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ABSTRACT

PROCESSING BETA-TRICALCIUM PHOSPHATE AND 4555 BIOGLASS
MIXTURES FOR OSTEOGENIC BONE TISSUE SCAFFOLDS

Phillip Zachary James, M.S.

The University of Texas at Arlington, 2017

Supervising Professor: Panos Shiakolas

A 30% 45S5 Bioglass and 70% [-tricalcium phosphate ceramic mixture, which
was previously shown to be osteogenic [1], was sintered and the process was inves-
tigated as a strengthening mechanism. Samples were sintered for dwell times of 1,
2, and 4 hrs at 500°C to avoid crystallization of the 45S5 Bioglass. Two different
binders were used, 2% gelatin in deionized water and 2% laponite with 2% oleic acid
in deionized water. The mixture was also robocasted as a slurry to evaluate the
manufacturing process.

Mechanical compression testing shows that the laponite with oleic acid binder
acted as a sintering aid leading to a small increase in strength with longer sintering
times, while the 2% gelatin binder had no clear trend in strength increase. Computed
X-ray tomography (u-CT) scans revealed no significant densification from the sinter-
ing process and scanning electron microscope (SEM) images revealed no significant
changes in the microstructure which indicates that 500°C is an ineffective sintering

temperature.

v



X-ray absorption near edge structure (XANES) analysis was performed for sili-
con and phosphorus L 3-edges and for oxygen K-edge. Silicon L, 3-edge data reveals
that for the laponite with oleic acid binder samples, longer sintering times change
the spin-orbit interaction of the 2p electrons as the bonding structure becomes more
similar to sodium silicate and the laponite becomes incorporated into the SiO, glass
network. Phosphorous L, s-edge data reveals no significant changes in phosphate
bonding structure which is to be expected.

It is known that for the Na,O — C'aO — Si05 system that non-bridging oxygen
atoms preferentially bond to Ca instead of Na. The oxygen K-edge data shows that
the samples have an increase in bridging oxygen bonds (Si-O-Si) over 45S5 Bioglass,
which indicates that after addition of the binder, there is a decrease in the amount of
Na in the glass network relative to Ca. The bridging oxygen bonding decreases upon
sintering but there are no significant changes for longer sintering times.

For robocasting of the ceramic slurry, an engineering case study is presented
to discuss issues related to process repeatability, lessons learned in implementing the

process, and suggestions for future work.
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CHAPTER 1
Introduction and Background

1.1 Need of Biomaterials for Bone Grafting and Bone Tissue Engineering

A widely quoted figure estimates that 500,000 bone graft procedures are per-
formed in the United States each year [4]. A more in depth analysis of the U.S.
National Hospital Discharge Survey between 1992 and 2007 shows that of almost 2
million bone graft procedures performed, 83% were autogenous and 17% were either
allografts or artificial [5].

Biological sources for bone graft material are autogenous/autografts (from pa-
tient), allografts (from cadaver), and xenografts (from animal). Autografts require
additional surgery with potential complications from donor site morbidity. Allografts
and xenografts are potentially immunogenic which can lead to rejection of the trans-
planted tissue.

Synthetic materials for medical implantation, despite being bioinert will still
cause a foreign body response that can hinder tissue function. The foreign body
response is initiated when the surface chemistry of a material causes proteins to
denature as they are adsorbed onto the material surface. The denatured proteins
initiate a response from macrophage cells which eventually leads to the growth of a
layer of fibrotic tissue surrounding the implanted material [6]. These problems have
lead to the development of bio-active materials that are able to integrate with tissue
and either bioresorb or biodegrade over time. Bioresorbable materials show bulk

degradation and further resorb in vivo eventually leading to total elimination from



the body. Biodegradable materials break down and disperse in vivo and may move
away from the initial site but are not completely eliminated from the body [7].

In conjunction with biomaterials research, tissue engineering is an active re-
search area. The goal of tissue engineering is to provide proper signals to stem cells
to induce the proliferation of stem cells, differentiation of stem cells into the appro-
priate cell type, and regeneration of fully functional tissue. Current methods being
studied involve creating a porous structure called a scaffold which functions as the
extracellular matrix (ECM) which is then seeded with stem cells and implanted in
the body. The scaffold provides mechanical support during tissue regrowth while
providing signals to the cells through its surface chemistry, topology of its micro and
nano-scale structure, mechanical response, etc.

One of the many challenges facing tissue engineering is control of the scaffold
pore structure. The scaffold needs to be porous to allow space for cell in-growth, vas-
cularization, and for nutrient and oxygen transport to ensure cell survival. For bone
tissue, the optimum pore size is disputed and studies have used pore sizes from 20 to
1500 pm [8]. Scaffolds with a gradient of pore sizes from 750 pm to 100 pm have been
shown to increase cell seeding efficiencies from 35% to 70% when compared to scaffolds
with a single pore size [9]. Traditional scaffold fabrication techniques include solvent
casting/particulate leaching, gas foaming, fiber bonding, electrospinning, and phase
separation methods. These traditional methods create highly porous scaffolds, but
have little direct control over either the pore structure, size, and/or inter-connectivity
while additive manufacturing methods have the advantage of precisely controlling the

pore size and inter-connectivity [8].



1.2 Previous Research

This current research is a continuation and extension of research performed by
Chien-Ning Yao (Anabelle) for her master’s thesis while she was in this research group.
Initial material testing and in vitro testing with MC3T3-E1 cells was performed using
two powder compositions: 20% 45S5 Bioglass+80% [-TCP and 30% 45S5 Bioglass
+ 70% B-TCP and using three different binders in deionized water: 2% gelatin, 2%
laponite, and 2% NasH POy [1].

The 30% 45S5 Bioglass + 70% [-TCP mixtures compared to the 20% Bioglass
mixtures had slightly improved cell viability and proliferation but significantly higher
compression strength. While the mixtures with 2% NayH PO, binder had comparable
in vitro results for cell viability and proliferation, their injectability was poor which
makes the binder unsuitable for robocasting. Therefore, this current research focuses
on using 30% 45S5 Bioglass + 70% B-TCP as the powder and two different binders:
2% gelatin and 2% laponite.

For the 30% Bioglass + 70% (-TCP powder mixture, initial compression testing
was performed on unsintered bulk samples after soaking the samples in PBS for 1 day
and 28 days. Results showed that when soaked in PBS for 28 days the bulk samples
had a compression strength of 8.22 MPa with the 2% gelatin binder and 5.08 MPa
with the 2% laponite binder. The 28 day strengths are similar to trabecular bone
(6.17 MPa). But at a 1 day PBS soak time, the bulk samples had a compression
strength of only 1.53 MPa with the 2% gelatin binder and 0.809 MPa the 2% laponite

binder, which is obviously problematic.



1.3 Bone Composition and Biological Apatites

The ECM of bone tissue is a polymer matrix-ceramic composite with a hier-
archical structure all the way down to the nanoscale. Bone composition by weight
is approximately 65% mineral, 10% water, and 20-25% organic components 90% of
which is type I collagen [10].

Bone mineral is often assumed to be hydroxyapatite, (Ca10(PO4)s(OH)2), but
in dentin and bone mineral there are frequent substitutions of CO3™ ions at disordered
PO}~ crystal lattice sites and substitutions of several different ionic species at the
Ca** lattice sites. Also, biological apatites are non-stochiometric mixtures and may
have Ca/P molar ratios between 1.5 and 1.66 versus Ca/P=1.66 for stochiometric
HA [3]. Additionally, bone material contains 3% structurally incorporated water in

addition to adsorbed water [11].

1.4 Solid Materials

Several biomimetic ceramic materials are being researched for use in bone tis-
sue scaffolds. Hydroxyapatite seems to be a logical choice due to its similarity to
bone mineral, but due to its insolubility in water stochiometric HA is not resorbable
unless it contains impurities like carbonate, structural defects, or is nano-scale in
size [12]. Tricalcium phosphate is chemically similar to hydroxyapatite but is less
thermodynamically stable and is therefore more soluble in water and bioresorbable.

B-TCP (Caz(PO,)2) in water undergoes a slow dissolution and a hydroxylation
reaction leading to the precipitation as HA. The dissolution and re-precipitation rate
of B-TCP is ideal for bone tissue engineering since it more closely matches the bone
growth rate [13]. There is also evidence that suggests that in physiological conditions

B-TCP dissolution occurs through a cell mediated resorption process [12]. In vivo



testing has shown that at 32 and 52 weeks after implantation, S-TCP based bone
grafts actually have a higher percentage of bone material than grafts made from
deproteinated bovine bone [14].

