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ABSTRACT

Naturally derived biopolymers have received considerable attention for use as hydrogel
materials for tissue engineering due to their innate ability to mimic the natural extracellular
matrix. However, low mechanical strength and uncontrolled degradation limit their use within
bone tissue engineering applications. Hybrid hydrogels are interpenetrating networks of
organic and inorganic moieties and, when made via sol-gel processing, present an attractive
route to address the drawbacks of biopolymers. Hybrid hydrogels can be classified as Class I
(weak non-covalent interactions) and Class II (covalent bonds) depending on the interactions
between the organic and inorganic component. This thesis presents the development of
gelatin-silica organic-inorganic hybrid hydrogels using various organosilane crosslinkers,
including 3-glycidyloxypropyl trimethoxysilane (GPTMS) and 3-mercaptopropyl
trimethoxysilane (MPTMS), to functionalise gelatin to provide covalent coupling of the
organic and inorganic moieties. The efficiency and degree of functionalisation of gelatin with
GPTMS, an epoxide-containing organosilane crosslinker, were studied with various
techniques ("H NMR spectroscopy, ninhydrin assay and titration). Significant challenges with
the functionalisation reaction, including hydrolysis and condensation of trimethoxysilyl
groups, led to a lack of efficiency and low degree of functionalisation. Thiol-ene click
chemistry was therefore used to develop a novel alternative method to synthesise
organosilane-functionalised gelatin. The reaction of norbornene-functionalised gelatin
(GeINB) and MPTMS was rapid, reaching completion in less than 30 seconds using a 2:1
thiol- : -ene ratio and 0.03 wt% of photoinitiator, LAP. Mechanical tests revealed the yield
stress and toughness significantly increased in Class I hydrogels during ageing, suggested to
be due to the continuous formation of a covalent network. However, the compressive

mechanical properties of the hybrid systems (<10 kPa) were still far from those of bone (15 to



20 MPa). CryoSEM imaging revealed subtle differences in the microarchitectures of the
different hydrogel formulations. When seeded on the Class II hydrogels, Saos-2 cells
demonstrated improved cell spreading over a seven-day culture when imaged using
actin/DAPI staining and cell penetration to depths of up to ~2300 wm as observed by light
sheet fluorescence microscopy, compared to the Class I hydrogel. It is hypothesised that the
dynamic mechanical properties and differences in microarchitecture of the Class II hydrogels
compared to Class I, were able to influence cell behaviour. Thus, the hybrid materials
developed in this thesis could be utilised in soft tissue applications, as well as minimally

invasive injectable hydrogels in spinal fusion and fracture repair.
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CHAPTER 1. INTRODUCTION

This section is adapted from the review paper ‘Hydrogels and Bioprinting in Bone Tissue
Engineering: Creating Artificial Stem Cell Niches for In Vitro Modelling’ by Lewns et al. (1)

published in Advanced Materials (2022).



Bone is a highly complex, active, and hierarchically structured tissue formed of different
types of bone cells and calcified collagen matrix, structured from the nano- to the macroscale
(2,3). Its dynamic and vascularised nature means it undergoes constant remodelling (4). Bone
can be categorised into two different types of tissue: cortical and trabecular bone, both of
which have a rich abundance of vascular supply (5,6). Vascularisation plays a key role in
bone formation and remodelling processes, contributing to the immigration of mesenchymal
stem cells (MSCs), the supply of oxygen and nutrients to metabolically active tissues, and the
removal of waste by-products (7,8). Specific vascular microenvironmental niches also
support tissue-resident unique adult stem cells, key to bone formation and remodelling (9).
Without vascularisation and specific vasculature, the formation of new functional bone tissue
is not possible. Historically, bone tissue engineering (BTE) has concentrated on regeneration,
focusing on creating implants using scaffolds, cells, mechanical stimuli, and soluble factors
for patients with significant bone defects. Due to bone’s natural ability to regenerate and
remodel, tissue-engineered bone-like structures can stimulate regeneration even if they do not
mimic the intricate extracellular matrix (ECM) structure of real human bone. There is
currently a growing interest in the application of BTE for in vitro three-dimensional (3D)
human models of healthy and pathological bone for drug development and systemic
interactions. However, current models are unable to accurately model bone hierarchy and
perfusable vasculature. Therefore, the development of more sophisticated models needs to be

explored.

Creating an in vitro mimic in which hierarchical structures and properties are replicated
wherein the various cell cohorts are assembled and orchestrated to form functional bone
remains a major challenge for BTE. The in vitro fabrication of bone tissue requires the use of

a material that can support sufficient diffusion of oxygen, nutrients, and cell metabolites to



maintain cell viability throughout. Hydrogels are hydrophilic 3D polymeric networks that
have the ability to mimic the natural ECM, support cell attachment, proliferation, and
differentiation, and enable oxygen and nutrient exchange, and because of this, they have
received considerable attention for use as a suitable material for BTE (10,11). Hydrogels can
be made from natural or synthetic polymeric substances, with their structure controlled by
two types of crosslinking chemistry existing in the macromolecular chain: chemical or
physical. Moreover, it is possible to finely tune hydrogel properties, such as viscoelasticity, to
tightly regulate stem cell behaviour (12—15). When hydrogels and their stem cell directive
cues are implemented together with an appropriate method to produce constructs, such as 3D
bioprinting (the precise positioning of biological molecules, biomaterials, and cells in a
complex 3D architecture with spatial control of the constituents), there is the potential to take
both biological and structural complexity to another level of hierarchy to create a complex
architecture that is analogous to that found in bone (16—18). The following sections provide
an overview of the important roles that both hydrogels play in achieving biological and
structural complexity in bone tissue mimics and their responsibilities in directing stem cells

to recapitulate the stem cell niche.

1.1.  The Barriers to Bone Tissue Engineering

BTE requires several components, including stem cells, appropriate stimuli, and scaffolding,
along with a manufacturing process to assemble these components, and a tissue-maturation
process that allows self-organisation into a complex architecture, from whole bone to cortical
and trabecular bone whilst enabling vascularisation (Figure 1a). Thus, dynamic presentation
of biophysical and biochemical cues to direct bone formation and remodelling via scaffolds

and signals must be homogenised with both the manufacturing process and the maturation



phase. At present, it is possible to engineer in vitro several structures of bone hierarchy

individually (2).
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Figure 1. a) Bone structure, from whole bone to cortical and trabecular bone with vascularisation which cannot be
recapitulated by current models. Current in vitro models of highly organised bone-like structures — b) brightfield image
and enlarged inset showing a bone-like structure with c) confocal image of mineralised bone structure at day 28, d) highly
dendritic osteocyte-like networks with osteocytes embedded within mineralised lacunae, e) confocal microscopy shows
the 3D bone-like structures and layers of interconnected osteocytes. Reproduced (Adapted) under the terms of the CC-BY
license. 2020 (19). f) Long-term in vitro model of osteocyte with images demonstrating the development of bone matrix
and mineralisation over time (12 days to 1 year). Reproduced (Adapted) under the terms of the CC-BY license. 2018 (20).
g) Schematic illustration of approaches employing hydrogels in BTE, combining hydrogels e.g. natural or synthetic, cells
e.g. MSCs, and growth factors e.g., bone morphogenetic protein 2, with 3D bioprinting to lead to tissue maturation.

Created on the BioRender website (https://biorender.com) by the authors.
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Wang et al. (19) highlighted the need for new tools and cell models to understand the biology
of osteocytes. An osteogenic and osteocyte cell model was created, capable of differentiating
from osteoblast to early osteocyte to mature osteocyte, and also forming 3D mineralised
bone-like structures similar to those seen in vivo. Using confocal and electron microscopy,
lacunocanalicular ultrastructure and 3D spacing of in vivo osteocytes was observed (Figure
1b—e). The cell model expressed early, differentiation and late osteocyte markers, as well as

producing a mineralised type I collagen matrix (19).

Iordachescu and colleagues created a micro-organ model that functions as a complete unit
that can detect and recapitulate in fine detail the early stages of cellular processes, including
bone resorption and the subsequent osteo-proliferation and mineral deposition (Figure 1f)
(20). Also, it has also been possible to create an organoid in vitro model that mimics
osteogenesis both in physiological and pathological situations, as demonstrated by the
Iordachescu and Hofmann groups (21,22). Reader is directed to reviews involving co-culture

of osteoblasts and osteoclasts to generate bone (23,24).

Despite recent advances, there remain obstacles for functional BTE (19,20,25-28). BTE has
not delivered tissue mimics containing mature lamella bone together with the appropriate
vascular tree structure and bone marrow. This is primarily due to three principal barriers:
1) Difficulty in recapitulating bone architecture and organisation, and its dynamic
remodelling processes,
2) Difficulty incorporating functional and mature vascularisation,
3) Difficulty in delivering appropriate organ-level stimulation (mechanical loading and fluid

flow).



To bridge the gap between engineered and native tissues it is important to overcome the
limited spatial resolution barrier associated with 3D printing strategies, and to innovate to
produce complex hierarchical architectures with hosts of cells and material formulations
(Figure 1g) (29). The processes (signals — chemical, physical, and mechanical) involved in
constructing specialised microenvironments through to cellular phenotypic effects using
material formulations and biophysical cues should also be considered synchronously when

investigating biological and structural functionality.

1.2.  Biomaterial challenges: material properties

The ECM supports and influences important cellular processes including morphology,
migration, and fate. Cells sense and modify their matrix in response to biochemical and
biophysical stimuli (Figure 2a), as well as oxygen levels and nutrient concentration, all
factors that contribute to the microenvironmental niche (30—32). Mechanosensitive feedback
is important in bone tissue, as osteoprogenitors, but also bone cells, such as osteocytes,
osteoblasts, and osteoclasts, alter their phenotype and function as a result of external physical

and fluid forces from the surrounding environment to regulate tissue formation (Figure 2b).
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Figure 2. a) lllustration of the biophysical cues of a microenvironment that impact cell behaviour, including stiffness and
viscoelasticity, which are involved in mechanotransduction, degradation, and 3D architecture, including
nanotopography. b) Cellular processes of mechanosensing and response with several biological components, not
mutually exclusive, depicted in a bone cell such as an osteocyte. Created on the BioRender website

(hitps://biorender.com) by the author:

Hydrogels show great promise for BTE from both a biological and an engineering standpoint
(33,34). Their ability to mimic the fibrous structure of natural ECM, their pliability, high
processability and porous structure, enabling oxygen and nutrient exchange whilst supporting
cell attachment, proliferation, and differentiation, make them a ‘go to’ class of material for

BTE (34).

The body of literature reviewing hydrogels is extensive and the reader is directed to excellent
reviews on compositions (35-37) and properties (38—40) for BTE. Therefore, the following
section explores hydrogel biophysical cues such as mechanics, architecture, and degradation
in regulating in vitro cell behaviour, namely: 1) cell attachment and organisation; 2) cell
proliferation and differentiation; and 3) tissue formation and remodelling. It is important to
note that the hydrogel biophysical properties are highly interdependent and thus varying one
will influence the other; thus, it is challenging to isolate the effect of one variable over the
other on cell behaviour. In this section we attempt to identify those biophysical properties that

have the greatest effect in each of the key cell processes in bone formation and remodelling.
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1.2.1. Cell attachment and organisation

Bone formation in vitro involves the delivery of stem and/or specialised cells, with or without
appropriate signalling cues, often employing a supporting scaffold (41). Delivery does not
necessitate cell attachment; however, bone cells, and specifically osteoblasts, are adherence-
dependent cells, rendering regulation of cell attachment an exigency for subsequent cellular
function. Thus, promotion of cell attachment to a hydrogel matrix via biochemical and
biophysical cues is a key aspect to optimise. The biochemical composition of a hydrogel is an
important factor that controls cell attachment, and in some cases, biochemical cues can
dominate over biophysical cues at this stage of BTE (42,43). Biochemical cues, including
ligand chemistry, cryptic peptides, and bound growth factors (GFs) and extracellular vesicles
are mostly used to enhance cell attachment. The literature on biochemical cues is extensive
and the reader is directed to other reviews for more information (44—46). Whilst hydrogels
can present cell-attachment motifs, such as the arginine-glycine-aspartic acid (RGD) peptide,
and deliver GFs, 3D bioprinting has the potential to facilitate the production of BTE
constructs with spatiotemporally defined patterns of GFs to promote the organisation and
self-assembly of specific cells to stimulate bone tissue formation, vascularisation, and

remodelling (47).

1.2.1.1. Role of hydrogel architecture in cell attachment and organisation
Nanostructures, such as nanoparticles, have been used to control cell attachment and
organisation through manipulation of cell exposure to motifs (48,49). RGD-functionalised
silica nanoparticles were conjugated onto a thiolated methacrylated hyaluronic hydrogel. The
1.3-fold increase in the percentage of initial cell attachment when silica nanoparticles were
used on a methacrylated hyaluronic hydrogel, when compared to no nanoparticles, highlights

how unique surface topographic inputs can be used as directive cues for cells (48).



Bioorthogonal strategies have been employed to crosslink and encapsulate cells within
controlled nanostructured hydrogel networks (50). Nanostructures have also been used within
DNA hydrogels. A rapidly formed supramolecular polypeptide—DNA hydrogel was prepared
and used for in situ multilayer 3D bioprinting (51). Designed structures were printed using
two complementary bio-inks that were alternately deposited. This bioprinter-based method
created various 3D tissue-like patterns and structures with the necessary scales and
dimensions, through varying droplet size and the number of layers printed (51). Additionally,
DNA hydrogels have been used to create large, centimetre-scale constructs with excellent
haemo- and cytocompatibility (52). For further information regarding structural DNA

nanotechnology, the reader is directed to a comprehensive review (53).

As described before, cell attachment and organisation are a fundamental requirement for
further key cellular processes involved in bone formation in vitro. The architecture of
hydrogels, including nanostructures and molecular assembly, is a biophysical cue that
dominates at the early stages of the bone formation process and can be exploited to promote

and optimise cell attachment and organisation for the next stage, namely, cell growth.

1.2.2. Cell growth: migration, proliferation and differentiation

Variations in hydrogel mechanics, such as stiftness and viscoelasticity, and altering the 3D
architecture, such as pore size and nanotopographical features, affect and instigate changes in
cell behaviour, activity, and phenotype. Stiffness and viscoelasticity are key mechanical
properties that are converted into biochemical signals in a process called
mechanotransduction. Mechanosensitive feedback is particularly important in bone tissue, as
bone cells, such as osteocytes, osteoblasts, and osteoprogenitors, alter their phenotype and

function in response to external physical forces from the surrounding environment, to



regulate tissue formation and remodelling (54). Several approaches have been explored to
control cell migration, proliferation, and differentiation in hydrogels. Work has been focused
on mechanotransduction; thus, stiffness and viscoelasticity will be discussed first. An overall

summary of biophysical cues covered in the following sections is presented in Figure 2a.

1.2.2.1. Role of hydrogel stiffness on cell growth: migration, proliferation and
differentiation

In vivo cell migration is attributed to chemotaxis; however, in vitro, cells can also follow a

gradient in mechanics, also known as durotaxis (55). Tugging traction dynamics within cell-

ECM focal adhesions (FAs) are key to durotaxis. This sensing mechanism is capable of

operating over a broad range of matrix stiffness and tension, such that directional migration

of cells can be tightly controlled along highly localised or dynamically changing ECM-

rigidity gradients (56).

There is a close relationship between hydrogel stiffness and cell migration and differentiation
(57). He et al. (57) created a gel to engineer osteochondral tissue with an increasing stiffness
gradient from the cartilage (20 kPa) to the bone layer (300 kPa) (Figure 3a). The different
domains had the capacity to induce differentiation of MSCs towards the chondrocytic and
osteoblastic lineages (Figure 3b). Although stiffness-dependent mechanoregulation impacts
many cellular processes, its impact on stem cell spreading, differentiation, and migration has
been clearly demonstrated (58—61). Additionally, cell proliferation has been shown to have a
biphasic dependence on matrix elasticity, peaking in intermediate stiffness gels (60 kPa),
which also supported osteogenic lineage commitment (62). Matrix stiffness plays a key role
in regulating MSC differentiation into specific mature cell types. Dynamic modulation of

stiffness can result in the activation of different transcription factors that upregulate genetic
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pathways (YAP/TAZ). These pathways are responsible for the initiation and progression of
particular cell-lineage differentiation (63). The genes responsible and pathways involved are
beyond the scope of this review, so the reader is directed to another comprehensive review for

details (63).
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Figure 3. a,b) Effect of hydrogel stiffness and c—f) viscoelasticity on cellular response. a) A biomimetic gradient for
osteochondral tissue regeneration. Created on the BioRender website (https.//biorender.com) by the author. b) MSCs
stained for actin cytoskeleton on three different gels: LMWGs, LMWG-poly(ethylene glycol) diacrylate (PEGDA),
and PEGDA gels for 14 days. Reproduced (adapted) with permission (57). Copyright 2021, Elsevier. ¢) Schematic

showing molecular weight (MW) of alginate crosslinked by calcium with entanglement and connectivity of the
network, with both molecular weight and PEG spacers increasing the rate of stress relaxation (68). Created on the

BioRender website (https.//biorender.com) by the author. d) The effect of a 3D matrix on a cell — resulting in forces

and stresses acting on the cell. When forces are maintained, there is no remodeling, whereas, if there are cycles of

stress and strain relaxation it results in cell spreading (68). Created on the BioRender website (hitps.//biorender.com)

by the author. e) Chemical structure of an aliphatic hydrazone-linked hydrogel, showing reversible gelation (76). f)
Dynamic nature of the aliphatic hydrazone-linked hydrogel results in filopodia and lamellipodia extension,

facilitating cytoskeletal outgrowth. Reproduced with permission (76). Copyright 2014, Wiley-VCH GmbH.
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1.2.2.2. Effect of hydrogel viscoelasticity on cell growth: migration, proliferation and
differentiation
Natural tissues and cells themselves are viscoelastic (64,65). Cells probe their environments
at several frequencies (66). Influence of hydrogel viscoelasticity in directing cell phenotype
and migration has been covered by Chaudhuri, Mooney, and co-workers (65,67—70). Within
viscoelasticity and cell migration, literature often contradicts. Early studies suggested that
decreased viscosity and increased stiffness promoted cell spreading through cell traction
forces (71,72). However, cell spreading has also been reported to be upregulated in 3D
viscoelastic matrices. Similarly, viscoelasticity was found to promote and regulate the
proliferation of multiple cell types in hydrogels (68,73). Disagreement may arise from
difficulty in varying and controlling hydrogel mechanics accurately and independently over

other biophysical and chemical cues.

Fast stress relaxation has been shown to allow for better cell spreading in calcium-crosslinked
alginate hydrogels when compared to alginate gels with slow stress relaxation times with
similar elasticity (Figure 3¢). Mooney and co-workers showed that fast stress-relaxing
matrices undergo mechanical remodelling to result in adhesion-ligand clustering, cell
spreading, proliferation, and matrix formation (Figure 3d) (68,69). Initial moduli of ~9 kPa or
17 kPa induced MSCs to differentiate into fat and bone, respectively (68). However, the
stiffer matrices with faster relaxation kinetics, which are usually characteristic of moving
toward a progressively softer modulus, showed an increase in osteogenic differentiation as a
function of matrix viscoelasticity. It was hypothesised that the cells sense matrix relaxation in

real-time, rather than integrating the mechanical signal over time.
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Bioorthogonal covalent crosslinking has been explored together with ionic crosslinking to
produce alginate networks, providing a way to control viscoelasticity and stress relaxation
times (74,75). Further to this, fibrillar collagen matrix was integrated into the system. The
various levels of crosslinking resulted in a range of storage moduli and elastic moduli (1.5—
7.5 kPa). Increased elasticity of the matrix, as a result of covalent crosslinks, altered the cells’
response to mechanical cues with respect to regulation of gene expression of

immunomodulatory markers by human mesenchymal stem cells (hMSCs) (74).

Anseth and co-workers have employed hydrazone crosslinks to produce hydrogels that
remain dynamic under physiological conditions (76). The dynamic stress-relaxing crosslinks
allow for rearrangement of the gel over a timescale that is suitable for filopodia and
lamellipodia extension (Figure 3e and f) (76). Furthermore, Anseth and co-workers developed
a covalent adaptable thioester-crosslinked hydrogel with viscoelastic properties ranging over
several orders of magnitude, by modifying pH, gel stoichiometry, and crosslinker structure. In
these adaptable thioester hydrogels, hMSCs were able to spread within 1 day of culture and
developed stellate morphologies in contrast to the rounded shape of cells observed in the
static, control hydrogels lacking the thioester functionality. This study highlights the potential
of adaptable crosslinking strategies to mimic ECM viscosity, and the use of these crosslinking

strategies within hydrogels to remodel their surroundings (Figure 4a and b) (77).
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Figure 4. Role of a, b) hydrogel viscoelasticity and c) degradation on remodelling, a) Day 3
LIVE/DEAD showing increased spreading in thiol-containing hydrogels, and b) cell shape on day 3,
remaining rounded in the control and spread in excess thiol hydrogels. Reproduced (adapted) with
permission (77). Copyright 2023, Elsevier. ¢c) Degradation, with focus on degradation fraction and
cleavage rate on endothelial network formation. Reproduced (adapted) with permission (98).

