acts as a network intermediate in glass 

structures. Incorporation of TiO2 does impact the properties of a glass and forces 

crystallization at lower temperatures, in addition to increasing the processing window for 

with 20 mol % addition.   

 The reduction in modulus from adding TiO2 at 20 mol% achieved the best match 

to trabecular bone with sintering at 800 C.40  The dissolution rate of ions was negatively 

impacted by adding TiO2, though the use of DI water in this approach may not be directly 

representative of dissolution medium that more closely represent in vivo conditions due to 

pH and other ionic factors.  The SEM/EDAX shows the formation of Ca-rich deposits on 

the surface of KS-0 discs rapidly, and more slowly with KS-20 discs in all pH solutions 

tested.  There was no obvious difference between each pH at each time point. 

 Titanium modifies the properties of silica based bioactive glasses to better align 

with that of bone, though expanding on the idea for implantation and commercialization 

are not examined at this stage.  The overshoot of adding 40 mol % TiO2to a glass 

composition shows that there is a clearly negative mechanical and dissolution attributes  

that significantly reduces ionic release from these compositions, which could therefore 

limit its potential as a bioresorbable orthopedic material.   
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FUTURE WORK 

 To advance from this work it would be advised to take a number of routes; 

decreasing the TiO2 increment, broadening the testing for biocompatibility, and producing 

rigid scaffolds for biocompatibility testing. 

 The first option would also entail finer steps for SEM imaging or ICP analysis to 

better understand the time points of the re-deposition from the glass to the disc surface over 

shorter time periods such as 12, 24, or 48 hours. 

 Second, the interaction of fibroblasts or osteoblast cells in cell culture, and in vitro 

testing in simulated body fluid to better understand the effect of glass dissolution, and how 

the addition of cations impacts the mineral deposition, and the viability of relevant cell 

lines. 

 The third approach would look more into the processing routes to develop scaffolds 

by traditional methods, foam replication, or additive manufacturing, robocasting. Both 

methods should strive to better understand the interaction with bacteria and osteoblast type 

cells to then enable further analysis as a bioactive material.  This would also encourage the 

further investigation into ideal temperature for producing strong and vitreous scaffolds. 
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APPENDIX 

a)  b)  

c)

 
d)

 

Figure 14.  KS-0 1 hour pH4: a) wide view, b) crystal view, c) surface EDAX, d) crystal EDAX 

  

KS-0 Surface 1 hr pH 4 

KS-0 Crystal 1 hr pH 4 
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a)  b)  

c)  

d)  

Figure 15.  KS-0 1 hour pH7: a) wide view, b) crystal view, c) surface EDAX, d) crystal EDAX 

  

KS-0 Crystal 1 hr pH 7 

KS-0 Surface 1 hr pH 7 
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a) b)  

c)

 
d)

  

Figure 16.  KS-0 1 hour pH10: a) wide view, b) crystal view, c) surface EDAX, d) crystal EDAX   

KS-0 Surface 1 hr pH 10 

KS-0 Crystal 1 hr pH 10 
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a)  b)  

c) d)  

e) 

 

KS-0 Surface 10 hr pH 4 
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f) 

 

Figure 17.  KS-0 10 hr pH 4: a) wide view, b) close view of dendrite, c) hair-like protrusions on 

collapsed sphere, d) plate-like structure growth, e) EDAX of surface(dendtride is similar and not 

shown) , f) EDAX of crystal in c and d 

  

KS-0 Crystal 10 hr pH 4 
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a)  b)  

c)  d)   

e)

 

KS-0 Surface 10 hr pH 7 
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f)

 

Figure 18.  KS-0 10 hr pH 7: a) wide view, b) close view of sphere, c) further image of sphere, d) 

hair-like protrusions on collapsed sphere, e) EDAX of surface, f) EDAX of sphere 

  

KS-0 Crystal 10 hr pH 7 
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a)  b)   

c)  d)   

e)

 