4555 Bioglass is used in bone grafts since it bonds strongly to both hard and
soft tissues. In vitro testing has shown that 45S5 Bioglass releases Si** and Ca?* ions
which up-regulate gene expression for osteocalcin in MC3T3-E1 subclone 4 osteoblasts

which is known to correlate with high bone density [15].

Table 1.1. Bulk Mechanical Properties of Relevant Materials

Species Elastic Modulus | Compression Source
(GPa) Strength  unless
noted (MPa)
Cortical Bone 17-25 (Longitudinal) | 180-200 (Longitudi- | [13]
nal)
10-12 (Transverse) 120-140 (Transverse)
Trabecular Bone 0.2- 4-12 [13]

1.0(Longitudinal)
0.01-0.4(Transverse)

Hydroxyapatite 40-100 90-120 [13]
4535 Bioglass 0.35 42 (Tensile) [16]
B-TCP (dense) 82.6 459 [17]
30%BG/B-TCP ; 0.714 (1 day in PBS) | [1]

(2%Gelatin Binder)
8.22 (28 days in PBS)
30%BG/B-TCP - 0.809 (1 day in PBS) | [1]
(2%Laponite Binder)

5.08 (28 days in PBS)

1.4.1 Tricalcium Phosphate
Tricalcium phosphate is a commonly used bioceramic with the chemical for-
mula of C'az(POy)s. There are two main crystalline phases that are either stable or

metastable at room temperature: 5 and « phases. The -phase has a rhombohedral

5



crystal unit cell and is stable up to 1125 °C. The a-phase has a monoclinic crystal
unit cell, is metastable at room temperature, and stable above 1125 °C. There is a
third crystalline phase, o/, but it is only stable above 1430 °C. Amorphous TCP when

heated to 650 °C can convert directly to a-TCP and/or 5-TCP [3].

1.4.1.1 Solubility and Cement Formation

Tricalcium phosphate undergoes a dissolution and re-precipitation reaction in
aqueous solutions. In acidic solutions with a pH below 4.2, brushite (dicalcium phos-
phate dihydrate) precipitates and in solutions with a pH above 4.2 a calcium deficient
hydroxyapatite (CDHA) precipitates instead [18].

Brushite Formation [19]:
Caz(POy)s + Ca(HyPOy)s - HyO + THyO — ACaH PO, - 2H,0  (1.1)

Apatite Formation [19]:
3Ca3(POy4)2 + HyO — Cag(HPO4)(PO4)sOH (1.2)

The ionic dissolution is governed by the Gibb’s Free Energy Equation where:
A,G° = —RTIn(Ksp) and Kgp is the solubility product. The a-phase is more soluble

than the S-phase, and HA is practically insoluble (Table 1.2).

Table 1.2. Solubility Products at 25°C [3]

Species | K

a-TCP | 8.46 x 1073
B-TCP | 2.07 x 10733
HA 6.62 x 107126




This lower solubility of B-TCP affects the reaction kinetics of cement set-
ting/apatite formation due to the slower dissolution rate. It has been shown that
in a 1 mol/L. ammonia solution at 200°C, S-TCP takes 240 hours to convert to HA,
while total conversion of a-TCP occurs in only 3 hours [20]. Another study showed
that a-TCP cement set using a 2.5% NayH PO, solution and soaked in Ringer’s so-
lution had 78% conversion to CDHA and a compression strength of 32.7 MPa in 24
hours and 100% conversion to CDHA and a strength of 37.9 MPa in 360 hrs (15 days)
[21]. For this reason, most research for injectable apatite type cements use a-TCP.

A study by Gbureck showed that converting S-TCP to an amorphous phase
by high energy ball milling increases the reaction rate during a soak in a 2.5 wt %
NayH PO, solution for 24 hours. The -TCP (85.8% relative crystallinity) had only a
19.2% conversion into HA and a compression strength of 7.4 MPa, while amorphous-
TCP (26.3% relative crystallinity) had a 92.7% conversion into HA and a strength of

51.0 MPa [22].

1.4.2 Bioglass

4555 Bioglass is an older synthetic bioactive material developed in 1969 by
Larry Hench in an effort to help regenerate bone for wounded Vietnam War veterans.
During the initial in vivo animal testing, the surgeon performing the autopsies was
unable to physically remove the Bioglass from bone at the implanted sites due to the
strong bonding [23]. The FDA approved 45S5 Bioglass to replace the ossicular bone
in the middle ear in 1985 and for orthopedic bone grafts in non-load bearing sites
in 2000 [23]. For dental applications, 45S5 Bioglass is used under the trade names
of Perioglass and Novabone to aide in bone grafting and under the trade name of

Novamin as a toothpaste additive to treat dentin sensitivity.



4555 Bioglass is a near eutectic soda-lime phosphosilicate glass mixture com-
posed of the following: 45wt.%Si04, 24.5wt.%CaO, 24.5wt.% N a0, and 6wt.% P,Os.
The high bioactivity of 4555 Bioglass is due to the surface chemistry when exposed to
water in physiological environments. The first reaction is a dissolution of C'a®** and
Nat ions and replacement with H* leading to the formation of Si — OH bonds. An
amorphous calcium phosphate layer is formed and the Si — OH functional groups act
as a nucleation source for the crystallization of a hydroxyl-carbonate apatite surface
layer [16].

Studies have shown that during dissolution in biological conditions the Na* ion
concentration range from 2937.0 to 4983.8 ppm, while the next highest concentration
of ionic dissolution product is Ca®T which only ranges from 47.5 to 88.3 ppm [24].

The dissolution of the Na™ ions into the solution is a major issue during robo-
casting since it changes the zeta potential of the 4555 Bioglass particles and destabi-
lizes the suspension of Bioglass particles in the slurry which has led to some researchers
using a dispersant in the slurry [25][26].

4555 Bioglass is typically amorphous, but crystallization occurs at 677°C, and
the glass transition temperature is 538°C [16]. There are concerns that full crystal-
lization of 45S5 Bioglass renders the material bioinert instead of bioactive. There is
some evidence that cell proliferation on partially crystallized Bioglass may be made
comparable to the amorphous state with post-sintering treatments to functionalize

the surface [27].



1.5 Binder Materials
1.5.1 Gelatin

Gelatin is derived from collagen by processing it with either strong acids or bases
which hydrolyze the protein. Gelatin solutions form a gel by physically crosslinking
when the solution cools below 35°C. This process is thermoreversible unless the so-
lution is heated past 70°C [28]. The harsh processing conditions make gelatin less
immunogenic than collagen and its biosafety has led to the use of gelatin in variety
of regulated medical products [29]. Gelatin also has excellent biological properties
supporting cell attachment, proliferation, and stem cell differentiation while being
available at a low cost [30].

Gelatin sources are primarily bovine skins, pork skins, or bovine and pork bones,
but processing gelatin from fish parts is a current research area since the different
protein composition yields different properties and the process utilizes agricultural
waste [31]. Mammalian sources tend to have a higher gel strength that fish. Due to
the variation in the biological source material, gelatin is graded by its strength based

on its resistance to penetration using an industry standard called the Bloom test [32].

1.5.2 Laponite

Laponite is a synthetic smectic clay nanoparticle used in several industries as a
rheology additive due to its thixotropic (shear thinning) properties. It also has been
used to create biocompatible hydrogels by physical crosslinking [33]. The chemical

formula is:

Nag;[(SisMgs.5Lio3)Oz00m).) "

Laponite solutions are also sensitive to preparation conditions and can form sev-

eral different age dependent sol, gel, colloidal, and glass phases which causes difficulty



when comparing results between different scientific studies [34][35]. The nanoparti-
cles are disk shape and have a negative surface charge which causes the particles to
form either a "house of cards” or ”parallel partial overlap” stacking arrangement in
a solution creating a glass or gel network [35]. The electrostatic interactions make
laponite sensitive to ionic species in the solution (i.e. preparation in deionized vs tap
water). The different phases are easily decomposed by the application of mechanical

shear forces to the solution.

1.5.3  Oleic Acid

Oleic acid is a monounsaturated fatty acid common in vegetable and plant based
oils. Olive oil is composed of 70% of oleic acid. The chemical formula is: CigH3405.
The density is 0.887 g/cm? at 25°C.