Copyright 2023, American Chemical Society.

Knowledge of how cells sense, interpret, and react to changes in mechanical signals on
timescales ranging from seconds to hours is key in improving the design of dynamic
hydrogels for cell growth (78). Additionally, mechanical signals will vary significantly due to
the formation of precellular matrix and hydrogel degradation over a timescale of hours to
weeks, respectively. It is therefore important to design hydrogels and implement strategies

that exploit the cell-mediated dynamical changes across a large time scale.

1.2.2.3. Role of hydrogel degradation on cell growth: migration, proliferation and
differentiation

Matrix degradation is a key factor that influences cell motility and migration (79). It was

found that in poly(ethylene glycol)- (PEG) based hydrogels, cell migration was independent

of proteolytic degradation within a low-stiffness matrix, whereas, at higher levels of matrix
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stiffness, proteolytic migration dominated (80). Further, h(MSC migration decreased with
increasing stiffness in a matrix metalloproteinase- (MMP) degradable, peptide-functionalised
PEG hydrogel (81). The cell-mediated degradation of the pericellular matrix increased with
increasing post-encapsulation time. This observation suggests that over time, hMSCs secrete
MMPs to degrade and remodel the matrix to enable migration, with relatively higher rates in
softer matrices than stiffer ones. In addition to higher stiffness, a high density of matrix (i.e.
polymer concentration) is also known to reduce the speed of cell migration (80,82). Both
higher stiffness and density of matrix had the effect of limiting the space available or the
geometry of pores for cell migration. Cell migration is therefore facilitated by proteolytic
degradation; however, degradation should be tuned with remodelling (83). Thus, hydrogel
network geometry and architecture are other factors that influence cell movement in 3D
hydrogels and must therefore be optimised together with mechanics and degradation to

facilitate cell growth, organisation, and assembly (84).

1.2.2.4. Role of hydrogel 3D architecture on cell growth: migration, proliferation and
differentiation
3D Hydrogel mesh size or confinement heavily influences cell motility and migration.
Literature reporting hydrogel mesh size on cell growth is sparse due to the difficulty in
measuring and controlling hydrogel mesh size in 3D. The main take-home message from the
literature is that the nucleus acts as the main steric hindrance when cells migrate in confined
3D spaces (85). In addition, cell-migration speeds are highest in intermediate channel widths
(12 pm). Multiple cell types were confined in spaces smaller than the individual cells, but
bigger than the nucleus; cells displayed the fastest migration speeds through either porous
scaffolds or 3D channels (85,86). Additionally, 3D cell migration in the absence of

proteolytic degradation is significantly limited when pore diameter reaches below 4 um,
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which is comparable to the size of most cell nuclei (85,87). At these levels of confinements,

pore size dominates over substrate matrix stiffness in controlling migration.

Nanofibrillar structures, formed from gellan gum hydrogels and arranged by thermally driven
self-assembly, facilitated both cell adherence and proliferation (88). Increased adherence and
proliferation were hypothesised to originate from the change in density and pore size
decrease from thermal annealing, which resulted in microstructural rearrangements (88).
Hydrogels held at 65 °C for 16 hours exhibited the best results for cell adhesion and
proliferation. The nanotopography further influenced hydrogel stiffness, with an increase in
local stiffness observed in fibrillar structures with a number of nodes, which in turn

represented a more attractive architecture for FA (88).

Here, it is demonstrated that by applying the numerous concepts within 3D architecture, such
as patterning, fibrillar structures, and mesh size, directive cues for specific cellular growth

can be created.

Cell spreading, migration, proliferation, and differentiation are essential processes in ECM
synthesis and tissue regeneration. Hydrogel biophysical properties can be used to influence
cell behaviour and must be finely tuned to achieve the desired cell proliferation, migration,
and differentiation. Once the necessary cells are organised in place, the key stage of

mineralised matrix deposition and remodelling can occur.

1.2.3. Bone tissue deposition and remodelling
In normal physiology, bone resorption and formation are in a homeostatic equilibrium,

meaning that the rate of bone resorption is matched with the replacement of neotissue in
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response to mechanical load and strain (89). In vitro, before the point of remodelling,
osteoprogenitors are required to be delivered within a hydrogel and allowed to reorganise,
resulting in a sequential cascade of biological processes including spreading, migration,

proliferation, and differentiation.

All of these processes are highly influenced by a plethora of chemical and mechanical
properties, along with degradation and 3D architecture as discussed before in Sections 1.2.1
and 1.2.2. Eventually, bone formation occurs through collagen secretion and ECM

mineralisation, followed by remodelling by osteoclasts (90).

Upon tissue maturation, cells begin to interact with the hydrogel and native environment,
leading to dynamic reorganisation of both hydrogels and cells, which enables both cell
proliferation and differentiation, as well as cytoskeletal tension. On top of this, construct
morphogenesis begins as cells synthesise and deposit nascent ECM proteins and
proteoglycans within the hydrogel (91). Within the first 24 hours, these nascent proteins can
mask hydrogel properties and influence cell-hydrogel interactions within the extracellular
space. The newly secreted proteins within the ECM can cause much of the initial, and
proceeding, cell-hydrogel interactions to be lost, highlighted by studies that show MSCs’
ability to escape and override matrix stiffness cues to remain quiescent (91,92). Newly
secreted proteins and proteoglycans can influence cell-hydrogel interactions in two ways,
first, by acting as a physical barrier by separating the cell from the hydrogel, and second, by
permeating within the engineered hydrogel (93). Understanding and being able to control the

latter will influence the outlook of hydrogel design.
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The role of the deposited nascent protein is commonly overlooked when studying cell—
hydrogel interactions, despite their newly acquired biochemical and biophysical influences
which can be quite dissimilar to those originally engineered (91). Little work has been carried
out to study how the newly secreted matrix affects the cell-hydrogel interface on local,
intermediate, and long-term interactions. It is suggested that the lack of research in this area
can be attributed to limitations in visualising and measuring secreted matrix dynamics
(93,94). The spatiotemporal aspects of ECM assembly and remodelling remain unanswered,
and better comprehension is necessary to contribute to our understanding of how cell—
hydrogel interactions regulate matrix synthesis and tissue morphogenesis (95). Hydrogel
design in the future should pay increased attention to the timing (non-linear elastic nature of
tissue) and accessibility of engineered hydrogel biochemical and biophysical signals on cells

(93).

At the point of collagen secretion and ECM mineralisation, the hydrogel must degrade at an
appropriate rate to facilitate neotissue formation, thus hydrogel degradation properties

dominate in this point of BTE and will be discussed first.

1.2.3.1. Role of hydrogel degradation and 3D architecture on bone tissue deposition
and remodelling

Hydrolysis and enzymatic proteolysis are two of the main mechanisms by which hydrogels

undergo degradation. Both natural and synthetic hydrogels require incorporation of MMP

substrate crosslinkers to allow and aid cell-triggered proteolysis. During remodelling, MMPs

digest the hydrogel to make way for cells to form a new matrix (96). A PEG-based hydrogel

has been used to exploit this property, which, in the presence of cell-secreted MMPs, was

able to deliver bone morphogenetic protein (BMP)-2 (97). The process resulted in the
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formation of bony tissue and mimicked the matrix remodelling observed in natural ECM.
Additionally, proteolysis has been used to control the degradation kinetics of a PEG-based
hydrogel from <12 hours to over 9 days (98). This was achieved by using the proteolytic
enzyme urokinase plasminogen activator to control the rate of peptide bond hydrolysis. In
turn, the degradation was responsible for a loss in hydrogel architecture. Degradation in
combination with architecture plays a key role in endothelial network formation (Figure 4c)
(98). Endothelial network formation was only observed in the PEG-based hydrogels with
rapid proteolytic cleavage kinetics that could fully disrupt the infiltrated hydrogel

architecture.

Hydrogel network structure and mesh size are key architectural components that influence
neotissue formation. Architectural cues in scaffolds play a particular role in regulating
vascularisation and hence are important within bone remodelling. A hydrogel with open pores
and a fully interconnected microchannel network, as small as 40 pm, was created by
removing uncrosslinked gel within the structure by soaking the scaffolds in water (H20) (99).
To achieve a controlled architecture, piezo inkjet 3D printing was used to create an
architecture that facilitated vessel formation in vivo following implantation of endothelial
cell-seeded scaffolds (99). Although this study demonstrated vascularisation in wound
models, the technique and process can also be applied to bone tissue and demonstrates the

importance of 3D architecture on vascularisation.

Nanoscale symmetry and disorder patterns, in the form of nanocues, have been shown to act
as biologically active designs (100). When highly ordered, disordered, and totally random
topographies were compared, a disordered square array resulted in significantly higher

expression of osteopontin (OPN) and osteocalcin (OCN), along with dense aggregates,
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reminiscent of bone nodule structures (100). This study outlines the important role of
different nanotopographies, as well as how developing various orders of design can elucidate

specific cell functions.

It is clear from these studies that when designing a hydrogel, degradation and 3D architecture
are key considerations to be taken together, not only because of their impact on cell
behaviour but also because of their close interplay, which in turn can affect cell function for

tissue maturation (101).

1.2.3.2. Role of hydrogel mechanics on bone tissue deposition and remodelling

Bulk matrix stiffness has been shown to exhibit a marked dependence on new bone formation
in vivo, with intermediate stiftness gels (60 kPa) demonstrating optimal regeneration (62).
Two gelatin methacryloyl (GelMA)-based hydrogels with differing stiffnesses, both co-
cultured with primary human adipose-derived stem cells (hASCs) (osteogenic) and primary
human dermal microvascular endothelial cells (HDMECs) (angiogenic), demonstrated the
interplay between HDMECs and hASCs in co-culture. This study showed successful
direction of cell fate when exposed to hydrogels of differing stiffness (102). After 14 days of
culture, the stiffer hydrogels induced the hASCs to express collagen I and fibronectin, as well
as OPN and alkaline phosphatase (ALP) — key matrix proteins and bone-specific proteins.
Additionally, co-culture resulted in higher viscoelastic properties of the bone gels than
monoculture (102). Conversely, the softer gels induced vascularisation while co-culture
promoted a significant increase in stability and complexity of vascular networks. As stated in
Section 1.1, successful vasculature within these hydrogel constructs remains a hurdle in

achieving tissue mimics for BTE. However, this work demonstrates that stiffness and co-
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culture can be combined and exploited so that the cells can function well in the necessary

parts for bone formation and vascularisation.

1.2.4. Concluding remarks

Formulating novel hydrogels for BTE with tuneable properties has shown significant
progress and great potential. However, as tissue engineering is an inter-disciplinary field,
pivotal challenges remain in the areas highlighted in this review — BTE and hydrogel design.
To create fully representative in vitro tissue models, which allow long-term, whole construct
testing of potential therapeutics, researchers must identify the unmet requirements within
these areas. The first is the dynamic and complex nature of the organ to be recapitulated. The
current state-of-the-art in in vitro modelling of bone does not recapitulate the complex
hierarchy of bone. This review highlights three main interlinked challenges in BTE, namely
complexity, vascularisation, and organ-level simulation. These barriers can be overcome
through synergistic developments in hydrogel formulations and utilisation of appropriate
manufacturing methods. The second is the development and advancement of hydrogel
formulations that can recapitulate the stem cell microenvironmental niche and direct the
appropriate cell phenotype. Numerous hydrogel biophysical parameters, including stiffness,
viscoelasticity, 3D architecture, and nanotopography, which have been successfully modified
and controlled, directing stem cell fate, are presented. This literature review highlights the
importance of developing novel hydrogels to bio-physicochemically cue cells over a time-

scale mapping to key cellular processes in bone formation and remodelling.

1.2.5. Thesis aims
The aim of this thesis is to develop novel hybrid hydrogels using sol-gel processing for in

vitro modelling of bone. To achieve this aim, this thesis has the following objectives:
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1.

Investigate the interaction of gelatin (organic) with polyol-modified silanes
(inorganic) to create hybrid hydrogels. Characterise the chosen hydrogel systems in
terms of phase separation, gelling properties, pH, and degradation properties.

Study the gelatin functionalisation reaction with epoxide electrophiles and develop
improved methods for determining successful functionalisation of gelatin with 3-
glycidyloxypropyl trimethoxysilane (GPTMS), including utilisation of a novel
technique to purify reaction products.

Synthesise novel gelatin-based hybrid hydrogels using click chemistry and
characterise the chosen hydrogel systems in terms of chemical composition,

mechanical properties, and their ability to support cell growth and proliferation.
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CHAPTER 2. INTERACTION OF GLYCOL-MODIFIED

SILANES WITH GELATIN IN GELATIN-SILICA HYBRID

HYDROGELS
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2.1.  Introduction

Naturally derived organic biopolymers, such as gelatin, collagen and chitosan, are a popular
choice for hydrogels as they often have inherent biological activity, as well as being
biocompatible (103—105). In addition to the numerous benefits discussed in Chapter 1,
including mimicking the structure of the ECM, high water content, tuneable physicochemical
properties, and supporting cell attachment and proliferation, naturally derived organic
biopolymers are often readily and commercially available (11,104—107). Although the
discussed benefits make naturally derived biopolymer hydrogels an outstanding choice for
BTE, their employment is limited by their low mechanical strength, both compressive and
tensile, uncontrolled degradation behaviour, and batch-to-batch variation (108—110).
Incorporating other materials into these hydrogels provides a route to enhance the material
chemistry to facilitate versatile use of hydrogels within more demanding tissue engineering

applications.

2.1.1. Hybrid hydrogels

One strategy to improve the poor mechanical and degradation properties of naturally derived
biopolymer hydrogels is to create hybrids; a ‘hybrid’ is defined as a molecular
interpenetrating network of organic and inorganic moieties which interact at the nanoscale
(111-114). Hybrid hydrogels can be classified into two classes. In Class I, the organic and
inorganic matrices are embedded within one another through weak non-covalent interactions,
such as hydrogen bonds, whereas in Class II, the organic and inorganic domains are
covalently linked by a crosslinker (111) (Figure 5). Hybrid hydrogels often employ silica as
the inorganic component because the physical network it can create includes covalent bonds
which enhance the overall strength of the hydrogel, whilst also providing the scaffold with

the ability to biomineralise (115,116). This integration of silica as the inorganic phase results

24



in synergy of the properties of these components (111,117). Therefore, the poor mechanical
drawbacks associated with the organic biopolymer are addressed, while retaining the innate
biological benefits. Additionally, manipulation of the proportion of both organic and

inorganic provides a way to control biological and physical properties (112).

Class | Class I

covalent
bonds

A weak non-
\\ covalent

interactions

organic * inorganic crosslinker

Figure 5. Classes of organic-inorganic hybrid hydrogels. Class I hydrogels have organic and inorganic components

embedded within one another, with weak non-covalent interactions. Class Il hydrogels have organic and inorganic

networks linked by covalent bonds. Created on the BioRender website (https://biorender.com) by the author:

2.1.2. Sol-gel
Soft-chemistry sol-gel processing, an inorganic polymerisation, allows the development of
organic-inorganic hybrid hydrogels for biomedical applications (112,117—-121). The name

‘sol-gel’ is used to describe the transition between the two different states: a sol, a colloidal

b
&

suspension, to a gel, an entangled solid network. During the sol-gel process, metal-containing

molecular precursors, such as silicon alkoxides, form solid particles at the molecular level
and react to construct a 3D network composed of a metal oxide, such as silica (111).

The formation of solid particles at the molecular level is driven by hydrolysis and
condensation, resulting in an interconnected network in a continuous liquid phase. As the

reaction progresses, an increase in viscosity of the system results in gelation (122,123).
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Hydrolysis and condensation reactions are fundamental to sol-gel processing and so will be
explored further in Section 2.1.2.1. The formation of an inorganic network via sol-gel
processing, displaying the transition between sol to gel on a molecular level and macroscale,

is presented in Figure 6.

solution of
precursors sol gel
-l > < o -l > - >
hydrolysis chain growth gelation
& condensation
N s NS ¥

Figure 6. Representation of the sol-gel process. A solution of precursors containing a metal alkoxide and H>O undergoes

hydrolysis and condensation to result in chain growth, leading to gelation and a self-supporting gel through an increase in

viscosity. Created on the BioRender website (https.//biorender.com) by the author.

2.1.2.1. Hydrolysis and condensation

As part of the precursor solution, metal alkoxides are largely used, most commonly a silicon
alkoxide. If the precursor is an alkoxysilane, such as tetraethyl orthosilicate (TEOS), the first
step in the reaction is the hydrolysis of alkoxysilyl groups to form silanols (Si—~OH) (Reaction
1) (111,124). As soon as an Si—OH has been formed, condensation can begin, and the two
reactions will proceed to run simultaneously. Condensation can occur through two methods,
as shown in Reaction 2 and 3, either by the reaction of two Si—~OH with H>O as a by-product
(Reaction 2), or reaction between an Si—OH and an alkoxysilyl group, with an alcohol as the
by-product (Reaction 3) (21); the former is often referred to as water condensation, as H>O is
produced, and the latter as alcohol condensation, as an alcohol is produced (125). Ultimately,
polycondensation turns the formed monomers into oligomers, and finally, into polymers or

colloidal nanoparticles (124).
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(RO);Si—OR + H,0 - (RO);Si—OH + ROH (Reaction 1)

(RO);Si—OH + (R0);Si—O0H - (R0O);Si—0—Si(OR); + H,0 (Reaction 2)
(RO);Si—OH + (R0);Si—OR — (R0);Si—0—Si(OR); + ROH (Reaction 3)
2.1.2.2. Application of sol-gel in hydrogels

Sol-gel processing is performed at low temperatures, neutral pH and in H>O (111). The sol-
gel process has been exploited within hybrid hydrogel development, as in sifu formation of
the network is desirable, and can be triggered by changes in environmental conditions such as
changes in pH. Jeong et al. (126) state that sol-gel processing for hydrogels has multiple
advantages over conventional hydrogels due to the simplicity and safety of the technique, and
the potential to use low-temperature processing conditions. Consequently, it is a synthetic
technique that occurs under mild conditions allowing the integration of an organic component
and biologics, preserving any biological activity present, hence, the interest and focus on use

of sol-gel as a method to create biocompatible hybrid hydrogels.

Characteristically, organic biopolymers are used in hybrid hydrogels as they can introduce
biological functionality to the hybrid through innate bioactivity, for instance, RGD motifs that
provide biochemical cues for cells (111,112,127-134). Where the organic biopolymer often
lacks mechanical integrity, the inorganic part supplies mechanical strength and thermal
stability (111). This approach is also highly promising for the integration of silica with
organic biopolymer components. Sol-gel processing has utilised numerous biopolymers to
produce hybrid hydrogels with enhanced mechanical properties and biological activity, which

are reviewed below.
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Lee et al. (135) integrated the organosilane tetramethyl orthosilicate (TMOS) into a 15%
(w/v) hyaluronic acid (HA) hydrogel network and used in sifu sol-gel of TMOS (2, 5 or 10%
[v/v]) at 37 °C to form silica nanoparticles within the matrix. A structurally organised hybrid
with an interconnected silica network was formed. Increasing silica content within the gel
resulted in enhanced mechanical strength, specifically increasing the elastic modulus up to
160-fold to ~50 kPa, compared with that of pure HA; the storage modulus (G') increased by
two orders of magnitude (1 to 160 kPa). Although the inclusion of silica increased G' and
meant the physical properties could be varied for a wide range of soft and hard tissue
applications, it was still far from the elastic modulus of bone, desirable for this thesis, which
is on the scale of 15 to 20 MPa (136). The methanol (MeOH) produced from the hydrolysis
and condensation of TMOS was removed through sequential washing of the hydrogels with
80%, 90%, and 100% ethanol, and subsequent washing with phosphate-buffered saline
(PBS). Cellular responses were investigated using fibroblasts, seeded on the hydrogel surface.
Inclusion of silica did not show any sign of toxicity and the hybrids had a significantly higher

cell viability compared to the HA hydrogel (135).

Filipowska et al. (132) used sol-gel to prepare silica particles of two different sizes, (210 + 1
nm [S1] and 438 + 5 nm [S2]), from TEOS, and dispersed these into different biopolymers.
Specifically, the method used H>O dispersion of silica particles into collagen, chitosan, and
collagen/chitosan hydrogels. The resulting hydrogels were washed with PBS, sterilised with
ultraviolet (UV) light, and human bone marrow mesenchymal stem cells (hnBMSCs) were
seeded on top of the hydrogels. The choice of biopolymer, rather than size of the silica
particles, influenced cell viability. The addition of silica particles to the hydrogels did not
compromise the cytocompatibility of the resulting hybrids when compared with non-silica

containing hydrogels. Specifically, cell viability was significantly higher for the chitosan and
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collagen hydrogels, both silica and non-silica containing, compared with the
collagen/chitosan composite. This observation reflected the collagen/chitosan composite’s
ability to promote osteogenic differentiation rather than proliferation, shown by significantly
higher ALP activity. ALP activity was also significantly higher in the smaller particle silica-
containing hydrogels compared to the native biopolymers, demonstrating high pro-osteogenic

properties (132).

