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Abstract

Mesoporous silica nanoparticles have a great therapeutic potential as they can deliver active
ions and they also have been made to nanocomposites with polymers for bone regeneration.
Hybrids are co-networks of inorganic and organic components that can be produced with
interconnected pores, matching mechanical properties to the host tissue and controlled
biodegradability. Both silica nanoparticles and hybrids can be made from the sol-gel process.
Calcium incorporated mesoporous silica nanoparticles (MCE) have been developed as a
bioactive cation carrier. In this thesis, a PTHF/PCL/MCE/SiO, nano-hybrid network was
achieved. For the first time, (3-Glycidyloxypropyl)trimethoxysilane (GPTMS) functionalized
MCEs were incorporated into a hybrid and covalently bonded to the silicate network. Dense
calcium containing silica nanoparticles were found not to be suitable for GPTMS grafting
because of the low concentration of hydroxyl groups on the particle surface. Calcium
incorporated mesoporous silica nanoparticles proved themselves to be a better choice for the
functionalization as they had larger surface area and higher -OH surface density. In a Tris
buffer dissolution study, the existence of covalent bonds between MCEs and the polymer
network made them to release calcium at a slightly slower rate compared with
unfunctionalized samples. In SBF dissolution, only a small amount of HCA formation was
captured on specific samples after 3 weeks. This suggested the amount of calcium
incorporated into particles were too low. Because of the suspected release of remained
BF3OEt,, which caused a significant pH drop in solution, samples failed to pass cytotoxicity
tests unless they were washed in water for 24 h prior to the test. Finally, porous scaffolds
were fabricated by using 3D extrusion printing and the ink rheology profile showed a shear

thinning behaviour.

The concept of using nanoparticles as a bioactive cation carrier covalently bonded to the
hybrid network was proven to be feasible. This nano-hybrid system also has potential for
incorporating other cations for different applications, such as lithium for cartilage and

strontium for bone regeneration.
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Chapter 1 Introduction

Patient demand and clinical needs have driven developments in biomaterials. Focus has
changed from inert materials for replacing living tissues towards bioactive and biodegradable

materials for tissue regeneration [1].

In bone and cartilage regeneration, three elements play important roles: cells, signals and
scaffolds (Figure 1.1)[2][3]. Scaffolds are 3D templates for cell and tissue to grow, which
means they should be bioactive and biodegradable. Significant achievements have been
made in scaffold design, especially in the bone regeneration. A remarkable milestone was
made by Prof. Larry Hench in the invention of bioactive glasses in 1969 [4], which was the first

synthetic material to be found to bond with human tissue.

One of the most well-known bioglass composition invented by Prof. Hench is 4555 (46.1 mol.%

SiO2, 24.4 mol.% Na;0, 26.9 mol.% Ca0 and 2.6 mol.% P,0s) it can bond with bone in a very

Biochemical
factors natural and
synthetic biomaterials

Figure 1.1 - Three main elements in the bone and cartilage regeneration field. Adapted
from [1].

short time and initiate bone growth away from the bone-implant interface. NovaBone is one
of the most successful commercial products made from 45S5 particles and surgeon can make
them into putty by mixing with blood and use it for autograft and securing metal screws and
hooks [5]. BonAlive is another commercial product made from bioglass by using a different

composition S54P4 (53.8 mol.% SiO3, 21.8 mol.% Ca0, 22.7 mol.% Na;0, 1.7 mol.% P,0s) and
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has similar clinical results with 4555 but a slower degradation rate [4]. Apart from these,
Bioglass 13-93 with 7.7 mol.% MgO (54.6 mol.% SiO,, 6 mol.% Nax0, 22.1 mol.% Ca0, 1.7 mol.%
P,0s, 7.9 mol.% K20, 7.7 mol.% MgO) was also invented to avoid the crystallization on
sintering, however it has lower bioactivity compares with BonAlive because of the presence

of magnesium [6].

Still, there are no commercial scaffolds (temporary templates for bone regeneration) made
from bioactive glass as it is a great challenge to fulfil all the criteria of a scaffold. Scaffolds
need to maintain the bioactive properties of the bioactive glass, be mechanically compatible
with the host tissue and be porous to allow cell migration and proliferation and
vascularisation if is needed (for bone). It is also important to ensure they can degrade away
after the new tissue is formed and the degradation rate should be under control [4]. In recent
years, the use of organic-inorganic hybrid materials as scaffolds are becoming more popular.
The concept of hybrid is a homogenous system with inorganic-organic components
interacting at the molecular level [7]. The presence of hybrid scaffolds has solved the
mechanical problem with bioactive glass scaffolds, which are too brittle and no flexibility, and

compared with composite scaffolds hybrids they can degrade congruently [4].

Although scaffolds made using hybrid systems are attractive, making them bioactive is still a
challenge. For bone regeneration as an example, the incorporation of calcium into hybrid
system is either restricted by the high temperature required during the heat treatment or
incorporated calcium ion has a burst release [8]. Even if an appropriate calcium precursor is
found for the hybrid system, the system has to be modified again if cations other than calcium
is preferred to be incorporated into (e.g. lithium for cartilage as lithium protects cartilage
from  cytokine-mediated degradation by reducing collagen-degrading  matrix
metalloproteinase prodcution via inhibition of the p38 mitogen-activated protein kinase

pathway [9]).

Here, the aim of this thesis is to develop a ‘cation carrier’ for hybrid scaffolds by using (3-
glycidyloxypropyl)trimethoxysilane (GPTMS) functionalized silica nanoparticles. Calcium was
chosen as the sample cation to incorporate into silica nanoparticles. The original double

organic network PCL/PTFH/silica hybrid system developed by Tallia et. al.[10] was chosen as
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the hybrid system to modify with the nanoparticles. The final goal was to prove feasibility of
producing a 3D printed, PCL/PTHF/silica/nanoparticle double organic and double inorganic
network nano-hybrid system with calcium that can induce the apatite formation. The

objectives were to:

1. Synthesis calcium incorporated dense silica nanoparticles (CaSNP) and then
functionalize with GPTMS (CaESNP). (Chapter 4)

2. Synthesis calcium incorporated mesoporous silica nanoparticles (CaMSN) and then
functionalize with GTPMS (MCE). Investigate the effects of grafting GPMTS on silicate
network and calcium release. (Chapter 5)

3. Introduce MCE into the PTHF/PCL/SiO; hybrid system. Investigate the effect of MCEs
on nano-hybrid bulk samples’ mechanical properties, hybrid network and bioactivities.
Investigate the feasibility of using 3D extrusion print to fabricate nano-hybrid scaffolds.

(Chapter 6)
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Chapter 2 Literature Review

2.1 HUMAN BONE

2.1.1 Bone structure

Bone has varied functions in human body such as structural support, protection and storing
of healing cells [11] and its functions are determined by the arrangement of the material
structures. As shown in Figure 2.1, long bones consist of: cancellous bone (or trabecular bone)
and cortical bone (or compact bone) and these two bone types can be distinguished by their
difference in porosity [12]. Cortical bones are at the outer layer of a bone and has a higher
density compared with cancellous bones. At the microstructure level, osteon is found and it’s
the primary functional unit of cortical bone which is in a cylindrical shape with size about 250
pum [13]. Osteon is formed from concentrically wrapped lamella sheets. By looking into the
nanoscale, collagen fibres are found and they are surrounded by mineral. At the sub-nano

scale, plate-like apatite crystals were found in the space between collagen fibrils [14].
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Figure 2.1 Hierarchical structure of bone with different scale. Adapted from [11].

There are three major cell types in bone: osteocytes, osteoclasts and osteoblasts. Osteocytes
are responsible for recycling calcium salts in the bone matrix and support the bone structure.

Osteoclasts break down bone tissue by triggering the bone resorption process. In this process,
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osteoclasts secret acid and a collagenase which then decomposes the hydrated protein
composite and bone matrix. Osteoblasts are differentiated from mesenchymal stem cells and
are responsible for the bone formation. They can produce hydroxycarbonate apatite (HCA)
which then forms a mineralized matrix. At the end of bone formation process, osteoblasts
turn into osteocytes when they are buried in the matrix and then continue to maintain bone

structure [15][16].

Mechanical properties for bone are different depending on the position in the human body
and also are correlated with person’s age and gender [17]. Table 2.1 has summarised sets of

mechanical properties for cortical and cancellous bone and this is useful for the bone scaffold

design.
Table 2.1 - Mechanical properties of bone
Cortical bone [2][8][9][20] Cancellous bone [21][22][23]

Compressive strength (MPa) 100-150 2-12

Tensile strength (MPa) 50-151 1-5

Modulus (GPa) 10-20 0.1-5

Fracture toughness (MPa m?/2) 2-12 0.1-0.8
Compressive strain (%) 1-3 5-7

Porosity (%) 5-10 50-90

2.1.2 Clinical treatments for bone defects

Autologous and allografts bone transplantations are the two most seen methods used for
repairing patient bone when the bone defect size is too large for self-healing [16]. Autologous
bone transplantation means bone is sourced from the same patient and this gives great
osteoconductive and osteoinductive properties [24]. However, this method needs healthy
bones from patient and causes donor site morbidity and also this process is painful with long
recovery time. Allograft transplantation is the process that bone is donated from another
individual (bone bank) but the mechanical properties of irradiated bone are poor [25]. With

defects size becomes even larger, synthetic bone graft materials are needed. Materials like

24



calcium phosphate and bioactive glasses granules are mixed with blood to form a putty which

is then put into the defect [4].

2.2 Articular cartilage

2.2.1 Cartilage structure

Articular cartilage has a thickness about 2 to 4 mm and it has no blood vessels, nerves or
lymphatics [26]. The function of articular cartilage is to provide a low frictional coefficient
surface for joint movements. The structure of articular cartilage can be separated into serval
zones as shown in Figure 2.2. The superficial tangential zone has the duty to protect rest of
cartilage regions from shear stress and also because of its function, chondrocytes in this zone
are flattened. The layer under the superficial zone is the middle zone where spherical
chondrocytes, proteoglycans and thick collagen fibrils are found. This zone makes up to 60%
of the cartilage volume. The function of this zone is to provide a bridge between superficial
zone and deep zone and also it resists the compressive force. One layer deeper is the deep
zone. Collagen fibrils here are vertically oriented which makes deep zone can resist the
greatest compressive force compared with other zones. Calcified zone, where calcified
cartilage is found, is under the deep zone and these two zones are separated by the tidemark

[27][28][29].
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Figure 2.2 - Cross section diagram of articular cartilage with A, cellular organization and B, collagen fibre
architecture. Adapted from [28].
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The determination of articular cartilage’s mechanical properties is a complicated topic
because it is difficult to mimic the environment with cartilage fluid and ECM in vivo [30]. Range

values are summarized in Table 2.2.

Table 2.2 - Mechanical properties for human articular cartilage. Tensile values: [31][32], compressive values:

[33][34][35].
Articular Cartilage

Tensile strength (MPa) 0.8-25
Tensile strain (%) 10-40
Tensile modulus (MPa) 5-25
Compressive strength (MPa) 6.4-14.6
Compressive strain (%) 5-20
Compressive modulus (MPa) 6.1-13.3

2.2.2 Clinical treatments for articular cartilage

The self-regeneration ability of cartilage is limited by the absence of blood flow and
consequently nutrients can only be delivered by diffusion. Total knee replacement is a very
invasive but effective method to replace damaged cartilage and the life span for a replaced
knee is about 20 years [36]. However, this treatment is not idea for young patient as they
need revision surgery over the life time. Microfracture is a less invasive method in which holes
are punched into subchondral bone and the bone marrow that contains stem cell will flush
out and stimulates the healing process, but fibrocartilage is likely to be formed instead of
healthy hyaline cartilage [37]. Another way to help repair the cartilage is mosaicplasty. This
method is to harvest osteochondral tissue from non-load bearing site of the same patient and
then transplant to the defect site. This method is limited by the defect size and cause pain to

the donor site [38].
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2.3 Scaffolds for tissue regeneration

With the disadvantages and limitations in methods and materials used in clinical treatments,

engineered scaffolds are widely used in bone and cartilage regeneration [39].

As summarized in Table 2.3, the design criteria for an idea scaffold are different for bone and
cartilage, but in general, it should be porous and interconnected for cell ingrowth and it
should be biocompatible, bioactive and biodegradable, which means no fibrous capsule
should be formed when it enters the human body and the scaffold is able to stimulate cell’s
differentiation and produce ECM. By the end of the application, material should degrade away
and the dissolution product can be excreted by the body. The mechanical properties of this
scaffold should be similar to the local tissue and it is important to make the degradation rate
matches the rate of local tissue regeneration so the host tissue will not lose support [4]. In
addition, the shape of designed scaffold should match with defect shape to fix it in position

so this means scaffold requires a customized manufacture method [40].

Table 2.3 - Criterion in bone and cartilage scaffolds

Scaffold Property Bone Cartilage
Biocompatibility No inflammation and immunorejections.
Bioactivity Promote cell attachment Stimulate cell for ECM
and proliferation production and remodelling
Biodegradability Degradation rate is at the same speed as the local tissue

regenerated and no cytotoxic dissolution products

Architecture Interconnected porous structure

Mechanical properties Same as the host tissue and remain unchanged during the

degradation

Manufacture Customization and up-scalable
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2.4 Bioactive glasses and sol-gel process

Invented by Prof. Larry Hench in 1969, bioactive glass is the first synthetic material found that
could bond to bone [41]. Melt-derived bioactive glass is a degradable glass composed of Na;O,
Ca0, P;0s and SiO;. The molar ratio between these components determine the final
bioactivity and the most successful composition discovered, termed as 45S5 or Bioglass®,
contains 2.6 mol% P,0s, 46.1 mol% SiO», 26.9 mol% Ca0 and 24.4 mol% Na»O and it can form
a strong bonding with the bone [42]. Bioglass not only bonds with bone but also induces the
bone growth and this is contributed by the formation of an HCA layer on the glass surface.

The detail of HCA formation will be discussed in Section 2.5.
2.4.1 Melt-derived bioactive glasses

The traditional way to make bioactive glasses is using a melt quench process. In this process,
all chemical compounds are firstly well mixed and then melt at a high temperature, usually
above 1300°C, and then molten glass is quenched in a graphite mould or water depend on

the shape of wanted product (monolith or frit) [4].

There are several disadvantages found by using the melt-quenching method. One of them is
that it is difficult to make porous scaffolds as bioactive compositions, 4555 as an example,
have a very narrow sintering window, which means crystallisation will happen during
processing, which reduces the bioactivity [43]. Another limitation for melt-derived bioactive
glasses is it is difficult to reach high purity. This is because components used in bioactive
glasses are very reactive which can easily pick up other cations as impurity, e.g. from the
crucible the reagents are melted in. Also, bioactive glass powders prepared before melting

are exposed to the environment and can be easily contaminated [44].
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2.4.2 The sol-gel process

To overcome the disadvantages in the melt-quenching process, a chemistry-based bottom-

up synthesis process, called sol-gel process, is applied to make bioactive glasses.

Figure 2.3 - The formation of silica tetrahedra and nanoparticles at room temperature in the sol-gel process.
Adapted from [4].

As shown in Figure 2.3, in the sol-gel process starts from a compositional precursor, TEOS as
an example, which is hydrolysed and then condensed into nanoparticles at room temperature,
which are then assembled into a gel through polymerisation-type reactions [45]. Either acidic
or basic based catalyst can be used for this gel formation reaction. The process for using acidic
based sol-gel process includes hydrolysis of precursors and condensation to form a gel that
contains excess solvent, water and ethanol. Aging and drying processes are then carried out.
Aging is carried out in a sealed container to let the condensation reaction continue and liquid
is then removed during the drying process. Nanopores are formed because liquid has left the
structure. After the gel is dried, heat treatment is needed, normally at 600-800°C, to stabilize
the particles. Both drying and stabilization processes need to be carried out slowly to avoid
the sample cracking [46]. The base catalysed sol-gel process will give spherical nanoparticles
and the synthesis route is known as Stober process which will be discussed in more detail in

Section 2.7.

Sol-gel derived bioactive glasses can have up to 90 mol% SiO, compared with melt-derived

bioactive glasses which will lose bioactivity when the SiO, content goes over approximately
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60 mol% and this is attributed to the nanoporosity and low network connectivity of sol-gel
glasses [47]. The sol-gel process has also simplified the glass composition needed for synthesis
compared with the melt-quenching process, which needs the presence of Na;O to lower the
glass melting point. With the sol-gel process, sodium is no longer needed as no melting is

required [4].

Table 2.3 — Advantages& disadvantages of ‘Melt-derived’ vs ‘Sol-gel’ process.

Melt-derived Sol-gel
Available bioactive composition Few Wide range to choose
Temperature needed High Low
Made into porous scaffolds Hard Easy
Synthesis time Short Long aging & drying process
Product purity Hard to achieve high  High
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2.5 The mechanism of bioactivity for bioactive glasses

The bioactive mechanism can be identified as two stages, stage 1: the formation of HCA layer

and stage 2: the intracellular interaction between HCA and host bone surface.
2.5.1 HCA formation

The reaction between bioactive glasses and the host tissue to form a HCA layer can be
summarized into 5 steps. (1) At beginning, Na* or Ca?* cations exchange with H* from solution

(Figure 2.4) and the pH of surrounding solution increases [48].

P 9 ?_ ¢
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Ca** 0 0 + H, O — » Ca= O 0 + Na'(aq) + OH-
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SO o 0
1 1

Figure 2.4 - Scheme for ion exchange [48].
Due to the pH change in step 1, Si-O-Si bonds are attacked by OH and hydrolysed (2). Soluble
silica SiO4* is then released into the solution, leaving Si-OH at the glass surface. (3) Silanol
groups left in step 2 condense and a silica rich layer if left. (4) Calcium ions and phosphate
ions from the bioactive glass network and the fluid migrate to the silica rich layer, forming an
amorphous Ca0-P,0s rich film. (5) Hydroxyls and carbonate from the surrounding solution
are then incorporated into the film, leading to the crystallization of CaO-P,0s and then HCA

forms [49][50].
2.5.2 Intracellular interaction between HCA and the bone.

When the HCA layer is formed, fibronectin, an extracellular protein, attracts macrophages,
mesenchymal stem cells and osteoprogenitor cells to the HCA surface [51]. The
osteoprogenitor cells then differentiate into osteoblasts which form an organic matrix.

Guided by the osteoblastic cells, this organic matrix is then mineralized (Figure 2.5)[52].
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Figure 2.5 - The simple scheme for the bone formation on HCA layer. Adapted from [193]

2.6 Sol-gel hybrids

Hybrid materials are composed of inorganic and organic components which are interacting at
molecular level and they are indistinguishable at the microscale [53]. The synthesis of hybrid
materials uses the sol-gel process, but a polymer is introduced after the inorganic sol is

prepared. Therefore, the inorganic network forms around polymer chains [46].

Compared with sol-gel derived bioactive glasses, the synthesis for hybrid materials needs a
lower temperature around 60°C for aging and 130°C for drying. The process of stabilization

and sintering is not needed [4].

Depend on the interaction between inorganic and organic components, hybrids can be
classified as four types. Components interact using hydrogen bonding or molecular
entanglements are identified as Class | hybrids while components in Class Il hybrids are
covalently bonded and the covalent bonds are formed due to the polymer having been pre-
functionalised to have groups that can covalently couple to the inorganic component. Class
[Il and Class IV hybrids are similar to the previous two classes but their organic and inorganic
components are polymerized/formed in situ. Class Ill hybrids are corresponding to Class |
which have non-covalent weak bonds and Class IV hybrids are corresponding to Class Il with

covalent bonds between components [53].
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2.6.1 Class Il (IV) hybrids

With the presence of covalent bonds, Class Il hybrids have better mechanical properties
compared with Class | hybrids. Their behaviour in water is also more stable. The covalent

bonding also helps material to achieve a better homogenisation and tailorability [4].

The structure of a typical Class Il hybrid is shown in Figure 2.6, a molecule is found between
the polymer and silica network. This bridge between two components is called ‘coupling
agent’. The coupling agent is a molecule, or a short chain polymer, contains organic moiety
on one side and three alkoxysilane groups on the other side. The organic part can be
functionalized and bonds to the polymer network while the inorganic part can be hydrolysed

and then condense with the silica network [46]
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Figure 2.6 - Structure of a Class Il (IV) hybrid with inorganic and organic components that are covalently
bonded. Adapted from [46].
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There are a range of polymer choices to be used as the organic components in a Class Il hybrid.
For example, polydimethylsiloxane (PDMS) [54] gives a hybrid with great mechanical
properties but it is hydrophobic; 3-(trimethoxysilyl)propylmethacrylate (TMSPMA) and
polymethylmethacrylate (PMMA) [55][56] have been made into hybrids which have great
strength and ductile behaviour but they are not biodegradable; natural polymers like gelatin
[57] have also been used to make hybrids, however, compared with synthetic polymers

natural polymers have a lack of reproducibility.