Intravenous injection of oleic acid is known to cause acute pulmonary edema in
certain mammals [36]. The median lethal dose (LD50) for oral consumption in rats
is extremely high at 74,000 mg/kg, but the intravenous LD50 is only 2.4 mg/kg. For
mice which don’t suffer from the issues with pulmonary edema from oleic acid, the
intravenous LD50 is 10 times higher at 230 mg/kg [37]. In this study, oleic acid was
used a surfactant for the laponite binder to aid in robocasting. At concentrations of
2% by volume in the laponite binder and a powder/liquid ratio of two, 8.87 mg of
oleic acid should be present per gram of base powder used (See Section 2.2.3). The
oleic acid should be burned off in the sintering process, but for unsintered mixtures

the concentration could be significant for certain animals.
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CHAPTER 2
Research Methodology and Material Preparation

2.1 Objectives and Methodology of Current Research

The main focus of the current research is to improve the processing methods
and mechanical strength of the scaffolds. While the material experiences significant
strengthening after a long duration soak in PBS, the unsintered samples have a very
low initial strength which makes them unsuitable for implantation. Sintering was
performed at 500°C to increase the initial strength. Changes in the porosity, mi-
crostructure, and compression strength are evaluated in Chapter 3. Changes to the
chemical structure were evaluated using X-ray Near Edge Absorption Spectroscopy
(XANES) and discussed in Chapter 4.

Additive manufacturing has great potential for tissue engineering applications,
but our initial processes for material preparation and robocasting suffered from poor
repeatability. This made it difficult to reliably make scaffolds or to optimize the
process. Robocasting is sensitive to the rheology of the slurry, and its repeatability
was greatly improved with a more controlled process for binder preparation which
is listed in Section 2.2.2. Robocasting is a deceptively simple looking process, and
due to issues with repeatability the topic is presented as an engineering case study in
Chapter 5.

The resolution of the robocasted scaffold is also a major limitation. The smallest
raster width is restricted by the smallest usable syringe tip size which is 650um for
the mixtures. The ideal pore size for bone tissue scaffold is 100-150 pym. Since the

minimum raster width is much larger than the target pore size, the scaffolds have
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a low macro-porosity which limits the volume for which cells can infiltrate into the
scaffolds therefore the biological functionality is reduced. The minimum tip size is
related to the rheology of the slurry and the chemical dissolution and setting process
when exposed to water. This behavior is fundamental to the slurry mixtures, so the

use of non-aqueous binders and alternative silica sources was briefly explored.

Material Heat Treatment Testing

Unsintered
2% Laponite 500°Cfor 1 hr
+2% Oleic uCT and
Acid Binder ~—  Porosity
(Bulk 500°Cfor 2 hr Analysis
Cylinder) (Ch3.)
500°C for 4 hr Compression
- Testing, SEM
S—
— imaging (Ch. 3)
Unsintered
XRD, XANES (Ch.4)
2% Gelatin 500°Cfor 1 hr
Binder L TGA
(Bulk 500°C for 2 hr (Ch.3)
Cylinder)
500°C for 4 hr

Figure 2.1: Experimental Setup for Bulk Samples

2.2 Materials Preparation
2.2.1 Ball Milling and Powder Preparation

[-TCP was purchased from Sigma-Aldrich. The 45S5 Bioglass was acquired
from US Biomaterials (now Novabone Products) with a particle size of less than 90

pm. In order to mix the two powders and reduce the particle size, the 4555 Bioglass
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and [-TCP powders were ball milled for 24 hours unless otherwise specified. The
grinding media used was yttria stabilized zirconia balls with a 5 mm diameter. Con-
tact with water was avoided to minimize chemical reactions, so ethanol was used as a
liquid phase. Before milling, the zirconia balls were dried at 110°C for approximately
an hour to remove any adsorbed water. A low speed jar mill and 250 ml polyethylene
bottle were used with the following amounts of material:

12g 45S5 Bioglass : 32g S-TCP : 40mL ethanol : 248g zirconia balls

After ball milling, the slurry was sifted into a petri dish and the remaining
slurry was rinsed from the bottle and zirconia balls into the petri dish using ethanol.
The slurry was dried at 60 °C for 2 hours and the dried cake of powder was then
ground with an agate mortar and pestle.

The 4555 Bioglass had an initial average particle size of 90um as specified by the
supplier. The 24 hr ball milling time was chosen since previous research determined
it was sufficient for robocasting and SEM measurements which determined the final
size of the powders to be 2.43 um (std dev =0.62 um) for the S-TCP and 30.23 pm
(std dev =12.67 pum) for the 4555 Bioglass [1].

2.2.2 Binder Preparation

Gelatin powder was added to de-ionized water at a 2% mass/volume ratio. The
solution was mixed, allowed to hydrate for 1 to 3 hours, heated to 61°C, tempered at
room temperature for 15 minutes, and then refrigerated a minimum of 16 hrs follow-
ing the protocol for the standard Bloom test [32]. The gelatin solution was heated
to 2241°C immediately before use to reduce the viscosity and provide a consistent
rheology of the slurry.

Laponite powder was added to de-ionized water at a 2% mass/volume ratio and

mixed vigorously with a magnetic stirrer. The total mixing time was twice the time
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required for the solution to clarify during the mixing process (approximately 10-15
minutes total). 90% oleic acid was added to the solution at a 2% volume/volume
ratio to act as a surfactant and improve the printability of the slurry. Over time the
oleic acid causes a precipitate to form from the solution, so oleic acid was only added
to the solution on the day of use. Immediately before use, the solution was mixed
vigorously with a magnetic stirrer to disperse gel phases to reduce age-dependent
effects.

2% mass/volume ratios were used for the binders since the biological properties
were already investigated in previous research [1]. For the gelatin binder, there are
concerns that increasing the amount could cause issues with the burnout of organic
molecules during sintering. At the beginning of the experiments, there were concerns
that increased amounts of laponite may pose problems biologically due to the higher
concentrations of lithium. Recently there was an in vitro study published which shows

hydrogels have good cytocompatibility with concentrations of 7% laponite [33].

2.2.3 Slurry Preparation for Robocasting

The final slurry mixtures were mixed with a spatula for several minutes by com-
bining 30% BG + 70% B-TCP powder with either the 2% gelatin or the 2% laponite
mixtures. Unless otherwise specified, for robocasting, all samples had a powder to
liquid ratio of 2 g powder to 1 mL of binder (P/L=2.00). For bulk compression test
samples only, the slurry mixtures used P/L=2.667 (See Section 2.2.4). During initial
mixing of the powder and binder, there is a tendency for it to seem like the binder
amount is insufficient to fully wet out the powder, but this disappears after a sufficient

mixing time.
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2.2.4 Bulk Sample Molding

The final slurry mixtures were mixed with a spatula for several minutes by
combining 30% BG + 70% [-TCP powder with either the 2% gelatin or the 2%
laponite mixtures. Bulk compression test samples have a tendency to crack during
drying due to uneven drying and high shrinkage rates, so the powder-to-liquid ratio
was increased to reduce cracking. Bulk compression test samples had a powder-to-
liquid ratio of 8 g powder to 3 mL of binder (P/L=2.667) and additional ethanol was
added as needed to allow temporary flow of the slurry. Unless otherwise noted, all
other samples the slurry mixtures used P/L=2.0 (See Section 2.2.3).

The slurries were pressed into plastic molds in the shape of @6.35mm cylinders
| ©0.250 in] to comply with the alternative geometry allowed in ASTM C1424 [3§]
(and in accordance with ASTM C773 [39]). The molds were prepared by coating the
surfaces with a silicone lubricant to act as a release compound. Due to the difficulty of
fabrication, limited machinability, and reduced amount of material required the simple
cylinder was used instead of the more accurate dumbbell shaped test specimen.

Samples were dried at room temperature for 3 days in an enclosed container
to slow the evaporation rate in order to reduce drying cracks. Then samples were
removed from the enclosed container and allowed to fully dry in ambient conditions
for 4 days. The drying process was verified through use of a reference mold with
several of the @6.35mm holes filled with water and the samples were assumed to be
dry once all the water had fully evaporated from the reference mold. Once the room
temperature drying process was complete, the samples were removed from the molds
and heated at 60°C for 4 hours to help remove residual moisture before sintering.

Sintered samples were sintered per Section 2.2.5. After sintering, the tops and

bottoms of the cylinders were ground down using a machine grinder to a height of
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12.7mm [0.500 in] to comply with ASTM C1424. The circular side of the samples

was left in the as-sintered condition due to the limited machinability of the material.

Figure 2.2: @6.35 x 12.7 mm tall bulk sample-gelatin binder, sintered 4 hr at 500°C,

sides are as sintered, ends are ground flat

2.2.5 Sintering Process

Samples were sintered in a Thermolyne 6000 muffler furnace (ThermoFisher
Scientific, Asheville, NC). The heating rate was 2°C per min up to 500 °C and held
for a specified amount of time (dwell time). The sinter dwell times for the bulk
compression test samples were 1, 2, and 4 hours. At the end of the dwell time the

oven was turned off and allowed to cool to for approximately 17 hours.
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CHAPTER 3
Sintering Characterization

3.1 Introduction

Due to the high melting temperatures and limited ductility of ceramics, it is
typically impractical to fully melt and cast a ceramic part as a manufacturing process.
The common alternative is to sinter the ceramic material, where the ceramic is ground
into a fine powder to raise its surface energy, the powder is formed into a net shape
called a green body. The green body is then heated to a temperature below its melting
point where diffusion moves material to bond together the separate powder grains to
reduce the size of interfaces and thereby lower the surface energy. A major issue with
powder processing, and hence sintering, is that it inherently introduces pores into
the material [40]. Therefore, to improve the mechanical properties of a material, it is
important for a sintering process to increase a ceramic material’s density.