Hernandez-Gonzélez et al. (116) covalently coupled alginate with silica to form Class II
hybrid hydrogels by functionalising oxidised alginate (alginate dialdehyde [ADA]) with (3-
aminopropyl) triethoxysilane (APTES), and then reacted with TEOS. The synthesis
parameters influenced the hydrolysis-condensation reactions of the silica precursors and
altered how alginate interacted with them, resulting in hybrids with varying degrees of
network connectedness and mechanical properties. Hybrids prepared with both APTES and
TEOS generated longer silica chains and a higher degree of crosslinking, resulting in stronger
materials than hybrids made with alginate/APTES or alginate/TEOS. Higher alginate
concentrations (5 and 8%) resulted in a higher G’ and loss modulus (G”), suggesting
additional crosslinking from the added bridges of alginate ionic interactions, resulting in a

stronger gel.

Improved mechanical properties resulting from sol-gel synthesised silica reinforcement
within biopolymer hydrogels is widely recognised (112,117,137,138). Both Lee et al. (135)
and Filipowska et al. (132) used sol-gel to create hybrid hydrogels, post-processing to remove
toxic by-products, and then investigated two-dimensional (2D) cellular responses on the

hydrogel surface. However, there are issues associated with sol-gel processing for hybrid
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formation when cells are encapsulated for 3D culture, which will be discussed in the

following section.

2.1.3. Issues with sol-gel for encapsulation of a protein/biomolecule
While alkoxysilanes, such as TEOS, provide numerous advantages as a precursor material for
sol-gel processing, there are associated disadvantages when a cell or biomolecule-embedded
product is desired. TEOS is the most prevalent alkoxide of silicon and is the most commonly
used metal alkoxide in sol-gel experiments, however, this agent is limited for biomedical
application for the following reasons:
1) TEOS undergoes hydrolysis and condensation to form ethanol as a by-product,
which is a protein denaturant (139,140), and
i) acidic or basic conditions are necessary to catalyse to the reaction, which can also
affect protein stability (141).
For these reasons, novel silane precursors are required for the sol-gel process to form
biocompatible hydrogels. Ideally TEOS would be substituted with an alternative alkoxide of
silicon, which produces a biocompatible alcohol by-product (142). In addition, the reaction

should be run under neutral conditions, without the need for an acid/base catalyst.

2.1.3.1. Polyol-modified silane precursors as alternatives to TEOS and TMOS

There has been intense effort to develop sol-gel techniques for the encapsulation of biologics,
particularly to create silica-based materials with both inorganic and hybrid matrices (143—
146). Gill and Ballesteros (145) produced polyglycerol silicate (PGS) through
transesterification of polymethyl silicate (PMS; partially hydrolysed and condensed TMOS)
with glycerol (GL), using a hydrochloric acid (HCI) catalyst. PGS retained 98% activity of

encapsulated trypsin, when compared with the free enzyme, whereas PMS had only 34%
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activity. The modification method was also used with metallosilicate, alkylsiloxane, and

composite sol-gels, meaning a wide range of bio-doped polymers were created (145).

The transesterification method has also been used to synthesise ethylene glycol modified
silane (EGMS) from TEOS and ethylene glycol by Patwardhan et al. (147). They investigated
the reaction of EGMS with two macromolecules; polyallylamine hydrochloride (PAH) and
poly-L-lysine (PLL). The reaction was performed under argon, at temperatures up to 150 °C
and proceeded in the absence of a catalyst. Upon mixing the macromolecules with EGMS, a
white precipitate was generated. Both EGMS and PAH, and EGMS and PLL showed the
formation of well-defined spherical silica particles when imaged with scanning electron
microscopy (SEM). Additionally, the PLL-containing gels formed non-uniform hexagonal
sheet-like particles. In contrast, pure EGMS formed no precipitate, but instead a bulk
amorphous gel was observed (147). The EGMS chemistry was further developed to
synthesise numerous different ethylene glycol-based modified silanes based on
organoalkoxysilanes such as methyl-, phenyl-, bridged ethylene, and phenylene, via
transesterification. Although the hybrids were used in their monolith form, rather than as a
hydrogel, this study demonstrates the versatility of the transesterification method for forming
numerous different precursors for the synthesis of organosilica inorganic-organic hybrids

with tailorable chemical functionalities (148).

Sorbitol, maltose, dextran and GL have been used to synthesise a variety of modified silanes
from TEOS and TMOS, with different compositional ranges (sugar:silane) (140). The
methoxy (TMOS) and ethoxy (TEOS) groups were directly replaced with the polyols using
transesterification, in the absence of a catalyst. The resulting polyol-modified silanes had a

greater solubility in H2O, when compared to their unmodified counterparts, and proton
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nuclear magnetic resonance (‘"H NMR) and carbon-13 nuclear magnetic resonance (13C
NMR) spectroscopic analysis demonstrated release of only the polyol upon hydrolysis. It was
possible to control the rates of hydrolysis and condensation in several ways. Increasing the
polyol:silane ratio, using larger or more complex sugars, decreasing the ionic strength and
introducing additional free polyols into the reacting solution all decreased the rate of gelation
(140). Diglycerylsilane (DGS) monolith, made from GL and TEOS, was dissolved in H>O
and an enzyme, Factor Xa, was entrapped within the gel (149). Factor Xa activity was
significantly higher in DGS than in TEOS, moreover its activity was almost unchanged over
60 days in DGS, compared to almost completely inactivated after seven days in TEOS.
Additionally, residual entrapped GL was found to plasticise the gel and reduce the degree of

shrinkage and cracking (149).

More recently, a glycerol-modified silane (GLMS) was synthesised from TEOS for use in
silicon-containing chitosan hybrid hydrogels (120). The gelation characteristics over a range
of pH (~pH 2 to ~pH 5) and temperatures (4, 20 and 37 °C) were studied. An increase in pH
and temperature reduced the gelation time, demonstrating the reaction conditions are key sol-
gel process factors (120). Jayash et al. (112) also created chitosan-silica hybrid hydrogels
using GLMS. Chitosan was employed to provide biological activity and the incorporation of
silica, synthesised through GLMS hydrolysis and condensation, to increase the mechanical
properties. After 7 days of osteoblast cell culture, seeded on and encapsulated within the

hydrogels, cell viability was >70% (112).

Modification of organosilanes to form non-harmful alternatives to TEOS and TMOS has
evolved from solely the use of polyol-modified silanes for encapsulation of biologics, to

incorporation of biopolymers and cells into the polyol-modified silane sol-gel process to
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create hybrid hydrogels. The transesterification process can be used to synthesise a series of
polyol-modified silanes, by varying the polyol and organosilane, to create precursors with

tuneable properties and a gelation process compatible with bioencapsulation. This approach
makes the use of polyol-modified silanes an attractive route for hybrid hydrogel creation for

encapsulation of cells in tissue engineering approaches.

2.1.4. Aims and objectives
The aim of this chapter was to synthesise polyol-modified silanes for use in gelatin-silica
hybrid hydrogels. The interactions between gelatin-based and silica-based materials were

explored and discovered to be highly dependent on the components within the reaction.

The main objectives were to:
1. Modify organosilanes with polyols to create non-harmful silica precursor
alternatives
a. Use the transesterification reaction to modify TEOS with glycerol (GL) and
propylene glycol (PG) to form glycerol-modified silane (GLMS) and
propylene glycol-modified silane (PGMS), respectively
b. Utilise the transesterification reaction to modify GPTMS with PG to form a
polyol-modified organosilane crosslinker
c. Characterise the polyol-modified silane reaction and products using '"H NMR
spectroscopy
il. Develop a series of gelatin-based-silica Class I and Class II hybrid hydrogels

using the synthesised polyol-modified silanes
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a.

Examine hybrid hydrogel component interactions by varying the type of
gelatin, type of polyol-modified silane, inclusion of a crosslinker, ratio of
gelatin to silica and choice of solvent

Test the degradation properties of the hybrid hydrogels to determine if the
polyol-modified organosilane crosslinker contributes to more controlled

dissolution
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2.2.  Methods
2.2.1. Transesterification of polyol-modified silane precursors

2.2.1.1. Materials

Tetraethyl orthosilicate (TEOS; reagent grade, 98.0%), glycerol (GL; for molecular biology,
>99.0%), propylene glycol (PG; meets USP testing specifications, >99.5%) and 3-
glycidyloxypropyl trimethoxysilane (GPTMS; >98.0%) were all purchased from Sigma-
Aldrich. Experiments were carried out at the Institute of Translational Medicine Birmingham,
University of Birmingham and Dental and Biomaterials Laboratory, Birmingham Dental

Hospital, University of Birmingham.

2.2.1.2. Transesterification setup
The transesterification apparatus was a standard distillation set up within a fume hood (Figure

7). An argon atmosphere was supplied to the set-up to create an inert environment.

35



Argon source

\ Bubbler

Argon source T
Clamp stand —

' o=t

Thermometer

/L Water out

Screw thread
adapter

/

¥ Waterin

Distillation link with | —— Rubber tubing
Liebig Condenser

Schlenk flask

Aluminium
foil

Heating block

¢

Round bottom
flask

Magnetic stirrer
e — @ @

Collection of ethanol

Figure 7. Transesterification apparatus set-up. Created on the BioRender website (https://biorender.com) by the author:

2.2.1.3. Transesterification protocol
GL and PG were used to modify TEOS to form GLMS (Reaction 4) and PGMS (Reaction 5),

respectively.

Reagent preparation

The reactions to form GLMS and PGMS were as follows:

TEOS + GL - GLMS + ethanol

Si(0C,Hs), + 4CsHg03 >  Si(CsHg03), + 4C,HsOH  (Reaction4)

36


https://biorender.com/

TEOS + PG - PGMS + ethanol

Si(0C,Hs), + 4CiHg0, —  Si(CsHg0,), + 4C,HsO (Reaction 5)

For substitution of ethoxy-groups with GL or PG, a ratio of 1:4 (TEOS: polyol) of the
reagents were prepared. First, TEOS (50 ml, 0.2 moles) was added to a 250 ml Schlenk flask,
followed by either GL (66 ml, 0.9 moles) or PG (68 ml, 0.9 moles). A stirrer bar (40 mm,
oval, FisherbrandTM Thermo Fisher Scientific) was placed in the Schlenk flask and then
reconnected to the system. An argon atmosphere was maintained throughout, to prevent
gelation of the mixture through contact with moisture in the air. The use of ground glass
joints maintained an airtight system and joint clips were applied to all glassware connections

to secure the glassware.

Reaction procedure

The H20 source for the Liebig condenser was turned on, as well as the hotplate magnetic
stirrer. The temperature of the hotplate was set to 120 °C and the stirrer speed increased
slowly until 200 rpm was achieved. The TEOS/polyol mixture was heated to 120 °C, until it
was homogeneous and appeared cloudy, steadily increasing the stirrer to ~250 rpm.
Aluminium foil was added to the neck of the Schlenk flask to insulate the system. The
hotplate temperature was increased in increments of 10 °C until the thermometer read >70 °C,
at which point, ethanol was distilled from reacting mixture, and collected in the 50 ml round
bottom flask. The reaction was stirred until either the temperature of the thermometer
dropped <70 °C or ethanol stopped collecting. At this point, the temperature of the hotplate
was increased by further 10 °C increments until the reaction commenced again — noted by
ethanol beginning to collect. This process was continued until either ethanol stopped

collecting (collecting approx. 50 mL) or 160 °C was attained on the hotplate. At this point,
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the apparatus was left to cool and the Schlenk flask removed and sealed with a bung, leaving

the final product of either GLMS or PGMS.

2.2.1.4. Transesterification of polyol-modified organosilane crosslinking agent
GPTMS is a bifunctional organosilane with three methoxy groups on one side and an epoxy
ring on the other. A transesterification reaction was also used to modify GPTMS to substitute
the methoxy groups. In this reaction, PG was used to modify GPTMS and the product formed

is referred to as propylene glycol-modified GPTMS (GPTPGS).

Reagent preparation and synthesis
The same experiment set-up was used as described in Section 2.2.1.2. The reaction to form

GPTPGS was as follows (Reaction 6):

GPTMS + PG - GPTPGS + methanol

Si(CoHyy0s) + 3C3HgO, —  Si(CisHs,05) + 3CH,0H (Reaction 6)

A ratio of 1:3 (GPTMS: propylene glycol) of the solutions were prepared as follows: GPTMS

(50 ml, 0.2 moles) was added to a 250 ml Schlenk flask, followed by PG (48 ml, 0.7 moles).

2.2.2. Interactions of gelatin- and silica-based components
The following work was conducted by undergraduate Leo Saturnino, under the supervision of

the author.
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2.2.2.1. Materials

Gelatin (porcine skin, gel strength ~175 g Bloom, Type A), dialysis tubing cellulose
membrane (typical molecular weight cut-off = 14,000 Da), Dulbecco’s Modified Eagle
Medium (DMEM; high glucose), lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP;
>95%) and PBS were all purchased from Sigma Aldrich. All other reagents and kits are

otherwise specified.

2.2.2.2. Preparation of gelatin-based solutions

Gelatin
Gelatin solutions (5.0 wt%) were prepared by adding 10 mM HClq) (20 mL) to a sealed
round bottom flask in a water bath at 40 °C. After 1 hour, gelatin (1.0 g) was added and the

mixture stirred at 250 rpm for another 1 hour to ensure complete dissolution.

Gelatin methacryloyl (GelMA)
GelMA was prepared using the protocol outlined in Shirahama et al. (150). The GeIMA
solution was freeze-dried (Lablyo Mini, United Kingdom) for 3—4 days to generate a porous

white foam, which was stored at —20 °C.

GPTPGS-functionalised polymer

GPTPGS-functionalised gelatin (Gel-GPTPGS) and GeIMA-functionalised gelatin (GelMA-
GPTPGS) were prepared by heating 10 mM HCl.g) (10 mL) in a sealed round bottom flask at
40 °C for 1 hour. Next, 0.5 g of gelatin or GeIMA (5.0 wt%) was added and the resulting
mixture was stirred at 250 rpm for 1 hour. The pH of the solutions was adjusted to pH 5 using
0.1 M HClaq) and GPTPGS (2.3 g) was added to give a coupling factor (CF, molar ratio of

gelatin:GPTPGS) of 500. The solution was stirred at 40 °C and 250 rpm for up to 24 hours
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(gelatin) and 72 hours (GelMA), and then removed from the heat and used immediately for

hydrogel preparation.

2.2.2.3. Preparation of Class I and Class II gelatin-silica hydrogels

The pH of all gelatin-based solutions (gelatin, GeIMA, Gel-GPTPGS, and GelMA-GPTPGS)
used was adjusted to pH 7.4 using 0.1 M sodium hydroxide (NaOHaq)). Predetermined
volumes of gelatin-based solutions and DMEM/deionised H>O (dH>0O) [Table 1] were
vortexed in a universal tube for 15 seconds and the pH was recorded. Solutions containing
GelMA also had the addition of LAP at 0.15 wt%. The following variables were investigated:
gelatin type (gelatin, GeIMA, Gel-GPTPGS or GeIMA-GPTPGS), organic:inorganic ratio
(O:1), solvent, and silica source. The O:I ratio reflects the contributions from gelatin and
silica, but GPTPGS also contains both organic and inorganic components, and therefore, the

contributions from GPTPGS were included in the calculations.
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Table 1. Hydrogel formulations, varying gelatin type (gelatin, GelMA, Gel-GPTPGS or GelMA-GPTPGS), O:1, solvent (media or dH,0), and silica source (GLMS or PGMS). Note, the

contribution of organic and inorganic from GPTPGS was included in the O:I ratio.

Gelatin type O:I ratio Volume of gelatin-based Media/dHz20 Volume of media/ Silica source Mass of silica-
solution (mL) dH:0 (mL) source (g)
Gelatin 100:0 5.00 DMEM 1.25 / /
80:20 5.00 DMEM 1.25 PGMS 0.34
60:40 5.00 DMEM 3.33 PGMS 0.92
60:40 5.00 dH0 3.33 PGMS 0.92
60:40 5.00 dH0 3.33 GLMS 0.92
40:60 5.00 DMEM 7.50 PGMS 2.05
20:80 5.00 DMEM 20.00 PGMS 5.45
GelMA 60:40 5.00 DMEM 3.34 PGMS 0.91
40:60 5.00 DMEM 7.49 PGMS 2.05
20:80 5.00 DMEM 20.06 PGMS 5.49
Gel-GPTPGS 100:0 5.00 DMEM 15.40 GPTPGS + PGMS 0.00
60:40 5.00 DMEM 15.40 GPTPGS + PGMS 1.36
40:60 5.00 DMEM 25.72 GPTPGS + PGMS 4.16
20:80 5.00 DMEM 55.83 GPTPGS + PGMS 12.38
GelMA-GPTPGS 60:40 5.00 DMEM 15.36 GPTPGS + PGMS 1.34
40:60 5.00 DMEM 25.48 GPTPGS + PGMS 4.11
20:80 5.00 DMEM 56.25 GPTPGS + PGMS 12.5

41



The gelatin and dHO/DMEM solution was then added to PGMS or GLMS, according to
Table 1, and the mixture was vortexed for 15 seconds — after which time, the pH was
measured. The time for gelation was recorded after vortexing using the inversion method,
tilting the tube every 10 seconds, increasing to every 2 seconds when viscosity visibly

increased. The gelation time was recorded when the hydrogel became self-supporting (151).

2.2.3. Synthesis of gelatin-silica hybrid hydrogels
Three hydrogel formulations were selected from the study of gelatin- and silica-based
material interactions (Section 2.2.2); GeIMA-Silica (Class I), Gel-GPTPGS-Silica (Class II),

and GeIMA-GPTPGS-Silica (Class II).

2.2.3.1 GelMA-Silica

GelMA solution (5.00 wt%) was prepared by dissolving GeIMA (0.25 g) in 10 mM HClag)
(10.0 mL) at 40 °C and 250 rpm. After 1 hour, the temperature was increased to 70 °C and
0.15 wt% of LAP (0.02 g) was added to the solution. The resulting solution was stirred at 70

°C for 30 minutes.

To make the hydrogel, 2.80 mL of GeIMA was added to 11.7 mL of DMEM, and the solution
was vortexed for 15 seconds, and then added to 3.20 g of PGMS. Once vortexed for 15
seconds, the hydrogel solutions were immediately cast into a culture dish (60 mm), sealed
with a lid and parafilm, and left to age for 4 hours. The cast hydrogel was irradiated for 2
minutes using a single peak of visible blue light from a single-wavelength array (SWA)
platform (Loctite; Henkel-Loctite, Hemel Hempstead, UK) after 1 hour of ageing, with an
average spectral irradiance of 190 mW/cm? and an irradiation distance set at 15.5 cm from

the base of the culture dish (152).
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2.2.3.2. Gel-GPTPGS-Silica and GelMA-GPTPGS-Silica

To make the hydrogels, 1.2 mL of Gel-GPTPGS or GeIMA-GPTPGS solution was added to
13.5 mL DMEM and the solution was vortexed, followed by adding to 3.0 g PGMS. Once
vortexed for 15 seconds, the hydrogel solutions were immediately cast into a culture dish,
sealed with a lid and parafilm. The Gel-GPTPGS hydrogel was left to age for 4 hours. After 1
hour of ageing, the GeIMA-GPTPGS hydrogel was irradiated for 2 minutes using an SWA
platform and an irradiance of 190 mW/cm?, with an irradiation distance set at 15.5 cm from
the base of the culture dish (152). The GeIMA-GPTPGS hydrogel was then aged for a further

3 hours.

2.2.4. Chemical characterisation

2.24.1. "H NMR spectroscopy
'"H NMR (Bruker Biospin AVANCE spectrometer, 400 Hz) was used to analyse how the
transesterification reaction progressed and to determine successful exchange of the

ethoxy/methoxy groups in TEOS and GPTMS, respectively.

During the transesterification reactions, aliquots were taken at specific time intervals: 20
minutes, and 1, 2, 6 and 8 hours and prepared for 'H NMR analysis: a 200 pl aliquot was
mixed with 800 pul of deuterated chloroform (CDCl3). Methacryloyl functionalisation was
also characterised using "H NMR spectroscopy using deuterium oxide (D20) as the solvent.
Gelatin and GeIMA 'H NMR samples were made by dissolving 5.0 wt% of gelatin and
GelMA, respectively, in D20 (1.0 mL) and mixing 200 pl of the gelatin/GeIMA solution with

another 800 pul of D>O.
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"H NMR data were collected by Siyun Liu (PhD Student) and all spectra were analysed with
MRestNova x64 NMR software (version 14). For the transesterification samples, the
resonance at oy = 3.55 ppm corresponding to the protons on the CH; group within PG was
used as a standard integral, with a relative intensity of 1.00, for all transesterification data and

the relative intensity of the signals within the collected spectra were analysed.

2.2.4.2. Fourier-transform infrared (FTIR) spectroscopy.

Hydrogels were dried in a 50 °C oven for 24 hours and then ground into a fine powder using
a pestle and mortar. Fourier-transform infrared (FTIR) spectroscopy was performed using a
NICOLET 6700 spectrometer using 16 scans per sample with a resolution of 4 cm™ over the

range of 4000-650 cm.