KS-0 Surface 10 hr pH 10 
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f)

 

Figure 19.  KS-0 10 hr pH 10: a) wide view, b) close view of sphere, c) surface feature, d) hair-

like protrusions on collapsed sphere, e) EDAX of surface, f) EDAX of sphere  

  

KS-0 Crystal 10 hr pH 10 
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a)  b)  

c)  d)  

e)

 

KS-0 Surface 100 hr pH 4 
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f)

 

 

 

g) 

 

Figure 20.  KS-0 100 hr pH 4: a) wide view, b) close view of dendrite, c) view of spherical 

deposit, d) flower-like growth, e) EDAX of surface, f) EDAX of dendrite, g) EDAX of crystal 

  

KS-0 Dendrite 100 hr pH 4 

KS-0 Crystal 100 hr pH 4 
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a)  b)  

c)  d)  

e)

 

KS-0 Surface 100 hr pH 7 
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f)

 

Figure 21.  KS-0 100 hr pH 7: a) wide view, b) close view of sphere, c) closer image of crystal, 

d), e) EDAX of surface, f) EDAX of crystal  

  

KS-0 Crystal 100 hr pH 7 
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a) b)   

c)  

d)

 

KS-0 Surface 100 hr pH10 
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e)

 

Figure 22. KS-0 100 hr pH 10: a) wide view, b) close view of crystal, c) image of  upper half of 

the crystal, d) EDAX of surface, e) EDAX of crystal  

  

KS-0 Crystal 100 hr pH10 
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a)  b)    

c)

 

Figure 23. KS-20 1 hr pH 4: a) wide view, b) close view, c) surface EDAX 

  

KS-20 Surface 1 hr pH4 
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a) b)  

c)

 

Figure 24. KS-20 1 hr pH 7: a) wide view, b) close view, c) surface EDAX 

  

KS-20 Surface 1 hr pH7 
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a)  b)  

c) 

 

Figure 25. KS-20 1 hr pH 10: a) wide view, b) close view of pitting, c) EDAX of surface 

  

KS-20 Surface 1 hr pH10 
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a)  b)  

c)

 

Figure 26. KS-20 10 hr pH 4: a) wide surface view, b) closer examination of crystal, c) EDAX of 

surface, d) EDAX of crystal   

KS-20 Surface 10 hr pH4 
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a)  b)  

c)  

d)

 

KS-20 Surface 10 hr pH7 
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e) 

 

Figure 27. KS-20 10 hr pH 7: a) wide surface view, b) closer examination of crystal, c) 

examination of crystal anchoring, d) EDAX of surface, e) EDAX of crystal 

  

KS-20 Crystal 10 hr pH7 
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a)  b)   

c)

 
d)

 

Figure 28. KS-20 10 hr pH 10: a) wide surface view, b) crystal view, c) EDAX of surface, d) 

EDAX of crystal 

KS-20 Crystal 10 hr pH10 

KS-20 Surface 10 hr pH10 
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a) b)  

c)

 
d)

 

Figure 29. KS-20 100 hr pH 4: a) broad surface view, b) closer view of crystal, c) EDAX of 

surface, d) EDAX of crystal   

KS-20 Surface 100 hr pH4 

KS-20 Crystal 100 hr pH4 



53 

a) b)  

c)  

d)

 

KS-20 Surface 100 hr pH7 
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e)

 

Figure 30. KS-20 100 hr pH 7: a) broad surface view, b) closer view of crystal, c) crystal 

attachment to the disc surface, d) EDAX of surface, e) EDAX of the crystal   

KS-20 Crystal 100 hr pH7 
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a)  b)  

c)  
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d)

 

e) 

 

Figure 31. KS-20 100 hr pH 10: a) broad surface view, b) closer view of crystal, c) crystal 

attachment to the disc surface, d) EDAX of surface, e) EDAX of the crystal 

KS-20 Surface 100 hr pH10 

KS-20 Crystal 100 hr pH10 
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