The choice of coupling agent depends on the polymer’s functional groups. 3-
(glycidyloxypropyl)trimethoxysilane (GPTMS) is used with polymers contain carboxylic groups,
e.g. gelatin, where the epoxide ring from GPTMS is opened by the nucleaophilic carboxylic
group [57]. Polymers containing hydroxyl functional groups can use 3-
isocyanatopropyltriethoxysilane (ICPTES) as the coupling agent [58]. Coupling agents are

normally added before the sol-gel process to functionalize the polymer.
2.6.2 Calcium incorporated hybrids

Undoubtedly, the role of calcium in bone formation is important. In bioactive glasses, calcium
ions not only participate in HCA formation but also induce osteoblast proliferation [59]. As a
result, the incorporation of calcium into hybrid materials to make them bioactive for

applications is needed.

The most common calcium precursor used in sol-gel bioactive glasses is calcium nitrate, which
needs heat treatment at 400 °C to remove the by-product, nitrate, which is toxic [60]. This
process is impossible to carry out for hybrid materials as the high temperature will burn off

the polymers.

Poologasundarampillai et al. demonstrated using calcium chloride as the calcium precursorin
a poly(g-glutamic acid) (y-PGA) hybrids [61]. Although there is no toxic by-product released
during the synthesis, the calcium was not incorporated into the silicate network and the
crystallization of CaCl, was found on material surface and this is also because of the

temperature using is limited at 60°C [62].

Another calcium precursor commonly used in sol-gel bioactive glasses is calcium

methoxyethoxide (CME). It is found to provoke improved glass homogeneity compared with
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calcium nitrate [63]. This raises the interest of using CME as the calcium precursor in hybrid
systems. Poologasundarampillai et al. [8] used CME in y-PGA hybrids and calcium is
successfully incorporated into the silica network at low temperature. They also reported an
increase in compressive strength due to the ionic crosslinking of y-PGA caused by calcium.
However, CME is sensitive to water as it gelled very quickly with the presence of water which

has limited the choices of hybrid systems that it can be incorporated into [64][65].

Ting [66]demonstrated using CME in the PTHF/PCL/Silica hybrid system and successfully 3D
printed scaffolds containing CME. However, it is found that the gelation time and the printing

window was dramatically shortened by introducing CME.
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2.7 PCL hybrids

2.7.1 PCL in tissue engineering

Polycaprolactone (PCL) biocompatible and biodegradable material for FDA approved implants.
It also has great rheological and viscoelastic properties compared with other polyesters and

this means PCL is easy to handle, modify and manufacture into implants [67].

In bone applications, PCL has been well studied and manufactured into different products.
Electrospinning is one of the popular techniques to fabricate PCL bone scaffolds. Thomas et
al. have studied the effects of PCL nanofibre’s alignment on mechanical properties [68]; Choi
et al. has manufactured PCL/collagen scaffolds by electrospinning and human skeletal
muscles cells were cultured on this nanofibre matrix [69]. Bioactive scaffolds have also been
fabricated by using medical grade PCL (mPCL) and 20% beta-tricalcium phosphate are
incorporated into the mPCL [70][71]. This combination has been further by Abbah et al. [72]
and showed capability of inducing porcine bone ingrowth to scaffolds but the mechanical

testings showed scaffolds had a limited range of motion.

PCL also plays an important role in cartilage scaffolds design. A biphasic implant using PCL and
fibrin glue loaded with TGF-B1 was manufactured by Huang et al. and the study showed that
the scaffold successfully recruited mesenchymal cells and when the scaffold was implanted
in the sub-periosteum, chondrogenesis occurred [73]. By using electrospinning, Li et al.
produced 3D nanofibrous PCL scaffolds seeded with fetal bovine chondrocytes (FBCs) and the
results suggested that 3D substrate, compared with the flat specimen, was better
environment for proliferation and chondrocytic phenotype maintenance [74]. Furthermore,
a novel hyaluronic acid/PCL scaffold was developed then tested in animals and implanted
scaffolds showed excellent capsular in-growth [75]. However, for all these studies mechanical

properties were either not reported or did not match cartilage’s mechanical properties.
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2.7.2 PCL Class Il hybrids

Although PCL has been widely used in tissue engineering, it is difficult made into hybrid
materials as it is not soluble in water and it does not have many functional groups to bond

with inorganic molecules [76].

Developed by Tian et al. [77], a PCL containing Class Il hybrid was made for the first time. In
his hybrid system, TEOS was used as precursor for inorganic component, PCL diol was used as
organic component and ICPTES was chosen as the coupling agent which formed a urethane
linkage between -NCO and -OH. This hybrid system was biodegradable when tested in porcine
esterase solution and biocompatibility was tested in fibroblast cells but no mechanical

properties were reported and the hybrid gelation time was considerably long (4 days) [78].

Rhee et al. has also manufactured SiO,/PCL hybrids with similar method by using ICPTES as
the coupling agent [79]. Their research reported hybrids degraded slower with higher PCL
molecular weight and the mechanical properties of PCL hybrids were also reported for the
first time with a Young’s Modulus of 582 + 179 MPa, tensile strength of 20.8 + 0.7 MPa and a
tensile strain of 48 + 8 % which did not match the ideal requirements for bone (too weak) nor

cartilage (too strong)[80].

Another interesting PCL/SiO2 hybrid system was developed by Sang et al. [81]. This Class |l
hybrid system contained a copolymer, poly(CL-co-GPTMS), and silica inorganic component.
The synthetic copolymer was designed with a GPMTS unit as the side chain so there is no need
for coupling agent in the hybrid synthesis. The synthesis strategy for this copolymer was one
pot ring-opening polymerisation (ROP) (Figure 2.7). The advantage of using this method is the
amount of methoxysilane groups and caprolactone (CL) repeating units are precisely
controlled. The mechanical properties can be tuned by changing the ratio between GPMTS

and CL repeating units.
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Figure 2.7 - Scheme for synthesis poly(CL-co-GPTMS) using caprolactone and GPMTS.
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2.7.3 Poly(tetrahydrofuran)/PCL/SiO2 Hybrids

Conventional PCL hybrid systems described above are only composed of one organic
component and an inorganic component, However, recently Tallia et al. [10] established a
PCL hybrid system that not only has PCL as its organic component, but also
poly(tetrahydrofuran) (PTHF) (Figure 2.8). In this double network system, PCL-diCOOH is
covalently bonded with silica network via GPTMS and this gives the first network. In the
second network, PTHF is also covalently bonded with silica via GPMTS and at the end of PTHF
chain PCL-COOH. Interestingly, between the long PTHF polymer chains, non-covalent bond

interaction are proposed because the made material show a self-healing ability [10]..
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Figure 2.8 - Proposed structural network of the PTHF/PCL/Silica hybrid. Adapted from [10].

The reaction mechanism proposed for this hybrid system is an in situ cationic ring opening
polymerisation (CROP) by using boron trifluoride diethyletherate, which is a common Lewis
acid and is a source of boron trifluoride (BFs) which can be further hydrolyzed with water into
fluoroboric acid and has a high acidity and will give potential cytotoxicity if they are not
removed/reacted completely [82]. (Figure 2.9). GPTMS acts as an initiator: the high ring strain
of epoxide ring attracts boron trifluoride diethyletherate (BF3OEt;) which then attacked by
THF through nucleophilic attack and at this stage CROP is initialised. As the chain keeps
growing, the presence of PCL-diCOOH may terminate the polymerisation as carboxylic groups

may attack the oxonium ion [83][84][85].
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Figure 2.9 - Proposed mechanism of the ring opening polymerisation of polyTHF with PCL-diCOOH acting as
the chain terminator. Adapted from [10].

The resulted bulk samples and scaffolds fabricated by 3D printing showed a ‘bouncy’
behaviour and capable to self-heal without any trigger. The mechanical properties were
tuneable by changing the ratio between organic and inorganic components: by increasing the
inorganic weight percentage from 2.5 wt% to 39 wt%, tension tests showed true strain to
failure decreased from 25.5+3.3% to 2.4+1.5% and true stress to failure increased from
0.12+0.05 MPa to 1.421+0.47 MPa [10]. However, until now, bioactivity is still a challenge to

achieve in this system.
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2.8 Sol-gel derived silica nanoparticles

Over decades, great efforts were made to investigate novel methods to synthesise silica
nanoparticles (SNPs), resulting in precise control on the morphology [86]. Because of the
tailorable morphology, SNPs show a various number of potential applications such as
intracellular delivery of molecules and cell tracking [87]. The ability of cation incorporation
such as strontium [88] and calcium [89] has also broadened their therapeutic application

potential.

The synthesis strategy of silica nanoparticles depends on the morphology of the wanted
nanoparticles. The general strategy can either be a top-down method or a bottom-up method
(Figure 2.10)[86]. Top-down methods involve grinding bulk materials into fine size particles
while bottom-up methods involve assemble atoms or molecule constituents into
nanoparticles. This project focused on using the sol-gel process, a bottom-up approach, to

synthesise silica dense nanoparticles (SNPs) and mesoporous nanoparticles (MSNs).
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Figure 2.10 - Approaches for the synthesis of silica nanoparticles. Adapted from [86]

2.8.1 Dense nanoparticles

A well-known method for preparing dense silica nanoparticles is the Stéber process,
established by Stober et al. in 1968 [90]. In this ammonium hydroxide catalysed basic sol-gel
process, SNPs were synthesised with diameter ranged from 10 nm up to 1 um. In the Stober
process, the particle size, morphology, and distribution can be controlled by varying reaction

parameters [91].

The reaction for silica spheres is similar to the acidic sol-gel process that TEOS is hydrolysed
and then condensed [92]. However, the mechanism of particle growth is complicated.

Reported by Lee et al. [93] and Bogush et al. [94], the growth of silica nanoparticles followed
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a nucleation and aggregation mechanism (Figure 2.11). First, LaMer and Dinegar’s theory of
monomer addition [95] occurs and gives primary particles. The high pH value then causes
repulsion between these primary particles and gives individual particles. Meanwhile, the

polycondensation reaction also occurs, resulting in the formation of secondary particles [47].

e o Nucleation * * Aggregation
N
T o i >
® 3 &
Monomer Primary particles Secondary particles

Figure 2.11 - Nucleation and aggregation mechanism for silica nanoparticles. Adapted from [168].

The Stober process has been modified many times in literature. For example, Park et al. [96]
used a semi-batch process with a feed pump. They fed a solution containing water, ethanol
and ammonia with another solution containing TEOS and ethanol. Bogush et al. [94]
synthesised more uniform particles with a seeded growth technique. However, most of those

adaptions have made Stdber process more complicated with no obvious advantages.

Greasley et al. [89] demonstrated using a simple version of Stober process to synthesise size
controlled SNPs reproducibly. They reported increasing the concentration of ammonia also
increased the particle size (Figure 2.12). They also found increasing the TEOS concentration
resulted in a higher SNPs yields but the polydispersity also changed from monodisperse to

heterodisperse.
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Figure 2.12 TEM and DLS results on particle diameter with increasing ammonia concentration and
[TEOS]=0.28M [89].

2.8.2 Mesoporous silica nanoparticles

Interest in mesoporous silica nanoparticles (MSN) have grown incredibly after the MCM-
41 ,spherical hexagonal mesoporous silica nanoparticles, were used in drug delivery in 2001
for the first time [97]. With the porous structure and high surface area, MSNs have proved
themselves to be a better drug delivery carrier over SNPs in many cases [98]. In addition,
depending on the content incorporated in or functionalized on MSNs, drug delivery systems

can be designed not only for cancer treatments [99][87], but also for bone and tissue
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Figure 2.13 - Scheme of showing MSNs in the bone regeneration. Adapted from [100].

engineering [100][101].
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The synthesis methods of MSNs have been developed and investigated by huge number of
groups in past decades and most of them are adapted from the Stéber process by introducing
a surfactant, used as a micelle template, in the synthesis [102][103][104][105]. Among these
studies, cetyltrimethylammonium bromide (CTAB) is found to be one of the most used
surfactant micelles for silica. The concentration of surfactants in the solution is important and
the term ‘critical micelle concentration’ (CMC) is established and meaning the concentration
threshold for surfactants start to self-assemble and form micelle and shield the hydrophobic
parts (Figure. 2.14 a). If surfactant concentration keeps increasing, cylindrical structures,
periodic hexagonal, cubic and lamellar mesophases will be given [106]. When silica precursors
are added into the solution, they are hydrolysed and condense at the surfactant surface and
form a silica wall around micelle surface. Hollow meso-channels are formed after removing

the surfactant.
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Figure 2.14 - a) Phase diagram of CTAB in water with increasing concentration. Adapted from
[106]. b) scheme of synthesis MSNs by using CTAB as a template. Adapted from [194].
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2.8.3 Cation incorporation

To make silica nanoparticles bioactive, it is essential to incorporate cations. In the case of
bone regeneration, calcium (Ca) is focused on. The traditional precursor for calcium is calcium
nitrate and it can only be incorporated into the network when the calcination temperature is
above 400°C [107]. As shown in Figure 2.15, when calcium nitrate is added into the
nanoparticle solution it is dissolved. After the mixture is dried, calcium nitrate precipitates at
the surface of nanoparticles. Calcium diffuses into the silica network when 400°C is applied
but a heating above 600°C is required as this will finally remove the nitrates [107][108]. When
an excess amount of calcium is added into the solution before heating, aggregation will be

caused as calcium ions on the particles surface change the surface charge [109].
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Figure 2.15 - Schematic showing the change of Ca distribution during the incorporation process. Adapted
from [107].
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2.8.4 Nanocomposites

The term ‘nanocomposite’ refers to a combination of different phases with at least one of the
constituents under 100 nm [110]. The inorganic part of a silica nanocomposite can either be
a precursor (TEQS) or silica nanoparticles. For silica nanoparticles, solution blending is one of
the most used methods to make nanocomposites which just mixes nanoparticles into the
polymer [111]. Many groups have demonstrated making nanocomposites with bioactive silica
nanoparticles by using solution blending [112][113][114][115]. The introduction of bioactive
silica nanoparticles in these nanocomposites were all reported with apatite forming ability
and Loher et al. [116] also reported an increasing in Young’s modulus of original Poly(lactide-

co-glycolide) (PGLA) polymer and faster polymer degradation rate was observed.

However, only few bioactive nanoparticles are covalently bonded to the polymer matrix are
found in literature. Liu et al.[117] used hexam-ethylene diisocyanate (HMDI) as a coupling
agent between poly(L-lactide) (PLLA, 9700 Da) and bioactive nanoparticles and found the
tensile strength increased from 56.7 to 69.2 MPa. The in vitro study showed the capability of
formation an apatite layer on nanocomposite surface, compared to pure PLLA scaffolds. El-
Figi et al.[118] functionalized particle surfaces with amine groups which were then used to
bond with the carboxylic groups from collagen. The resulting nanocomposite hydrogel was

found shrink less and had improved mechanical properties.

Although most of nanocomposites are reported better mechanical properties have been
achieved, they are still high dependent on the mechanical properties of the original polymer
matrix used and this has limited the applications of these materials such as in bone

regeneration.

2.8.5 Nanoparticles grafted with GPTMS

The functionalization method of silica nanoparticles with GPTMS is termed as liquid phase
process [119]. The reaction can happen in aqueous solution or organic solvent. With the
presence of water, methoxylsilane groups are hydrolysed to Si-OH groups which are then

condensed with the silanol groups on the particles surface. However, this condensation may
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also happen between GPTMS molecules and forms irregular multi molecular layers [120]. In
organic solvents, a simple one step reaction occurs between GPTMS and the silica surface as

shown in Figure 2.16.

OH o 2 H3COH 0 TR
+ CH0 =817 07 N — SN0
OH I o—
OCH3 0 O
si0, GPMTS

Figure 2.16 - Reaction between silica gel and GPTMS molecule in an organic solvent.

Theoretically, the absence of water should result in monolayer of GPMTS, but Allen et al.[121]
reported that there were still some multi-layer regions found due to the difficulty in
eliminating all the water molecules in the reaction. He et al.[122] suggested the use of acidic
silica sol with pH = 2.6 in organic solvent can give proposed monolayer structure, however,
the low pH may leads to the opening of epoxide ring if the water molecule is not fully

eliminated (Figure 2.17).
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Figure 2.17 - Reaction mechanism of grafting GPMTS. Adapted from [122].
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The characterisation method of GPTMS-SiO; can be Fourier transform infrared spectroscopy
(FTIR) [123], X-ray photoelectron spectroscopy (XPS) [124], solid-state NMR [125], Raman
spectra [126] and thermogravimetry (TGA) can also be utilized to quantify the organic

components [125].

2.9 Additive manufacturing

The criteria of an ideal scaffold for bone/cartilage regeneration as mentioned in previous
section need a custom-made fabrication method in order to generate scaffolds with different
morphology to fit in different defects. It is also important to have porous scaffolds with
designed pore size which is an important parameter in scaffolds to determine the
permeability of nutrients and scaffolds’ mechanical properties. Studied by Mitsak et al.[127],
PCL scaffolds fabricated with a higher porosity and permeability lead into better bone

regeneration, blood vessel infiltration and compressive strength.

The development of additive manufacturing (AM) has made the fabrication of ideal scaffolds
easier and handier. It is a fabrication process normally starts with a computer-aided design
(CAD) file with a 3D model of the wanted scaffold and the AM machine manufacture the
scaffold layer by layer [128]. There are many AM techniques used in generating scaffolds for

bone regeneration and they are summarized in Table 2.4.

48



Table 2.4 - Techniques for Additive Manufacturing of scaffolds for tissue engineering.

Technique Process Processed Advantages/Disadvantages
materials
Laser-assisted -Deposition control by  -HA Adv:
bioprinting laser pulse energy -HA osteoblast-  -Applicable for organic,
[129][130][131] -Resolution control by like cell inorganic materials and
distance between -Nano HA cells
ribbon/substrate, spot  -Human -Quantitatively controlled

Selective Laser
Sintering[132][133]
[134]

Stereolithography
[135][136][137]

Robocasting
[138][139][140]
[141][142][143]
[144]

size and stage
movement

-Preparing the powder
bed

-Layer by layer
addition of powder
-Sintering each layer
according to the CAD
file, using laser source

-Immersion of
platform in a
photopolymer liquid
-Exposure to focused
light according to
desired design
-Polymer solidifying at
focal point, non-
exposed polymer
remains liquid

-Layer by layer
fabrication by platform
moving downward
-filaments of viscous
material extrusion
based on the
predesigned structure
-Layer by layer
deposition of filaments
at constant rate under
specific pressure
-Disruption of
filaments according to
the tear of speed

osteoprogenitor
cell

-Human
umbilical vein
endothelial cell
-PCL

-Nano HA
-Calcium
phosphate
-Carbonated
hydroxyapatite
-PLLA

-Poly(propylene
fumarate)(PPF)
-HA

-PDLLA/HA

-PCL

-HA
-Bioactive
glasses
-Mesoporous
bioactive
glass/alginate
composite
-Polyactic acid
-PLA/PEG/G5
glass
-Bioactive
6P53B glass

Disadv:
-Homogeneous ribbons
needed

Adv:

-No post processing is
needed

Disadv

-Feature resolution
depends on laser beam
diameter

Adv:

-Complex internal features
can be obtained

-Growth factors, proteins
and cell patterning are
possible

Disadv:

-Only applicable for
photopolymer

Adv:

-Mild condition of process
allows drug and
biomolecules plotting
-Independent 3D nozzle
movement

-Precise control on
thickness

Disadv:
-Heating/post-processing
needed for some materials
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2.9.1 3D extrusion printing

3D extrusion printing or so-called robocasting, is one of the many techniques used in AM.
Compared with other techniques, materials can be chosen as the printing ink is more flexible

and the overall cost is low [145].

A typical extrusion printing system consists of an ink reservoir (or syringe) which can move in
X, ¥ and z directions to control the position of extruded filament, a printing platform that can
fix the substrate and a nozzle with a printing tip that can squeeze viscous ink into filaments.
An ink reservoir can be a syringe cartridge and pistol in the cartridge is pressed down to
squeeze the paste like ink out of the tip. Continuous filament is generated and 3D structure

can be constructed layer by layer (Figure 2.18).