2.2.5. Hydrogel degradation properties
Hydrogel degradation behaviour was studied to assess how hydrogels degraded over time.

Mass loss was monitored to test the degradation behaviour of the hybrid hydrogels.

2.2.5.1. Preparation
PBS (1 L) was made by dissolving 1 tablet per 200 mL in dH20. The pH was measured. PBS

was pre-heated in an incubator to 37 °C. After 4 hours of ageing, hydrogel cylinders were
stamped out of the culture dish using a 5 ml syringe with the tip cut off. All hydrogel samples
were weighed. To calculate the volume of PBS to add per 50 ml container, a ratio of 1.5 g:50

mL (hydrogel:PBS) was used.
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2.2.5.2. Degradation assay

Hydrogel samples were placed in their respective PBS container and incubated at 37 °C for
the duration of the experiment. The hydrogel mass and pH of PBS were taken at the

following time points: 1, 3 and 24 hours, and 2, 5, 7, 14, 21, and 28 days.
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2.3.  Results and discussion

The results present the steps taken to produce alternative silane precursors to TEOS and
develop gelatin-silica hybrid hydrogels. TEOS was modified with GL or PG, and GPTMS
was modified with PG. These modified alkoxysilanes were used to develop gelatin-silica
hybrids. Numerous different hybrid compositions were created by varying the gelatin type,
(gelatin or GeIMA), O:I ratio, solvent (dH>O or media), and silica source. The resulting
hydrogels were investigated with respect to their gelation time, pH and degradation

properties.

2.3.1. Chemical characterisation of polyol-modified silane structure and reaction kinetics

2.3.1.1. Polyol-modified silane precursors
GLMS
The kinetics of the transesterification reactions and structures of the products were evaluated

by '"H NMR spectroscopy.

A scheme showing the formation of GLMS is shown in Figure 8. After reaction of GL with
TEOS for ~8 hours at 120-160 °C , "H NMR spectroscopic analysis of an aliquot showed a

reduction in the relative area of the resonances for the protons on CH> and CH3 ethoxy groups
in TEOS, at 6u = 3.75 ppm (a1) and o = 1.15-1.20 ppm (a2), respectively (Figure 8). Both on
=3.75 ppm (a1) and du = 1.15-1.20 ppm (az) signals were not present in the final sample
taken at 8 hours (Figure 8), suggesting complete alcohol exchange of the ethoxy groups of

TEOS with GL had taken place.
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Figure 8. 'H NMR spectra of starting reagents TEOS and GL (D0 solvent), as well as GLMS after 20 minutes, 1, 2, and 6

hours, followed by the final sample at 8 hours (CDCls, 400 MHz). Both signals from TEOS at oy = 3.75 ppm (a;) and éy =

1.15-1.20 ppm (a;) for the protons on CH; and CH3, respectively, are not present by the final sample. The GL resonances

between oy = 3.20-3.45 ppm (b; and b) correspond to the protons in CH and CH; groups, respectively, which are present in

the final sample. These changes in the resonances suggests that alcohol exchange of the ethoxy groups of TEOS with GL had

occurred. The reaction scheme and a suggested chemical structure of GLMS is shown.

Additionally, by 1 hour a new triplet at du = 1.05 ppm (c) for ethanol appeared,

corresponding to the protons on the CH3 group, which continued to increase in intensity over

the duration of the reaction. This also supports that alcohol exchange is taking place as
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ethanol is a by-product of the reaction. The spectrum shows that there is residual ethanol
present in the final sample. This is backed up by the observation of ethanol collecting around
the thermometer and where the Schlenk flask joined to the distillation link during the reaction
(Figure 7), which when dismantled, resulted in residual ethanol collecting back into the flask
containing the reaction product. The resonances between ou = 3.20-3.45 ppm (b1 and b»)
correspond to the protons in the CH and CH> groups in GL, which remained present
throughout the reaction. This was expected as the CH and CH; groups in GL are present

within the starting reagent and are in the final product.

The relative intensity of the resonances du = 3.75 ppm (CHa, a1) and on = 1.15-1.20 (CH3, a2)
were analysed using MestReNova; the protons from CH and CH» in GL giving rise to the
resonances between o = 3.20-3.45 ppm (b1 and b,) were used as the standard (Figure 9).
Both resonance intensities followed a similar trend, observing a small initial decrease from
~0.16 arbituary units (a.u.) to ~0.12 a.u (6u = 3.75 ppm, a;) and ~0.24 a.u to ~0.20 a.u (éu =
1.15-1.20, a). Between 1 hour and 2 hours, both resonance intensities increased to ~0.24 a.u
(0u = 3.75 ppm, a1) and ~0.35 a.u (du = 1.15-1.20, az), followed by a decrease until a
resonance intensity of zero was reached at 8 hours. The resonance intensity increase between
1 hour and 2 hours observed was unexpected and is unexplained. However, the similar trend
observed between on = 3.75 ppm, (a1) and 1.15-1.20 (az) was expected as the ethoxy groups,
containing both the CH3 and CHa, are removed as ethanol, and hence, would be exchanged at

the same rate.
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Figure 9. Resonance intensity (a.u.) of CH, (a;, 3.75 ppm) and CH; (as, 1.15—1.20 ppm) in
TEOS over time, using oy = 3.20-3.45 ppm GL resonance as 1.00 standard.

PGMS

The same conditions were used for the reaction of PG with TEOS and the 'H NMR spectrum
showed a reduction in the relative area of resonances at du = 3.85 ppm (a1) and u = 1.20
ppm (az) in TEOS, which represent the protons on the CH> and CH3 in the ethoxy groups,
respectively (Figure 10). This reduction means that alcohol exchange was occurring during
the reaction, however, residual ethoxy groups from TEOS were still detected within the
sample as demonstrated by the remaining resonances at du = 3.85 ppm (a1) and du = 1.20
ppm (a2) in the final spectrum. When TEOS and PG were employed in a 1:4 molar ratio, as in
this reaction, complete alcohol exchange has been previously reported (140,153). When
running this reaction, the end point, and therefore the final sample, was noted as a time point

when no further ethanol collection occurred when at a temperature of 180 °C. Consequently,
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it can be suggested that the reaction had not run to completion, however, when repeated,

similar results were obtained.
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Figure 10. 'H NMR spectra of starting reagents TEOS and PG (D;0 solvent), as well as PGMS after 20 minutes, 1, 2, and 6
hours, followed by the final sample at 8 hours (CDCl3, 400 MHz). Both signals from TEOS at 6y = 3.85 ppm (a;) and 6y =
1.20 ppm (a;) for the protons on CH; and CH;, respectively, reduced in relative area during the reaction. The signals at oy =
3.55 ppm (by), 3.35 ppm (b3), and 1.10 ppm (b3) correspond to the CH3 CH>and CH groups in PG, respectively. which are
present in the final sample. These changes in the resonances suggests that alcohol exchange of the ethoxy groups of TEOS

with propylene glycol occurred. The reaction scheme and a suggested chemical structure of PGMS is shown.
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A new quartet resonance was observed at 20 minutes at oy = 3.60-3.70 ppm (c1) for the
protons from CH; in ethanol. The relative area of this decreased over time, with a small
relative area in the final sample — suggesting that similarly to GLMS, there was residual
ethanol within the system. Additionally, a new low intensity triplet resonance corresponding
to ethanol appeared at du = 1.20 ppm (c2) at 20 minutes, however, the overlap with éu = 1.20
ppm (az2) for CH3 of TEOS makes it difficult to distinguish if the resonances at duy = 1.20 ppm
(a2) in the final sample are residual ethanol or CH; from TEOS. The signals at duy = 3.55 ppm
(b1), 3.35 ppm (b2), and 1.10 ppm (b3) correspond to the protons in the CH3, CH, and CH
groups in PG, respectively. The relative intensity of the resonances the CH3, CH, and CH
protons in PG remained consistent throughout the reaction, which was to be expected as they

were present in the starting reagents and final product.

The area of the resonances at 5y = 3.85 ppm (CHb, a1) and ou = 1.20 ppm (CH3, a») during
the reaction were analysed using MestReNova and are shown in Figure 11. Both resonances
intensity decreased over time and followed a similar trend. The ethoxy group, containing both
the CH3 and CHo>, is removed as ethanol, and hence, would be removed at the same rate. As
previously discussed, it is challenging to assign the residual resonance intensity at op = 1.20
ppm (a2) to CHs in TEOS or CH3 in ethanol, therefore, this presents as a limitation when
interpreting the data and it is suggested that the intensity from the protons of the CH»

resonance is representative of the residual ethoxy groups (Figure 10).
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Figure 11. Resonance intensity (a.u.) of CH> (a;) and CH3 (ay) in TEOS over time,
using oy = 3.55 ppm PG resonance as 1.00 standard.

2.3.1.2. Polyol-modified silane crosslinker

GPTMS and PG were reacted for ~8 hours under an argon atmosphere at 120-150 °C and the
structural evolution of the reacting reagents was evaluated by '"H NMR spectroscopy. The
notable resonances were monitored and are labelled in Figure 12. There was a reduction in
the relative area of the singlet resonance at oy = 3.55 ppm (a1), responsible for the methoxy
protons in GPTMS; this was expected due to the exchange of methoxy groups and removal of
MeOH. A small resonance remained in the final sample, suggesting that there was not
complete exchange of the methoxy groups for PG in the reaction. The signals at ou = 3.85
ppm (b1), 3.55 ppm (b2) and 1.10 ppm (bs) correspond to the CH3, CH> and CH protons in PG,
respectively. Their relative intensity remained consistent throughout the reaction, which was
to be expected as they are present in the starting reagents and final product. A new resonance
at ou = 3.35 ppm (c1) was observed at 20 minutes for the CHsz in MeOH. With respect to the

resonances from the protons in GPTMS, 6u = 3.15 ppm (az2) from the CH proton in the
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epoxide, on = 2.55 and 2.75 ppm (a3) from the CH; protons in the epoxide, and du = 1.70
ppm (as) from the CH; protons adjacent to the silicon-bound carbon remained consistent
throughout the reaction which suggests that these structures within GPTMS were retained as

expected.
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Figure 12. 'H NMR spectra of starting reagents GPTMS and PG (D-O solvent), as well as GPTPGS after 20 minutes, 1, 2, 4,
and 6 hours, followed by the final sample at 8 hours (CDCl3, 400 MHz). The reduction in 8y = 3.55 ppm (a;) for the protons
on the CHs methoxy group of GPTMS suggests exchange of methoxy groups occurred. All other resonances from GPTMS

and PG remained throughout the reaction. The reaction scheme and a suggested chemical structural of GPTPGS is shown.

The areas of the resonances from the GPTMS molecule were analysed over the course of the
reaction using MestReNova and are shown in Figure 13. When quantified, the relative area of

the resonance at ou = 3.55 ppm (a1) from the methoxy groups in GPTMS decreased, which



confirmed the exchange of the methoxy groups and removal of MeOH. All other resonances
quantified within the GPTMS structure; ou = 3.15 ppm (a2), du = 2.55 and 2.75 ppm (a3), and
du = 1.70 ppm (a4), remained at a consistent relative intensity throughout (Figure 12 and
Figure 13). This demonstrates that the reaction conditions did not impact these structures
within the GPTMS molecule. Additionally, the intensity of the new resonance at du = 3.35
ppm (c1) observed at 20 minutes for the CHs in MeOH increased at 1 hour and then decreased
and plateaued throughout the reaction. However, it is challenging to interpret the residual
resonance of MeOH due to its overlap with the resonance dx = 3.35 ppm (bz) from PG

(Figure 12).
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Figure 13. Resonance intensity (a.u.) of ai, 2, 3, and 4 in GPTMS and c, from the production of MeOH, using on = 3.55 ppm

PG resonance as 1.00 standard.

2.3.2. Chemical characterisation of GeIMA
The functionalisation of methacryloyl groups to gelatin molecules was confirmed by the 'H

NMR spectra (Figure 14). This reaction is well described in the literature and is confirmed by
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two characteristic changes to the spectra; the decrease in the resonance at 6u = 2.90 ppm from

the consumption of methylene protons of the lysine resonance during gelatin and

methacryloyl conjugation and the appearance of resonances at duy = 5.40 and 5.70 ppm from

the protons of methacrylate vinyl groups of methacrylic anhydride (MA) in the methacrylated

product (154-156).
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Figure 14. 'H NMR spectra of unmodified gelatin (Gelatin) and methacryloyl functionalised gelatin (GelMA) (D>0, 400

MHz).

2.3.3. Characteristics of hydrogels with varying compositions

Gelatin or GeIMA were used as the organic portion in all hydrogel formulations and were

chosen because gelatin is the hydrolysed form of collagen, a major component of the

extracellular matrix of tissues (157). Gelatin also retains RGD sequences which are
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recognised and adhered to by cells and can promote cell migration, proliferation and
differentiation (158,159). However, there are difficulties associated with the use of pure
gelatin hydrogels for functional materials; gelatin has poor mechanical properties and
undergoes rapid degradation under physiologically relevant conditions due to its temperature

sensitivity, rendering gelatin hydrogels unsuitable for applications such as BTE (159,160).

As gelatin is composed of different amino acids, it has numerous active side chains e.g.
-COOH and -NH3, which can be chemically modified (161). GelMA is an example of
chemically modified gelatin, wherein a methacrylate group has been transferred to side chain
lysine residues on the gelatin. Upon photopolymerisation in the presence of a photoinitiator,
the methacrylate residues undergo covalent crosslinking to form a stable hydrogel (159). The
mechanical properties of GeIMA, such as the compressive modulus (5.0 wt%; ~3 kPa to 15.0
wt%; ~30 kPa), remain far off that of bone (15 to 20 MPa) limiting the application of GelMA

in BTE (136,161-163).

This considered, both gelatin and GeIMA were used to create gelatin-based-silica hybrids as
there is the capacity to vary the crosslinking within the hybrid hydrogel on two levels. Firstly,
‘intra-crosslinking’ involving either non-covalently bonded gelatin chains versus covalently
bonded GelMA chains. Secondly, ‘inter-crosslinking’ between gelatin/GelMA (organic) and a
silica-precursor (inorganic) involving either non-covalent interactions in Class I hybrid or
covalent bonds in a Class II hybrid. Therefore, the impact of combining different variations
of ‘intra-crosslinking’ with ‘inter-crosslinking” on the mechanical and degradative properties
were investigated by comparing a:

e C(lass I hybrid hydrogel composed of non-covalently bonded gelatin chains with non-

covalent interactions between gelatin and silica
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e C(lass I hybrid hydrogel composed of covalently bonded GelMA chains with non-
covalent interactions between GeIMA and silica

e Class II hybrid hydrogel composed of non-covalently bonded gelatin chains with
covalent bonds between gelatin and silica

e (lass II hybrid hydrogel composed of covalently bonded GeIMA chains with covalent

bonds between GelMA and silica

2.3.3.1. Gelation characteristics

A sol-gel method was used to synthesise gelatin-based-silica hybrid hydrogels by mixing
either gelatin, GeIMA, Gel-GPTPGS, or GelMA-GPTPGS (organic source), with PGMS
(inorganic source) and H2O at physiologically relevant pH. PGMS was used in all hybrid
formulations except one with GLMS; this was because the GLMS was more viscous than

PGMS and often solidified after transesterification, and therefore was difficult to use.

Hydrogels were qualitatively assessed with respect to gelation characteristics, which included
gelation time and appearance. Additionally, pH change was measured throughout gelation.
Here, gelation time is noted as the time taken for the hydrogel to transition from liquid to
solid and become ‘self-supporting’. Upon gelation, hydrogel compositions were categorised
as either translucent or opaque, if phase separation had occurred, and on their colour. The

findings are presented in Table 2 with the corresponding hydrogel images in Figure 15.
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Table 2. Gelation characteristics of 17 different compositions of gelatin-based-silica hybrid hydrogels. The following variables were altered to result in numerous different compositions,

gelatin type (gelatin, GelMA, Gel-GPTPGS, or GelMA-GPTPGS), O:1 ratio, solvent (DMEM or dH>0), and silica source. When dH,0 was used, the same protocol as Section 2.2.3 was used

to synthesise the hydrogels. Gelation time, phase separation, appearance, and pH change were investigated. Results were highlighted grey if the hydrogel gelled, did not phase separate, and

was transparent in appearance as these properties were key for further use of the hydrogels. Gelation time and pH transition were performed in triplicate and the average is shown (n=3).

Phase Mean o
Composition Gelled Mean pH transition
Gelatin type N O:I ratio Solvent Silica source YN) separation | Appearance| gelation
0.
(Y/N) time (min)
Before | After | Difference
#1 100:0 DMEM / Y N Transparent 54:53 7.95 / /
#2 80:20 DMEM PGMS Y N Transparent 88:35 7.99 | 6.82 —1.17
#3 60:40 DMEM PGMS Y Y Opaque 03:10 827 | 6.92 —1.35
Gelatin #4 60:40 dH20 PGMS N Y Opaque / 891 | 6.56 —2.35
#5 60:40 DMEM GLMS N Y Opaque / 8.09 | 7.25 —0.84
#6 40:60 DMEM PGMS Y Y Opaque 01:05 8.05 | 6.78 —1.27
#7 20:80 DMEM PGMS Y Y Opaque 05:12 8.05 | 6.79 —1.26
#8 60:40 DMEM PGMS N / Transparent / 6.79 | 5.94 —0.85
GelMA #9 40:60 DMEM PGMS Y Y Opaque 02:35 7.31 | 6.66 —0.65
#10 20:80 DMEM PGMS Y Y Opaque 01:30 7.64 | 6.85 —0.79
GPTPGS +
Gel-GPTPGS #11 100:0 DMEM PGMS N / Transparent / 7.91 / /
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GPTPGS +

#12 60:40 DMEM
PGMS
GPTPGS +
#13 40:60 DMEM
PGMS
GPTPGS +
#14 20:80 DMEM
PGMS
GPTPGS +
#15 60:40 DMEM
PGMS
GelMA- GPTPGS +
#16 40:60 DMEM
GPTPGS PGMS
GPTPGS +
#17 20:80 DMEM
PGMS

8.06 | 7.31 —0.75
8.03 | 7.07 —0.96
7.96 | 7.02 —0.94
8.09 | 6.96 -1.13
7.87 | 6.70 -1.17
7.95 | 7.03 —0.92
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Phase separation and appearance

Phase separation occurred in hydrogels #3, 4, 5, 6, 7, 9, 10 and 13, also resulting in an opaque
hydrogel (Figure 15). Phase separation is a thermodynamic phenomenon which results in two
distinct phases from a homogenous mixture and was noted when any of the following
occurred visually: inhomogeneity, precipitation, or particle agglomeration (164).
Additionally, phase separation was often accompanied by syneresis, contraction of the gel
network and expulsion of dH>O/media from the hydrogel structure. Hydrogels #1, 2, and 17
gelled, were more transparent and did not phase separate. These hydrogels had a dissimilar
O:1 (e.g. 100:0, 80:20, 20:80). Additionally, when the organic and inorganic components were
at a similar O:I ratio, e.g. 40:60 and 60:40, phase separation was more likely to occur, along

with hydrogels appearing opaque.
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Figure 15. Visualisation of hybrid hydrogels. The following variables were altered to result in different compositions;
gelatin type (gelatin, GelMA, Gel-GPTPGS or GelMA-GPTPGS), O:I ratio, media/water, and silica source with varying
components, with numbers (#) corresponding to Table 2 . The variable colour is a result of different components used in the
hydrogel formulation. Generally, hydrogels where the wt% of organic and inorganic a similar e.g. 40:60 and 60:40,
precipitated, phase separated and were opaque, whereas all transparent hydrogels that gelled did not phase separate. For

scale, diameter of the universal tube = 25 mm.

Within the hydrogels, there are three main phases: the gelatin-based organic, the silica-based
inorganic, and the solvent aqueous phase. The organic and inorganic phases could be
interacting intimately, leading to rapid agglomeration and phase separation from the aqueous
phase; an interaction that has been reported in previous gelatin/silica mixtures (165,166).
Scattering profiles from time-resolved small-angle X-ray scattering (SAXS) in a percolated
gel have demonstrated that scattering intensities increased with time, indicating a more

opaque and phase separated network, when compared to non-percolated gel (167).
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Additionally, changes were reported in the dispersion of the condensed polymer segments,
with a mixture of condensed regions and resultant sparse regions (167). Previous studies
(168—170) have reported issues associated with unfavourable electrostatic interactions
between composites containing organic polymers and other inorganic phases. When these
unfavourable interactions happen, phase separation occurs which leads to difficulties

dispersing the two phases, and therefore, particle agglomeration (171).

