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ABSTRACT

DEVELOPMENT OF 3D BIOACTIVE AND ANTIBACTERIAL SILICATE-BASED
SCAFFOLDS FOR BONE TISSUE REGENERATION IN LOAD-BEARING APPLICATIONS

By

Adam Christoph Marsh

Current gold-standard approaches to addressing the needs of bone defects in load-bearing appli-

cations entail the use of either autographs or allographs. Both solutions, however, are imperfect as

both autographs and allographs carry the risk of additional trauma, threat of disease transmission,

and potential donor rejection respectively. Porous 3D scaffolds are attractive alternatives, illumi-

nating a potential path towards achieving the ideal scaffold for targeting bone tissue regeneration

in load-bearing applications, usurping autographs to become the new gold-standard. To unlock the

full healing potential of 3D scaffolds, such scaffolds must be multifunctional such that (1) their

mechanical performance meets the requisite requirements as dictated by the mechanical perfor-

mance characteristics of interest for native bone tissue, (2) they stimulate the necessary biological

responses for bone tissue regeneration, and (3) they exhibit antibacterial characteristics to combat

the threat of infection. To date, no reports document 3D scaffolds exhibiting all three performance

characteristics. The aim of this dissertation, therefore, is to deliver 3D scaffolds that are mechan-

ically competent, possess and exhibit inherent and advanced antibacterial characteristics, and are

successful at providing the needed biological characteristics for bone tissue regeneration.

To achieve this, this dissertation implements a multidisciplinary approach, utilizing compre-

hensive structural characterization across a wide range of scales to elucidate process – performance

relationships to execute scientifically driven modifications to engineer and deliver a 3D scaffold to

successfully target bone tissue regeneration in load-bearing applications. A silver-doped bioactive

glass-ceramic (Ag-BG) composition was selected as the material for scaffold synthesis due to its

inherent and attractive antibacterial and biological performance characteristics. Two fundamentally

different processing approaches were utilized for synthesizing Ag-BG scaffolds: the polymer foam

replication technique and fused filament fabrication (FFF). The Ag-BG scaffolds studied herein were



found to exhibit advanced antibacterial performance characteristics against methicillin-resistant

Staphylococcus aureus (MRSA), a common pathogen implicated in osteomyelitis development,

able to combat MRSA both in planktonic and biofilm forms. Ag-BG scaffolds demonstrated the

ability to form an apatite-like layer when immersed in simulated body fluid (SBF), an indicator

that Ag-BG scaffolds will induce the necessary mineralization for bone tissue regeneration, in

addition to exhibiting attractive cell viability, proliferation, and differentiation characteristics when

studied in vitro. The mechanical performance of Ag-BG scaffolds reported herein saw progres-

sive improvements in each iteration of Ag-BG scaffold synthesis, achieving desirable mechanical

competency and reliability as a result of the multidisciplinary approach formulated.

In addition to the exploration of developing 3D antibacterial and biological silicate-based

scaffolds capable of targeting bone tissue regeneration in load-bearing applications, foundational

work towards the development of class II hybrid scaffolds comprised of gelatin methacryloyl

(GelMA) and Ag-BG for targeting softer tissue regeneration. The novel syntheses applied to

the successful molecular coupling of GelMA and Ag-BG presents an attractive class II hydrogel

showing great promise as a compatible ink for 3D bioprinting cell-laden scaffolds capable of

targeting tissue regeneration of more sophisticated systems.
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CHAPTER 1

INTRODUCTION

1.1 Current strategies for addressing the needs of bone defects in load-
bearing applications

Natural bone tissue is a low-density high strength adaptive nanocomposite primarily com-

prised of nanosized Ca-deficient hydroxyapatite (HA) crystals (60-70%) mineralized onto collagen

molecules on the molecular scale [1, 2]. Such structures are further assembled on increasingly large

scales (i.e. micro- and macro-) culminating in the formation of a structural hierarchy (Fig. 1.1.1a)

where each subscale serves a specific functionality giving rise to the low-density high strength

nature of bone. Figure 1.1.1b demonstrates the various toughening mechanisms natural bone has

incorporated at the relevant subscales to achieve this low-density high strength behavior. Addi-

tionally, unique to natural bone tissue are its related adaptive and regenerative capabilities. This is

possible because as bone tissue is replaced (i.e. 10% annually [3]), it responds to external stimuli

in the form of mechanotransduction signals [4] allowing for its mechanical performance to adapt

to applied stresses per Wolff’s law [5]. Consequently, the continuous formation of new bone tissue

additionally imparts bone with unique regenerative properties allowing for defects (i.e. fracture,

trauma, infection [6]) below a critical size [7] to be healed without external intervention. The

challenge, however, is adequately addressing bone defects once they reach a critical size, especially

when located in load-bearing applications.

The gold standard for addressing bone defects in load-bearing applications is autographs [10].

Autographs have remained the gold standard resulting from the excellent osteogenic, osteoconduc-

tive, and osteoinductive performance characteristics in addition to their unparalleled mimicry of the

natural hierarchal structure of bone [10]. However, the resources needed for autographs are severely

limited due to the need to harvest healthy bone from a separate region of the body, thus creating a

second painful defected site in addition to introducing unnecessary trauma and the potential risk
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Figure 1.1.1: (a) The hierarchal structure of natural bone tissue visualizing the structural assembly from the
atomic to the gross (overall) structure of a femur [8]. (a) This figure is presented unaltered
from Figure 2 of Wang et al. entitled “Topological design and additive manufacturing of
porous metals for bone scaffolds and orthopaedic implants: A review” [8]. (b) Schematic of
the inherent toughening mechanisms present within natural bone from the nano- to macroscale
demonstrating how bone exhibits its low-density high strength behavior [9]. (b) This schematic
is presented unaltered from Figure 3 of Launey et al. entitled “On the Mechanistic Origins of
Toughness in Bone” [9].

for infection [10–12]. Allographs, while addressing the resource limitations of autographs through

harvesting of viable cadaver bone tissue, however introduce the risk of disease transmission and im-

munological rejection, thus presenting allographs as an imperfect solution [10–12], thus signaling

the need for alternative approaches.

1.2 Significance of alternative approaches

Porous 3D scaffolds are attractive candidates for their promise in providing an ideal solution

for addressing the needs required to successfully heal bone defects in load-bearing applications.

The porous 3D structure allows for the simultaneous support of physiological load [13, 14] while

aiding in the regeneration of bone [2, 15] by providing a template for the bone remodeling process.

To achieve the full healing potential of scaffolds for addressing bone defects in load-bearing

applications, the scaffolds must be multifunctional such that (1) their mechanical properties reflect

the specific type of native bone present (Table 1.1.1), (2) stimulate biological responses necessary
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for bone regeneration, and (3) exhibit antibacterial properties to combat the risk of infection.

Table 1.2.1: The mechanical properties of interest for cancellous and cortical bone [16–18].

Property Cancellous bone Cortical bone

Porosity(%) 40-95 5-15
Compressive strength (MPa) 0.2-12 100-200

Young’s modulus (GPa) 0.05-0.5 7-30
Flexural strength (MPa) 10-20 135-193

Fracture toughness (MPa·m1/2) 0.1-0.8 2-6

The greatest need currently is developing a scaffold that satisfies all the above criteria for use

in addressing the needs of bone defects in load-bearing applications. To date, no reports have

detailed a scaffold capable of satisfying the mechanical, antibacterial, and biological performance

requirements for targeting bone tissue regeneration in load-bearing applications. For example,

metallic scaffolds have demonstrated their capabilities in achieving the requisite mechanical prop-

erties [13, 19, 20] at the expense of antibacterial and biological performance, while bioceramic and

bioactive glass/glass-ceramic scaffolds display adequate antibacterial and biological performance

[21–24], however, their intrinsically brittle behavior is not well-suited for targeting bone defects in

load-bearing applications [25, 26].

1.3 Dissertation—Objectives & structure

This dissertation aims to develop a scaffold capable of satisfying the mechanical, antibacterial,

and biological requirements for bone tissue regeneration that specifically address the requirements

for targeting bone defects in load-bearing applications. To accomplish this, a multidisciplinary

approach shall be implemented utilizing in-depth multiscale characterization to bridge the gap

between process and performance (Fig. 1.3.1) to identify and execute advantageous, scientifically

driven process modifications to not only deliver but also bring to the biomaterials field the needed

knowledge to transform bioactive materials into porous scaffolds capable of adequately addressing

the needs imposed by targeting bone tissue regeneration in load-bearing applications. Furthermore,

following this approach will be critical to the successful development of class II bioactive glass
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containing hybrid materials targeting softer tissue regenerative applications.

Figure 1.3.1: The process – structure – performance tetrahedron, visualizing the multidisciplinary approach
used to deliver Ag-BG scaffolds capable of meeting the needs described in the “Aims” sphere.
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CHAPTER 2

BACKGROUND

2.1 Bioactive glasses, glass-ceramics, & bioceramics

2.1.1 Genesis of bioactive ceramics

54 years ago, back in 1967, a researcher by the name of Larry Hench attended a United States

Army Materials Research Conference to present his findings on the attractive radiation resistance

of vanadium phosphate glasses [27, 28]. One fateful day, as Hench bussed to the conference, he

spoke with an army colonel, Colonel Klinker, who had recently returned from the Vietnam war

about the work he was presenting. During these discussions, Colonel Klinker asked Hench a simple

question: “If you can make a material that will survive exposure to high energy radiation can you

make a material that will survive exposure to the human body” [27]. The answer to this question

would forever transform the biomaterials field.

In 1968, the United States Army Medical R and D command provided a year of funding for Hench

to explore the following hypothesis: “The human body rejects metallic and synthetic polymeric

materials by forming scar tissue because living tissues are not composed of such materials. Bone

contains a hydrated calcium phosphate component, hydroxyapatite [HA] and therefore if a material

is able to form a HA layer in vivo it may not be rejected by the body” [27]. One year later, in 1969,

Hench demonstrated the remarkable bone-bonding ability of a glass composition in the system

45SiO2 – 24.5CaO – 24.5Na2O – 6P2O5 (wt%), later known by its registered trademark name

45S5 Bioglass, observing in vivo that his glass had bonded so well to the bone that the only way to

remove the material was to break the bone [27, 28]. This marked the genesis of bioactive ceramics,

opening an entirely new class of biomaterials for exploration.
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2.1.2 Overall structures—Advantages & disadvantages

Bioactive glasses (BGs) are oxide-based glasses that are most commonly synthesized using

silica as the primary network former. Silica is an attractive network former for synthesizing

bioactive materials targeting bone tissue regeneration given the advantageous role Si atoms play in

stimulating new bone growth [22, 29]. In silicate-based oxide glasses, Si atoms will form tetrahedral

structures with 4 O atoms (i.e. SiO4). In pure silica glasses, all the O atoms have Q4 speciation,

meaning all 4 O atoms bonded to the central Si atom in the tetrahedron are also bonded to other

Si atoms, creating Si-O-Si linkages with the O atoms classified as a bridging O. The addition of

network modifying atoms such as Ca, Na, and K act to perturb the silicate network by bonding

with an O atom on a silica tetrahedron, thus creating what is known as a non-bridging oxygen. In

terms of Q speciation, Q3 species represent a silica tetrahedron having 3 bridging oxygens and 1

non-bridging oxygen, Q2 species are comprised of a silica tetrahedron having 2 bonding oxygens

and 2 non-bridging oxygens, Q1 species contain 1 bridging oxygen and 3 non-bridging oxygens,

and Q0 species describes a silica tetrahedron having zero bridging oxygens and 4 non-bridging

oxygens.

Examination of the Q speciation of a silicate-based oxide glass provides some insight into the

rate of dissolution the glass might experience when immersed in an aqueous solution. This is

because each addition of a non-bridging oxygen introduces more disorder into the glass network

resulting in an increase in free volume that translates to a faster rate of dissolution. Therefore, the

dissolution rates can be generalized by the following rankings from fastest to slowest dissolution

rate: Q0 > Q1 > Q2 > Q3 > Q4 [30]. Bioactive glasses such as 45S5 possess low Q speciation due

to the large number of network modifiers present allowing them to degrade quicker and stimulate

the necessary mineralization for bone bonding [30].

An additional advantage to the use of silicate-based bioactive glasses for targeting bone tis-

sue regeneration is the ease at which network modifying ions can be incorporated, as eluded to

previously. As a result, silicate-based bioactive glasses possess remarkable versatility in which

their composition can be specifically tailored to tune their performance characteristics to deliver
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an “ideal” material for targeting bone tissue regeneration. There has been strong interest in doping

these silicate-based bioactive glasses with Ag to impart inherent antibacterial capabilities. The

final form of Ag for most of these compositions is found in the form of particles, as Ag has a

stronger propensity to bond with itself rather than be incorporated into the silicate network like

other modifying atoms such as Ca or Na. While Ag particles are known to exhibit some antibac-

terial properties, Ag+ ions are known to be a more potent antibacterial agent. Thus, to maintain

Ag+ in its ionic form, Chatzistavrou et al. identified a viable process for synthesizing an Ag-doped

bioactive glass composition engineered specifically to preserve Ag+ ions. For this reason, in ad-

dition to the well-documented biocompatibility and simultaneous delivery of therapeutic agents

capable of addressing the needs of diseased and damaged bone [31–41], was the motivation behind

selecting this specific Ag-doped bioactive glass-ceramic composition for developing 3D bioactive

glass-ceramics.

Specifically, the first reported use of Ag-BG was in 2012, where Chatzistavrou et al. designed

a bioactive glass-ceramic composition to be synthesized by the solution-gelation (sol-gel) process,

modeled after the well-documented sol-gel derived 58S (58SiO2 – 33CaO – 9P2O5 (wt%)) bioactive

glass composition [42–50], and modified to take into account the findings by Kawashita et al., whose

work demonstrated the viability of incorporating and stabilizing Ag+ ions in sol-gel derived silica

compositions containing Al to deliver materials with controlled and potent antibacterial properties

[51–53]. The incorporation of Al in combination with the sol-gel process, theoretically, generated

the conditions required to allow for the formation of [AlO4]− molecules [51], thus presenting

negatively charged species that can be electrically neutralized by the presence of cations such as

Ag+ ions. This hypothesis was reportedly verified in 2014 [32] through the use of 27Al magic angle

spinning – nuclear magnetic resonance (MAS-NMR) performed by Chatzistavrou et al. confirming

the predominant status of Al to be [AlO4]− charge compensated by Ag+ ions.

The delivery of therapeutic concentrations of an antibacterial agent such as Ag+ ions required a

controllable and sustainable release of Ag+ ions at a concentration between 0.1 ppm and 1.6 ppm [32]

to (1) effectively destroy bacteria without (2) causing cytotoxicity for eukaryotic cells. Satisfaction
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of these two criteria was achieved when an Al/Ag molar ratio of ∼4.5 was used, demonstrating

effective antibacterial capabilities for combating Staphylococcus aureus (S. aureus) bacteria whilst

preventing cytotoxic effects on human gingival fibroblasts [33]. Further studies found that Ag-

BG was effective at combating Escherichia coli (E. coli) [31, 32, 35], Enterococcus faecalis (E.

faecalis) [31, 32], Streptococcus mutans (S. mutans) [31, 34–36, 54], and Lactobacillus casei (L.

casei) [36, 54], thus presenting a strong case for the selection of the Ag-BG composition to develop

3D scaffolds capable of treating infection-induced bone damage [37, 55] while simultaneously

facilitating bone tissue regeneration.

While many advantages to the use of bioactive glasses in the development of 3D scaffolds for

bone tissue regeneration have previously been described, their most pronounced disadvantage is

their mechanical performance. Glasses, glass-ceramics, and bioceramics, while possessing the

greatest stiffness amongst the different classes of materials (i.e. metals, polymers, and composites)

due to the ionic bonding between atoms, are inherently brittle, exhibiting catastrophic failure without

warning [56]. Creating porous 3D scaffolds out of glasses, glass-ceramics, and bioceramics further

extubates this disadvantage, as the introduction of porosity significantly weakens their mechanical

performance compared to their bulk counterparts [57]. Overcoming these challenges to unite

reliable and satisfactory mechanical performance with the attractive biological (and antibacterial)

of bioactive glasses, glass-ceramics, and bioceramics will be key in delivering the ideal 3D scaffold

for targeting bone tissue regeneration in load-bearing applications.

2.1.3 Influence of composition on thermal behavior

The composition of bioactive glasses is known to play a large role in the thermal behavior

exhibited during heat treatment, dictating whether the glass will undergo viscous flow and deliver

an amorphous (i.e. a material lacking long-range order) or undergo densification through crystal-

lization delivering either a glass-ceramic or ceramic structure. For example, take the 45S5 bioactive

glass composition, reported above in Section 2.1.1, and 13-93 bioactive glass in the system 53SiO2

– 12K2O – 6Na2O – 5MgO – 4P2O5 – CaO (wt%). Synthesizing 3D scaffolds using the same
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processing technique delivering scaffolds of comparable porosity, the mechanical performance for

13-93 bioactive glass surpassed that of 45S5 by a margin greater than 2,500% [58]. This stark

difference was correlated to the ability of 13-93 bioactive glass to exhibit viscous flow during heat

treatment, allowing for the struts to fully densify, whereas, for 45S5 bioactive glass, its composition

exhibits minimal viscous flow characteristics, leading to partial strut densification as a result of

the crystallization that takes place during heat treatment [59]. Compositionally, the increase in

silica concentration provides a sufficient amount of network formers that in conjunction with the

4-fold reduction in Na2O provides suppresses the tendency of the 45S5 BG system to crystallize

into combeite (Na2Ca2Si3O9) [25, 60]. It should be noted as well that the presence of Mg and K

in the 13-93 BG composition plays a large role in eliciting viscous flow at temperatures below the

onset of crystallization [61–66]. The addition of Mg has been demonstrated to decrease the glass

transition temperature and dilatometric softening point, thus helping to increase the temperature

range for sintering as a result of the comparatively weak Mg-O bonds to Si-O bonds [66, 67]. The

presence of K meanwhile helps to lower the required sintering temperature, with reports detailing

K-containing BG having the ability to undergo sufficient viscous flow at temperatures as low as

750ºC [62], thus preventing the need to use temperatures known to induce crystallization making

it an attractive composition for 3D BG scaffold synthesis [59, 63].

2.1.3.1 Sintering mechanisms

As previously eluded to, sintering of glasses, glass-ceramics, and ceramics can either occur by

way of viscous flow or by undergoing densification after crystallization. For glasses able to undergo

viscous flow, once they reach temperatures above their glass transition temperature, the glass is soft

enough to allow sufficient flow of the material, allowing for densification to occur if the viscosity

is sufficiently low and the surface tension sufficiently high [68–71].

If, however, the surface tension is sufficiently low and the viscosity sufficiently high, BG

systems have a propensity to undergo crystallization, transforming them from a bioactive glass to

a bioceramic, where 6 different sintering mechanisms can occur (Fig. 2.1.1). Examination of the
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diffusion rates of the main diffusion mechanisms occurring (i.e. surface diffusion, grain boundary

diffusion, and lattice diffusion) can be generalized by the following ranking: surface diffusion

> grain boundary diffusion > lattice diffusion [72]. Surface diffusion shows the highest rate of

diffusion out of the three main groups previously described as a result of the increased free energy

due to the dangling bonds present, thus providing a driving force for the atoms to reconfigure into a

lower energy state [72]. Grain boundary diffusion occurs at a slower rate than surface diffusion as

the driving force for the atoms to rearrange into lower-energy configurations is lessened as dangling

bonds are less plentiful, only existing due to the vacancies present at the grain boundaries [72].

Lattice diffusion has the lowest rate amongst surface and grain boundary diffusion as diffusion can

only occur through vacancy mobility, which does not become appreciable until there are sufficient

vacancies generated through the increased activity of phonons [72].

Examining Figure 2.1.1 in more detail, there is a balance of forces at play that will dictate whether

densification will occur during sintering. At lower sintering temperatures, atomic diffusion is faster

on the surface than within the lattice given the greater concentrations of vacancies on the surface as

opposed to the lattice. This results in increased compressive sintering stress being applied compared

to the tensile sintering stress from lattice and grain boundary diffusion [70, 72]. At higher sintering

temperatures, the balance between compressive and tensile sintering stresses changes due to the

increased vacancy concentration inside the lattice providing a stronger driving force for atomic

diffusion from the interior to the neck of the particle, causing neck growth as grain boundary and

lattice diffusion to become dominant resulting in densification [70, 72]. These phenomena are

explored further in Section 4.1.1. It is important to note that while sintering through plastic flow is

a sintering mechanism presented in Figure 2.1.1, this mechanism is not explored for ceramics and

is thus assumed to be negligible.

2.1.3.2 Kinetics

Kinetically, a time-temperature-transformation (TTT) curve excellently illustrates the competi-

tion between nucleation and grain growth allowing for careful selection of the applied heat treatment
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Figure 2.1.1: The six different known sintering mechanisms for ceramics. Figure reproduced from figure
4.1.1 from Chapter 4 in the text entitled, “Handbook of Advanced Ceramics” written by
Lutgard C. De Jonghe and Mohamad N. Rahaman [70].

and providing a method for microstructural design. For BGs, the closest analog to a relevant TTT

curve was the one reported for the eutectic apatite – wollastonite (i.e. 40Ca3(PO4)2 – 60CaSiO3)

glass composition by Magallanes-Perdomo et al. [73]. The TTT curve elucidated by Magallanes-

Perdomo et al. (Fig. 2.1.2). From this TTT curve, a basic understanding of the potential phases

that may form during heat treatment of Ag-BG scaffolds can be obtained. The semi-transparent

yellow rectangle in Figure 2.1.2 represents the ranges of sintering temperatures and durations used

in the synthesis of Ag-BG scaffolds. Although the figure reported by Magallanes-Perdomo et al.,

as shown in Figure 2.1.2, should have reported time on a logarithmic rather than linear scale, it is

minorly useful in that it provides some insight into the phases and phase transformations that may

occur during sintering of Ag-BG scaffolds. A detailed description of the transformations occurring

in Ag-BG during sintering can be found in Section 5.1.2.

2.1.4 BG synthesis methods

There are two fundamentally different pathways to process BGs: the melt-derived and solution-
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Figure 2.1.2: Time – Temperature – Transformation (TTT) curve for the eutectic apatite – wollastonite (i.e.
40Ca3(PO4)2 - 60CaSiO3 glass composition. This figure was reproduced from figure 3a in
Magallanes-Perdomo et al. entitled “Structural changes during crystallization of apatite and
wollastonite in the eutectic glass of Ca3(PO4)2 - CaSiO3” [73]. The semi-transparent yellow
rectangle annotated onto this figure represents the times and temperatures applied for Ag-BG
scaffold synthesis.

gelation (sol-gel) techniques. Their methods, advantages, and disadvantages will be explored

herein.

2.1.4.1 Techniques

Melt-derived BGs are synthesized through the melting of the desired reagents, where sufficient

time is given to the reagent melts so that homogenization of the elements can occur. The melt is then

quenched, solidifying the melt quickly enough to prevent crystallization, forming an amorphous

BG that should lead to preferential biological performance characteristics. Disadvantageous to the

melt-derived technique, however, is the low surface area (i.e. ∼1 m2 g−1) delivered, which limits

the concentration of silica to a maximum of 60 mol% of silica before bone-bonding behavior is no

longer observed [49, 50].

The sol-gel technique, however, instead of preparing BG through a quenching process, starts
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under ambient temperatures and pressures, where the temperature is carefully raised in stages in

an attempt to deliver an amorphous BG. During this process, as volatiles are evaporated, micro-,

meso-, and nanosized pores are formed, allowing for surface areas exceeding 100 m2 g−1 [49, 50]

to be achieved, thus allowing bone-bonding behavior to be exhibited in glass systems containing a

maximum 90 mol% of silica.

In detail, the synthesis of sol-gel BGs involves the dissolution of precursors in an aqueous envi-

ronment before a low-temperature (T∼700℃) heat treatment. Metal alkoxides [74] (e.g. tetraethyl

orthosilicate (TEOS) and triethyl phosphate (TEP)) are typical network forming precursors and

nitrate-based salts typically used as the network modifying precursors. The production of BGs is

accomplished under acid catalysis to promote the hydrolysis of the network forming precursors.

Hydrolysis of TEOS (Eq. 2.1.1) [75] promotes the formation of silanols that will subsequently go

through a condensation reaction (Eq. 2.1.2) [75] that over time produces a silicate network.

Si(C2H5O)4 + 4H2O → Si(OH)4 + 4C2O5OH (2.1.1)

2Si(OH)4 → 2(Si-O-Si) + 4H2O (2.1.2)

As the reactions proceed, the network modifying ions (i.e. Na+, K+, etc.) begin to be trapped

within the silicate network. Once solution homogenization is achieved, the sol undergoes an aging

process (∼60℃) to promote the condensation reactions to favor nucleation and growth of silicate-

based colloids that will coalesce into a gel [76]. It is important to note that during aging, the reaction

conditions do not favor the entrapment of Ca2+ ions in the network and instead see their segregation

into the pore liquor as calcium nitrate (CaNT) [77]. The aged gel is then dried (T<180℃) to remove

the remaining water, and at this stage, CaNT is found to surround the silicate-based particles [78].

To remove toxic byproducts and converge the strength and hardness of the silicate-based material

towards glass-like behavior, calcination is required and is typically performed at ∼600℃ [79].

During this process, as temperatures exceed 400℃, Ca2+ ions begin to diffuse and modify the
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silicate network [15]. After calcination, silicate-based BGs undergo a thermal stabilization process

(T=700℃) [80], which can be used to alter the physical and textural properties of the final product.

2.1.4.2 Mechanism of bioactivity

The mechanism by which BGs bond to bone is a process that has been well-established in the

literature [81–84] with the first five stages explored herein. To start, the first stage is a preferential

ion-exchange corrosion process whereby network modifying ions (i.e. Na+, Ca2+) are leached into

the solution and exchanged with H+ ions leading to a local increase in basicity. This promotes

hydroxyl ions (OH−) to attack the silica network resulting in both the release of soluble silica in the

form of silicic acid (Si(OH)4) and the formation of silanols (SiOH), representing the second stage.

In the third stage, the silanols polymerize forming a silica-rich gel leading up to the fourth stage that

sees the adsorption of Ca and P containing species forming an amorphous calcium phosphate (ACP)

layer. CO3
− are additionally adsorbed, and over time, the fifth stage sees the ACP layer crystallize

into a hydroxycarbonate apatite (HCA) layer. The remaining stages concern the biological reactions

occurring in vivo [82, 83] resulting in the formation of new bone tissue.

2.2 Cellular solids

2.2.1 Ideal 3D scaffold for bone tissue regeneration

2.2.1.1 Hard tissue applications

The following criteria should be satisfied when developing an ideal scaffold for targeting bone

tissue regeneration in load-bearing applications: (1) observable osteoconduction and osteoinduc-

tion, (2) support physiological loads, (3) controllable macro- to nanostructure, (4) degradation

rate matching new bone tissue formation, (5) provide a bactericidal environment during tissue

regeneration to prevent infection-related failure, (6) interconnected highly porous 3D structure, and

(7) mean pore diameter >300 µm to promote sufficient delivery of nutrients to the interior of the

scaffold [4, 13, 17, 26, 32, 85–87].
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2.2.1.2 Soft tissue applications

BG-containing hybrid scaffolds are becoming an area of increased focus within the biomaterials

field for their ability to target softer tissue regeneration and allow for more complex tissue systems

to be targeted [4, 88–91]. The high stiffness of BGs, while attractive for targeting hard tissue

regeneration such as bone, are not suitable for the softer mechanical requirements for targeting

regeneration at, for example, the osteochondral interface [88–90]. To overcome this, it has been

of great interest to combine BGs with biocompatible polymers (i.e. polycaprolactone (PCL),

polylactic acid (PLA), poly(vinyl) alcohol (PVA) etc.) to combine the tissue regenerative abilities

of BGs with the softness of biocompatible polymers.

The conventional approach applied to target softer tissue regeneration has been in the synthesis

of composites, and more specifically nanocomposites, to homogenize the materials characteristics

down to the mesoscale [5, 92–145]. However, this approach fails to unlock the full potential of

combining a biocompatible polymer with BGs and limiting scaffold synthesis to spatial control.

To overcome the previously mentioned limitations, reports within the last 10 to 15 years have

detailed investigations on methods to combine bioceramics and biocompatible polymers at the finest

possible scale [15]. From this work, five different classes of hybrid materials have been developed,

as shown in Figure 2.2.1.

In Figure 2.2.1, a class I hybrid material is formed through the entanglement of the biocompatible

polymer (organic) within a BG (inorganic) network. The organic and inorganic networks are bonded

together by intermolecular forces [28, 146, 147]. A class II hybrid material (Fig. 2.2.1) is similar

to a class I hybrid material in that the organic network is entangled within the inorganic network,

yet dissimilar in that a coupling agent is used to mediate the bonding between the organic and

inorganic networks, allowing for covalent bonds to serve as the connections. This allows for a

greater homogenization of the materials exhibited by the class II hybrid compared to a class I

hybrid [28, 146, 147]. In class III hybrid materials (Fig. 2.2.1), instead of the organic network

becoming entangled with the inorganic network, both organic and inorganic networks are found to

be mutually penetrating with intermolecular forces bonding said networks [15]. A class IV hybrid
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material (Fig. 2.2.1) is similar to a class III hybrid material in that both organic and inorganic

networks are mutually interpenetrating, yet dissimilar in that covalent bonds are used to connect the

organic and inorganic networks [15]. Important to note about class IV hybrids is that this mutual

interpenetrating covalent bonding scheme is only possible when both the organic and inorganic

networks are formed in situ [15, 146]. Lastly, class V hybrid materials describe a non-shrinking

sol-gel composite [15].

Since the use of biocompatible polymers restricts the maximum processing temperature that can

be applied, this presents a particular challenge for successful incorporation of a BG system given that

temperatures exceeding 400ºC are required for successful Ca incorporation into a silicate network,

as previously described. Different inorganic (i.e. CaNT [148, 149], CaCl2 [148, 150]) and organic

precursors (i.e. Ca(OH)2 [148], C6H14CaO4 [148, 149], C4H10CaO2 [148], Ca3(C6H5O7)2 [148],

and Ca4H6CaO4 [148]) have all claimied successful incorporation. It should be noted, however, that

such reports of successful Ca incorporation into hybrid materials fail to report supporting visual

evidence using energy dispersive spectroscpy (EDS) in either scanning electron microscopy (SEM)

or transmission electron microscopy (TEM), thus convoluting claims of successful Ca incorporation

[148–150]. This will be explored further starting in Section 3.2.4.

Figure 2.2.1: The five different classes of polymeric – silicate-based hybrid materials [28, 146, 147].
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2.3 3D scaffold synthesis approaches

2.3.1 Polymer foam replication technique

In 1963, Schwartzwalder and Somers patented a method for delivering porous ceramic material,

using an open-celled polymeric foam as a sacrificial template [151]. Given its genesis was before

the conception of BGs, it is not surprising that this became a well-studied technique for delivering

BG scaffolds [16, 25, 57, 58, 152–159]. In brief, the polymer foam replication technique is most

well-known for using a slurry of ceramic particles in combination with a polymeric binder to

adhere the ceramic particles to the sacrificial open-cell polymeric foam template [151]. During

heat treatment, the slurry-coated foams are vaporized, and ceramic particles sintered together,

delivering a 3D porous structure with potential for targeting bone tissue regeneration at the expense

of delivering hollow internal structures. It should be noted, however, that while less well-known,

the polymer foam replication technique is compatible with the sol-gel process, using the sol to coat

the sacrificial template rather than particles, termed as the solution technique [154–156, 158, 159].

As a result, greater control over the delivered microstructures is possible. Both solution (Section

3.2.1.1) and slurry-based (Section 3.2.1.2) polymer foam replication processes will be explored

herein, elucidating the advantages and disadvantages to each technique in Section 4.2.

2.3.2 Additive manufacturing

In recent years, the biomaterials field has gravitated towards utilizing additive manufacturing

(i.e. 3D printing) techniques for the fabrication of bioactive bioceramic scaffolds for bone tissue

regeneration [160–165]. Additive manufacturing has the advantage of being able to precisely

control pore geometry, strut thickness, and consequently porosity [166], while also eliminating

processing defects (i.e. internal porosity) known to occur when using the polymer foam replication

technique. Control over these structural characteristics help to achieve improved mechanical

performance to deliver reliable and mechanically competent 3D scaffolds for targeting bone tissue

regeneration in load-bearing applications. Dispensing-based 3D printing techniques, such as direct
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ink writing (DIW), have gained popularity for 3D printing bioceramic scaffolds [167–170] given

their capability of creating different printable pastes from a wide range of materials (e.g. micro-

or nanosized calcium phosphates (CaP), hydroxyapatite (HA), β-tricalcium phosphate (β-TCP),

carbonated Ca-deficient hydroxyapatite (CDHA), bioactive glasses, etc.). Successful fabrication

of 3D scaffolds using the DIW requires, however, precise control over the rheological properties

during the printing process, an understanding of the rheological properties of the ink, and ensuring

a rapid ink-to-gel transition that is capable of sustaining the applied forces from subsequently

printed layers [160, 171, 172]. Furthermore, precise control over the surrounding environment is

advantageous as temperature and pH modulations can affect the stability and fluid-gel transition,

thus affecting the quality of the resulting 3D scaffold [160]. Such optimization over the ink can be

time-consuming and tedious, warranting exploration of the benefits of other additive manufacturing

techniques.

Other 3D printing techniques such as selective laser sintering (SLS) or binder jetting (BJ) are

powder bed processing approaches [173]. First, a homogenous powder bed surface is created by

spreading fine powder particles using a set of rollers [174]. The flowability of the powder is critical

for successful processing, depending on particle size, shape, and surface roughness [173, 175].

The size of said powder granules determines the smoothness and resolution of the final printed

construct. Here, the use of a finer powder allows a thinner print layer and better print resolution

[176]. However, fine powders tend to agglomerate due to van der Waals forces [177], resulting

in poor flowability, compaction, and unacceptable powder bed recoating. Hence, relatively large

particles of 50-150 µm are usually used, limiting the resolution and surface finish. Additionally,

said techniques are not only costly but the powder bed concept also makes it challenging to remove

powder from clogging the pores of the printed scaffold.

An additional 3D printing technique, fused filament fabrication (FFF), has received increasing

attention as a potentially viable processing approach for delivering 3D scaffolds for targeting

bone tissue regeneration. Rather than using pastes or inks, a biocompatible thermoplastic is used

as feedstock for 3D printing pure biocompatible polymer and biocompatible polymer–particle
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composite scaffolds. The most popular implementation of the FFF technique for synthesizing

bioceramic (i.e. < 20 wt% of bioceramic particles) scaffolds has primarily focused on producing

biocompatible thermoplastic-based (i.e. polycaprolactone (PCL), polylactic acid (PLA), polyvinyl

alcohol (PVA), etc.) biocompatible polymer (> 80 wt%) composite scaffolds to improve degradation

and impart regenerative capabilities to the scaffolds [95, 108, 178–180].

2.3.2.1 Processing fundamentals for fused filament fabrication

In 1988, Scott Crump created the technology for the FFF technique under the trademarked name

fused deposition modeling (FDM), with Stratasys Inc., USA commercializing the technology in

1992 [181, 182]. Since then, the FFF technique has become a widely popular 3D printing technique

for the low-cost of entry for the technology, benchtop compatibility, ability to fabricate 3D objects

in a support-free manner, and ease of utilizing multiple materials [172, 181, 183, 184].

Successful synthesis of highly filled composite filaments requires investigation into the print-

ability of the as-prepared filament, the viscosity of the filament melt during the 3D printing process,

achieving adequate interaction between the components within the filament, and ensuring the com-

ponents within the filament exhibit a homogenous distribution [185, 186]. Optimization of these

characteristics is accomplished by studying the thermal, mechanical, and rheological behavior of

the filament with additional investigations into the effect of particle loading, particle shape, and

particle size distribution determine printability.

Advantages of the FFF technique include the ease of process application in addition to a

variety of different parameters that can be manipulated to optimize the printed scaffold [184].

Additionally, this technique has the ability to 3D print free-standing objects along with the capacity

to print multi-material objects [172, 183]. The applicability of the FFF technique for targeting

bone tissue regeneration, however, is challenged by the incorporation of appropriate amounds of

bioceramic particles without compromising the printability of the filament [185].

Utilization of the FFF process for 3D printing requires the preparation of a filament composed

primarily of thermoplastic(s), and if applicable, the addition of filler particles. The composite
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filaments are typically prepared by compounding processes using, for example, a twin-screw

extruder for preparing pellets containing homogeneously distributed particles in the polymer matrix

for subsequent extrusion using a single screw extruder to extrude a filament having a precise and

consistent diameter. For the 3D printing process itself, the filament is fed from a spool into the

liquefier at a constant speed where the filament is melted at a preset temperature to prepare it for

extrusion through the print nozzle, thus limiting print resolution to the diameter of the print nozzle.