Figure 2.18 - Extrusion head generating a continuous filament. Adapted from [195].

The general rheological properties required of the ink should be shear thinning which means
they should be able to flow through the nozzle under load but hold the shape when in contact
with the substrate and no longer under load [145]. The geometry of printing tip has a great
effect on the extrusion load [146] — a standard metallic tip has almost 7 times extrusion load
than a conical plastic tip (Figure 2.19). As a result, a cone tip is preferred for materials with
high viscosity. Viscosity also determines the nozzle size, inks that are less viscous should use
nozzle tips with smaller nozzle diameter to give fine struts and reduce the minimum

separation between struts.
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Figure 2.19 - Load versus time curves for inks through a standard metallic tip and a conical plastic tip [146].

2.9.2 3D extrusion printing for hybrids

Hybrid materials using polymer/silica network are synthesised with sol-gel process which
provide a chance they can be directly 3D extrusion printed from sol, utilising the gelation

process, although very little studies are found from literature.

A Class | gelatin/silica hybrid was first printed by Gao et al. [147]. Prior to the printing, a hybrid
ink was aged at 37°C to achieve the printable viscosity and shear thinning behaviour. While
the silica network was condensing, gelatin was also cooling down and gelled at room
temperature after being extruded on the substrate. Printed scaffolds were then treated with
a NHS-EDC crosslinking protocol, however only gelatin crosslinked with itself around the silica
network instead of having an organic-inorganic bonded Class Il network. Mechanical tests
showed a dramatic drop in compression strength when printed scaffolds were soaked in

aqueous solution due as the water separate the gelatin from the silica.

Nelson demonstrated 3D extrusion printing of a Class Il gelatin/silica hybrid scaffold [148].
The hybrid system was first developed by Mahony et al. [57] which uses GPTMS as the
coupling agent to bond gelatin to the silica network. Hybrid was prepared as sol and they
optimised the sol viscosity. Inks were then loaded in a 5 mL syringe that connected to the
printing tip via a clear tubing. A syringe heater was used to apply a heat at 40°C to ensure the

ink could smoothly flow through the tube (Figure 2.20). Printed scaffolds were immediately
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transferred to a 40°C oven for aging. Critical point drying was applied after aging and scaffolds
with 200 um pore size were made. The tested compressive strength was 1.3 MPa, compared
with scaffolds made by foaming which were 0.06 MPa[57], a significant improvement was

achieved by using 3D extrusion printing.

HARVARD

Figure 2.20 - Photo showing the 3D extrusion setup used by Nelson. Photo taken by the thesis author.

Recently, Tallia et al.[10] successfully printed the PTHF/PCL/Silica Class IV hybrid scaffolds,
discussed in Section 2.7.3, by using 3D extrusion printing. Scaffolds with pore sizes 120 — 140
um were produced. They have showed excellent mechanical properties, for cartilage
applications, with a compressive strength of 1.67 MPa in dry conditions and 1.49 MPa after
soaking in PBS for 7 days. However, the allowed printing time (printing window) was limited
as the network condensed very quick resulted the ink gelled and blocked the printing nozzle,
also this hybrid system was synthesised in organic solvent so the solvent evaporated much
quicker during the printing compared with gelatin hybrids which were made in aqueous
solution and printed scaffolds were not bioactive due the absence of calcium in the hybrid

network.
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2.8 Research objectives

Having reviewed the development and knowledge in silica nanoparticles, hybrids and 3D
printing, the overall objective of this thesis was to develop a new PTHF/PCL/Silica hybrid
system that contained calcium incorporated and GPMTS functionalized silica nanoparticles

and to fabricate scaffolds of the new material using 3D extrusion printing.

Current calcium precursors for hybrid system all have disadvantages. Silica nanoparticles can
incorporate cations. The potential solution can be introducing calcium incorporated silica
nanoparticles into the hybrid system and make it bioactive. Unlike conventional
nanocomposites, the chosen system here already has a silica network and nanoparticles will
be functionalized with GPTMS before adding into the system so they will covalently bond with

the polymer network and have better mechanical properties.

In addition, with calcium incorporated nanoparticle surface is grafted with GPTMS, a slower
release of calcium ions from the hybrid is expected. Compared with non-bonded particles,

bonded particles should take longer to leave the hybrid network and dissolve in solution.

The reason for choosing PTHF/PCL/Silica hybrid system is because this system has already
shown excellent mechanical properties both in dry and wet condition, its mechanical property
is also tailorable and it is feasible for printing. It is also interesting to have a double organic
component — double inorganic component network with the introduction of silica

nanoparticles.

The thesis will first look at the possibility of functionalizing calcium incorporated dense silica
nanoparticles and mesoporous nanoparticles. Although literature has demonstrated the
functionalization between GPTMS and silica nanoparticles or silica gel, no one has done any
research on calcium incorporated nanoparticles. It is challenge because the high temperature
used during the particle calcination will burnout hydroxyl groups on the particle surface which
are needed for reacting with GPTMS molecules. Considering the amount of GPTMS grafted
on the particle surface will be low, it will also be a challenge to quantify and qualify the

presence of GPTMS.

The thesis will then look at the making of this bioactive double inorganic double organic
network hybrid system and 3D print it into scaffolds. The expectation is to have a controlled

release on calcium and improve the 3D printing process by prolonging the printing time.
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Chapter 3 Characterisation

The following characterisation techniques were used throughout Chapters 4-6.

3.1 Silica nanoparticles characterisation

3.1.1 Dynamic light scattering (DLS)

DLS is a powerful technique to determine the particle size and distribution in solution. It
measures the hydrodynamic radius of particles by detecting the random Brownian motion of
particles and the Brownian motion is given by the interaction between particles and solution

molecules [149].

During the measurement, a monochromatic beam is applied at the sample and the beam light
is scattered by sample particles. The scattering information is collected by a detector set with
an angle 0 with respect to the transmitted beam light. Particles with larger diameter tend to

give small angled scattered bean compared with smaller particles.

It is important to maintain the test environment temperature during the measurement
because temperature will change particles’ Brownian motion which then affects the accuracy

of the final reading [150].

The instrument used was a Zetasizer Nano ZS (Malvern Panalytical Ltd). Test temperature was

set at 20°C. Samples were dispersed in 1.5 mL of deionized water by sonicating for 10 minutes.
3.1.2 Zeta potential

Zeta potential gives the information about a colloidal dispersions’ stability by showing the
degree of electrostatic repulsion between particles [151]. The surface charge calculated can

also give information about particle surface modification.

The surface charge on particles surface attracts ions and forms a Stern layer, the internal layer
of the electric double layer. The existence of a Stern layer attracts more counter ions and
forms a second layer. This double layer allows ions move freely and the electro-kinetic
potential between this double layer is known as zeta potential. By applying an electric field to
the sample, movement between particles and the dispersant occurs, known as

electrophoresis. Electrophoresis is then measured by using Doppler velocimetry. The Henry
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equation is then applied to calculate the zeta potential, with known values of dispersant

viscosity, electric filed strength and dielectric constant [152].

The instrument used was a Zetasizer Nano ZS (Malvern Panalytical Ltd) with a test
temperature set at 20°C. Samples were dispersed in 3 mL of ethanol by sonicating for 10

minutes and then 1 mL of the particle sol was transferred into the measurement cuvette.
3.1.3 Transmission electron microscopy (TEM)

High resolution images of nanoparticles can be obtained by using TEM. As shown in Figure
3.1, a tungsten filament emits electrons at high temperature and the electrons pass through
and are focused by condenser lenses. Adjustment of the condenser lenses can control the
beam current density and the image ‘brightness’. Electrons then are focused by an objective
lens, which allows the control on ‘focus’ in practice. Objective apertures allow the adjustment
of image contrast at mass-thickness dominated regions. Intermediate lenses are used to
toggle between image and diffraction pattern. Finally, the projection lens is for the final

viewing screen imaging.
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Figure 3.1 - Scheme showing TEM under imaging mode. Adapted from [196].
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The instrument used was a JEM-2100Plus TEM (JEOL, USA) at 200 kV operating voltage.
Samples were dispersed in ethanol and sonicated for 10 minutes before they were

spread/dropped onto a 400-mesh copper TEM gird (Agar Scientific, UK).

3.1.4 Nitrogen adsorption

Information about particle nanoporosity and surface area can be obtained by using nitrogen
adsorption. An isotherm plot can be obtained which shows the amount of gas absorbed at
different relative pressure (P/Po). Depending on the behaviour of the material, isotherm are

classified into 8 types by International Union of Applied Chemistry (IUPAC) (Figure 3.2) [153].
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Figure 3.2 - IUPAC classification of physisorption isotherms. Adapted from [153].
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The Brunauer—Emmett-Teller (BET) equation was used to calculate the surface area at the
linear region of the adsorption isotherm [154]. Density functional theory (DFT) was suggested
by literature to be used as the model for calculating pore size distribution of the nanoparticles

as it is the most appropriate equilibrium model for pores under 4 nm compared[155][156].

The instrument used was an Autosorb- iQ-MP (Quantachrome). 100 mg of fine ground

nanoparticles were loaded in a 9 mm samples cell. Samples were degassed for 24 h at 60°C.

3.2 Sample composition characterisation

3.2.1 Fourier transform infrared spectroscopy (FTIR)

The use of FTIR can help identifying specific bonds in the sample. When IR with a wavelength
range 4000 — 400 cm™ is applied to the sample, dipolar covalent bonds in the sample will
absorb the energy at a specific wavenumber in this range. This energy will cause the excitation
which leads to covalent bond vibration including stretching and bending. A detector is used
to receive the reflected IR beam from the sample and create an IR spectrum against

absorbance plot [157].

The Instrument used was Nicolet iS10 (Thermo Scientific). 64 scans at a full wavelength range

were applied.
3.2.2 NUCLEAR MAGNETIC RESONANCE (NMR) SPECTROSCOPY

Solution-state NMR. Proton NMR (*H-NMR) is the most common NMR analysis. In a proton
NMR spectrum, chemical shift of peaks can give information about atoms bonded directly to
protons which can be used to identify the functional groups containing hydrogen. The
integration of the area under the peak can tell the proportion of protons from different
functional groups and finally, the multiplicity of the peak gives the number of non-equivalent
hydrogen neighbours [158]. The instrument used for solution-state NMR was a 400 MHz

Bruker spectrometer. Samples were prepared in deuterated chloroform (CDCls).

Solid-state NMR. 2°Si MAS solid-state NMR is the technique to investigate the structure of
solids, including the quantification of Q" and T" species in a silicate network. A Q" structure

correspond to Si(O-Si)n(OH)a-n, one Si atom bonded with four oxygen atoms. A T" structure
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means one Si atom bonded with one carbon and three oxygen atoms, and gives C-Si(O-
Si)n(OH)s-n in structure. By obtaining the relative abundance of Q" and T" species, the silica
network condensation degree (D¢) can be calculated (Equation 3.1) [61].

4Q%+303+2Q2+Q1 3T3+2T2+T?
DC=([Q+ Q: Q +Q]+[ +3 * ])XlOO% Equation 3.1

Solid-state measurements were conducted by Nicole Kelly from Dr. John Hanna group at

Warwick University using a 7.0 T Varian/Chemagnetics InfinityPlus spectrometer.
3.2.3 Thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC)

TGA and DSC are techniques to determine the thermal properties of a material. TGA evaluates
the mass change of a sample under heating over the time. This method can tell the weight
ratio between inorganic and organic components in a hybrid due to the weight loss from
combustion of the polymers. DSC measures concurrently while TGA is running. It gives the
difference in heat energy needed for a sample to increase to a certain temperature and a

reference sample.

The instrument used was STA-449C Jupiter (NETZSCH). 20 -25 mg of samples were loaded in

a platinum crucible. The upper temperature for all experiments was 800°C.
3.2.4 Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES)

ICP-OES gives the accurate element concentration in a solution. Precise amount of solution is
feed into a nebuliser and solution droplets from the nebuliser are then transferred to the
plasma flame, created by argon gas and electromagnetic field. Samples in the plasma flame
become to atoms due to the collision with electrons and charged particles in the plasma.
Electrons around sample atoms are continuously excited and emit a radiation with a specific
wavelength corresponding to sample’s element, as electrons fall back into their valence band,
and this is detected by the optical emission spectroscopy. Sample element intensities
measured in OES are then compared with intensities measured from standard solutions with
known element concentration, therefore, the final concentration readings can be plotted

[159].

The instrument used was iCAP 6300 ICP-OES (Thermo Scientific). Standards were prepared

from 0 to 40 ppm. Samples were diluted 10 times prior to the measurement.
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3.3 Hybrid characterisation

3.3.1 Compression and tension tests

The mechanical properties of the hybrid materials are crucial to their application.
Compressive and cyclic compressive tests were carried out on Z010 mechanical test machine
(Zwic/Roell); Tensile testing were also tested on a Bose Electroforce Series Ill machine. Details

for specific mechanical testing experiments will be stated in Section 6.3.5.
3.3.2 Scanning electron microscope (SEM)

The surface morphology of hybrid materials can be imaged using SEM. In SEM, a non-
destructive electron beam is used to scan over the sample. When electrons from the beam
arrived at the sample surface, they interact with atoms at the surface and cause secondary
electrons to be emitted from the surface. The detection of secondary electrons can give
information about the topography of the surface and forms a high-resolution image. Coating
of samples is necessary to make samples conductive, otherwise electron beam will charge the

sample surface and distort the image.

The instrument used was a Gemini 1525 FEG-SEM (Zeiss). Samples were coated with a 10 —

15 nm layer of chromium.
3.3.3 X-ray diffraction (XRD)

The information about crystalized compounds in the sample can be obtained by using XRD.
The theory of how XRD analysis works is developed from X-ray beam electron scattering when
hit with the sample. Bragg’s law (Equation 3.2)[160] can be used to describe the diffraction

pattern of crystalline structures.
nA = 2dsin @ Equation 3.2

A stands for the wavelength of the X-ray, d stands for the distance between atomic planes, 6
refers to the angle of incidence and n is a positive integer.

The instrument used was D2 PHASER (Bruker). Samples were prepared as powder. Incidence

angle was set from 6° to 70° with a 26 step size of 0.0305° and a count rate of 0.5 s per step.
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3.3.4 Simulated body fluid (SBF) dissolution study

Although SBF cannot fully and mimic the in vivo environment [161], it does provide a similar
pH and ion concentrations to natural blood plasma. For bone regeneration applications, it can
be used to investigate the HCA formation on the scaffold surface. Dissolution studies with SBF
in this thesis followed the method established by Macon et al.[162] on International
Commission on Glass TCO4. They modified the ISO standard protocol, which was using sample
surface area to liquid ratio, by using samples mass to liquid ratio and they proposed the
modified method was more appropriate for bioactive glasses because of their high surface

area.

The sample mass to SBF volume ratio used here was 75 mg of hybrids to 50 mL of SBF. SBF
was prepared by using Kokubo’s protocol [163] and details of reagents used are listed in Table
3.1. The dissolution study was designed to be 4 weeks long with time points at 0.5, 1, 2, 4, 8,
24, 72, 168, 336 and 752 h. At each time point, 1 mL of SBF supernatant was taken for the
later analysis on ICP-OES and then refilled the dissolution pot with 1 mL fresh SBF. pH values

were recorded at each time point.

Table 3.1 - Reagents used for making SBF

Chemicals Amount (g L)
NacCl 8.035
NaHCO3 0.355
KCl 0.225
K2HPO4 3H20 0.231
MgCl, 6H20 0311
HCl 1M 38 mL
CaCl; 2H,0 0.386
Na2SO4 0.072
Tris 6.118
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Chapter 4 Synthesis and Functionalization of Calcium
Incorporated Dense Silica-Nanoparticles

4.1 INTRODUCTION

Silica-nanoparticles possess great potential for medical applications [109] and the
incorporation of cations has broadened this application. For example, the incorporation of
calcium makes particles into bioactive materials that release silica and calcium ions, which
can stimulate osteogenic cells to produce bone matrix [164]. The application of silica-
nanoparticles is greatly dependent on their size, morphology and surface groups. For example,
size has a great effect on the toxicity and cell uptake mechanism [165], while surface

modification can reduce aggregation [166] and can even be used to target specific cell types.

GPTMS is an important silane coupling agent and it can bond to organic and inorganic
compounds at the same time by using its methoxysilane groups and epoxy ring. This provides
a chance that GPTMS can covalent bonds between bioactive silica nanoparticles and a

polymer network to give a nano-silica hybrid.

In this chapter, calcium incorporated dense-silica nanoparticles (CaSNP) were produced with
a diameter of ~100nm and then functionalized with GPTMS (CaESNP). The focus of this
chapter is on characterising the GPTMS on CaSNP surfaces. Previous work showed GPTMS
grafted on bare SNPs [167], but functionalising calcium incorporated CaSNPs with GTPMS was
more challenging because of the need to take the particles through a high temperature

calcination process to enable calcium incorporation into the silicate network.

4.2 MATERIALS AND METHODS

4.2.1 Dense silica-nanoparticle synthesis and calcium incorporation

The synthesis of NPs followed the Stéber process that was modified by Greasley et al. [89].
This method was reported to give a good reproducibility and monodispersity while

procedures of this method is also simpler compared to literature [89].

All reagents were purchased from Sigma-Aldrich. NPs were made with diameters ranged from

80-120 nm. Water (4.19 mL) and ethanol (33.00 mL) were firstly mixed in a 100 mL conical
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flask followed by adding ammonium hydroxide (0.27 mL). The mixed solution was then
treated in the ultrasonication bath at room temperature for 10 minutes. After 10 minutes,
TEOS (2.50 mL) was added into the solution and left over night on a magnetic stirring plate,
at room temperature, with a stirring rate of 500 rpm to let hydrolysis and condensation
reaction of TEOS to occur. The next day, particles were collected by centrifugation under 7830
rpm for 40 minutes. Particles were then washed 2 times by ethanol and 1 time by water to
remove the unreacted chemicals and avoid the agglomeration [99]. Particles were transferred

to 60°C oven to dry overnight.

For calcium incorporation (CaSNP), SNPs were re-dispersed with water in a Falcon tube and
then calcium nitrate tetrahydrate (Ca(NOs)2 - 4H,0) was dissolved in water and added into
the same tube and mixed, using an ultrasonicator, for 5 minutes. According to literature, the
amount of Ca(NOs); added was kept in a molar ratio of silica : calcium of 1:8 in order to
obtained the optimal calcium incorporation (maximum calcium incorporation with minimal
excess) [168]. SNPs were then collected by centrifugation and dried at 60°C. Heat treatment
was carried out (680°C for 3 hours with ramp of 3°C/min) after SNPs were dried in order to
stabilize the network. After calcination, particles were washed again with ethanol for 3 times

to remove any calcium that was not incorporated and then dried again in 60°C oven overnight.

Water
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Ammonium Hydroxide Tetraethyl Orthosilicate
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Scheme 4.1 - Synthesis process of CaSNPs.
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4.2.2 Surface functionalization of silica-nanoparticles with GPTMS

The method used to make (ESNP & CaESNP) was modified from that reported by Sales et al.
[125] wherein alcohol condensation occurs in an organic solvent with no water present. Two
types of calcium incorporated SNPs were functionalized. The first type of SNPs was the
particles prepared by the method described in Section 4.2.1 and the second type was the
same particle but treated with plasma (H2+03) for 5 minutes in order to activate the particle

surface by recreating the hydroxyl groups which were burnt out during the calcination.

All reagents were purchased from Sigma-Aldrich. Prepared particles (250 mg) were re-
dispersed in anhydrous toluene (99.8%, 25 mL) in an ultrasonication bath for 10 minutes. The
solution was then degassed for 15 minutes before transferring to a hot plate. The reaction
was performed at 70°C under argon reflux with a stirring rate of 750 rpm. After the solution
was stirred for 1 hour, GPTMS (1mL) was added in and stirred for another 6 hours to let the
functionalization occur. Reacted particles were collected by centrifugation and washed by

THF 2 times to remove any unreacted GPTMS and then dried at 60°C oven.