Other studies using organosilanes and their counterpart polyol-modified silanes detail the
issue of hydrogel precipitation upon mixing with biologics (145,147).
Precipitation/aggregation, premature/partial gelation and hydrogel syneresis, outcomes that
were observed here, have all been reported, specifically in the hydrogels with more balanced
O:I ratios (145,147). The hydrophobicity of the organosilane was highlighted by Gill et al.
(145) as the cause for opaque, phase separated polymers. Furthermore, polyol-modified silane
precipitated silica particles in the presence of biologics have demonstrated phase separation,
which was rationalised by electrostatic interactions between the negatively charged silica and
positively charged organic molecules, resulting in a change in the colloidal stability (147).
Therefore, the hybrid hydrogels with more dissimilar O:I ratios may have one component that
dominates the system, rather than enhanced intermolecular interactions in more similar O:I
ratios, which leads to improved compatibility of the gelatin-based and silica components

(168-170).

The compatibility of materials within a hybrid hydrogel is important to consider as it will
often have a consequence on the mechanics of the hydrogel. For example, phase separation
has been reported to provide hydrogels with favoured crack propagation direction (168), a

phase with differing properties to the host bulk polymer (169), and lower stability than its
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pure biopolymer counterpart (170). Another cause for phase separation could be that when
gelatin is contained within solution near its isoelectric point (pI), 7.0-9.5 in Type A gelatin,
there is an increased propensity for phase separation with certain solvents or counterions, and
low transparency of the hydrogel (171,172). Table 2 shows that all hydrogels were mixed at a
pH near gelatin’s pl. Gelatin is naturally hydrophilic, however, at least 2/3 of the amino acid
residues within the structure (e.g. alanine, proline, isoleucine, leucine, valine and
phenylalanine) exhibit hydrophobic, non-polar properties (160,173), resulting in
incompatibility of silica and gelatin. This means there is increased proximity of gelatin
molecules when at a pH near gelatin’s pl due to the net charge on the gelatin molecule being
closer to zero. All of this results in gelatin self-aggregating to minimise its contact with H.O

and phase separation of the silica and gelatin.

Altering the pH and controlling reagent concentrations have both been shown to control
phase separation (170,174). Precipitation and turbidity of protein-silica systems is lower in
more acidic (below pH 4) and alkaline (over pH 10) pH because the aggregation of proteins
and silica particles is occurring in the vicinity of the pl of the protein (174). As the aim of this
thesis was to produce gelatin-based-silica hybrid hydrogels for the encapsulation of cells, the
sol-gel reaction needed to occur at physiologically relevant pH, and so, altering the pH was
not a potential route for controlling phase separation. The hybrid hydrogels that did not phase
separate, were transparent, and gelled, were hydrogels #2 and #17. Both these formulations
had a larger difference in O:I e.g. 80:20 and 20:80. Therefore, controlling the reagent

concentration was deemed a more appropriate method to regulate phase separation.
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Gelation time

Hydrogels were fixed at 5.0 wt %, which meant that the R-ratio (molar ratio of H>O to
inorganic content) changed between formulations. The R-ratio affects the transformation of
silica-precursors to silica gels in the sol-gel process; the lower the R-ratio, the faster the

gelation (175).

Hydrogels #4, 5, 8, 11, 12, and 15 did not form a gel. The 3D encapsulation of cells within
hydrogels represents an increasingly important and popular technique for culturing cells.
Gelation of a hydrogel is key for application within 3D scaffolds, and therefore, further
analysis of hydrogels #4, 5, 8, 11, 12, and 15 was ruled out. Additionally, gelation time is an
important factor for successful cell encapsulation, as a long gelation time can cause cell
sedimentation and uneven distribution of cells due to gravity. This presents a big obstacle and

can restrict a hydrogel’s application.

For the hydrogels that gelled, all compositions took <10 minutes, excluding hydrogels #1 and
2. Interestingly, these two hydrogels did not experience phase separation and were
translucent, whereas all gels that appeared opaque with phase separation experienced rapid
gelation. It is suggested that the observed ‘gelling’ when mixing these formulations could be
a transient state formed immediately after phase separation (176,177). The transient state,
which is observed as a gel-like structure, is potentially driven by the entanglement or weak
physical crosslinking of gelatin molecules (178). As the phase separation process progresses,
the gel experiences shrinkage which can expel the ‘fast’ component, the component that has
high mobility, which is not stabilised and integrated within the gel (177). This component is
likely to be the solvent, as seen by the expulsion of media from the structure which is

particularly visible in hydrogel #7 (Figure 15).
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As previously mentioned, a lower R-ratio in sol-gel is associated with a quicker gelation time
due to higher hydrolysed degree of the silica-precursor and more primary particles
(individual, non-agglomerated particles) in the solution (179). However, for all 60:40, 40:60,
and 20:80 hydrogel formulations, except those containing GelMA, a lower R-ratio yielded a
shorter gelation time. Gelation time for 60:40 (hydrogel #3; 3 minutes 10 seconds), 40:60
(hydrogel #6; 1 minute 5 seconds), and 20:80 (hydrogel #7; 5 minutes 12 seconds) hydrogel
formulations was significantly shorter when compared to 100:0 (hydrogel #1; 54 minutes 53
seconds) and 80:20 (hydrogel #2; 88 minutes 35 seconds) (Figure 16). This supports that the

observed phenomena of ‘gelling’ is actually a transient gel due to phase separation.

ns

ns ns
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Time to gel (min)

100:0 80:20 60:40 40:60 20:80
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Figure 16. Gelation time of Gel-Silica hydrogels with varying O:1.
The points plot on each bar represent a repeat measure and errors
bars represent the SD (n=3). Ns is shown for clarity, all other

comparisons were statistically significant (****; p<0.0001) [ns =

non-significant].

Upon PGMS addition, an increase in the gelation time was observed for formulations #1 and

2, a pure gelatin formulation and then with the addition of silica (Figure 16). This increase in
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gelation time with the addition of silica is likely due to the solution being depleted of protein
molecules and the silica particles hindering the build-up of the gelatin network (170,180). In
fact, it has been reported that the minimum gelatin concentration for gel formation in the
presence of a precipitate is larger than the concentration necessary for the protein alone — the
minimum concentration required for aqueous gelatin gelation is 1 wt% (170,180). This is
supported by hydrogel #11, Gel-GPTPGS 100:0 (Table 2), not achieving gelation, which can
be suggested again to be owed to the addition of GPTPGS hindering gelatin molecule
proximity and the hydrogen bonding intermolecular interactions that are required for the

formation of the typical collagen-like structure for gelation (173,181-183).

As previously discussed, transparency and phase homogeneity are desirable features to give
optimum properties. Therefore, focussing on Class II hydrogels that gelled, as well as
appeared transparent and did not phase separate, hydrogel #14 was the only Gel-GPTPGS
formulation to fulfil these criteria. Additionally, its GeIMA-GPTPGS counterpart hydrogel

#17 yielded the same results.

Based on the results, three hydrogel formulations were selected for further analysis: GelMA-
Silica (#10; Class I), Gel-GPTPGS-Silica (#14; Class II), and GeIMA-GPTPGS-Silica (#17;
Class II), all at 20:80 (O:I). These were selected as both Class IIs were transparent, did not
experience phase separation and gelled through sol-gel mechanism; the Class I counterpart

was also selected for comparison.
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2.3.4. Chemical characterisation of hybrid hydrogels

2.34.1 FTIR

Samples were oven-dried and FTIR spectra were taken to examine functional groups and
bonds, such as siloxane (Si—O-Si) stretching vibrations that would be expected to be
observed due to the silica network. FTIR spectra obtained from the three different hydrogel
formulations are shown, as well as their starting reagents, in Figure 17. The presence of
siloxane/Si—O-Si bands in the FTIR spectra at 11501020 cm! is a good indicator that a
silica network has been formed by PGMS within the hydrogels (184). A strong band appeared
in all three hydrogel formulations at 1050 cm™!, confirming siloxane/Si—O-Si network
condensation. There is conflicting evidence in the literature as to where the vibration for Si—
OH non-bridging oxygen bond is seen; 970-940 cm™!, 950 cm™!, and 920 cm™ (112,184,185).
Here, the results suggest that the small shoulder band arising at 960-900 cm™ may

correspond to Si—~OH bands, suggesting the small presence of uncondensed network.
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Figure 17. FTIR spectra of a GelMA-Silica hydrogel (Class 1), Gel-GPTPGS-Silica (Class II) and GelMA-GPTPGS-Silica
(Class II) hydrogels and their starting components GelMA, gelatin, GPTPGS, and PGMS (n=3).

A strong peak is visible at 1750 cm! in all three hydrogels. Based on literature, it is theorised
that the carboxylic groups (114,187) of gelatin/GeIMA will react with the epoxide in
GPTPGS via nucleophilic attack and result in the formation of an ester (114,186). A band for
an ester linkage is typically visible at 1750-1725 cm™. However, it is unlikely that an ester
linkage is responsible for this peak as an ester linkage would not be present in the Class I
GelMA-Silica but the peak is visible in this spectrum. This suggests that the peak at 1750 cm"
! does not correspond to ester bonding being present and is instead a consequence of an issue

with the FTIR and the force applicator absorbing IR in the range.
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The high ratio of silica to gelatin/GeIMA in the hydrogels is evident as notable bands on the
gelatin and GelMA starting reagent spectra, such as 1700-1600 cm™! (Amide I), 1580-1510
cm-! (Amide II), and ~1400 cm™ (Amide III), have lower intensity in the hydrogels. This
could also be a reason for why it is difficult to find the ester band. These FTIR analyses only
give an indication of the final product composition, it is not possible to discern the
mechanism for the functionalisation of gelatin with GPTPGS. These data would suggest the

confirmation of a condensed silica network forming within the hydrogels.

2.3.5. Degradation behaviour of gelatin-based-silica hybrid hydrogels
To investigate their degradation behaviour, the hybrid hydrogels were submerged in PBS and

hydrogel degradation was analysed by measuring mass and pH change over 28 days.

For tissue engineering purposes, hydrogels must have the ability to be constructed into strong
scaffolds with an open, interconnected pore network, with adaptable mechanical properties.
Ideally, these hydrogels should display regulated degradation in order to preserve mechanical
properties, but also facilitate neotissue ingrowth (187). Gelatin has uncontrolled degradation
when at physiologically relevant temperatures due to its thermoreversible nature in aqueous
media, with a sol-gel transition of ~27 °C, due to an increase in temperature breaking down
the triple helices structures (180,188,189). Numerous gelatin-silica hybrid studies have
reported precise control of dissolution properties upon hybridisation (117,184,190). Here, a
degradation assay was used to determine if the hybridisation processes with the incorporation
of a silica component would lead to more controlled degradation of the gelatin-silica

hydrogels.
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2.3.5.1. Change in mass

Over 28 days, hydrogels were removed from PBS and weighed. Mass remaining (%) of the
three hydrogel formulations as a function of time across the 28 days is shown in Figure 18.
Overall, there was no significant difference in the mass of hydrogel remaining between any of
the formulations at any time points. The results indicate that all three formulations
experienced a similar rate of dissolution until 7 days, whereafter GeIMA-Silica progressed to
decrease in mass at a higher rate than the two Class Il formulations. This suggests that the
Class II formulations provide more control over long term degradation, compared to GelMA-

Silica, a Class I hybrid hydrogel.
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Figure 18. Mass remaining (%) of GelMA-Silica, Gel-GPTPGS-Silica, and GelMA-GPTPGS-Silica hybrid hydrogel
formulations immersed in PBS at 37 °C over a 28 day time period (n=3). Degradation trend has been split into three
distinctive regions; initial, intermediate and plateaued degradation. There was no significant difference in the mass of

hydrogel remaining (%) for each formulation at any time point throughout the assay. Inset shows the first 24 hours. Error
bars represent the SD (n=3).

Overall, there was no significant difference between the degradation rate per hour of any of
the formulations (Appendix Section A.2.3.5). The lack of difference between GelMA-Silica
and Class II formulations indicates that the use of GPTPGS as a coupling agent with gelatin

and PGMS is not effective. This could be due to numerous reasons, including, unsuccessful
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functionalisation of gelatin/GelMA with GPTPGS, which would mean no covalent bonds
between the organic and inorganic phase. Alternatively, if the gelatin/GelMA is successfully
functionalising, it may not be providing enough crosslinks between the organic and inorganic
phase to yield a beneficial effect on properties. This suggests that GPTPGS does not have the
same effect as GPTMS, the native coupling agent that is used to synthesise GPTPGS.
Literature investigating the coupling reaction of GPTMS with biopolymers is extensive,
although in all of these studies, the hybrid is used in its monolithic form, the crosslinking
yielded benefits such as tailorable properties by varying fraction of GPTMS, the ability to
create membranes with patterned surfaces with contact guidance ability and the capacity to
3D print, retaining high levels of coupling and sol-gel network condensation
(117,128,130,131,133,184,190,191). The coupling reaction between GPTPGS and
gelatin/GelMA should in theory be the same as if GPTMS were used. The gelatin-GPTMS
reaction involves the reaction of the epoxide group of GPTMS with the nucleophilic
functional groups of gelatin, such as a carboxylic acid (-COOH) or amine (-NH3), under in
mildly acidic conditions (pH 5) (129,130,190-193). GPTPGS also has the epoxide
functionality and so is expected to undergo the same nucleophilic substitution reaction.
Therefore, future work will investigate the coupling reaction between GPTMS with gelatin in

more detail.

2.3.5.2. Change in pH

Incubation of all three hydrogel formulations resulted in an overall reduction in pH of the
PBS, which began to plateau and eventually reach pH 6.6 after 28 days (Figure 19). The rapid
decrease in pH observed after 24 hours until 7 days (intermediate region) can be attributed to
the release of silica as silicic acid (194). However, from 7 days onwards, GeIMA-Silica PBS

pH was significantly lower than the Class II hybrids. As the GelMA-Silica hydrogel was
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formulated as a Class I hybrid, the GeIMA and silica components are simply embedded
within one another, associated through weak, non-covalent interactions, such as hydrogen

bonds. Therefore, the continual decrease in pH could be a consequence of weakly bonded

silica within the network that is released from the hydrogel in the form of silicic acid.
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Figure 19. pH of PBS, with GelMA-Silica, Gel-GPTPGS-Silica, and GelMA-GPTPGS-Silica hybrid hydrogel formulations

immersed at 37 °C over a 28 day time period. pH change has been split into three distinctive regions; initial, intermediate
and plateaued degradation. Inset shows the first 24 hours. Error bars represent SD (n=3).

The pH of the environment as a result of hydrogel dissolution is an important parameter to

consider as pH must stay within the range that osteoblasts and osteoclasts would encounter in
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vivo to aid bone remodelling. Osteoclasts have the capacity to resorb bone between pH 6.8 to
7.2, although it is optimal at pH 7.0. Beyond pH 7.4, bone-resorbing capacity sharply
declines. Bone nodules are best formed by osteoblasts at pH 7.4; capacity to create bone
nodules declines with decreasing pH (195). Therefore, the capability of bone cells to form
bone nodules should decrease with increased dissolution due to the increasing acidity of the
environment. Specifically, it can be assumed that after 96 hours, osteoblast cell viability
would decrease as the pH <6.8. In fact, low pH media (pH 6.4—6.8) has been shown to induce

autophagy in osteoblasts (196).
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2.4. Summary

Glycol-modified silane precursors and coupling agents have been synthesised for the
preparation of gelatin-based compatible silica hybrid hydrogels. Using conditions similar to
previous functionalisation reactions, functionalisation of gelatin and GelMA with a novel PG-
modified silane coupling agent, GPTPGS, was attempted for the first time. An in-depth study
was conducted to probe the interactions of gelatin and GelMA with polyol-modified silanes
PGMS and GLMS, to form hydrogels using a sol-gel reaction. Hydrogels that experienced
phase separation were found to be opaque in appearance and were typically formulation from
similar proportions of the organic and inorganic components, i.e. 40:60 or 60:40. It was
difficult to obtain hydrogels that underwent full gelation without phase separation. Phase
separation led to hydrogels with a low load-bearing capability. Additionally, phase separation
seemed to highly influence ‘gelation time’, although it is thought that the hydrogels were not
gelling but experiencing a ‘transient’, gel-like structure state as a consequence of phase
separation. A 28-day dissolution study in PBS showed that there was no difference in
degradation rate with respect to mass loss between the three formulations. This indicates
there was either low or no functionalisation between gelatin/GelMA and GPTPGS, meaning a
lack of linkages between the organic and inorganic domains. This work highlights the issues
around interactions of gelatin and silica when wanting to produce a hybrid hydrogel,
including phase separation and precipitation. More importantly it confirms the need to
investigate the functionalisation reaction between a gelatin-based biopolymer with an
epoxide-based coupling agent, a reaction used widely by the scientific community, in more

detail.

75



CHAPTER 3. INVESTIGATING AND OPTIMISING

GELATIN FUNCTIONALISATION WITH EPOXIDE

ELECTROPHILES
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3.1.  Introduction

Gelatin-silica hybrids, particularly Class II hybrids, which contain covalent linkages between
the two components, are frequently investigated for biomedical applications. These materials
have been thoroughly researched owing to their distinctive characteristics and numerous
biomedical applications. They have enormous potential for tissue engineering, drug
administration, and regenerative medicine because these hybrid materials combine the
biocompatibility of gelatin with the tuneable qualities of silica. GPTMS is an epoxide-based
organosilane that has been used to form the covalent linkages in biopolymer-containing
hybrid hydrogels (112,114,117,133). In this study, coupling was performed with GPTMS, as
despite its widespread use, it is still unclear how gelatin and GPTMS react, and this is
something we wanted to study. "Coupling" in this study refers to the procedure of covalently
joining gelatin and GPTMS to produce an inorganically modified gelatin hybrid structure. We
hypothesised that a Class II gelatin-silica hybrid employing GPTMS would display improved
degradation stability, when compared to Class I gelatin-silica hybrids, and make it more

appropriate for BTE applications.

3.1.1. GPTMS as a coupling agent

GPTMS is a bifunctional organosilane comprising a trimethoxysilyl group at one terminus
and a terminal epoxide at the other (Figure 20). It has been used extensively as a silane
coupling agent for covalently crosslinking and functionalising biopolymers
(114,130,133,184,190,191). Due to the variety of natural biopolymers and the flexibility of
organosilane chemistry, hybrid materials hold promise as a route for improving hydrogel
properties. The dual functionality of GPTMS, as well as its reaction with nucleophiles that

occurs during biopolymer functionalisation, will be further discussed.
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Figure 20. Structure of GPTMS.

3.1.1.1. Silyl functionality

The trimethoxysilyl functional group in GPTMS is key for the formation of silica-based
hybrids. In the presence of H>O, hydrolysis results in the formation of Si—-OH, with MeOH as
the by-product (Figure 21). The Si—OH groups can undergo condensation reactions with other
Si—OH groups resulting in the production of Si—O-Si and the formation of a 3D silica
network (Figure 21). These hydrolysis and condensation reactions are essential for generating

the inorganic silica component in biopolymer-silica hybrids.
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Figure 21. Hydrolysis of the trimethoxysilyl functional group in GPTMS to form Si—OH and subsequent condensation to

form Si—O—-Si and ultimately a silica network.

3.1.1.2. Epoxide functionality

GPTMS contains an epoxide. An epoxide is a three-membered cyclic ether consisting of an
oxygen atom linked to two carbon atoms (197). Whilst ethers are generally not electrophilic,
epoxides are particularly susceptible to nucleophilic ring-opening reactions owing to the
release of ring strain upon ring opening. Nucleophilic ring-opening is typically regioselective,
usually occurring at the less substituted terminus of the epoxide. Amines, alcohols, carboxylic
acids, and thiols are examples of typical nucleophiles that can react with epoxides (198).
These functional groups are also frequently found in biopolymers. Typically, coupling of
GPTMS with a biopolymer proceeds through reaction of nucleophilic amino acid side-chain
residues, such as the primary amine (—NH2) groups of lysine residues on chitosan (112,199—
201) and the carboxylic acid (~COOH) residues present in glutamic and aspartic acid of

gelatin (117,190,202) (Figure 22).
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Figure 22. Epoxide ring opening of GPTMS allows functionalisation of amine-containing and carboxylic acid-containing

biopolymers.

3.1.2. Formation of GPTMS-functionalised gelatin

The availability of amino acid side-chain functionality in gelatin, such as amine (-NHz) and
carboxylic acid (-COOH) groups, potentially allows for chemical modification. To enable the
covalent coupling of the organic and inorganic components to form Class II hybrids, gelatin
can be chemically modified with a bifunctional coupling agent prior to preparation of the

hybrid — this modification step is often referred to as functionalisation (184,190).

Having discussed the nucleophilic ring-opening of the epoxide in GPTMS with diverse
nucleophiles that are present in biopolymers in the previous section, it is now important to
understand the reaction conditions employed, in the case of this thesis, to prepare GPTMS-

functionalised gelatin. The relationship between reaction pH and the ionisation state of
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functional groups on the biopolymer has a substantial impact on the outcome and attributes of

the GPTMS-gelatin functionalisation reaction.