The as-deposited filament melt will bond to its adjacent layer as it solidifies, thus resulting in the

formation of the next layer in the printing sequence. This process will repeat itself until the 3D

printed object has been fully constructed.

2.3.2.1.1 Filament printability

Assessing the printability of an as-prepared filament can be accomplished following the an-

alytical approach described in equation 2.3.1 [99, 187–189], where E describes the compressive

modulus of the filament, η𝑎 represents the apparent viscosity of the filament melt, Q describes the

volumetric flow rate of the filament melt through the print nozzle, L represents the length of the

print nozzle, l describes the distance the filament has to travel from the rollers to the top of the

liquefier, r represents the radius of the filament, and R describes the radius of the print nozzle.

E
η𝑎

>
2QL( l

r )
2

π3R4 (2.3.1)

To successfully implement equation 2.3.1, the thermal behavior of the filament should be

characterized to determine the working temperature range. The working temperature range is

dependent on the material selection of the as-prepared filament (i.e. the thermoplastic) that is

modified through the addition of filler particles (e.g. bioceramic particles). The effect of the

print temperature on the mechanical performance of PVA/β-TCP (80/20 wt%) composites was

elucidated by Chen et al. identifying a dependency correlated to different interfacial bonding

strengths between print layers [99].

It is important to note that the equation describing the printability of an as-prepared filament
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(Eq. 2.3.1) derives from the combination of Euler’s buckling analysis (Eq. 2.3.2) [187–189] of the

filament and the Hagen-Poiseuille equation (Eq. 2.3.3) [187–190]. Euler’s bucking analysis (Eq.

2.3.2) describes the stress experienced by the filament as it travels from the rollers to the top of

the liquefier and can be used to evaluate whether the stress on the filament has exceeded a critical

threshold. The inequality in equation 2.3.2 describes this, and the satisfaction of said inequality

will result in the filament buckling as it enters the liquefier disrupting the printing process.

σcr <
4πE
( l

r )2
(2.3.2)

Euler’s buckling analysis is limited to describing the stress at the entrance of the liquefier, thus a

description of the forces as the filament melt exits the print nozzle is required. The Hagen-Poiseuille

equation (Eq. 2.3.3) serves this function by describing the pressure drop as the filament melt is

extruded through the print nozzle and is dependent on the viscosity of the melt (characterized via

a capillary rheometer), the volumetric flow rate (empirical), and the geometry of the print nozzle

(fixed).

∆P =
8ηaQL
πR4 (2.3.3)

The empirical evidence collected coupled with the unity of equations 2.3.2 and 2.3.3 allows for

the printability equation (Eq. 2.3.1) to be derived, which can be further extrapolated to show how

the printability of the filament varies as a function of viscosity and shear rate as was demonstrated

by Chen et al. who elucidated the printable-unprintable boundary as a function of melt viscosity

and shear rate for PVA—β-TCP composites containing 5-20 wt% β-TCP [99].

2.3.2.1.2 Viscosity of filament

When as-prepared filament melts are evaluated for their rheological behavior, they behave as

a non-Newtonian fluid exhibiting shear-thinning behavior [99] allowing for the viscosity of the

filament melt to decrease at increasing shear rates. This relationship can be inferred from the

printability plot in Figure 2.3.1, and assuming the compressive modulus of the filament is constant
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Figure 2.3.1: The printability plot, as reported by Chen et al., shows the ratio of compressive modulus
to apparent viscosity as a function of shear rate for PVA — β-TCP ranging from a β-TCP
concentration (wt%) from 5-20% [99].

and can be negated, the printability plot becomes the inverse filament melt viscosity as a function

of shear rate, thus confirming the pseudoplastic nature of the filament melt. Characterization of

the viscosity of the filament melt is typically performed through the use of a capillary rheometer

evaluating shear rates from 10-1000 s−1 as these conditions best replicate the FFF printing process

[99, 163, 188].

When the printing temperature is assumed to be fixed, the rheological behavior of the as-prepared

filament is dependent on the filament composition, filler particle concentration, and particle size

distribution. The materials selection for non-sinterable filaments is limited to thermoplastics and

filler particles limited typically to 20 vol% or lower as increased concentrations run a significant risk

of compromising the FFF printing process (i.e. melting temperature exceedingly high, detrimental
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embrittlement). Therefore, there is limited flexibility when attempting to modify the viscosity of

the filament melt through a compositional approach and the impact of the filler particles used thus

becomes of great interest.

To start, the use of a unimodal distribution of coarse filler particles is known to have a straight-

forward effect on the viscosity of the filament melt. As the concentration of filler particles increases,

so will the viscosity of the filament melt. The maximum concentration of filler particles is thus

limited based on the packing efficiency of said coarse particles. For random spherical, loosely

packed particles result in maximum incorporations of 55 vol%, whereas compact packaging al-

lows for maximum achievable incorporations of approximately 63.4 vol% [191]. Consider now a

bimodal distribution of filler particles created by combining the concentrations of coarse and fine

filler particles using an arbitrarily defined ratio. The fine particles serve to occupy the vacant spaces

created by the coarse particles resulting in an improvement in the overall packing efficiency of the

filler particles. Based on this, when the overall filler particle concentration is fixed, the bimodal

distribution of filler particles will exhibit a lower viscosity compared to a unimodal distribution

due to the improved packing efficiency [191]. This relationship thus allows for the increased filler

particle concentrations within the filament without causing significant deviations in the viscosity

of the filament melt [192] that theoretically can achieve a loading of 72.5 - 75 vol% [192].

Mathematically, the model developed by Farris was formulated to describe the relationship of

viscosity to particle size distribution with further extrapolation of said model to describe the lower

bound of viscosity for a multimodal suspension (i.e. filament melt) [192]. Equations 2.3.4 and

2.3.5 describe how to quantify the overall filler particle concentration of a multimodal system (Eq.

2.3.4) and how to quantify the relative viscosity of each filler particle component.

ln(1 −Φr) =
N∑︁

i=1
ln(1 −Φi) (2.3.4)

ln(ηr) =
N∑︁

i=1
ln(H(Φi)) (2.3.5)
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In Equation 2.3.4, Φr represents the overall filler particle concentration, Φi describes the filler

particle concentration of an individual particle size distribution, and N represents the nth filler

particle mode being considered. In Equation 2.3.5, ηr describes the overall relative viscosity of the

suspension (defined as the quantity of the filler particle-polymer viscosity over the viscosity of the

polymer alone), and H(Φi) represents the relative viscosity when considering an individual filler

particle mode as a function of its concentration.

Additionally, Farris demonstrated a mathematical method to optimize the ratios of a multimodal

filler particle suspension to compute the lower bound of viscosity through differentiation of the

relative viscosity with respect to filler particle concentration, and the result is shown as equation

2.3.6 [192].

0 =
N-1∑︁
i=1

[𝜕ln(H(Φi))
𝜕Φi

− (1 −ΦN
1 −Φi

) 𝜕ln(H(ΦN))
𝜕Φi

]dΦi (2.3.6)

In equation 2.3.6,Φ𝑛 represents the concentration of the nth mode being considered, and H(ΦN)

describes the viscosity of the next largest particle size distribution as a function of concentration

[192]. Advantageous of utilizing the model developed by Farris is that it can be extrapolated to

an infinite modal filler particle suspension providing versatility. It is important to note, however,

that the model created by Farris assumes that all filler particles are spherical and the net particle-

particle interaction is zero. The model, nevertheless, is useful in approximating the viscosity that

the filament melt may exhibit. There are ongoing efforts however in the field of rheology working

towards developing an ideal model that can best describe the viscosity of a multimodal suspension

[193–198].

2.3.2.2 Bioprinting

Within the biomaterials field, 3D bioprinting has recently become a viable and attractive

processing method for delivering cell-laden 3D scaffolds for targeting more sophisticated tissue

engineering applications, allowing for biomimetics to be engineered into the printed scaffolds, this

increasing their customizability to meet patient-specific needs [199]. Just as the adaptation of 3D
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printing techniques was a disruptive technology, 3D bioprinting is expected to have an even greater

disruptive effect on the biomaterials and biomedical engineering fields, allowing for customizable

medicine to come to fruition [200, 201].

To create a printable bioink, a liquid matrix capable of undergoing rapid solidification post-

printing is needed in addition to providing a suitable environment for cell incorporation [202, 203].

Successful 3D bioprinting relies on the use of extrusion-based printing techniques known to reduce

cell viability due to the shear forces introduced during the extrusion process. Typically, bioinks used

for 3D bioprinting of scaffolds aimed at bone tissue engineering applications incorporate osteo-

promotive elements [204] such as Ca-based bioceramics [205, 206] or silicate-based biomaterials

[207, 208] in the form of either micro-sized [208] or nano-sized particles [202, 205, 207, 209, 210].

The particles are introduced into the cell-laden polymer matrix through mixing allowing for a

bioink compatible with 3D bioprinting [211]. For example, nanoparticles (NPs) of silicate glasses

have been combined with gelatin methacryloyl (GelMA) forming nanocomposites [212]. Such

nanocomposite bioinks are limited to the degree of homogeneity they can achieve not only by

the size of the particles incorporated but also by the degree of agglomeration of said particles

[209, 213]. This was evidenced by the increase in dead osteoblasts after 3D bioprinting of BG

containing cell-laden bioinks as a result of the increased shear forces [209] introduced by the

BG particles [209]. Therefore, it is imperative that alternative strategies for incorporating such

osteopromotive elements be investigated to overcome the current limitations.

An innovative approach to overcoming said limitations is to chemically link the osteopromotive

component(s) to the polymer matrix. Currently, there have been few reported instances where this

approach has been investigated, emphasizing its novelty. It is expected that the chemical bonding

of the osteopromotive component(s) and polymer matrix will result in a stable structure minimizing

the agglomeration of the incorporated osteopromotive component(s). Furthermore, to achieve the

greatest degree of homogenization between the osteopromotive component(s) and the polymer

matrix will ideally implement an in situ synthesis method. Both factors combined are expected

to deliver cell-laden 3D bioprinted scaffolds with the individual components rendered invisible,
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from the perspective of the body, allowing for advanced materials characteristics to be achieved

that could not otherwise have been realized following the composites approach.
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CHAPTER 3

EXPERIMENTAL METHODS

3.1 Ag-doped bioactive glass-ceramic synthesis

The synthesis process for the delivery of Ag-BG uses a two-system sol-gel approach. Table

3.1.1 presents the compositions of the two systems used for the synthesis while Table 3.1.2 describes

the resulting Ag-BG composition.

Table 3.1.1: The nominal compositions (wt%) used to synthesize Ag-BG.

Oxide SiO2 CaO P2O5 Al2O3 Ag2O Na2O

System 1 (wt%) 60 11 3 14 7 5
System 2 (wt%) 58 33 9 0 0 0

Table 3.1.2: The nominal composition (wt%) of Ag-BG used for the synthesis of 3D scaffolds.

Oxide Wt% Oxide Mol% Oxide Element Atomic %

SiO2 58.6 62.1 O 62.5
CaO 26.4 30.0 Si 21.5
P2O5 7.2 3.23 Ca 10.4
Al2O3 4.2 2.62 P 2.24
Ag2O 2.1 0.58 Al 1.82
Na2O 1.5 1.54 Ag 0.40

Na 1.07

To synthesize the Ag-BG, analytical grade tetraethyl orthosilicate (TEOS; SiC8H2OO4), tri-

ethyl phosphate (TEP; C6H15O4P), aluminum nitrate nonahydrate (AlNT; Al(NO3)3·9H2O), silver

nitrate (AgNT; AgNO3), calcium nitrate tetrahydrate (CaNT; Ca(NO3)2·4H2O), and sodium nitrate

(NaNT; NaNO3) were all purchased from Millipore Sigma (United States) and used without further

purification.

Using two beakers (system 1, system 2) comprised of polytetrafluoroethylene (Teflon; (C2F4)𝑛),

28.30 mL of distilled water and 4.72 mL of 2N nitric acid (HNO3) were added to system 1 and
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stirred using a magnetic stir bar and a hot plate set to achieve a stirring rate of 500 RPM for 5

minutes to perform subsequent reactions under acid catalysis. For all subsequent reagents added,

a waiting period of 30 minutes was observed to allow sufficient time for the next reagent to be

properly dissolved. To this end, 40.14 mL of TEOS was added and the stir rate increased to 600

RPM to ensure its rapid hydrolysis. The stir rate was reduced to 500 RPM before adding 1.29 mL

of TEP. 18.54 g of AlNT, 1.85 g of AgNT (pulverized using a mortar and pestle), 8.34 g of CaNT,

and 2.47 g of NaNT (pulverized using a mortar and pestle) were the remaining reagents added in

order.

For system 2, 69.84 mL of distilled water and 11.64 mL of 2N nitric acid were added and stirred

at the same rate as system 1 for 5 minutes. 90.53 mL of TEOS, 9.00 mL of TEP, and 58.37 g of

CaNT were the reagent amounts added to system 2 following the same procedures as described for

system 1.

For system 1 and system 2, both syntheses occurred inside a fume hood with a layer of Parafilm

used to cover the open portion of the beakers and a layer of aluminum foil placed on top to protect

the photosensitive components present. After the addition of NaNT for system 1 and CaNT for

system 2, a fresh covering was used for each beaker. This entailed creating a tri-layer of Parafilm-Al

foil-Parafilm was used to cover the open portion of the beaker, while Parafilm was used to cover the

sides of the beaker. This setup provided robust protection for each system as they underwent 17 h of

stirring at 500 RPM to ensure solution homogeneity. After system 2 was added to system 1 and the

robust covering technique applied as previously described while the combined solution underwent

a subsequent 17 h of stirring at 500 RPM. To deliver the final Ag-BG composition described in

Table 3.1.2, a heat treatment was applied following the scheme presented in Figure 3.1.1.

3.2 Processing of 3D scaffolds

The assessment of the 3D scaffolds to address the needs for targeting critical-sized bone defects

in load-bearing applications explored three distinct processing iterations: (1) the polymer foam

replication technique, (2) 3D printing using fused filament fabrication technologies, and (3) the
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Figure 3.1.1: The applied heat treatment used to deliver Ag-BG in the composition prescribed in Table
3.1.2.

development of organic-inorganic hybrid scaffolds by way of ink extrusion-based 3D printing

technologies. All processing avenues explored centered on the transformation of an Ag-doped

bioactive glass-ceramic (Ag-BG) composition from its conventional particle-form to novel 3D

scaffolds that deliver therapeutic and regenerative properties for bone defects in load-bearing

applications.

3.2.1 Polymer foam replication

The polymer foam replication technique, entailing the sacrificial use of a polyurethane template,

is a well-known technique [16, 25, 57, 58, 152–154, 157–159, 214, 215] for fabricating 3D bioactive

glass-ceramic scaffolds for its ability to produce highly porous scaffolds, where the structure can be

modified on multiple scales to deliver a scaffold possessing similar characteristics to that of native

bone tissue. The sol-gel process is highly compatible with the polymer foam replication technique,

where this process can either be used during the sol-gel process, termed the solution technique

(Section 3.2.1.1), or after heat treatment using sol-gel derived particles, termed the slurry technique

(Section 3.2.1.1). Both the solution and slurry techniques offer unique advantages, which will be

explored in Section 4.2.
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3.2.1.1 Solution technique

The solution technique [154, 157, 159, 214] for the fabrication of 3D Ag-BG scaffolds was

investigated for its single-step approach, where the Ag-BG undergoes a single heat treatment whilst

maintaining the large surface area [158, 215] afforded by the use of the sol-gel technique to amplify

the ensuing antibacterial and biological responses.

To this end, 12.5 mm x 12.5 mm x 12.5 mm polyurethane foam (United Plastics) cubes having

45 pores per inch (PPI; 569±63.6 µm) were prepared, cleaned ultrasonically for 15 minutes in

ethanol (Koptek; 200 proof), and dried at 60℃ for 15 minutes before use. The Ag-BG solution

used for scaffold fabrication was the combined system 1- system 2 solution after 17 h of stirring,

prepared as previously described in Section 3.1.

The cleaned polyurethane foam cubes were immersed in the Ag-BG solution for ∼60 seconds

before removal. Excess solution was removed through the manual application of compressive forces

to achieve ∼50% compression for each principle axis for 5 seconds to minimize the blockage of the

pores in the polyurethane foam cubes. The single-coating of Ag-BG solution on the polyurethane

foam cubes were placed in an oven set at 60℃ for 24 h to allow the Ag-BG solution to dry and

prepare the coated polyurethane foam cubes for additional soakings. This soaking process was

repeated six times to increase the thickness of the Ag-BG coating applied to the polyurethane foam

cubes. The Ag-BG sol-coated polyurethane foam cubes were then allowed to dry at 60℃ before

applying the heat treatment following the prescribed conditions detailed in Table 3.2.1. Figure 3.2.1

is shown to provide a visual schematic of the process applied to deliver Ag-BG scaffolds fabricated

using the solution technique (Section 3.2.1.1).

3.2.1.2 Slurry technique

The slurry technique [16, 25, 57, 58, 152, 153] for the fabrication of Ag-BG scaffolds was

investigated, given it is a well-documented process that is compatible with bioactive glasses (BGs)

fabricated using the melt-derived technique. It is important to note the slurry technique utilizes

previously synthesized BGs that are ball-milled and sieved to deliver BG particles within a pre-
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Figure 3.2.1: Figure of the applied process to deliver Ag-BG scaffolds fabricated by the solution technique.

Table 3.2.1: The applied heat treatment to deliver Ag-BG scaffolds using the solution technique.

Temperature (℃) Rate (℃ min−1) Duration (minutes) Rationale

25→400 2 60
Allows the polyurethane to

vaporize without catastrophic
failure

400→700 2 300 Transform Ag-BG into its final
glass-ceramic form

700→25 5 — —

determined range of particle sizes. Given this, the high sintering temperatures (T > 800°C) required

to achieve notable sintering significantly increase the probability that the BG particles will undergo

crystallization due to the BGs experiencing a second heat treatment. The BG scaffolds synthesized

by the slurry technique commonly delivered scaffolds having a surface area of roughly 2 m2 g−1.

These factors are expected to slow the rate of dissolution of 3D BG-based scaffolds synthesized by

the slurry technique leading to a potential reduction in antibacterial potency and a slower rate of

formation of an apatite (CaP)-like layer during subsequent studies.

The synthesis of Ag-BG scaffolds using the slurry technique entailed the use of polyurethane

foam cubes of the same geometry, PPI, and cleaning procedures, as described previously in Section

3.1.2.1. A slurry consisting of distilled water, poly(vinyl) alcohol (PVA) to act as a binder, and

Ag-BG micro-sized particles ball-milled (i.e. ZrO2 jar, beads) and sieved to achieve an Ag-BG

particle size below 38 µm was prepared, combining the reagents at a ratio 1.67:0.167:1 respectively

(Fig. 3.2.2).
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In detail, distilled water was heated to 80°C in a Teflon beaker with the PVA added once the

temperature achieved equilibrium. The distilled water – PVA mixture was stirred by use of a

magnetic stir bar for 60 minutes at 400 RPM. The Teflon beaker containing the distilled water –

PVA mixture was then transferred to a second hot plate to achieve ambient temperatures before the

addition of the Ag-BG micro-sized particles. 60 minutes was the duration used to homogenize the

Ag-BG micro-sized particles with the distilled water – PVA mixture. Using the prepared slurry,

polyurethane foam cubes were immersed for a duration of ∼60 seconds before removal. The excess

slurry was removed from the slurry-coated polyurethane foam cubes using the manual compression

method, previously described in Section 3.2.1.1. The slurry-coated polyurethane foam cubes were

then dried under ambient conditions before applying a heat treatment following the conditions

detailed in Table 3.2.2.

Figure 3.2.2: Figure of the applied process to deliver Ag-BG scaffolds fabricated by the slurry technique.

Table 3.2.2: The applied heat treatment to deliver Ag-BG scaffolds using the slurry technique.

Temperature (℃) Rate (℃ min−1) Duration (minutes) Rationale

25→400 2 60
Allows the polyurethane to

vaporize without catastrophic
failure

400→1000 10 300
Allow for the Ag-BG particles

to sinter, creating a durable
3D scaffold

1000→25 5 — —
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3.2.2 Fused filament fabrication

3.2.2.1 Filament synthesis

Synthesis of a filament compatible with the fused filament fabrication (FFF) technique entails

the creation of an Ag-BG-filled polymeric binder system satisfying the flexibility and durability

requirements to successfully wind the filament onto an FFF-compatible spool. These criteria were

achieved through the formulation of a multi-component binder system. The binder system was

comprised of polyolefins (binder), thermoplastic elastomer (backbone), and stearic acid to act as a

surfactant and improve homogenization between Ag-BG and polyolefins. The sizes of the micro-

sized Ag-BG particles used during the synthesis of FFF-compatible filaments were following the

parameters detailed in Table 3.2.3.

Table 3.2.3: The parameters of micro-sized Ag-BG particles used in the synthesis of FFF-compatible fila-
ments.

Ag-BG particle
size-distribution

Ag-BG particle
size(s) (µm) Concentration (vol%)

Unimodal 20-38 46-49

Bimodal Mode 1: 20-38 (29±5)
Mode 2: < 20 (13±3) 40

Specifically, the synthesis of the filament started with drying the Ag-BG micro-sized particles

and polymeric components at 40°C for 60 minutes to remove excess moisture before being fed into

a modified-twin extruder. The barrel of the modified-twin extruder was kept between 170°C and

210°C with the mixing velocity set to 50 RPM. The extruded Ag-BG filament was 1.75 mm in

diameter and spooled immediately for 3D printing.

3.2.2.2 Shaping—Debinding—Sintering for delivery of pristine 3D silicate-based bioceramic
scaffolds

To 3D print, Ag-BG scaffolds using the FFF technique, a shaping, debinding, and sintering

process was applied to deliver pristine Ag-BG scaffolds. To start, the spooled Ag-BG containing
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FFF-compatible filament was properly placed into a Renkforce RF-1000 3D printer. A 3D com-

puterized CAD model (Fig. 3.2.3) comprised of an interconnected porous simple cubic lattice was

used to 3D print Ag-BG green body (i.e. 3D printed as-received) scaffolds. The parameters used

to 3D print the green-body Ag-BG scaffolds were in accordance with Table 3.2.4.

To remove the soluble, polyolefin binder from the green body Ag-BG scaffolds, said 3D scaffolds

were immersed for 18 hours in acetone. This post-processing step allowed for the generation of

vacant channels that will provide avenues for thermoplastic elastomer (backbone) vapors during

thermal debinding, thus eliminating concerns regarding structural deformation during the applied

heat treatment.

The parameters used for thermal debinding were in accordance with Table 3.2.5 for Ag-BG

scaffolds 3D printed using an FFF-compatible filament comprised using a unimodal Ag-BG particle

size distribution (Table 3.2.3), and in accordance with Table 3.2.6 for Ag-BG scaffolds, 3D printed

using an FFF-compatible filament comprised using a bimodal particle-size distribution of Ag-BG

(Table 3.2.3). After thermal debinding, the Ag-BG scaffolds are classified as brown-bodies, as

shown in Figure 3.2.3. To sinter, the brown-body Ag-BG scaffolds, the maximum temperature

used was either 900°C (Table 3.2.5) or 1150°C (Table 3.2.6) when either a unimodal particle size

distribution or a bimodal particle size distribution of Ag-BG particles was used (Table 3.2.3),

respectively, in the creation of an Ag-BG containing FFF-compatible filament. After sintering,

pristine Ag-BG scaffolds were obtained (Fig. 3.2.3).

Table 3.2.4: The printing parameters used to 3D print green-body Ag-BG scaffolds using the FFF technique.

Parameter Quantity

Extruder Temperature (°C) 180
Nozzle Diameter (mm) 0.40

Print Velocity (mm min−1) 1000

34



Figure 3.2.3: Figure of the shaping, debinding, and sintering processes applied to deliver pristine Ag-BG
scaffolds using the fused filament fabrication technique.

Table 3.2.5: The thermal debinding and sintering profiles used to deliver pristine Ag-BG scaffolds 3D printed
using an FFF-compatible filament synthesized using a unimodal particle-size distribution of
Ag-BG micro-sized particles.

Condition Step Temperature (°C) Rate (°C min−1) Duration (minutes)

1 200 5 0
Thermal Debinding 2 390 2 30

3 500 1 60

Sintering 4 900 2 120
5 25 5 0

3.2.3 Hybrid synthesis

3.2.3.1 Synthesis of gelatin methacryloyl

The synthesis of gelatin methacryloyl (GelMA) required the dissolution of type A gelatin (300

bloom; 10% (w/v)) into warm (i.e. 50°C) dimethyl sulfoxide (DMSO) at a stirring velocity of

500 RPM (Fig. 3.2.4). To transform type A gelatin (Fig. 3.2.4) into its methacrylic derivative,

capable of photopolymerization, methacrylic anhydride (MAA; Fig. 3.2.4) was used. The amount

of MAA required was calculated through fixation of the ratio between MAA and lysine present
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Table 3.2.6: The thermal debinding and sintering profiles used to deliver pristine Ag-BG scaffolds 3D printed
using an FFF-compatible filament synthesized using a bimodal particle-size distribution of Ag-
BG micro-sized particles.

Condition Step Temperature (°C) Rate (°C min−1) Duration (minutes)

Solvent Debinding 1 — — 1,080

Thermal Debinding 2 260 5 0
3 600 5 0

Sintering 4 1150 5 480
5 25 5 0

in type A gelatin at 2.20 [216, 217]. MAA was added to the dissolved type A gelatin in DMSO

in 30-minute increments for 180 minutes [217]. The now photopolymerizable gelatin derivative,

termed gelatin methacryloyl (GelMA; Fig. 3.2.4), was extracted with the addition of three times

the reaction volume of toluene [218]. The use of toluene was recently reported to be an effective

precipitating agent for GelMA [218], where the small dielectric constant for toluene allowed for the

attractive forces between the electrically disparate charges present in GelMA molecules, creating

insoluble agglomerates viable for extraction through decantation after 24 hours under ambient

conditions. The extracted GelMA was washed thrice with distilled water to remove residual solvent

before dissolution in distilled water at 50°C having a stir velocity of 500 RPM. After dissolution of

GelMA in distilled water, the solution was placed at 37°C for 24 hours to maintain the dissolution of

GelMA whilst allowing sufficient time for any residual toluene to volatilize. The GelMA solution

was then frozen and lyophilized before storage.

3.2.3.2 Compatible synthesis of Ag-doped bioactive glass

Synthesis of an Ag-BG sol compatible with organic-inorganic hybrid synthesis required the use

of an alcohol-based (i.e. methanol (MeOH)) solvent, adapted as required from previous reports

[219]. In detail, a Teflon beaker containing a magnetic stir bar was used and reagents added

following the molar ratios detailed in Table 3.2.7. MeOH, TEOS, and TEP were all added to the

Teflon beaker, the stirring velocity set to 500 RPM, and all components left to homogenize for 24h

under ambient conditions. For the addition of AlNT, AgNT (crushed using a mortar and pestle),
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Figure 3.2.4: Figure of the synthesis method applied to deliver gelatin methacryloyl (GelMA).

and CaNT were added sequentially in 24-hour increments. It is important to note that a robust

covering was applied to the Teflon beaker to protect the photosensitive Ag-BG sol following the

procedures detailed in Section 3.1.

Table 3.2.7: The molar ratios used in the successful synthesis of a compatible Ag-BG sol for subsequent
organic – inorganic class II hybrid fabrication.

Row
Column MeOH TEOS TEP AlNT AgNT CaNT H2O

MeOH 1.00 40.60 366.00 333.00 1,565.93 86.19 13.62
TEOS 0.03 1.00 9.02 8.20 38.57 2.12 0.34
TEP 0.003 0.11 1.00 0.91 4.28 0.24 0.04
AlNT 0.003 0.12 1.10 1.00 4.70 0.26 0.04
AgNT 0.001 0.026 0.23 0.21 1.00 0.06 0.01
CaNT 0.01 0.47 4.25 3.86 18.17 1.00 0.16
H2O 0.07 2.98 26.88 24.46 115.00 6.33 1.00
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3.2.3.3 Class II hybrids synthesis

The formation of an organic-inorganic class II hybrid material commonly requires the use

of a coupling agent to act as an intermediary between the organic and inorganic component(s)

[28, 91, 146, 147]. Here, GelMA and Ag-BG are the organic and inorganic components respectively.

The coupling agent selected for class II hybrid synthesis was (3-Glycidyloxypropyl)trimethoxysilane

(GPTMS) for its ability to react both with GelMA and Ag-BG.

The previously lyophilized GelMA (Section 3.2.4.1) was dissolved in warm (50°C) DMSO

at a concentration of 10% (w/v) by way of a magnetic stir bar containing Teflon beaker, whose

stir velocity was set at 500 RPM. GPTMS was added to the GelMA solution so that the molar

ratio between the sum total of the amino acids hydroxylysine, lysine, and arginine present to

GPTMS was two. GPTMS was allowed to react for 24 h with GelMA (Fig. 3.2.5), providing

sufficient time to allow for the epoxy ring-opening reaction to occur whilst preventing hydrolysis

of the trimethoxysilane group of GPTMS through the use of the non-aqueous solvent, DMSO. The

previously prepared Ag-BG sol (Section 3.2.4.2) was added to the GelMA – GPTMS solution at a

concentration of 3% (w/w). To ensure adequate hydrolysis between Ag-BG and the trimethoxysilane

group of GPTMS, 12.7 M of distilled water was added to the Ag-BG sol before addition in the

GelMA – GPTMS solution. The resulting GelMA – GPTMS – Ag-BG solution was allowed to

homogenize for 24 h (Fig. 3.2.5). Extraction, washing, and lyophilization of the GelMA – GPTMS

– Ag-BG class II hybrid (GAB; Fig. 3.2.5) material from solution followed identical procedures

to those previously described in Section 3.2.4.1. Transformation of the lyophilized materials

(i.e. GelMA, GAB) into viable hydrogels suitable for 3D printing required the dissolution of the

lyophilized material in warm (50°C) phosphate-buffered saline (PBS) using a concentration of

10% (w/v) and a stir velocity of 500 RPM. After complete dissolution of the lyophilized material,

1.5% (w/v) of 2,2’-Azobis[2-methyl-N-(2-hydroxyethyl)propionamide] (VA-086) was added to

initiate the photopolymerization reaction when exposed to near-ultraviolet radiation. Here, the

photocrosslinking was applied for 120 seconds at 385 nm, producing the (GAB) hydrogels shown

in Figure 3.2.5.

38



Figure 3.2.5: Figure of the applied processes used to deliver GelMA-Ag-BG class II hybrid (GAB) hydrogels.

3.2.3.4 Extrusion-based 3D printing of hydrogel inks

An extrusion-based 3D printer (Allevi 3) was used in the 3D printing of lattice-like constructs

using hydrogels synthesized following the procedures described previously in Section 3.2.4.3.

Specifically, the 3D printer was equipped for pneumatic extrusion, where an air compressor was

used to provide controlled pressure.

To this end, hydrogels 8 mm in diameter having 1.5 mm of thickness were used for 3D printing.

A single hydrogel was added to a 5 mL syringe (fitted with a 27-gauge metal tapered tip), whose

rubber stopper and plunger was removed prior. Replacement of the rubber stopper then occurred,

minimizing angular distortion through the use of the displaced plunger. The syringe-containing

hydrogel was placed into the center of the three possible extruder positions available for use by

Allevi 3 secured in place through proper placement of the cylindrical rubber extension used for

the delivery of pneumatic pressure. The temperature of the extruder was set to 37°C to allow

the hydrogel to undergo a thermally reversible state of matter change, allowing for any residual

air pockets to be removed for 15 minutes. The extruder temperature was subsequently lowered to
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27°C for 15 minutes to solidify the contents of the syringe and achieve thermal equilibrium. The

parameters applied for 3D printing using the hydrogel inks were in accordance with the parameters

specified in Table 3.2.8.

Table 3.2.8: The quantities of the printing parameters used in the pneumatic 3D printing of hydrogel inks
by way of Allevi 3.

Parameter Quantity

Layer height (mm) 0.5
Print speed (mm s−1) 4

Extruder temperature (°C) 27
Print bed temperature (°C) 23
Pneumatic pressure (psi) 12

Photo crosslinking time (s) 120
Nozzle gauge 27

3.3 Structural characterization

The Ag-BG scaffolds synthesized by way of the processes described in Section 3.1 deliver

interconnected porous three-dimensional constructs presenting hierarchal multiscale structures.

Structure is the indispensable bridge connecting scaffold processing with scaffold performance

driving innovation in the expedition to successfully deliver 3D Ag-BG scaffolds suitable for targeting

critical-sized bone defects in load-bearing applications. Therefore, the terms defined in Table 3.2.1

will be the prefix nomenclature used to describe structures on the spatial-multiscale.

Table 3.3.1: The prefix nomenclature used to describe the resulting hierarchical multiscale structures studied
for Ag-BG scaffolds.

Prefix Scale Range

Macro- > 1 mm
Milli- > 0.1 mm - 1 mm
Micro- > 1 µm - 100 µm
Meso- > 100 nm - 1000 nm
Nano- > 10 nm - 100 nm

Atomic- < 10 nm
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3.3.1 Thermal analysis

3.3.1.1 Thermogravimetric analysis

Thermogravimetric analysis (TGA) is a characterization technique that elucidates the thermal

behavior of a material through measurements of mass change as a function of temperature [220].

Phenomena that TGA can detect include evaporation of volatile species, thermal stability/decom-

position, and adsorption/desorption of gaseous species [220]. TGA is compatible with a diverse

set of atmospheric conditions such as N2, O2, Ar, He, and CO2 [220].

As TGA is a thermal analysis technique reliant on gravimetric measurements, a buoyancy

correction is required to account for the temperature dependence observed with the density of

gaseous species [220]. Mathematically, the buoyancy force, F, exerted by the material being

studied having a volume, V, can be calculated through rearrangement of Sir Isaac Newton’s second

law of motion, as shown in equation 3.3.1 [220]. In equation 3.3.1, ρ0 represents the density of

the atmospheric gas being used at a reference temperature, T0, equating to a temperature of 298 K

while g is defined by the acceleration of gravity, 9.81 kg m−1 s−2 [220]. In practice, the buoyancy

force is determined through measurement of a blank, which is considered to be the crucible without

any material, and studied under the exact conditions to be applied when evaluating a material by

TGA means. This allows for the mass changes from the TGA study with the material of interest

and crucible together to be subtracted from the mass changes from the TGA study performed on the

crucible alone to elucidate the mass changes occurring with the material of interest. This approach,

however, is limited by the failure to account for volumetric buoyancy changes [220].

F = V · (ρ0
T0
T
) · g (3.3.1 [206])

Herein, TGA was utilized to elucidate the thermal behavior of the Ag-BG containing filament(s)

used in the fused filament fabrication printing of 3D Ag-BG scaffolds to optimize the thermal

debinding treatment(s) applied (Table 3.2.5 and Table 3.2.6). The TGA measurements on the FFF-

compatible Ag-BG containing filament(s) were conducted in an N2 atmosphere with the inflow
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of N2 gas set to 50 mL min−1 [221]. The TGA study was performed using the dynamic analysis

mode using a temperature range of 25°C to 600°C, where the dynamic analysis mode allowed the

instrument to automatically adjust the heating rate in accordance with the mass losses recorded

[221]. From temperatures ranging from 150°C to 300°C, a variable heating rate between 2°C min-1

and 6°C min−1 were used as no significant mass loss (i.e. < 3%) was detected. In temperatures

ranging from 300°C to 340°C, the heating rate applied varied from 0.5°C min−1 to 1°C min−1 as

notable mass loss was detected within this temperature region, as shown in Figure 4.1.1.

3.3.1.2 Differential thermal analysis

Differential thermal analysis (DTA) is similar to TGA in that measurements are collected as

a function of temperature, yet differs as DTA measures the temperature differential between the

expected (programmed) temperature and the actual temperature of the sample as a function of

sample temperature [222]. It was Henri Louis Le Chatelier that demonstrated that the temperature

differentials represented endothermic and exothermic processes occurring within the sample [222]

allowing for phenomena such as state of matter changes, crystallization events, and transition

temperatures to be observed and quantified.