As discussed previously (Section 1.1.4.2) crystallization of 45S5 Bioglass neg-
atively impacts its biological properties. The need to prevent BG crystallization is
a major limitation on the allowed sintering temperatures for the 30% BG + 70% [-
TCP mixtures. A sintering temperature of 500°C was chosen since previous research
showed that the mixtures had significant crystallization of the 45S5 Bioglass when
heated to 700°C, but not when heated at 500°C [1]. The low sintering temperature
was expected to cause a small but modest increase in compression strength.

There is evidence that Bioglass acts as a sintering aid for S-TCP at higher
temperatures. One study by Bergmann co-sintered a mixture of 60% Bioglass + 40%

B-TCP at 1000°C, which is above the crystallization temperature of Bioglass but
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below the transition temperature from S-TCP to a-TCP [41]. Analysis of the re-
sulting material revealed only NaCaPO, and C'aSiO3 phases present in the mixture.
Another study by Lopes, co-sintered a 7.5% Bioglass + 92.5% [-TCP mixture at
1200°C [42]. In the resulting material, a-TCP and S-TCP phases were present, but
no crystallized Bioglass which seems to indicate that the Bioglass was incorporated
structurally into the TCP crystal structure.

Bulk compression test sample geometries were chosen for mechanical testing
instead of robocasted/AM samples since currently there is no standard AM test ge-
ometry for this class of materials. Also, in the robocasted scaffolds there are effects
from interlayer bonding, geometric effects, and process variations which would be
difficult to quantify without a comparison to bulk sample compression test data. In-
dividual extruded rasters could be tested in a 3 or 4 point bend tests, but there would
be issues with the test setup due to the small geometries and loads involved.

Thermogravimetric analysis was performed to help characterize the heating
cycle and verify that there is no significant mass loss at the sintering temperatures.
A study showed that the weight of 45S5 Bioglass reduces to 93.6% at 700°C, but when

the NaO content was replaced with CaO the weight change was less than 1% [43].

3.2 Material and Methods

Cylindrical bulk compression test samples were fabricated per Section 2.2.2.4
(P/L=2.667) using either gelatin or laponite binders and were sintered per Section
2.2.2.5.

3.2.1 Thermogravimetric Analysis (TGA)

Samples were prepared for TGA testing per Section 2.2.2.3 (P/L=2.0) and the

slurry was allowed to fully dry at room temperature before testing. Approximately
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20 mg samples were used for testing with a sample size of 3. A Pelkins-Elmer TGA7
machine was used with Ny as a purge gas at a flow rate of 30 mL/min. The samples

were heated at a rate of 5°C per min up to 700 °C.

3.2.2 X-ray Computed Tomography

Bulk compression cylindrical compression test samples were scanned for only
the laponite binder samples. Due to limited machine access, a total of only 4 samples
were scanned (2 separate scans with 2 samples each) at a sample size of 1 for each
heat treatment.

The scans were performed on a X5000 X-ray CT system (North Star Imaging,
Rogers, Minnesota) with the beam operating at 70 kV and 335 mA and the camera
shooting at 2.5 frames per second. The image resolution was 5.26 um per voxel
(24.17X Magnification). Scan processing was performed using North Star Imaging
software and image slices of the CT scan volume were exported for analysis with a
5.26 pum spacing between slices. Voids are clearly differentiated by the image density
contrast due to the large difference in density (3 orders of magnitude).

Image analysis was performed using ImageJ processing software (https://
imagej.nih.gov/ij/). The porosity was determined by measuring the area per-
centage of voids in a 10 mm? section in the center of the sample over a set of image
slices along a defined sample length. The samples were scanned before grinding and
the top ends had a large number of cracks that would later be removed, therefore the
very top of the scanned volume was not used in the porosity analysis. There is a large
variability in the porosity of the sample due to manufacturing defects, so the porosity
analysis was also re-tabulated to contain data from the bottom 2.63 mm (500 images)

of the scan volume in an effort to get a more representative selection of data.
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3.2.3 Mechanical Compression Testing

Compression testing was performed per ASTM C1424 on an Instron 5567 Uni-
versal Testing System using displacement control at an applied strain rate of 1.3
mm,/min [38]. A 35 N preload correction was used to account for slack in the Instron
test machine. The test was either stopped automatically when the rate of change in
the load measurement exceeded 40% or stopped manually when the sample began to

experience sequential failures which did not exceed the 40% rate of change.

Figure 3.1: Compression test machine setup

3.2.4 SEM Imaging
After compression testing, the samples were sputtered with carbon for 5 minutes

using a CrC-100 Sputtering System operating with argon plasma at 8 millitorr of
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pressure. The fracture surface of the samples were imaged with a Hitachi S-3000N
Variable Pressure SEM operating at a high vacuum and using an electron beam

voltage of 25 kV using the Secondary Electron Imaging mode (SEI).

3.3 Results
3.3.1 Thermogravimetric Analysis (TGA)

At 700°C, average sample mass reduced to 95.38% (4.62% reduction) for gelatin
samples (Fig 3.2). At the sintering temperature of 500°C, the average mass reduced
to 95.75%. A total weight loss of 1.32% occurred as the samples were heated up to
100°C which is indicative of water loss, but the majority of the weight loss, 2.10%

reduction, occurred between 200 and 400°C.

Thermogravimetric Analysis
100%

——Sample#1-Gelatin
99%

——Sample#2-Gelatin
98%

Sample#3-Gelatin

97%
96%
95% T ——
94%
93%
92%
91%

90%
0 100 200 300 400 500 600 700

Temperature [°C]

Percent Weight

Figure 3.2: TGA of dried mixture with 2% gelatin binder
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The TGA data corresponds well with existing literature. The general curve
shape is similar to a 2012 study by Zhang on electrospun gelatin-3-TCP nanoparticle
mixtures with the S-TCP content ranging from 0-20% [44]. The study by Zhang
showed significant weight loss due to the large gelatin content, but had similar changes

in slope near 100, 250, and 325°C.

3.3.2 CT Scan/Porosity Changes

CT scans show that the samples have high micro-porosity (Fig. 3.3) with large
voids, cracks, and inclusions in all of them (Fig. 3.4). The presence of large voids
skews the overall porosity measurements which is evident in the large difference in
porosity along the length of the sample. For example, in the 2hr sample the porosity
changes from 50.0% to 71.9% within only a 1.2 mm section of the sample (Fig. 3.6
from z=6.1 to 7.3mm). Porosity data was analyzed for both the majority of the
sample length and from the bottom 500 slices of the CT scan (2.63 mm) in an effort
to get more representative data, but for the 4 hr sample this bottom section of the

sample length contained areas of high porosity (Fig. 3.5).

23



Figure 3.3: CT scan image cross section of laponite binder samples for unsintered

and 1, 2, and 4 hr sinter dwell times
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Figure 3.4: CT scan image cross section showing large voids and cracks for the 2 and

4 hr sinter dwell times
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Figure 3.5: Porosity Measurements along given sample length
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Figure 3.6: Porosity Measurement versus sample length

Table 3.1. Porosity and Strength of Individual Samples

Sinter Dwell Time (hrs) | Porosity  of | Porosity Tested Com-
Majority  of | of Bottom | pression
Sample Section Strength
(MPa)
Unsintered 29.55% 32.41% 6.79
1 33.56% 34.66% 8.48
2 47.28% 32.36% 7.85
4 33.83% 42.85% 10.71
Average | 36.06% | 35.50% | 8.46




3.3.3 Compression Strength

The gelatin binder samples did not show any significant increase in strength
with longer sintering times, but the laponite binder samples showed a roughly linear
increase in strength (Fig. 3.7). The average elastic modulus was 1.31 GPa for the
gelatin binder samples and 1.33 GPa for the laponite binder samples. The samples
failed either by simple crack formation or by progressive failures as sections of the
sample flaked off (Fig. 3.8).

Although the compression strength of the laponite binder samples responded
more strongly to sintering, qualitatively the gelatin samples appear to have a higher
green body strength. This is evident from the large number of laponite samples that

were damaged during fabrication, typically during the grinding (Table 3.2).