3.1.2.1. Gelatin-GPTMS functionalisation conditions

The functionalisation of gelatin with GPTMS is a reaction marked by significant variability
in the methods that have been reported in the existing literature (Appendix Table B.1).
Researchers use a variety of approaches, introducing variables at different stages of the
reaction (Figure 23). The choice of gelatin source (bovine vs porcine), the Bloom (100-300),
and reaction concentration (5-10 wt%) vary widely (114,117,184,185,190,191,193,203).
Typically, gelatin is dissolved in a mildly acidic (pH 5) aqueous solution using HCl (HClaq))
as a solvent (117,184,190,191). However, the reaction is not always done under mildly acidic
conditions as other solvents previously used include PBS, D>O and dH»O (114,185,193,203).
The reaction stoichiometry also varies significantly, with the molar ratio of GPTMS to gelatin
(C-factor; CF) ranging from 250-2000 (117,184,190). Reaction times vary from 3 hours to 48
hours, with ~14 hours being the most common (114,117,184,190,193,203). Whilst the
reaction temperature is most commonly 40 °C, the functionalisation reaction has also been

performed at 50 °C and 70 °C (114,185,190,191,193,203).
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Figure 23. Gel-GPTMS functionalisation reaction, showing the sources of variation and uncertainties within the reaction

reagents, conditions, and characterisation pipeline. Created on the BioRender website (https://biorender.com) by the author.

The gelatin functionalisation reaction is commonly run at pH 5 as the mildly acidic
conditions making the carboxylic acid (-COOH) group on the biopolymer its more
nucleophilic carboxylate (COO") (114). The degree of ionisation of an acid at a particular pH
value can be determined by its pKa according to the Henderson-Hasselbalch equation. The
pK. of a carboxylic acid is ~5 and the two predominant carboxylic acid containing side chain
residues of gelatin, glutamic acid and aspartic acid, have a pKa of ~4.3 and ~3.7, respectively
(204). When pK, ~ pH, the acid is approximately 50% ionised, thus at ~pH 5, we can assume
approximately 50% of the carboxylic acid residues in glutamic acid of gelatin should exist in

their more nucleophilic carboxylate form (205). There are two mechanisms by which the
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epoxide can react with gelatin: the carboxylate, facilitating the nucleophilic epoxide ring-
opening on GPTMS to form an ester, and via a protonated carboxylic acid, which can activate
the epoxide towards ring-opening by H-bond activation (Figure 24). Additionally, there are a
number of competing processes; hydrolysis of the epoxide on GPTMS into the corresponding
1-2 diol, as well as hydrolysis of the methoxy groups into Si—OH, and further condensation of
Si—OH. All of these potential reactions have different rates and can potentially be impacted

by changes in pH.
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Figure 24. Two mechanisms by which the epoxide of GPTMS can react with gelatin; via hydrogen bonding of a protonated

carboxylic acid which activates the epoxide (left) or via a carboxylate to form an ester (right).

Although there is more nucleophilic carboxylate form of carboxylic acid at pH 6, the reaction
between the epoxide and carboxylate group is slow relative to pH 5, and instead, hydrolysis
of the methoxy groups of GPTMS competes (198). Therefore, pH 6 is not used. Connell et al.
(114) found that performing the reaction at pH 6 caused gelation, while reactions performed
above pH 7 promoted the formation and gelation of a silicate network. An observed increase
in pH also led to unwanted gelation at ~pH 7. Preliminary functionalisation of gelatin with
GPTMS experiments were run, using the method from Mahony et al. (184), but adapting it to
use an 8 hour reaction time due to laboratory access constraints. The pH was monitored

throughout the reaction and results showed a deviation from pH 5 over the course of the
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reaction, with a continual increase to ~pH 7.5 over the 8 hours reaction time. Additionally,
premature gelation of the reacting solution was often observed. This increase in pH level over
the course of the reaction is potentially important as pH plays a key role in controlling the

reaction kinetics of the gelatin and GPTMS functionalisation reaction.

A range of characterisation techniques have been employed to validate the gelatin-GPTMS
functionalisation process (Appendix Table B.2), including FTIR and NMR spectroscopy,
thermogravimetric analysis (TGA), differential scanning calorimetry (DSC) and a ninhydrin
assay (114,117,184,185,191,203,206). Researchers use FTIR and NMR to reveal information
about the chemical structure of the product from functionalisation, using the techniques to
identify functional groups and the formation of new bonds from the reaction
(114,117,184,185,191,203). A ninhydrin assay is used to quantify the number of primary (1°)
and secondary (2°) amines in a solution (117,203). Whereas TGA and DSC have been used
compare the thermal degradation profile and glass transition temperature of unmodified
versus functionalised gels, respectively (117,191). NMR is the only technique that will
provide information about the selectivity of functionalisation. Techniques such as TGA and
DSC are used to indicate the successful crosslinking of gelatin and GPTMS, but do not
provide information about the selectivity of functionalisation. FTIR spectroscopy has been
used to observe the formation of new functional groups in the reaction between gelatin and
GPTMS (185,191,203). This technique, however, lacks the sensitivity to detect low levels of
coupling. Again, this reflects the lack of standardisation in characterisation of gelatin and

GPTMS functionalisation selectivity.
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3.1.3. Issues with GPTMS functionalisation reactions

Even though GPTMS is extensively used, the functionalisation of biopolymers using GPTMS
is potentially problematic as both the epoxide and alkoxysilane functionalities are susceptible
to side-reactions. Epoxides are susceptible towards hydrolytic ring-opening, to provide a 1,2-
diol by-product. This side-reaction not only reduces the amount of epoxide available for
reaction with the biopolymer, but the diol side-product can also prevent the desired
crosslinking reaction between gelatin and GPTMS (Figure 25a). Reduced epoxide availability
as a consequence of hydrolysis is one reason why GPTMS is typically used in super-
stoichiometric amounts in biopolymer functionalisation reactions. That said, at pH 5,
Gabrielli et al. (192) found hydrolytic ring-opening of the epoxide in GPTMS was found to

be slow, at just 13% conversion after 3 days.
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Figure 25. Competing reactions occurring during reaction of gelatin and GPTMS in aqueous solution; a) hydrolytic ring

opening of the epoxide in GPTMS to form a 1,2-diol and b) hydrolysis of the methoxy groups to form MeOH, and

condensation of Si—OH to form a silica network.

When the trimethoxysilyl groups on GPTMS undergo hydrolysis, MeOH is formed as a by-

product (Figure 25b). MeOH release during the reaction could potentially damage or denature

proteins and cells, resulting in cytotoxicity (207). As trimethoxylsilyl groups will always be

employed when using GPTMS as a crosslinker, ideally the gelatin-GPTMS product should

undergo processing to remove the MeOH generated during the functionalisation reaction.

However, processing to remove MeOH generated from hybrid hydrogel synthesis upon

further hydrolysis and condensation of trimethoxysilyl groups is beyond the scope of this

study.
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The functionalisation process is further complicated by the fact that hydrolysis of the
alkoxysilane and condensation of the resulting Si—OH can result in the reaction solution
becoming more viscous and eventually lead to a gel through the formation of an Si—O-Si
silica network and GPTMS oligomers (Figure 25b) (192). Long functionalisation times have
been reported to be detrimental to the hybrid formation, as prolonged exposure of the
trimethoxylsilyl groups and epoxide ring to reaction conditions can lead to unwanted side
reactions occurring (184). Gabrielli et al. (192) hypothesised that GPTMS oligomer
formation is unfavourable for hybrid formation as it limits the level of biopolymer
functionalisation, and thus crosslinking that can occur. Work by Nelson et al. (117), observed
that by 22 hours of GPTMS and gelatin functionalisation, the solution had gelled. A
compromise therefore has to be found between allowing long enough for biopolymer
functionalisation whilst avoiding the detrimental effects of GPTMS oligomer formation and
potential gelling. Ideally, both issues need to be avoided in order to extend the
functionalisation time to increase the crosslinking that can occur between GPTMS and the

biopolymer.

In the gelatin-GPTMS functionalisation reactions, CF is used to describe the molar ratio of
GPTMS:gelatin. GPTMS is often used in up to 500—750x (CF500-750) excess of gelatin, and
in some cases, up to 2000x (CF2000) (117,184,190). This means there is a relatively higher
concentration of GPTMS compared to gelatin in the reaction. Furthermore, the excess
GPTMS that remains within the functionalised solution, either as oligomers or diols (from
hydrolytic ring-opening of the epoxide), is a problem and attempts to remove the excess are
yet to be considered in literature investigating the gelatin-GPTMS functionalisation reaction.
A separation step to remove the unreacted GPTMS is usually not performed, thus, it — or

hydrolysed diol products — is still present in the product, increasing the amount of
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trimethoxysilyl groups which form MeOH upon hydrolysis, which as previously discussed

can result in cytotoxicity, thus, limiting the application of the hybrid material for cell

encapsulation (208,209). Previous work by Mahony et al. (190) and Nelson et al. (117) using

GPTMS-functionalised biopolymers within sol gel inorganic polymerisation formed a

monolith hydrogel, where the sol is first transferred into moulds and further condensation of

the silica network is allowed to occur. The hydrogels are then aged and dried to form hybrid

monoliths. This processing will trap excess GPTMS-species within the formed structure.
However, if the hybrid was not dried and instead used in its hydrogel state, as aiming to in
this study, it can be suggested that excess GPTMS would be more easily released when

submerged in solution.

The discussed issues with the gelatin-GPTMS functionalisation reaction leave scope for

improvement in the functionalisation protocol in four main areas:

Reaction pH — maintaining pH 5 throughout functionalisation

- Gelatin functionalisation time — extending the length of the reaction whilst avoiding
gelling

- Post-processing — removal of unreacted GPTMS and other small-molecule by-

products

- Cell encapsulation — removal of MeOH as a by-product

3.1.4. Aims and objectives

The aim of this chapter was to better understand how gelatin and GPTMS react with the aim

of improving the functionalisation reaction process.
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The main objectives were to:
1. Investigate the impact of reaction pH for biopolymer functionalisation
a. Study pH change over the functionalisation reaction between gelatin and two
different epoxide electrophiles, namely GPTMS and allyl glycidyl ether
(AGE)! as a simplified model for GPTMS
b. Analyse the functionalisation reaction between gelatin and GPTMS or AGE
using '"H NMR spectroscopy
il. Carry out post-processing to purify the gelatin-GPTMS functionalisation reaction
product
a. Use dialysis to remove excess epoxide crosslinker and functionalisation
reaction by-products
iil. Improve the efficiency and extent of the functionalisation reaction between gelatin
and GPTMS by extending the reaction duration
a. Vary the functionalisation solvent to increase functionalisation reaction
duration and investigate the impact on extent of gelatin-GPTMS coupling
b. Investigate and use '"H NMR spectroscopy, ninhydrin assay and titration as
verification techniques to determine position of conjugation of GPTMS on

gelatin

! AGE was selected as it shares the epoxide structure of interest but has a relatively inert alkene instead of the
trimethoxysilyl groups. Therefore, use of AGE removes a layer of complexity from the reaction as it will avoid

hydrolysis and condensation of these groups, allowing for a more focused investigation.
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3.2. Methods

Initially, GPTMS was used in this study to determine epoxide reactivity with gelatin (Figure
26). AGE was also investigated. This compound retains the terminal epoxide functionality
present in GPTMS but replaces the trimethoxysilyl group with an unreactive double bond and
so would allow study of epoxide reactivity without concern for hydrolysis of the

trimethoxysilyl group (Figure 26).

GPTMS AGE
/
O\?/\/\ epoxide \ epoxide
/ Sli O% alkene\/\o/%
@) 0 0

/

trimethoxysilyl

Figure 26. Structure of GPTMS and AGE.

The gelatin functionalisation reactions were carried out using a CF of 500, where CF
describes the molar ratio of GPTMS:gelatin (190,206). Therefore, the functionalisation
reaction was run at 500:1 (epoxide (AGE or GPTMS):gelatin) using 40 kDa as the average

molecular weight of gelatin.

3.2.1. Materials

Gelatin (type A from pig [~175 g Bloom]), allyl glycidyl ether (AGE, >99%)), 3-
glycidyloxypropyl)trimethoxysilane (GPTMS; >98%), formamide (=99.5%), ninhydrin
reagent (2% solution), and dialysis tubing cellulose membrane (typical molecular weight cut-

off = 14,000 Da) were purchased from Sigma-Aldrich and used as purchased. Deuterium
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oxide (D,0) was purchased from Goss Scientific and dimethyl sulfoxide (DMSO, >99%)

from Fisher Scientific.

3.2.2. Attempted preparation of GPTMS functionalised gelatin (Gel-GP)

For the functionalisation of gelatin with GPTMS (Figure 27), gelatin (0.50 g, 1.25 x 10~
mmol) was added to HCl(aq) (10 mL of 10.0 mM solution) contained in a 50 ml round-bottom
flask. The flask was covered, and the mixture stirred at 250 rpm for 1 hour at 40 °C to
achieve a gelatin solution with a concentration of 50 mg ml™!. After 1 hour, GPTMS (1.40
mL, 6.25 mmol) was added to give a reaction CF of 500. After 5 min of mixing, the pH was
measured using a pH meter and probe, and adjusted if necessary to pH 5, using either 0.2 M
HClaq) or 0.2 M NaOHjagq). The solution was stirred for 8 hours at 40 °C and the pH of the
solution measured hourly. Aliquots (500 pl) were taken at the following time intervals: 1, 2,
3, 4, and 8 hours. Each aliquot was added to D>O (500 pl) and the resulting solution was

analysed by "H NMR spectroscopy.

i i
/ COOH o, Si—o0
° (|) HoN HCl(aq), PH 5 HN \/\/l
/ \Si/\/\o% N _ e o oH X MO
| HN 0 | )\/HN OH
40°C,8h
/ ° ° NH, °—S|i "o NH,
COOH ?é OVLL) COOH

Figure 27. Reaction of GPTMS with both amine and carboxylic acid groups on gelatin backbone.

3.2.2.1. Effect of pH on functionalisation of gelatin with GPTMS

Three different experiments, numbered 1-3 below, were used to investigate how changes in
pH of the functionalisation reaction affected the functionalisation reaction. Experiments 2 and
3 were used in an attempt to address the increase in pH of the reaction mixture over the time

course of the reaction observed in Experiment 1.
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Experiment 1: reaction solvent = 10 mM HCl.q) with no intervention measures taken to
control the reaction pH. The reaction was run for 8 or 72 hours as described in Section 3.2.2

following a literature procedure (190,206).

Experiment 2: reaction solvent = 10 mM HCl.q) with intervention measures made at specific
times to manually change the pH. Specifically, the pH of the reaction mixture was readjusted
to pH 4.9 + 0.02 using 2 M HCl.q) every hour for the first 8 hours, and then at 24, 48 and 72
hours. In between these readjustment time points, the reaction was left to run with no

intervention measure. The reaction was performed as described in Section 3.2.2.

Experiment 3: reaction solvent = potassium dihydrogen phosphate buffer (PB). The reaction
was performed for 8 or 72 hours, as described in Section 3.2.2, only PB was used in place of
10 mM HClag) as the solvent. The buffer was prepared by dissolving PB (6.8 g, 50.0 mmol)
in dH>0O (750 mL). Once dissolved, the solution was made up to 1 L using dH»O. Reactions

were performed for 8 or 72 hours.

3.2.3. Attempted preparation of AGE functionalised gelatin (Gel-AGE)

For the functionalisation of gelatin with AGE (to prepare Gel-AGE) (Figure 28), the same
protocol was followed as detailed in Section 3.2.3, only AGE (0.74 mL, 6.23 mmol) was
added in place of GPTMS to give a CF of 500. After 5 min of mixing, the pH was measured
using a pH meter and probe, and adjusted if necessary to pH 5, using either 0.2 M HClaq) or
0.2 M NaOHagq). The solution was stirred for 72 hours at 40 °C, taking aliquots (500 pl) for
analysis by 'TH NMR spectroscopy at 1, 2, 3, 4, 8, 24, 48 and 72 hours as described in Section

3.2.3. The pH of the reaction mixture was measured at the same time intervals, and every
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hour during the first 8 hours. Post-reaction processing as described in Section 3.2.4 was also

performed, however, no dilution with dH>O was performed.

COOH

0
(0]
\\//\\
\/\ + e HCliag), PH 5 OH HeN O/Y h
° HN S //L\\//HN OH
X NH, 40°C,72h "N

COOH

NH,
COOH

Figure 28. Reaction of AGE with both amine and carboxylic acid groups on gelatin backbone.

3.2.3.1. Effect of pH on functionalisation of gelatin with AGE
The same experiments as detailed in Section 3.2.2.1 were performed using AGE in place of

GPTMS to investigate the effect of solution pH on functionalisation of gelatin with AGE.

3.2.4. Post-reaction processing — removal of unwanted small molecules

At the end of the reaction, the resulting solutions from the gelatin functionalisation reactions
were dialysed at 40 °C for up to 120 hours against dH,O (800 mL) through a dialysis tubing

cellulose membrane, gently stirring throughout. DH>O was refreshed daily. In the case of the
reactions involving GPTMS, the solutions were diluted by a 2x factor with dH»O to prevent

gelling of the solution within the tube. Every 24 hours, aliquots (500 pl) were taken from the
tubing and added to 500 ul D>O. The resulting solutions were analysed by 'H NMR

spectroscopy.

3.24.1. Freeze drying
Dialysed GPTMS-functionalised gelatin solutions were freeze-dried for 48 hours using a

Christ 1-2LDplus freeze dryer.
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3.2.5. Hydrogel formulation: formation of Class I and Class II hybrids

Three hybrid hydrogel formulations were made, a Class I gelatin-silica (Gel-Silica) hybrid
and two Class I GPTMS functionalised gelatin-silica (Gel-GP-Silica) hybrids, one made
with dialysed Gel-GP and one with undialysed Gel-GP. From the pH study results (Section
3.3.1), the functionalisation product synthesised from the HCl(.q) gelatin-GTPMS reaction

was selected for use. Hydrogels were made so that the final O:I was 20:80.

Preparation of organic component: 5.0 wt% gelatin solution was made by dissolving gelatin
(0.50 g, 0.13 mmol) in DMEM (10.0 mL). The gelatin solution was mixed at 250 rpm for 1

hour at 40 °C prior to use in hydrogel formation.

Preparation of a Class I Gel-Silica hybrid
Gelatin solution (5.0 mL) was added to DMEM (20 mL) and the resulting mixture vortexed
for 10 seconds, followed by the addition of propylene glycol modified silane (PGMS) (5.33

g, 16.7 mmol).

Preparation of Class Il Gel-GP-Silica hybrids

The same protocol was followed for the preparation of Gel-GP-Silica hydrogels, only gelatin
solution was substituted for either dialysed or undialysed Gel-GP solution (5.0 wt%). The
hybrid hydrogel solutions (15 mL) were cast into a culture dish (60 mm) and left to gel

overnight, covered and at room temperature.
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3.2.6. Hydrogel degradation properties

3.2.6.1. Degradation assay

A degradation assay was used to determine the change in mass and silica release over time.
The method was as described in Section 2.2.5, however, the degradation profile was observed
over 7 days, using the following time points: 1, 3 and 24 hours, and 2, 5 and 7 days. At these
time points, the hydrogels were weighed, and a 1 mL PBS sample was taken from the PBS
container. After, | mL of fresh PBS was used to replenish the removed PBS. Inductively
Coupled Plasma Optical Emission spectroscopy (ICP-OES) was performed on the samples to

determine silicon concentration.

3.2.6.2. ICP-OES

ICP-OES analyses a sample for its elemental content. In this case, the element of interest was
silicon. A serial dilution (20x, 200x) was performed on the samples taken during the
degradation assay. First, 500 pl of sample was diluted with 9.5 mL of dH>O to perform a 20x
dilution. Then, 1 mL of 20x dilution was diluted with 9 mL of dH>O to result in a 200x
dilution. ICP-OES was run by Christopher Stark, Division of Environmental Health and Risk
Management School of Geography, Earth and Environmental Sciences, University of
Birmingham. The concentration obtained from the ICP-OES measurement was multiplied by

200 to account for dilution of the samples.

3.2.7. Alternative functionalisation reaction conditions

In efforts to extend the functionalisation time of gelatin with GPTMS, the reaction solvent,
gelatin concentration and reaction pH were varied. Unless stated otherwise, all other reaction
variables were kept the same as the functionalisation reaction in 10 mM HCl,gq) (Section

3.2.2).
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For reactions performed in DMSO, gelatin was dissolved in DMSO 24 hours before the start
of the functionalisation reaction to ensure complete dissolution. The reaction pH was not
adjusted in this case in order to avoid introducing H>O into the system and minimise
hydrolysis. For aqueous reactions, the effect of pH was investigated by adjusting the pH to 3
from 5 before addition of GPTMS. Finally, in the 0.5 wt% condition, 0.25 g of gelatin was

dissolved in 50 mL of 10 mM HClag), to give a final concentration of 0.5 wt%.