Ag-BG micro-sized particles sieved below 38 µm were placed in a sapphire alumina pan, where

the mass of the Ag-BG micro-sized particles used was 9.85 mg. An inert atmosphere containing N2

gas was generated using an inflow rate of 100 mL min−1. A reference study was performed using

the sapphire alumina pan alone so that temperature differentials related to the sapphire alumina

pan could be subtracted from the Ag-BG micro-sized particle-containing DTA study. A constant

heating rate of 10°C min−1 was applied from ambient temperatures (25°C) up to 1500°C with these

specified conditions used for all DTA studies. The data collected were expressed and reported as

heat flow (mV) as a function of temperature to elucidate the glass-transition temperature of the

Ag-BG micro-sized particles in addition to identifying crystallization events or phase changes that

occurred within the Ag-BG micro-sized particles throughout the DTA study (Fig. 4.1.1) [223].
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3.3.2 Microscopy techniques

Underneath the umbrella of microscopy is a plethora of characterization techniques that can

be utilized to evaluate structures ranging from the milli-scale (Table 3.3.1) down to the atomic

scale (Table 3.3.1) and can be performed either in ex-situ or in-situ conditions with the appropriate

setup. Ag-BG micro-sized particles and Ag-BG scaffolds were structurally observed using hot

stage microscopy (Ag-BG micro-sized particles; Section 3.3.2.1), optical microscopy (Ag-BG

scaffolds; Section 3.3.2.2), scanning electron microscopy (SEM; all Ag-BG containing samples;

Section 3.3.2.3.1), transmission electron microscopy (TEM; Ag-BG scaffolds; Section 3.2.2.3.2),

and confocal scanning laser microscopy (CSLM; Ag-BG scaffolds; Section 3.3.2.4).

3.3.2.1 Hot stage microscopy

Hot stage microscopy (HSM) is a microscopy technique that commonly utilizes a compatible

optical microscope to observe morphological changes of a material as a function of time and

temperature [224]. From this, changes in the area of the material can be quantified to elucidate the

shrinkage of the material as a function of increasing temperature providing a metric with which the

% of sintering can be realized.

Ag-BG micro-sized powder sieved below 38 µm were placed into the sample holder of the

Misura 3.32 hot stage microscope for HSM. The source of illumination was found perpendicular

to and above the Ag-BG micro-sized particles to form a two-dimensional shadow projection below

the sample stage. The shadow projections of the Ag-BG micro-sized particles were recorded from

400°C to 1500°C through the use of videography and a heating rate of 10.01±0.06°C min−1 applied.

The changes in the area of the shadow projection created by the Ag-BG micro-sized particles were

recorded in increments of 7°C, with the change in the area reported relative to the initial area (i.e.

100%) of the shadow projection of the Ag-BG micro-sized particles. Images were captured at

various points of interest from the videograph, as determined by the behavior of the shrinkage as a

function of temperature. Superimposed onto these images was the shadow projection of the Ag-BG
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micro-sized particles recorded at the initial temperature of the HSM study set at 70% transparency

to provide a visual reference at each temperature of interest.

3.3.2.2 Visible light microscopy

Conventional visible light microscopy (Keyence VHX-600E Digital Microscope) was used

herein to elucidate the surface morphology and variations in color intensity of Ag-BG scaffolds on

the milli-scale [221, 223, 225]. Specifically, Ag-BG scaffolds were manually sectioned into two

halves for observation of the Ag-BG scaffolds from a top-down perspective and a cross-sectional

perspective. Given the three-dimensional nature of the Ag-BG scaffolds, the images were collected

using the focus stacking mode available on the microscope, which is an image processing method

by which images captured at varying focal points are combined providing a composite image with

increased depth of field relative to the individual images used.

3.3.2.3 Electron microscopy

The advent of electron microscopy provided the means to break through the limitations in

resolution when using a visible light source, as dictated by the Rayleigh criterion, shown in

equation 3.3.2 [226].

δ =
0.61λ
µsinβ

(3.3.2 [226])

In equation 3.3.2, λ represents the wavelength of the radiation source being used, µ is the

refractive index of the viewing medium, and β, which describes the semi-angle of collection for

the magnifying lens [226]. A visible light microscope using a wavelength of 550 nm can resolve

features as small as 300 nm, however, this limit of 300 nm cannot resolve features on the nano-

scale (Table 3.3.1), preventing elucidation of important characteristics needed to fully control the

properties of materials [226].

When discussing resolution, it is important to note that in the context of microscopy, resolution

is thought of as the ability to resolve two incoherent point sources [226]. These two incoherent
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point sources, or Airy disks, can be individually resolved when, under the Rayleigh conditions, the

loss in intensity in between the Airy disks is greater than 20% relative to the maximum intensity of

the individual Airy disk.

The use of electrons as the illumination source results in multiple different signals being

generated when an incident electron beam interacts with a (thin) specimen, as shown in Figure

3.3.1 [226]. The signals displayed in Figure 3.3.1 will be described as they are used in the context

of scanning electron microscopy (SEM; Section 3.3.2.3.1) and transmission electron microscopy

(TEM; Section 3.3.2.3.2).

Figure 3.3.1: Figure of the different signals generated when an incident electron beam interacts with a
specimen [226]. Red denotes the signals used in scanning electron microscopy (SEM) and
blue represents the signals used in transmission electron microscopy (TEM). This schematic
was adapted from Figure 1.3 as presented in chapter 1 of the textbook written by David B.
Williams and C. Barry Carter titled, “Transmission Electron Microscopy A Textbook for
Materials Science” [226].

3.3.2.3.1 Scanning electron microscopy
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Scanning electron microscopy (SEM) utilizes an electron beam focused using a series of

electromagnetic lenses as the source of illumination, where the energy of the electrons used is

between 1 and 30 keV corresponding to a maximum spatial resolution of ∼4 nm [227]. This range

of electron energy is not sufficiently high to result in electrons being transmitted through the sample,

thus the signals used for imaging are generated from the elastic and inelastic interactions between

the electron beam and the specimen. Figure 3.3.2 shows the interaction volume generated when an

incident electron beam interacts with a specimen during SEM observation in addition to showing

the different signals generated as a function of distance from the top surface of the specimen.

Figure 3.3.2: The interaction volume for a scanning electron microscope when the electron beam interacts
with the specimen. The signals generated in relation to depth are additionally shown. The
Kanaya – Okayama range equation presented describes the total penetration distance of an
incident electron beam perpendicular to the specimen surface; where A represents the atomic
weight of the specimen (g mol-1), Z describes the atomic number of the specimen, ρ represents
the density of the specimen (g cm-3), and E0 describes the energy of the incident electron
beam (keV) [228].

Herein, 3D Ag-BG scaffolds were observed using SEM to elucidate their morphological and

topological characteristics whilst energy dispersive spectroscopy (Section 3.3.3.4.1) was used for

46



elemental analysis. To prepare specimens for SEM observation, all Ag-BG scaffolds were mounted

on Al-based specimen stubs adhered using C-tape. The insulating nature of the Ag-BG scaffolds

demanded metallization before SEM observation to minimize the buildup of negative charge on

the specimen surface and prevent the formation of charging-based artifacts. The metallization

processes applied used either (a) Pt or (b) Os to metalize the surface of the Ag-BG scaffolds for

either (a) 60 seconds or (b) 15 seconds. The instruments used to observe the Ag-BG scaffolds were

either a Tescan MIRA or a JEOL 6610LV. The morphological and topological characteristics of the

Ag-BG scaffolds were observed at an incident electron beam energy of 5 keV.

3.3.2.3.2 Transmission electron microscopy

When the energy of the electron beam is sufficiently high (i.e. > 80 keV) and the specimen

amply thin (i.e. < 100 nm), the electrons from the incident beam contain enough energy to allow

for electron transmission. The signals generated from these conditions are shown in Figure 3.3.1

and able to achieve a minimum spatial resolution of ∼0.2 nm when using an incident electron

beam energies between 100 keV and 300 keV and focused onto the specimen through the use of

electromagnetic lenses [229].

Depending on the signals used, images can be generated containing different information

allowing greater nanostructural (Table 3.3.1) information to be obtained. For example, phase-

contrast images are generated using signals generated from both the transmitted and the scattered

electrons (Fig. S1). Bright-field TEM images are formed using only the transmitted beam by

filtering out the signals generated by scattered electrons (Fig. S2) generating images having a

bright background with the specimen appearing as dark given the decrease in electron transmission

due to the increased mass and thickness created by the specimen. Axial dark-field TEM images (Fig.

S3), useful for identifying specific phases within a specimen, are generated using only scattered

electrons with all other electrons being filtered out. Important to note for dark-field TEM imaging,

it is ideal to align the diffracted electron spot in the selected area diffraction pattern in the center,

where the transmitted beam appears so that the scattered electron signals are aligned along the optic
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axis of the instrument, thus minimizing spherical aberrations.

Regarding selected area diffraction in TEM, amorphous materials appear as a diffuse ring

centered around the transmitted spot, whereas crystalline materials will present SAD patterns

either as spots (for single crystals present within the region being analyzed) or concentric rings

(for polycrystalline materials present within the region being analyzed) [229]. Mathematically, the

relation between the transmitted spot and the diffracted spots can be used to determine the interplanar

spacing using Bragg’s law that can then be used for phase identification through comparison with

phases reported in the International Centre for Diffraction Data (ICDD). Equations 3.3.3 and 3.3.4

describe Bragg’s law and the mathematical relation that exists between the transmitted spot and the

diffracted spots, where n represents an integer and assumed to be 1 in all cases herein, d describes

the interplanar spacing between atoms, θB represents the Bragg angle, λ describes the wavelength

of the incident electron beam, L represents the camera length, and R describes the distance between

the transmitted spot and the diffracted spot of interest [229].

nλ = 2dsinθB (3.3.3 [229])

d =
λL
R

(3.3.4 [229])

All Ag-BG scaffolds imaged using TEM were prepared by first pulverizing the sample with a

mortar and pestle. The powdered Ag-BG scaffolds were suspended in isopropanol, transferred to

an Eppendorf, and ultrasonicated for 30 minutes to generate a homogenous suspension of particles.

The pulverized Ag-BG scaffolds were then dispersed onto 200 mesh copper grids with carbon

support film (Electron Microscopy Sciences; CF200-CU) and imaged using either a JEOL 100CX

TEM/JEOL 1400 Flash TEM at an incident electron beam energy of 120 keV or a JEOL 2010F

AEM TEM with an incident electron beam energy of 200 keV.

3.3.2.4 Confocal laser-scanning microscopy

Confocal scanning laser microscopy (CLSM) utilizes lasers as the source of illumination com-
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pared to using either a non-monochromatic light source (visible light microscopy) or electrons.

The high degree of monochromaticity, polarization, coherence, and intensity allows for thin optical

planes to be imaged whilst preventing out-of-focus fluorescence presenting CLSM as an optical

imaging method for biological samples [230].

CLSM was employed to image methicillin-resistant Staphylococcus aureus (MRSA) biofilms

after exposure to 3D Ag-BG scaffolds and live/dead staining applied (Live/Dead Baclight Bacterial

Viability Kit; ThermoFisher Scientific). The experimental setup and sample preparation will be

discussed in detail in Section 3.4.3.3. The imaging was performed using a Nikon C2 CLSM, where

the living MRSA was imaged using a 488 nm diode laser to excite the carboxyfluorescence diacetate

(live component of the live/dead stain) with green fluorescence emission detected using a 500-550

nm bandpass filter. Propidium iodide, the dead component of the live/dead stain, was excited using

a 560 nm diode laser with red fluorescence detected using a 575-625 bandpass filter to image the

MRSA killed by the Ag-BG scaffolds.

3.3.3 Electromagnetic radiation-based characterization techniques

The use of electromagnetic radiation for materials characterization can provide a plethora of

information about structures of interest depending on both the setup and the wavelength of radiation

used. Figure 3.3.3 shows the different quantum changes that are observed for various wavelengths

of electromagnetic radiation. Herein, nuclear magnetic resonance (NMR; Section 3.3.3.1), infrared

(FTIR; Section 3.3.3.2), visible and ultraviolet light (Section 3.3.3.3), and X-Ray (Section 3.3.3.4)

characterization techniques were used and will be explored further.

3.3.3.1 Nuclear magnetic resonance

Nuclear magnetic resonance (NMR) can be either performed in a liquid state or a solid state,

allowing for flexibility in the types of samples that can be analyzed. The process of performing NMR

entails exposing the sample to an oscillating radio-frequency electromagnetic field in combination

with a strong (i.e. > 1 T) external magnetic field excites the nuclei present in the sample causing a
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Figure 3.3.3: Chart depicting the various types of electromagnetic radiation used in materials characteriza-
tion. This figure was adapted from Figure 1.4 as presented in chapter 1 of the textbook written
by C. N. Banwell titled, “Fundamentals of Molecular Spectroscopy” [231].

change in the nuclear spin, as shown in Figure 3.3.3 [232]. The change in nuclear spin is measured

by measuring the energy released when the nuclei return to equilibrium from an excited state.

The energy released during the return to equilibrium induces currents that resonant at specific

frequencies that are correlated to the degree of electron shielding around the nuclei providing

useful information about the local environments of the nuclei. NMR can be performed either in a

liquid state or a solid state, where both techniques were used herein.

3.3.3.1.1 Liquid nuclear magnetic resonance

Herein, proton nuclear magnetic resonance (1H-NMR) was used for determining the degree

of methacrylation (substitution) that occurred during the synthesis of GelMA for later use in

developing GelMA-AgBG hybrid hydrogels for targeting bioprinting applications [233]. The 1D

spectra were collected using an Agilent DirectDrive 2 500 MHz NMR spectrometer, where a sample

concentration of 50 mg mL−1 in deuterium oxide (D2O) was used for all measurements. The degree

of substitution (DS) was calculated using the lysine integral method, where the integral of the lysine
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methylene signals of the gelatin as received was compared to the integral of the lysine methylene

signals in GelMA, as described in equation 3.3.5 [234].

DSLysine = (1 −
∫

Lysine GelMA∫
Lysine Gelatin

) · 100 (3.3.5 [234])

3.3.3.1.2 Magic angle spinning—nucelar magnetic resonance

Magic angle spinning – nuclear magnetic resonance (MAS-NMR) is utilized to apply NMR

characterization to solid (powder) samples. Performing solid-state NMR can lead to large peak

broadening or featureless spectral lines, so to overcome this limitation and achieve better resolution,

the samples are spun at 54.74° respective to the applied magnetic field [232]. This angle is

considered the “magic” angle as this angle leads to a vanishing of the dipolar interactions, thus

removing this from contributing to peak broadening.

Herein, 27Al MAS-NMR was performed on powdered Ag-BG scaffolds to determine the coor-

dination of the Al atoms present within the scaffold structure. All spectra were collected using a

Varian Infinity – Plus 400 NMR spectrometer using a 6 mm probe and a spin speed of 4 kHz. For
27Al MAS-NMR spectra, one pulse at 104.16 MHz was applied for 1 µs with a delay time of 0.2 s.

Peak deconvolution was performed assuming a Gaussian profile with the peak position, full-width

half-max (FWHM), and intensity (area) allowed to vary separately and in combination to minimize

the residuals maximizing the correlation coefficient.

3.3.3.2 Fourier-transformed infrared spectroscopy

Fourier-transformed infrared spectroscopy (FTIR) utilizes infrared radiation at varying wave-

lengths to elucidate both inorganic and organic components within the sample being measured. As

shown in Figure 3.3.3, the infrared radiation changes the configuration of the molecules present

by exciting the dipole moments present [235]. At specific wavelengths, these bonds are excited,

and the infrared radiation is absorbed and converted to vibrational energy (wavenumber, cm−1)

[235]. The vibrational energy is correlated to different types of bonds (e.g. Si-O bonds stretching
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or bending, P-O bonds stretching or bending) [235]. Given that different atoms and different bonds

absorb infrared radiation at specific wavelengths, the “fingerprint” of the molecules present can be

identified.

Herein, Ag-BG scaffolds were pulverized, where the powdered Ag-BG scaffold was placed

on top of a diamond crystal and compressive forces applied at 10,000 psi to ensure good contact

between the powder and the crystal. This configuration allowed for the instrument to be operated

in the attenuated total reflectance (ATR) mode. All samples were measured using a wavenumber

range of 4000-400 cm−1 at a resolution of 2 cm−1.

3.3.3.3 Ultraviolet & visible light spectroscopy

Ultraviolet and visible light spectroscopy (UV-Vis; Fig. 3.3.3) entails applying radiation

in the visible and ultraviolet wavelength range, where absorbance is measured as a function of

wavelength. As this technique utilizes radiation in the visible light spectrum, this allows for a

chromatic correlation with different statuses of a particular element.

Herein, Ag-BG scaffolds were pulverized, and the UV-Vis spectra collected using the solid-state

mode of the instrument (Lambda 900). Spectra were collected from 350 nm to 600 nm to determine

and support other experimental evidence of the status of Ag within the Ag-BG scaffolds. This was

achieved, as Ag, when in metallic form, is known to undergo surface plasmon resonance, whereby

the electrons on the surface of Ag begin to resonate leading to specific absorption peaks that can

be correlated to the specific size and shape of the Ag present within the Ag-BG scaffolds [236].

3.3.3.4 X-Ray based characterization techniques

X-Ray-based radiation (Fig. 3.3.3) for materials characterization is commonly utilized given

the versatility in the different X-Ray-based characterization techniques that can be performed. Such

X-Ray-based characterization techniques can elucidate elemental distribution (energy dispersive

spectroscopy; EDS), crystallographic information (XRD), and the overall gross structure (micro-

CT) of a material.
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3.3.3.4.1 Energy dispersive spectroscopy

Energy dispersive spectroscopy (EDS) is utilized in conjunction with SEM. When the incident

electron beam interacts with the specimen, the electrons can collide with the electrons present in

the shells surrounding the atoms, creating a vacancy in one of the inner electron shells. To fill this

vacancy, an electron from a higher shell will drop down, releasing the excess energy in the form of

X-Rays.

Interestingly, there is a unique characteristic X-Ray energy not only for all the elements but also

for each shell (i.e. the X-Ray energy detected when an electron drops down from the L-shell to the

K-shell is different than the X-Ray energy detected when an electron drops from the M-shell to the

K-shell). As a result, the characteristic X-Ray energies can be used to elucidate either the elements

present at a specific point, the elements present within a line (useful when studying the elemental

distribution across an interface), or the elements within a specific region (generating EDS X-Ray

maps).

Herein, EDS X-Ray maps were collected for all samples to evaluate the elemental homogeneity

of elements present down to the micron level. EDS is limited to a spatial resolution in the micron

range due to the interaction volume created by the incident electron beam (Fig. 3.3.2) with the

spatial distribution of the interaction volume calculated using the Kanaya-Okayama range equation

[228]. It should be noted that this spatial resolution limitation can be overcome utilizing the thin-foil

effect [228], where the spatial resolution can be mediated by the thickness of the specimen.

All EDS X-Ray maps were collected using an incident electron beam energy of less than or

equal to 21 keV with a spectra resolution of 126.2 eV. EDS was additionally used to collect point

spectra to evaluate the Ca/P ratio after immersion in SBF to determine if the appropriate apatite-like

layer (Ca/P ratio of 1.7) is forming.

3.3.3.4.2 X-Ray diffraction

X-Ray diffraction (XRD) is an X-Ray-based characterization technique that can elucidate the

crystallographic nature of the material being analyzed. Such crystallographic characteristics that
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can be revealed are the degree of crystallinity, the specific crystalline phases present, texture, lattice

parameters, and crystallite size [237].

XRD is performed using a monochromatic source of X-Ray radiation, with monochromatic

X-Rays generated from the interaction between an incident electron beam and the target, which

most commonly is Cu [237]. Similar to EDS, this interaction causes characteristic X-Rays to be

emitted, with Cu Kα radiation at a wavelength (λ) of 1.5406 Å used to irradiate the sample.

As shown in Figure 3.3.4, the incident X-Ray beam is elastically scattered by the atoms present

in the specimen. This elastic scattering creates both constructive and destructive interference de-

pending on the geometry of the incident X-Ray beam and the lattice spacing (d-spacing) of the

atomic planes present [237]. This geometric relation is the foundation of Bragg’s Law [237], as

shown in equation 3.3.3, thus allowing for specific crystalline phases to be identified within the sam-

ple through comparison within the ICDD database. XRD can provide additional crystallographic

information beyond diffraction peak indexing of crystalline materials, where the lattice parameters

of a crystalline material can be elucidated given the sensitivity of this characterization technique

to different atoms and different crystal structures. Furthermore, XRD can reveal crystallite size

through application of Scherrer’s equation (eq. 3.3.6) [237], where λ describes the wavelength of

the incident X-Rays (i.e. 1.5406 Å), B represents the breadth, for full-width half-max (FWHM) of

the diffraction peak being examined, and θ describes the angle at which the diffraction peak of in-

terest occurred [237]. For Scherrer’s equation, it is important to note that it is limited to calculating

the crystallite size of meso- to nanosized crystallites, whereas other quantification techniques are

required when crystallites are micron-sized and greater [237].

t =
0.9λ

Bcosθ
(3.3.6 [237])

Herein, all Ag-BG scaffolds were pulverized to utilize the powder diffraction principles within

the Bragg-Brentano configuration of the Rigaku Smartlab X-Ray Diffraction System. The powdered

Ag-BG scaffolds were placed onto the sample holder, where the powder was flattened and smoothed

using a previously cleaned glass slide to minimize Z-height contributions. Cu Kα radiation was used
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at 40 kV and 44 mA with diffraction patterns obtained from 10° to 90° 2θ. The background was fitted

to a B-spline function, where peak positions were refined using a shift axial displacement function

to correct for zero-sum error, axial divergence, and eccentricity effects. Rietveld analysis was

performed to quantify the weight fraction of the phases present within the Ag-BG scaffolds, where

the peak shape was calculated using a split pseudo-Voight function [238], and all crystallographic

parameters allowed to vary to minimize the residuals between the experimental and calculated

diffraction patterns. Preferred orientation was assessed using the March-Dollase function [239]

and manually adjusted to identify any preferred crystallographic orientations.

Figure 3.3.4: A geometric figure of how X-Rays diffract when going through a crystal. This schematic was
adapted from Figure 3-2 as presented in chapter 3 of the textbook written by B. D. Cullity
titled, “Elements of X-RAY DIFFRACTION” [237].

3.3.3.4.3 Micro-computerized tomography

Micro-CT is a non-destructive characterization technique that utilizes the highest X-Ray beam

energies out of all the X-Ray based characterization techniques described herein. Higher X-Ray
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beam energies are required as micro-CT is an X-Ray transmission characterization technique, thus

high energy is required for X-Ray transmission. Micro-CT is performed by adhering the sample to

a sample holder, where the sample is rotated 360° so that the X-Ray projections that are detected

can be computed into 2D cross-sections having a thickness dependent on the voxel size used [240].

These 2D cross-sections can be reconstructed to generate a 3D reconstruction of the sample [240].

Contrast differences are interpreted as density fluctuations given density affects the attenuation of

the incident X-Ray beam [240].

Ag-BG scaffolds were characterized using a Rigaku Quantum GX micro-CT instrument to eval-

uate the overall macrostructure of the Ag-BG scaffolds. Images were collected using the parameters

described in Table 3.3.2. The acquired micro-CT images were analyzed using MicroView (Parallax

Innovations, ON, Canada) to determine porosity (%), strut thickness (µm) of the Ag-BG scaffolds,

pore diameter (µm), and specific scaffold density (g cm−3).

Table 3.3.2: The parameters used during micro-CT characterization of Ag-BG scaffolds.

Parameter Value

Scan mode High resolution
Gantry rotation time (min.) 57

Power (kVp/µA) 90/88
Field of view (mm) 5
Number of slices 512

Slice thickness (µm) 10
Voxel resolution (µm3) 10

3.3.4 Nitrogen adsorption & desorption

N2 adsorption and desorption measurements allow for characterization of the surface area,

porosity, and pore size distributions of a material when interpreted using the Brunauer-Emmett-

Teller (BET) theory [241]. To determine the specific surface area of the material, the specimen is

cooled to cryogenic temperatures using liquid nitrogen, where N2 gas is introduced with pressure

and volumetric changes measured as a function of N2 adsorption. The isotherms produced when the

volume of N2 adsorption is a function of pressure, where the shape of the isotherm curve is classified
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as one of the six isotherm adsorption curves as presented and maintained by the International Union

of Pure and Applied Chemistry (IUPAC) [242].

Herein, Ag-BG scaffolds were pulverized and degassed at 80°C for 6 h under vacuum pressure

before measurement using an ASAP 2020 Micromeritics instrument. The amount of N2 adsorbed

was measured volumetrically at cryogenic temperatures (i.e. -196°C using liquid N2) once thermal

equilibrium was achieved.

3.3.5 Nitrogen pycnometry

N2 pycnometry utilizes Boyle’s law to measure the volume of a solid material by measuring the

volume displacement of the gas used [243]. By knowing the volume of the displaced gas and the

mass of the material being studied, the density of the material can be established.

Herein, N2 pycnometry (AccuPyc II 1340) was employed to determine the density of the Ag-

BG powder used for the synthesis of the Ag-BG scaffolds. The mass of the Ag-BG powder was

measured before placing the powder inside the chamber. The chamber was purged 5 times using

N2 gas. 20 measurements were recorded for the Ag-BG powder, where N2 gas was added to the

chamber at a rate of 0.1 psig min−1 and the measurements averaged to determine the density of the

Ag-BG powder.

3.4 Performance characterization

3.4.1 Degradation behavior

The study of the degradation behavior of the Ag-BG scaffolds presented herein provides useful

correlative information regarding the antibacterial and biological behavior of the Ag-BG scaffolds.

Additionally, the study of the degradation behavior allows for predictions to be made on the

approximate time it takes for the Ag-BG scaffolds to fully degrade to give a rough estimate on the

time it should take for the Ag-BG scaffolds to degrade in vivo. Herein, the degradation behavior

was studied by examining the mass loss and pH behavior of the Ag-BG scaffolds immersed in the
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medium as a function of time. At each time point, extracts were collected to perform inductively

coupled plasma optical emission spectroscopy (ICP-OES) to determine the concentrations of ions

released at each time point.

3.4.1.1 Mass loss, pH, & inductively coupled plasma—optical emission spectroscopy

The degradation behavior of the printed Ag-BG scaffolds was elucidated through immersion

of the Ag-BG scaffolds in 0.05 M tris(hydroxymethyl)aminomethane (TRIS; C4H11NO3) buffer

prepared to have a pH of 7.25 at 37.5℃. The mass to volume ratio used was 3.33 with the Ag-BG

scaffolds kept at 37.5℃ under 174 RPM of shaking for the duration of the study. The pH and mass

loss of the Ag-BG scaffolds was measured in triplicate every 3 d for up to 30 d, where extracts

(in triplicate) were collected at each time point for inductively coupled plasma – optical emission

spectrometer (ICP-OES) to quantify the concentration of ions present to support the findings from

antibacterial and biological studies.

For the hydrogel samples used for creating a compatible bioink for 3D bioprinting scaffolds,

their degradation behavior was elucidated by immersing samples in 1X phosphate-buffered saline

(PBS) at 37°C under an agitation rate of 175 RPM. The pH and mass loss were recorded at 1, 3, 5,

and 7 days.

Characterization of hydrogels additionally requires a study of their swelling behavior, as hydro-

gels can absorb great quantities of the medium. This allowed for the elucidation of the effect the

status and form of Ag-BG have on the swelling ratio when incorporated into GelMA. Hydrogels

were lyophilized to determine their dry mass before hydration using 1X PBS, where samples 8 mm

in diameter and 1.5 mm in thickness were immersed for 24 h. The hydrogels were removed from

the medium, gently blotted dry to remove excess moisture, and their mass measured. The dry (W0)

and hydrated (W𝑡) masses were used to determine the swelling ratio as described by equation 3.4.1.

Wt-W0
W0

(3.4.1)
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3.4.2 Mechanical performance

The study of the mechanical performance of the synthesized Ag-BG scaffolds is critical to de-

termining the success of delivering Ag-BG scaffolds capable of targeting load-bearing applications

for bone tissue regeneration. American Society for Testing and Materials (ASTM) standards were

utilized, when possible, for consistency and accuracy of the measurements obtained for the different

mechanical behaviors examined herein.

3.4.2.1 Compressive behavior

The compressive strength (MPa) of the Ag-BG scaffolds were evaluated using either a Rheo-

metric Solids Analyzer (RSA-III) instrument using a load cell of 2 kg and a crosshead speed of 0.5

mm min−1 for fragile Ag-BG scaffolds (i.e. solution scaffolds) or a United SFM electromechanical

series universal testing machine with a 4.45 kN load cell. All Ag-BG scaffolds had dimensions of

10 x 10 x 10 mm and were subjected to compressive forces that were maintained using a constant

crosshead speed of 0.5 mm min−1. The engineering compressive strength was calculated using

equation 3.4.2, where F was the force (N) applied to the Ag-BG scaffold, and A was the initial

cross-sectional area of the Ag-BG scaffolds (m2).

σc =
F

A0
(3.4.2)

The average strut strength (MPa) for the Ag-BG scaffolds was computed from their compressive

strengths using equation 3.4.3 as derived by Gibson-Ashby [57], where σbulk is the strut strength

(MPa), σscaffold is the compressive strength of the Ag-BG scaffold (MPa), and ρR being the relative

density of the Ag-BG scaffold, defined as 1 - porosity.

σbulk =
σscaffold

0.65(ρR)1.5 (3.4.3)
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3.4.2.2 Flexural behavior

Four-point flexural testing of the Ag-BG scaffolds having dimensions of 23.9 x 5.4 x 3.1 mm

was performed on a fully articulated fixture having an outer and inner span of 20 mm and 10 mm,

respectively and in accordance with ASTM C1674-16 [244] using a United SFM electromechanical

series universal testing machine with a 0.445 kN load cell. Forces were applied along the z-axis at

a constant crosshead speed of 0.2 mm min−1. The flexural strength (MPa) of the Ag-BG scaffolds

was determined using equation 3.4.4, where P was the maximum force (N) applied at failure, L

was the outer span of the fully articulated fixture used, and b and d were the width and thickness of

the Ag-BG scaffold, respectively.

σflex =
3PL
4bd2 (3.4.4)

3.4.2.3 Fracture toughness

The fracture toughness of the Ag-BG scaffolds having dimensions of 23.9 x 5.4 x 3.1 mm was

measured using the single-edge notched beam (SENB) technique on a fully articulated fixture setup

in the four-point configuration, where the outer and inner span was 20 mm and 10 mm, respectively.

A 1.5 mm notch having a thickness below 100 µm was introduced to the Ag-BG scaffolds at their

midpoint to satisfy the conditions for the application of linear elastic fracture mechanics following

ASTM C1421-18 guidelines [245]. The fracture toughness was calculated using equation 3.4.5,

where KIc was the fracture toughness (MPa·m1/2), f was a function of the ratio a
W for the four-point

configuration, Pmax was the maximum force (N) applied, S0 was the outer span of the four-point

configuration, Si was the inner span of the four-point configuration, B was the length of the Ag-BG

scaffold perpendicular to the depth of the notch, W was the length of the Ag-BG scaffold parallel

to the depth of the notch, and a was the length of the introduced notch.

KIc = [Pmax(S0 − S1)10−6

BW3/2 ] [
3( a

W )1/3

2(1 − a
W )3/2 ] (3.4.5)
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3.4.2.4 Rheology

Rheology was employed to elucidate the mechanical performance of hydrogel samples used

for developing and determining if the hydrogel will be compatible with 3D bioprinting. The

viscoelastic behavior of the samples was evaluated through measurement of the storage (G′) and

loss (G′′) moduli as a function of temperature from ambient conditions to 40°C. The viscosity of

the hydrogels was measured at 37°C (i.e. physiological temperatures) using a shear rate from 0.1 to

100 s−1. Equation 3.4.6 was subsequently used to compute the flow consistency index (K) and flow

index behavior (n) for hydrogel samples using the linear region of viscosity (Pa·s) as a function of

shear rate (s−1) [246].

ηapp = 𝐾 ¤γ(n−1) (3.4.6)

3.4.3 Antibacterial performance

All characterization of the antibacterial properties of the Ag-BG scaffolds was performed

using laboratory-derived methicillin-resistant Staphylococcus aureus (MRSA) USA300JE2 [247]

as MRSA is a commonly identified pathogen in bone infection(s) [37, 55]. To prepare the MRSA

cultures for all the antibacterial studies, MRSA cells were obtained from a frozen stock stored at

-78℃, streaked onto tryptic soy agar (TSA), and cultured at 37℃ for 24 h to prepare for isolation.

5 mL of sterile tryptic soy broth (TSB) was used to culture a single isolated MRSA colony at

37℃ for 24 h under 225 RPM of shaking. 1 mL aliquots of planktonic MRSA were prepared in

sterile phosphate-buffered saline (PBS) and normalized to an optical density (OD600) of 1, where

the MRSA concentration equated to 108 colony forming units (CFU) mL−1. All Ag-BG scaffolds

were preconditioned using Dulbecco’s modified eagle media (DMEM) to prevent the osmotic effect

[248, 249] from confounding their antibacterial behavior and UV sterilized for 1 h.

61



3.4.3.1 Combating planktonic MRSA

The ability of the Ag-BG scaffolds to combat planktonic MRSA was assessed up to 48h under

growth-arrested conditions with CFUs enumerated every 24 h. To accomplish this, 11 mg mL−1

of the polymer foam replication scaffolds and FFF printed Ag-BG scaffolds using a unimodal

distribution of Ag-BG particles were used in addition to a 100 mg mL−1 concentration for FFF

printed Ag-BG scaffolds using a bimodal distribution of Ag-BG particles. All Ag-BG scaffolds

were inoculated with MRSA and cultured at 37℃ and accompanied by controls for each time point

that were prepared using a MRSA to PBS (sterile) ratio of 1:1.

To enumerate CFUs, the Ag-BG scaffolds having a concentration of 11 mg mL−1 were pulverized

and homogenized to perform ten-fold serial dilutions. The Ag-BG scaffolds having a concentration

of 100 mg mL−1 required transfer to a sterile Eppendorfs at the respective time points, where 0.5

mL of sterile trypsin was introduced, and samples incubated for 5 minutes to detach the MRSA

from the Ag-BG scaffolds, given such scaffolds were too strong to pulverize utilizing the technique

described above. To neutralize the trypsin, 0.5 mL of sterile TSB was added, the Ag-BG scaffold

removed from the Eppendorf, and the trypsin-TSB aliquots spun down for 10 minutes at 12 g.

After, the trypsin-TSB was discarded and replaced with sterile PBS. The PBS aliquots were spun

down twice more, replacing the medium each time to wash the MRSA cells before combination

with PBS at a 1:1 ratio with the original PBS aliquot that housed the Ag-BG scaffolds. Aliquots

were homogenized, ten-fold serial dilutions performed, and dilutions plated onto tryptic soy agar

(TSA) before culturing at 37°C for 24 h.

3.4.3.1.1 Combating antibiotic resistance with Ag-BG scaffolds

To elucidate whether the Ag-BG scaffolds could restore the efficacy of antibiotics MRSA is

known to resist, 11 mg mL−1 of the Ag-BG slurry scaffolds were combined with either 0.2 µg

mL−1 of Fosfomycin or 2 mg mL−1 of Vancomycin [250]. The antibiotics were dissolved in PBS,

the Ag-BG slurry scaffolds were inserted into the Eppendorfs and combined with the MRSA in

PBS solution at a 1:1 ratio. The CFUs were enumerated as previously described.
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Further investigation entailed examining the effect the status of the microstructure and overall

morphology had on the potency of the Ag-BG scaffolds to destroy MRSA, providing additional

evidence to support whether the Ag-BG scaffolds are capable of restoring antibiotics MRSA is

known to resist. To this end, Ag-BG slurry scaffolds were pulverized, sieved so that their particle

size was below 20µm, and the anti-MRSA effect compared to the Ag-BG slurry scaffolds themselves

and Ag-BG powder as-received, and CFUs enumerated after 24 h under growth-arrested conditions,

as previously described.

3.4.3.2 Combating MRSA biofilms

To assess the ability of Ag-BG scaffolds to combat a previously formed MRSA biofilm, aliquots

of MRSA in sterile TSB at a concentration of 108 CFUs mL−1 were prepared and placed into

a 6-well tissue culture plate (TCP) containing a glass coverslip having an area of ∼78 mm2 and

incubated for 48 h at 37℃ to allow a MRSA biofilm to grow. The glass coverslips containing the

MRSA biofilm were then transferred to a fresh 6-well TCP containing sterile TSB and 100 mg mL−1

of the Ag-BG scaffolds ensuring that the Ag-BG scaffold did not directly interact with the glass

coverslip containing the MRSA biofilm when added. The Ag-BG scaffolds and glass coverslips

containing the MRSA biofilm were incubated for 72 h at 37℃. Wells containing sterile TSB alone

and wells having sterile TSB and the glass coverslip with the MRSA biofilm were additionally

prepared to serve as the negative and positive controls respectfully.