“os{—0 0si—0-si-oH

d b
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b

Scheme 4.2 - The reaction between GPTMS and CaSNP in toluene.
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4.2.3 Particle characterisation

Acid digestion composition analysis. This analysis is to determine the elemental composition
of calcium incorporated particles before and after the functionalization reaction to study if
there is any calcium loss during the reaction. The method used was from Hench et al. [169].
Sample particles (50 mg) were ground and mixed with lithium metaborate (250 mg) in a small
platinum crucible. The mixture was treated at 1050°C for 40 minutes to enable fusion. After
cooling, the fused mixture was dissolved in nitric acid (2 M) and the solution was then diluted
10 times in nitric acid (2 M) for ready to use by ICP-OES (Thermo Scientific ICap 6000series)

to give the concentration of each element.

TEM, SEM and DLS analysis. As described | Chapter 3, these techniques were used to
characterise the particle morphology. The results from DLS were affected by the clusters of
particles so TEM is essential for having an accurate result of particle size. Particles for TEM
were prepared on 400 mesh copper grids coated with holey carbon film and the operating

voltage was 200 kV.

FTIR, Raman spectra, Zeta potential and TGA analysis. Particles that functionalized by GPTMS
were analysed by these techniques to determine the chemistry change on the particle surface.
FTIR and Raman spectra were performed to find the signature vibration bands from GPTMS
and the weight loss given from the TGA results can quantify the amount of GPTMS grafted on

the particle surface.
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4.3 RESULTS AND DISCUSSION

4.3.1 Calcium incorporated dense silica-nanoparticles (CaSNP)

Figure 4.1- TEM images of SNPs and CaSNPs with a diameter of 100 nm: a) & b) SNPs without calcium, c)
calcium incorporated with a ratio of 1:8 washed 3 times by water, d) calcium incorporated SNPs washed 1
time by 2 M nitric acid and 2 times by water.

SNPs were successfully synthesised with the Stober process improved by Greasley et al. The
particle size targeted in this project is 100 nm and the TEM images (Figure 4.1 a & b) showed
an average size of 104.8+9.2 nm with n=50, although the DLS result (Figure 4.2 CaSNP) give
an average diameter of 154 nm (PDI=0.732) due to some particle aggregation happened.
During the process of calcium incorporation, it was found that washing the SNPs after
calcination 3 times with water was not enough to remove the excess calcium since the molar
ratio Si:Ca used was 1:8 which left a lot of calcium on the particles (Figure 4.1 c). To solve the
problem, the first wash was changed to use 2 M nitric acid instead of using water and the rest
remained same and the final result showed by TEM image was clean and well dispersed

(Figure 4.1 d).
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Figure 4.2 - DLS particle size distributions for calcium incorporated nanoparticles before (CaSNP)
and after the functionalisation with GTPMS (CaESNP).
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4.3.2 Calcium incorporated silica-nanoparticles functionalization with GPTMS (CaESNP)
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Figure 4.3 - FTIR (left 500-2500 cm™ range and right 2500-4000 cm) spectra from: a) SNP, b) CaSNP, c) ESNP, d)
CaESNP and e) CaESNP with plasma treatment.

The reaction between GPTMS and hydroxyl groups on the particle surface is a simple reaction,
but it was a challenge to validate successful GPTMS grafting and to determine the amount of

GPTMS on the particle surface.

FTIR was the first technique used to analyse the chemical composition of the functionalized
nanoparticles (Figure 4.3). The result shows SNPs and CaSNPs have similar spectra despite
SNPs show a higher Si-OH absorbance at 990 cm™. This is because SNPs were not treated by

calcination and they were dried at 60°C, so compared to CaSNPs treated at 680°C there were
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more hydroxyl groups left on the particle surface (Figure 4.3 a and b). By comparing the FTIR
spectra on particles before and after the functionalization, a sharper shoulder appeared for
ESNP at 1100-1245 cm™ and a peak at 2984 cm™ also appeared. For CaESNP samples, FTIR
spectra from both plasma treated and untreated particles showed no significant change

compared to the un-functionalized CaSNP (Figure 4.2 ¢, d and e).

Zhang et al. reported that FTIR of GPTMS functionalized silica surface had changes in bands
at 2944 cm™ and 1343-1465 cm™, which are attributed to the alkyl C-H stretching and bending
of GPTMS, but the signature band from the epoxy ring at 1150 cm™ was missing and
overlapped with the strong silica band [167]. However, O-H stretching bands from water or
alcohol (2500-3300 cm™) may overlap with the alkyl C-H band, so the result is not strong
enough to prove the GPTMS was attached to the particles. In order to get a better resolution
and more accurate result in the 2500-3300 cm™ wavelength range from the FTIR, Raman

spectra was deployed.
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Figure 4.4 - Raman spectra of a) SNP, b) CaSNP, c) ESNP, d) CaESNP and e) CaESNP with plasma treatment.

Raman spectra from plasma treated CaESNPs and untreated CaESNPs show different peaks in
this range after the functionalization. CaESNPs that were not pre-treated by plasma showed
no change compared to the CaSNP (Figure 4.4 b and d), suggesting that calcium CaSNPs lost
most of its hydroxyl groups due to the 3 hours of heat treatment at 680°C and as a
consequence there were not enough sites for GPTMS grafting. On the other hand, plasma
pre-treated CaESNPs (Figure 4.4 e) produced similar Raman spectra to that from ESNP (Figure
4.4 c), showing a collection of peaks in the range 2790-2850 cm?, corresponding to O-CH3 and
2810-2960 cm™ C-CHs of the opened epoxide ring. There are also small peaks at 2970-3100
cm and 2980-3020 cm-! that referred to aromatic C-H and CH=CH bonds, which are possibly

contributed by remaining organic solvent (Toluene). As all the functionalized particles were

69



dried in a conventional 60°C oven without vacuum overnight, before transferring to the
desiccator, it was not surprising to find C-CHs and O-CHs bonds in the composition as the ring

opening reaction is possible with water in the atmosphere [170].

The Raman spectra suggested that CaSNPs was not a good nanoparticle source to be
functionalized with GPTMS unless they are treated by plasma to re-activate the surface with
hydroxyl groups. After the confirmation of existence of GPTMS on the particle surface, TGA

was used to quantify the amount of GPTMS.
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Figure 4.5 - TGA on nanoparticle samples from 25 °C to 800 °C. Representative values were chosen for this
graph.

TGA results (Figure 4.5) showed clear differences between all samples. SNPs only lost 1.32%
of their weight at the end of the measurement, while CaSNPs lost 5.31%. The reason for the
difference is because calcium acted as a network modifier and made the silica network less
interconnected, so when the sample was under high temperature like up to 800°C, hydroxyl
groups from Si-OH were removed, condensation was promoted, and the network became
more connected. By looking at functionalized samples: ESNP, CaESNP and CaESNP plasma, a

significant weight loss occurred on all samples, which started around 255°C. This indicates the
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starting of burning of the organic part of the GPTMS and with this information GPTMS can be

qguantified by using the Equation 4.1:

Wt%GPTMS = M%ENP - M%NP Equation 4.1

This formula calculates the weight percentage of GPTMS in the nanoparticle network
(wt%cprms) where M%ene is the weight loss of functionalized nanoparticles between the
temperature of 250°C to 800°C and M%npr means the weight loss of related un-functionalized

nanoparticles from 250°C to 800°C.

Table 4.1 - Weight percentage of GPTMS in NPs

SAMPLE ID ESNP CAESNP CAESNP PLASMA

Wt%acpTms 7.82+1.22 -0.88 +£0.49 4.05+1.87

From Table 4.1, the calculated result shows ESNP gives a GPTMS concentration of 33.14
umol/g and CaESNP plasma treated gives 17.12 umol/g, while untreated CaESNP gives a

negative result, meaning no GPTMS was present.

Table 4.2 - Acid digestion results on CaESNPs that were plasma treated.

Si:Ca molar Si (%At) Ca (%At) Si (%At) | Ca (%At)
ratio
——— After After
CaESNP 1:6 81.08 18.89 85.51 14.49
—————— Calcination functionalization
CaESNP 1:8 80.11 19.89 83.62 16.38
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Acid digestion was then carried out on two CaESNP samples with different Si:Ca theoretical
composition (1:6 and 1:8). The purpose of this analysis was to ensure there was no calcium
loss during the overnight functionalization synthesis in the toluene. Both samples showed
that only 3-4% of the calcium content was released , which means the Ca is not released in

large amounts into the organic solvent.

N> & ot F &P : Lt s,

Figure 4.7 - SEM images of a) CaSNPs and b) functionalized CaESNPs.

The effect of GPTMS on particle distribution was also studied using SEM. Before the adding
of GPTMS, CaSNPs were distributed evenly in the ethanol (Figure 4.7 a). When GPTMS was

grafted on the surface, particles showed a more aggregated distribution (Figure 4.7 b).
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Figure 4.8 - Zeta potential for dense silica particles before (CaSNP) and after (CaESNP) the addition of
GPTMS. Representative values were chosen for this graph.

Finally, DLS and Zeta potential were performed on the dense particles before and after the
functionalization (Figure 4.2 and Figure 4.8). There was no significant change in size
distribution of particles after the functionalization (average d=129.6 nm PDI=0.756), despite
a secondary small peak was found at 531 nm (Figure 4.2) and this was possibly caused by the
one GPTMS molecule attached with more than one nanoparticles, as described in Scheme

4 3c.

Zhang et al. reported the zeta potential for bare silica particles before and after the
functionalization changed from -26.27 mV to +38.07 mV, indicating hydroxyl groups were
converted into GPTMS molecules. Results from Figure 4.7 showed an increase from -0.52 mV
to 21.80 mV and this proved the success grafting of GTPMS. However, compared with bare
silica nanoparticles (-26.27 mV), calcium incorporated particles here showed a zeta potential
of -0.52 mV. The reason for having a less negative result on CaSNPs was because samples
were calcium incorporated and treated by high temperature so the OH groups left on the

surface and the presence of Ca?* ions also brought more positive charges.
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4.4 Conclusions

Monodispersed CaSNPs of 100 nm diameter that contained 16.38 %mol CaO were produced
consistently by using the modified version of Stéber process. The functionalization of CaSNPs
with GPTMS did not give a same result as for silica SNPs from the literature. FTIR was not
sensitive enough to determine the existence of GPTMS on the particle surface since the
amount of attached GPTMS were too small. Raman spectra and TGA were reliable techniques
for characterizing the alkyl group from GPTMS and it showed that CaSNPs were more difficult
to graft with GPTMS compared with SNPs as they have lost majority of hydroxyl groups on
the surface during the 3 hours of calcination process. In addition, plasma treated CaSNPs have
shown a chance that hydroxyl groups could be re-activated on the surface and then react with
GPTMS, although the final amount of grafted molecules, as calculated from TGA results, was
still lower than for SNPs. The overnight reaction between GPMTS and the particle only lost
3.51%-4.40% of calcium from particles. By showing aggregated clusters, SEM images provided
a hypothesis on how GPTMS contacted with particle surface that one GPTMS molecule may
has attached with two or three nanoparticles instead of one. Aggregation was confirmed by
the DLS results on CaESNPs with the appearance of a second peak at a higher diameter. Zeta
potential showed a less negative charge on CaSNPs, compared to SNPs because of the loss of
hydroxyl groups during calcination and the presence of positive charged Ca?* ions. The zeta
potential for CAaESNPs increased to +21.80 mV by grafting GPTMS molecules on the particle

surfaces.
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Chapter 5 Synthesis and Functionalization of Calcium
Incorporated Mesoporous Silica-Nanoparticles

5.1 INTRODUCTION

Given their ordered meso-structure and biocompatibility, mesoporous silica nanoparticles
(MSNs) are candidates for host matrices of bioactive molecules [171]. The mesoporous
structure with pore size 2-50 nm gives MSNs a high surface area and also a high pore volume
resulting in high loading capacity for drugs and the particles are potentially vehicles for

controlled delivery of therapeutic cations [172].

Having successfully functionalized calcium incorporated dense silica-nanoparticles by using
plasma, mesoporous silica-nanoparticles were expected to be able to host a higher yield of
grafted GPTMS molecules as they have a larger surface area and therefore higher quantity of

hydroxyl groups on the surface is higher, making the plasma treatment unnecessary.

In this chapter, the synthesis method of MSNs and calcium incorporated mesoporous
particles (CaMSNs) will firstly be reviewed. The functionalization method was revisited, as
MSN morphology is different from SNPs. The characterization on GPMTS was carried out in
more detail with solid-state NMR, for the first time, to look at how GPTMS attached to the
particle surface. The calcium release profile was also studied i to see if the presence of GPTMS

on particle surface affects the ion release.

5.2 MATERIALS AND METHODS

5.2.1 Mesoporous silica-nanoparticle synthesis and calcium incorporation (CaMSN)

The synthesis method was modified from Chang et al. [102] and all reagents were purchased

from Sigma-Aldrich.

As shown in Scheme 5.1, the modified method mixed H,0 (500mL), CTAB (1g) and NaOH (2M,
3mL) on a hot plate at 70°C for 10 minutes. After that, TEOS (5 mL) was added dropwise and
stirred for one minute before adding ethyl acetate (5 mL) and stirred for 30 seconds. The
stirring was turned off and solution was left on the hot plate for two hours before

centrifugation. After this, washing process was carried out two times with ethanol and water
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by cycles in ultrasonication bath to remove any unreacted substances. The particles were then
re-dispersed in the 200 mL solution prepared with acetic acid and ethanol (95:5 v/v) and
stirred at 70°C for one hour to remove the surfactant CTAB. Acetic acid was removed by using
centrifugation and washing cycles three times with water and Ca(NOs); - 4H,0 (6.88 g) was
added into the solution during the last wash cycle. The particles were transferred to the 60°C
oven for drying overnight. Finally, calcination was carried out at 680°C for three hours at the
heating rate of 3°C/min and particles were washed three times with ethanol to remove any

excess calcium before drying again at 60°C.
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Scheme 5.1 - Scheme of synthesis of MSN with CTAB as surfactant for templating.
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5.2.2 Surface functionalization of calcium incorporated mesoporous silica nanoparticles
with GPTMS (CaMSN -> MCE)

The method used for producing MCEs was the same as the one for making CaESNPs described
in Section 4.2.2 except that the reaction temperature was increased to 105°C instead of 70°C
(Scheme 5.2). Although mesoporous particles did not need plasma treatment for regaining
the hydroxyl groups, they need extra pre-treatments to remove all the water molecules
trapped in the mesopore channels by using Schlenk line vacuum drying at 70°C for 30 minutes
and then degassing with toluene for 30 minutes. Theoretically, functionalized nanoparticles
should be dried and stored in the vacuum oven but due to the limitation of the lab equipment

MCEs were dried in the 60°C conventional oven and stored at the desiccator [167].

Argon Gas

Water

Dried CaMSNs

Scheme 5.2 - The apparatus for mesoporous particle functionalization.

5.2.3 Particle characterisation

The same characterisation methods for dense nanoparticles described in Section 4.2.4 were
also used here. TEM for analysing the particle morphology, DLS for particle size distribution
and FTIR, Raman, Zeta potential along with TGA/DSC for characterisation of grafted GPTMS.
In addition, nitrogen adsorption, solid-state NMR and dissolution studies were also conducted

to give a more solid understanding on the interaction between GTPMS and CaMSNs.
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Nitrogen adsorption BET analysis. This analysis was used to show how GPTMS changed the
particle size and the pore sizes. A 40 point adsorption/ 40 point desorption isotherm was
obtained and BET analysis from 0.1 to 0.25 cc.g™* performed. DFT was used as the equilibrium
model to determine the pore size distribution in the relative pressure range form 1x107 to

0.5.

Solid-state NMR analysis. 2°Si solid-state MAS-NMR analysis was performed by Nicole Kelly
at Warwick University. Considering the amount of GPTMS attached to the particle surface
might be very small, this technique can accurately show the presence of T" species that is
given form the GPTMS to prove the GPTMS is successfully grafted on the particle surface.
CaMSNs samples made with 0 mmol/g, 1 mmol/g and 4 mmol/g of GPTMS were sent for

characterisation.

Dissolution study. The study was done in Minimum Essential Medium (Gibco® MEM no
calcium, ThermoFisher Scientific) with antibiotics (1% v/v) added. 37.5 mg of each sample was
re-dispersed with 3 mL of MEM and pipetted into SnakeSkin Dialysis Tubing (3.5K MWCO, 16
mm dry |.D), which was sealed with dialysis tubing clips (Spectra/Por®) and put into a pot with
a total MEM volume of 25 mL (Scheme 5.3) [162]. All samples were then incubated at 37°Cin
an orbital shaker (IKA 3940001 KS 3000 i Control Incubating Shaker) at 120 rpm. At each time
point: 1 h,2h,4h,8h,24 h,48 h, 72 h and 168 h, 1 mL of solution was taken from the pot
and refilled with fresh MEM. The taken solution was diluted 10 times with 2 M nitric acid and
analysed by using ICP-OES. When the study was finished, particle samples in the pot were
collected, dried and washed by ethanol as they were then prepared for TEM bright field

imaging.
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5.3 RESULTS AND DISCUSSION

5.3.1 Calcium incorporated mesoporous silica-nanoparticle (CaMSN)

With the method established by Chang et al., CaMSN (SiO,-Ca0) particles synthesised had a
random shape and larger size than expected as shown in the TEM image (Figure 5.1). As the
author did not specify the stirring rate during the synthesis, three different experiments were
done with a stirring rate of 400 rpm, 500 rpm and 750 rpm to see if it can affect the particle
shape. TEM images showed that as stirring rate increased, the particles became more
spherical and a more uniform size distribution were achieved. Lin et al. suggested that
mesoporous particles synthesis were highly affected by the concentration of silica-surfactant
micelles and in order to achieve a smaller particle size it is important to keep a high stirring

rate to reduce the micelle concentration which can finally suppress the particle growth [173].

200 [m

Figure 5.1 - TEM images of MSNs synthesised with different stirring rate: a) 400 rpm, b) 500 rpm and c) 750
rpm.

After MSNs can consistently produce by using a stirring rate of 750 rpm, the method of
surfactant removal was also modified. The original method from the literature was to treat

particles at 550°C for 16 hours to burnout all the CTAB. However, Niinisto et al. reported

80



there is a significant loss on the hydroxyl group from silica at the temperature of 550°C [174].
Hydroxyl groups were needed for the reaction between particles and GPTMS and more
hydroxyl groups means a higher yield of grafted GPTMS might be achieved, so a new method
to remove the surfactant CTAB was introduced. Following the method reported by Aime et
al., acetic acid was used to extract the CTAB by using CH3COO" bound with CTA* and washed

out by water two times [175].
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Figure 5.2 - FTIR spectra of MSNs treated by two different methods of removing CTAB.

FTIR analysis was also performed on washed sample and the result shows there was only a
small amount of acetic acid left, causing the noisy vibration bands at 2000 cm™ and 3600 cm"
1 (Figure 5.2). Also, by comparing the Si-OH band at 990 cm™, the acetic acid washed sample
clearly possessed more hydroxyl groups compared to the sample treated at 550 °C, which
confirmed this modified method was an effective way to produce CaMSNs while preserving

hydroxyl groups.
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Figure 5.3 — TEM images of MSNs (no calcium): a) pore facing to the camera, b) channel
view and c) pores that were blocked by CTAB. Particles shown here all have a diameter
of 82nm % 5nm

Figure 5.3 illustrates the view on a MSN (no calcium) from three different orientations under
the TEM and ordered pores were seen by looking through from the pore channel (Figure 5.3a)
and a stripe pattern was seen by looking at the channels (Figure 5.3b). However, the TEM
image also showed that there was still a small number of particles with CTAB left blocked
pores (Figure 5.3c) but this should not be a concern because the heat treatment at 680°C for

CaMSN sample would remove the any CTAB remained.
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Figure 5.4- TEM images of CaMSN: a) all particles lost porosity and b) some particles still showed visible
pores.

TEM images (Figure 5.4) also revealed the change of MSNs after the addition of calcium
(CaMSN). The general morphology and particle size remained unchanged but many particles
lost their porosity. There were still some particles with visible pores (Figure 5.4 b) which
means not all the particles were fully loaded by calcium and adding a higher calcium

concentration into particles is suggested in the future.
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Figure 5.5 - DLS size distribution for mesoporous particles before and after the functionalization with
GPTMS. Representative values were chosen for this graph.