Average Compression Strength

Gelatin ® Laponite

=
o =

Compressive Strength (MPa)
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Unsintered 1 2 4
Sinter Dwell Time (hr)

Figure 3.7: Compression Test for Sinter Times of 1, 2, and 4 hr at 500°C
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Figure 3.8: Engineering stress-strain curve showing the typical failure modes. The

examples are gelatin binder samples with a 1 hr sinter dwell time

Table 3.2. Sample number for tests performed and fabrication process survival rates
from green body stage to compression testing

Sinter Swell Time Gelatin Binder Laponite Binder
Final Sample Size | Survival Rate | Final Sample Size | Survival Rate
Unsintered - - 1 25%
1 hr 3 75% 4 100%
2 hr 3 100% 1 25%
4 hr 3 80% 2 50%
All 92% 50%
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3.3.4 SEM Imaging

SEM imaging shows relatively smooth fracture surfaces which is indicative of
brittle failure and transgranular cracking which was expected (Fig. 3.9). Fig 3.10
shows sharp edges on the individual sintered grains which indicates that significant

surface diffusion didn’t occur during the sintering process.
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500um

Figure 3.9: SEM Images of fracture surface (a) transgranular crack, (b), (c), and (d)

fracture surface indicative of brittle failure
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Figure 3.10: SEM images of microstructure of sintered samples showing particles in

the 1 to 20 pm range

3.4 Discussion

Fabrication of the bulk samples was problematic due to the low green body
strength of the samples which required a reduction in the amount of liquid binder
and control of the humidity during the drying process as well. Also, the high viscosity

of the slurry makes it difficult to completely fill the molds and likely contributed to
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the high number of large voids in the samples. This creates a selection bias in the data
since the weakest samples are destroyed during the sample fabrication process. While
92% of the gelatin binder samples survived the process, only 50% of the laponite
binder samples (total) and 25% of the unsintered laponite binder samples survived.
Robocasted scaffolds did not have apparent issues with drying cracks which is likely
due to the high surface area and even drying, although issues may become evident
after sintering. Using individual robocasted raster lines as the mechanical testing
geometry may likely be less problematic due to the better drying characteristics.

The increased strength from the sintering process allowed for the tops and
bottoms of the samples to be ground flatter and more parallel by using machining
equipment, and this better geometric tolerance improves the accuracy of the compres-
sion test. This causes an issue when comparing the sintered strengths to the previous
data from Chien-Ning Yao (Anabelle). The single unsintered laponite sample to sur-
vive the grinding process had a reported compression strength 5.9 MPa higher than
similar samples from the previous PBS soak test (at soak time =1 day). With such a
limited sample size in the current testing it is difficult to determine how much of the
reported increase in strength is due to the sintering process and how much is from
the edge grinding.

The sintering temperature of 500°C is relatively very low and was chosen to
prevent crystallization of the 45S5 Bioglass. Sintering increased the compression
strength of the samples, but the magnitude of the increase was low. Analysis of the
CT scan data didn’t show a significant decrease in porosity from sintering. SEM
images of the microstructure also show sharp edges which indicates little diffusion
occurred during the sintering. All this is indicative that a higher sintering temperature

is needed.
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3.5  Conclusion

While the samples with laponite binder responded the best to sintering, the
increase in compression strength was small. No clear trend in densification occurred,
and the microstructure shows sharp edges indicating that little diffusion occurred. At
500°C sintering occurs, but a higher sintering temperature is needed for the process to
be an effective strengthening mechanism. Sintering temperatures in the range between
538°C (BG glass transition temperature) and 677°C (BG crystallization temperature)
should be investigated. The exact effect that the composition of the 30% BG + 70%
[-TCP powder mixture has on the Bioglass crystallization is unknown, so the absence
of BG crystallization needs to be verified for any new higher temperature sintering

processes.
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CHAPTER 4
XANES Analysis

4.1 Introduction
4.1.1 XANES

X-ray absorption spectroscopy (XAS) uses the excitation of an atom’s core
electrons from their ground state to an excited state in order to capture information
about the atomic electron shell structure and molecular orbitals in a material. XAS
is sensitive to the local structure of an atom and is useful for determining the surface
chemistry of both amorphous and crystalline samples.

The energy range of the spectra is determined by the element and the quantum
number of the electron shell being probed (i.e. the K, L, and M edges). The spectra
is divided into 2 ranges. The first part of the spectra is called X-ray Absorption Near-
Edge Structure (XANES) or Near-Edge X-ray Absorption Fine Structure (NEXFAS).
XANES contains information from multiple scattering events (forward and back scat-
tering) and gives information on electron shell structure and symmetry. The next part
of the spectra is called Extended X-ray Absorption Fine Structure (EXAFS). EXAFS
contains information mainly from single scattering events and gives information on
bond numbers, types, and distances to ligands and neighboring atoms [45][46].

XANES testing is performed using a synchrotron particle accelerator as a light
source. Electrons are accelerated to relativistic speeds and when an electron decel-
erates due to a bend in the beam line they lose energy by emitting a photon. This

creates an extremely brilliant, polarized, and collimated light over a wide range of
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wavelengths in the UV to X-ray spectrum. A diffraction grating or other monochro-

mator is then used to scan the sample along a select range of wavelengths.

4.1.2 Sample Composition

The initial powder mixture is 30%BG and 70%5-TCP by weight. The molar
composition of the mixture is 72.16% oxygen, and the majority of the calcium and

phosphorus are segregated in the 5-TCP (Table 4.1 and 4.2).

Table 4.1. Molar Composition of Powder Mixture by Element

Atomic Species
O Na Si P Ca
B-TCP 61.54% | 0% 0% | 15.38% | 23.08%
4555 Bioglass 82.26% | 6.80% | 6.45% | 0.73% | 3.76%
30%BG + 7T0%B-TCP | 72.16% | 3.49% | 3.30% | 7.88% | 13.18%

Table 4.2. Source of Elements in 30% 45S5 Bioglass + 70% [-TCP Powder

Atomic Species
O Na Si P Ca
B-TCP 41.59% | 0% 0% | 95.27% | 85.39%
45S5 Bioglass | 58.41% | 100% | 100% | 4.73% | 14.61%

For biologically relevant calcium phosphates, apatites often coexist as a mix-
ture with precursor calcium phosphate compounds, and XANES is a useful tool for
studying the materials [47]. XANES has been used in the study of biological apatites

in bone [48][49][2] and has also been used to evaluate the sintering of hydroxyapatite
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and 4555 mixtures to determine the type of silicate and phosphate bonding preset
[50].

Silicates are a broad and complex topic. The basic structural unit of silica is
SiO}~ tetrahedra but it can form six different structural units including rings, chains,
and sheets [40].

In the NasO-CaO—-Al;O3-Si04 glass system, sodium disrupts the glass net-
work by substituting for silicon atoms in the Si0, tetrahedra. The resulting oxygen
bond types are called bridging oxygen (BO) for Si-O-Si bonds between SiO, tetra-
hedra and non-bridging oxygen (NBO) fo Si-O-Na bonds. This is clearly visible in
XANES spectra due to the difference in binding energy between the BO and NBO
bonds [51][52]. Instead of substituting for silicon, calcium forms a Ca-O polyhedra
when it is incorporated in the glass network [53]. In this system, non-bridging oxygen

atoms will preferentially bond with calcium instead of sodium [54].

4.2 Methods and Materials

Samples were prepared per Section 2.2.4 (P/L=2.667) and then were processed
with 4 different sintering profiles per Section 2.2.5: unsintered, sintered at 500°C for
1, 2, and 4 hr dwell times. After compression testing per Section 3.2.3, the samples

were ground into a powder using an agate mortar and pestle.

4.2.1 X-ray Diffraction

X-ray diffraction tests were performed to verify the composition of the samples
and to check for the presence of HA formation prior to XANES testing. Powder
samples were analyzed with a Siemens D-500 Powder Diffractometer using copper K,

X-ray radiation (A = 1.54A = 8040 eV) in a § — 26 configuration. The acceleration
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voltage was 40 kV and the current was 30 mA. 26 values ranged from 10° to 65° with

a step size of 0.1° and a 0.1 s dwell time per step.

4.2.2 XANES

Samples were analyzed along with S-TCP, 45S5 Bioglass, HA nanopowder,
Si0, nanopowder, amorphous Si0O, (glass slide), calcium silicate, sodium silicate,
and powdered laponite as reference materials. The powder samples were mounted on
carbon tape. The S-TCP used as a model compound has a minimum of 96% purity as
stated by the manufacturer (Sigma-Aldrich, CAS Number 7758-87-4). The standard
requirement for implantation is 95% pure 8-TCP per ASTM F1088 [55].

XANES spectra were obtained using a sychrotron light source at the Canadian
Light Source in Saskatoon, Canada. The silicon and phosphorus L, 3-edge spectra
were measured on the Variable Line Spacing Plane Grating Monochromator (PGM)
beamline and the oxygen K-edge spectra was performed on the High Resolution Spher-
ical Grating Monochromator (SGM) beamline. The step size was 0.10 eV with a 1.0
s dwell time. All data was normalized by dividing by the incident photon energy, I.