To quantify the biomass present after the MRSA biofilms on the glass coverslips after the 72

h of incubation at 37℃, the Ag-BG scaffolds were removed and the glass coverslips containing

the MRSA biofilms were transferred to a new 6-well TCP and gently washed thrice with sterile

PBS. The MRSA biofilms were then fixed using 100% ethanol (Koptec; 200 proof) with immediate

aspiration before drying at ambient conditions for 10 min. 0.5 mL of a 1% solution of crystal violet

stain were added to the relevant wells and allowed to incubate for 5 min. at ambient conditions.

The crystal violet stain was then aspirated, and the relevant wells were washed thrice with sterile

PBS and the TCP incubated at 37℃ for 24 h to allow sufficient time for the wells to dry. The crystal
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violet stain was eluted using 100% ethanol and 0.1 mL aspirated and transferred to a 96 well TCP

for OD absorbance measurements at a wavelength of 595 nm.

Live/Dead staining was additionally performed in parallel, where after treating the MRSA

biofilms on the glass coverslips with the Ag-BG scaffolds for 72 h at 37℃, the Ag-BG scaffolds were

removed, and MRSA biofilms were transferred to a new 6-well TCP and gently washed thrice using

sterile 0.85% NaCl distilled water. The MRSA biofilms were stained using the Live/Dead Baclight

Bacterial Viability Kit and allowed to incubate for 15 min. at ambient conditions in the absence of

light. The live/dead stain was aspirated, and samples were fixed using 4% glutaraldehyde in 0.1M

PBS and allowed to incubate for 30 min in ambient conditions before aspiration of the fixative.

The MRSA biofilms were washed thrice using sterile 0.85% NaCl distilled water and immediately

imaged using a Nikon C2 confocal laser scanning microscope (CLSM). The carboxyfluorescence

diacetate was excited using a 488 nm diode laser, with green fluorescence emission detected using

a 500-550 nm bandpass filter to image the live MRSA. The propidium iodide was excited using

a 560 nm diode laser, with red fluorescence emission detected using a 575-625 bandpass filter to

image the dead MRSA. The live and dead MRSA were quantified using Fiji is just ImageJ [251]

with values expressed as a percentage.

3.4.4 Biological performance

Both in vitro and in vivo study of the Ag-BG scaffolds is imperative to evaluate the biocom-

patibility of the Ag-BG scaffolds. Various acellular and cellular characterization techniques were

utilized to assess the biocompatibility of the Ag-BG scaffolds and explained hereafter.

3.4.4.1 Acellular conditions—assessing apatite-forming ability

Simulated body fluid (SBF) was prepared with the following ionic concentrations: 142.0Na+,

5.0K+, 2.5Ca2+, 1.5Mg2+, 148.8Cl−, 1.0HPO4
−, 4.2HCO3

−, and 0.5SO4
2− (mmol dm3) as pre-

viously described by Kokubo et. al [252, 253] to study the capability of the Ag-BG scaffolds to

form an apatite-like layer. A mass to volume ratio of 3.33 was used for all Ag-BG scaffolds with
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SBF replacement occurring every 48 h. The Ag-BG scaffolds were immersed for up to 21 d kept

at 37.5℃ under 174 RPM of agitation. The formation of an apatite-like layer was assessed using

SEM-EDS to observe any distinct surface morphological changes along with FTIR-ATR and XRD

to detect any molecular or crystallographic changes.

3.4.4.2 Cellular conditions—in vitro

3.4.4.2.1 Cell viability & proliferation

The biocompatibility of the Ag-BG scaffolds (V = 24 mm3) was assessed indirectly, placing

Ag-BG scaffolds in transwells ensuring that the scaffolds were immersed in the medium. Human

mesenchymal stem cells (hMSCs) were used and obtained from Tulane University Center for Gene

Therapy, where hMSCs were harvested from a 28-year-old male (7043L) and used at passage 6.

To evaluate hMSC viability and proliferation, hMSCs were seeded at a concentration of 2.0·104

hMSCs mL−1 in 24-well TCPs using standard growth media (α-MEM supplemented with 16%

fetal bovine serum (FBS), 1% antimycotic (Gibco 15,240,062), and 1% L-glutamine), and the

WST-8 (ab228554) assay applied after 2, 5, and 8 d of indirect exposure to Ag-BG scaffolds with

ODs measured at 460 nm. Optical images (Lionheart FX automated microscope; BioTek) were

additionally captured at each time point to observe hMSC morphology.

3.4.4.2.2 Cell differentiation

To assess the ability of the Ag-BG scaffolds to induce hMSC mineralization, hMSCs were seeded

at a concentration of 2.0·104 hMSCs mL−1 in 24-well TCPs using osteogenic differentiation media

(α-MEM supplemented with 8% fetal bovine serum (FBS), 1% antimycotic (Gibco 15,240,062),

1% L-glutamine, 25 µg mL−1 ascorbic acid 2-phosphate, 250 µL of β-glycerophosphate, and

100 µM of dexamethasone). The mineralization of hMSCs was quantified after 17 d of indirect

exposure to Ag-BG scaffolds using the Alizarin red stain (ARS; Sigma Aldrich) assay to identify

Ca-containing osteocytes. In short, 40 mM of ARS solution in distilled water was mixed with

hMSCs for 0.5 h, aspirated, and the TCP allowed to dry under ambient conditions. After drying,
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optical images were captured of the stained wells and %ARS quantified using Fiji is just ImageJ

[251, 254].

3.5 Statistical analysis

3.5.1 Overall statistical methods

The data were expressed in terms of means and standard deviations (error bars). Statistical

significance was assessed using the paired Student’s t-test and indicated if p < 0.05.

3.5.2 Weibuill statistics for mechanical performance

To assess the reliability of the compressive behavior of the FFF printed Ag-BG scaffolds,

Weibull statistics following ASTM C1239-13 [255] were computed, where the Weibull modulus

(m) was evaluated fitting the compressive strengths of each FFF printed Ag-BG scaffold using

equation 3.5.1, where Pf is the probability of failure at stress, σ, having a Weibull scale parameter

of σ0. Pf was calculated using equation 3.5.2, where n is the total number of scaffolds evaluated

and i is the rank of the scaffold in ascending order of failure stresses.

lnln( 1
1 − Pf

) = mln( σ
σ0

) (3.5.1)

Pf =
i − 0.5

n
(3.5.2)
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CHAPTER 4

RESULTS

4.1 Characteristics of Ag-BG

The work presented in Section 4.1 has previously been published by Marsh et al., as described

by the following citation:

• Journal of the European Ceramic Society, Vol 41, Adam C. Marsh, Nathan P. Mellott, Martin

Crimp, Anthony Wren, Neal Hammer, Xanthippi Chatzistavrou, Ag-doped Bioactive Glass-

Ceramic 3D Scaffolds: Microstructural, Antibacterial, and Biological properties, 3717-3730,

Copyright Elsevier (2021) [223].

4.1.1 Thermal behavior & structural evolution of as-received Ag-BG

Obtaining Ag-BG scaffolds that can elicit both an antibacterial and biological response in addi-

tion to possessing satisfactory mechanical performance for targeting load-bearing applications for

bone tissue regeneration required first evaluating the thermal behavior of as-received Ag-BG as a

function of temperature to determine advantageous structural changes for sintering optimization.

To accomplish this, as-received Ag-BG particles were studied using DTA/TGA and HSM character-

ization techniques (Section 3.3.2.1) to elucidate the glass-transition temperature (Tg) crystallization

onset temperature and melting temperatures (Tm). Understanding these thermal transitions allows

for control over the microstructure delivered in the Ag-BG scaffolds, thus allowing for preferential

microstructures to be delivered. Literature defines the “ideal” processing window for delivering

scaffolds having bone tissue regenerative characteristics as the region between T𝑔 and the onset of

crystallization [15]. This rationale was aimed at preserving the amorphous structure of the mate-

rial to promote dissolution enhancing antibacterial and biological responses while maintaining the
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required mechanical performance of scaffolds targeting bone tissue regeneration in load-bearing

applications.

As shown in Figure 4.1.1a, the DTA plot of the as-received Ag-BG particles exhibited a small

endothermic peak at ∼450℃ correlated to the glass-transition temperature of the Ag-BG. Beyond

Tg, minimal changes in heat flow were observed until ∼700℃, at which point the heat flow was

observed to steadily increase, demonstrating that exothermic processes are occurring. This event

was correlated to the temperature of the onset of crystallization with relevant Ag-BG XRD patterns

supporting correlation [33, 223]. Given this, the “ideal” processing window for synthesizing Ag-

BG scaffolds was 450°C to 700°C; however, HSM investigations on the Ag-BG particles (Fig.

4.1.1c) identified that notable shrinkage does not occur until temperatures exceeding 800°C are

achieved. Thus, the HSM findings are inconsistent with the criteria previously defined for the

“ideal” scaffold processing window.

To reconcile this disagreement between DTA and HSM data, the glass formability, or Hrubý

coefficient [68, 256–259], of the as-received Ag-BG was quantified using equation 4.1.1, where Tx is

the onset of crystallization, Tg is the glass transition temperature, and Tm is the melting temperature

[258] This computation has been widely used as a result of the ability of the Hrubý coefficient to

quantify the densification competition that arises between viscous flow and crystallization within

glassy systems.

KH =
Tx − Tg

Tm − Tx
(4.1.1)

The values for Tx, Tg, and Tm were derived from the DTA plot shown in Figure 4.1.1, where

Tx was defined at 701℃, Tg at 450℃, and Tm at 1450℃, where complete melting of the Ag-BG

was thought to occur. The resulting Hrubý coefficient for as-received Ag-BG was 0.34, which can

be interpreted to state that the as-received Ag-BG possesses modest glass stability. This finding

would suggest that the as-received Ag-BG should have the ability to undergo viscous sintering

avoiding significant crystallization. Given the mismatch between this interpretation for the Hrubý

coefficient for the as-received Ag-BG and the experimental evidence presented in Figure 4.1.1,
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it was concluded that the use of the Hrubý coefficient was inadequate to accurately describe the

thermal behavior of as-received Ag-BG.

Investigating methods for achieving agreement between experimental evidence and computa-

tion, Lara et al. expanded on the Hrubý coefficient to derive an approach to calculate the sinterability

(Sc) of silicate-based-glass systems beyond the sinterability of bioactive glass systems as demon-

strated by Baino et. al [68, 71]. The sinterability calculation attempts to quantify the independence

between viscous sintering and crystallization, where positive values demonstrate independence

between viscous sintering and crystallization mechanisms and negative values, meaning the two

aforementioned densification mechanisms are dependent. Equation 4.1.2 describes the sinterability

calculation, where Tx is the onset of crystallization (T1, 701℃; Fig. 4.1.1b) and TMS (1093℃; Fig.

4.1.1b) is the temperature at which maximum shrinkage was observed during HSM investigations.

Sc = Tx − TMS (4.1.2)

From this, the as-received Ag-BG was found to possess a largely negative sinterability, where

viscous sintering and crystallization are highly dependent events [68]. Further extrapolation from

the results computed using equation 4.1.2 infers that as-received Ag-BG exhibits low surface

tension and high viscosity at elevated temperatures given that these conditions are known to lead to

densification via crystallization [68, 71]. Given the agreement between the sinterability parameter

and experimental evidence (Fig. 4.1.1) collected for as-received Ag-BG, it was concluded that the

sinterability parameter provides the most accurate description of the thermal behavior of as-received

Ag-BG.

Additionally, the highlighted temperatures shown in the DTA plot (i.e. T1 – T5; Fig. 4.1.1a) for

as-received Ag-BG were used to investigate how the various thermal events correlated to shrinkage.

To this end, the temperature where notable shrinkage was first observed (T3 - 764℃; Fig. 4.1.1b)

corresponded to the low end (T1 - 770℃; Fig. 4.1.1a) of the broad exothermic peak spanning from

∼700℃ to 1000℃. At the peak of the broad exothermic event (T3 - 917℃; Fig. 4.1.1a), shrinkage

of as-received Ag-BG demonstrated a linear increase, with the rate of shrinkage plateauing at T6
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(964°C; Fig. 4.1.1b).

Interestingly, the shrinkage remained relatively stable at ∼42% within the ∼1000°C to ∼1200°C

temperature range. XRD patterns demonstrated that the concentration of wollastonite-2M is in-

creasingly diminished in favor of its high-temperature polymorph, pseudowollastonite [223]. Given

that the volume of the pseudowollastonite unit cell volume is approximately 400% greater than

wollastonite-2M, an expansion of as-received Ag-BG would have been expected; however, this is

not the case. To remedy this discrepancy, it was hypothesized that the expected volume increase

was counterbalanced by increased densification of Ag-BG as received.

Important to note that within the stable shrinkage temperature region for as-received Ag-

BG (Fig. 4.1.1b), a calcium phosphate phase transformation occurs. To start, at temperatures

below 1000°C, literature has shown that bioactive glass systems such as Ag-BG develop a Ca-

deficient hydroxyapatite phase [260]. Starting ∼1050°C, the Ca-deficient hydroxyapatite thought

to be present in as-received Ag-BG is reported to undergo phase transformation to β-tricalcium

phosphate (β-TCP) [261, 262]. Examination of the respective unit cell volumes for Ca-deficient

hydroxyapatite and β-TCP while additionally taking into account the number of atoms per unit cell

finds that there is minimal volume change during this phase transformation, providing additional

evidence to describe the stable shrinkage that was observed in HSM for as-received Ag-BG (Fig.

4.1.1b).

As temperatures began to exceed 1200°C, as-received Ag-BG was found to expand culminating

at ∼1268°C, interestingly correlating to the development of the endothermic peak observed in

DTA (Fig. 4.1.1a) of as-received Ag-BG. At these temperatures, β-TCP is reported to undergo a

phase transformation to α-tricalcium phosphate (α-TCP) [263, 264], where α-TCP is associated

with increased disorder and decreased packing of the atoms leading to an increase in the free

volume [263]. This increase in free volume between CaP polymorphs was hypothesized to be the

cause of the expansion observed in HSM of as-received Ag-BG (Fig. 4.1.1b) assuming complete

densification of as-received Ag-BG was achieved before the β-TCP→α-TCP phase transformation.
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Figure 4.1.1: (a) Shows the DTA/TGA behavior of Ag-BG particles, (b) presents the shrinkage behavior of
the Ag-BG particles as a function of temperature derived from HSM, and (c) are images of the
Ag-BG at different temperatures during HSM. ∆A represents the area change between each
temperature shown in (c), computed using image analysis.

4.2 Ag-BG scaffolds synthesized using the polymer foam replication tech-
nique

The thermal information derived from the DTA and HSM characterization of as-received Ag-

BG were utilized to help determine the sintering conditions that were applied for Ag-BG scaffolds

synthesized using the polymer foam replication technique.

The work presented in Section 4.2 has previously been published by Marsh et al., as described

by the following citations respectively:

71



• Bioactive Materials, Vol 4, Adam C. Marsh, Nathan P. Mellott, Natalia Pajares-Chamorro,

Martin Crimp, Anthony Wren, Neal D. Hammer, Xanthippi Chatzistavrou, Fabrication and

multiscale characterization of 3D silver containing bioactive glass-ceramic scaffolds, 215-

223, Copyright Elsevier (2020) [225].

• Journal of the European Ceramic Society, Vol 41, Adam C. Marsh, Nathan P. Mellott, Martin

Crimp, Anthony Wren, Neal Hammer, Xanthippi Chatzistavrou, Ag-doped Bioactive Glass-

Ceramic 3D Scaffolds: Microstructural, Antibacterial, and Biological properties, 3717-3730,

Copyright Elsevier (2021) [223].

4.2.1 Structural characteristics

4.2.1.1 Macro- & milli- structure

Ag-BG scaffolds synthesized by the solution (Section 3.2.1.1) and slurry (Section 3.2.1.2)

techniques were successful in delivering highly porous (Table 4.2.1) scaffolds patterned after the

PU foam template used. Optical microscopy of solution and slurry Ag-BG scaffolds demonstrated

that the scaffold synthesis processes had a chromatic effect on the delivered Ag-BG scaffolds, as

shown in Figure 4.2.1a, b. Ag-BG scaffolds delivered using the solution technique presented with

a random distribution of yellow/brown dark coloration interspersed with regions having a vitreous

sheen. This observed dark coloration (Fig. 4.2.1a, b) suggested the possibility that the solution

technique was unable to fully maintain the Al-tetrahedron mechanism utilized to stabilize Ag+

ions warranting further investigation into the microstructural and nanostructural characteristics

of the Ag-BG scaffolds synthesized by the solution technique. Conversely, this dark coloration

phenomenon was not observed for Ag-BG scaffolds synthesized by the slurry technique (Fig. 4.2.1c,

d), whose coloration was found to be primarily white with an opaque nature. Given the contrasting

chromatic nature between solution and slurry Ag-BG scaffolds, it was hypothesized that the vitreous

sheen observed for solution scaffolds was optical evidence that the amorphous component of Ag-

BG in solution scaffolds was preserved to an extent leading to improved antibacterial and biological
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responses [265].

SEM images of Ag-BG solution scaffolds (Fig. 4.2.1e, f) revealed prominent fracturing across

the entire scaffold surface and expected to have a deleterious effect on mechanical performance

when characterized. Ag-BG slurry scaffolds showed fewer surface fractures (Fig. 4.2.1g, h) on the

scaffold surface comparatively; however, the surface fractures were observed to be concentrated at

the interfaces, where the scaffold material is found to change angular orientation (Fig. 4.2.1h), thus

weakening the expected mechanical performance for Ag-BG slurry scaffolds.

Examination of the Ag-BG solution scaffolds at higher magnification resolution (Fig. 4.2.1f)

revealed a porous microscopic surface morphology, demonstrating that the solution polymer foam

replication synthesis process can preserve the inherent porosity known to be introduced when

using the sol-gel process. Ag-BG slurry scaffolds, however, presented a rough microscopic surface

morphology (Fig. 4.2.1h), where Ag-BG particles appear to be sintered together. Interestingly, strut

cross-section appears comparatively more pronounced for the Ag-BG slurry scaffolds; however,

for both solution and slurry Ag-BG scaffolds, the strut cross-sections revealed a hollow internal

structure generated from the sacrifice of the polyurethane foam during heat treatment. These

findings provide additional evidence to support the weak mechanical performance hypothesis.

Figure 4.2.1: Optical images of Ag-BG scaffolds synthesized by the (a-b) solution and the (c-d) slurry
technique. SEM images respective of Ag-BG scaffolds synthesized by the (e-f) solution
technique and (g-h) slurry technique.
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The macro- and milli- structural characteristics of interest (i.e. porosity, pore size, strut

thickness, and apparent density) for Ag-BG solution and slurry scaffolds are summarized in Table

4.2.1 and calculated based on both optical and micro-CT characterization. Optically, the porosity

(%) was calculated using equation 4.2.1 [225], where VAIR describes the total empty volume of

the scaffold and VTOTAL defines the overall volume of the scaffold. Pore size was measured from

optical images and analyzed using Fiji is just ImageJ [251] and adjusted through the application of

a correction factor (1.67; [266]) to account for the dimensional difference created by measuring a

3D quantity in 2D space.

%Porosity =
VAIR

VTOTAL
· 100 (4.2.1)

Table 4.2.1: Macro- and milli-structural characteristics of Ag-BG scaffolds synthesized by the polymer foam
replication technique.

Foam Characteristics Solution-Optical Solution-Micro-CT Slurry-Optical Slurry-Micro-CT

Porosity (%) 98.4±0.21 98.4±0.4 95.4 88.2±3.6 92.4
Apparent Density (g cm−1) 0.04 0.05±0.01 0.05 0.25±0.08 0.08

Pore Size (µm) 569±63.6 842±126 896±48.3 698±157 722±29.4
Strut Thickness (µm) 99.4±16.7 85±16 43.3±2.33 808±36.3 59.6±2.43

Characterization of the overall gross Ag-BG scaffold in addition to elucidation of their internal

characteristics was achieved using micro-CT. Examining the gross structure of solution and slurry

Ag-BG scaffolds (Fig. 4.2.2a, d), the respective 3D reconstructions identify that the solution

technique was more successful at maintaining the open porous network of the polyurethane foam

template used as fewer blocked pores were observed. This observation was correlated to the

viscosity differences during the solution and slurry processes respectively, with the higher viscosity

of Ag-BG slurry increasing the challenge of maintaining the open porous network desired.

4.2.1.2 Microstructure

As previously shown in Section 4.2.1.1, the macro- and milli structure of the Ag-BG scaffolds

are expected to deleteriously influence the resulting mechanical performance due to their hollow

interior; however, it is hypothesized that examining the finer structures (i.e. micro-, meso-, and
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Figure 4.2.2: Complete 3D reconstructions of Ag-BG (a) solution and (d) slurry scaffolds. 3D reconstruc-
tions having a thickness of 1 mm are additionally presented for Ag-BG (b) solution and (e)
slurry scaffolds to better show the porous structure of each scaffold type. Representative
2D cross-sections for Ag-BG (c) solution and (f) slurry scaffolds are shown to give a 2D
perspective of the open porous structure for both scaffold types.

nano-) of the Ag-BG scaffolds will elucidate the expected correlations between structure and

antibacterial and biological performance. Evidence supporting this hypothesis will be explored

herein.

Moving from macro- and millistructural characterization of the Ag-BG solution and slurry

scaffolds to microstructural characterization utilized XRD, FTIR, and SEM-EDS techniques. From

the XRD patterns collected for Ag-BG solution and slurry scaffolds, the solution scaffolds (Fig.

4.2.3a) presented partial crystallization interpreted to state that the solution scaffolds possess a

glass-ceramic nature. Examining the XRD pattern in closer detail revealed crystalline phases

consisting of hydroxyapatite (HA; Ca10(PO4)6(OH)2), cristobalite (C; SiO2), and Ag as determined

through examination of relevant powder diffraction files (PDF) housed within the ICDD database.

Underneath the diffraction peaks for the XRD pattern of Ag-BG solution scaffolds (Fig. 4.2.3a)

was a broad peak spanning a width greater than 5° 2θ correlated to the presence of an amorphous
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component. This amorphous contribution in the XRD pattern correlates with the vitreous sheen that

was observed in the optical images (Fig. 4.2.3a, b) for the Ag-BG solution scaffolds. Interestingly,

out of the three crystalline phases observed in the XRD pattern of Ag-BG solution scaffolds

(Fig. 4.2.3a), only the presence of Ag in the form of particles is known to possess chromatic

characteristics consistent with the yellow/brown dark coloration observed in their optical images

(Fig. 4.2.3a, b). EDS characterization on Ag-BG solution scaffolds is expected to detect evidence

of Ag particles only if their size is greater than the interaction volume generated by the incident

electron beam. The XRD pattern for Ag-BG slurry scaffolds (Fig. 4.2.3a), a highly crystalline

structure was observed that lacked evidence of the presence of an amorphous component. Five

crystalline phases were identified in the XRD pattern for Ag-BG slurry scaffolds (Fig. 4.2.3a) that

were cristobalite, HA, wollastonite-2M (W. 2M; CaSiO3), pseudowollastonite (PsW; Ca3Si3O3),

and Ag. The highly crystalline nature of Ag-BG slurry scaffolds is hypothesized to slow their

dissolution during antibacterial and biological performance characterization, leading to a slower

formation of an apatite-like layer and a weaker anti-MRSA response compared to the glass-ceramic

nature of Ag-BG solution scaffolds.

The respective FTIR spectra for Ag-BG solution and slurry scaffolds (Fig. 4.2.3b) revealed the

glass-ceramic nature of Ag-BG solution scaffolds was evidenced complementing the findings from

the XRD pattern of the Ag-BG solution scaffolds. Interestingly, the highly crystalline nature of

Ag-BG slurry scaffolds was reflected in their respective FTIR spectra (Fig. 4.2.3b) by the presence

of sharp, well-defined peaks. Given this, the bonds identified in the FTIR spectrum (Fig. 4.2.3b)

could be correlated to the crystalline phases identified in the XRD pattern (Fig. 4.2.3a), thus

providing supporting evidence for the phases previously noted.

From low wavenumber to high wavenumber, Si-O bending peaks were observed at ∼450 cm−1

and ∼800 cm−1, where the peak at ∼450 cm−1 is a characteristic peak of silicate-based glass

systems while the peak at ∼800 cm−1 was correlated to the presence of cristobalite [45, 265]. Si-O

bending peaks at ∼650 cm−1 and ∼720 cm−1 were solely observed in the FTIR spectrum for Ag-BG

slurry scaffolds (Fig. 4.2.3b) and correlated to the presence of cristobalite and PsW respectively
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[235, 267, 268]. Regarding Si-O stretching peaks, the peaks observed at ∼900 cm−1 and ∼1005

cm−1 were correlated to the presence of W. 2M [235, 268, 269] while the Si-O stretching peaks

at ∼930 cm−1 and ∼990 cm−1 were correlated to the presence of PsW [235, 267, 268]. The Si-O

stretching peak noted at ∼1200 cm−1 was correlated to the presence of cristobalite [45, 265]. Given

that the only phosphate-containing phase was hydroxyapatite for both Ag-BG solution and slurry

scaffolds, the relevant P-O bending peaks observed at∼570 cm−1 and∼620 cm−1 and P-O stretching

peaks noted at ∼1000 cm−1 and ∼1070 cm−1 were all correlated to the presence of hydroxyapatite

[235].

Figure 4.2.3: Representative (a) XRD patterns for powdered Ag-BG solution and slurry scaffolds in addition
to the (b) complementary FTIR spectra for both Ag-BG solution and slurry scaffolds.

Investigation of the Ag particle hypothesis described previously was studied using SEM-EDS

characterization. SEM showed (Figure 4.2.4a, b) that both Ag-BG solution and slurry scaffolds

had relatively smooth surface morphologies down to the micron level, where the meso-sized pores

observed for Ag-BG solution scaffolds was correlated to the use of the sol-gel process as was
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previously noted in Figure 4.2.4f, while the meso sized-pores for Ag-BG slurry scaffolds was

correlated to the development of vacancies during the sintering process of the Ag-BG particles

during Ag-BG slurry scaffold synthesis. EDS mapping analysis of both Ag-BG solution (Fig.

4.2.4c-h) and slurry scaffolds (Fig. 4.2.4i-n) revealed all elements were homogeneously distributed

down to the micron level. While elemental homogeneity down to the micron level is expected to

produce a homogenous response when Ag-BG solution and slurry scaffolds are characterized for

their antibacterial and biological performance, the lack of elemental heterogeneity for Ag suggested

that Ag particles were either meso- or nano-sized given the presence of Ag diffraction peaks in the

XRD patterns (Fig. 4.2.4a) for both Ag-BG solution and slurry scaffolds, thus requiring the use of

additional characterization techniques to prove/disprove the Ag particle hypothesis.

Figure 4.2.4: Representative (a) XRD patterns for powdered Ag-BG solution and slurry scaffolds in addition
to the (b) complementary FTIR spectra for both Ag-BG solution and slurry scaffolds.

Further, the XRD pattern of Ag-BG slurry scaffolds (Fig. 4.2.3a), given its pentaphasic highly

crystalline nature and the expected dissolution delay for antibacterial and biological performance, it

was advantageous to explore methods at modifying the weight concentrations of the phases present

as an approach to improving antibacterial and biological performance. To achieve this, additional

Ag-BG slurry scaffolds were sintered at 900°C for the same duration as what was performed for

the synthesis of Ag-BG slurry scaffolds sintered at 1000°C (Table 3.2.2) to elicit the formation
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of cristobalite, HA, and Ag in similar concentrations while suppressing the high-temperature

polymorph of W. 2M, PsW [267, 270]. Table 4.2.2 shows the phase concentrations for both types

of Ag-BG slurry scaffolds demonstrating that this approach was successful at modifying the W.

2M and PsW phase concentrations while keeping the phase concentrations of cristobalite, HA,

and elemental Ag relatively consistent between sintering temperatures. The impact of this phase

concentration modification will be explored further in Sections 4.2.2.2 and 4.2.2.3.

Table 4.2.2: The phase concentrations for Ag-BG slurry scaffolds sintered at 900°C and 1000°C as computed
through Rietveld analysis.

Phases Sintering at 900°C Sintering at 1000°C

Cristobalite 10% 9%
HA 39% 36%

W. 2M 25% 16%
PsW 25% 38%

Elemental Ag < 1% < 1%

4.2.1.3 Meso- & nano- structure

Elucidation of the meso- and nanostructure of both Ag-BG solution and slurry scaffolds was

achieved using TEM, UV-Vis, and MAS-NMR characterization techniques, whose results will be

explored herein. The representative bright-field TEM image for powdered Ag-BG solution scaffolds

(Fig. 4.2.5a) revealed the presence of circular features < 50 nm in size allowing minimal electron

transmission compared to other features located within the meso-sized particle being examined.

The powdered Ag-BG solution scaffold (Fig. 4.2.5a) was additionally studied using selected area

diffraction (SAD; Fig. 4.2.5b) to determine what phases (if any) were present in the analysis region

(Fig. 4.2.5a). Both HA and elemental Ag were identified in the SAD pattern consistent with the

phases identified during XRD (Fig. 4.2.5a) and FTIR (Fig. 4.2.5b) characterization. Given the

presence of Ag in the SAD pattern of the powdered Ag-BG solution scaffold (Fig. 4.2.5b) coupled

with the minimal electron transmission of the < 50 nm sized particles, it was hypothesized that

these were Ag nanoparticles (AgNPs) given that Z for Ag is 27 units greater than the next highest Z
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element in the Ag-BG composition (i.e. Ca). This difference in Z results in a greater atomic nuclei

size for Ag compared to all other elements present in the Ag-BG composition, resulting in a greater

probability that electrons will be scattered by the Ag atomic nuclei rather than be transmitted, thus

leading to a low degree of electron transparency providing further evidence to support the presence

of AgNPs. To provide further verification, UV-Vis (Fig. 4.2.5c) was performed on powdered

Ag-BG solution scaffolds, where an absorbance peak of 428 nm was observed. This absorbance

peak is within the region expected in the presence of AgNPs exhibiting surface plasmon resonance

(SPR) [271–273] excited by the visible light that is additionally chromatically expressed as yellow

hues, thus providing supporting evidence to describe the yellow/brown dark coloration observed

for the Ag-BG solution scaffolds optically (Fig. 4.2.5a, b).

Examining powdered Ag-BG slurry scaffolds by way of TEM, the bright-field TEM image

presented in Figure 4.2.5d shows meso-sized particles having variable electron transmission due to

overlapping of the individual meso-sized particles. Additionally, a random distribution of nanosized

particles (< 50 nm) having minimal electron transparency similar to those observed in the bright-

field image for the powdered Ag-BG solution scaffold (Fig. 4.2.5a) and hypothesized to be AgNPs.

Examination of one of these features (Fig. 4.2.5e) resolved lattice fringes, where the lattice fringe

spacing was measured at 0.236 consistent with the inter-planar spacing of the (1 1 1) planes of Ag

and validating the AgNP hypothesis for Ag-BG slurry scaffolds. The SAD pattern for the powdered

Ag-BG slurry scaffold (Fig. 4.2.5f) presented a complex spot pattern, where cristobalite, HA, W.

2M, PsW, and Ag were all identified supporting the peak indexing performed on the respective

XRD pattern (Fig. 4.2.5a). Additional indexing, however, was not possible given the pentaphasic

nature of Ag-BG slurry scaffolds further convoluted by the overlapping of the meso-sized particles

resulting in double diffraction making indexing exponentially more complicated [274].

The micro-, meso-, and nanostructural features observed for Ag-BG solution and slurry scaffolds

clearly show that the use of the polymer foam replication technique disrupts the ability of [AlO4]−

to stabilize Ag+ ions given the presence of AgNPs for both types of polymer foam replication

scaffolds explored herein. Had the polymer foam replication technique caused a reduction of all
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Ag+ ions into Ag0 in the form of AgNPs, the Rietveld analysis should have detected a greater

concentration of Ag than what was reported in Table 4.2.2. Therefore, there may be a mix of Ag+

ions and AgNPs within the polymer foam replication scaffolds.

To determine whether a mix of Ag+ ions and AgNPs are present, powdered Ag-BG slurry scaf-

folds were characterized using 27Al MAS-NMR (Fig. 4.2.5g). Previous reports by Chatzistavrou

et al. [32] have demonstrated that the addition of Ag in the presence of Al within the Ag-BG

composition increases the signal of five-fold coordinated Al as a result of the bond formed between

[AlO4]− and Ag+. For Ag-BG slurry scaffolds, an asymmetric peak observed around +50.0 ppm

in the 27Al MAS-NMR spectrum (Fig. 4.2.5g) that when deconvoluted produced two peaks: the

first at (+)42.0 ppm correlated to the presence of aluminum in five-fold coordination [275, 276]

and the second at (+)52.4 ppm correlated to Al in four-fold coordination [32, 276]. This provides

evidence supporting the hypothesis that Ag is likely present as both Ag+ and Ag0, thus reconciling

the Rietveld analysis (Table 4.2.2) with the TEM observations (Fig. 4.2.5) previously described.

4.2.2 Performance characteristics

4.2.2.1 Mechanical perforamnce

Characterization of the mechanical performance for Ag-BG solution and slurry scaffolds was

conducted following the procedures detailed in Section 3.4.2. For Ag-BG solution scaffolds, the

compressive strength and elastic modulus (Fig. 4.2.6a) were measured at 4.4·10−3±2.5·10−3 MPa

and 3.2·10−4±7.0·10−5 GPa. It is important to note that the compressive strength and elastic

modulus for Ag-BG solution scaffolds are only 2.2% and 0.64% respectively required to meet the

minimum requirements for targeting bone tissue regeneration in load-bearing applications [16–

18]. Regarding Ag-BG slurry scaffolds, their compressive strength and elastic modulus (Fig.

4.2.6b) were measured at 0.15±0.06 MPa and 0.027±0.003 GPa respectively and consistent with

values reported for other silicate-based scaffolds [25, 57]. The compressive strength and elastic

modulus were found to be at 75% and 54.6% of the minimum requirements for targeting bone
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Figure 4.2.5: (a) Representative TEM bright-field image and (b) respective SAD pattern for powdered Ag-
BG solution scaffolds in addition to the relevant (c) UV-Vis spectrum. (d-e) Representative
bright-field TEM images of powdered Ag-BG slurry scaffolds in addition to the relevant (f)
SAD pattern. (g) 27Al MAS-NMR spectrum of powdered Ag-BG slurry scaffolds used to
determine the coordination number(s) of Al. (*) Denotes magic angle spinning sidebands and
the yellow dashed line represents the cumulative fitting from peak deconvolution.

tissue regeneration in load-bearing applications [16–18]. While the Ag-BG slurry scaffolds fell just

short of the mechanical performance requirements needed, it should be noted that the compressive

strength and elastic modulus are consistent with reported values for other silicate-based slurry

scaffolds.

To investigate the effect of the observed structural defects in more detail for Ag-BG polymer

foam replication scaffolds (Fig. 4.2.1 and Fig. 4.2.2), the Hashin-Shtrikman (HS) bounds [277]

were calculated and transformed using the theory of elasticity [278] to determine the effective

elastic modulus (𝐸 ; Fig. 4.2.6c) to describe the elastic modulus as a function of porosity. This

mathematical treatment is consistent with previous reports for other porous and scaffold-like con-

structs [279–281]. Regardless of the increased loading of Ag-BG during the synthesis of Ag-BG

slurry scaffolds compared to Ag-BG solution scaffolds, both scaffold types were near the lower HS

bound demonstrating the deleterious effects of the structural defects observed in Figures 4.2.1 and
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4.2.2 had on mechanical performance, as previously hypothesized.

Figure 4.2.6: Representative stress-strain curves for the compressive behavior of Ag-BG (a) solution and
(b) slurry scaffolds. The (c) Hashin-Shtrikman (HS) bounds for the effective elastic modulus
(𝐸) show both where the Ag-BG solution and slurry scaffolds are on the plot. 𝐸 and denote
the upper and lower bounds respectively. 𝐸HS+ and 𝐸HS- denote the upper and lower bounds
respectively.

4.2.2.2 Antibacterial performance

The antibacterial performance for both Ag-BG solution and slurry scaffolds was assessed

through the exposure of both scaffold types to MRSA for 24 h and application of the CFU assay.

While both Ag-BG solution and slurry scaffolds were capable of significant MRSA inhibition after

24 h of exposure when compared to the untreated control, the Ag-BG solution scaffolds were more

effective at inhibiting MRSA; however, this difference was statistically insignificant (Fig. 4.2.7a).

It was previously hypothesized that the glass-ceramic nature of the Ag-BG solution scaffolds would

elicit a significant decrease in CFUs compared to Ag-BG slurry scaffolds due to an increased rate

of dissolution. This, however, was not the case given the insignificant difference in CFUs between

scaffold types.

Previous reports have demonstrated the bactericidal capabilities of as-received Ag-BG when

used as micro-particles [37], which was not observed for the polymer foam replication scaffolds.