DLS was also performed on mesoporous particles and gave an average diameter of 80.4 nm
(PDI=1), which was similar to the literature. The results for GTPMS functionalized mesoporous
nanoparticles MCE was also shown in Figure 5.5 and it showed a broad peak at 428.7 nm (PDI
0.174). The reason for having a larger diameter value and broader peak was the same for
what happened on CaESNPs: a single GPTMS molecule attached to more than one
nanoparticle and also GPTMS molecules may had changed the zeta potential of the particles

in the solutions.
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5.3.2 The functionalisation of CaMSNs with GPTMS (CaMSNs -> MCE)
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Figure 5.6 - Zeta potential measurements for all particles before and after the functionalization with GPTMS.
Representative values were chosen for this graph.

Zeta potential measurements of the mesoporous nanoparticles are shown in Figure 5.6, which
also includes the zeta potential data for dense particles from Chapter 4 to allow comparison.
Both un-functionalized CaSNPs and CaMSNs fell in the same region, while the values for both
functionalized particles shifted to more positive values. The reason for this shift was explained
in Section 4.3.2 and is due the GPTMS grafted on the particles surface replacing hydroxyl
groups. The zeta potential value for CaMCEs (+52.1 mV) was more positive compared with
CaESNPs (21.8 mV), which provided an evidence that calcium incorporated mesoporous

nanoparticles were grafted with more GPTMS compared with dense particles.
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Figure 5.7 - FTIR spectra of: a) CaMSN and b) MCE. Left: wavelength 500-2500 cm™ Right: wavelength
2500-4000 cm™.

FTIR was also performed on mesoporous particles before (Figure 5.7a) and after (Figure 5.7b)
the functionalization. Spectra from both CaMSNs and MCEs showed distinctive peaks similar
to dense silica nanoparticles, with bands at 1055 cm™ and 800 cm™ corresponding to Si-O-Si
and Si-O stretching [176]. At the wavelength range of 2500-4000 cm™, a dual band was found
at 2884 cm™ and 2947 cm on functionalized MCE samples, representative of alkyl C-H
stretching [167], which were not present in the spectra of dense nanoparticles samples.
Although the relative absorbance for the alkyl bands are low compared with main peaks on

the range 500-2500 cm™, they do indicate the presence of GPTMS in the MCEs.
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Figure 5.9- Raman spectra of: a) CaMSN and b) MCE.

Raman spectroscopy was also performed. CaMSNs (Figure 5.8 a) showed a strong signal at

2880 cm™, which represented OH groups. At this point, the Raman spectrum did suggest that

100 -
98 4
96
. 944
§ E
< 924
a .
s 90-
88 -
86 1 CaSNP
ol CaMSN
CaESNP plasma
824 —— MCE
! | b 1 b I > ) L3 ) ok ) ! L] b 1
0 100 200 300 400 500 600 700 800

Temperature (°C)

Figure 5.8 - TGA analysis on both dense and mesoporous nanoparticles before and after the
functionalization with GPTMS.

after the calcination, CaMSNs contained a higher quantity of hydroxyl groups than dense
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nanoparticles (CaSNPs). Spectra of the functionalized particles (MCEs), on the other hand,
showed multiple peaks at 2790 cm™, 3010 cm™ and 3065 cm?. As discussed already in Section
4.3.2, these were peaks from CH;, O-CH and CH=CH bonds are contributed by GPTMS and
toluene. FTIR and Raman spectra suggested that calcium incorporated mesoporous silica-

nanoparticles were feasible for grafting with GPTMS without plasma treatment.
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Figure 5.10 - TGA (top) and DSC (bottom) results of top: a)&c) particles without drying treatment and b)&d)
particles treated with an extra drying process prior to the functionalization.
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TGA analysis was also used to compare the amount of GPTMS attached on MCEs with those
attached on CaESNPs (Figure 5.9). By using the Equation 4.1, it was found that CaESPN
plasma treated samples had 4.05 wt% (17.12 umol/g) of GPTMS while mesoporous MCEs
had 10.19 wt% (43.22 umol/g) when both samples were exposed to 1 mL of GPTMS during
synthesis. A significant weight loss for CaMSNs and MCEs occurred before 100°C which did
not happen to the dense particles and this was contributed by the evaporation of water
molecules trapped in the pores.

Having known the fact that the amount of GPMTS can be grafted onto mesoporous
nanoparticles were more than 2 times higher than plasma treated dense nanoparticles, it was
interesting to investigate the maximum capacity of CaMSNs when grafting with GPTMS.
GPMTS with concentration of 1 mmol/g, 2 mmol/g, 4 mmol/g and 8 mmol/g were added into
the CaMSN solution during the synthesis and analysed by TGA/DSC. The results (Figure 5.10 a
& c) showed an unexpectedly low yield of grafted GPTMS. In addition, the mass percentage
of all samples dropped to ~90% before reaching 100 °C. This mass loss was from the water
molecules trapped in the pores. After reviewing the synthesis method, the reason for having
this huge mass loss from water and low GPTMS vyield was attributed to the samples were
stored in a 60 °C oven prior to the functionalization, which was not dry enough to get rid of
all the water molecules and these water molecules interrupted the alcohol condensation
reaction by hydrolysing the methoxysilane groups from GPTMS. The method was modified by
drying CaMSNs under vacuum at 70 °C for 30 minutes and then degassing in toluene for
another 30 minutes and also, the reaction temperature was increased from 70 °C to 105 °C.
Extra-dried MCE samples made by the modified method were then also been analysed by
TGA/DSC (Figure 5.10 b & d) and result showed a significant increase in GPTMS vyield.

Calculated values for extra-dried samples and un-dried samples were listed in Table 5.1.

Table 5.1 - The amount of GPTMS grafted on the mesoporous particles surface calculated from TGA results.

TMS feed in
1 mmol/g 2 mmol/g 4 mmol/g 8 mmol/g

Sample
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Un-dried,

1.02 0.65 1.18 1.09
GPTMS wt%
Extra-dried,

9.33 10.09 11.57 11.73
GPTMS wt%
Un-dried,

4.32 2.71 4.99 4.61
GPTMS umol/g
Extra-dried,

39.48 42.69 48.95 49.63

GPTMS umol/g
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5.3.3 The effect of GPTMS on CaMSNs
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Figure 5.11 - TEM images and corresponding EDS results for a) CaMSN and b) MCE.

After MCEs could be made consistently, it was important to understand how GPMTS
molecules affect the morphology of mesoporous nanoparticles on the surface and also the
inner-surface of pore channels. He et al. reported that [122] the particle size increased after
the addition of GPMTS and Luzinov et al.[177] reported that the monolayer of GPMTS formed
on silica surface was about 1 nm. However, the size change reported from literature was
unable to be captured by using TEM (Figure 5.11b) or DLS accurately. In order to carry on the

study, nitrogen adsorption BET analysis was then performed.
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Figure 5.12 - Nitrogen adsorption of mesoporous particle
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Figure 5.14 - Pore size distributions of mesoporous particles with different
amounts of GPTMS. according to DFT calculations from the gas sorption
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Figure 5.12 showsed gas sorption isotherms of the functionalised mesoporous particles. All
samples produced type IV isotherms, which are typical of mesoporous adsorbents [153]. The
circled region represents the capillary condensation phase and they were all still rising steeply,
indicating that some large pores are present, which was possibly caused by pores the
aggregation between particles after the incorporation of calcium. Also, this steep slope might
also be caused by the fact that pores are highly connected. By comparing the samples before
and after adding the GPTMS, functionalized MCEs have a much lower gas uptake in the
monolayer region (difference illustrated by the black arrow). This indicated a significant
lowering of the surface area on MCE samples. The beginning value of CaMSN samples was
much higher than for MCEs, which indicated that some of the surface and possibly mesopores

were blocked by the treatment, lowering the overall surface area.

Table 5.2 - Surface area and pore size calculated from nitrogen adsorption data

Specific surface area (BET) | Modal pore diameter
Pore volume (DFT) [cc/g]
[m?/ g] (DFT) [nm]
CaMSN 144.52 2.583 0.079
MCE_1mmol/g 62.50 2.941 0.046
MCE_2mmol/g 58.55 3.179 0.036
MCE_4mmol/g 56.78 3.537 0.033
MCE_8mmol/g 47.81 3.775 0.029

As shown in Table 5.2, surface area of all samples was calculated using 4-point BET and the
surface area for CaMSN (144.52 m?/g) was much lower than the surface area of MSNs (700 —
1500 m?/g) reported in literature [98][178]. This was caused by the effect of adding calcium
into the silica network as calcium ions acted as a network modifier which means they

expanded the silica network because of their large ionic radius [179][180].

There was a significant drop in surface area when GPTMS was introduced and the more
GPTMS added into the system, the smaller surface area was. In addition, the DFT plot (Figure
5.13) showed that at the pore size region 0-10 nm, MCE pores smaller than 8 nm gave very
little contribution to the cumulative pore volume (the region highlighted by red rectangle),
compared with un-functionalized CaMSNs. By looking at the pore diameter and pore volume
calculated form the DFT graph (Table 5.2), it was discovered that with more GPTMS added

into the particle system, a larger diameter and smaller pore volume were achieved. The
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reason for pore diameter calculated from DFT graph is increasing instead of decreasing can
be explained by using Figure 5.14. In these graphs, the higher the peak was, the more volume
was contributed by corresponding diameter on the x-axis. The highest peak for CaMSN was
0.0196 cc/nm/g while the other 4 figures for MCEs were 0.0073-0.0088 cc/nm/g which were
significantly smaller and this was caused by the closing of small pores. Since small pores were
all closed, only larger pores were counted and as a consequence the average diameter of

these MCE samples were bigger.

FEES

/ N\ GPTMS molecule

Scheme 5.4 - The sketch of how GPTMS blocks the mesopores within a
nanoparticle.

The information obtained from nitrogen adsorption results suggested that GPTMS molecules
did not only attach to the outer surface of mesoporous particles, but they had also been
grafted on the inner surface of meso-channels and finally blocked pores (Scheme 5.4). Heat
treating the samples at 680 °C for 3 hours for calcium incorporation removed some hydroxyl
groups on the outer surface but hydroxyl groups on the inner surface (channel surface) were
likely to remain in a higher density even after the calcination.Therefore, GPMTS molecules
could be grafted on hydroxyl groups within the pore channels instead of on the surface, which

can also explain why there was no significant MCE particle size change observed by TEM.
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The interaction between GPMTS and mesoporous nanoparticles has been understood on a
macro view by using nitrogen adsorption. Solid-state NMR was then performed to give an

understanding on the micro view of how GPTMS affects the mesoporous network structure.

Table 5.3 - Chemical shifts and relative percentage abundance of silicon T and Q species obtained from 2°Si
solid state NMR with resulted degree of condensation and total T fractions.

Q Qt Q? Q3 Q*

Species | &, [ppm] 11%] | iso [ppm] 1{%] | 8iso [pPM] 1{%] | 8iso [ppm] 1[%]
CaMSNs | -83.6 9.7 | 922 219 | 986 168 | -106.8 515
MCE_1 | -80.2 4 -88 9.4 | -983 422 |-1088 39.1
MCE 4 | -80.6 134 | -88 84 | 965 366 |-107.5 333
T T1 T2 T De T/(Q+T)
Species | &, [ppm] 1[%] | 6iso [ppm] 1{%] | &iso [ppm] 11%] | (%] (%]
CaMSNs | N/A N/A | N/A N/A | N/A N/A | 75.05 0

MCE 1 | -47.7 18 | -546 25 | 63 1 77.90 53
MCE 4 | -49.3 3 -56.3 29 | -645 24 | 68.95 8.3

Samples prepared with no GPMTS (CaMSNs) and those functionalized with 1 mmol/g (MCE_1)
and 4 mmol/g (MCE_4) of GPTMS were sent for solid-state NMR analysis. A summary of data
is shown in Figure 5.15 (page 95) and the corresponding quantitative results are calculated in
Table 5.3. By comparing the samples before and after the functionalization, the appearance
of peaks for T" species (C-Si(O-Si)nNBO») at range -47.7 ppm to -64.5 ppm on MCE samples
indicates the success of GPTMS grafting. For *H MAS spectra, the broad peak from CaMSN
samples became sharper when they were functionalized to MCEs and this is also given by the

GPTMS.

Considering the Q" species from Table 5.3, MCE samples showed a large relative decrease in
both Q? and Q' units compared to unfunctionalizes CaMSNs. Q2 was contributed by the
(OH),Si(0-Si)2 combination at the surface of particles, when GPTMS molecules were
introduced the reaction between them took over the OH bonds. However, after GPTMS
molecules reacted with hydroxyl groups on the surface and formed Si-O-Si bridges, only Q3
showed an increase while Q* decreased. This suggested that not both of the OH groups from
Q2 units were used by GPTMS, but in the most cases only one of the hydroxyl groups was used

and left a Q3 structure.
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Scheme 5.5 - The proposed change of Q species at the surface of a nanoparticles during functionalization
with GPTMS.

Considering the T" species from the table, a T3 structure indicated the total condensation of
a GPTMS molecule. Comparing the T fraction (T/(T+Q)) of both MCE samples, MCE_4 (8.3%)
shows a larger value than MCE_1 (5.3%) which means there were more GPTMS molecules
attached when a higher amount of GPMTS was introduced during the synthesis and this result
confirmed the data from TGA. In addition, the appearance of T! and T? on both MCE_1 and
MCE_4 indicated that not all the methoxysilane groups were condensed so the product

sketched in Scheme 4.3 was inaccurate and it was re-drawn in Scheme 5.6 below.

13C MAS spectra (Figure 5.15) were also performed but because of the amount of GPTMS

attached were relatively low, no noticeable signal was given from the analysis.
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Scheme 5.6 - The plot of functionalized nanoparticles.
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Figure 5.16 — Elemental concentrations and pH in MEM following immersion of for mesoporous particles.
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Figure 5.17 - TEM images of mesoporous particles 7 days after the dissolution study in MEM : a) CaMSNs,
b) MCE1mmol/g, c)MCE2mmol/g, d)MCE4mmol/g and e)MCE8mmol/g.

The dissolution studies (Figure 5.16) were performed on CaMSNs and MCEs with 1 mmol/g, 2
mmol/g, 4 mmol/g and 8 mmol/g of GPTMS fed during the synthesis to understand the effect
of GPMTS on ion release and MEM (pH 7.6) was chosen to mimic the extracellular
environment for nanoparticles. After 7 days of study, TEM images (Figure 5.17) were taken

on washed samples to investigate the morphological changes.

The Ca?* release profile showed all samples had a burst release in the first 24 hours and then
the total concentration went down till the end of the study. By focusing on the first 24 hours,
MCE samples had a continuous release of calcium for the first 4 hours while calcium released

from CaMSN samples has reached its peak value in the first hour. This suggested that GPTMS
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on the particles surface had slightly slowed the calcium release by forming layers around

particles.

The reason for the decreasing of calcium concentration in MEM after 4 hours for all samples
can be explained by also considering the result of phosphorous profile. Phosphorus content
in the MEM decreased which indicated that released calcium ions formed calcium phosphate
with phosphate ions before they escaped the dialysis tubing and then precipitated back on
the particle surface. In both calcium and phosphorous profile, meida containing CaMSNs had
the lowest concentration of P by the end of the study, which could be the indicative of GPMTS
interrupting the precipitation of calcium phosphate on the MCE particles, which was
supported by comparing the TEM images. From TEM images, hollow particles were found in
MCE samples (figure 5.17d) but precipitates observed were less compared to CaMSNs (figure
5.17a).

The Si release profiles look similar for all samples. They all showed a quick release on the first
day, which followed a similar trend to the calcium ions, and then entered to a plateau after
48 hours. This can be explained by checking the pH values during the degradation. The quick
released Ca%* exchanged with H* ions in the MEM, causing an increased in the solution pH in

a short time which can promote the breaking of Si-O-Si bonds.

5.4 Conclusions

In this chapter, monodispersed spherical calcium incorporated mesoporous nanoparticles
were made with the size 80-100 nm and the method was modified in order maintain a higher
hydroxyl group density on the particle surface and a shorter total preparation time (from 4

days to 3 days).

Functionalized MCE particles showed consistent behaviour compared to dense particles in
terms of DLS/zeta potential, FTIR, Raman and TGA results. In addition, TGA results showed
mesoporous silica-nanoparticles can provide a better silica surface for grafting GPTMS
compared to dense nanoparticles. However, results also showed that the yield of GPTMS
grafting did not increase linearly with the amount of GPTMS added in during the synthesis.
Although CaMSNs can functionalize with GPTMS without plasms treatment, in order to reach

a higher yield in the future application, plasma treatment is recommended.
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Nitrogen adsorption analysis was applied on MCE samples to investigate how GPTMS
molecules distributed on the particles surface and the results suggested that small pores were
likely blocked by the addition of GPTMS. The use of solid-state NMR confirmed the success of
grafting GPTMS on the particles surface and confirmed the result from TGA that GPTMS
concentration on particle surface increased with the amount added during the synthesis,

however, not all the methoxylsilane groups were condensed.

Finally, the dissolution profile showed GPTMS molecules on the particle surface did slow
down the release of calcium and the formation of calcium phosphate has also been slowed

down consequently.
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Chapter 6 Functionalized Bioactive Mesoporous Silica-
Nanoparticles in Silica/PTHF/Polycaprolactone

Hybrids

6.1 INTRODUCTION

Inorganic-organic hybrid sol-gel materials have indistinguishable components above the
nanoscale and this nano-scale interaction enables them to degrade congruently and have
tailorable mechanical properties [53]. However, the majority of hybrid materials do not have
bioactive cations incorporated, like calcium for example, and this was because the

conventional way to incorporate cations needs high temperature treatment (>450°C) [4].

To address this problem, MCEs were introduced into a class IV PCL based hybrid system in this
chapter. As MCEs can be prefabricated to contain cations, the role of MCEs is the carrier of
cations to help the PCL hybrids become bioactive. Calcium was chosen as the bioactive cation.
The reason for choosing this PTHF/PCL/SiO; hybrid system invented by Tallia et al. [10] was
because this hybrid system used GPTMS as a coupling agent, as well as a polymerization
initiator. MCEs have GPTMS on both inter- and outer surface which were expected to
covalently bond to this hybrid system. Also, the mechanical properties of this hybrid system
were tailorable, which means with different cations incorporated into the GPTMS
functionalized mesoporous nanoparticles, the hybrid material’s application range could

become wider.

This chapter first reports on the synthesis of the hybrid system with nanoparticle
incorporation and how the original method was modified for MCEs incorporation. After bulk
samples were made consistently, the hybrid silicate network, mechanical properties,
morphology, dissolution profiles and material cytotoxicity were investigated. Hybrid sols were
then prepared for extrusion 3D printing. Inter-connected porous scaffolds were printed and

the impact of MCEs on 3D printing feasibility was studied by using rheometry.
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6.2 MATERIALS AND METHODS

All reagents were purchased from Sigma-Aldrich and VWR and used as received unless

otherwise stated.
6.2.1 Sol-gel synthesis of MCE containing hybrids

The silica/PTHF/PCL synthesis method was modified from Tallia et al. [10]. The general

procedure can be divided into 3 steps as shown in the flow chart.

1. Preparation of Synthesis of MCE
MCE (calcium incorporated
mesoporous particles
+ GPTMS)

Functionalization of PCL-diol (PCL-> 2. PCL oxidation
PCL-diCOOH)

Formation of the

TEOS hydrolysis PCL/PTHF organic
network

Sample casting, ageing
and drying

3. Hybrid sol-gel synthesis

Figure 6.1 - Flowchart for making nanoparticles contained hybrids.

Preparation of MCEs. GPTMS functionalized MCEs were produced by using the method
described in Chapter 5 with the last drying process modified. Particles were reacted with
GPMTS molecules overnight then washed twice with THF and then re-dispersed in 5 mL of
THF by using ultrasonication bath. The THF solution containing MCEs was then kept for later
use. The reason for not drying MCEs and using them directly in THF is to avoid the ring opening

reaction of epoxide rings on GPTMS molecules in the 60°C oven.

Oxidation of polycaprolactone diol (M, = 530 Da). PCL diol were oxidized so that the OH end
groups became carboxylic groups. This was done by using Anelli’s oxidation reaction [181].

2,2,6,6-tetramethyl-1-piperidinyloxy (TEMPQ) was used as the catalyst in a biphasic system
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containing acetonitrile and water [182]. As illustrated in Figure 6.2, the overall oxidation
reaction can be divided into 2 stages. In the first stage, bleach (NaOCl) worked as the
stoichiometric oxidant that reacted with KBr giving HOBr. The existence of HOBr then
converted the TEMPO radical into oxoammonium salt, which is a catalytic primary oxidant
that then converted the primary alcohol into aldehyde. At the end of stage one, the
oxoammonium salt was transferred into hydroxylamine. The hydroxylamine was oxidized and
converted by HOBr to a TEMPO radical at the beginning of the stage 2, at which point a second
catalytic cycle was done to give the final product. In order to boost the reaction, sodium

bicarbonate (NaHCO3s) was used to provide a less basic environment (pH=8.6).