3.2.8. Characterisation of Gel-GP

3.2.8.1. Ninhydrin assay

An aliquot (0.5 mL) from the functionalisation reaction was added to a centrifuge tube and
diluted 10-fold by adding dH>O (9.5 mL). An aliquot (0.5 mL) of this solution was added to a
different centrifuge tube and further diluted by the addition of dH>O (1.0 mL). The mixture
was heated at 80 °C in a water bath. After 30 minutes, 2% ninhydrin reagent solution (0.5
mL) was added. The mixture was heated at 80 °C for a further 30 minutes, after which time,
the mixture was removed from the water bath and cooled to room temperature over 30
minutes. Ethanol (95%, 2.5 mL) was added. An aliquot (100 ul) was pipetted into a 96 well-
plate and the absorbance at 570 nm was read using a microplate reader (TECANSPARK). For
each functionalisation condition, a gelatin control (solution of gelatin in
HCl(aq/DMSO/formamide) was also measured. These solvent ‘blanks’ were subtracted from

the experimental values.

The percentage of available primary/secondary amines, where A is the optical absorbance

measurement before functionalisation and acts as the control, was calculated (Eq. 1). Whereas

Auc s the optical absorbance measurement after functionalisation.
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Available primary/secondary amines (%) = (Aac / Abc) X 100% (Equation 1)

3.2.8.2. Titration

A titration was performed for each gelatin functionalisation reaction, and gelatin in a solution
of HCl(aq/DMSO/formamide (blank) as a control: 6 M HCl,q) was added dropwise to the
gelatin solution (25 mL), whilst gently stirring, to achieve a pH of 1.5 (measured using a pH
probe [Fisherbrand accumet AE series single junction gel pH electrode]). Next, 0.1 M
NaOHag) (titrant) was then added to produce increments in the pH of the solution of the order
of 0.2-0.4 up to a maximum value of pH = 11.5. Upon every addition of titrant, the volume of

titrant was noted, as well as the resulting pH.

3.2.8.3. FTIR spectroscopy
FTIR was performed using a NICOLET 6700 spectrometer with a resolution of 16.000, at

wavenumber ranging of 4000-400 cm™!. All spectra were plotted using OriginPro.

3.2.84. "H NMR spectroscopy

"H NMR spectra were recorded in D>O on a Bruker Biospin AVANCE spectrometer, at 400
Hz, and used to analyse the functionalisation reaction, determine the extent of
functionalisation, and success of post-processing to remove excess GPTMS or AGE. All

spectra were processed and analysed with MRestNova x64 NMR software (version 14).

3.2.9. Statistical analysis
GraphPad Prism v5 was used to test the statistical difference using mean =+ standard deviation

(SD), and n=3 where possible.
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3.3.  Results and Discussion

The initial aim of this study was to couple GPTMS with gelatin to prepare gelatin—silica
hybrid hydrogels. First, the reactivity of the epoxide in GPTMS with the amino acid side-
chain groups of gelatin was investigated. A pH control study was performed to investigate the
effect of different reaction solutions and their influence on pH during the gelatin
functionalisation reaction. Numerous challenges arose with the GPTMS-gelatin
functionalisation reaction, which will be discussed. Consequently, AGE was used in place of
GPTMS to simplify the reaction. The products from both GPTMS- and AGE-gelatin
functionalisation reactions were purified using dialysis. The products from the GPTMS-
functionalised reactions were used to create Class I and (assuming functionalisation) Class II
hybrid hydrogels, which were investigated with respect to their degradation profile, to

determine the effect of functionalisation on degradation properties.

3.3.1. GPTMS-gelatin functionalisation study

GPTMS was used as a coupling agent and the reactivity of the epoxide with gelatin was
investigated. Hydrolysis of the trimethoxysilyl groups in the functionalised gelatin, to provide
Si—OH, can then enable crosslinking with an inorganic component, silica, in a sol-gel reaction

to provide a Class II hybrid hydrogel.

Other processes that occur in the functionalisation included competing hydrolysis of the
epoxide in GPTMS, providing a 1,2-diol side-product (Figure 25a). The trimethoxysilyl
groups present mean that the GPTMS is able to oligomerise, forming further potential

products — oligomerised GPTMS (Figure 25b).
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3.3.1.1. Preliminary GPTMS-gelatin functionalisation study

The initial focus of these experiments was to investigate the functionalisation of gelatin with
GPTMS, hypothesising that coupling would occur between the epoxide of GPTMS and the
carboxylic acid of gelatin (114,190,191,198,210). Reactions of gelatin with GPTMS were
studied at 40 °C over 8 hours, in 10 mM HCl,q). The reaction was started at pH 4.9 (+ 0.02)
and was monitored hourly. The progress of the functionalisation reaction was investigated by
"H NMR spectroscopic analysis of aliquots taken from the reaction mixture at time points, in

combination with FTIR to study the end product of these reactions.

The preliminary results of the study, presented in more detail within the following section
(Section 3.3.1.2) did not show any significant indication of gelatin functionalisation. The lack
of a clear functionalisation reaction raised serious concerns about the underlying issues.
Importantly, the results highlighted an issue with pH control during the functionalisation

reaction. Notably, the pH increased from 4.9 to ~7.0 over the course of the reaction.

pH is a key factor in GPTMS-gelatin functionalisation reaction. Epoxides can undergo ring-
opening with nucleophiles under both acidic and basic conditions and has been found to be
dependent on the pH of the reaction (192). A previous study has investigated the reactivity of
GPTMS with nucleophiles (198). It highlighted that carboxylic acid (-COOH) groups are able

to perform nucleophilic ring-opening of the epoxide ring (198).

Carboxylic acid residues are often present along protein/polypeptide chains, such as in
gelatin, as they are found in amino acids glutamic acid and aspartic acid, and thus, they
present an opportunity for gelatin functionalisation for hybrid synthesis (211). Whilst the

neutral carboxylic acid can function as a nucleophile, its conjugate base, the negatively
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charged carboxylate (RCOQO") is more nucleophilic. Thus, when functionalising gelatin with
GPTMS, slightly acidic conditions will cause it to be in its more nucleophilic state as a
carboxylate (-COO"). This is because carboxylic acids have pKa’s near 5, and when pK. ~ pH,
the acid is approximately 50% ionised (192,205). The reaction of gelatin with GPTMS is
commonly reported in literature and typically uses 10 mM HCl.q) to achieve the mildly
acidic conditions (114,117,184,190). However, the previous work fails to address the increase
in pH within the solution that occurs throughout the duration of the reaction that is observed

here, and the subsequent effect that this has on the functionalised product.

Gabrielli et al. (192) investigated the effect of reaction pH on epoxide ring opening and silica
condensation during sol-gel hybrid synthesis and highlighted important considerations when
using GPTMS to functionalise biopolymers. Epoxy-ring hydrolysis is kinetically more
favourable under slightly acidic conditions, whereas, in contrast, the major reaction that
occurs under basic circumstances is silicon condensation (192). Additionally, if the pH is too
acidic, it can result in the hydrolysis of the epoxide ring to the corresponding diol being the
prevalent reaction. This highlights the critical role that pH plays on the reactivity of GPTMS
and the impact it can have on the functionalisation process. However, the study did not
monitor, or at least report, whether pH changed over the course of the reaction, but the

findings imply the implications this could have on the resulting functionalised product.

It became clear that the functionalisation process was not progressing as planned,
necessitating a closer look at the factors behind these challenges. A pH study involving
different ways to control the pH in the GPTMS-gelatin functionalisation reaction was

investigated.
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3.3.1.2. pH control in GPTMS-based functionalisation reactions

It was hypothesised that being able to control the pH within the GPTMS-gelatin
functionalisation would impact the reactivity of GPTMS within the reaction. To investigate
influence of pH on the functionalisation reaction, three different experiments were conducted:
experiment 1 (10 mM HClq) run as per literature, HClg)), experiment 2 (10 mM HClag)

with manual pH changes at specific time intervals, HClq) pH), and experiment 3 (PB).

In the GPTMS-gelatin reactions, HCl(q) (experiment 1) (+ pH 2.18) had the largest pH
change at the end of the 8 hours, followed by PB (experiment 3) (+ pH 0.98), and then HCl(.q)

pH (experiment 2) (+ pH 0.23) (Figure 29).

—o— Experiment 1 -#- Experiment2 -A- Experiment 3

Figure 29. pH as a function of time for reaction of GPTMS and gelatin in,
experiment 1: 10 mM HClq) reaction solvent with no intervention measures
taken to control the reaction pH; experiment 2: 10 mM HCl ) reaction
solvent with intervention measures made to manually change the pH to pH
4.9 every I hour; and experiment 3: PB reaction solvent. Starting pH of all

reactions was 4.9 + 0.02 (n=3).

PB lost its buffering capacity, which can be suggested to be owed to the need to lower the pH

of the potassium dihydrogen PB at the beginning of the reaction to pH 4.9 through addition of
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2 M HClag). PB systems present as more complicated than simple ones such as those
involving acetic acid-sodium acetate, and because of this, it is more difficult to keep the ionic
strength constant and often results in a large ionic strength variation (212). Manually
readjusting the pH every 1 hour was more effective in controlling the pH compared to the use

of PB.

PB was introduced in this study to investigate if this buffer would be able to control the pH of
the reaction and maintain it at the desired pH 5. Buffers work by neutralising any H" or OH~
ions to maintain a particular pH. Any buffer will lose its effectiveness if too higher
concentration of acid or base is added, and in this case, it also must not react with the
reactants in the solution it is buffering. PB was chosen as a buffer in this system due to
predicted lack of reactivity with the reagents, specifically the epoxide in GPTMS, unlike
citrate or trisaminomethane (TRIS), two other common buffers. However, different buffers
operate within an effective pH range, for example, PB can be adapted to a variety of pH
levels from pH 5.5 to 7.4 (213). Although a lower pH range would have been desirable, due
to the reaction commencing at pH 5, avoiding reactivity of the reagents with the buffer was

prioritised over a perfectly effective pH range in this study.

It should also be noted that from a macroscopic point of view in the GPTMS reaction in
experiment 1, that the solution went cloudy and began to gel. The cloudiness was observed
between 5 and 6 hours and coincided with a change to a pH >7. This finding strongly
supports a link between cloudiness and the creation of a silica-based network. The cloudiness
in the solution could be caused by hydrolysis and condensation processes between the Si—-OH

groups in GPTMS, resulting in the creation of a 3D silicate-based network.
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As a result, the transition to a pH >7 observed during our experiment is consistent with the
findings of Gabrielli et al. (192), who discovered that at more basic conditions, the creation
and gelation of a silicate network is promoted within the reaction. This was evidenced by *C
NMR resonances showing a new product was formed, as the new resonances did not
correspond to the ones observed upon diol formation but still resonate closely with the
resonances from GPTMS (192). Additionally, there were no changes in the epoxide region of
the GPTMS spectrum when in basic conditions which strongly suggests the epoxide ring
structure is retained and other moieties are involved in the formation of the silicate network.
Nelson et al. (214) also found when using a 22-hour functionalisation time, the solution
gelled. When this finding is coupled with the pH increase over time observed in this study, it
can be suggested that the gelation experienced could be as a consequence of exceeding pH 7,

however, Nelson did not explore this finding any further (214).

It is suggested that this pH increase can be attributed to several chemical reactions occurring
within the system. Firstly, epoxide hydrolysis (Reaction 8) will release hydroxide ions (OH")
into the solution as a result of ring-opening reactions. Diol formation as a consequence of the
epoxide hydrolysis reaction will also contribute to pH increase as diols can accept protons
(H") from the solution as they are weak bases. Finally, MeOH formation (Reaction 9) upon
hydrolysis of trimethoxysilyl groups in GPTMS will contribute to a pH increase as MeOH

has a pH of 7 to 8 (215).

GPTMS + H,0 - diol + OH™ (Reaction 8)

GPTMS + H,0 — methanol + Si — OH (Reaction 9)
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With reference to maintaining pH 5 during the functionalisation reaction, this work supports
the use of a PB over long time periods, but that manually altering the pH is also effective if it

can be done at regular intervals.

3.3.2. Gelatin and GPTMS 'H NMR spectra

It was expected that the epoxide of GPTMS would undergo a nucleophilic ring opening
reaction with the carboxylic acid residues of gelatin (114,190,191,198,210). Rodin et al.
(216) assigned the chemical shift of amino acids present in gelatin and these have been used
to assign the 'H NMR spectra of gelatin. Based on literature precedent, it was expected that
the epoxide of GPTMS would undergo a regioselective nucleophilic ring-opening reaction,
either with the side-chain carboxylic acid or amine amino-acid residues of gelatin to form an
ester or secondary amine linkage, respectively (114,190,191,198,210). By combining
assigned resonances (Table 3) and the '"H NMR of gelatin (Figure 30), determining the

precise site of reaction becomes possible.
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Table 3. Identification of the amino acids in gelatin and their respective chemical shift in 'H NMR spectrum in DO.

Modified from (216).

No. Chemical shift (ppm) Amino acid

1 3.92 Glycine,
Hydroxyproline

2 3.62 Proline

3 3.20 Arginine, Histidine

4 2.99 Lysine

5 2.30 Glutamic acid,
Hydroxyproline

6 2.00 Proline, Methionine

7 1.40 Alanine

8 0.90 Valine, Leucine,

Isoleucine
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Figure 30. "H NMR spectrum of gelatin, with amino acid residues labelled. The resonances correspond to the follow amino
acid (type of protons): 1: glycine (a-CH,), hydroxyproline (»-CH), 2: proline (6-CH,); 3: arginine (6-CH>), histidine (-
CH>); 4: lysine (s-CH,); 5: aspartic acid (-CH>); 6: glutamic acid (- and y-CH>), hydroxyproline (f-CH>); 7: proline ([-,
y- and 6-CH,), methionine (3-CH; and CH3); 8: alanine (CH3); 9: valine (- and 6-CH,), leucine (y- and &-CH), isoleucine
(7~ and 5-CH>) [D,0, 400 MHz]. The structure of lysine (left) and glutamic acid (right) is shown with corresponding protons
labelled (216).

The resonance at o = 2.99 ppm (resonance 4) corresponds to the protons on the epsilon (g)
carbon of lysine and du = 2.30 ppm (resonance 6) to the beta and gamma protons (- and y-
CH>) of glutamic acid within gelatin (Figure 30) (216). If GPTMS reacts with the side-chain
functionality in either of these two amino acid residues, it should affect (most significantly)
the chemical shift of the resonances for these hydrogens in the '"H NMR spectrum. The
reaction between gelatin and GPTMS will also result in new resonances arising from the ring-
opened GPTMS unit. Their position in the resulting 'H NMR spectrum will depend on the
nucleophile that opens the epoxide. Thus, mindful of resonance overlap potentially
complicating analysis, the "TH NMR spectrum of the reaction product might allow the site of
conjugation to be identified. Additionally, aspartic acid has a carboxylate side-chain
functionality of which GPTMS could react with, however, the resonance at duy = 2.70 ppm
(resonance 5) corresponding to the beta protons (B-CH>) in aspartic acid is only present at

low intensity and so identifying resonance changes were difficult (216).
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Additionally, specific protons in GPTMS have been assigned to a 'H NMR spectrum (Figure
31). The resonances at 6u = 2.50 and 2.35 ppm (a3 and a3*, respectively) correspond to the
protons on the epoxide. Nucleophilic ring-opening at this site should result in a decrease in
signal intensity of these resonances and the appearance of new resonances at lower fields,
approximately ou = 3.75—4.00 ppm, whose position will depend on the nature of the
nucleophile and would be indicative of a reaction (198). Further changes to native gelatin 'H

NMR resonances must be observed and analysed.
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Figure 31. 'H NMR spectrum of GPTMS, with key resonances labelled on the chemical structure (CHCls;, 400 MHz).

There are two mechanisms by which the epoxide can react with gelatin: via a carboxylate,
such as glutamic acid, facilitating the nucleophilic epoxide ring-opening on GPTMS to form
an ester, and via an amine, such as lysine, facilitating the nucleophilic epoxide ring-opening
on GPTMS to form a secondary amine (Figure 32) (130,217). The resonances of the different
products formed will have characteristic chemical shifts, du ~4.1 ppm for the methylene
protons on the ester alkoxy chain and éu ~3.5 ppm for the secondary amine (112,114,199).
Hydrolytic ring opening of the epoxide is a competing reaction and would also result in a

decrease in intensity of the resonances associated with the terminal epoxide. Therefore,
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epoxide consumption does not alone confirm successful functionalisation. Resonances for the
other protons in GPTMS (8u = 3.65 ppm (a1), 0u = 3.45 ppm (a2), du = 1.70 ppm (a4), and dn
=0.65 ppm (as)) as demonstrated in Figure 31 should not change significantly upon
functionalisation so the appearance of resonances at these approximate chemical shifts will

also indicate successful reaction (Figure 32).

O
O—Me

d c a
gelatin backbone —— /\/\ /
N o /\(\o b 3{_0\
2
\
OH Me

-NH, functionalisation o
Me
COOH
Me —O a c d
\ /\/\ P -COOH functionalisation
O—Si (0} N
b H
Me O\ OH
Me

Figure 32. Schematic showing possible sites of functionalisation — amine (-NH>) and carboxylic acid (-COOH), with salient
groups with for analysis by ' H-NMR spectroscopy highlighted in green with corresponding resonances labelled from Figure
31

3.3.2.1. GPTMS epoxide ring opening as a function of time

The "H NMR spectra for Gel-GP from the HClaq) reaction (experiment 1) is shown in Figure
33, with time points only up to 3 hours due to gelation of the reaction mixture beyond this
point. The HClq) pH and PB reactions (experiment 2 and 3, respectively) were comparable,
however, the reaction time could be extended to 8 hours as in these two cases and gelation

was not observed (Appendix Figure B.1 and Figure B.2).
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Figure 33. 'H NMR spectra of starting reagents gelatin (D0, 400 MHz) and GPTMS (CDCl;, 400 MHz),
and the progressing reaction at 1, 2, and 3 hours in HCl 4 (D20, 400 MHz). Note, the reaction had gelled
at 4 and 8 hours and so it was not possible to take a sample. Chemical structures are shown. See Table 3.1

to assign gelatin amino acid structure.

"H NMR spectroscopy showed a small reduction in the relative area of the epoxide
resonances a3 and a3* at o = 2.50 and 2.35 ppm (shifting to du = 2.95 and 2.80 ppm). This

was expected due to ring opening of the epoxide through reaction with gelatin or H,O

(hydrolysis).

GPTMS resonances, ai 8u = 3.65 ppm (shifting to du = 4.90 ppm), a2 du = 3.45 ppm (shifting

to ou = 3.55 ppm), a4 6 = 1.70 ppm, and as 6 = 0.65 ppm, remained at a consistent intensity
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throughout which shows that the reaction conditions do not affect the core structure of the
GPTMS molecule and that the only reactions taking place were at the trimethoxysilyl/alkoxy
and epoxide functionality (Figure 33). The spectra were dominated by the GPTMS
resonances, making it difficult to investigate any changes in the structure of gelatin due to

functionalisation.

MestReNova was used to quantify the process of epoxide ring opening through measuring the
relative area of the epoxide resonances in the 'H NMR spectra (a3 and a3*) (Figure 33,
Appendix Figure B.1 and Figure B.2). The degree of epoxide ring opening was calculated by
dividing the relative area of the epoxide resonance at a specific time point by the relative area
of the epoxide resonance in the starting reagent and multiplying by 100 to obtain the
percentage of epoxide remaining. The formation of solid materials at 4 and 8 hours for HClq)
GPTMS, assumed to be as a consequence of alkoxysilane hydrolysis and condensation,

prevented the accurate evaluation of epoxide ring opening (198).

For Gel-GP, epoxide opening was 14% in HClq) pH (experiment 2) reaction and 12% in PB

(experiment 3) by 8 hours (Figure 34).
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Figure 34. Epoxide remaining (%) calculated from relative area of resonances as
and as* at 6y = 2.50 and 2.35 ppm (shifting to oy = 2.95 and 2.80 ppm) in Gel-

GP, reacted in experiment 1, 2 and 3.

As there is more than one potential product of epoxide ring opening in both reactions, when
discussing ‘epoxide ring opening’ in the following section it includes both nucleophilic ring

opening for functionalisation and hydrolytic ring opening when forming diols.

The highest rate of ring opening was where pH increase was lowest, in the HClq) pH
solution (experiment 2) and then PB (experiment 3) (Figure 34). When using 'H NMR to
quantify epoxide hydrolysis in solutions with different pH, Gabrielli et al. (192) found

epoxide hydrolysis was very slow at neutral pH with only a 5% conversion after three days,

compared to 13% conversion at pH 5.

This agrees with the conclusion that manually readjusting the pH is the best method to
control pH in an 8-hour gelatin-GPTMS functionalisation reaction. As previously mentioned,

total epoxide ring opening does not equal just nucleophilic ring opening for gelatin
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functionalisation, and it is key that diol formation through hydrolytic ring opening is also
considered in the future. Unfortunately, the considerable resonance overlap in the 'TH NMR

spectra means it is difficult to directly quantify diol formation.

3.3.2.2. Summary of initial GPTMS-gelatin functionalisation study

As the experiments progressed, the primary aim of investigating the reactivity of the epoxide
end of the GPTMS with gelatin amino acid residues faced numerous hurdles. Notably, the
hydrolysis and condensation of trimethoxysilyl groups over the duration of functionalisation
created an unforeseen issue, eventually leading to gelation, preventing any further
functionalisation efforts and ruled out the material's further use. This also led to the issue of a
restricted functionalisation window as a result of GPTMS-induced gelation, which needs
consideration, as it significantly shortened the available time for epoxide ring opening

reactions, resulting in reduced epoxide ring opening.