Given that microstructural differences were found to have an insignificant effect on MRSA inhibi-

tion, the effect of the overall morphology (i.e. particle versus scaffold) of Ag-BG was assessed.

When Ag-BG slurry scaffolds were pulverized and particles < 20 µm were used and compared to
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as-received Ag-BG (< 20 µm in size), both Ag-BG slurry scaffold and as-received Ag-BG particles

elicited bactericidal behavior against MRSA after 24 h of exposure.

To further expand on the impact of morphology on antibacterial performance, BET was used to

quantify the surface area of both Ag-BG as received and Ag-BG slurry scaffolds. The surface area

measurements revealed as-received Ag-BG had a surface area of 90.4±0.6 m2 g−1 while Ag-BG

slurry scaffolds had a surface area of 0.44±0.01 m2 g−1. This stark difference in the surface area

has a significant impact on the surface area to volume ratio, where low surface area to volume

ratios is expected to slow the rate of dissolution and thus slow the rate of ion release leading to

less effective anti-MRSA properties. These pieces of evidence, therefore, conclusively demonstrate

that the overall morphology of Ag-BG is the predominant structural factor dictating antibacterial

performance.

Previous reports for micro-sized Ag-BG particles have additionally demonstrated the remark-

able ability to reactivate the efficacy of antibiotics MRSA is known to resist, thus identifying a

novel pathway to combat antibiotic resistance [37]. Given the insignificant difference in MRSA

inhibition between Ag-BG solution and slurry scaffolds and improved mechanical performance of

slurry scaffolds over solution scaffolds, Ag-BG slurry scaffolds were used to investigate whether

Ag-BG scaffolds would also exhibit this remarkable reactivation ability. Fosfomycin and van-

comycin were used given their previous study with Ag-BG micro-sized particles [37] and different

mechanisms of MRSA inhibition. Fosfomycin inhibits bacterial growth by targeting peptidoglycan

and cell wall synthesis by inhibiting UDP-N-acetylglucosamine-3-enolpyruvyltransferase (MurA)

and previously reported to strongly synergize with Ag-BG micro-sized particles [37] while van-

comycin inhibits bacterial growth by disrupting the transport of cell wall precursors from cytoplasm

to peptidoglycan [282].

After 24 h of MRSA exposure to the combination of Ag-BG slurry scaffold and either fosfomycin

(Fig. 4.2.7b) or vancomycin (Fig. 4.2.7c), a significant reduction in CFUs was observed for both

antibiotics showing the potential for further CFU reduction when exposed to MRSA for 48 h.

Interestingly, while significant inhibition of MRSA was observed comparing the performance of
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Ag-BG slurry scaffolds after 24 h and 48 h of exposure to MRSA, only an insignificant reduction

in CFUs was observed when examining the combined performance at equivalent time points. Not

only was the reduction in CFUs insignificant when Ag-BG slurry scaffolds were combined with the

antibiotics, but the CFUs after 48 h of exposure to MRSA for the scaffold-antibiotic combination

were approximately equal to the CFUs of Ag-BG slurry scaffolds alone. Given the surface area to

volume ratio findings described previously, it was concluded that the low surface area to volume

ratio for Ag-BG slurry scaffolds is the dominant structural characteristic limiting the anti-MRSA

and synergistic effect of the Ag-BG polymer foam replication scaffolds.

Figure 4.2.7: (a) The anti-MRSA effect of Ag-BG solution and slurry scaffolds in addition to the anti-
MRSA effect of as-received Ag-BG and pulverized Ag-BG slurry scaffolds after exposure to
planktonic MRSA for 24 h. (b) Shows the anti-MRSA effect of Ag-BG slurry scaffolds alone
and in combination with 0.2 µg mL-1 of Fosfomycin (F) after 24 h and 48 h of exposure. (c)
Shows the anti-MRSA effect of Ag-BG slurry scaffolds alone and in combination with 2 mg
mL-1 of vancomycin (V). (*) indicates p < 0.05 against the untreated and antibiotic controls,
(!) represents p < 0.05 of pulverized Ag-BG slurry scaffolds and as-received Ag-BG, (#)
denotes p < 0.05 of Ag-BG slurry scaffold-antibiotic combination compared to Ag-BG slurry
scaffolds alone after 24 h of MRSA exposure, and ($) indicates p < 0.05 of the anti-MRSA
response of Ag-BG slurry scaffolds after 48 h of exposure compared to 24 h of exposure.

4.2.2.3 Biological performance

The biological performance of both Ag-BG solution and slurry scaffolds were evaluated through

immersion in SBF for 14 d. Structural changes were observed in the FTIR spectra (Fig. 4.2.8a, b)

and XRD patterns (Fig. 4.2.8c, d) for powdered Ag-BG solution and slurry scaffolds after 14 d of

immersion in SBF. To start, the FTIR spectrum of Ag-BG solution scaffolds (Fig. 4.2.8a) after 14 d
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of immersion in SBF saw the development of two P-O bending peaks at ∼570 cm−1 and ∼610 cm−1

[235] correlated to the development of an apatite-like layer, as expected after SBF immersions.

The complementary XRD pattern (Fig. 4.2.8c) saw an increase in relative intensity for the main

diffraction peaks for hydroxyapatite (i.e. ∼30° to ∼35° 2θ) providing supporting evidence that

Ag-BG solution scaffolds could form an apatite-like layer after 14 d of immersion in SBF.

For Ag-BG slurry scaffolds, structural changes were less noticeable than what was observed for

Ag-BG solution scaffolds resulting from the highly crystalline nature of the Ag-BG slurry scaffolds.

While somewhat notable changes in the P-O bending peaks in the FTIR spectra for Ag-BG slurry

scaffolds (Fig. 4.2.8b) were observed, these peak changes do not conclusively demonstrate whether

Ag-BG slurry scaffolds could form an apatite-like layer after 14 d of immersion in SBF. Other

spectroscopic changes, however, were more notable, specifically in the 900 cm−1 to 1100 cm−1

wavenumber range. After 14 d of immersion in SBF, the small well-defined peaks that were

observed before SBF immersion was replaced with a broad peak indicating that an apatite-like

phase could have formed. Structural changes were more evident when examining the XRD patterns

of Ag-BG slurry scaffolds (Fig. 4.2.8d), where the diffraction peaks previously indexed to W.

2M and PsW (Fig. 4.2.8a) were found to both have decreased in relative intensity and undergone

mild peak broadening that could be resultant from both the dissolution of W. 2M and PsW during

immersion in SBF in conjunction with the formation of an apatite-like layer. Regardless, SEM-

EDS investigations were required to conclude if Ag-BG solution and slurry scaffolds formed an

apatite-like layer during 14 d of immersion in SBF.

SEM-EDS of Ag-BG solution (Fig. 4.2.8e) and slurry (Fig. 4.2.8f) both presented globular-like

surface features consistent with morphologies indicative of an apatite-like layer [283] with needle-

like morphologies observed within the globular features for Ag-BG slurry scaffolds (Fig. 4.2.8f).

Using EDS spot analysis, the Ca/P ratio for Ag-BG solution and slurry scaffolds after 14 d of SBF

was ∼1.7 and > 2 respectively. The Ca/P ratio of ∼1.7 for Ag-BG solution scaffolds is close to the

expected stoichiometric ratio of 1.67, while Ag-BG slurry scaffolds after 14 d of immersion had

not yet converged towards the expected 1.67 value. Examining the depth of the interaction volume
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using the Kanaya – Okayama range equation (Fig. 3.3.2) generated by the incident electron beam

was found to have a maximum penetration depth of 3.78 µm. Given the higher than expected Ca/P

ratio for Ag-BG slurry scaffolds, it was hypothesized that the thickness of the apatite-like layer did

not exceed the maximum penetration depth of the interaction volume and that the Ca/P ratio was

likely the result of a combination of the Ca/P ratio of the deposited apatite-like layer on the surface

of Ag-BG slurry scaffolds and the underlying scaffold substrate.

Additional biological performance testing was performed on Ag-BG slurry scaffolds sintered

at 900°C that were used during Rietveld analysis to investigate the influence W. 2M and PsW had

on the rate of formation of an apatite-like layer. After 14 d of immersion in SBF, the apatite-like

layer that was observed had a similar globular-like morphology as Ag-BG slurry scaffolds sintered

at 1000°C, however, the needle-like morphologies observed inside the globular-like features were

found to be less defined. Furthermore, the Ca/P ratio failed to appreciably converge towards

the expected 1.67 value unlike Ag-BG slurry scaffolds sintered at 1000°C. This difference was

correlated to the increased phase concentration of PsW for Ag-BG slurry scaffolds sintered at

1000°C (i.e. 37%) compared to the PsW phase concentration present when slurry scaffolds were

sintered at 900°C (i.e. 25%). Previous reports by Sainz et al. [284] and Magallenes-Perdomo et al.

[285] investigated thermodynamically the difference in dissolution rates between PsW and W. 2M

supporting both their experimental evidence and agreeing with the experimental evidence reported

herein.

4.2.3 Addressing observed challenges and limitations

Through the utilization of the polymer foam replication technique to synthesize Ag-BG solu-

tion and slurry scaffolds, the effect of each process on mechanical, antibacterial, and biological

performance was elucidated using a multistructural comprehensive materials characterization ap-

proach, where structural differences were able to account for the differences in performances

observed. While both Ag-BG solution and slurry scaffolds demonstrated satisfactory antibacterial

and biological performance, their mechanical performance was unacceptable for targeting bone
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Figure 4.2.8: (a) FTIR spectra and (c) XRD patterns of powdered Ag-BG solution scaffolds after 0 d and 14 d
of immersion in SBF, where (e) shows a representative SEM image of the surface morphology
of Ag-BG solution scaffolds after 14 d of immersion in SBF. (b) FTIR spectra and (d) XRD
patterns of powdered Ag-BG slurry scaffolds after 0 d and 14 d of immersion in SBF, where
(e) shows a representative SEM image of the surface morphology of Ag-BG slurry scaffolds
after 14 d of immersion in SBF.

tissue regeneration in load-bearing applications. Delivering Ag-BG scaffolds that possess adequate

mechanical, antibacterial, and biological performance will likely require pioneering an innovative

approach for scaffold processing. The application and effect of this novel approach shall be explored

herein.
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4.3 Fused filament fabrication

Herein, we demonstrate that our novel and innovative approach to FFF printing is capable

of synthesizing pristine silicate-based scaffolds targeting bone tissue regeneration in load-bearing

applications.

The work presented in Section 4.3 has previously been published by Marsh et al., as described

by the following citation:

• Materials Science and Engineering: C, Vol 118, Adam C. Marsh, Yaozhong Zhang, Lu-

crezia Poli, Neal Hammer, Aljoscha Roch, Martin Crimp, Xanthippi Chatzistavrou, 3D

printed bioactive and antibacterial silicate glass-ceramic scaffold by fused filament fabrica-

tion, 111516, Copyright Elsevier (2020) [221].

4.3.1 FFF printing of 3D silicate-based scaffolds

The computer-aided design (CAD) model shown in Figure 4.3.1a shows the 3D scaffold design

that was used for FFF printing pristine Ag-BG scaffolds. The scaffold design selected for FFF

printed Ag-BG scaffolds consisted of a simple cubic lattice having an interconnected porous

network. Figure 4.3.1b shows both green body and sintered FFF printed Ag-BG scaffolds, where

the term “green body” references the status of FFF printed Ag-BG scaffolds immediately after

being 3D printed. As shown, while FFF-printed Ag-BG scaffolds underwent significant shrinkage

during the thermal debinding and sintering processes, the overall porous structure of FFF printed

Ag-BG scaffolds was maintained, showing minimal evidence of gross structural deformation during

post-processing.

To optimize the thermal debinding conditions to be applied that minimizes gross structural de-

formation, the thermal behavior of FFF-compatible Ag-BG containing filaments was studied using

TGA (Fig. 4.3.1c). In the first stage of notable mass loss (i.e. 300°C to 350°C), the surfactants

and low molecular weight flow additives that assist in the 3D printing process undergo decompo-

sition. During the second stage of notable mass loss (i.e. 390°C to 450°C), the higher molecular
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weight polyolefins (i.e. thermoplastics and elastomers) present within the FFF-compatible Ag-BG

containing filament undergo decomposition (Fig. 4.3.1c). Critical to the success of removing the

polyolefin components while maintaining a high degree of structural integrity was the removal

of the fatty acid groups during the first stage of notable mass loss (Fig. 4.3.1c). This removal

created pores that could then serve as channels providing an escape route for the vaporized ther-

moplastics and elastomers, thus avoiding catastrophic structural deformation such as bloating. As

temperatures reached 600°C, the mass loss recorded by TGA (Fig. 4.3.1c) plateaued at ∼70% of

the original mass, signifying that the polymeric binder used for the synthesis of FFF-compatible

Ag-BG containing filaments was fully decomposed. Above 600°C, only Ag-BG particles remain

requiring sintering at temperatures as high as 900°C for solidification and densification delivering

mechanically robust (i.e. σc > 1 MPa) and pristine Ag-BG scaffolds.

Figure 4.3.1: The (a) CAD model used for 3D printing, (b) green body and pristine Ag-BG scaffolds
synthesized using FFF technology, and (c) thermogravimetric analysis (TGA) of the Ag-BG
containing filament.
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4.3.2 Structural characteristics

4.3.2.1 Macro- & milli- structure

Optical microscopy of FFF printed Ag-BG scaffolds (Fig. 4.3.2) was performed examining the

FFF printed Ag-BG scaffolds from both a top-down (Fig. 4.3.2a, b) and cross-sectional (Fig. 4.3.2c,

d) perspectives. The FFF printed Ag-BG scaffolds, from a top-down perspective (Fig. 4.3.2a, b)

showed well-defined cubic pores demonstrating that the thermal debinding and sintering conditions

applied were successful at maintaining the simple-cubic lattice structure from the CAD model (Fig.

4.3.1a). Additionally, the optical images (Fig. 4.3.2a, b) from the top-down perspective displayed

no evidence to suggest that the presence of vacancies, unlike what was observed for Ag-BG solution

and slurry scaffolds synthesized by the polymer foam replication technique (Fig. 4.2.1a-d).

Investigations into the optical characteristics of the FFF printed Ag-BG scaffolds from a cross-

sectional perspective (Fig. 4.3.2c, d), however, presented evidence contradicting the claim that

FFF printed Ag-BG scaffolds were fully dense. This evidence was identified by the observation

of micro-sized concentric pores in the centers of many of the struts (Fig. 4.3.2c). Additionally,

the cross-sectional perspectives (Fig. 4.3.2c, d) showed signs of deformation along the z-axis

evidenced by the observation of rectangular rather than cubic pore geometry and correlated to the

vaporization of organic components during thermal debinding. To investigate how widespread

these phenomena were, micro-CT was used in addition to quantifying porosity, apparent scaffold

density, and pore size.

Micro-CT of FFF printed Ag-BG scaffolds (Fig. 4.3.3) revealed an interconnected porous

network, as expected given the CAD model (Fig. 4.3.3a) used. The quantitative characteristics of

FFF-printed Ag-BG scaffolds found a porosity of 70±5 %, an apparent scaffold density of 0.3 g

cm−3, and an average pore size of 622±139 µm. The porosity of FFF printed Ag-BG scaffolds is

within the middle to upper range for trabecular human bone (i.e. 40% to 95%; [16–18]). The large

pore size observed is expected to be well-suited for cell migration and spreading given that these

characteristics start to become inhibited once pore sizes are below 300 µm [87].
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Figure 4.3.2: Optical images of FFF printed Ag-BG scaffolds from (a-b) top-down and (c-d) cross-sectional
perspectives.

Interestingly, in all 3D reconstructions shown for FFF printed Ag-BG scaffolds (Fig. 4.3.3a-d, f-

h) milli and micro-sized pores and voids are observed randomly distributed across the entire scaffold

structure. The presence of such pores and voids is expected to limit the mechanical performance

of FFF printed Ag-BG scaffolds similar to what was previously shown for Ag-BG solution and

slurry scaffolds synthesized by the polymer foam replication technique. It was hypothesized that

the use of a unimodal distribution of Ag-BG particles (i.e. 20 µm to 38 µm in size) induced the

formation of these structural defects as a result of Ag-BG particles sintering together, but failing to

achieve full densification leading to pore coalescence [286]. The representative 2D cross-section,

presented in Figure 4.3.3e, shows how severe and pervasive this phenomenon was, thus presenting

a processing challenge to overcome (explored in Section 4.4).

Additional examination of 2D cross-sections for FFF printed Ag-BG scaffolds (Fig. 4.3.3e)

saw small circular-like features of high X-Ray attenuation (white arrows; Fig. 4.3.3e) randomly

dispersed throughout the scaffold structure. These spots were correlated to the presence of Ag

particles, as their compact face-centered (FCC) crystal structure along with the comparatively high

Z value of Ag is expected to have a higher density compared to the other crystalline phases indexed

in the respective XRD pattern (Fig. 4.3.3b) given the proportionality between density and X-Ray
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attenuation.

Figure 4.3.3: 3D reconstructions from micro-CT imaging applied to an FFF printed Ag-BG scaffold, where
(a) presents an overall 3D perspective of the FFF printed Ag-BG scaffold in addition to 3D
perspectives along the (b-d) x-, y-, and z-axes respectively. (e) Representative 2D cross-
section of the FFF printed Ag-BG scaffold, where the white arrows denote local regions of
high X-Ray attenuation. (f-g) Present 1 mm thick 3D reconstructions consisting of two-print
layers as viewed along the x-, y-, and z-axes respectively.

4.3.2.2 Microstructure

To study the crystallographic and microscopic characteristics of FFF printed Ag-BG scaffolds,

FTIR and XRD (Fig. 4.3.4) were applied using powdered FFF printed Ag-BG scaffolds, while SEM-

EDS was utilized to observe surface morphological features and assess elemental homogeneity down

to the micron level.

The respective FTIR spectrum (Fig. 4.3.4a) of powdered FFF printed Ag-BG scaffolds show

multiple well-defined peaks indicating the FFF printed Ag-BG scaffolds likely are highly crystalline.

The XRD pattern shown in Figure 4.3.4b provides supporting evidence given the presence of

sharp, well-defined diffraction peaks with showing minimal evidence of an amorphous component.

Diffraction peak indexing for FFF printed Ag-BG scaffolds found that FFF printed Ag-BG scaffolds
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were pentaphasic consisting of cristobalite, HA, W. 2M, PsW, and Ag, as what was observed for

Ag-BG slurry scaffolds synthesized by the polymer foam replication technique (Fig. 4.3.4a).

The highly crystalline nature of FFF printed Ag-BG scaffolds allowed for correlation between

FTIR peaks and respective phases indexed in the XRD pattern. To start, the characteristic Si-O

bending peak (Fig. 4.3.4a) known to be present in silicate-based glass systems was observed

around ∼450 cm−1 known to be present in silicate-based glass systems [45, 235]. Additional Si-O

bending peaks (Fig. 4.3.4a) were noted at ∼650 cm−1 and ∼800 cm−1 correlated to cristobalite

[45, 265] and ∼700 cm−1 (Fig. 4.3.4a) correlated to PsW [235, 267, 268]. Si-O stretching peaks

observed at ∼900 cm−1 and ∼1020 cm−1 (Fig. 4.3.4a) were correlated to the presence of W. 2M

[235, 268, 269], the peaks noted at ∼930 cm−1 and ∼1000 cm−1 (Fig. 4.3.4a) were correlated

to PsW [235, 267, 268], with the last Si-O stretching peak at ∼1200 cm−1 (Fig. 4.3.4a) being

correlated to cristobalite [45, 265]. The P-O bending peaks at ∼570 cm−1 and ∼610 cm−1 (Fig.

4.3.4a) and P-O stretching peaks observed at ∼1030 cm−1 and ∼1080 cm−1 (Fig. 4.3.4a) were all

correlated to the presence of HA within powdered FFF printed Ag-BG scaffolds [235].

Figure 4.3.4: Respective (a) FTIR and (b) XRD pattern of powdered FFF printed Ag-BG scaffolds.

SEM-EDS investigations (Fig. 4.3.5) for FFF printed Ag-BG scaffolds elucidated both their

surface morphological characteristics and elemental homogeneity down to the micron level. To

start, the milliscale SEM images (Fig. 4.3.5a, b) of FFF printed Ag-BG scaffolds show evidence

of a rough surface morphology that was confirmed during micro-scale investigations (Fig. 4.3.5c).

94



SEM examination of FFF printed Ag-BG scaffolds from a top-down perspective at the milliscale

(Fig. 4.3.5a) show the presence of surface micro-cracks that, while not observed during optical

microscopy (Fig. 4.3.5a, b), were noted during micro-CT characterization (Fig. 4.3.3), thus the

SEM image in question (Fig. 4.3.5a) supports previous observations. From a cross-sectional

perspective (Fig. 4.3.5b), while surface micro-cracks were not apparent, concentric pore-like

features were observed in the center of some of the struts, supporting previous optical (Fig. 4.3.2)

and micro-CT (Fig. 4.3.3) investigations.

EDS X-Ray mapping was performed on the SEM region imaged in Figure 4.3.5c), where all

elements (Fig. 4.3.5d-i) present in FFF printed Ag-BG scaffolds were homogenously distributed

down to the micron-level and accompanied with the relevant EDS spectrum generated during EDS

X-Ray mapping. Given the homogenous distribution of elements down to the micron level, FFF

printed Ag-BG scaffolds are expected to exhibit homogenous performances when studied for their

antibacterial and biological characteristics.

4.3.2.3 Meso- & nano- structure

TEM investigations of FFF printed Ag-BG scaffolds (Fig. 4.3.6) were employed to elucidate

their meso- and nanostructure. Phase-contrast imaging (Fig. 4.3.6a) of an individual micron-

sized FFF printed Ag-BG scaffold particle revealed variable electron transmission, where a clear

boundary was observed between the interior and exterior of the particle indicating that this region

could be multiphasic, warranting further investigation. Bright-field imaging (Fig. 4.3.6c) showed

that the isolated micron-sized FFF printed Ag-BG particle exhibited minimal electron transparency

throughout, indicating that this region is possibly highly crystalline. Indeed, when this region

was examined using SAD (Fig. 4.3.6b), a clear spot pattern was revealed with no evidence of an

amorphous halo, supporting that this region is, in fact, highly crystalline, as hypothesized. Indexing

of the SAD pattern (Fig. 4.3.6b) identified W. 2M and HA as the constituent phases comprising this

analytical region, supporting the XRD diffraction peak indexing shown in Figure 4.3.4b. Further

evidence was collected when implementing axial dark-field imaging (Fig. 4.3.6d) of the (2 0 0)
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Figure 4.3.5: (a-b) Milliscopic SEM images of an FFF printed Ag-BG scaffold from both a top-down and
cross-sectional perspective respectively. (c) Presents the region that was used for (d-i) EDS
X-Ray mapping to assess elemental homogeneity down to the micron level accompanied by
the respective (j) EDS spectrum.

planes of W. 2M demonstrated widespread electron transmission agreeing with XRD observations

(Fig. 4.3.4b).

In the XRD pattern of powdered FFF printed Ag-BG scaffolds (Fig. 4.3.4b), Ag diffraction

peaks were indexed disagreeing with the elemental homogeneity of Ag observed during EDS (Fig.

4.3.5g) investigations. To bring these results into agreement, UV-Vis (Fig. 4.3.6e) was performed

on powdered FFF printed Ag-BG scaffolds to observe if any surface plasmon resonance from Ag
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particles was occurring, as previously demonstrated in (Fig. 4.2.5). An absorbance peak at 415

nm supports the presence of nano-sized Ag particles, however, this should be paired with visible

evidence from TEM imaging. Indeed, when performing HRTEM (Fig. 4.3.6f), the phase contrast

image revealed an ovoid-like feature ∼15 nm to ∼20 nm in diameter of locally decreased electron

transmission with lattice fringes observed inside. Measurement of the lattice fringes found the

d-spacing to be 0.233 nm that was correlated to the (1 1 1) atomic planes of Ag. The surface

plasmon resonance peak (Fig. 4.3.6e) coupled with the visual evidence of AgNPs during HRTEM

investigations (Fig. 4.3.6f) provided sufficient evidence to support the Ag diffraction peak indexing

in the XRD pattern (Fig. 4.3.4b).

4.3.3 Performance characteristics

4.3.3.1 Mechanical performance

The mechanical performance of FFF printed Ag-BG scaffolds was assessed by compression test-

ing (Fig. 4.3.7), where the compressive strength and elastic modulus were measured at 2.84±0.75

MPa and 0.11±0.06 GPa respectively. Both values surpassed the minimum required criteria for

targeting bone tissue engineering in load-bearing applications [16–18]. The representative stress-

strain curve, shown in Figure 4.3.7a, of the compressive behavior of FFF-printed Ag-BG scaffolds,

presented non-uniformity in the linear behavior within the elastic region. While the compressive

behavior of FFF printed Ag-BG scaffolds conforms more closely to the expected linear rise in stress

as a function of strain observed within the elastic region before catastrophic failure for fully dense

ceramic materials [56], local regions of decreasing stress as a function of strain were observed,

similar to what was observed in the compressive behavior of Ag-BG solution and slurry scaffolds

but to a milder degree resulting from the improved strut density observed during optical (Fig. 4.3.2)

and micro-CT investigations (Fig. 4.3.3).

To evaluate how severely the structural defects, shown in Figures 4.3.2 and 4.3.3, impacted

the mechanical performance of FFF printed Ag-BG scaffolds in addition to providing a consistent

97



Figure 4.3.6: (a) Phase-contrast TEM image of an isolated micron-sized FFF printed Ag-BG particle. The
respective (b) SAD pattern revealed diffraction spots indexed to W. 2M and HA. The (c)
bright-field image presents with minimal electron transmission suggesting a high degree of
crystallinity. The (d) axial dark-field image was generated using the electrons diffracting from
(2 0 0) atomic planes of W. 2M. The (e) UV-Vis spectrum presented with an absorbance peak
at 415 nm suggesting the possibility of surface plasmon resonance of AgNPs that was (f)
visually confirmed in the HRTEM image.

method of comparing the mechanical performance of all Ag-BG scaffolds, the Hashin-Shtrikman

bounds were calculated and presented in Figure 4.3.7b. The elastic modulus of FFF printed Ag-BG

scaffolds while having a higher modulus compared to Ag-BG solution or slurry scaffolds, was still

found to be near the lower Hashin-Shtrikman bound indicating that the structural defects severely

compromised mechanical performance. Based on this, the decrease in porosity for FFF printed

Ag-BG scaffolds likely contributed heavily to the improvements in compressive strength and elastic

modulus observed.
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Figure 4.3.7: (a) Representative stress-strain curve of the compressive behavior of FFF printed Ag-BG
scaffolds with the red line denoting a guide-to-the-eye. (b) The Hashin-Shtrikman bounds were
computed for Ag-BG to evaluate the impact of structural defects on mechanical performance.

4.3.3.2 Antibacterial performance

Characterization of the antibacterial performance of FFF printed Ag-BG scaffolds using the CFU

assay found that FFF printed Ag-BG scaffolds were capable of significantly inhibiting planktonic

MRSA after 24 h of exposure (Fig. 4.3.8). Doubling the MRSA exposure time to 48 h saw

an approximately 10-fold reduction in CFUs compared to 24 h of exposure that was found to be

statistically significant. This demonstrates that the anti-MRSA effect of the FFF printed Ag-BG

scaffolds is a time-dependent process related to their rate of dissolution and respective ion-release

profiles.

4.3.3.3 Biological performance

The biological performance of FFF printed Ag-BG scaffolds was evaluated through immersion

in SBF for 14 d and 28 d, similar to how the biological performance of Ag-BG solution and slurry

scaffolds (Fig. 4.2.8) was evaluated. After 14 d of immersion in SBF, FFF printed Ag-BG scaffolds

presented with patchy surface morphological characteristics consistent with the formation of an

apatite-like layer [283] when observed in SEM (Fig. 4.3.9c, d). EDS X-Ray spot analysis of
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Figure 4.3.8: Anti-MRSA behavior of FFF printed Ag-BG scaffolds after exposure to planktonic MRSA
after 24 h and 48 h, as elucidated through the application of the CFU assay. (*) Denotes
statistical significance compared to the untreated control, and (#) notes statistical significance
between 24 h and 48 h of MRSA exposure.

the characteristic surface morphological features of a deposited apatite-like layer was performed,

finding that the Ca/P ratio in these regions was ∼2.16. Given the Ca/P ratio after 14 d of immersion

in SBF failed to converge to the expected 1.67 value coupled with the patchy depositions observed

in SEM demonstrate that the thickness of the apatite-like layer that has formed is less than 5 µm

when the interaction volume depth was computed using the Kayana-Okayama range equation (Fig.

3.3.2). The FTIR spectrum (Fig. 4.3.9a) and XRD pattern (Fig. 4.3.9b) of powdered FFF printed

Ag-BG scaffolds after 14 d of immersion in SBF displayed minimal changes to the respective FTIR

spectrum and XRD pattern shown in Figure 4.3.9 before SBF immersions. Given this, the FTIR

and XRD peaks were indexed, as previously described in Section 4.3.2.1.2.

Doubling the SBF immersion time to 28 d, the SEM images presented in Figure 4.3.9e, f

show again a patchy network of needle-like surface morphological features with EDS X-Ray spot

analysis revealing a Ca/P ratio of ∼2.04 due to the thin (i.e. < 5 µm thick) deposits of the expected

apatite-like phase. The corresponding FTIR spectrum (Fig. 4.3.9a) and XRD pattern (Fig. 4.3.9b)

for powdered FFF printed Ag-BG scaffolds after 28 d of immersion in SBF, did, however, display

evidence that structural changes occurred between 14 d and 28 d of immersion in SBF. Specifically,

the weak peaks observed from ∼650 cm−1 to ∼750 cm−1 and ∼900 cm−1 to ∼1100 cm−1 were
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hardly noticeable, presenting as weak shoulders rather than clearly defined peaks. The relative

intensity of the main HA diffraction peaks (i.e. ∼30° to ∼35° 2θ) was found to have increased

significantly in relation to the cristobalite, W. 2M, and PsW diffraction peaks, indicating that an

apatite-like phase has formed during immersions in SBF. While EDS X-Ray spot analysis failed to

deliver conclusive evidence that the deposited phase is an apatite-like phase, the combination of

FTIR, XRD, and SEM data provide sufficient evidence in support of this.

Figure 4.3.9: (a) FTIR spectra and (b) XRD patterns of powdered FFF printed Ag-BG scaffolds after 14 d
and 28 d of immersion in SBF. Complementary SEM images present the surface morphology
of the FFF printed Ag-BG scaffolds after (c-d) 14 d and (e-f) 28 d of immersion in SBF.

4.3.4 Need for improvement strategies

While many advantageous structural and performance characteristics were identified for the

maiden implementation of successfully 3D printing Ag-BG scaffolds using FFF technology, the

structural defects observed (Fig. 4.3.2 and Fig. 4.3.3) in conjunction with the proximity of

the measured elastic modulus remaining close to the lower Hashin-Shtrikman bound for FFF

printed Ag-BG scaffolds, demonstrating the need for improvement in the processes applied. As

previously conjectured in Section 4.3.2.1.1, the generation of structural defects was likely the result

of insufficient packing of Ag-BG particles during filament synthesis due to the limited size range

of particles used (i.e. 20 µm to 38 µm). Therefore, it was hypothesized that using a bimodal

distribution of Ag-BG particles (i.e. 20 µm to 38 µm and < 20 µm) will significantly decrease
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structural defects leading to vast improvements in mechanical performance. This hypothesis is

explored further in Section 4.4.

4.4 Advancements in FFF printing of 3D silicate-based scaffolds

The work presented in Section 4.4 is currently under submission and described by the following

citation:

• Materials Science and Engineering: C, Under Submission, Adam C. Marsh, Yaozhong Zhang,

Yadav Wagley, Martin A. Crimp, Aldo Boccaccini, Kurt Hankenson, Neal D. Hammer,

Aljoscha Roch, Xanthippi Chatzistavrou, 3D printing Ag-Doped Bioceramic Scaffolds for

Bone Tissue Engineering Using Fused Filament Fabrication (FFF) Technology [287].

4.4.1 Structural characteristics

Moving to the use of a bimodal distribution of Ag-BG particles (i.e. 20 µm to 38 µm and <

20 µm) during filament synthesis allowed for much greater sintering conditions to be applied that

was not possible when using a unimodal distribution of Ag-BG particles (i.e. 20 µm to 38 µm)

was used due to the large number of structural defects observed in Figure 4.3.2 compromising the

structural integrity of FFF printed Ag-BG scaffolds during sintering. Given this, the optical images

presented in Figure 4.4.1 explored three different sintering conditions with the optimal sintering

conditions applied throughout the rest of Section 4.4.

4.4.1.1 Macro- & milli- structure

The three different sintering conditions that were explored all used a maximum sintering

temperature of 1150°C with the holding time varied from 3 h to 6 h to 8 h. Determination of

the optimal sintering conditions was conducted studying the FFF printed Ag-BG scaffolds with

optical microscopy and SEM characterization techniques (Fig. 4.4.1). Regardless of the sintering

conditions applied, the optical image inserts (Fig. 4.4.1) demonstrated minimal variation in color
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intensity, with all FFF printed Ag-BG scaffolds appearing relatively white and opaque. Additionally,

the optical image inserts (Fig. 4.4.1) presented minimal structural deformation as evidenced by the

absence of collapsed pores.

For the first set of sintering conditions applied (i.e. 1150°C, 3 h) to FFF printed Ag-BG scaffolds,

SEM imaging (Fig. 4.4.1a, b) revealed a rough overall surface morphology on the milli-scale (Fig.

4.4.1a) with clearly defined individual particle-like features observed down to the micro-scale (Fig.

4.4.1b). Had significant densification occurred under the applied sintering conditions, the surface

morphology would be expected to be relatively smooth, indicating that further improvements in the

sintering conditions were possible.

When the sintering time was doubled (i.e. 1150°C, 6 h), SEM (Fig. 4.4.1c, d) revealed

an increase in surface roughness compared to FFF-printed Ag-BG scaffolds sintered for 3 h (Fig.

4.4.1a, b). This unexpected increase in surface roughness was correlated to the phase transformation

of Ca-deficient HA to β-TCP known to occur under the applied sintering conditions used [223,

261, 262]. Interestingly, when examining the FFF printed Ag-BG scaffolds at the milli-scale (Fig.

4.4.1c), local regions having a smoother surface morphology were observed interspersed between

the regions of rough surface morphology. This was indicative that high-quality densification of

Ag-BG particles was beginning to be achieved. Given this, the last set of sintering conditions

increased the hold time from 6 h to 8 h rather than doubling the sintering time.

After a holding time of 8 h at 1150°C was applied for sintering FFF printed Ag-BG scaffolds,

a smooth surface morphology was observed both at the milli- and micro-scales (Fig. 4.4.1.e,

f) with no discernable particle-like features noted. The dramatic change in surface morphology

when the sintering hold time was increased by 2 h from 6 h to 8 h, was thought to be the result

of the phase transformation previously described, where significant densification was achieved

once the phase transformation was complete. Interestingly, microscopic pores were observed

randomly dispersed throughout the FFF-printed Ag-BG scaffolds. While the presence of these

microscopic pores was expected to increase the surface area of FFF printed Ag-BG scaffolds

and lead to improved antibacterial and biological performance compared to FFF printed Ag-BG

103



scaffolds lacking such microscopic pores. While the presence of internal microscopic pores will

hurt mechanical performance, the high degree of densification achieved is expected to help move

the elastic modulus closer to the upper Hashin-Shtrikman bound.

Through the application of three different sintering conditions, the optical and SEM observations

(Fig. 4.4.1) identified sintering at 1150°C for 8 h were the optimal conditions to be applied for FFF

printed Ag-BG scaffolds.

Figure 4.4.1: SEM images of FFF printed Ag-BG scaffolds sintered at, (a-b) 1150°C for 3 h, (c-d) 1150°C
for 6 h, and (e-f) 1150°C for 8 h with inserts of relevant optical images of the FFF printed
Ag-BG scaffolds under each of the applied sintering conditions.

Micro-CT of FFF printed Ag-BG scaffolds was performed on those sintered under the optimal

conditions described previously and presented in Figure 4.4.2 for a comprehensive examination

of the macro- and millistructures in both two- and three-dimensions. The perspective 3D recon-

struction of a representative FFF printed Ag-BG scaffold, shown in Figure 4.4.2a, presents a well

densified gross structure with minimal evidence suggesting detrimental structural deformation dur-
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ing thermal debinding and sintering, demonstrating the success of pairing the use of a bimodal

distribution of Ag-BG particles with the appropriate shaping, debinding, and sintering processes.

This was further evidenced when examining the 3D reconstructed FFF printed Ag-BG scaffold

along the x-, y-, and z-axes (Fig. 4.4.2b, d).