R-CH,OH basiccondlionS s R-CHO <« R-CH(OH) ——» R-CO,H

Mechansm as in the
Cataltic primary oxidation of alcohols
oxidant: into adehydes
oxoammonium salt
Meﬂ 7Qr
Primary oxidant: % Me

Oxcammoniumsalt Me 1 Me rl\| Me Hydm"y'am'"e
Catalytic secondary e
oxidant: HOBr /
Secondary Secondary
—_
HOBr —— BrO oxidant E‘Q oxidant
Me 1 Me
>—< S,
Stoichiometric TEMPO radical

oxidant HOCI

O

Figure 6.2 - The mechanism of Anelli's oxdiation (modified from [182])

In this oxidation procedure, 3 g of PCL diol (5.66 mmol) were dissolved in 45.70 mL of
acetonitrile (CH3CN, anhydrous 99.8%). While stirring at 400 rpm continuously, 12.30 mL of
saturated NaHCO3 was firstly added followed by 4.53 mL of KBr (2.26 mmol in water) and
11.32 mL of TEMPO (1.13 mmol in acetonitrile). The solution was then left mixing for 1 hin a
sealed glass round bottom flask. After the solution was perfectly mixed, a total amount of
74.04 mL of bleach (NaOCl, 5 vol.%) was added at 4 time points. The first time point was 1 h
after mixing everything with vi = 29.02 mL, the second time point was 4 h after the mixing
with vz = v1 =29.02 mL, the third time point was at 7.5 h after the mixing with vs = 8.0 mL and
the last adding time point was 24 h after the mixing with v4 = vz = 8.0 mL. After all the addition
of the bleach, the solution was left mixing for another 3.5 h and then HCI (37 vol.%) was added

to adjust the solution pH from 8 to < 3 to convert anion (-COO") into carboxyl group (-COOH).
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The solution was then stirred for another 2 h and CH3CN was removed by using the Rotavapor
(Buchi Labortechnik AG) at 40 °C and 226 mbar. The residue solution was mixed with ethyl
acetate so the oxidised PCL diol polymers were extracted via solvent exchange and this was
repeated 3 times. Na>SOs was added into the ethyl acetate solution containing ox-PCL to
remove any water remained and then the solution was transferred to the Rotavapor again to
remove the ethyl acetate at 40°C and 240 mbar. The final ox-PCL diol product was stored at

desiccator for at least 12 h before use.

Preparation of the hybrid sol. Hybrid materials containing MCEs synthesised in this project
were at a target organic : inorganic weight ratio of 80:20, by modifying the method

established by Tallia et al. [10].

To successfully synthesise the hybrid sol, both inorganic and organic sols had to be prepared
separately. The synthesis of inorganic sol followed the TEOS hydrolysis and condensation
reaction described in Section 2.4.2. Here, 4.29 mL (4 g) of TEOS was hydrolysed with 1.59 mL
of water and 0.53 mL of HCL (2 M) by mixing together at 800 rpm and stirring for 1 h. The

hydrolysed sol was then ready to mix with the organic-MCE sol.

The mechanism of synthesis of organic-MCE sol was similar to the original method described
in Section 2.7.3. A schematic of the proposed reaction is shown in Figure 6.3, the epoxide ring
on the particle surface was hypothesized to be activated by boron trifluoride etherate
(BF30OET3), which then would progress to the intermediate stage I. The presence of THF should
trigger nucleophilic attack to take the compound to intermediate stage Il. The ring opening

polymerization at this moment would then be triggered for chain growth.
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Figure 6.3 - Schematic of the proposed ring opening polymerization mechanism between MCE and THF.

In this synthesis, 1 g of oxidised PCL-COOH diol was dissolved in 5 mL of THF (anhydrous,
99.9%) and stirred for 15 minutes. MCEs (0 mg — 250 mg) in the THF, prepared by following
the method described above, were added into the PCL solution which then made up a 10 mL
solution. The PCL concentration in THF was 1 g/mL. The solution was then treated in the
ultrasonication bath for 10 minutes and then stirred for 10 minutes at 800 rpm before the
addition of 833 uL of GPTMS. After another 15 minutes of mixing, 116.4 pL of BFsOET, was
added into the solution and then mixed for 1 h to let the ring opening polymerization occur.
The polyTHF-PCl polymer network was also formed during this time and the reaction
mechanism was described in the Section 2.7.3. Finally, the hydrolysed TEOS inorganic sol was
added into this organic-MCE sol dropwise which then mixed to give the hybrid sol (Scheme

6.1).
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Scheme 6.1 - A proposed drawing of of nano-PCL hybrid network.

6.2.2 The making of cylindrical and disc bulk samples

After hybrid sols were made, they needed to be casted into solid bulk samples for the further
characterisation. Cylindrical shaped and disc shaped samples were made with Sample IDs

starting with HMC_ followed by the amounts of MCEs added during the synthesis.

For casting cylindrical shaped samples, hybrid sol prepared was further mixed for another 15
minutes to make sure the sol was getting more viscous before pouring into the moulds. The
cylindrical moulds were PTFE with an internal diameter of 15 mm and height of 25 mm.
Moulds were placed in the PMP containers (Nalgene) and then hybrid sols were transferred
into the moulds carefully by pipetting. The PMP containers were then sealed (screw tops) and
placed in the 40 °C oven for 7 days in order to let the sol aging, further polymerized and gelled.
After 7 days, sealed PMP container lids were slightly loosened day by day to let the sample

fully dry. After 20 days, samples were removed from the oven and ready for characterisation.
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For casting disc samples, a similar manufacture route was followed. The moulds used for
making disc samples had a diameter of 130 mm with a height of 40 mm and PMP containers
were not needed. After samples were transferred into the moulds, aluminium foil was used
to wrap over and seal the moulds (4 layers). After 7 days of aging, the first layer of aluminium
foil was removed and the other layers were removed every 4 days. Samples were ready to

use when all the aluminium foil layers were removed.
6.2.3 3D printing of the MCE containing nano-hybrid

The advantage of the sol-gel process is that the hybrids could be potentially capable of being

printed directly from sols by using extrusion printing.

Hybrid ink preparation. Following the process of making hybrid sols described (Section 6.2.1),
the sol was left stirring for 15 minutes with the reaction container lid on. After 15 minutes,
the lid was removed and the solution was stirred for another 15 minutes to make the sol more
viscous. The time taken at this step differed from sample to sample and was dependent on
the amount of MCEs put in the solution. Details will be discussed in the results section. When
an optimal viscosity of the sol was achieved, it was then transferred into 3 mL luer-lock
syringes (VWR International, UK). Syringes containing the hybrid ink were then capped with
stoppers and wrapped with aluminium foil. They were finally transferred into a -80°C freezer.
The polymerisation reaction stopped due the low temperature and the ink was frozen.

Syringes were stored there and ready to use on the day of printing.

3D extrusion printing. The set up for 3D printing is shown in Figure 6.4. The 3D printer used
in this project is a robotic deposition device (A3200 Robocaster, 3D Inks LLC, USA) while the
scaffold design and printer control used the same software RoboCAD 4.1 (3D Inks LLC, USA).
Conical extruder tips with diameter of 0.20 mm (SmoothFlow™ Tapered Tips, Nordson EFD,
UK) were chosen to connect to the ink syringes. The printing substrate was paraffin paper
which provided a surface that printed filament firmly attached on and when the scaffold was

dried they did not stick to each other.

Before printing, the ink syringe was taken from the -80°C freezer and it took 10 minutes for
the syringe to return to the room temperature. Inks at this stage were still not gelled enough
for printing as the polymerisation reaction stopped during the ink making. An extra time,

ranging from 15 minutes to 70 minutes, was needed to wait at room temperature for inks in
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the syringe to reach the printable viscosity. Time needed at this stage was variable and was
dependent on the amount of MCEs put in and also the room temperature. When the ink sol
was gelled enough to make thread when pushing the syringe, it was ready to print. The
printing time was limited due to the ink becoming over gelled (too viscous). The actual

viscosity and printing window were determined by visual observation as well as trial and error.

Figure 6.4 - The set-up of the extrusion printing device.

Scaffold design and making. The hybrid sol was extruded from the syringe continuously with
a constant force at a speed of 10 mm/s ,which produced a continuous filament The same
design pattern printed by Gao et al.[147] and Tallia et al.[10] was followed, a layer by layer
90° mesh aligned structure (Figure 6.5). The distance between each parallel filament was set
at 0.60 mm and the z-spacing, i.e. the height of each layer, was set to 0.21 mm. A total of 32
layers were fabricated, producing a final dimension of designed cubic scaffold of 12 mm x 12
mm x 6.51 mm. After the scaffold was successfully fabricated, it was immediately transferred
into a PMP container and sealed to avoid the quick evaporation of the sol solvent. It was then
transferred into the 40°C oven, aged and dried by using the same method as described for

the cylindrical bulk samples.
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First layer Second layer The stack of the firsttwo layers

Replicated 15 times, a total of 32 layers

Figure 6.5 - lllustration of the scaffold design. The gap between filaments was 0.6x0.6 mm, length and width
were both 12 mm and the height was 6.51 mm.

6.3 CHARACTERISATION

6.3.1 Chemical reaction study

The oxidised PCL diol and the final hybrid underwent chemical composition analysis to ensure
the correct product was made. FTIR was used to investigate changes in signature bands from
PCL before and after oxidation and also to assess the BFsOET; catalysed polymerization, which
was proposed to open the epoxide ring and formed polyTHF. Although FTIR is an easy tool to
determine the chemical structure, it is restricted by its resolution and band overlap. NMR was
then used to help validate the FTIR results. Proton NMR analysis using CDCls was carried out

on both PCL di-OH and PCL di-COOH samples and also on the polyTHF/PCL organic sol.
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6.3.2 Chemical composition study

The MCE-containing hybrid samples were made targeting at an organic : inorganic ratio of
80:20. TGA/DSC thermal analysis was used to assess if they achieved this ratio. All samples
were made with a fixed PCL-diCOOH : TEOS weight ratio and the only difference was the
amount of MCEs introduced : 0 mg, 50 mg, 150 mg and 250 mg and they were all ground to
powders before the measurement. It was expected that with more MCEs added into the

system, the final weight ratio should shift more to the inorganic part.
6.3.3 Bulk sample macro observation

Both cylindrical and disc samples were made with a fixed PCL-diCOOH : TEOS weight ratio and
the amount of MCEs introduced into the hybrid network was 0 mg, 50 mg, 150 mg and 250
mg. All MCEs were synthesised with similar particle size and the amount of GPMTS added was
4 mmol/g. All samples were compared visually as increasing MCE content was expected to
decrease transparency. In addition, the reaction time for the final hybrid sol becoming viscous,
i.e. the time for polyTHF/PCL/silica/MCE network to start condensing, was also recorded to

investigate if the presence of MCEs affects the reaction.
6.3.4 Bulk sample micro observation and network investigation

Scanning electron microscopy (SEM) was deployed to investigate the morphology of bulk
samples and also the information on MCE distribution in the network. Samples were prepared
in two orientations: top facing and bottom facing, to compare and determine if MCEs had

sunk to the bottom during the synthesis and aging due to the gravity.

With the help from Nicole Kelly at Warwick University, Solid-State NMR was carried out on
samples containing 0 mg, 100 mg and 200 mg MCEs and all MCEs were synthesised with 4
mmol/g of GPTMS fed. The 2°Si single-pulse MAS spectra were obtained and analysed to
calculate the relative amount of Q" and T" species. The degree of condensation was then

calculated and to see how MCEs affect the original hybrid network.
6.3.5 Mechanical testing of bulk samples

Compression tests on cylindrical samples. The mechanical properties of cylindrical nano-
hybrid samples were firstly investigated by uni-axial compressive tests. The machine used was

a Z010 mechanical test machine (Zwic/Roell) with a 10 kN load cell. The compression
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displacement rate was set to 0.5 mm/min. Two sets of samples were prepared for the
compression tests. While all samples were made with a fixed PCL : TEOS weight ratio of 1: 4,
the first set had a same amount of MCEs added into the system however, the GPTMS added
during the MCEs synthesis were different: 0 mmol/g, 1 mmol/g and 4 mmol/g. In the second
set, all MCEs were prepared with the same amount of GPTMS added (4 mmol/g) but the
amount of MCEs introduced to the hybrid system was different: 0 mg, 50 mg, 150 mg and 250
mg. All samples were polished by using sand paper to have a flat surface. The dimensions for
all samples were 10.26+0.11 mm in diameter and 14.39+0.71 mm in height. Tests were

repeated by 3-5 times depend on the number of available samples.

Cyclic (compressive) loading test. Cylindrical samples with different amount of MCEs (0 mg,
50 mg, 150 mg and 250 mg) were tested with the loading cycle with a speed of 0.5 mm/min.
The total cycle was 10 and with a 2 N pre-load while the maximum deformation was set
individually according to each sample’s behaviour. All samples were polished by using the

sand paper and had a dimension of 10.27+0.18 mm in diameter and 13.23+0.87 mm in height.

Tensile test. For disc shaped samples, the Bose Electroforce Series Ill machine was used to
test investigate the behaviour in tension. Rectangular samples with a dimension of 45 mm x
10 mm x 2.11+0.35 mm was cut from the hybrid discs. At both sides of strips, a 10 mm long
length was marked and these spaces were left for gripping (Figure 6.6). The tensile tests up

to failure were carried out with a 220 N load cell and a displacement rate of 1 mm/min.

113



Figure 6.6 - The set-up of the tensile test on a Bose Electroforce machine.

6.3.6 Dissolution study

Dissolution study in SBF. Hybrid samples contained different amount of MCEs were prepared
(0 mg, 50 mg, 150 mg and 250 mg). The priority of this study was to investigate the apatite
formation on the sample surface. More MCEs present in the sample means more calcium
concentration available for HCA formation, while all the 0 mg samples had no calcium.

Samples used for this study were ground to powders with 75 mg per 50 mL of SBF.

Dissolution study in Tris. Different from the SBF study, hybrid samples prepared for Tris
buffer studies had same amount of MCEs (250 mg) but different amount of GPTMS fed during
the MCE synthesis (0 mmol/g, 1 mmol/g and 2 mmol/g). This study was designed to
investigate how the covalent bonding between MCEs to the polymer network affected the
release of the ions. The reason for choosing Tris was because, unlike SBF, the solution had no
calcium source and it did not affect the final calcium release reading. Samples used for this

study were prepared as bulk samples with 75 mg per 50 mL of Tris.
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6.3.7 Cytotoxicity test

The cell study work was carried out by Dr Siwei Li and Dr. Parichart Naruphontjirakul using

MC3T3-E1 preosteoblast and ATDC5 chondrogenic cells.

In vitro cell culture. ATDC5 chondrogenic cell line and MC3T3-E1 preosteoblast cell line (ATCC,
UK) were expanded in basal a-MEM supplemented with 10% (v/v) foetal calf serum (FCS), 100
unit/mL penicillin and 100 pg/mL streptomycin. Cultures were maintained in humidified
atmosphere at 37°C, 5% CO; and 21% 0,. Cells were passaged upon confluence using 500

ug/ml trypsin-EDTA (ethylene diamine tetra-acetic acid).

Cytotoxicity. Cylindrical shaped hybrid samples were ground into powders whether and they
were cytotoxic to the chondrogenic cell/preosteoblast cell was assessed according to ISO
10993-5 [183]and ISO 10993-12 [184]. Conditioned media containing the dssolution products
of the hybrids were prepared by soaking the particles in the media for 72 at a concentration
of 0.2 g/mL in a-MEM at 37°C. Medical grade polyethylene (PE) was used as negative control
(non-cytotoxic) and polyurethane (PU) containing 0.1% (w/w) zinc diethyldithiocarbamate
(ZDEC) was used as positive control (reproducible cytotoxic response). Diluted solutions (25%,
50%, 75% and 100%) were prepared from the dissolution product and 10% (v/v) FCS was

added before the cell viability assessment.

A calorimetric cell metabolic activity assay was used to determine the cell viability based on
the conversion of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) into
formazan. On a 96-well plate, MC3T3-E1 cells were seeded with 1x10* cells per well. Cells
were left to grow in basal a-MEM for 24 h. After 24 h, the media was removed, dissolution
products or controls were added together with fresh basal a-MEM incubated for another 24
h (100 ul/well). The culture media was then replaced by MTT, which was diluted in serum-
free a-MEM at a concentration of 1 mg/ml. After the plate was incubated for another 2 h, the
MTT solution was replaced with 100 pl of isopropanol each plate and shaken briefly to
dissolve the formazan derivatives. The optical density was measured spectrophotometrically

at 570 nm using a microplate reader (SpectraMax M5).
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6.3.8 3D printing - ink and scaffold characterisation.

Rheology test. The effect of MCEs on the hybrid sol gelation time was assessed by using the
rheometer. Hybrid ink samples with different amount of MCEs were prepared for the test (0
mg, 50 mg, 150 mg and 250 mg). Each sample was taken from the freezer and left at room
temperature for 10 minutes to defrost and then tested the shear stress over a shear rate from
1s1to 120 s?tin a 60 s period. Viscosity change was measured over a period of 10 minutes
at a shear rate of 80 s. The machine used was the Discovery Hybrid Rheometer HR-1 (TA
Instruments, UK) with a Peltier plate (diameter = 8 mm) and the set-up was shown in the

Figure 6.7.

-

350-500 pm Hybrid Sample

Figure 6.7 - The rheometer used for testing the viscosity of the inks. The gap between the peltier plate and
the substrate plate was set to 350 or 500 um depended on the ink.

SEM imaging. Dried 3D printed scaffolds were imaged by using SEM. The morphology of the
scaffold was studied and also the effect of shrinkage on the scaffold structure was assessed.

Also, the scaffolds printed in the different printing window were compared under SEM.
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6.4 RESULTS AND DISCUSSION

6.4.1 Oxidation of PCL diol (M= 530 Da)

—— PCL diol (OH)
ox-PCL diol (COOH) C=0 stretch C=0 and C-O-C stretch
e
1800 1750 1700 1650 1600
CHa stretch
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Figure 6.8 - FTIR spectra of PCL diol before and after oxidation.

The FTIR spectra for both PCL-diOH and PCL-diCOOH were obtained (Figure 6.8). The PCL-
diOH was used as a control sample to evaluate the variations after the oxidation process.
From the results, 3 signature bands were shown from the PCL-diOH sample: CH; stretching at
2900-3000 cm?, carbonyl group C=0 stretching at 1720 cm™ and a broad band for hydroxyl
OH stretching at 3500 cm™. For oxidised PCL-diCOOH samples, differences were observed.
The hydroxyl OH stretch band disappeared and instead, carboxylic OH stretch was detected
at 3190 cm™. At 1720 cm’?, the sharp C=0 peak became to a dual peak and this is because the
carboxylic group brought a second species of C=0O bond. There were also various peaks
observed in the range of 1200-1450 cm™ corresponding to the CH; bend and 930-1160 cm™
contributed by the C=0 and C-O-C stretch.
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Figure 6.9 - Proton NMR spectra on PCL diol before and after the oxidiation.

'H NMR analysis on PCL-diOH and PCL-diCOOH was also carried out. All peaks from PCL-diOH
were labelled with the correspondent protons and matched with the literature findings [77]
and the OH groups was detected with a clear signal at peak ‘g’ at 1.93 ppm. The same
procedure was repeated on the PCL-diCOOH samples, the OH peak disappeared meaning
there were no hydroxyl groups present. Instead, a new broad band was detected at 9.78 ppm
which represents the proton involved in carboxylic groups. In addition, peak ‘@’ from PCL-
diOH was split into two peaks in the oxidised samples, which was also the evidence of the

existence of the carboxylic group that affected the adjacent protons.
6.4.2 Hybrid synthesis

The reaction mechanism of forming a polyTHF/PCL polymer network was described in the
literature review chapter, the addition of MCEs was expected to have no effect on this

network formation and this was justified by using the proton NMR.
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Figure 6.10 - Proton NMR spectra in CDCls of solution containing MCE+PCL+THF+GPTMS (bottom) and
solution containing MCE+PCL+THF+GPTMS+BF3OEt2 mixed for an hour (top).