For silicon and phosphorus L, 3-edge, fluorescence yield (FLY) measurements
were used since the low electrical conductivity of the samples caused unacceptable
levels of noise in the total energy yield (TEY) measurements. A baseline subtraction
was used for the phosphorus data but not for silicon.

For the oxygen K-edge data, the TEY measurements were less noisy than the
FY measurements so the TEY data was used. There appears to be a significant shift
in peak positions from published data, so all oxygen K-edge data was shifted -3.95

eV, to match the 5-TCP peak positions to a 2013 study by Rajendran [48].
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4.3 Results and Discussion
4.3.1 X-ray Diffraction

X-ray diffraction results verified that the only crystalline phase present is -
TCP which was expected (Fig. 4.1). The 500°C sintering temperature is too low
to cause transformations into a-TCP or crystallize the Bioglass. The samples were
mixed with a water based binder during fabrication, so there is some potential for HA
formation by both the 8-TCP and Bioglass, but there is no evidence of any significant

amounts of crystalline HA phases present.
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4.3.2 XANES Silicon L 3-edge

Pre-edge peaks A and B are a doublet due to spin-orbit interactions of the 2p
orbitals (Si 2p to Si 3s orbital transition) [50]. The sintering times of the samples
changes the ratio of the A and B peak heights (Fig. 4.3). For the gelatin binder
samples, there is no clear trend with changes in sintering time. For the laponite
binder samples, there is a clear linear decrease in the ratio with longer sintering times
which indicates that the laponite is active in the sintering process and aids in the
sintering. The A/B peak height ratios are higher than all the samples but are closest
to sodium silicate which indicates a similarity in Si bond types.

Calcium silicate has a distinguishing pre-edge peak D [50]. While there is a
subtle change in the pre-edge near the peak D location in the laponite and gelatin
binder samples, there is no clear peak which indicates that calcium is not being
incorporated into the glass network. The majority of the calcium is in the g-TCP
and appears to be too far away to influence the silicon bonds

Deconvolution of the main peak C was problematic with this data, due to the
fact that the samples are a mixture. There are several small shifts in the main peak
positions between the different model compounds. The samples require a smaller step
size and a longer step dwell time to increase the resolution in order to properly resolve

and deconvolute the peaks and determine the main contributions to bonding.
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Figure 4.3: Ratio of A/B peak heights

4.3.3 XANES Phosphorus L, 3-edge

The samples are more similar to HA nanopowder than S-TCP. Since the XRD
data does not show the presence of crystalline HA, this is likely a thin amorphous
surface layer of HA and not representative of the bulk composition of the material.
The penetration depth of the lower energy X-rays used for the P Ly 3-edge should be
in the range of a few tens of nanometers, while the higher energy X-rays used for the
XRD should penetrate deeper into the sample.

There is little change in the sample peaks between the different sintering con-
ditions which indicates that the phosphate, as expected, is not changing chemically
since the majority of the phosphorus is in the S-TCP. The Bioglass signals are rela-

tively noisy due to the small amounts of phosphate present.
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Peak E is thought to be a 2p electron in phosphorus transitioning to an empty
3d shell in calcium [50]. Other studies show a much less prominent post-edge shoulder
(peak E) in -TCP model compounds(Fig 4.5) [50],[2],[48],[49]. The minimum purity
of the 5-TCP used in this study is 96% as listed by the manufacturer where the study
by Rajendran used 99% pure 5-TCP [48].

The height of the post-edge shoulder indicates an increase in the number of
Ca atoms neighboring the P atoms, which means the Ca/P value is higher than the
stochiometric value of Ca/P=1.5. The increase Ca/P ratio is likely due to the presence
of tetracalcium phosphate, but this needs to be verified by further testing. On the
P05 — C'aO phase diagrams, for calcium rich mixtures, S-TCP and tetracalcium
phosphate should be present. Also tetracalcium phosphate (Ca/P=2.0) is the only
calcium orthophosphate with a higher Ca/P ratio than apatites (Ca/P= 1.5 to 1.66).
The XRD tests did not indicate the presence of tetracalcium phosphate, but XRD

will only pick up crystallized phases and the XRD scan had a short dwell time.
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4.3.4 XANES Oxygen K-edge

The 30%BG + 70%3-TCP samples are similar to the Bioglass and S-TCP
model compounds except they have a very prominent pre-edge peak B and post-edge
shoulder E which both correspond with sodium silicate peaks.

The pre-edge for the sodium silicate is a doublet due to differences in the tran-
sition energy for non-bridging oxygen bond (Peak A) and bridging oxygen (Peak B).
The 30%BG + 70%8-TCP samples do not have a prominent peak A, which indicates

most of the silicon to oxygen bonding is bridging oxygen. The decrease in Peak A
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is likely due to a combination of Na™ dissolution from the Bioglass and preferential
bonding of the NBO to Ca in the glass network.

The ratio between the peak heights for peaks B and D were calculated for the
samples and any model compounds with corresponding peaks within 0.5 eV of the
samples (Fig. 4.7). For both the laponite and gelatin samples, sintering reduced the
height of the pre-edge peak B and the B/D peak ratio, but there was little difference
between the 3 different sintering dwell times. This indicates that there is a reduction
in BO bonding upon sintering.

The peak positions of the nanopowder and amorphous SiOy don’t correspond
with each other. Silica has several different polymorphs and the main peak is known

to shift due to different oxygen bond angles [56].
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Figure 4.7: Ratio of B/D peak heights for samples and applicable model compounds

4.4  Conclusion

The XANES data shows that there are chemical changes to the oxygen bonding
upon sintering, but the chemical activity primarily occurs with silicon bonding which
changes throughout the sintering process.

The silicon Ly 3-edge shows a clear trend in the change in the bond structure
for the laponite binder samples, but not the gelatin binder samples which indicates
that the laponite is acting as an aid to improve the sintering process. This correlates
with the increased strength for compression test data from Section 3.3.3.3.

The phosphorus Lj 3-edge reveals a nanoscale amorphous HA surface layer on

the samples which would improve the bio-mimetic properties of the scaffold. There
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were no significant changes with the phosphorus chemical bonding which indicates
the the phosphate group is not active in the sintering process.

The oxygen K-edge shows that all the samples show bonding similar to sodium
silicate except having a single prominent pre-edge peak for bridging oxygen instead
of a doublet for both bridging oxygen and non-bridging oxygen peaks. This may
be caused by a combination of sodium dissolution from the glass network and by
preferential bonding of non-bridging oxygen to calcium which leaves the glass network

more slowly.
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CHAPTER 5
Robocasting

5.1 Introduction
5.1.1 Robocasting

Robocasting is an additive manufacturing process where a liquid ’ink’ such as
a slurry or hydrogel is extruded through a nozzle or syringe along a computer numer-
ically controlled tool path in order to build a final part layer-by-layer. Robocasting
differs from fused filament fabrication/fused deposition modeling since there are no
melting and solidification processes occurring.

Robocasting requires a relatively simple equipment set up and allows for pro-
cessing materials at room temperature. It also avoids the use of a powder bed which
requires a large amount of material which can be expensive to fill. A disadvantage is
that it does not naturally provide a way to support overhanging material that can oc-
cur in more complicated geometries, but this can be accommodated by either printing
secondary support structure in a removable material or by printing in a suspension
capable of supporting the material.

The coordinate system of the machine is defined so that horizontal X and Y axes
are parallel to the print bed and the vertical Z axis is perpendicular to the print bed
[57]. Movements of the machine are controlled using the standard G-code protocol
ubiquitous in numerically controlled subtractive machining equipment [58].

Raster in the context of additive manufacturing, refers to a single extruded
strand of material. For robocasting, the minimum width possible for a single raster /strand

is determined mainly by the minimum nozzle diameter, but the extruded material may
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experience die swelling after it exits the nozzle. The width of the extruded raster
drives the resolution/minimum feature size which is critical since tissue engineering
scaffolds need hierarchical structure across a wide range of scales [59]. Since the de-
signed target pore width is fixed based on biological requirements for cell growth, the
minimum nozzle diameter limits the maximum macroporosity that can be achieved
for the scaffold. Ideally for the biological function of the scaffold, the macroporisity

should be maximized to allow a larger volume for cell growth and infiltration [60].

5.1.2  Ceramic Slurries

A slurry is defined as a mixture where insoluble solid particles are suspended
in a liquid. The slurry composition may be characterized either by a powder/liquid
ratio (P/L) or a volume percent solids loading. For robocasting, the rheological
properties are extremely important. The slurry must be highly pseudeoplastic (shear-
thinning) to flow smoothly while dispensing then solidify in place once shear stresses
are removed [61]. After extrusion, the slurry must then hold its shape and have
sufficient strength to support the weight of subsequent layers.