Quantification of the porosity, pore size, and strut thickness of the FFF printed Ag-BG scaffold

revealed a porosity of ∼60% having a pore size and strut thickness of 297±35 µm and 199±23 µm.

The porosity of these FFF printed Ag-BG scaffolds was within the range reported for cancellous

bone [16–18], and the pore size acceptably large, where any inhibition in cell migration is expected

to be negligible [87].

Intriguingly, the representative 2D cross-sectional image of the FFF printed Ag-BG scaffold

(Fig. 4.4.2e) displayed random fluctuations in radiopacity indicative of density fluctuations present

within its internal structure. Closer examination revealed microscopic, localized regions of minimal

radiopacity in the 2D cross-sectional image (Fig. 4.4.2e) that were infrequently observed suggesting

that their appearance is not a pervasive feature present throughout the internal gross structure of

the FFF printed Ag-BG scaffold. The localized regions of minimal radiopacity were hypothesized

to be microscopic pores greater than 10 µm in diameter. This was supported by the observation

of a pore in the 1 mm thick 3D reconstruction of the FFF printed Ag-BG scaffold along the z-axis

(Fig. 4.4.2h).

The 1 mm thick 3D reconstructions, presented in Figure 4.4.2f-h and viewed along the x-, y-,

and z-axes respectively, show minor buckling of the struts. These mild structural defects are likely

induced by the presence of microscopic pores during sintering leading the struts to be unable to

perfectly maintain their shape while Ag-BG is in its softened state.

4.4.1.2 Microstructure

With the modifications to the application of FFF technology to 3D print Ag-BG scaffolds using

a bimodal distribution of Ag-BG particles, as previously described in Section 4.4.1, in addition to

the superior sintering conditions applied comparatively, FTIR, XRD, and SEM-EDS were needed
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Figure 4.4.2: Representative micro-CT images of an FFF printed Ag-BG scaffold sintered at 1150°C for 8
h, where (a) shows a 3D reconstruction from a perspective point of view in addition to 3D
reconstructions along the (b) x-, (c) y-, and (d) z-axes. A (e) representative 2D cross-section
showing a well-sintered layer with minimal defects. (f-h) Show 1 mm thick 3D reconstructions
of the FFF printed Ag-BG scaffold along the x- y- and z-axis respectively.

to elucidate their crystallographic and molecular structures.

The FTIR spectrum of powdered FFF printed Ag-BG scaffolds synthesized using a bimodal

distribution of Ag-BG particles (Fig. 4.4.3a) presented with sharp, well-defined peaks indicative

that these FFF printed Ag-BG scaffolds are highly crystalline, as expected. The correlation of

these peaks to their respective phases necessitated the use of XRD to index the diffraction peaks

present (Fig. 4.4.3b). Interestingly, the XRD pattern of powdered FFF printed Ag-BG scaffolds

(Fig. 4.4.3b) was found to be triphasic consisting of cristobalite, W. 2M, and β-TCP compared to

the pentaphasic XRD patterns shown previously for both Ag-BG slurry scaffolds and FFF printed

Ag-BG scaffolds 3D printed using a unimodal distribution of Ag-BG particles. This decrease in

the number of constituent phases is hypothesized to result predominately from the modification to

the sintering conditions applied; however, it cannot be ruled out that the minimization of porous

structural defects, as shown in Figures 4.4.1 and 4.4.2, allowed for a greater percentage of bulk

crystallization to occur during sintering, rather than surface crystallization. Rietveld analysis was
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performed on the XRD pattern shown in Figure 4.4.3b to quantify not only the concentrations of

each phase indexed, but also to compare how similar the experimental phase concentrations were

to the theoretical phase concentrations expected. These findings are described in Table 4.4.1. The

phase concentrations elucidated by Rietveld analysis were found to differ from their theoretical

phase concentrations by less than approximately 1%, demonstrating agreement providing evidence

to support the validity of the experimental values obtained. Unlike all other XRD patterns of

powdered Ag-BG scaffolds previously shown thus far, these FFF printed Ag-BG scaffolds contained

a significant amount of cristobalite, known to be bioinert, that could hurt antibacterial and biological

performance. Additionally, the Rietveld analysis (Table 4.4.1) elucidated the lattice parameters for

all phases indexed in the XRD pattern (Fig. 4.4.3b) finding that the experimental lattice parameters

differed from their theoretical values by ∼4 pm, thus bolstering the validity of the diffraction peak

indexing performed.

Table 4.4.1: The concentrations (wt%) of the phases present in the FFF printed Ag-BG scaffolds as calculated
by Rietveld analysis and their theoretical maximum in addition to the lattice parameters as
calculated by Rietveld analysis along with the lattice parameters from the PDF cards used. ∆
was calculated by subtracting the theoretical values from the values determined by Rietveld
analysis.

Phase Rietveld (wt%) Theoretical (wt%) Lattice Parameters Rietveld (Å) Lattice Parameters Theoretical (Å)

W. 2M (CaSiO3) 41.2±1.2 42.3

a = 15.4125

b = 7.3178

c = 7.0638

a = 15.4240

b = 7.3240

c = 7.0692

β-TCP (Ca3(PO4)2) 13.0±0.4 13.1

a = 10.3737

b = 10.3737

c = 37.2953

a = 10.3633

b = 10.3633

c = 37.2581

Cristobalite (SiO2) 45.7 ±1.4 44.7

a = 7.1004

b = 7.1004

c = 7.1004

a = 7.1264

b = 7.1264

c = 7.1264

With the verification of the diffraction peak indexing performed on the XRD pattern shown in

Figure 4.4.3b, the sharp well-defined FTIR peaks (Fig. 4.4.3a) previously described could now

be correlated to the phases present in powdered FFF printed Ag-BG scaffolds. As demonstrated
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by previous FTIR spectra, the characteristic Si-O bending peak for silicate-based glass systems

was present at ∼450 cm−1 [45, 235, 265]. Si-O bending peaks observed at ∼630 cm−1 and ∼800

cm−1 were correlated to the presence of cristobalite [235] while the Si-O bending peak noted at

∼700 cm−1 was correlated to the presence of W. 2M [268, 269]. Regarding the Si-O stretching

peaks observed, the presence of W. 2M was correlated to peaks noted at ∼900 cm−1, 1005 cm−1,

and 1070 cm−1 [268, 269]. The remaining Si-O stretching peak at ∼1200 cm−1 was correlated to

the presence of cristobalite [235], as noted previously in the FTIR spectra of Ag-BG solution and

slurry scaffold along with FFF printed Ag-BG scaffolds 3D printed using a unimodal distribution

of Ag-BG particles. The remaining FTIR spectrum peaks present (Fig. 4.4.3a) were correlated

to the presence of β-TCP, with two P-O bending peaks assigned at ∼570 cm−1 and ∼610 cm−1

respectively and one P-O stretching peak assigned at ∼920 cm−1 [235].

Figure 4.4.3: (a) XRD pattern and (b) FTIR-ATR spectrum of a powdered FFF printed Ag-BG scaffold
showing the applied sintering conditions yield a highly crystalline microstructure, where
cristobalite, wollastonite-2M, and β-tricalcium phosphate were the crystalline phases identi-
fied.

Assessment of elemental homogeneity was elucidated using SEM-EDS characterization tech-

niques (Fig. 4.4.4) found a homogenous distribution of all elements down to the micron-level

(Fig. 4.4.4c-h) when the strut cross-section (Fig. 4.4.4b) was used for EDS X-Ray mapping. This

demonstrates that while the improved sintering conditions applied for these FFF printed Ag-BG
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scaffolds led to the development of different phases than what was previously shown for previous

Ag-BG scaffolds, elemental homogeneity down to the micron-level was preserved, indicating that

the crystallites formed during the applied heat treatment are, at a minimum, meso-sized. Applica-

tion of Scherrer’s equation (eq. 3.3.6) revealed the crystallite sizes of the diffraction peaks indexed

in Figure 4.4.4b are < 50 nm, meaning TEM characterization would be needed for FFF printed

Ag-BG scaffolds 3D printed using a bimodal distribution of Ag-BG particles to elucidate evidence

of elemental heterogeneity.

Figure 4.4.4: (a) An SEM image of a cross-section of an FFF printed Ag-BG scaffold, where a (b) strut
cross-section was used for EDS X-Ray mapping showing that (c) Si, (d) Ca, (e) P, (f) Al, (g)
Na, and (h) Ag are homogenously distributed down to the micron level.

4.4.1.3 Meso- & nano- structure

Powdered FFF Ag-BG scaffolds 3D printed using a bimodal distribution of Ag-BG particles

were employed to both identify any heterogeneity at the nanoscale and provide further validation
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of the diffraction peak indexing previously described in Section 4.4.1.2. The phase-contrast image

presented in Figure 4.4.5a revealed an isolated meso-sized aggregate of powdered FFF printed Ag-

BG scaffolds with well-defined geometric features being observed in their interior. The respective

SAD pattern (Fig. 4.4.5b) of the observed aggregate in Figure 4.4.5a identified the presence of both

W. 2M and β-TCP through indexation of the spots presented. To examine the spatial distribution

of the two phases identified, axial dark-field imaging was employed using the spot indexed to the

(0 0 2) atomic planes of W. 2M (Fig. 4.4.5c), and the spot indexed to the (0 2 2̄) atomic planes

of β-TCP (Fig. 4.4.5d). W. 2M was found to be present in the analyzed powdered FFF printed

Ag-BG scaffold aggregate in a greater quantity than β-TCP as evidenced by the qualitative increase

in bright spots comparatively, consistent with their respective phase concentrations noted from

Rietveld analysis (Table 4.4.1).

TEM was utilized to characterize the nanoscale structure of powdered FFF printed Ag-BG

scaffolds to identify the presence of nanoscale heterogeneity, and additionally to validate the

crystalline phases noted in their respective XRD pattern (Fig. 4.4.3a) and FTIR-ATR spectrum

(Fig. 4.4.3b). The broader view of an aggregate of FFF printed Ag-BG particles shown in the

phase-contrast image (Fig. 4.4.5a) revealed distinct well-defined geometric features of relatively

minimal electron transparency suggesting the presence of crystalline features. W. 2M and β-TCP

were identified in the SAD pattern (Fig. 4.4.5b) of the powdered FFF printed Ag-BG scaffold

aggregate consistent with the phases identified in both the XRD pattern (Fig. 4.4.5a) and FTIR-

ATR spectrum (Fig. 4.4.5b). Axial darkfield imaging using (0 0 2) spot for W. 2M (Fig. 4.4.5c) and

(0 2 2̄) spot for β-TCP (Fig. 4.4.5d) showed W. 2M was more prevalent than β-TCP given a larger

quantity of bright spots were observed in the powdered FFF printed Ag-BG scaffold aggregate and

in agreement with the phase concentrations elucidated by the Rietveld analysis (Table 4.4.1).

When examining a partial meso-sized aggregate of the powdered FFF printed Ag-BG scaffold

(Fig. 4.4.5e), the phase-contrast image revealed both well-defined rod-like features and meso-

sized particle-like features having comparatively minimum electron transmission locally that were

hypothesized to be single crystals. Evaluation of this hypothesis entailed collecting the respective
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SAD pattern (Fig. 4.4.5f) and using the (3 2 0) atomic planes indexed to W. 2M (Fig. 4.4.5g) and

(1 1 0) atomic planes indexed to β-TCP (Fig. 4.4.5h) for axial dark-field imaging. The use of the

(3 2 0) atomic planes of W. 2M revealed two large bright regions having well-defined geometry

within a dark matrix. The first bright region was pseudo-hexagonal in shape and thought to be a

faceted view of a W. 2M monoclinic single crystal along its a-, c-axis that can arise in monoclinic

crystal systems [56]. Measurements along the six sides revealed lengths ranging from ∼60 nm to

∼105 nm. The second bright region observed had a rod-like geometry thought to be a faceted view

of a W. 2M monoclinic single crystal along its b-axis consistent with a monoclinic crystal system

[56]. The length of this bright rod-like feature was found to be within the mesoscale, while its

width was within the nanoscale. It is worth noting that the b-axis facet view of the (3 2 0) W.

2M single crystal is comprised of mono-dimensional silica tetrahedrons with Ca atoms populating

the interlayer space along the a- c-axes. Interestingly, the axial dark-field image formed using the

(1 1 0) atomic planes of β-TCP (Fig. 4.4.5h) generated a bright matrix interspersing the dark

well-defined geometric features previously described. This was indicative that the (1 1 0) atomic

planes of β-TCP are more diffuse compared to the (3 2 0) atomic planes of W. 2M, as further

evidenced by the minimal presentation of any well-defined geometric features.

Curiously, the phase contrast image shown in Figure 4.4.5e additionally revealed small atomic

scale (Table 3.3.1) particle-like features (< 10 nm) locally having significantly less electron trans-

mission compared to the surrounding matrix. These atomic-scale particle-like features could be

AgNPs given the detection of cristobalite in the respective SAD pattern (Fig. 4.4.5f) given previous

reports demonstrating the plausibility of AgNPs embedded in a cristobalite matrix [288, 289]. The

validity of this hypothesis will be explored in more detail in Section 5.1.

4.4.2 Performance characteristics

4.4.2.1 Mechanical performance

Given the superior structural characteristics observed for FFF Ag-BG scaffolds, 3D printed
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Figure 4.4.5: (a) Phase-contrast image of a powdered FFF printed Ag-BG scaffold of an isolated aggregate of
FFF printed Ag-BG particles with (b) presenting the respective SAD pattern. Axial darkfield
images were captured using the (c) (0 0 2) and (d) (0 2 2̄) atomic planes of W. 2M and
β-TCP respectively presenting evidence of nanoscale heterogeneity. (e) Phase-contrast image
of a partial powdered FFF printed Ag-BG scaffold aggregate having well-defined geometric
features in the interior of the aggregate with (f) elucidating the respective SAD pattern, where
the (g) (3 2 0) indexed atomic planes of W. 2M and (h) (1 1 0) indexed atomic planes for
β-TCP were correlated to the well-defined geometric features and matrix respectively.

using a bimodal distribution compared to the previously studied Ag-BG scaffolds (Sections 4.2.1,

4.3.2, and 4.4.1) warranted in-depth investigations into their mechanical performance. This was

achieved using N=25 samples for compression and flexural testing to not only elucidate their

mechanical strength but also to evaluate the reliability of their mechanical performance through

the use of Weibull statistics [56]. The fracture toughness of FFF printed Ag-BG scaffolds were

additionally characterized to determine if fracture toughness in addition to the compression and

flexural strengths revealed satisfy the mechanical performance requirements for targeting bone

tissue regeneration in load-bearing applications.

To start, the average compressive strength for FFF Ag-BG scaffolds 3D printed using a bimodal

distribution of Ag-BG particles was 19.8±1.7 MPa having a porosity of 59.8±0.8%. This increase

in compressive strength compared to FFF Ag-BG scaffolds 3D printed using a unimodal distribution

of Ag-BG particles was found to be ∼600% greater, signifying significant improvement when using
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a bimodal distribution of Ag-BG particles. Using the linear elastic regions of FFF printed Ag-BG

stress-strain curves found these FFF printed Ag-BG scaffolds to have an elastic modulus of 0.6±0.1

GPa. Both the compressive strength and elastic modulus for FFF printed Ag-BG scaffolds surpassed

the maximum mechanical performance requirements for targeting bone tissue engineering in load-

bearing applications by 64% and 20% respectively while maintaining an acceptable porosity (i.e.

40-95%) [16–18].

The elastic modulus previously reported for FFF printed Ag-BG scaffolds were compared to the

elastic moduli reported for previously described Ag-BG scaffolds using the Hashin-Shtrikman plot

(Fig. 4.4.6i). As observed, FFF Ag-BG scaffolds 3D printed using a bimodal distribution of Ag-BG

particles were found to have moved away from the lower Hashin-Shtrikman bound indicating that

the applied modifications to FFF printing Ag-BG scaffolds were successful at starting to unlock the

full mechanical performance potential of these scaffolds.

Further extrapolation from the compressive behavior of FFF printed Ag-BG scaffolds was pos-

sible through the application of Equation 3.4.2 as derived by Gibson-Ashby [57] for computation of

the bulk compressive behavior of these FFF printed Ag-BG scaffolds. Equation 3.4.3 assumes that

the bulk compressive behavior is for materials having 0% porosity. This, however, was not the case

for FFF Ag-BG scaffolds 3D printed using a bimodal distribution of Ag-BG particles, as evidenced

by the structural porous defects observed in Figures 4.4.1, 4.4.2, 4.4.4a-b, and 4.4.4g-h. Given the

inversely proportional relationship between porosity and mechanical performance, demonstrated

herein, suggests that the bulk compressive strength calculated using Equation 3.4.3 will underesti-

mate the actual bulk compressive strength for FFF printed Ag-BG scaffolds. Following this, image

analysis was performed post-fracture of FFF printed Ag-BG scaffolds (Fig. 4.4.6g, h) assuming that

fracture occurred on the planes containing the highest concentration of internal porous structural

defects to estimate the upper bound of porosity that existed internally. The image analysis revealed

an average porosity of 7±2% while Equation 3.4.3 revealed a bulk compressive strength of 119±10

MPa for FFF printed Ag-BG scaffolds. These findings are significant considering the porosity

range and compressive strength for cortical bone are 5-15% and 100-200 MPa respectively [16–18]
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demonstrating the potential for FFF Ag-BG scaffolds 3D printed using a bimodal distribution of

Ag-BG particles to be mechanically competent for targeting bone tissue regeneration in cortical

bone. In a broader context, this would signify that proper application of FFF technology for 3D

printing scaffolds has the potential to be the first scaffold processing technique identified within

the biomaterials community to deliver the elusive trifecta of appropriate mechanical, antibacterial,

and biological performances to successfully target bone tissue regeneration in cortical bone.

For assessment in the reliability of the compressive behavior of FFF printed Ag-BG scaffolds, a

Weibull plot (Fig. 4.4.6b) generated using Equations 3.5.1 and 3.5.2 elucidated a Weibull modulus

(m) of 13.6±0.9 associated with a correlation coefficient of 0.9. Importantly, the computed Weibull

modulus for FFF printed Ag-BG scaffolds was found to exceed other reported Weibull moduli

reported for other bioceramic and bioactive glass scaffolds [59, 169, 290, 291] signifying that the

approach applied to FFF printing of Ag-BG scaffolds is capable of synthesizing scaffolds having

greater reliability in compressive behavior. Additionally, ASTM standard C1239-13 [255] states

that the characteristic strength (σ0 ) is determined at a probability of failure (Fig. 4.4.6c) of 63.2%,

which was found for the FFF printed Ag-BG scaffolds presented here to be 20.2 MPa, which is in

excellent agreement with the average compressive strength previously reported.

Characterization of the flexural strength for FFF printed Ag-BG scaffolds using N=25 samples

and computed using Equation 3.4.5 was elucidated at 11.1±1.8 MPa for scaffolds having an average

porosity of 55.8±3.0%. Additionally, the flexural strength for FFF printed Ag-BG scaffolds was

evaluated through the use of the four-point bending scheme, as described in ASTM 1674-16 [244],

to ensure failure was achieved in pure bending rather and avoid mixed modes of failure, known to

be present when the three-point bending scheme is used. Figure 4.4.6d presents a representative

stress-displacement curve for FFF printed Ag-BG scaffolds showing a strong linear increase in

stress as a function of displacement before catastrophic failure.

Application of Weibull statistics on the flexural strengths generated through mechanical per-

formance characterization found that the Weibull modulus for FFF printed Ag-BG scaffolds was

7.3±0.3 and associated with a correlation coefficient of 0.82 (Fig. 4.4.6e). The computed Weibull
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modulus reported here for FFF printed Ag-BG scaffolds was found to exist at the upper range

for other bioceramic and bioactive glass scaffolds demonstrating highly competitive reliability in

flexural strength comparatively scaffolds [59, 169, 290, 291]. The estimated characteristic flexural

strength for FFF printed Ag-BG scaffolds (Fig. 4.4.6f) was computed at 11.6 MPa and in excellent

agreement with the average flexural strength previously reported.

The fracture toughness for FFF printed Ag-BG scaffolds were characterized following ASTM

C1428-18 guidelines [245] and calculated using Equation 3.4.6 elucidating a KIc value of 0.7±0.1

MPa·m1/2 when FFF printed Ag-BG scaffolds had an average porosity of 57.2±1.9%. The computed

fracture toughness previously reported was found to be within the range of fracture toughness

values reported for cancellous bone (i.e. KIc = 0.1-0.8 MPa·m1/2) [16–18]. Furthermore, the

reported fracture toughness for FFF printed Ag-BG scaffolds was within the range reported for

other bioceramic and bioactive glass scaffolds [59, 169, 290, 291].

4.4.2.2 Degradation behavior

The degradation behavior for FFF printed Ag-BG scaffolds was elucidated following the pro-

cedures previously detailed in Section 3.4.1. For FFF printed Ag-BG scaffolds immersed in

TRIS-buffer prepared to have a pH of 7.25 at 37ºC for consistency with FFF printed Ag-BG

scaffolds immersed in SBF for apatite-forming ability characterization. The pH (Fig. 4.4.7a) of

TRIS-buffer was found to increase when FFF printed Ag-BG scaffolds were immersed up to 15

d, where the most alkaline pH was measured at ∼7.72. The pH behavior of FFF printed Ag-BG

scaffolds from 18 d of immersion to 30 d of immersion in TRIS-buffer was found to stabilize

around a value of ∼7.65. Overall, the pH measurements recorded from 3 d of immersion to 30 d

immersion of FFF printed Ag-BG scaffolds in TRIS-buffer were all found to deviate no more than

0.2 units suggesting a weak osmotic effect indicative that ions are being released in a controlled

and sustained manner. Furthermore, when FFF printed Ag-BG scaffolds are characterized for their

cellular biological performance, it is expected that the local medium will not become more than

twice as alkaline and thus should not negatively impact antibacterial or biological performance.
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Figure 4.4.6: (a) Representative stress-strain plot of the compressive behavior of FFF printed Ag-BG scaf-
folds. (b) Weibull plot of the compressive behavior of N=25 FFF printed Ag-BG scaffolds,
where a Weibull modulus of 13.6 was elucidated, demonstrating that the FFF technique can
produce scaffolds with reliable compressive behavior. (c) Shows the probability of failure for
the compressive behavior of N=25 FFF printed Ag-BG scaffolds as a function of compressive
strength. (d) Representative stress-displacement plot of the flexural behavior of FFF printed
Ag-BG scaffolds as determined using the 4-point bending scheme. (e) The Weibull plot of
the flexural behavior of N=25 FFF printed Ag-BG scaffolds, where a Weibull modulus of 7.3
was computed. (f) The probability of failure of FFF printed Ag-BG scaffolds as a function
of flexural strength. The red lines are guides-to-the-eye. (g-h) SEM images representative of
the fracture surface of FFF printed Ag-BG scaffolds after flexural testing. (i) The Hashin-
Shtrikman (HS) bounds for the elastic moduli of all Ag-BG scaffolds presented herein with
the red and black lines denoting the upper and lower HS bounds respectively.

The mass loss for FFF printed Ag-BG scaffolds was additionally recorded up to 30 d of

immersion in TRIS-buffer (Fig. 4.4.7b) elucidating a maximum mass loss of ∼15% after 30 d.

Further extrapolation predicts complete mass loss will occur after around 102 days of immersion (i.e.

∼14.6 weeks or 3.4 months) hypothesized to provide sufficient structural support for an acceptable
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amount of time for targeting bone tissue regeneration in load-bearing applications. Overall, the

mass loss for FFF printed Ag-BG scaffolds (Fig. 4.4.7b) was minimal up to 9 d of immersion

in TRIS-buffer. From 9 d up to 30 d of immersion (Fig. 4.4.7b), FFF printed Ag-BG scaffolds

exhibited a pseudo-linear behavior in mass loss suggesting a steady rate of mass loss indicative

that degradation is occurring in a controlled and sustained manner, and in agreement with the

elucidation of the pH behavior of FFF printed Ag-BG scaffolds previously described. It must be

noted, however, that mass loss for FFF printed Ag-BG scaffolds is expected to be accelerated when

studied under load-bearing conditions due to the experienced compressive forces.

ICP-OES (Fig. 4.4.7c-f) of TRIS-buffered extracts collected at consistent time points found

the ion release profiles to be within the therapeutic ranges needed for bone tissue regeneration

[29, 292, 293] and in agreement with the pH (Fig. 4.4.7a) and mass loss (Fig. 4.4.7b) values

recorded. Given this, it is expected, therefore, that FFF-printed Ag-BG scaffolds will exhibit

anti-MRSA properties and promote cell viability, proliferation, and differentiation when studied in

vitro.

4.4.2.3 Antibacterial performance

Antibacterial performance was characterized for FFF Ag-BG scaffolds 3D printed using a

bimodal distribution of Ag-BG particles at a scaffold concentration of 100 mg mL-1. This approx-

imate ten-fold increase in scaffold concentration compared to previous antibacterial performance

characterization for other Ag-BG scaffolds previously studied to evaluate scaffold concentrations

more comparable to expected concentrations when targeting bone tissue regeneration in load-

bearing applications. As performed previously for FFF Ag-BG scaffolds printed using a unimodal

distribution of Ag-BG particles (Fig. 4.3.8), the anti-MRSA effect was elucidated using plank-

tonic MRSA under growth-arrested conditions and the CFU assay after 24 h and 48 h of exposure

respectively (Fig. 4.4.8a). A significant reduction in CFUs was noted for FFF printed Ag-BG

scaffolds (Fig. 4.4.8a) compared to untreated controls after 24 h of exposure to MRSA. After 48

h of MRSA exposure, a significant increase in MRSA inhibition was observed when the exposure
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Figure 4.4.7: (a) pH values for FFF printed Ag-BG scaffolds were recorded every 3 d for 30 d when immersed
in TRIS buffer. The (b) mass loss (%) for FFF printed Ag-BG scaffolds was similarly recorded
every 3 d for 30 d after drying, where 100% represents the initial mass of FFF printed Ag-BG
scaffolds. Extracts were collected at consistent time points to elucidate the concentrations of
(c) Si, (d) P, (e) Ca, and (f) Ag respectively as measured by ICP-OES. The red-dashed lines in
(a) and (b) represent guides-to-the-eye.

time to FFF printed Ag-BG scaffolds was doubled (Fig. 4.4.8a) and found to be consistent with the

anti-MRSA effect observed for FFF Ag-BG scaffolds 3D printed using a unimodal distribution of

Ag-BG particles, as previously described in Section 4.3.2.2.2. Furthermore, the anti-MRSA effect

observed is consistent with the Ag ion concentration elucidated through ICP-OES measurements

(Fig. 4.4.7f).

To further expand on the antibacterial performance characteristics exhibited by FFF printed Ag-

BG scaffolds entailed exposure to MRSA biofilms. FFF printed AG-BG scaffolds at a concentration

of 100 mg mL−1 were exposed to previously formed MRSA biofilms for 72 h under growth-assisted

conditions. This experimental design was chosen given the increased difficulty in combating an

already present biofilm compared to studying the ability of FFF printed Ag-BG scaffolds to prevent

MRSA biofilm formation [294].

Crystal violet staining (Fig. 4.4.8b) was performed after exposing FFF printed Ag-BG scaffolds

to MRSA biofilms for 72 h under growth-assisted conditions to quantify the amount of MRSA
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biomass present. From this, a statistically significant reduction in MRSA biomass was observed

when MRSA biofilms were treated with FFF printed Ag-BG scaffolds for 72 h, given the untreated

controls and treated biofilms had a normalized OD value of 1.0±0.15 and 0.45±0.12 respectively

(Fig. 4.4.8b). Complimentary Live/Dead staining (Fig. 4.4.8c-e) was additionally applied to

visualize using CLSM and quantify the amount of living versus dead MRSA. The representative

superimposed Live/Dead staining CLSM images for untreated (Fig. 4.4.8d) and treated (Fig. 4.4.8e)

MRSA biofilms with FFF printed Ag-BG scaffolds observed 12% and 51% MRSA eradication (Fig.

4.4.8c) for untreated (Fig. 4.4.8d) and treated (Fig. 4.4.8e) MRSA biofilms respectively and found to

agree with the crystal violet staining shown in Figure 4.4.8b. These pieces of evidence demonstrate

that FFF-printed Ag-BG scaffolds are potential candidates for targeting bone tissue regeneration in

bone defects located in load-bearing regions formed by the presence of bacteria such as MRSA.

4.4.2.4 Biological performance

As performed for other Ag-BG scaffolds previously described (Sections 4.2.2.3 and 4.3.3.3),

FFF Ag-BG scaffolds 3D printed using a bimodal distribution of Ag-BG particles were immersed

in SBF for 7 d, 14 d, and 21 d to characterize their ability to form an apatite-like layer elucidated by

FTIR (Fig. 4.4.9d) and XRD (Fig. 4.4.9e) to identify any molecular or crystallographic structural

changes that may have occurred, and SEM-EDS (Fig. 4.4.9a-c) to elucidate surface morphology

and Ca/P ratios for deposited surface features noted.

Up to 21 d of immersion in SBF, the molecular (Fig. 4.4.9d) and crystallographic (Fig. 4.4.9e)

structural characteristics showed minimal changes for powdered FFF printed Ag-BG scaffolds.

The FTIR spectra, shown in Figure 4.4.9d, did not present a similar decrease in peak intensity

from ∼650 cm−1 to ∼1200 cm−1 save for the mild peak broadening observed from ∼1000 cm−1

to ∼1100 cm−1 for powdered FFF printed Ag-BG scaffolds after 14 d and 21 d of immersion in

SBF respectively. Crystallographically, the strongest change observed for powdered FFF printed

Ag-BG scaffolds was the indexing of Ca-deficient HA diffraction peaks (Fig. 4.4.9e) starting at 7

d of immersion in SBF. The breadth of the diffraction peaks for the indexed Ca-P phases was noted

119



Figure 4.4.8: (a) The anti-MRSA behavior of FFF printed Ag-BG scaffolds after being exposed to MRSA
for 24 h and 48 h under growth-arrested conditions. (b) Crystal violet staining of FFF printed
Ag-BG scaffolds after exposure to a MRSA biofilm under growth-assisted conditions for 3 d,
where FFF printed Ag-BG scaffolds demonstrated a significant reduction in biomass elucidated
by normalized OD measurements compared to the untreated controls. (c) Quantification of
the Live/Dead staining shown in (e) and (f) demonstrates that FFF printed Ag-BG scaffolds
could combat the presence of a previously formed MRSA biofilm.

to undergo a minor reduction after 14 d and 21 d of immersion in SBF for FFF printed Ag-BG

scaffolds in addition to a minor up-shift in 2θ for the observed diffraction peaks consistent with

the minor d-spacing reduction noted between the three principle diffraction peaks for β-TCP and

Ca-deficient HA respectively.

The observed surface morphological changes for FFF printed Ag-BG scaffolds immersed in

SBF for up to 21 d provide conclusive evidence that an apatite-like layer formed unlike the

respective FTIR spectra (Fig. 4.4.9d) and XRD patterns (Fig. 4.4.9e) previously described. After

7 d of immersion in SBF, FFF printed Ag-BG scaffolds presented minimal evidence of surface

morphological features consistent with deposition of an apatite-like layer [283]. EDS spot analysis
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revealed a Ca/P ratio of 5.9 (Fig. 4.4.9c), which is approximate to the Ca/P ratio for the used Ag-BG

system and further evidence that SBF immersion for 7 d was insufficient time for an apatite-like layer

to form. FFF printed Ag-BG scaffolds immersed in SBF for 14 d (Fig. 4.4.9b) presented with bright

surface morphological features consistent with the expected surface morphological features for a

deposited apatite-like layer [283] having a Ca/P ratio of 1.9. This signified that the apatite-like layer

that formed is likely ∼5 µm thick given the proximity of the measured Ca/P ratio to the expected

stoichiometric Ca/P ratio of 1.67. 21 d of immersion of FFF printed Ag-BG scaffolds in SBF (Fig.

4.4.9) presented with a greater area of depositions on their surfaces compared to 14 d of immersion

in SBF. The Ca/P ratio of these depositions was measured at 1.8 after FFF printed Ag-BG scaffolds

were immersed in SBF for 21 d having a thickness of at least 5 µm thick given the measured

Ca/P ratio is 0.13 units greater than the expected stoichiometric Ca/P ratio of 1.67. Interestingly,

the surface morphological features observed (Fig. 4.4.9a), while consistent with the expected

surface morphological features [283], displayed cracking creating clear boundaries of micro-sized

depositions of an apatite-like layer. Given this, FFF-printed Ag-BG scaffolds would be expected

to exhibit bone-bonding behavior in vivo, an attractive biological performance characteristic for

targeting bone tissue regeneration in load-bearing applications.

The attractive degradation behavior, antibacterial performance, and biological performance

studied through immersion in SBF of FFF printed Ag-BG scaffolds warrant further biological

performance characterization in vitro, exposing human mesenchymal stem cells (hMSCs) indirectly

to FFF printed Ag-BG scaffolds to determine their effect on cell viability (Fig. 4.4.10a), proliferation

(Fig. 4.4.10b), and mineralization (Fig. 4.4.10l).

Optical images (Fig. 4.4.10c, d) were captured at time point zero for both hMSCs treated

with FFF printed Ag-BG scaffolds (Fig. 4.4.10d) and untreated hMSCs (Fig. 4.4.10c) presenting

similar hMSC morphology, where hMSCs appeared compact having short filopodia indicative that

hMSCs are dissatisfied with their environment and expected given the handling performed during

experimental setup. After 2 d of treatment with FFF printed Ag-BG scaffolds (Fig. 4.4.10f), hMSCs

appear satisfied with their environment given the elongation of filopodia and observed interactions
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Figure 4.4.9: SEM images after (a) 21 d, (b) 14 d, and (c) 7 d of immersion of FFF printed Ag-BG scaffolds
in SBF showing progressive mineralization of an apatite-like layer consistent with the expected
surface morphological features. (d) Shows the FTIR spectra and (e) XRD patterns respectively
of powdered FFF printed Ag-BG scaffolds after 0, 7, 14, and 21 days of immersion in SBF.

with surrounding hMSCs that provides supporting evidence of cell spreading. For untreated hMSCs

after 2 d (Fig. 4.4.10e) displayed similar morphology when examined using optical microscopy to

hMSCs treated with FFF printed Ag-BG scaffolds after 2 d (Fig. 4.4.10f). hMSCs treated indirectly

with FFF printed Ag-BG scaffolds (Fig. 4.4.10h) displayed confluency given the lack of appearance

of the TCP, unlike treated and untreated hMSCs after 0 d and 2 d of incubation (Fig. 4.4.10c-f).

Qualitative analysis of Figures 4.4.10g, h identified fewer individual hMSCs when treated with FFF

printed Ag-BG scaffolds indicative that the presence of FFF printed Ag-BG scaffolds led hMSCs

to reach confluency faster and should be supported by the OD measurements quantifying hMSC

viability (Fig. 4.4.10a) and proliferation (Fig. 4.4.10b). After 8 d of treatment with FFF printed

Ag-BG scaffolds (Fig. 4.4.10j) displayed similar confluency to untreated hMSCs (Fig. 4.4.10i)

after 8 d of incubation.

OD measurements elucidated through the use of the WST-8 assay revealed that after 2 d of

treatment with FFF printed Ag-BG scaffolds (Fig. 4.4.10a) had an insignificant improvement on
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hMSC viability compared to untreated hMSCs. Starting after 5 d of treatment (Fig. 4.4.10a)

and continuing with 8 d of treatment with FFF printed Ag-BG scaffolds (Fig. 4.4.10a) found

hMSCs viability was significantly compared to untreated hMSCs. Regarding hMSC proliferation,

the respective OD values for treated and untreated hMSCs (Fig. 4.4.10b) as a function of time

elucidated a proliferation rate of 0.443 OD day−1 for hMSCs treated with FFF printed Ag-BG

scaffolds while the proliferation rate for untreated hMSCs was noted at 0.309 OD day−1. The

proliferation for hMSCs treated with FFF printed Ag-BG scaffolds, therefore, was found to be 1.43

times more prolific compared to untreated hMSCs.

Further in vitro cellular biological performance characterization entailed treating hMSCs in

differentiation media with FFF printed Ag-BG scaffolds to compare the mineralization ability

exhibited by the present osteoclasts to untreated hMSCs and elucidated through the application of

the ARS assay (Fig. 4.4.10l-n). Treatment of hMSCs with FFF printed Ag-BG scaffolds identified

a three order of magnitude increase in ARS stain demonstrating a greater than 1,000% increase

in mineralization compared to untreated hMSCs. This observation was further corroborated with

the representative optical image, shown in Figure 4.4.10m, n, where the surface of the confluent

hMSC layer presented stronger evidence of morphological features consistent with mineralization

for hMSCs treated with FFF printed Ag-BG scaffolds compared to untreated hMSCs. The optical

image inserts, shown for hMSCs treated (Fig. 4.4.10n) with FFF printed Ag-BG scaffolds and

untreated hMSCs (Fig. 4.4.10m) reflect this finding as evidenced by the strong intensity of red

(Fig. 4.4.10n) indicative of mineralization compared to the weakly intense red (Fig. 4.4.10m) for

untreated hMSCs chromatically demonstrating weak mineralization respectively.