According to literature [10], the polymerisation reaction would not happen unless the Lewis
acid, BF3OEty, is present. NMR spectra were obtained on the solution before and after the
addition of BF3OEt; (Figure 6.10). Signature peaks for the epoxide ring from GPTMS were
observed at 2.60 ppm, 2.77 ppm and 3.13 ppm [83] on samples before adding the BF3OEt;.
Then, 1 hafter the addition, these three peaks disappeared and instead, peaks for polyTHF at
1.58 ppm and 3.37 ppm were observed and this was confirmation of the ring opening

polymerisation.

Although the NMR results show MCEs did not affect the polymerisation, it was found that
with more MCEs introduced, the time taken for the hybrid sol to gel was longer. Samples
shown in Table 6.1 were made with fixed PCL : TEOS (1:4) weight ratio and the hybrid sol
volumes were the same. 1 h after the addition of BF;OEt;, hybrid samples without any
nanoparticles were gelled after 40 minutes regardless of the room temperature while

samples containing 250 mg of MCEs needed more than 70 minutes. To further investigate the
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problem, an extra batch of samples with 500 mg MCEs was prepared and it took 3 days to gel.

The reason for why and how MCEs slowed down the reaction was yet unknown at this stage.

Table 6.1 - Time recorded for hybrids samples to gel. The time was counted from 1 h after the addition of
BF3OEt:

MCEs added to the sol (mg) | Time taken for sol became | Time taken for sol fully set
viscous (gelled)

0Omg ~20 minutes >40 minutes

50 mg ~20 minutes >50 minutes

150 mg ~30 minutes >60 minutes

250 mg ~45 minutes >70 minutes

500 mg N/A >3 days

TGA analysis (Figure 6.11) was conducted on hybrid samples. According to literature [185],
synthesis protocol used should give organic : inorganic composition ratio of 80 : 20 on hybrids
without MCEs. The TGA results showed HMC_Omg had left 23.18% of its weight at 800°C,
which was 3.18% higher than the theoretical value, but by considering there was also a small
amount of weight loss before 180°C, which might be caused by the water and remaining

solvent THF, samples were consistent with the literature.

By introducing the MCEs during the synthesis, TGA results showed the inorganic component
weight percentage for samples with 150 mg and 250 mg MCEs increased by3.28% and 4.22%,
due to the silica network of the particles. However, samples made with 50 mg MCEs showed
a similar weight percentage inorganic as the original hybrid. This can be explained that the
ring opening polymerisation in this synthesis was not a controlled polymerisation and it varied
with room temperature, drying method and solvent evaporation rate, as a result, the final

organic weight ratio in the product might had a minor variation.
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Figure 6.11- Thermal analysis on hybrid samples with different amounts of MCEs added during the synthesis.
Sample HMC were cylindrical hybrid samples contained different amount of MCEs.

6.4.3 Hybrid bulk samples — macro observations

According to the synthesis method established by Tallia et al. [10], hybrid sols were poured
into the moulds immediately after the solution became more viscous. However, samples with

MCEs made in this project showed un-even distributions of MCEs by visual observation (Figure

6.12).

Figure 6.12 - Photographs of 2 hybrid bulk samples containing 250 mg of MCEs each.
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When the hybrids were poured into moulds and placed in the oven, they were viscous but
not gelled. Therefore, particles started to sink to the bottom slowly when there was no stirring.
In order to avoid these un-even distributions of MCEs, moulds containing hybrid sols were
placed on an orbital shaker at 120 rpm in a 37 °C oven for 24 h. After hybrid sols were fully
set, they were then transferred to the 40 °C oven and the same age/dry procedure was carried

out.

Figure 6.13 - Photo of hybrid cylindrical samples made with modified method.

As can be seen from the Figure 6.13, samples made with the new method using orbital shaker
showed an evenly distributed MCEs in the hybrid. However, Samples made with 500 mg of
MCEs, which took 3 days to gel, had a white bottom surface which means majority of MCEs
were still sunk to the bottom even with the help from the orbital shaker. This phenomenon
suggested that the sol-gel reaction did not occur until all particles were sunk. This was
because the high number of MCEs took over a large surface area so the reaction between
other components were physically interrupted. As a conclusion, with a total sol-gel reaction

volume of 15.50 mL, the maximum amounts of MCEs can be added was 250 mg.
6.4.4 Hybrid bulk samples — micro observations

SEM was used to image the sample synthesised with 250 mg MCEs on its top and bottom

section to compare the nanoparticle distribution in a micro view (Figure 6.14). For MCEs in
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the top section, they were more mono dispersed compared with the bottom section, where
an area of agglomeration was observed. Although by visual observation, MCEs were
distributed better by using the orbital shaker during the aging period, SEM images suggest

that there were still more particles sitting at the bottom of cylindrical bulk samples.

Figure 6.14 - SEM images of cylindrical bulk samples. From the top and bottom regions of the cylinders.
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Silica network’s connectivity was then assessed by using 2°Si MAS NMR on hybrid samples

made with 0 mg (original hybrid from the literature), 100 mg and 250 mg of MCEs (Figure

6.15). In addition, the percentage abundance of T" and Q" species was calculated according

to the spectra and listed in the Table 6.2.

/\—j/\)(\ HMC_250mg
=\

20 40 60 80 100 120 140 160 180 200

M b ol
/)O(\

0 20 40 60 80 100 120 140 160 180 -200

HMC_ Omg
20 40 /)-640\ 80 100 120 140 160 180 200

8iso(*°Si)ppm

Figure 6.15 - 2°Si MAS NMR spectra on samples with different amounts of MCEs added
during the synthesis.

Table 6.2 - Chemical shifts and relative percentage abundance of silicon T and Q species obtained from 2°Si
solid state NMR with resulted degree of condensation.

Samples Q? Q3 Q*
biso [PpmM] / biso [PPM] / biso [PPM] l
[%] [%] [%]
HMC_Omg -90.7 1.2 -99.9 21.6 -109.2 55.6
HMC_100mg -89.3 2.1 -99.9 22.7 -108.9 44.6
HMC_250mg -91.5 0.2 -99.6 27.7 -108.7 47.7
Samples T T2 T Dc
8iso [ppm] I 8iso [PPM] I 8iso [PPM] / [%]
[%] [%] [%]
HMC_Omg 55.3 7.3 62.2 189 | 90.22
HMC_100mg -49.2 8.7 -55.7 6.5 -62.2 16.5 80.48
HMC_250mg -50.9 1.7 -56.2 6.5 -62.5 16.2 84.40

124



By looking at the chemical shifts for all Q and T species, variations were relatively unchanged
for samples with different amounts of MCEs and this means the introduction of nanoparticles

did not affect the condensation mechanism but only the rate of the original hybrid system.

The percentage abundance of Q* (55.6%) species decreased when nanoparticles were added
(44.6% and 47.6%) and this was expected, as already discussed in the Chapter 5, MCEs
contained calcium ions which acted as network modifier and decreased the amount of Q*
structures in the nanoparticles and as a consequence they lower the overall Q* percentage

abundance in the hybrid sample.

Considering the T species, the peak for T* was absent in HMC_0mg samples and in contrast,
samples with nanoparticles both showed the presence of T* (8.7% and 1.7%) structures. By
recalling the solid-state NMR results for MCEs in Chapter 5, the T! peaks in nano-hybrids were
contributed by the GPTMS on particle surface. Methoxysilanes from GPTMS did not all
condense into Si-O-Si bonds during the MCEs synthesis, however, in the hybrid synthesis with
the presence of water and hydrochloride acid they remained un-condensed. The possible
explanation for this could be those GPTMS with Q* structures were the ones grafted on the
inner surface of the meso-pores which were then blocked, therefore, the further reaction
could not occur on those GPTMS molecules. The network connectivity calculated for samples
with nanoparticles (80.48% and 84.40%) were lower than the original hybrid samples without

MCEs (90.22%) due to the presence of T* and low Q* structures.
6.4.5 Mechanical testing on bulk samples

After understanding the chemical composition and the network construction, it is important
to investigate how MCEs affected the mechanical properties of the hybrids, which may have

a great impact on the product application.

Compression tests were first conducted on hybrid samples with 0 mg, 50 mg, 100 mg, 150

mg and 250 mg MCEs added during the synthesis (Figure 6.16).
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Figure 6.16 - Compression curves for samples containing MCEs from 0 mg to 250 mg. The final inorganic :
organic weight ratio for all samples was around 23% : 77% and the variation was below 4%.

By comparing the compression stress at failure oc across samples with different amounts of
MCEs, a clear trend was observed: as more nanoparticles were introduced into hybrids, o
increased from 4.04+1.32 MPa (0 mg MCEs) to 5.77+2.41 MPa (250 mg MCEs). However, while
the material became stiffer with MCEs, the strain at failure showed a decreasing trend from

19.57+2.11% (0 mg MCEs) down to 16.18+3.31% (250 mg MCEs).

0)\Q . .
o9 9 — ¢ 9 &}3“ 3
o :
- B>
Q Q
Q McEs
/-\_)Polymers

Scheme 6.2 - Scheme for showing the cylindrical bulk hybrid samples when they were under compression.
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What possibly could have happened in these bulk samples was when they were under
compression, MCEs were packed closer to each other and reduced the space volume that the
organic components could take. As a result, while MCEs provided more resistance to the

compressive force, they also limited the elasticity of the organic network (Scheme 6.2).

Cyclic loading tests in compression were then carried out (Figure 6.17) as it was also very
important to know how samples behave under the continuous loading in the potential bone
or cartilage applications. Unsurprisingly, the results showed a similar trend as the
compression tests. Materials became stiffer when more particles were added in and the
addition of MCEs did not affect the recovery capability of samples. In similar hybrid samples
made with calcium methoxyethoxide (CME) as a calcium source rather than the use of MCEs
[66], a significant stress loss was reported after the first cycle. The literature suggested what
happened was called Mullins Effect — a mechanical softening phenomenon and give rise to
hysteresis, an indication of a viscoelastic behaviour. [186]. Studied by Cantournet et al., when
elastomers were under stress, macromolecular chains slide over each other and cause the
temporary elimination of hard domains through removal of entanglements during sliding
[187]. In the cases of having MCEs in the network, this phenomenon was only significant for
sample HMC_250mg as the presence of large amounts of nanoparticles disorganised the

original polymer network and made it difficult to recover.

5 =
— HMC_Omg
1 —— HMC_50mg
44 ——HMC_150mg
— HMC_250mg
g
=
[72]
@ .
g
h 2
1 -
O ] ] )

Strain(%)

Figure 6.17 - Cyclic loading tests for hybrid samples with 0 mg, 50 mg, 150 mg and 250 mg of MCEs added
during the synthesis. A total of 10 cycles were conducted.
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Finally, disc samples were used to investigate how MCEs affect the mechanical behavior in
tension. Before the test samples were cut into strips (Figure 6.18), compared with cylindrical
bulk samples, strip samples with the exactly same composition were more flexible. The
thickness of strip samples varied from 1.29 mm to 2.81 mm regardless of how much MCEs
were included and this was caused by the process of aging and drying as disc moulds were
wrapped with 4 layers of aluminum foil and it was hard to maintain every sample was
wrapped and sealed perfectly. Consequently, only samples with thickness over 2 mm were

chosen for the tests.

Figure 6.18 - Samples prepared for the tension test. 10 mm x 45 mm strips were cut from hybrid discs with 0
mg, 50 mg, 150 mg and 250 mg of MCEs added during the synthesis.

During the tension test, it was found that over half of samples were broken either close to the
top edge or the bottom edge (Figure 6.19 a and b). Results from those samples were
considered as not valid and only samples that broke at the middle position were used, which
limited the overall average value calculations (n = 1 — 3). The reason for this was mainly the
grips used in the tensile tests were not idea and strips were manually cut which means the

width were not always 10 mm along the sample.
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Figure 6.19 - Photographs showing samples fracturing during the tensile test at different positions :
a) top, b) bottom and c) middle.
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Figure 6.20 - Tensile curves for samples made with 0 mg, 50 mg, 150 mg and 250 mg of MCEs.

The tensile curves (Figure 6.20) clearly showed the tensile strength increased when samples
had more nanoparticle content, while the tensile strain decreased and this result confirmed
the compression results. The similar explanation can be used here that, when samples with
MCEs experienced tension, MCEs were pulled closer physically with polymer chains were
bonded with MCEs, as a result, the space volume for surrounding networks were limited and

therefore mobility was reduced compared with samples without MCEs (Scheme 6.3).
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Scheme 6.3 — Scheme showing how samples (a) with and (b) without MCEs behaved under tension.

In addition, Figure 6.20 showed an outstanding tensile strain for the HMC_250mg sample
compared with all other samples. This was caused by the continuous slow loosening in the
grips. Samples made with 250 mg of MCEs were more difficult to grip than other samples,
which means the surface friction might also have been changed due the presence of large

amounts of nanoparticles.
6.4.6 Dissolution study

A dissolution study was first conducted in tris(hydroxymethyl)aminomethane (Tris) solution.
Samples used in this study had same inorganic : organic composition ratio and the same
amount of MCEs (250 mg) were added in. The only difference was the amount of GPTMS
added to the nanoparticles during the MCE synthesis (0 mmol/g, 1 mmol/g and 2 mmol/g).
The goal of this study was to investigate if GPTMS molecules on the particle surface can affect

the particle release in the hybrid system.

Considering the calcium ion release profiles (Figure 6.21 a and b), the only significant
difference noticed was at the first 8 h of the study. Hybrid samples containing MCEs with no
GPTMS molecules on the surface, i.e. MCEs were not covalently bonded to hybrid network,
had a burst release of calcium ions in the first 30 minutes. In contrast, samples with MCEs
covalently bonded to the hybrids did not release any calcium for the first 4 h and then a large

amount of calcium was released in the next 4 h. At this point, results suggested that GPTMS
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molecules on the particle surface did slow down the calcium release in hybrid system.
However, samples prepared in this study were chunks bulk sample not powders, a plateau
was reached for all the samples after 8 h until the end of the study (4 weeks). This was
unexpected as theoretically chunk samples should degrade with time and MCEs in the inner
part should then leave the hybrid and start releasing calcium. A continuous release of calcium
was expected. Here, no more calcium was released. What could have happened was either
the calcium released in the first 8 h was from the surface of the chunk samples and the
PCL/PTHF/SiO; hybrid degraded very slowly in Tris, or the Tris was contaminated during the

study, which was very unlikely.

Looking at the silicon release profiles (Figure 6.21 c), a consistent trend for all samples was
found with silicon continually releasing until the end of study, although the final
concentration readings on all samples were low (7.5 ppm — 15 ppm). This did suggest that
hybrid degrades extremely slowly in Tris solution and confirmed that calcium release was
mainly from the surface of samples. Moreover, the amount of silicon released at each time
point increased when more GPTMS were grafted on the MCEs while the curve slope, releasing

rate, did not change much.
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Figure 6.21 - Elemental concentration obtained from ICP-OES analysis following immersion of hybrids in Tris
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During the Tris dissolution study, at time points of 3 days, 1 week and 4 weeks, the Tris
solution containing dissolution products were removed, ultrasonicated and prepared on the
TEM grids. TEM imaging under low magnification was then used to observe if there were any
released MCEs from samples. Results (Figure 6.22) showed that for all samples, it was difficult
to image after 4 weeks as the dissolution products polluted the TEM grid. Therefore, only

images taken at 3 days and 1 week were compared.

At day 3, a large area containing mono-dispersed MCEs was discovered in HMC_Ommole/g
samples, while for the other two samples containing MCEs with GPTMS grafted on and
covalently bonded with the hybrid network, only some small clusters of MCEs were observed.
This phenomenon was expected and suggested that with the presence of GPTMS on the
particle surface, covalent bonds held the connection between particles and hybrid network
until the connected polymer chains were degraded. On the other hand, MCEs in
HMC_Ommole/g samples were physically trapped in the polymer chains so they left hybrid
samples quicker. This confirmed the calcium release profiles which HMC_Ommole/g samples
had a burst release during the first 30 minutes because particles on the sample surface were

only physically attached and they were easily washed away by the Tris solution.

At week 1, all samples showed nanoparticle clusters in different areas on TEM grids. It was
difficult to quantify which had more MCEs released but it could also suggest that all samples
might have similar amounts of MCEs released as the calcium release profile showed a plateau

at this time point.
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Figure 6.22 - TEM images of dissolution products in Tris solution for hybrid samples across 4 weeks. All hybrid samples had the same organic : inorganic weight ratio and
the same amounts of MCEs while the GPTMS added during the MCE synthesis were different:0 mmol/g, 1 mmol/g and 2 mmol/g.
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A dissolution study was also conducted in SBF to evaluate the bioactivity of the hybrid samples
by assessing the formation of hydroxycarbonate apatite (HCA). Samples were made with
same organic and inorganic composition weight ratio but different amounts of MCEs which
were 0 mg, 50 mg, 150 mg and 250 mg. They were ground into powders and soaked in SBF
for 4 weeks. Different amounts of MCEs mean different amounts of calcium would be

released and therefore a different bioactivity was expected.
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Figure 6.23 - Elemental concentration obtained from ICP-OES analysis following immersion of hybrids
containing different amounts of MCEs in Tris buffer a) calcium, b) phosphorous, c) silicon d) the pH change.

Dissolution products were first analyzed by using ICP-OES to determine the ion release while
the pH changes were also recorded (Figure 6.23). Looking at the silicon release profiles,
samples with higher MCEs content showed a higher silicon concentration at all time points,

and as expected this was given by the silica network from nanoparticles.

Considering the phosphorus and calcium concentration levels, samples with 0 mg, 50 mg and

150 mg of MCEs showed a gradually decreasing phosphorus concentration after 168 h (1 week)
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and it finally dropped to 0 ppm by the end of the study. In a slightly different behavior,
HMC_250mg samples showed the phosphorus concentration started to drop only after 1
week. The dropping of phosphorus concentration indicated the deposition of phosphate. By
looking at the calcium concentration profile, the trends for all samples after 72 h looked very
similar to the phosphorus concentration curves. HMC_250mg samples showed a delayed
calcium drop after 1 week. The decreased in calcium and phosphorous was the evidence of
the formation of calcium phosphate in SBF. Focusing on the first 48 h of the calcium profile,
only about 2 ppm to 4 ppm of calcium was released from samples containing MCEs which was

extremely low compared with the Tris dissolution profile.

Finally, the pH of SBF for all samples showed an increase after 48 h and started to drop after
72 h. The increasing of pH was caused by the calcium release and Ca%* from MCEs in hybrids
exchanged with H* from the SBF which then increased the pH. The pH dropping towards the
end of the study was possibly caused by the remaining BFsOEt, from the organic sol synthesis.
BFsOEt, is a source of boron trifluoride (BFs) which can be further hydrolyzed with water into
fluoroboric acid, which has a high acidity [82]. The other possible explanations for the pH drop
is there were some unreacted PCL-diCOOH polymers trapped in the hybrid network and when
they were released during the dissolution study, carboxylic groups lower the pH of SBF. Either
way, the low pH was not favorable for HCA formation because nucleation of HCA is

preferential under alkaline pH [188].

FTIR was then used to capture the evidence of HCA formation on the dissolution samples at

3 days, 1 week and 4 weeks (Figure 6.24).
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Figure 6.24 - FTIR spectra for hybrids containing different amounts of MCEs following immersion in SBF for 3
days, 1 week and 4 weeks.
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For all the samples, signature bands for the silica network were found at 800 cm™ attributed
to Si-O-Si bending; 950 cm™ attributed to Si-OH bending; 1150 cm™ attributed to Si-OH
stretching and 1200 cm™ attributed to the Si-O-Si stretching. A small dual band around 1200
cm™ was observed for sample HMC_250mg at day 3 which was caused by these samples
containing more MCEs compared with others and the Si-O-Si contributed by the nanoparticles

silica network was also detected.

Bands for phosphate were detected in all samples after 1 week of immersion: P-O bending at
546 cm™ and 585 cm™ and P-O stretching at 1010 cm™. However, it was unclear whether the
formed calcium phosphate was apatite unless the presence of C-O stretching at 862 cm™ and
CO3? band at 1400 cm™ from HCA were confirmed [108]. Those two bands were only found
in week 4 spectra for all samples but the IR absorbance values were extremely low. This

suggested that in this dissolution study, only a small amount of HCA was formed.