During the drying of ceramic green bodies, the evaporation of the liquid phase
causes stresses in the green body. The evaporation creates a vapor pressure gradient
due to the capillary action as the liquid phase exits the green body [62]. Uneven
drying, but not necessarily the drying rate, can induce stresses exceeding the strength
of the green body causing cracking to occur during drying, which may not be evident
until sintering/firing [63]. For robocasting, some researchers print in a non-wetting

oil bath to prevent issues with uneven drying [64].
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5.1.3 Injectability
Injectability is the ratio of material that can be extruded from a syringe as

defined by equation 5.1.

mex ruaate
Injectability = —<-redete (5.1)
Miotal

It is proposed that the remaining unextruded material is due to phase separation
from the following mechanisms [65]:

1) Die-filtration at the needle causing the liquid phase to move faster than solid
phases.

2) Filtration in the syringe barrel caused by pressure from the plunger redis-
tributing solids.

3) Local suction at the barrel exit causing the powder to separate/dilate which
then causes the liquid phase to be drawn into and fill the created voids; This is affected

by the angle of the barrel exit (i.e. tapered vs. 90° corner causing a dead zone).

5.2 Final Robocasting Methods
5.2.1 Equipment

Sample fabrication was performed on a modified CNC router capable of syringe
extrusion [66][67][68]. A 3 mL plastic syringe barrel with a luer lock and a 8.5 mm
inner diameter was used. The syringe plunger was actuated by a stepper motor

providing a displacement controlled extrusion.
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Figure 5.1: Bioplotter- Front and Side Views

5.2.2 Bed adhesion

Initial testing was performed on a print bed covered in blue painter’s tape
#2090 (3M, Saint Paul, Minnesota). The rough surface of the tape provided strong
adhesion to the dried slurry, but the dried scaffolds were difficult to remove without
damage. A silicone sheet (Weston Brands LLC, Independence, Ohio) was found to
provide sufficient adhesion strength, while allowing the scaffolds to be easily removed

with tweezers after drying.

5.2.3 Printing Parameters

The width of the extruded raster was assumed to be the diameter of the needle
used (neglected die expansion). The needle used was a 20 gauge x 12.7 mm (0.5
inch) long blunt tip cannula needle with a 650 pum inner diameter, since it was the

smallest needle that slurry could be extrude through reliably. In order to improve
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bed adhesion and interlayer bonding, the layer height was set at 0.50 mm, which is
75% of the nominal raster width.

The speed of travel moves in the X and Y directions was 400 mm/min (i.e.
while not extruding). The velocity of the syringe tip relative to the bed in the X and
Y directions while printing is the write speed and had a value of 360 mm /min, which
was determined by trial and error.

Due to capacitive effects of the slurry flow, there was a small delay in the stop
and start of the flow during the printing process. A retraction process was used
for brief pauses in the printing, where the plunger was retracted 0.05 mm at 600
mm/min. Since the plunger is displacement controlled, when the extrusion restarted,
an additional length of 0.05 mm was provided to compensate for the retraction move

and to ensure sufficient pressure.

5.2.4  Scaffold Geometry

The scaffolds were square with an overall dimension of 10 mm x 10 mm and
a minimum height of 1.5 mm (3 layers). The raster infill pattern was a rectilinear
crisscross pattern where the raster direction alternated between X and Y directions
between layers (also known as wood-pile). The scaffolds had no perimeter rasters
(i.e. no rasters followed along the edge of the scaffold) to increase the porosity. The
sample macroporosity was defined by setting the infill density at 56.5% to obtain a

target pore size of 300 pm.
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Figure 5.2: Top view of 10mm x 10mm robocasted scaffolds surrounded by two skirt

loops

5.2.5 Scaffold Printing

Slurries were prepared per Chapter 2 Section 2.2.3 unless otherwise specified.
Before calibrating the Z height of the needle, a small amount of slurry was purged
out of the syringe to preload the syringe and extrusion mechanism. Initial flow of the
slurry out of the needle was generally inconsistent so before printing the first layer
of a scaffold, excess material was extruded in a skirt loop near the scaffold. After

fabrication, the scaffolds were left to air dry at room temperature overnight.

5.3 Discussion of Issues Encountered

5.3.1 Printing Issues

The initial printing process produced scaffolds of extremely different quality
between different tests with very poor repeatability (Fig. 5.3). Optimizing the print-

ing parameters (print speed, layer height, etc.), generally improved the print quality
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but did not fix repeatability issues, which was primarily an issue with the material.
The results varied between different batches of the powder, different batches of the
binders, and between different test days using the same batch of powders and binders.

The following problems were observed while robocasting:

1) Inconsistent flow leading to breaks in extrusion.

2) Uneven flow leading to under or over-extrusion.

w

)
) Delay in flow restart at a layer change.
)

W

Loss of dimensional integrity after extrusion due to the flow of the
extrudate (i.e. sagging of the layers or unintentional merging of the

rasters).
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()
Figure 5.3: Results showing variations in early prints (a) Better quality print (b) Print
quality ranging from failed to poor due to inconsistent uneven flow causing breaks
over/under extrusions (c¢) Failed attempt at low macroporosity cylindrical scaffolds

due to material flow after extrusion
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5.3.2 Powder Processing

Contamination during ball milling was problematic. Both g-TCP and Bioglass
react with water to form HA so water contamination is always a concern. The zirconia
balls used as milling media tended to not dry completely after cleaning, which required
the addition of a step to dry the milling media above 100°C. Over time the HDPE
bottles used for milling would wear and become impregnated with ceramic phases.
Using worn HDPE bottles had a significantly negative impact on the print quality,
which requires the replacement of the bottles and potentially the milling media.

Issues with humidity and drying were investigated. Repeatability seemed to
improve with more consistent drying times for removing the ethanol after ball milling.
Secondary drying steps at 110°C were tested, but any mass loss during the process
was negligible (less than 0.25%) which seems to indicate adsorption of water from
ambient humidity wasn’t a concern.

While the g-TCP powder particles are relatively small, the Bioglass particles
are larger than other studies. Filtering the Bioglass particle by size is problematic.
During a dry sieving process the powder tends to aggregate from vibration and during
a wet filtration process in ethanol the filter becomes blocked by the formation of a
thick cake of Bioglass particles. Other studies have successfully ball milled and sieved
the Bioglass powders [69][70], and likely a higher energy milling process is needed (i.e.

planetary mill or attrition mill).

5.3.3 Gelatin Binder

The gelatin binder system was initially modeled after an injectable cement ap-
plication where in physiological conditions of 37°C the gelatin binder would not remain
cross-linked since it exceeded the melting temperature of the gel. Also, when printing

at room temperature the gelatin binder rheology is sensitive to the temperature, since
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the operating temperature is near both the melting temperature and the gel point
temperature, where the gel no longer flows [71].

The initial gelatin binder preparation process did not involve heating the sample
and the lack of physical cross-linking decreased the print quality due to poor gel
strength of the gelatin binder. This was easily rectified by heating the gelatin, and
the preparation protocol for the Bloom test was chosen for consistency. Also the lack
of a consistent gelatin temperature before mixing introduced variations in the printing
process as the gelatin slowly warmed up to room temperature, and controlling the

temperature greatly improved the repeatability.

5.3.4 Laponite Binder

The laponite binder consistently has a poorer print quality than the gelatin
binder, and this is likely due to interactions between laponite gel network and the
dissolution of Na™ ions by the Bioglass and the low green body strength. Results
varied based on the age of the binder and the repeatability was improved by im-
plementing a mechanical mixing stage prior to use to break up age dependent gel
phases.

The mechanical mixing did not improve the print quality itself, so the oleic
acid was added as a surfactant. The phases of the laponite-water phase diagram are
affected by salt concentration, which is problematic due to the dissolution of Na™ ions
from the Bioglass. The surfactant improved print quality for the laponite binder, but
not for the gelatin binder, so the surfactant likely interferes more with the reactions

between laponite and Na™ ions than the Bioglass dissolution process.
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5.3.5  Slurry Mixing and Syringe Loading

During the slurry mixing process, sometimes variations in the state of the binder
caused the binder to not initially experience sufficient shear thinning and therefore
unable to fully wet out the powder. Also in the initial mixing process, a small amount
of ethanol (0.1 mL ethanol per 1 mL binder) was added as a mixing aid with the
assumption that it would evaporate from the final mixture during the drying process.
The ethanol introduced additional variability due to its rapid evaporation.