4.5 3D printing gelatin—silicate-containing hybrid scaffolds

The work presented in Section 4.5 has previously been published to the preprint server, bioRxiv,

by Marsh et al. and is described by the following citation:

• bioRxiv, Adam C. Marsh, Ehsanul Hoque Apu, Marcus Bunn, Christopher H. Contag, Nured-

din Ashammakhi, Xanthippi Chatzistavrou, A New Bioink for Improved 3D Bioprinting of
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Figure 4.4.10: ODs for the (a) viability and (b) proliferation of hMSCs in standard growth media elucidated
using the WST-8 assay after 2, 5, and 8 d of indirect exposure to FFF printed Ag-BG scaffolds.
At each time point for the WST-8 assay, (c-j) optical images were captured to compare hMSC
morphology between sample groups. Mineralization of osteoclasts was elucidated through
the application of the Alizarin Red S (ARS) assay for both sample groups after 17 d of
treatment in differentiation media. (m, n) Optical images were additionally captured to
observe hMSC morphology with optical image inserts of the respective treated and untreated
ARS-stained wells. (*) Denotes p < 0.05, when compared to both untreated and treated
hMSCs at the respective time points, described previously.

Bone-Like Constructs, 2021 [295].

4.5.1 Structural characteristics

Structurally, the effectiveness of the applied non-aqueous synthesis conditions described in

Section 3.2.4.1 was evaluated through the use of 1H-NMR (Fig. 4.5.1a) to quantify the degree

of methacryloyl substitution that occurred at the lysine groups present in gelatin as-receive using

equation 3.3.5 [234]. The characteristic lysine peak observed between (+) 2.75 ppm and (+) 3.00

ppm chemical shift for gelatin as-received (Fig. 4.5.1a) was found to disappear after functionaliza-
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tion with methacrylic anhydride (Fig. 4.5.1a) indicating a high degree of substitution. When the

characteristic lysine peak for gelatin as received was integrated in addition to the remaining lysine

peak after methacrylic anhydride functionalization, a ∼100% degree of substitution (eq. 3.3.5) was

elucidated, demonstrating that the applied non-aqueous GelMA synthesis was more effective at

substitution compared to traditional aqueous-based (i.e. PBS) synthesis methods, known to achieve

a maximum degree of substitution of 85% [296] increasing batch-to-batch variations. Furthermore,

when GelMA-Ag-BG (GAB) hybrid hydrogels were characterized using 1H-NMR (Fig. 4.5.1), the

degree of substitution was found to be similar to the degree of substitution identified for GelMA

(Fig. 4.5.1), as expected.

As previously described in Section 3.2.4.1, toluene was used to precipitate the synthesized

GelMA and FTIR spectra (Fig. 4.5.1b) collected for gelatin, GelMA, and GAB and presented with

the relevant FTIR spectra (Fig. 4.5.1b) for the reagents used during GelMA and GAB synthesis

to evaluate the effectiveness of the toluene precipitation approach in removing the unwanted and

cytotoxic reagents used. For the GelMA FTIR spectrum (Fig. 4.5.1b), characteristic amide I,

II, and III groups were observed at ∼1650 cm−1, ∼1500 cm−1, and ∼1450 cm−1 respectively

[235]. Furthermore, FTIR peaks characteristic of methacrylic anhydride (MAA) and dimethyl

sulfoxide (DMSO) were not observed for both GelMA and GAB, suggesting that the toluene

precipitation approach was successful in extracting GelMA and GAB and preventing MAA and

DMSO contamination. For GAB, the respective FTIR spectrum (Fig. 4.5.1b) did not present peaks

characteristic to methanol (MeOH) or (3-Glycidyloxypropyl)trimethoxysilane (GPTMS), providing

supporting evidence at the effectiveness of the toluene precipitation approach for removal of the

cytotoxic reagents used. The FTIR spectrum of the Ag-BG sol (Fig. 4.5.1b) used during GAB

synthesis presented with a stronger characteristic Si-O stretching peak∼1000 cm−1 [235] compared

to GAB; however, this difference was expected given Ag-BG sol was molecularly coupled with

GelMA as mediated by the coupling agent, GPTMS, at 3 weight percent. Interestingly, GAB

presented with a broad spectroscopic peak from ∼650 cm−1 to ∼900 cm−1 (Fig. 4.5.1b) indicative

of a characteristic Si-O bending peak [235] characteristic of amorphous Ag-BG providing additional
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evidence to support the success achieved when using the toluene precipitation approach.

Figure 4.5.1: (a) 1H – NMR spectra of gelatin (as-received), GelMA, and GAB. An optical image insert is
additionally included to show the status of GAB hydrogels post-synthesis. The yellow arrows
denote the characteristic lysine methylene signals used to determine the degree of methacry-
lation. Zoomed-in spectra insert is additionally shown from (+) 2.7 ppm to (+) 3.3 ppm for
clarity. (b) FTIR spectra of the gelatin (as-received), GelMA, GAB, Ag-BG sol used during
GAB synthesis, methanol (MeOH), the coupling agent (3-Glycidyloxypropyl)trimethoxysilane
(GPTMS), methacrylic anhydride (MAA) used for the methacrylation of as-received gelatin,
and dimethyl sulfoxide (DMSO) used as the solvent for the synthesis of GelMA and GAB.

SEM-EDS (Fig. 4.5.2) was performed for GelMA and GAB hydrogels to study their respective

surface morphologies (Fig. 4.5.2a-b, g-h) and to assess elemental homogeneity (Figs. 4.5.2c-f

and 4.5.2i-q. While both GelMA (Fig. 4.5.2b) and GAB (Fig. 4.5.2f) displayed evidence of

a mesoscopic porous structure, both the pores and GelMA fibers were meso-sized, while GAB

showed micro- and meso-sized pores and GAB fibers, where the GAB fibers (Fig. 4.5.2f) were

found to be thicker compared to the GelMA fibers (Fig. 4.5.2h) observed. EDS X-Ray mapping for

both GelMA (Fig. 4.5.2c-f) and GAB (Fig. 4.5.2i-q) revealed homogeneity of all expected elements
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down to the micron-level. Important to note is that the application of the performed EDS X-Ray

mapping is not commonly reported for GelMA or GelMA silicate-containing hydrogels, therefore

the EDS X-Ray mapping presented in Figures 4.5.2c-d and 4.5.2i-q provides more comprehensive

structural information down to the micron-scale, thus providing novel conclusive evidence that the

synthesis approaches applied here was successful at maintaining elemental homogeneity down to the

micron-level, thus both GelMA and GAB should respond homogenously when performance-based

characterization is performed.

Figure 4.5.2: SEM images of (a, b) GelMA in addition to its respective EDS X-ray mapping, where (c) C,
(d) N, (e) O, and (f) Cl were all observed to be homogenously distributed down to the micron
level. Additionally, SEM images of (g, h) GAB and corresponding EDS X-Ray mapping
showing that (i) C, (j) N, (k) O, (l) Cl, (m) Si, (n) Ca, (o) Al, (p) Ag, and (q) Na are also all
homogenously distributed down to the micron-level.

4.5.2 Performance characteristics

Given the hydrogel characteristics of GelMA and GAB samples, it was necessary to study their

swelling, pH, and mass loss behavior as a function of time evaluated up to 7 d of immersion in

PBS (Fig. 4.5.3). Additionally, the performance characteristics of GelMA-Ag-BG nanocomposite

hydrogels were evaluated to highlight their comparative differences with GAB. The swelling ratio
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(Fig. 4.5.3a) was found to be inhibited for GelMA-Ag-BG nanocomposites and GAB hydrogels by

a statistically significant margin when compared to the swelling ratio of GelMA hydrogels. The

pH behavior of GelMA, GelMA-Ag-BG nanocomposite, and GAB hydrogels (Fig. 4.5.3b) was

found to reach a maximum of ∼7.7 and ∼7.9 for GelMA and GAB hydrogels respectively after 1

d of immersion in PBS, whereas GelMA-Ag-BG nanocomposite hydrogels achieved a maximum

pH of ∼8.8 after 3 d of immersion in PBS. This difference in pH behavior between GelMA-Ag-BG

nanocomposite and GAB hydrogels was correlated to the different incorporation processes applied.

Furthermore, the mass loss for GelMA, GelMA-Ag-BG nanocomposite, and GAB hydrogels (Fig.

4.5.3c) was elucidated up to 7 d of immersion in PBS finding that the greatest mass loss was

observed for GelMA hydrogels, while GAB hydrogels exhibited the least amount of mass loss

when evaluated at consistent time points. The mass loss was found to be greater for GelMA-Ag-

BG nanocomposite hydrogels compared to GAB hydrogels correlated to the different in Ag-BG

incorporation methods applied.

Figure 4.5.3: (a) The swelling ratio of GelMA, GelMA-Ag-BG nanocomposite, and GAB hydrogels. (b) The
pH evolution of GelMA, GelMA-Ag-BG nanocomposite, and GAB hydrogels was evaluated
after 1 d, 3 d, 5 d, and 7 d of immersion in PBS. (c) Presents the corresponding (c) mass loss
for each time point characterized.

In terms of the antibacterial and biological performance of both GelMA and GAB (Fig. 4.5.4),

the anti-MRSA effect of GAB was observed to expectedly elicit more potent anti-MRSA capabilities

as the mass to volume ratio was increased (Fig. 4.5.4g). Additionally, GelMA was found to possess

zero anti-MRSA capabilities, further demonstrating that the toluene precipitation approach was

128



successful at removing cytotoxic reagents used during synthesis. When examining fibroblast (3T3)

viability after 72 h of incubation with either GelMA or GAB (Fig. 4.5.4a), either seeded on top

of the hydrogel or homogenously distributed (embedded) within the hydrogel demonstrated an

insignificant reduction in viability compared to the 2D untreated culture. This further supports the

success of synthesizing both GelMA and GAB, using the toluene precipitation approach to remove

the cytotoxic reagents being used. Optical images of embedded 3T3s in GAB (Fig. 4.5.4b-f)

captured every 24 h supports the viability findings given that the population of 3T3s appears to

increase at each time point. Furthermore, the observed mitosis of 3T3s and agglomeration into

spheroid-like shapes suggest 3T3s are mobile and satisfied with the environment they were exposed

to.

Figure 4.5.4: (a) Fibroblast (3T3s) viability on GelMA and GAB after 72 h of incubation, where 3T3s were
either seeded on top or embedded (i.e. 3D homogenous distribution of 3T3s) for hydrogels.
After (b) 24 h, (c-d) 48 h, and (e-f) 72 h of incubation, optical images of hydrogels embedded
with 3T3s are shown. (g) The anti-MRSA effect of GelMA and GAB, where GelMA exhibited
no anti-MRSA effects (as expected) while GAB exhibited increasingly potent anti-MRSA
capabilities with increasing GAB concentration.
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Rheological performance characterization, following the procedures detailed in Section 3.4.2.4,

was performed to elucidate the storage (G′) and loss (G′′) moduli in addition to evaluation of

viscosity as a function of shear rate to determine whether the formed hydrogels would be compatible

with 3D bioprinting. To start, the storage modulus (G′) describes the ability of a material to absorb

deformation energy elastically while the loss modulus ((G′′)) denotes the energy dissipated when

deformation forces are removed. While GAB hydrogels were observed to have a storage (G′)

and loss (G′′) moduli (Fig. 4.5.5a) order(s) of magnitude greater than the values recommended

from previous reports [202, 209], it is still expected that GAB will be suitable as a bioink for 3D

bioprinting given previous reports used an extruder temperature of 4ºC [202, 209, 297, 298] for

bioprinting GelMA bioinks. Therefore, the storage (G′) and loss (G′′) moduli could be mediated

through increasing extruder temperatures. The viscosity of GAB hydrogels (Fig. 4.5.5b) was found

to exhibit shear-thinning behavior, an attractive characteristic for bioinks given that self-healing

abilities can be expressed with the removal of shear forces. Using equation 3.4.7, GAB hydrogels

were found to have a flow consistency index (K) and flow index behavior of 417±10 (Pa·s𝑛) and

0.045±0.007 respectively, where a correlation coefficient of 0.98 was noted when computed using

the region where a linear decrease in viscosity as a function of shear rate (i.e. 1-10 s−1; Fig. 4.5.5b)

was observed. Given the minimal flow index behavior elucidated for GAB using Equation 3.4.7

provides quantitative evidence to suggest that GAB hydrogels are non-Newtonian fluids exhibiting

shear thinning behavior.

Table 4.5.1: Experimental and literature values for the rheological properties of GelMA-containing bioinks.

Property GAB Bioink
10% (w/v) GelMA

GelMA Bioink
10% (w/v) Literature

Recommended Values
from Literature

Viscosity
(Pa·s) 40,000 ∼1,000 ∼50 ∼300 [299] ∼170 [299] ∼40 [299] 0.3-60,000 [202, 209]

Shear Rate
(s−1) 0.1 1 10 0.1 [299] 1 [299] 10 [299]

Storage Modulus
(Pa) ∼75,000 ∼800-1,000 [246, 300] 100-1,000[202, 209]

Loss Modulus
(Pa) ∼20,000 ∼5-40 [246, 300]
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4.5.3 Optimization of 3D printing parameters for hybrid scaffolds

Figure 4.5.5c shows a successful extrusion of GAB 3D printed into a single layer scaffold-like

geometry. This successful printing was achieved when an extruder pressure and temperature of

15 psi and 27ºC respectively were used, where GAB hydrogels were extruded through a 27-gauge

metal-tapered tip and print velocity set to 4 mm s−1. Interestingly, the extruder temperature used for

GAB bioinks was 23ºC greater than reported temperatures for GelMA bioinks [202, 209, 297, 298]

and is 10ºC cooler than the ideal physiological temperature (i.e. 37ºC) used for the incubation of

cell-containing materials. Therefore, it would be expected that cell viability will be greater for

GAB bioinks compared to GelMA bioinks given the proximity of the required extruder temperature

needed for successful 3D bioprinting. Furthermore, it should be noted that GAB hydrogels exhibit

more attractive characteristics for 3D bioprinting compared to GelMA hydrogels. This work

additionally demonstrates for the first time 3D bioprinting of class II hybrid hydrogels comprised

of GelMA and a multi-component bioactive glass composition (i.e. Ag-BG), thus circumventing

the need to incorporate a multi-component bioactive glass composition using nanoparticles that are

known to inhibit cell viability when 3D bioprinting given the additional shear forces exhibited by

the presence of nanoparticles during extrusion.

Figure 4.5.5: (a) The storage (G′) and loss (G′′) moduli for GAB hydrogels as a function of temperature
ranging from 25℃ to 40℃ oscillating at 1 Hz. (b) The apparent viscosity of GAB hydrogels
as a function of shear rate showing GAB exhibits shear thinning behavior. (c) A single mesh
layer successfully 3D printed using GAB hydrogels.
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CHAPTER 5

DISCUSSION

5.1 Structural evolution of Ag-BG

5.1.1 Insights from thermal behavior characterization

Study of the thermal behavior of as-received Ag-BG micro-sized particles (Fig. 4.1.1) elucidated

modest glass formability when computing the Hrubý coefficient (Eq. 4.1.1); however, this approach

was unable to fully account for the observed thermal behavior of as-received Ag-BG micro-sized

particles (Fig. 4.1.1). Illumination of the sintering characteristics was crucial for the identification

of the sintering conditions that should be applied for the heat treatment of Ag-BG scaffolds to

elicit preferential structural characteristics to deliver mechanically competent Ag-BG scaffolds

whilst maintaining their advanced antibacterial and biological performances. Previous reports have

demonstrated large variations exist for the sintering mechanisms for bioactive glass systems, where

either viscous sintering or densification through crystallization had occurred during heat treatment.

For example, the most well-known bioactive glass composition (45S5; 45SiO2 – 24.5CaO –

24.5Na2O – 6P2O5 (wt%)) strongly exhibits crystallization behavior [257] transforming the initial

amorphous structure to crystalline combeite (Na2Ca2Si3O9) achieving a maximum crystallinity of

∼77% [25] during densification rather than displaying a viscous sintering mechanism whereas 13-

93 bioactive glass (53SiO2 – 20CaO – 12K2O – 6Na2O – 5MgO – 4P2O5 (wt%)) undergoes viscous

sintering [58] preserving the amorphous structure expected to enhanced biological performance

given the lack of long-range order and increase in free volume compared to ceramics. 13-93

was able to maintain its amorphous structure during heat treatment due to an increase in glass

formers (i.e. SiO2) and the addition of K2O known to inhibit crystallization tendencies of complex

silicate-based compositions (i.e. bioactive glass) [29, 66, 301, 302].

It is “ideal”, therefore, given the previously described compositional dependencies for bioactive

132



glass systems for Ag-BG to form a glass-ceramic during sintering to deliver Ag-BG glass-ceramic

scaffolds to improve mechanical performance [303–305] whilst preserving the biological and

antibacterial performance characteristics previously reported for as-received Ag-BG micro-sized

particles [31, 32, 34–37, 54, 55]. This, however, was not observed for Ag-BG (Fig. 4.1.1a), where

even though the “ideal” processing window (i.e. Tg to Tc, onset) was identified between ∼450°C to

∼700°C, HSM (Fig. 4.1.1b-j) demonstrated Ag-BG cannot undergo the needed densification within

this temperature range. This was corroborated with the unacceptable mechanical performance

observed for Ag-BG solution scaffolds (Fig. 4.2.6a). When the thermal behavior of as-received

Ag-BG micro-sized particles was described using the sinterability equation (Eq. 4.1.2), the large

negative value observed after this computation suggested Ag-BG has a high viscosity and low

surface tension leading to crystallization rather than viscous sintering agreeing with previously

described experimental evidence herein. Given the unavoidability of incurring crystallization of

Ag-BG during heat treatment of Ag-BG scaffolds, it was advantageous to explore the thermal

behavior at high temperatures (i.e. T > 700°C) to identify what phases have formed or transformed

to manipulate the crystalline phases produced to maximize antibacterial and biological performance.

5.1.2 Evolution of Ag-BG structure as a function of temperature

Herein, a mechanistic description is provided to describe the structural evolution of Ag-BG as

a function of temperature to account for all elements present in Ag-BG given the absence of Al or

Na containing phases.

To start, bioactive glasses such as Ag-BG synthesized by the sol-gel technique have a propen-

sity to begin undergoing crystallization of hydroxyapatite beginning at ∼500°C due to the effect

processing parameters, such as stirring rate, that is known to increase the resulting crystallinity of

such system [45, 49, 50, 257]. Melt-derived bioactive glasses do not exhibit such crystallization

behavior as the quenching rate of the molten glass is sufficiently fast to avoid crystallization as there

was insufficient time for atomic mobility within the cooling glass, thus delivering bioactive glasses

having an amorphous structure [303]. Regardless, the crystallization of HA for sol-gel-derived
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systems such as Ag-BG occurred as a result of phase separation between Si and P atoms when

sintered in air at temperatures exceeding 500°C [306]. As this phase separation continues as a

function of increasing temperature, local regions having sufficient concentrations of P to promote

HA, or more precisely Ca-deficient HA crystallization [307]. The following equation (Eq. 5.1.1),

generalizes the reactions between Ca and P atoms during crystallization, where all P atoms are

assumed to have been consumed [307].

10CaO + 3P2O5 + H2O → Ca10(PO4)6(OH)2 (5.1.1)

Interestingly, as temperatures continue to increase, [AlO4]− molecules appear to become less

effective at maintaining the stability of Ag+ ions leading to the formation of AgNPs instead. The

purpose of incorporating Al into Ag-BG was to preserve Ag+ ions by [AlO4]− molecules for

enhanced antibacterial performance, and since this was not the case (Figs. 4.2.1a-b, 4.2.3a, 4.2.5,

4.3.4b, and 4.3.6e-f), an explanation was necessary.

Consider the ternary SiO2 – Al2O3 – Ag2O glass system, where Ag+ ions were demonstrated

to remain stable up to 1100°C behaving as a charge compensator for [AlO4]− molecules to main-

tain electroneutrality before crystallization was observed [51–53, 308], where the release of Ag

mechanistically switches from being predominantly Al-mediated to Si-mediated. Regardless, the

presence of Si, Al, and Ag cannot be correlated to the observed disruption of Ag+ ion stabilization by

[AlO4]− molecules, therefore it must be either Ca2+ and Na+ cations present, creating a competition

between cations for electrically neutralizing [AlO4]− molecules. Examining this cation competition

at sintering temperatures of 900°C and 1000°C respectively from a thermodynamical perspective,

the Gibbs free energy of Ca(AlO4)2, NaAlO4, and AgAlO4 were computed and presented in Table

5.1 [223]. Based on the thermodynamic calculations presented in Table 5.1, it would be expected

that all Ag+ cations would be displaced by Ca2+ atoms forming AgNPs that should have accounted

for all Ag present in Ag-BG when performing Rietveld analysis (Table 4.2.2). Since this was not

the case for Ag-BG scaffolds, other explanations had to be investigated.

Considering the difference in atomic size between Ag+ and Ca2+ cations, the size of Ca2+
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Table 5.1.1: The Gibbs free energy of AgAlO4, Ca(AlO4)2, and NaAlO4 molecules were computed at 900°C
and 1000°C.

Temperature (°C) AgAlO4 Ca(AlO4)2 NaAlO4

900 -686.0 -2049.9 -643.9
1000 -685.7 -2039.7 -637.5

cations (i.e. 1.14 Å) was found to be ∼12% smaller than Ag+ ions (i.e. 1.29 Å) [40]. It is plausible,

therefore, that the smaller size of Ca2+ cations allows for greater atomic mobility at sufficiently high

temperatures (i.e. T > 800°C), however, the size difference between Ca2+ and Ag+ ions is thought

to have a weak effect on disrupting the status of Ag. Examination of the field strengths of Ca2+

(i.e. 0.31 Å−2) and Ag+ (i.e. 0.14 Å−2) cations found that the field strength of Ca2+cations was

∼55% stronger compared to Ag+ cations [40], thus providing a stronger argument for justifying Ag+

cation displacement by Ca2+ cations. Indeed, the 55% increase in field strength for Ca2+ cations

comparatively presents an effective pathway for Ca2+ cation substitutions with Ag+ cations in the

presence of free electron sources (i.e. residual H2O and residual Si-OH condensation reactions),

as shown in Equation 5.1.2 [309].

AgAlO4 + Ca(SiO4)2 + e− → Ca(AlO4) (SiO4) + Ag0 + SiO4 (5.1.2)

Interestingly, equation 5.1.2 reports Ca(AlO4)(SiO4) as a product of the substitution reaction

rather than Ca(AlO4)2, as previously described by Table 5.1.1, when taking into consideration

the L ¥𝑜wenstein Al-avoidance principle [310, 311] stating that Al-O-Al linkages do not exist in

aluminosilicates, but rather Al-O-Si linkages, demonstrating the avoidance behavior of Al atoms.

It must be noted, however, that recent reports have shown that the L ¥𝑜wenstein Al-avoidance

principle can be violated when the Al/Si ratio exceeds 1 [310, 311]. Since Ag-BG has an Al/Si ratio

of ∼0.08, it was expected that the Löwenstein Al-avoidance principle would be followed, therefore

accounting for the reaction product of Ca(AlO4)(SiO4) over Ca(AlO4)2.

While the Ag0 observed as a reaction product of equation 5.1.2 can account for the observed

changes in chromaticity for Ag-BG solution scaffolds (Fig. 4.2.1a, b), it cannot describe the chro-
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matic shift observed between Ag-BG solution (Fig. 4.2.1a, b) and slurry (Fig. 4.2.1c, d) scaffolds.

Previous reports have shown that the presence of reduced Ag in a silica-rich matrix promotes the

formation of AgNPs [309]. When AgNPs are surrounded by a silica-rich matrix, AgNPs perturb

this silica-rich matrix by decreasing the energy required for oxygen vacancy formation [309]. Due

to the local increase in oxygen vacancies, the system attempts to maintain its lowest energy state

through crystallization leading to the AgNPs becoming embedded in crystalline silica. Regardless

of the scaffold processing conditions applied to deliver Ag-BG scaffolds, all conditions produced

cristobalite as the crystalline silica phase (Figs. 4.2.3b, 4.3.4b, and 4.4.3b).

The presence of reduced Ag promotes the formation of AgNPs, which then act to perturb the

surrounding silica matrix through a decrease in the energy required for oxygen vacancy formation

[309]. Because of this, the silica matrix begins to crystallize around the AgNPs to maintain its

lowest energy state, causing AgNPs to become embedded within a crystalline silica matrix. The

effect of this embedment was studied by Pegliara et al. who elucidated that the maximum thickness

of the embedment cannot exceed 7 nm, as any thickness greater than this prevents the release of

Ag [312], thus preventing the material from exhibiting antibacterial properties. Considering the

Ag ion release profile for FFF printed Ag-BG scaffolds (Fig. 4.4.7f), it was hypothesized that the

thickness of the embedded AgNPs is likely ∼6 nm to ∼7 nm.

Intriguingly, it should be noted that bulk Ag has a melting point of ∼962ºC [56], which is below

the sintering temperatures applied to deliver Ag-BG slurry and FFF printed Ag-BG scaffolds,

so it would have been expected that Ag would melt during heat treatment. Furthermore, since

Ag was identified as AgNPs, their melting point should be depressed. Mathematically, this was

demonstrated to be true in the derivation of the Gibbs-Thompson equation (Eq. 5.1.5) [313, 314]

using the Clausius-Clapeyron relation (Eq. 5.1.3) [314, 315] and Young-Laplace equation (Eq.

5.1.4) [314, 316]. In the Clausius-Clapeyron relation (Eq. 5.1.3), ∆S∗ describes the difference in

entropy between two phases (i.e. α and β), ∆V∗ represents the difference in volume between α and

β, T is the temperature in Kelvin, Pβ describes the pressure being experienced by the β-phase, and

γα , Vα, and kα represent the surface tension, volume, and curvature of the α-phase respectively.
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In the Young-Laplace equation (Eq. 5.1.4), γα and kα describes the surface tension and curvature

of the α-phase respectively, assuming the β-phase is infinitely large. In the Gibbs-Thompson

equation (Eq. 5.1.5), Tm
nano , Tm

bulk, and ∆H∗ represent the melting point of a nanoparticle, the

bulk melting point of a material, and the difference in enthalpy respectively with all other variables

being previously defined by equations 5.1.3 and 5.1.4. Therefore, according to the Gibbs-Thompson

equation (Eq. 5.1.5), the AgNPs should have melted during sintering; however, experimentally,

this was not observed given the detection of AgNPs in all Ag-BG scaffolds studied herein.

∆S∗dT − ∆V∗dPβ + 2γαVαkα = 0 (5.1.3 [314, 315])

∆P∗ = 2γαkα (5.1.4 [314, 316])

Tnano
m = TBulk

m − 2TBulk
m γαVαkα

∆H∗ (5.1.5 [313, 314])

To reconcile the disagreement between the Gibbs-Thompson equation (Eq. 5.1.5) and the

experimental evidence presented previously (Figs. 4.2.1a-b; 4.2.3a; 4.2.4g, m; 4.2.5a, e, c; 4.2.7;

4.3.3e; 4.3.4b; 4.3.5g; 4.3.6e-f; 4.3.8; 4.4.4h; 4.4.7f; 4.4.8; and Table 4.2.2) alternative explanations

needed to be explored. Previous reports have demonstrated that the embedment of AgNPs in

cristobalite only occurs when surface defects are present on the surface of an AgNP in proximity

to an oxygen vacancy within cristobalite [288, 289]. The presence of such defects increases the

local free energy that results in the breakage of a Si-O bond for an Ag-Si and Ag-O bond when

the system attempts to return to its lowest energy configuration, thus creating a viable pathway

for Ag to enter cristobalite [288, 289]. This interdiffusion mechanism, however, is slow given

Ag diffusion is limited by oxygen vacancy diffusion within cristobalite, where the accumulation

of Ag is proportional to the concentration of oxygen vacancies present [288, 289]. Through this

process, AgNPs can form defect-free surfaces that result in a significant increase in thermal stability

well beyond the expected melting points, thus accounting for the presence of Ag when sintering

temperatures above the melting point of Ag are used.
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While most of the phenomena observed during structural characterization of as-received Ag-BG

and Ag-BG scaffolds have been accounted for, the appearance of cristobalite at temperatures as low

as 700ºC remains elusive. According to the silica phase diagram presented in Figure 5.1.1 [317],

cristobalite should not appear until temperatures exceed 1,500ºC, which was an impossibility for

Ag-BG considering the melting point was experimentally observed to occur ∼1450ºC (Fig. 4.1.1a,

b). To explain this, consider a complex system such as Ag-BG whose complexity arises from

its hepta-elemental composition (Table 3.1.2). Such complex systems are not well-described by

classical nucleation theory (CNT) given CNT underestimates the nucleation rate by an order of

over 1 nonillion (1030) cm−3 s−1 to 10 septendecillion (1055) cm−3 s−1 [303]. To provide some

context to this underestimation, 30 orders of magnitude difference is equivalent to the difference

between 10 µm and the Planck length, while 55 orders of magnitude difference is equivalent to the

difference between 1 kg and the mass of the observable universe.

To address this absurd underestimation, Wilhelm Ostwald considered possible non-CNT path-

ways for nucleation observing that subcritical nuclei (i.e. embryos) will evolve during the crystal-

lization process ephemerally forming metastable phases from the highest possible energy configu-

ration until the system reaches its lowest energy configuration (i.e. Ostwald’s step rule) [303, 318].

For crystalline silica, the Gibbs free energy of cristobalite, tridymite, and quartz are -854±1.92 kJ

mol−1, -854±2.43 kJ mol−1, and -856±1.72 kJ mol−1 respectively [319]. Given that the error for

all three crystalline phases is within the same range, energetically speaking there is no discernable

difference between which crystalline phase forms, thus warranting an alternative approach. Ex-

amining the effect the elements present in Ag-BG have on stabilizing crystalline silica, previous

reports have demonstrated that the presence of both Ag and Al are known to stabilizers cristobalite

[33, 320, 321]. It should be noted, however, that Chatzistavrou et al. demonstrated that at a fixed

concentration of Al, the absence of Ag led to no formation of cristobalite, whereas increasing con-

centrations of Ag led to increased formation of cristobalite, suggesting that Ag is the predominant

stabilizer element for cristobalite [33].

If it is assumed that Al has a negligible stabilizing effect on cristobalite, as demonstrated
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Figure 5.1.1: Phase diagram of silica as presented unaltered from Figure 4 published by Swamy et al.
entitled “A thermodynamic assessment of silica phase diagram” [317]. The original figure
caption is additionally presented for convenience: “Calculated phase equilibrium relations
among α-quarts, β-quartz, tridymite, cristobalite, and liquid silica. The experimental data
from Cohen and Klement [1967] represent α-quarts = β-quartz. Data from Jackson [1976]
are on silica glass (open circles), β-quartz (solid circles), and cristobalite (solid triangles).
The open and solid symbols from the other sources represent half-brackets on opposite sides
of each equilibrium” [317].

by Chatzistavrou et al. [33], then both Al and Na remain unaccounted, therefore necessitating

investigations into their whereabouts. Previous reports have shown that both Al and Na influence

the formation of W. 2M [223, 322–324]. Indeed, Al and Na can substitute with Si and Ca atoms

respectively in a W. 2M unit cell given the similarities between atomic radii [323]. Not only has Na

been reported to act as a nucleating agent for W. 2M due to the ability of Na to decrease the energy

required for W. 2M formation [322], while Al, in the concentrations used for Ag-BG scaffolds,
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promotes W. 2M formation [223, 324], but also the presence of Ca-deficient HA in conjunction

with a residual amorphous phase also act as W. 2M nucleating agents [223, 322, 324]. Therefore,

there are multiple opportunities for Al and Na to be consumed during W. 2M formation. When

computing theoretical phase concentrations to compare with Rietveld analysis (Table 4.4.1), the

only way to reconcile the theoretical W. 2M concentration with the Rietveld analysis is to include

both Al and Na into the calculation. It is important to note that when Ca-deficient HA transforms to

β-TCP in the presence of excess silica, additional W. 2M can be formed, thus providing even more

opportunities for Al and Na to be consumed during W. 2M formation [307, 325]. Considering all

the different phenomena explored in Section 5.1.2, this allowed for a full description of the various

thermally dependent events observed for both Ag-BG and Ag-BG scaffolds.

5.2 Process—Structure—Performance relationships

Ultimately, as previously described in Chapter 1, the delivery of Ag-BG scaffolds suitable

for targeting bone tissue regeneration in load-bearing applications was approached in a multi-

disciplinary manner aimed at elucidating process–performance relationships, utilizing structural

characteristics to bridge this gap. The applied general scheme is shown in Figure 5.2.1, illustrating

the relationships between process – structure – and performance to achieve the aforementioned

aims.

5.2.1 Effects of Ag-BG scaffold processing on delivered structures

Two fundamentally different avenues for Ag-BG scaffold synthesis were explored in this dis-

sertation: (1) polymer foam replication technique, and (2) fused filament fabrication for delivering

scaffolds having competent mechanical, antibacterial, and biological performance for targeting bone

tissue regeneration in load-bearing applications. The process–structure relationships illuminated

shall be explored herein (Fig. 5.2.1).

Porosity on the macro, milli, micro, and meso scales all play a role in dictating the in vitro

performance of 3D scaffolds targeting bone tissue regeneration, however, Section 5.2.1 will examine
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Figure 5.2.1: Figure highlighting the triangular aims – process – structure face of the tetrahedron being
examined in Section 5.2.1.

the structural effects of the polymer foam replication and FFF processing techniques had on the

delivered structures.

For the polymer foam replication technique, while both Ag-BG solution and slurry scaffolds

exhibited high porosity (i.e. > 90%), the Ag-BG solution scaffolds presented the strongest evidence

of having microporosity (Figs. 4.2.1f, 4.2.4a) as a result of synthesizing Ag-BG solution scaffolds

using the sol-gel technique. The observed micro-porosity in Ag-BG solution scaffolds can be

correlated to the aging and drying steps applied in the heat treatment described in Figure 3.1.1.

While Ag-BG is still in the solution stage, hydrolysis produces ethanol as a byproduct of the

hydrolysis reaction between TEOS and water in addition to the desired silanols (Eq. 2.1.1),

while the condensation reaction (Eq. 2.1.2) sees the silanol groups condense into a silica network

producing water as a byproduct. During the aging step of the applied heat treatment (Fig. 3.1.1), the

ethanol groups congregate in the pores produced by the evaporation of volatile molecules present,
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creating a pore liquor with the drying stage removing the remaining water present [75, 77, 78].

After drying, some of the micro-sized pores remain that are retained during the calcination and

thermal stabilization processes (Fig. 3.1.1), delivering materials having a high degree of surface

area (i.e. > 100 m2 g−1 [50]) leading to higher dissolution rates as a result. Given this, only the

process applied for the solution technique (Fig. 3.2.1) to deliver Ag-BG scaffolds was capable of

maintaining the micro-sized pores developed using the sol-gel technique. The slurry technique nor

the FFF technique was capable of maintaining the micro-sized pores as the sintering temperatures

used to deliver mechanically competent Ag-BG scaffolds resulted in their destruction due to the

densification processes that occurred during sintering. It is important to note that while micro-sized

pores were observed in FFF printed Ag-BG scaffolds (Fig. 4.3.2, 4.3.3, 4.3.5, 4.4.1, and 4.4.4),

this was found to be an effect of the particle size distribution used and not of the process used to

synthesize the Ag-BG itself. Continued discussion of multiscale porosity will be explored further

regarding their effect on performance in Section 5.2.2.

Comparing now the differences in the processes applied to deliver Ag-BG solution (Fig. 3.2.1)

and slurry (Fig. 3.2.2) scaffolds, micro-CT investigations revealed (Fig. 4.2.2) more frequent

breakages for Ag-BG solution scaffolds when studying their 1 mm thick 3D reconstructed cross-

sections, suggesting that the slurry technique was more successful at loading Ag-BG onto the

polyurethane foam template used. This claim was supported by the differences in porosity, pore

size, strut thickness, and apparent density (Table 4.2.1), where Ag-BG slurry scaffolds had a

∼3% decrease in porosity, ∼17% reduction in pore size, ∼37% increase in strut thickness, and a

∼60% increase in apparent density comparatively. These differences were correlated to the greater

viscosity the Ag-BG slurry had compared to the Ag-BG sol, thus allowing more mass to be loaded.