XRD analysis on the dissolution samples was also carried out to determine the formation of
apatite (Figure 6.25). Comparing samples before the dissolution study, peaks at 26 11.90°,
13.25°, 28.22° and 47.03° were found on hybrid samples containing MCEs and those peaks
were identified as nitrocalcite [15]. During the calcium incorporation of MCEs calcium nitrate
was chosen as the calcium source, when particles mixed with calcium nitrate and not fully
dried before the calcination nitrocalcite might be result. By looking at the spectra for week 1,
peaks for nitrocalcite were almostgone as samples were washed by the SBF. However, no
peaks for HCA were observed and for HMC_50mg samples a peak at 31.37° was detected and
this was the halite (mineral form of NaCl) coming from the SBF [189]. Multiple peaks were
shown for all samples in week 4 which were contributed by halite and HCA respectively. Halite
peaks were found on medium peaks at 27.40°, large peaks at 31.73°, small peaks at 45.47°
and large peaks at 56.49° from all sample [189]. For HCA, peaks were found at 10.85°, 16.86°,
21.79° to 22.88°, 25.90°, small peaks at 31.80°, 32.22° and 32.93° and a small peak at 42.02°
[15][190]. HMC_0Omg samples had similar XRD patterns as samples containing MCEs at week
4 and peaks for apatite were also observed at lower relative intensity. This was because

calcium phosphate can precipitate from SBF anyway at 4 weeks.
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Figure 6.25 - XRD patterns of hybrid samples containing different amount of MCEs at different time points of

the dissolution study in SBF.
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SEM images (Figure 2.26) showed only halite crystals were found on the hybrids after 1 week
and the crystals all had a needle-like morphology. At week 4, crystals resembling the
morphology of HCA crystals in the literature [66] were found in some areas of all samples. It

was difficult to compare the quantity of HCA formation between samples.
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Figure 6.26 - SEM images of hybrid samples following immersion in SBF at different time points.

By the end of SBF dissolution study, results from FTIR, XRD and SEM all suggested that there
was a small amount of HCA formed after 4 weeks, however, this HCA formation might be
induced by the SBF itself but not by the calcium released from MCEs and it can be said that
the amount of calcium in the hybrid was not enough to be considered bioactive. On the other
hand, high calcium content in the hybrid can be achieved by adding more MCEs, but the failed
sample HMC_500mg showed in Section 6.3.3 suggested there was a limitation for the

maximum MCEs could be put in the hybrid system.
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6.4.7 Cytotoxicity test

Both ATDC5 chondrogenic and MC3T3-E1 preosteoblast cell lines were used in the
cytotoxicity tests as the hybrids containing MCEs have potential application in both bone
(nanoparticles incorporated with calcium) and cartilage (if nanoparticles incorporated with
lithium). Samples made with fixed organic : inorganic weight ratio but different amounts of
MCEs (0 mg, 50 mg, 150 mg and 250 mg) were tested. The cell viability should be great than

70% of that of the positive control to pass the ISO standard.
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Figure 6.27 - Cell viability of the dissolution products of hybrids with different amount of MCEs with a)
ATDC5 and b) MC3T3-E1 cell lines. Samples were also soaked in water for 24 h and then used for the ATDC5
tests and shown in c). Samples soaked in water for 2 h, 6 h, 24 h and un-soaked samples were put in MEM
containing phenol red indicator and the colour change is shown in d).

Surprisingly, in both cell lines all samples showed extremely low cell viabilities for all dilutions
(Figure 6.27 a and b). From the literature, silica, PCL and PTHF are all known to be
biocompatible [67][191][41]. Possible cytotoxic products that were released could be un-

reacted GPTMS if the epoxide rings were not opened and remained BFsOEt,.
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During the cell culture study, when powdered samples were put into the a-MEM the phenol
red turned light yellow in 5 minutes with shaking. Therefore, it was believed the low cell
viability was caused by the drop in pH. Samples were then soaked in water for 2 h, 6 h and 24
h and then dried and put in to a-MEM (Figure 6.27 d). It was clearly seen that after samples
had been soaked in water for 24 h, it stopped changing the colour of a-MEM which means
the pH in a-MEM was maintained. Although the colour of a-MEM with samples soaked in
water for 6 h was pink/red, it became to orange/yellow after 1 h with shaking and this did not
happen when the samples were presoaked for 24 h in water. As a result, an extra ATDC5
cytotoxicity test was carried out with samples pre-treated by soaking them in water for 24 h
and then dried (Figure 6.27 c). The cell viabilities for all the pre-soaked samples were over 90%

and they were all passed ISO standards.

As discussed in the SBF dissolution study section, where a pH drop for all samples was also
observed, the pH drop might be caused by the remained BF3OEt; and the unreacted carboxylic
groups from PCL-diCOOH might also lower pH values. Although the addition of MCEs did not
affect the cell viability in all cases compared with non-particle samples HMC_Omg, it
suggested that the organic sol synthesis procedure which used BF3OEt; as a catalyst needs to

be reviewed and any remaining catalyst removed before mixing with the inorganic sol.
6.4.8 3D printing of nano-hybrid scaffolds

Sol-gel ink characterisation before the printing. The rheology of prepared hybrid inks was
evaluated. As reported by Gao et al., a pseudoplastic shear thinning fluid behavior of the “ink”
is favoured for all robotic extrusion printing [147]. Shear thinning behaviour means that the
fluid viscosity decreases as the shear rate is increased. In 3D extrusion printing, this means
when the force is applied to the ink, the viscosity is decreased so ink can flow through the
cartridge/syringe and the printing tip nozzle smoothly and when the ink is deposited onto the
printing substrate the viscosity should be restored, and the extruded filament holds its shape

[142].
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Figure 6.28 — Rheometery of the hybrid sol-gel ink with 0 mg, 100 mg and 250 mg of MCEs added during the
synthesis tested using a rheometer, a), viscosities for all samples were recorded with an increase in shear
rate from 1 s to 120 s in 60 s. In b), viscosities were recorded with a fixed shear rate of 80 s over a time

period up to 15 minutes.

The relation between viscosity and shear rate was assessed and shown in Figure 6.28 a. Hybrid
ink samples were taken from the freezer and defrosted in 10 minutes and then after waiting
another 10 minutes to let them back to room temperature the samples were tested. The
results showed that, regardless of adding MCEs or not, all viscosities kept decreasing when

the shear rate was increasing and this matched the behaviour of shear thinning.

During the hybrid bulk material synthesis discussed above, it was found that samples with
MCEs introduced needed a longer time to gel, so it was believed that this property could slow

the viscosity increase over time in hybrid inks and, as a consequence, lengthen the printing
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window. The relation between viscosity and time was then studied and shown in Figure 6.28
b. All samples were tested 20 minutes after being taken from the freezer. From the graph,
Hink_250mg samples, with the highest amounts of MCEs, showed a plateau until 400 s was
reached. On the contrary, Hink_Omg samples started to build viscosity from the very
beginning of the test. The difference found between samples with and without nanoparticles
did suggest that the presence of MCEs slowed down material’s viscosity increase rate. The
fluctuation at the end of measurements was caused by the evaporation of the ink solvent,

THF, and the machine lost the contact surface between samples and testing plates.
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3D printing — macroscopic observation. Although the rheology tests gave information about
hybrid inks, it did not mimic the actual 3D printing environment so the final 3D printing
protocol was still derived from macroscopic observation by trial and error. Printing
parameters of tip type, nozzle size, printing speed, deposition rate, strut spacing, layer height
and printing substrate were the values reported by Tallia et a/.[10] who printed the same
hybrid material without MCEs (values stated in the Method Section 6.2.3). During the printing
of hybrid inks Hink_100mg and Hink_250mg, those parameters were still applicable to get

good shaped scaffolds so no modification was done.

O O O
S s S
N

Figure 6.29 — Optimise printing time for hybrid inks with 0 mg, 100 mg and 250 mg of MCEs added during the
synthesis.

The optimise printing time was then determined (Figure 6.29). The printing window in this
project was defined as the time period from the beginning of the first well printed scaffold to
the time when the tip nozzle was blocked because inks were fully gelled. From the graph, it
shows that as more MCEs introduced into the hybrid system the longer printer window was
achieved as expected. However, this printing window was limited by the ink syringe capacity,

which was only 3 mL.
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Figure 6.30 - Un-dried scaffolds printed from Hink_250mg at different printing times: a) before the printing
window, b) at the beginning of the printing window, c) middle of the printing window and d) nearly the end
of printing window.

Scaffolds printed in the printing window did not always have the same quality. For example,
with scaffolds printed with Hink_250mg (Figure 6.30), the two scaffolds highlighted in the red
rectangles were a) transparent and jelly like which means the hybrid network was not highly
condensed and the polymerisation was not finished so the viscosity was not appropriate for
printing, therefore, they were outside the printing window. Scaffolds highlighted in

rectangular b), c) and d) were printed in the printing window.

Scaffold b was printed at the beginning of the printing window and it has irregular shape at
the edge and the top surface. It was also smaller, compared with the other two, due to the
solvent evaporation. Scaffolds ¢ and d were printed at the middle and nearly the end of the

printing window respectively.
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Dried scaffolds observations.

Figure 6.31 - Photographs of dried scaffolds printed from Hink_Omg, 100mg and 250mg.

After scaffolds were dried, no obvious difference was observed visually from samples
containing different amounts of MCEs (Figure 6.31 a). All scaffolds had visible pores by looking
at the top surface (Figure 6.31 b). Shrinkage was also noticed for all scaffolds, by measuring
the length, width and height and then compared with designed dimensions (12mm x 12 mm
x 6.51mm) the percentage shrinkage was calculated: 27% x 26% x 28% for Hink_0mg, 26% x
26 x 30% for Hink_100mg and 28% x 28% x 35% for Hink_250mg samples. The length and
width were taken from the top surface not bottom surface because, as shown in Figure 6.31
d, the bottom layer directly contacted with printing substrate and the surface tension stopped
that layer from shrinking and consequently the surface area at bottom was higher. Comparing
the dried samples printed at different time points in the printing window (Figure 6.31 c), the

scaffold printed at the beginning of the printing windows showed curved edges.
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SEM images were taken for scaffold samples printed from Hink_Omg and Hink_250mg at
different orientations (Figure 6.32). Hink_250mg samples showed a more ordered top surface
structure and this was caused by scaffolds printed at different time points in the printing
window. Also, during the printing of Hink_Omg samples, the quick change in viscosity made
inks more gelled when it was printing the top layer and the printing tip experienced a higher
pressure, depositing filaments that were curlier. Bottom surfaces for both samples looked
similar and filaments looked flattened because they were in direct contact with the substrate.
By looking at the vertical cross-section images, pores were smaller and some pores were
closed in Hink_0mg samples. This can be explained by considering the weight experienced by
the printed layers. As layers built up, previous printed layers were loaded with more weight

from top layers and they were compressed, therefore, pores at vertical were closed.

Top surface Bottom surface Vertical cross-section

4

Hink_250mg

Figure 6.32 - SEM images for scaffolds printed with and without nanoparticles.

Finally, by increasing the magnification, scaffolds printed from Hink_250mg, MCEs were
imaged (Figure 6.33). As highlighted in red circles in the images, both individual MCEs and
particle clusters were observed. In addition, by looking at the location where struts from
different layers contacted, highlighted in the blue circle, filaments were merged together
instead of only being physically attached. This was given by the fact that during the printing
the hybrid sol-gel inks were still reacting and condensing the network as they were not fully

gelled and this would benefit scaffolds’ mechanical properties.
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Figure 6.33 - SEM images of scaffolds printed from Hink_250mg under different magnifications. MCEs are
highlighted in red dotted circles.
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6.5 Conclusions

In this chapter, hybrid materials with calcium containing mesoporous nanoparticles
covalently bonded with organic components were fabricated for the first time. It was found
that the addition of MCEs had effects on behaviour of the original PCL/PTHF/SiO; hybrid in

many ways.

First, the hybrid sol gelation/condensation time slowed with the presence of MCEs as
mesoporous nanoparticles took over too much surface area and caused steric hindrance, in
the solution which then interrupted the network formation. Maximum amounts of MCEs that
could be homogeneously incorporated into the hybrids was 250 mg per 15.50 mL hybrid sol.
The synthesis method was also modified by using the orbital shaker to prevent MCEs sinking
to the bottom and distributed unevenly in the hybrid sol. Solid-state NMR was carried out and
confirmed the structure of the hybrid network containing nanoparticles was not very different
compared with the original hybrid and the presence of T! species in nano-hybrid samples

suggested GPTMS grafted on the inner surface in the pore channels.

Both compression tests and compressive cyclic loading tests showed nano-hybrid samples
were stiffer than the original hybrid samples, however, their maximum strains decreased
because MCEs restricted movement of the polymer chains. Tensile tests also showed a
decrease in maximum strain while the tensile strength for nano-hybrid samples was higher

than original hybrid samples.

The main aim of this project was to deliver cations such as calcium to the hybrid system using
functionalized mesoporous nanoparticles. Dissolution studies in Tris buffer showed that
calcium release was slightly slower in samples with functionalized particles, compared to
hybrids containing unfunctionalized particles. TEM images of the Tris solutions at different
time points showed more particles were released at day 3 for nano-hybrid samples with un-
functionalized particles. Dissolution in SBF produced only a small amount of HCA as the
concentration of calcium in the nano-hybrid samples was too low as the maximum amount of
MCEs can add in to the system was limited. A continuously dropping pH was also not favorable
for HCA formation. The low pH was caused by remaining BF3;OEt;, a catalyst used during the

hybrid organic sol synthesis, which could be hydrolyzed in water, lowering the pH.
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Because of the nano-hybrid made in this chapter lowered the pH over the time in solutions,
cytotoxicity tests on both ATDC5 and MC3T3-E1 cell lines showed low cell viabilities as cells
could not survive in the low pH. Samples were then soaked in water for 24 h to get rid of the
remained BF3OEt, and then cytotoxicity tests were carried out again on chondrogenic cells.

This time cell viabilities for all washed samples were over 90%.

Finally, a 3D extrusion printing technique was used to fabricate porous scaffolds. Rheology
tests were carried out on hybrid ink and found out they behaved as pseudoplastic with a shear
thinning property which are favoured for robotic deposition. And also, the viscosity of inks
with MCEs increased slower compared with the original hybrid inks. Longer printing windows
were found for nano-hybrid samples as the hybrid sol-gel reaction was slowed by MCEs. SEM
imaging showed that the overall morphology of the 3D printed scaffolds was not affected by
introducing MCEs into the system. However, more characterization on the scaffolds, like the
mechanical properties both in dry and wet environment, should be included in the future

work.
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Chapter 7 Summary and Future Works

7.1 Thesis summary

The main goal of this work was achieved in that a 3D printable and calcium containing
PTHF/PCL/MCE/silica double organic and double inorganic nano-hybrid system was

developed.

During this work, calcium incorporated dense silica nanoparticles (CaSNP) were functionalized
with GPTMS for the first time. Results from FTIR, Raman and TGA showed that a small amount
of GPMTS molecules were attached on the particles surface compared with nanoparticles
without the present of calcium from literature [167]. The reason was because the high
temperature used for calcination removed all the hydroxyl groups on the particle surfaces
(polycondensation) and hydroxyl groups were the key element of the condensation reaction
between GPTMS and nanoparticles. H,/O, plasma was then applied to CaSNPs prior to the
functionalization to help particles regain -OH groups on the surface. Results showed an
improvement in GTPMS grafting yield by using plasma. The weight percentage of GTPMS
molecules on particle surfaces of samples ESNP, CaESNP and plasma treated CaESNP were
7.82%, -0.88% and 4.05% calculated from TGA results. Acid digestion composition analysis
showed only 3.51% - 4.40% of calcium was lost during the overnight reaction. Zeta potential
showed a less negative charge on CaSNPs, compared to SNPs because of the loss of hydroxyl
groups during calcination and the presence of Ca%* ions, and the zeta potential for CaESNPs
increased to +21.80 mV by grafting GPTMS molecules on the particle surfaces. Particles with

increased surface area were needed.

Calcium incorporated mesoporous particles (CaMSNs) were then used and functionalized
with GTPMS. CaMSNs had larger surface area compared to CaSNPs and were rich in -OH
groups even after the calcination. FTIR and Raman results showed GPTMS was successfully
grafted onto particle surface even without using plasma. TGA results also showed that the
yield of GPTMS grafting did not increase linearly with the amount of GPTMS added in during
the synthesis. Analysed by using nitrogen adsorption, small pores of MCEs were likely blocked
by the addition of GPTMS. The use of solid-state NMR confirmed the success of grafting
GPTMS on the particles surface and confirmed the result from TGA that GPTMS concentration

on particle surface increased with the amount added during the synthesis, however, not all
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hydrolyzed methoxylsilane groups from GPTMS were condensed. The dissolution profile
showed GPTMS molecules on the particle surface did slow the release of calcium slightly and

the formation of calcium phosphate was also slowed down.

Finally, PTHF/PCL/MCE/silica hybrid bulk samples and 3D printed scaffolds were produced.
During the making of bulk samples, it was found out the introduction of MCE into the original
PTHF/PCL/silica system slowed down the network condensation rate and the sol took longer
time to gel. 2°Si solid-state NMR confirmed the nano-hybrid network formed did not change
much compared with the original hybrid and the presence of T! species in nano-hybrid
samples suggested there were GPTMS grafted on the inner surface in the pore channels and
those pores were blocked eventually as the methoxysilane groups did not get hydrolyzed
during synthesis. Dissolution in Tris buffer was carried out and sample supernatants were
evaluated by ICP and TEM imaging, both results confirmed that when particles were
covalently bonded to the hybrid network, they were released slower and a slower release on
calcium consequently. Bioactivity was evaluated by using SBF dissolution study but HCA was
only detected after 4 weeks were possibly given by SBF itself. The main reason of not having
HCA formed earlier was: (i) the amount of calcium in nano-hybrid samples was too little and
the maximum amount of MCEs that can be introduced to the hybrid was limited because if
there were too much MCEs in the system hybrid condensation rate would become extremely
slow; (ii) pH was decreasing continuously after 72 h, which is unfavorable for HCA formation
as the concentration of OH" in the solution became lower. This big pH dropping was also
noticed during the cytotoxicity tests. The low media pH lead to all samples failed to pass the
cytotoxicity tests. However, when samples were soaked in water for 24 h prior to the test,
cell viabilities tested from all samples were over 90%. This suggested that a dissolution by-
product was released from the sample and lower the media pH. The most possible by-product
could be BF30Et; remained from the polymer sol synthesis. Samples were suggested to take
a longer drying process in 40°C oven prior to use to remove all the BF;0Et;. Inks made from
nano-hybrids were feasible for 3D extrusion printing and the introduction of MCEs enlarged

the printing window.
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7.2 Future work

7.2.1 Nanoparticles

Although GPTMS molecules were successfully grafted on the calcium containing dense silica
particles surface by using plasma pretreatments, the average yield was still lower than bare
particles. The use of H,/0O, plasma during this project work was limited by the machine,
intentionally was designed for TEM sample surface clean, plasma could be only applied for 2
minutes each time due to the faulty machine. It was believed a longer plasma application time
can help more with the regaining of hydroxyl groups. A more professional plasma treatment

plan should be made and investigated.

The synthesis protocol of functionalized particles could be optimized to reach a monolayer of
GPTMS by using an acidic reaction environment without opening the oxirane. If a monolayer
distribution can be achieved, pore channels from mesoporous nanoparticles will have a

chance not to be blocked by GPTMS.
7.2.2 Hybrid scaffolds

Investigation into the pH drop during the dissolution study and cytotoxicity is needed. A 24 h
dissolution study in water and use of proton NMR to analyze the supernatant to see if there
is any trace of BFsOEt, release should be conducted. Mechanical tests in wet conditions is
needed as the actual application will be in wet environment in body. Mechanical tests and

dissolution studies should also be carried out on 3D printed scaffolds.

The amount of calcium in the nano-hybrid samples need to be increased. This can be achieved
by increasing the amount of calcium incorporated into the mesoporous nanoparticles. Also,
Yun et al.[192] reported a method to synthesis mesoporous silica nanoparticles with a SiO;-
Ca0-P,0s5 composition which can be potential used to replace the current nanoparticles in the

nano-hybrids, although the detail on composition values was not reported.

The incorporation of calcium was just an example showing the possibility of this nano-hybrid
system. With the diverse cation loading capability of silica nanoparticles, many other cations
are possible to be introduced into the hybrid network and bring to the body, e.g. lithium for
cartilage applications and strontium for bone regeneration. These are all worth to bring to

the future work.
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