Inconsistent powder wet out led to the rejection of some slurry mixtures that
may have been good as well as the addition of ethanol to 'fix” the slurry. Extending
the minimum mixing time to at least 3 minutes consistently provides sufficient binder
shear thinning to wet out the powder. This allowed for the removal of the ethanol
which helps with the variability during printing. Mechanically mixing the slurry
helps improve the consistency, but often the amount of slurry mixed was too small
for mechanical mixing to be practical.

The slurries have a high viscosity and solid loading that requires packing the
material into the syringe with a spatula. This introduces air pockets into the slurry,
which can be reduced with careful loading of the syringe, but not eliminated. In-

jectability issues limit alternate loading methods that could eliminate the problem.

5.3.6 Syringe Setup

The reuse of syringe barrels caused repeatability problems, since after repeated
use the plungers would require noticeably more load (hand force) to move through
an empty syringe barrel. The cause is unknown and was not investigated due to the
low cost of replacing syringes.

The 90 degree corner at the exit of the syringe barrel (above the luer lock) is a

suspected contributor to poor injectability due to the suction at the barrel exit. This
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study used smaller 3 mL syringes with an 8.5mm inner diameter, and therefore have a
relatively small area reduction between the main barrel section and barrel exit when
compared to larger syringes. This may be problematic when scaling up the process
to larger quantities using larger diameter syringes. Syringe barrels with tapered exits

are commercially available for pneumatically actuated plungers, but this would have

required significant modification to our robocasting setup.

Figure 5.4: Syringe barrel types (Top) Nordson brand syringe with tapered barrel

exit and (Bottom) standard 3mL syringe used in this study

5.3.7 Injectability

As previously discussed (Section 5.1.1), using a smaller needle is important for
improving the function of the scaffolds. With the current powder and binder system,
the slurry can be reliably extruded through a @650 pm diameter needle but only
approximately 70% of the material can be extruded. Using a @200 um needle with a

100% injectability would be more preferred.
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The problem with a low percent injectability is that as the material is extruded
during robocasting, the phases separate which changes the rheology of the mixture.
The solid material that separates out increases the force required on the plunger until
it eventually prevents consistent slurry flow out of the syringe

The binders when used with S-TCP without Bioglass or with fumed silica
nanoparticles create slurries that do not have significant injectability issues, and the
injectability problems are driven primarily by the interaction between Bioglass and
water in the binder. Reducing the Bioglass particle size below 20pm by using wet fil-
tration in ethanol with filter paper reduces the minimum needle size down to @410um,
but it does not improve the percent injectability.

As a proof of concept, the 30%Bioglass + 70%S-TCP powder was combined
with a non-aqueous photopolymer resin and was successfully extruded through a
2271 pm needle at a high percent injectability. The photopolymer used was an
alphatic urethane acrylate (Solarez medium viscosity, Wahoo International, Vista,
CA) and mixed with the powder at a P/L.=1.25 ratio. The photopolymer is NOT

biocompatible, but was chosen due to its commercial availability.

5.4  Conclusion

Robocasting has several benefits: a fairly simple and robust equipment setup,
wide range of printing materials, and the ability to operate at room temperature.
But robocasting is sensitive to the rheology, and small variations in the material can
be very disruptive to the process, which can make it quite challenging. This requires
a thorough understanding of the materials, especially the binders. Also improving
the feature resolution requires decreasing the minimum needle diameter which is
challenging for ceramic slurries due to issues with the separation of solid and liquid

phases, which then worsens rheological problems.
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CHAPTER 6
Conclusions and Recommendations for Future Work

6.1 Conclusions

At 500°C, there is some sintering occurring for the laponite binder samples.
XANES oxygen K-edge data shows there is a slight reduction in the bridging oxygen
bonds upon sintering. The silicon L9 3-edge shows that there is change in the silicon
bonding for longer sintering times, especially for the laponite binder samples. There
is a 2.7 MPa increase in total strength of the laponite binder samples between the
unsintered and 4 hr sinter dwell time, but there is no clear trend for the gelatin binder
samples.

SEM images show sharp edges on the particles in the microstructure. Porosity
analysis of the CT scan data shows little densification is occurring. This indicates
that little diffusion is occurring and a higher temperature is needed to increase the
diffusion rates to make the sintering process more effective.

XANES phosphorus L 3-edge data reveals that the hydroxyapatite formation
has already begun during the slow drying process of the bulk samples. This is not
visible with X-ray diffraction which indicates that this is a nanoscale amorphous

surface layer of hydroxyapatite.

6.2 Recommendations for Future Work

If sintering at a higher temperature in the 600-670°C range proves effective,
then improving the current powder-binder system may be preferable. Also, perform-

ing the PBS soak time test with sintered samples would evaluate how much further
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strengthening would occur. Comparable S-TCP cement setting time tests show that
a large percentage of the strengthening occurs before 28 days and sample soak times
in the 14 to 21 day time frame should be examined [20][21][22].

For robocasting, a higher energy ball milling system will be needed to reduce
the Bioglass particle size (i.e. planetary mill or attrition mill). The laponite binder
needs several improvements. First, the green body strength of the slurry needs to be
improved to help prevent drying cracks. The quality of the robocasted scaffolds needs
to be improved in general for the laponite binder, and a better or more optimized
surfactant may help the rheology.

Another alternative is using mesoporous bioactive glasses (MBG) which contain
pores in the 2-50 nm range and are synthesized using a sol-gel process. It has been
shown that crystalline mesoporous 4555 Bioglass has comparable bioactivity to amor-
phous bulk 45S5 Bioglass and this bioactivity is attributed to the high surface area
of the particles [72]. This would allow sintering at temperatures higher than the Bio-
glass crystallization temperature while still using the current chemical composition.
Also there is greater flexibility with the chemical composition of the MBG. Sodium
in bulk Bioglass lowers the melting temperature which aids in using a melt-quench
synthesis process, and is also needed to help initiate the dissolution process in water
that leads to the formation of CDHA. Sodium free MBG particles have been shown to
form HA nanocrystals when heat treated to 550°C [73]. Removing the sodium from
the glass composition has potential to improve the injectability issues and rheological
issues with the laponite binder.

A polymer matrix-ceramic particle composite system may likely be a better
option both in general and for robocasting. The benefit of 30% BG + 70% [-TCP
the powder composition are the biological properties, not the mechanical properties.

The slow dissolution of B-TCP is more ideal biologically, but also means the strength-
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ening from converting to HA will also be slow and not provide initial strength to the
scaffold. A polymer-ceramic composite would benefit from the initial strength of the
polymer and later-stage strength from the HA formation as the polymer biodegrades
or bioresorbs. Evaluation of the in-vitro degradation characteristics would be re-
quired to check for formation of brushite (pH<4.2) vs CDHA (pH>4.2) due to acidic
byproducts from the polymer.

Instead of using a binder, using a non-aqueous polymer (i.e. not a hydrogel
during extrusion) would allow for the 30% BG + 70% p-TCP powder mixture to be
extruded without initiating the dissolution reactions of the Bioglass and changing the
zeta potentials of the suspended Bioglass particles. This should improve both the
minimum possible nozzle diameter and the percent injectability.

For any robocasted system, the rheology needs to be thoroughly evaluated at the
beginning of the research. Injectability tests should show high percent injectability
and sufficiently small minimum possible needle diameters before proceeding. Rhe-
ology tests should then verify the mixture is properly pseudoplastic and that the
rheology is not dependent on the time from mixing.

To summarize this work in regard to developing a new composite biomaterial
for bone defect healing applications, the following points need to be considered. First,
B-TCP is a preferred material for bone tissue engineering since in physiological con-
ditions it slowly converts to HA at a rate similar to natural bone growth and the
reaction is a cell mediated process. But due to the slow dissolution process, S-TCP
does not have an inherent mechanism to provide the needed initial strength due to the
slow HA formation. Second, sodium is active in the chemistry of the Bioglass, and is
part of the dissolution mechanism that leads to the formation of a calcium deficient
hydroxyapatite surface layer which improves the bioactivity. The Na™' dissolution in

water creates a tendency for the Bioglass particles to separate from the slurry which
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limits the injectability. Laponite nanoparticles are known to be sensitive to salt con-
centrations in water and the Na™' ions appear to negatively affect the rheology of
the slurry when using the laponite binder due to a reduced pseudoplasticity. Third,
the laponite binder aids the sintering process at 500°C, but at this temperature there
is little diffusion occurring, which shows a higher temperature is needed. Crystal-
lization of Bioglass degrade the biological properties by making it more bioinert, so
the sintering profile needs to be chosen to minimize Bioglass crystallization. There-
fore the findings of this work can provide a significant impact on the development of
novel bioactive materials which can provide mechanical reinforcement to resorbable

polymers or improve the bioactivity of implants.
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