All these factors played a role in the resulting mechanical performance of both Ag-BG solution and

slurry scaffolds and will be explored further in Section 5.2.2.

Regarding the crystallinity of the Ag-BG scaffolds delivered, only Ag-BG solution scaffolds

were capable of delivering a scaffold having a glass-ceramic structure. This was due to the use of

Ag-BG in the solution stage, as the slurry and FFF techniques saw the Ag-BG particles used to
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undergo a second heat treatment at significantly higher temperatures, providing ample opportunities

for crystallization to occur. While it was demonstrated using Ag-BG slurry scaffolds that the phase

concentrations could be manipulated to elicit phases more conducive to antibacterial and biological

performance, this was demonstrated to not be the predominant structural factor dictating scaffold

performance.

Further considering the effect of the applied processes on the delivered Ag-BG scaffold struc-

tures, the strongest correlation observed was the change from using a unimodal distribution of

Ag-BG particles versus a bimodal distribution of Ag-BG particles. To start, the successful im-

plementation of FFF for delivering pristine Ag-BG scaffolds demonstrated for the first time that

silicate-based 3D scaffolds could be synthesized using FFF technology [221]. The demonstrated

success, however, resulted from the proper application of the shaping, debinding, and sintering

processes [185], where structural integrity was maintained. The desired 3D scaffold structure was

able to be maintained due to the solvent debinding process applied before thermal debinding, en-

gineering temporary micro-pores to create channels allowing for an escape route for the thermally

decomposing polymeric components within brown body Ag-BG scaffolds. This was the first key

to unlocking the full potential of FFF printing 3D scaffolds targeting bone tissue regeneration in

load-bearing applications.

The second key was found to be the particle size distribution used during filament synthesis.

Our initial work with synthesizing Ag-BG scaffolds using FFF, as previously described, used a

unimodal distribution of Ag-BG particles, whose average size was ∼29 µm. As observed in the

optical and micro-CT images (Figs. 4.3.2, and 4.3.3), internal voids and defects were found to be

plentiful. The amount of such porous defects was so great that they limited the sintering conditions

that could be applied. Sintering these Ag-BG scaffolds using the unimodal distribution of Ag-BG

particles previously described could only be performed up to 900ºC for 2 h, as any increase in

temperature or time resulted in catastrophic structural collapse. Considering sintering mechanics,

pores will either grow or shrink during the sintering process depending on the balance of forces

described by the dihedral angle (ψ), specific grain boundary energy (γgb), and the specific surface
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energy (γsv), as shown in equation 5.2.1 [286].

cos(ψ
2
) =

γgb

2γsv
(5.1.4 [286])

Qualitatively, based on experimental evidence, demonstrates that the pore surfaces are lively

convex, having a positive curvature, thus increasing in size. This positive surface curvature

results from the pores having a large pore coordination number resulting from a large number

of surrounding grains. To reverse this trend, the FFF process required modifications so that the

balance of forces favors pores having concavity, thus minimizing the number of internal porous

defects during sintering.

To elicit the necessary conditions to deliver well-densified Ag-BG scaffolds, it was hypothesized

that improvement in the packing efficiency of Ag-BG particles could produce the desired effects.

The effect of packing efficiency achieved by exploring different particle size distributions has

been well-documented in other fields of study such as its effect on resulting rheological properties

[192–198], effects on optimizing pigment color in paint formation [326], and in the development

of high-strength concrete [327]. In a consensus amongst the different fields of study previously

mentioned, the use of a multimodal distribution of particles led to improvement in their packing

efficiency, allowing for their aimed improvements to be achieved. Therefore, it was postulated that

using a bimodal distribution of Ag-BG particles would deliver Ag-BG scaffolds minimizing the

number of porous defects present in their internal structures.

This was indeed the case, as using a bimodal distribution of Ag-BG particles (Table 3.2.3)

minimized the number of porous defects produced, as evidenced by micro-CT investigations (Fig.

4.4.2). This result was achieved, as the smaller sized Ag-BG particles were able to occupy the voids

between the larger Ag-BG particles, thus decreasing the size of pores formed and preferentially

changing the balance of forces to minimize the number of convex pores formed and allowing for

greater sintering conditions to be applied while maintaining structural integrity that should translate

to a significant increase in mechanical performance.

144



5.2.2 Effects of structure of Ag-BG scaffolds on performance

With the effects of each Ag-BG scaffold synthesis process applied herein elucidated, the

structural–performance relationships could be identified and compared to the desired aims to

determine the degree of success achieved.

Figure 5.2.2: Figure highlighting the triangular aims – structure – performance face of the tetrahedron being
examined in Section 5.2.2.

As previously described, the porosity of 3D scaffolds is known to have a strong effect on the

resulting mechanical performance. This was no different for Ag-BG scaffolds explored herein.

Starting with the compressive behavior of Ag-BG solution and slurry scaffolds (Fig. 4.2.6), both

types of scaffolds demonstrated atypical compressive behavior for what is known for glasses and

ceramics [56]. Typical compressive behavior of glasses and ceramics would elicit a linear increase

in stress as a function of strain until catastrophic failure is achieved when the material changes from

an elastic to a plastic deformation regime. Both glasses and ceramics are notorious for exhibiting

no signs of plastic deformation before catastrophic failure, as energy cannot be dissipated through
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atomic motion due to the presence of both anions and cations ionically bonded. For Ag-BG

solution and slurry scaffolds, given that their internal structures are hollow, this could lead to

atypical compressive behavior. Indeed, their compressive behavior was observed to be “noisy”

where local fluctuations in stress as a function of strain are observed leading to the noted jagged

behavior [25]. The hollow interior of the Ag-BG solution and slurry scaffolds coupled with the

presence of defective/thin struts introduced by a heterogeneous distribution of Ag-BG during the

soaking and squeezing processes applied. The defective/thin struts cannot support as much stress

before fracture compared to thicker struts well-formed struts, thus each local decrease in stress as

a function of strain is the result of a strut fracturing and releasing energy. This behavior continues

until even the strongest struts can no longer bear the compressive forces being applied, thus leading

to catastrophic failure.

Furthermore, the computation of the Hashin-Shtrikman bounds offered a method to compare

the mechanical performance of all Ag-BG scaffolds explored herein to visualize how detrimental

the internal porosity observed compared to the theoretical upper and lower bounds of elastic moduli

that could be observed at a specific porosity. It was observed (Fig. 4.2.6) that both Ag-BG solution

and slurry scaffolds had elastic moduli close to the lower bound of the predicted elastic modulus.

This demonstrated that the high degree of internal porosity observed achieved near the maximum

of how detrimental porosity can be towards mechanical performance.

Examining FFF printed Ag-BG scaffolds, those synthesized using a unimodal distribution of

Ag-BG particles having large internal porous defects restricted the elastic modulus to be close to the

theoretical lower limit (Fig. 4.3.7b). Even though the compressive strength of FFF printed Ag-BG

scaffolds synthesized using a unimodal distribution of Ag-BG particles was improved compared

to Ag-BG solution and slurry scaffolds and within the range required for targeting bone tissue

regeneration in load-bearing applications, the improvement in compressive strength was correlated

to the overall decrease in porosity of Ag-BG scaffolds and not towards the minimization of internal

porous defects. While the porosity of FFF printed Ag-BG scaffolds was decreased by ∼10% when

synthesized using a bimodal distribution of Ag-BG particles, the resulting elastic modulus was
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found to have appreciably moved away from the lower Hashin-Shtrikman bound (Fig. 4.4.6i)

suggesting that the minimization of internal porous defects observed had a greater contribution to

the increase in elastic modulus than the decrease in overall porosity.

Further examination of the mechanical performance of FFF printed Ag-BG scaffolds synthesized

using a bimodal distribution of Ag-BG particles reported that the overall bulk compressive strength

of an Ag-BG scaffold having 0% porosity would surpass the lower limit (i.e. 100 MPa) of the

mechanical performance requirements needed to target bone tissue regeneration in high load-

bearing applications. This analysis, however only provided a lower limit of the required porosity of

FFF printed Ag-BG scaffolds. To identify an upper limit, the porosity and compressive strengths

were measured for two groups having a difference of approximately 10% in porosity (Fig. 5.2.3).

Gibson and Ashby previously demonstrated that the relationship between porosity and compressive

strength is well-described by a power-law fitting [57]. As observed in Figure 5.2.3, the model well-

describes the relationship of the compressive strength of Ag-BG scaffolds to their porosity, where

it was found that the predicted compressive strength is close to the 100 MPa lower limit previously

described at a porosity of 40%. Assuming the compressive strength of Ag-BG scaffolds reaches

100 MPa at a porosity of ∼35%, this would constitute the upper bound of porosity when targeting

high load-bearing applications. Considering all observed evidence, the lower bound for porosity is

hypothesized to exist at ∼7%, as determined through image analysis of the cross-sections of FFF

printed Ag-BG scaffolds synthesized using a bimodal distribution of Ag-BG particles, therefore it

is predicted that the required porosity to target high load-bearing applications is between ∼7% and

∼35%.

While porosity has a strong effect on the resulting mechanical performance of Ag-BG scaffolds,

porosity also exhibits strong effects on the resulting antibacterial and biological performance.

Interestingly, using solely the effective porosity and pore morphology of a scaffold, or the porosity

of open and interconnected pores, the tortuosity (i.e. the ratio between the length of a tortuous pore

and the length of a permeable scaffold along a macroscopic pressure gradient) and permeability

[328] can be computed giving insight into transport performance. For FFF printed Ag-BG scaffolds,
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Figure 5.2.3: Power law fitting of the compressive strengths of FFF printed Ag-BG scaffolds synthesized
using a bimodal distribution of Ag-BG particles, derived by Gibson and Ashby [57].

micro-CT investigations revealed no blocked (i.e. closed) pores (Figs. 4.3.3 and 4.4.2), so the

effective porosity can be assumed to be equal to the total porosity. Equation 5.2.1 show how

permeability (k) was computed, where ψp
2 describes pore sphericity, which for FFF printed Ag-

BG scaffolds is assumed to be ∼0.806 for pores having cubic geometry, dp
2 represents the average

pore diameter, and ϵ describes the effective porosity. For FFF printed Ag-BG scaffolds synthesized

using a unimodal distribution of Ag-BG particles, their permeability was computed at ∼2·10−12 m2

while the FFF printed scaffolds synthesized using a bimodal distribution of Ag-BG particles had a

computed permeability of ∼2·10−13 m2, essentially an order of magnitude decrease in permeability

comparatively. For cancellous bone, the permeability is reported in the range of 1.21·10−8 m2

to 1.0·10−11 m2 [328–330]. At a minimum, FFF-printed Ag-BG scaffolds have a 1 to 2 order of

magnitude decrease in permeability compared to the least permeable cancellous bone, therefore

presenting FFF printed Ag-BG scaffolds exhibiting reduced mass transport comparatively leading

to slower antibacterial and biological performance that is supported experimentally.
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Regarding the effect of the delivered structures on the antibacterial performance of Ag-BG

scaffolds, the reduced permeability previously described should translate to a slower antibacte-

rial response. Ag-BG solution and slurry scaffolds synthesized by the polymer foam replication

technique should have greater permeability given previous reports on 45S5 and calcium phos-

phate scaffolds demonstrating comparable permeability to cancellous bone [328], thus leading to

improved transport properties that should allow for stronger antibacterial performance. Indeed,

this was the case as Ag-BG scaffolds synthesized using the polymer foam replication technique

displayed improved antibacterial performance compared to FFF printed Ag-BG scaffolds using a

unimodal distribution of Ag-BG particles at the same mass to volume ratio, however, this difference

was within an order of magnitude, thus demonstrating that permeability is not a strong indicator of

antibacterial performance.

To identify the predominant structural factor dictating antibacterial performance, the effect

of crystallinity and morphology was studied. When the anti-MRSA effect of Ag-BG solution

versus slurry scaffolds was explored, an insignificant difference in MRSA inhibition was observed

indicating that the difference in crystallinity (i.e. glass-ceramic nature of Ag-BG solution scaffolds

versus the highly crystalline nature of Ag-BG slurry scaffolds) was found to have a minimal effect

on antibacterial performance. Comparing instead the effect of morphology, Ag-BG slurry scaffolds

were pulverized, and the powdered Ag-BG slurry scaffold used at the same mass to volume ratio

as Ag-BG slurry scaffolds finding that pulverized Ag-BG slurry scaffolds displayed bactericidal

behavior as a result of the ∼3 orders of magnitude increase in surface area.

With the identification of morphology as the dominant factor dictating antibacterial perfor-

mance, the mechanism of MRSA inhibition could be further elucidated. 27Al NMR (Fig. 4.2.5g)

in conjunction with XRD (Figs. 4.2.3a and 4.3.4b), TEM (Figs. 4.2.5a, e, and 4.3.6f)) and UV-Vis

(Figs. 4.2.5c and 4.3.6e, f) found that Ag likely exists in both ionic form stabilized by [AlO4]− and

elemental Ag in the form of nanoparticles, therefore the mechanism of MRSA inhibition is likely
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contributed by both forms of Ag. For AgNPs, they are known to attach to the cell wall of MRSA,

disrupting cellular functions on the cell wall surface, leading to perforation of the cell wall allowing

the AgNP to penetrate the cytoplasm of MRSA. The release of Ag+ ions from the surface of the

AgNPs after penetration will disrupt protein synthesis and induce DNA damage given the affinity

of Ag+ ions to complex with electron donor groups such as thiols or phosphates [331, 332]. The

size of the AgNPs is additionally known to have a direct effect on their ability to inhibit bacteria

such as MRSA, where increasing surface area to volume ratios correlated to stronger inhibitory

responses.

As reported by Pajares-Chamorro et al., Ag-BG micro-sized particles possess the remarkable

ability to reactivate antibiotics that MRSA is known to resist [37]. Pajares-Chamorro et al. elu-

cidated the various MRSA inhibition mechanisms at work, finding ∼52% of MRSA inhibition at

the minimum inhibitory concentration (MIC) resulted from Ag+ ions and resulting in oxidative

stress [333]. Furthermore, it was demonstrated that in addition to Ag+ ions, the presence of other

mechanisms such as the osmotic effect, reactive oxygen species from Ag-BG, and nanosized debris

allow for antibiotics MRSA is known to resist to be reactivated [333]. Damage to the cell was of

MRSA was found to be imperative, as the damage allows the inactive antibiotic to penetrate the

cell wall, bypassing the cell wall adaptations that allowed MRSA to resist antibiotics and interfere

with the synthesis processes in an attempt to induce irreparable damage that competes with the

ability of MRSA to repair its cell wall [333]. Under growth-arrested conditions, Ag-BG slurry

scaffolds combined with fosfomycin (Fig. 4.2.7b) and vancomycin (Fig. 4.2.7c) elicited a signifi-

cantly stronger inhibition of MRSA in both cases after 24 h compared to Ag-BG slurry scaffolds.

After 48 h, however, this synergistic effect was no longer observed. As previously reported by

Pajares-Chamorro et al., the antibiotics used begin to degrade after 24 h [333], which can explain

why synergistic effects were not observed after 48 h.

For biological performance, structurally speaking, pore size on the multiscale serves various

functions. For example, pores on the order of the macroscale assist with functionality and shape

while pores on the milliscale affect bone in growth and cellular growth and infiltration [334].
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It should be noted, however, that pores below 300 µm have been reported to exhibit inhibitory

effects on the above processes previously mentioned [87]. Decreasing in scale, pores on the order

of the micro-scale can dictate the types of cells attracted, cellular development, orientation, and

directionality of in growth with meso-sized pores dictating interaction with proteins and bioactivity

[87]. For all Ag-BG scaffolds reported herein, their pore sizes are expected to not have an inhibitory

effect on cell infiltration and spreading given their pore sizes are essentially > 300µm. Furthermore,

the low permeability of FFF printed Ag-BG scaffolds synthesized using a bimodal distribution of

Ag-BG particles suggests that biological performance would be inhibited when studied in vitro.

Despite this, hMSCs were found to be more viable and prolific when indirectly exposed to FFF

printed Ag-BG scaffolds synthesized using a bimodal distribution of Ag-BG particles resulting from

the therapeutic ions released (Fig. 4.4.7) during degradation suggesting acceptable performance

when studied in vivo.

Additionally, it was demonstrated using Ag-BG slurry scaffolds that the phases produced during

heat treatment impact biological performance. Recalling Table 4.4.2, the phase concentrations of

W. 2M and PsW were successfully modified while maintaining the approximate concentrations of

all the other phases reported. Thermodynamically, PsW was found to be more soluble than W.

2M leading to an increased rate of formation of an apatite-like layer when immersed in SBF, as

reported by Sainz et al. [284] and Magallenes-Perdomo et al. [285]. Exploring this, however, from

a crystallographic perspective, both PsW and W. 2M contain the same number of atoms per unit

cell, the unit cell volume of PsW is approximately 400% greater than the unit cell volume of W. 2M.

This unit cell volume increase was thought to translate to greater internal lattice energy resulting in

less cohesion and thus greater solubility of PsW compared to W. 2M [335]. Quantification of the

internal lattice energies for both W. 2M and PsW was accomplished using the extended, generalized

Kapustinskii equation [336], shown in equations 5.2.2 and 5.2.3, where A (121.39 kJ mol−1 nm) is

based on the Madelung constant [336], I is a constant defined by equation 5.2.2, ni is the number

of ions with integer charge zi, and Vm defines the ratio of the number of formula units per unit

cell to unit cell volume (i.e. 0.0663 nm−3 for wollastonite [336]. The internal lattice energy for
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W. 2M was calculated to be 15,234 kJ mol−1 and 32,959 kJ mol−1, thus providing crystallographic

evidence to further support the thermodynamic and experimental evidence previously presented by

Sainz et al. [284] and Magallenes-Perdomo et al. [285].

UPOT = AI( 2I
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3 (5.2.2 [336])
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5.3 Hybrids

The synthesis of GelMA has traditionally been performed in aqueous environments such as

PBS [296] using methacrylic anhydride (MAA) and the methacrylation agent to functionalize

the lysine groups present in as-received gelatin. Exposing methacrylic anhydride to an aqueous

environment induces hydrolysis transforming MAA into methacrylic acid, leading to a decrease

in pH, reducing the effectiveness of the desired functionalization reaction, and increasing the rate

of gelatin hydrolysis. All these factors in combination lead to maximum achievable degrees of

substitution between 80% and 85% in addition to large batch-to-batch variations. It is important to

note as well that the maximum values reported for the degree of substitution require a 10 to 32-fold

molar excess of MAA compared to the lysine groups present in as-received gelatin to compensate

for the hydrolysis reaction of MAA [337]. Not only this but also a lengthy dialysis process (i.e. >

7 days) is required to remove the excess MAA to ensure no cytotoxic effects are exhibited. With

GelMA dissolved for such a lengthy period of time, this provides ample opportunities for hydrolysis

that could lead to variations in the resulting molecular weight of the synthesized GelMA. Previous

reports have demonstrated that the use of a carbonate-bicarbonate system tuned to have a pH of

9.0 found success in increasing the DS up to 97% while dramatically lowering the MAA required

to a 2.2 molar excess [337]. This was possible due to the alkaline pH used, as a pH of 9 is above

the isoelectric point of as-received gelatin, thus providing a stronger attractive driving force for
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the desired methacrylation reaction [217]. Despite such improvements, however, a lengthy dialysis

post-processing step was still required.

To further build upon such findings, removal of the adverse effects generated through the

synthesis of GelMA in an aqueous environment could be achieved using an organic solvent.

Here, DMSO was selected as all the required reagents for GelMA synthesis were soluble in

DMSO, while removing the pH dependence previously described in addition to preventing the

hydrolysis of MAA, allowing for a near 100% degree of substitution to be achieved. To bypass

dialysis, it was hypothesized that a precipitation approach could be viable. Previous reports have

investigated precipitation methods such as the use of NaCl at sufficient concentrations to induce

protein agglomeration within GelMA, leading to precipitation, and the use of ethanol at cryogenic

temperatures to induce precipitation [218]. Both precipitation approaches, however, fail to fully

precipitate GelMA, leading to low reaction yields.

It was recently reported by Mohamed et al. that toluene could be an ideal solvent for precipitating

GelMA. The low dielectric constant of toluene (i.e. ∼2.4 [218]) coupled with its zero hydrophile-

lipophile balance lowers solvent polarity increasing the attractive forces between the negative

and positive charges present on dissolved GelMA. Furthermore, all reagents used during GelMA

synthesis are soluble in toluene except for GelMA itself, allowing for maximum recovery of

GelMA from solution. This, while allowing the dialysis process to be circumvented, is not

the only attractive quality of toluene. Previous reports have demonstrated that toluene is a useful

antimicrobial and sterilizing agent that when coupled with its high volatility means that sterilization

can be incorporated into the synthesis process as residual toluene should evaporate quite quickly,

leaving an aseptic hydrogel behind [218].

Here, we aimed to remove the adverse effects created by synthesizing GelMA in a non-aqueous

environment through the use of an organic solvent, DMSO. It was hypothesized that the use of

DMSO would prevent MAA hydrolysis and allow for ∼100% DS to be achieved during synthesis.

Furthermore, it was recently found that the dialysis step could be circumvented when using toluene

as a precipitating agent [218]. The small dielectric constant for toluene (ϵ ∼2.4), when exposed
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to the GelMA solution, increases the attractive forces between the oppositely charged portions

of the GelMA allowing for agglomerations to grow resulting in the precipitation of the GelMA.

An additional benefit to using the toluene precipitation method is that the DMSO and MAA

are soluble in toluene allowing for their removal without the need for a dialysis process [218].

This precipitation method was further found to additionally be compatible with GAB synthesis,

highlighting the attractiveness of the toluene precipitation approach.

Regarding the performance aspects of GelMA and GAB, their pH evolution was studied for

7 days (Fig. 4.5.3) in addition to a GelMA-Ag-BG nanoparticle composite to demonstrate the

advantages of forming a hybrid material as opposed to the use of a nanocomposite. It was found that

molecular coupling between GelMA and Ag-BG mediated by GPTMS allowed for a pH evolution

to be observed more in line with GelMA compared to the GelMA-Ag-BG nanocomposite. The

covalent bonds formed between GelMA and Ag-BG likely allowed for greater homogenization of

the degradation characteristics between GelMA and Ag-BG. Since Ag-BG was only incorporated

at 3 wt%, the degradation of GelMA was able to mediate the degradation of the overall hydrogel.

The GelMA-Ag-BG nanocomposite elicited a greater increase in pH that was observed to peak

∼8.8 before dropping below 8 after 5 d of immersion. This was due to the burst release of ions

from Ag-BG nanoparticles, or the osmotic effect exhibited by bioactive glasses at short time points

[248].

The rheological performance of GAB elucidated both the storage (G′) and loss (G′′) moduli

finding values corresponding to approximately 2 orders of magnitude less for both GelMA and the

values recommended by literature for successful 3D bioprinting (Table 4.5.1). It was hypothesized

that the covalent bonds formed between GelMA and Ag-BG, as mediated by GPTMS, allowed

for improvements in the amount of elastic deformation energy absorbed and dissipated due to

bonds connecting the covalently bonded GelMA with the strong ionic bonds of Ag-BG. Given

that ionically bonded materials such as Ag-BG, a glass-ceramic, possess a high degree of stiffness

compared to soft polymers such as GelMA, it is unsurprising that incorporation of 3 wt% of Ag-BG

would lead to such a significant increase in storage and loss moduli. While the storage and loss
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moduli were greater than the values recommended from the literature, successful 3D bioprinting

using GAB was still achieved (Fig. 4.5.5c).
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CHAPTER 6

CONCLUDING REMARKS

6.1 Polymer foam replication

The delivery of Ag-BG solution and slurry scaffolds through the implementation of the poly-

mer foam replication technique was successful at producing desirable antibacterial and biological

performances at the expense of mechanical performance. The polymer foam replication process,

while achieving high degrees of porosity (i.e. > 90%), created hollow internal structures that were

identified as the main culprit in the unacceptable mechanical performances observed. Both Ag-

BG solution and slurry scaffolds were useful in elucidating the strong relationship between gross

morphology and antibacterial performance through surface area characterization. Ag-BG slurry

scaffolds revealed the process – structure – biological performance relationship between the formed

crystalline phases and their impact on dissolution. The ability of Ag-BG scaffolds to reactivate

antibiotics MRSA is known to resist was found to be much weaker compared to previous reports

using Ag-BG micro-sized particles that were predicted to be the result of the inability of Ag-BG

scaffolds to sufficiently damage the cell walls of MRSA, allowing for biosynthesis to successfully

repair the damaged cell walls and prevent further penetration of antibiotics into the cytoplasm.

Overall, the structural and performance characteristics observed for Ag-BG scaffolds delivered

using the polymer foam replication technique demonstrate these scaffolds would be suitable for

targeting bone tissue regeneration in low to non-load-bearing applications.

6.2 Fused filament fabrication

The suboptimal mechanical performance characteristics observed for Ag-BG scaffolds syn-

thesized using the polymer foam replication technique inspired the novel adaptation of FFF for

the delivery of pristine Ag-BG scaffolds with improved mechanical performance. The shaping –

debinding – sintering post-processing steps applied were found to be key in maintaining structural
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integrity during post-processing, allowing the FFF technique to be successfully implemented in

the synthesis of 3D silicate-based scaffolds for the first time. While the compressive strength of

FFF printed Ag-BG scaffolds synthesized using a unimodal distribution of Ag-BG particles met

the lower bound of the required mechanical performance for targeting bone tissue regeneration in

load-bearing applications. It was elucidated that the generation of large internal porous defects

during the applied processes severely compromised the full mechanical performance potential that

could be achieved using FFF, as evidenced by the proximity of their elastic modulus to the lower

Hashin-Shtrikman bound. Furthermore, the large internal porous defects were found to additionally

compromise the sintering conditions that could be applied, further extubating the limited mechani-

cal performance potential. The delivered FFF printed Ag-BG scaffolds produced using a unimodal

distribution of Ag-BG particles were found to form an apatite-like layer when immersed in SBF

in addition to time-dependent anti-MRSA capabilities. These Ag-BG scaffolds, while possessing

more attractive performance characteristics compared to Ag-BG scaffolds delivered using the poly-

mer foam replication technique, still failed to meet all the desired aims. As a result, improvements

to the FFF process were required.

Moving from the use of a unimodal distribution of Ag-BG particles to a bimodal distribution

of Ag-BG particles allowed for the optimal sintering conditions to be investigated and identified.

The application of the optimal sintering conditions delivered FFF printed Ag-BG scaffolds that had

robust and reliable mechanical performance and correlated to the increased packing efficiency of

Ag-BG particles, minimizing the number of internal porous defects generated during sintering. The

reduction in internal porous defects allowed for the reported elastic modulus to move appreciably

away from the lower Hashin-Shtrikman bound to begin realizing the full mechanical performance

potential of FFF technology. Additionally, it was predicted that the mechanical performance

of FFF printed Ag-BG scaffolds using a bimodal distribution of Ag-BG particles could achieve

the mechanical requirements needed for targeting bone tissue regeneration in high load-bearing

applications having upper and lower porosity bounds of ∼35% to ∼7% respectively. Not only were

the mechanical performance characteristics improved, but also these FFF printed Ag-BG scaffolds
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displayed advanced anti-MRSA capabilities by their ability to successfully combat both planktonic

MRSA and MRSA as a biofilm in addition to showing significant improvements in hMSC viability,

proliferation, and mineralization. The overall structural and performance characteristics of the

FFF printed Ag-BG scaffolds produced using a bimodal distribution of Ag-BG particles delivered

scaffolds having exceedingly attractive characteristics for targeting bone tissue regeneration in

load-bearing applications.

6.3 Hybrids

Using a novel synthesis approach to deliver GelMA and GAB hydrogels was successful at

increasing the degree of methacrylation while preventing unwanted hydrolysis hypothesized to

minimize the known batch-to-batch variability that exists with conventional synthesis approaches.

Not only this but also the novel synthesis approach used herein delivered hydrogels capable of

undergoing appreciable cross-linking, enabling their use as a compatible ink for 3D printing. The

shear-thinning behavior observed for GAB during rheological investigations further supports the

compatibility of GAB for 3D printing. The incorporation of Ag-BG was found to be successful

given the increase in storage and loss moduli, the elemental homogeneity observed, and the display

of anti-MRSA capabilities without evidence of cytotoxicity both during antibacterial and biological

performance characterization. GAB, therefore, is expected to be suitable for extrusion-based 3D

bioprinting technologies allowing for the delivery of ions to promote preferential cellular behaviors

due to the successful incorporation of Ag-BG in the formation of class II hybrid hydrogels.
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CHAPTER 7

FUTURE WORK

7.1 Identification and recommendations regarding the limitaitons on the
scope of work

The work presented in this dissertation was aimed at delivering Ag-BG scaffolds capable of hav-

ing the necessary mechanical, antibacterial, and biological performance characteristics for targeting

bone tissue regeneration in load-bearing applications. To achieve these aims, the process – structure

– performance relationships were investigated to elucidate a feedback loop capable of bridging the

gap between process and performance through structural characterization to progressively work

towards the desired aims.

One limitation of the work presented herein would be the mechanical performance characteriza-

tion used. While FFF printed Ag-BG scaffolds synthesized using a bimodal distribution of Ag-BG

particles displayed relatively comprehensive mechanical performance characterization, studying

the compressive and flexural strengths in addition to elucidation of their fracture toughness, fatigue

testing should also be performed given that the scaffolds will undergo cyclic loading and unloading

of compressive forces during use. Overall, within the biomaterials field, however, fatigue testing is

commonly neglected, thus minimal information is available within the literature. While valuable,

the ideal setup for fatigue testing would require implementation under an aqueous environment to

mimic the conditions the scaffolds would more closely face during application. Furthermore, such

an aqueous environment should be set up under dynamic conditions to mimic the flow of fluids that

occurs in the body.

Further extrapolation on the biological performance characterization limitations is found re-

garding the in vitro experiments performed. In this setup, hMSCs were indirectly exposed to FFF

printed Ag-BG scaffolds synthesized using a bimodal distribution of Ag-BG particles, so only the

effect of the ions released during degradation was observed. While preferential biological perfor-
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mance characteristics were identified, direct exposure of cells to Ag-BG scaffolds would indicate

how well cells would be able to move through the scaffolds in addition to characterization of the

viability of cells that had migrated into the interior of the porous network created by the Ag-BG

scaffolds. Additionally, in vivo studies should be conducted using a suitable animal model, so that

the performance of Ag-BG scaffolds could be assessed under load-bearing conditions.

Regarding the generation of load-bearing conditions, it is expected that the application of cyclic

compressive forces would increase the rate of degradation of Ag-BG scaffolds. While more po-

tent antibacterial performance characteristics and improved biological performance characteristics

would be expected from the increased rate of dissolution, the predicted time for complete degra-

dation reported herein likely represents the upper limit considering the experiment was performed

under static loading conditions. Furthermore, given the advanced antibacterial performance char-

acteristics observed for FFF printed Ag-BG scaffolds synthesized using a bimodal distribution of

Ag-BG particles, the next logical step in this characterization would be to examine their antibacterial

performance in vivo using a suitable animal model generating load-bearing conditions.

The success demonstrated moving from a unimodal distribution of Ag-BG particles to a bimodal

distribution of Ag-BG particles in mechanical performance characteristics of delivered Ag-BG

scaffolds warrants further exploration. To this end, a trimodal distribution of Ag-BG particles

should be explored, incorporating nano-sized Ag-BG particles and adjusting the ratios of all three

particle size distributions to identify the proper conditions needed to eliminate the generation of

internal porous defects, which should unlock the full mechanical performance potential of 3D

scaffolds produced using FFF technology.

The work done into the development of class II GelMA-Ag-BG (GAB) hybrid hydrogels

represents foundational investigations for future exploration. The main aim of this work was

to identify a process capable of producing GAB having suitable mechanical, antibacterial, and

biological performance requirements for future use as a bioink for 3D bioprinting. To demonstrate

the full potential of GAB as an attractive bioink, studies on cell viability need to be conducted on

cell-laden GAB after undergoing extrusion-based 3D bioprinting to observe the efficacy of GAB
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on preserving cell viability. A more in-depth investigation is needed to elucidate both this and

what effects GAB has on cell proliferation and differentiation. The degradation characteristics of

3D cell-laden GAB scaffolds additionally need exploration as the presence of cells will modify

this behavior. It is likely as well that investigation into a method of delivering oxygen to cell-

laden GAB scaffolds so that embedded cells receive sufficient oxygen for maximum survivability.

The antibacterial performance of 3D cell-laden GAB scaffolds should also be assessed to observe

their antibacterial characteristics in the presence of microbes. After successful 3D bioprinting,

the mechanical performance aspects also need in-depth characterization. Ideally, enough samples

would be produced to perform Weibull statistics on their mechanical performance characteristics to

get an understanding of their reliability. There is enormous potential in 3D bioprinting cell-laden

scaffolds for targeting more advanced and complex tissue regeneration with the work presented

herein providing a foundational roadmap towards success.
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Bright-field TEM images are formed when the objective lens aperture is placed inside the back

focal plane of the objective lens so that only the transmitted electrons are allowed to pass through

to the image plane of the projector lens (Fig. S2). To form a bright-field image, the selected

area diffraction aperture (SAD) is inserted into the back focal plane of the objective lens and the

imaging mode on the instrument adjusted so that the back focal plane of the objective lens can

act as the object plane of the intermediate lens [229]. The objective lens aperture is then inserted

and aligned with the transmitted spot on the SAD pattern to prevent the scattered electrons from

being imaged. The instrument is adjusted again so that the object plane of the intermediate lens is

used for generating images. This generates an image having an illuminated background with the

specimen appearing dark as a result of the scattered electrons not being allowed to pass through

down to the image plane of the projector lens. Image contrast differences appear in bright-field

images as a function of mass and thickness.

Figure S1: Ray diagram of the path of the electron beam as the electrons travel through the specimen forming
a phase-contrast image on the image plane of the projector lens.

Bright-field TEM images are formed when the objective lens aperture is placed inside the back

focal plane of the objective lens so that only the transmitted electrons are allowed to pass through

to the image plane of the projector lens (Fig. S2). To form a bright-field image, the selected
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area diffraction aperture (SAD) is inserted into the back focal plane of the objective lens and the

imaging mode on the instrument adjusted so that the back focal plane of the objective lens can

act as the object plane of the intermediate lens [229]. The objective lens aperture is then inserted

and aligned with the transmitted spot on the SAD pattern to prevent the scattered electrons from

being imaged. The instrument is adjusted again so that the object plane of the intermediate lens is

used for generating images. This generates an image having an illuminated background with the

specimen appearing dark as a result of the scattered electrons not being allowed to pass through

down to the image plane of the projector lens. Image contrast differences appear in bright-field

images as a function of mass and thickness.

Dark-field TEM images are formed when the selected area diffraction (SAD) aperture is placed

inside the image plane of the objective lens, which is the same plane as the object plane of the

intermediate lens (Fig. S3). To generate a dark-field image, the SAD aperture is first added while

the instrument is in imaging mode (i.e. using the object plane of the intermediate lens to generate

images). The instrument is then adjusted so that the back focal plane of the objective lens can act

as the object plane of the intermediate lens, allowing for a SAD pattern to be imaged.

Figure S2: Ray diagram of the path of the electron beam as the electrons travel through the specimen forming
a bright-field image on the image plane of the projector lens.
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Figure S3: Ray diagram of the path of the electron beam as the electrons travel through the specimen forming
a dark-field image on the image plane of the projector lens.

Histology was performed on the FFF printed Ag-BG scaffolds after 50 d of implantation into

calvaria defects of mice with Goldner’s trichrome (Fig. S4a-c) and Toluidine blue (Fig. S4d-f)

stain on prepared cross-sections. In both cases, cell infiltration was found to be plentiful suggesting

that the FFF printed Ag-BG scaffolds provided an attractive environment for cells. The small,

dark oval-like features marked by the red-boxes in Figure S4c, f are suspected to be macrophages

removing scaffold material, which is an expected event known to occur during the healing process.

Furthermore, there was minimal evidence that a foreign-body reaction (i.e. white circles in Figure

S4b-c) was taking place, suggesting that the body was able to tolerate the presence of the FFF

printed Ag-BG scaffolds. These pieces of evidence together support that the FFF printed Ag-BG

scaffolds are biocompatible and agree with the presented in vitro studies.
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Figure S4: Histology of FFF printed Ag-BG scaffolds after 50d of implantation in calvaria defects. Goldner’s
Trichrome (a, c, e) and toluidine blue (b, d, f) were the histological stains applied presented
at increasing magnifications. The yellow arrows denote features suspected to be macrophages
up taking FFF printed Ag-BG scaffold material. The green arrows denote regions where FFF
printed Ag-BG scaffold material is present.
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