Furthermore, the analysis revealed a significant pH elevation during the experimental
processes, necessitating alternative control measures, such as manually readjusting the pH or
the use of a buffer. The presence of excess GPTMS in the solution, while key in the
development of silicate networks within the next stage of hydrogel formation, inhibited the
determination of effective functionalisation using 'H NMR spectroscopy due to the

prominent GPTMS resonances.

These complications highlighted the need for a simpler epoxide-based molecule, one that

would allow an easier understanding of epoxide-gelatin interactions.
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3.3.3. AGE-gelatin functionalisation study

As a consequence of the Gel-GP results and the difficulties surrounding hydrolysis and
condensation of trimethoxysilyl groups, it was decided to use AGE to functionalise gelatin
(Gel-AGE) to simplify the reaction by replacing trimethoxysilyl with an inert double bond.
This was done in an attempt to remove a variable to simplify analysis of the reaction product,
to focus on determining the chemoselectivity of the reaction. The only two reaction products
using this epoxide should be Gel-AGE and the 1,2-diol resulting from hydrolytic ring-
opening of the epoxide. Silicate network formation is therefore not possible, eliminating the

potential issue of this when characterising materials.

3.33.1 pH control in AGE-based functionalisation reactions

Reactions of gelatin with AGE were studied at 40 °C over 72 hours. All reactions were started
at pH 4.9 (£ 0.02). The progress of the functionalisation reaction was investigated by 'H
NMR spectroscopic analysis of aliquots taken from the reaction mixture at specific time

points.

To investigate influence of pH on the functionalisation reaction, three different experiments
were conducted: experiment 1 (10 mM HClag) run as per literature, HCl(q))), experiment 2
(10 mM HClq) with manual pH changes at specific time intervals, HCl.q) pH), and

experiment 3 (PB).

In the first 8 hours of the AGE-gelatin reactions (Figure 35), the HCl(aq) (experiment 1) had

the largest pH change (+ pH 2.12), followed by PB (experiment 3) (+ pH 0.75), and finally

HClg) pH (experiment 2) (+ pH 0.25). After 72 hours, the largest pH change was still HCl(g)
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(experiment 1) (+ pH 2.97), but then followed by HCl.q) pH (experiment 2) (+ pH 2.55), and

finally, PB (experiment 3) (+ pH 1.56).

T T T 1
36 48 60 72

Time (h)

-~ Experiment1  -® Experiment2 -a- Experiment 3

Figure 35. pH as a function of time for reaction of AGE and gelatin in, experiment 1: 10 mM HCl ,q) reaction solvent with no
intervention measures taken to control the reaction pH, experiment 2: 10 mM HCl yq) reaction solvent with intervention
measures made to manually change the pH to pH 4.9 every 1 hour for 8 hours, and then at 24 hour intervals until 72 hours,

and experiment 3: PB reaction solvent. Starting pH of all reactions was 4.9 + 0.02 (n=3).

The pH increase was significantly lower in the PB reaction (experiment 3) compared to
HClq) and HClg) pH (experiment 1 and 2, respectively). However, within the first 8 hours
of AGE and GPTMS reactions, manually readjusting the pH every 1 hour was more effective

in controlling the pH. PB was able to buffer but was limited in its ability. Similarly, to the
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GPTMS functionalised gelatin reactions, PB lost its buffering capacity, which again can be
suggested to be owed to the need to lower the pH of the potassium dihydrogen PB at the
beginning of the reaction. Therefore, there is difficulty in keeping the ionic strength constant

which often results in a large ionic strength variation (212).

It is proposed that this pH increase is due to epoxide hydrolysis (Reaction 7), which will
release hydroxide ions (OH") into the solution as a result of ring-opening processes. Diol
production as a result of the epoxide hydrolysis reaction will also contribute to pH increase

since diols are weak bases and can receive protons (H) from the solution.

AGE + H,0 - diol + OH™ (Reaction 7)

In terms of maintaining pH 5 during the functionalisation reaction, this work supports the use
of a PB over long time periods, but that manually adjusting the pH is also successful if done

at regular intervals.

3.3.3.2. AGE epoxide ring opening as a function of time

A representative spectrum of a Gel-AGE reaction is shown in Figure 36, other experiments
were comparable (Appendix Figure B.3 and Figure B.4). "H NMR spectroscopy showed a
decrease in the relative integration of the epoxide resonances az and a3* at 6u = 2.50 and 2.35
ppm (shifting to du = 2.95 and 2.80 ppm). This suggests that epoxide ring opening was
occurring, however, epoxide ring opening is not solely synonymous with functionalisation as
hydrolysis of the epoxide ring into the corresponding 1,2-diol is a competing reaction.
Multiple resonances arose within 1 hour of reaction, at dy = 3.50-3.70 ppm (b), becoming

particularly obvious by 24 hours. These resonances correspond to the formation of diols,
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supporting that at least some of the epoxide ring opening is responsible for diol formation.
Resonances at oy = 5.95 (a1) and du = 5.30 (a2) correspond to the protons on the alkene of
AGE and remain consistent throughout the experiment, suggesting that the reaction
conditions do not affect the alkene on AGE. The spectra of the reaction mixture were
dominated by the AGE resonances (as it was used in such large excess), making it difficult to

investigate any changes in the structure of gelatin due to functionalisation.
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Figure 36. 'H NMR spectra of starting reagents gelatin (D0, 400 MHz) and AGE (CHCls, 400
MHz), and the progressing reaction at 1, 2, 3, 4, 8, 24, 48 and 72 hours in HCl,q) (D20, 400 MHz).

Chemical structures are shown. See table 3.1 to assign gelatin amino acid structure.

MestReNova was used again to quantify the process of epoxide ring opening through

measuring the relative area of the epoxide resonances (az and a3*) in Figure 36, Appendix
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Figure B.3 and Appendix Figure B.4. For Gel-AGE, the degree of epoxide ring opening over
72 hours increased for reactions functionalised in HCl(aq) pH and PB solution, with 71% and
69% of the epoxide rings opened by 72 hours, respectively, compared to 59% in HCl(aq)
(Figure 37). The epoxide ring hydrolysis was significantly higher in AGE reactions, with an
average of 67% epoxide ring opening in AGE functionalised reactions, compared to 13% in
GPTMS (Figure 34). It is suggested that this is due to length of time allowed for reaction,

with 72 hours (AGE) compared to 8 hours (GPTMS).
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Figure 37. Epoxide remaining (%) calculated from relative area of resonances as and
as*at Oy = 2.50 and 2.35 ppm (shifting to oy = 2.95 and 2.80 ppm) in Gel-AGE,

reacted in experiment 1, 2 and 3.

Results from Gel-AGE show there is a negative relationship between pH and epoxide ring
opening; a lower pH of reacting solutions is associated with higher epoxide ring opening
(192). More specifically, the epoxide ring opening was higher in HClq) pH and PB solutions

(experiment 2 and 3, respectively) compared to HCl(aq) (experiment 1). This demonstrated the
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negative relationship between pH and epoxide ring opening as HCl(aq) (experiment 1) had a
significantly higher pH than both the HCl.q) pH and PB solutions (experiment 2 and 3,
respectively) throughout the reaction. As mentioned earlier, Gabrielli et al. (192) found
epoxide hydrolysis conversion after three days at neutral pH to be slower (5%) compared to

pH 5 (13%).

This supports the conclusion that manually regulating the pH is the best way to manage pH in
gelatin-based functionalisation reactions during the first 8 hours, after which PB functions as

the best pH controller.

3.3.4. Dialysis: a post reaction processing method

3.34.1. Dialysis of GPTMS-based functionalisation products

Effort was made to remove excess, unreacted epoxide (GPTMS) and the hydrolysed diol by-
product from the reaction mixture. If GPTMS is in excess and unreacted, once submerged in
solution, it would be at risk of burst release (an uncontrolled, high rate of release) and higher
concentrations of GPTMS are associated with induced cytotoxicity (191). It was hypothesised
that dialysis would allow the removal of low-molecular-weight impurities, including
unreacted epoxide species and hydrolysis products, thus, preventing the issue of cytotoxicity.
Dialysis enables the separation and exchange of substances by employing a semipermeable
cellulose membrane that lets small molecules, such as ions and nutrients, pass through, whilst

preventing the passage of larger molecules, such as proteins (218).

An example of a successful dialysis and representative spectra are presented for gelatin
reacted with GPTMS in HClq) pH (experiment 2) (Figure 38). Resonances present at 0p =

2.95 (a3) and du = 2.80 ppm (a3*), corresponding to the protons in the epoxide ring, were
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absent in the 'H NMR spectrum of Gel-GP product from HClq) pH (experiment 2) after 96
hours dialysis. This result demonstrates that unreacted epoxide had been removed.
Additionally, the resonance at ou = 3.35 ppm corresponding to MeOH, a by-product of
GPTMS trimethoxysilyl hydrolysis and condensation, was also absent by 72 hours, indicating
the removal of this small-molecule alcohol. The spectra from the dialysis of Gel-GP

synthesised in the PB reaction (experiment 3) was comparable (Appendix Figure B.5).
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Figure 38. 'H NMR spectra of (a) the Gel-GP product from HCl ., pH reaction conditions and further
dialysis for 96 hours, with key resonances for GPTMS noted (DO, 400 MHz). The spectra show the removal
of resonances as and as*, as well as the MeOH resonance. Other resonances present from GPTMS are

difficult to examine due to the complexity of the spectra and resonance overlap.

The Gel-GP solution from the HCl(.q) reaction (experiment 1) continued to gel and solidify

during dialysis. This meant that after 72 hours of dialysis, excess unreacted GPTMS and by-
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products remained (Figure 39). This was observed as resonances remained at op = 2.95 and

2.80 ppm, corresponding to the protons in the epoxide ring, as well as MeOH at u = 3.35

ppm. It was not possible to take a 96 hour sample due to the sample solidifying.
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Figure 39. '"H NMR spectra of (a) the Gel-GP product from HCl ) reaction conditions and further dialysis reaction for 72
hours, with residual GPTMS and MeOH labelled (arrow) (DO, 400 MHz).

Taken together, these results suggest it is not possible to remove all of the unreacted GPTMS
and unwanted low molecular weight by-products using dialysis in the HCl(.q) reaction
(experiment 1) because of silica network formation due to an increase in pH. If dialysis is to
be effective, significant effort should be made to reduce the hydrolysis and condensation of
alkoxysilyl groups during the gelatin functionalisation reaction. The following strategies
could be considered as ways to achieve this: temperature; using a reaction temperate <40 °C
as higher temperatures can promote the hydrolysis of trimethoxysilyl groups and
condensation of the resulting Si—~OH, H>O content; minimising the H>O within the reaction

by selecting reagents and solvents that are anhydrous or contain controlled amounts of H>O,
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and reaction time; shorten the reaction time to limit exposure of trimethoxylsilyl groups to
H>0 (219,220). However, a shorter reaction time may also affect the degree of
functionalisation achieved; an ideal reaction involves fast gelatin functionalisation and a

slower rate of hydrolysis.

Analysis of Gel-GP reacted in HCl.q) (experiment 1) by FTIR spectroscopy further confirms
the presence of a silica network as absorbance peaks at 1093 and 1035 cm™!, and 907 cm™,
corresponding to Si—O-Si and Si—OH, respectively, are present (Appendix Figure B.6). This
is consistent with the observation of the reaction mixture becoming very viscous at 4 hours

and eventually gelling at 8 hours for HCl.q) (experiment 1).

The results from the '"H NMR of dialysis products support the use of dialysis as a post-

processing step in pH controlled GPTMS-functionalisation reactions.

3.3.4.2. GPTMS-gelatin functionalisation

With successful use of dialysis to remove unreacted GPTMS and small-molecule reaction by-
products, 'H NMR spectroscopy was used to investigate the effect of pH-controlled reactions
on the functionalised products. Changes to the structure of native gelatin were investigated to

assess if successful functionalisation was occurring.

Schematic illustrations of the preparation of the Gel-GP hydrogels are presented in Figure 40.
The proposed mechanism of the reaction between GPTMS and gelatin involves ring opening
of the epoxide of GPTMS by nucleophilic attack of amino acid side-chain carboxylic acid
groups (-COOH) and formation of an ester. This functionalisation is proposed as previous

evidence from Connell et al. (114) demonstrates changes to the glutamic acid resonance in
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gelatin using '"H NMR, suggesting that the epoxide ring reacts with the carboxylic acid group.
Additionally, Gabrielli et al. (198) confirmed the reaction of the epoxide ring of GPTMS with
a carboxylic acid in mildly acidic conditions to form an ester, demonstrating an intensity
decrease of the epoxide and propanoic acid protons using 'H NMR and using Heteronuclear
Multiple Bond Correlation (HMBC) experiments, to confirm the ester formation. Mahony et
al. (184) and Balavigneswaran et al. (191) state that functionalisation occurs with carboxyl
groups, however, experimental evidence is not provided. If GPTMS is reacting with carboxyl
groups, an ester linkage would be formed, which would be evidenced by the appearance of a

new resonance at ou ~4.1 ppm for the methylene protons on the ester alkoxy chain (* in

Figure 40).
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Figure 40. Schematic illustration of preparation of Gel-GP. GPTMS undergoes ring opening of the epoxide to form an ester
(RCOOR’). * represents the protons on the carbon attached to the alkoxide that would have a characteristic downfield
chemical shift in the '"H NMR spectrum (h = hours). Part of this figure was created on the BioRender website

(hitps://biorender.com) by the author:

The final spectrum of the GPTMS functionalisation reaction after dialysis shows differences

compared with native gelatin, with resonances 6u = 3.55 ppm and 6u = 0.65 ppm (Figure 41)
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which can be attributed to positions a; and asin GPTMS (Figure 38). The presence of these
resonances indicates successful functionalisation of gelatin with GPTMS as the protons
responsible for these resonances would remain essentially unchanged in the functionalised
gelatin product. The low intensity of the resonance at oy = 0.65 ppm suggests that the

functionalisation is not extensive.
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Figure 41. 'H NMR spectrum of native gelatin compared with the dialysed Gel-GP products from experiment I, 2 and 3
(D:0, 400 MHz). Differences in spectra are indicated with *. Arrows identify resonances for unreacted GPTMS and by-

products.

Unfortunately, the large H>O resonance in the '"H NMR spectra means that it is difficult to
examine the region around ~dn = 4.10 ppm where a resonance characteristic of an ester
would be expected to appear. Differences to the native structure of gelatin were seen
elsewhere in the 'TH NMR spectrum in the form of an increased intensity of the resonance at
8u = 2.30 ppm, which was observed in the 'TH NMR spectra of the products from the
reactions performed under the three sets of functionalisation conditions. Specifically, an

increased left shoulder on the broad dn = 2.25-2.40 ppm resonance (Figure 42). This
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resonance has been assigned to the alpha protons (a-CH>) of glutamic acid (114,221). The
shoulder is proposed as a result of the a-CHo> of glutamate that have ring-opened the epoxide

in GPTMS (114).
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Figure 42. 'H NMR spectrum of gelatin and Gel-GP after reaction with GPTMS for 8 hours in HCl ., (experiment 1) to form
Gel-GP and dialysed for 120 hours. Differences in the spectra are indicated with arrows at 1) oy = 0.65 ppm and 2) Sy =

2.35 ppm corresponding to -CH; next to the Si on GPTMS and glutamic acid group on gelatin, respectively
(D:0, 400 MHz).

The resonance for the lysine residue at du = 2.99 ppm remains (Figure 41 and Figure 42).
This can be suggested to be explained by the reaction pH. In the GPTMS-gelatin
functionalisation reaction run in HClq) (experiment 1), the pH reached ~pH 7 at the end of
the reaction, whereas HClq) pH and PB (experiment 2 and 3) remained below pH 6.
Therefore, below pH 7, lysine will still mainly be in its protonated state within the Gel-GP
reactions as the pKa of lysine is ~10 and so lysine is less likely to behave nucleophilic in the
epoxide ring-opening reaction (222). This observation highlights the significance of the
equilibrium of the acid and base conjugate during functionalisation. emphasising how
reaction pH conditions can affect system reactivity. Finally, the arrows represent excess
unreacted GPTMS and diols within the spectrum of Gel-GP reacted in HClq) (experiment 1)

after 72 hours of dialysis (Figure 38). This finding is potentially significant because it
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suggests that even after an extended period of dialysis, it was not possible to remove
completely unreacted GPTMS, potentially due to the formation of a silicate-network and
partial gelation as a result of pH increase resulting in trapping of small molecules within the
network. Understanding the presence of unwanted or unreacted components is crucial for
optimising the reaction conditions for functionalisation of gelatin to ensure that the desired

modifications are achieved.

Whilst we tentatively suggest the epoxide ring of GPTMS reacts with carboxylate side-chain
residues in gelatin, this protein is a complex polypeptide containing other nucleophilic side-
chain residues. The amino acids with highest relative abundance in bovine gelatin, that
contain side-chain residues that could potentially undergo reaction with GPTMS, are
glutamic acid (6.19 g/100 g protein), aspartic acid (4.62 g/100 g protein) and lysine (3.13
g/100 g protein) (223). However, gelatin varies according to source, and so, these values are
an approximation. The relatively low abundance of amino acids that are able to undergo
reaction with GTPMS supports the low presence of bound GPTMS, as observed at du = 0.65

ppm (resonance 1) (Figure 42).

3.3.5. Dialysis of AGE-based functionalisation products

An example of successful dialysis is presented for Gel-AGE HCl,q) (experiment 1) in Figure
43. Complete removal of excess AGE from the HClaq) reaction product was confirmed by the
disappearance of resonances at oy = 2.95 (a4) and 2.80 ppm (as*) and diol resonance
disappearance at du = 3.65 and 3.45 ppm. Additionally, the relative intensity of the
resonances present at ou = 5.95 (a1) and 5.30 ppm (a2), which correspond to the protons on
the alkene in AGE, decreased throughout dialysis but a small relative area remained in the

final spectrum (Figure 43). The spectra from the dialysis of Gel-AGE reacted in HClq) pH
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and PB (experiment 2 and 3, respectively) were comparable (Appendix Figure B.7 and Figure

B.8).
AGE
az as
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Figure 43. 'H NMR spectra of (a) the Gel-AGE final product from experiment 1 and dialysis reaction for 96 hours, with
key resonances for AGE noted (D;O, 400 MHz). The spectra shows the retention of resonances at a,, az and as, but

removal of resonances as and as*, corresponding to the epoxide protons in AGE.

Dialysis was noted as complete, dependent on both of the following:

1. when the relative integration for resonances ai, a; and az no longer changed, and

ii.  resonances a4and as* were no longer visible.
These resonances were chosen to assess the efficiency of gelatin functionalisation and
dialysis because resonances ai and a, should correspond to the protons from AGE that would

still be visible in the functionalised gelatin. Resonances a4 and as* correspond to the protons
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from the epoxide, which if dialysis works, would be removed. By these criteria, dialysis for
AGE functionalisation was complete after 72 hours. These findings verify the use of dialysis
as a post-processing step to remove unreacted small-molecule epoxide species and unwanted

reaction by-products in AGE-functionalisation reactions.

3.3.5.1. AGE-gelatin functionalisation

Schematic illustrations of the preparation of the Gel-AGE solution are presented in Figure 44.
Similar to the GPTMS-gelatin functionalisation, the proposed functionalisation mechanism
involves ring opening of the epoxide in AGE by nucleophilic attack of amino acid side-chain
carboxylic acid groups (-COOH) and formation of an ester, which would be evidenced by the
appearance of a new resonance at ou ~4.1 ppm for the methylene protons on the alkoxy group

(* in Figure 44).
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Figure 44. Schematic illustration of preparation of Gel-AGE. AGE undergoes ring opening of the epoxide to bond with
gelatin backbone, forming an ester (RCOOR’). * represents the protons on the carbon of the ester alkoxy group (h = hours).

Part of this figure was created on the BioRender website (https.//biorender.com) by the author.
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The '"H NMR spectrum of the AGE-gelatin functionalisation revealed new resonances (*) at

Ou = 5.30 and 5.95 ppm, corresponding to the protons on the alkene in AGE (Figure 45). The
new resonance at ou = 4.10 ppm also indicates ester formation (114). Taken together, these

results confirm the presence of AGE in the final sample after dialysis, which supports

successful functionalisation of gelatin.
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Figure 45. 'H NMR spectrum of native gelatin compared with the dialysed Gel-AGE products from experiments 1, 2 and 3
(D:0, 400 MHz). Differences in the spectra are indicated with *. Arrows show unremoved, unreacted AGE and by-products.

Further differences to the native structure of gelatin were seen in the form of an increased

intensity of the resonance at du = 2.30 ppm in the products from the reactions performed

under the three sets of functionalisation conditions. Specifically, the broad resonance dn =
2.25-2.40 ppm shows an increased left shoulder. Therefore, the same conclusions can be
drawn as with the GPTMS functionalisation reaction, specifically, that this change is

proposed due to the glutamic acid ring-opening the epoxide (114). However, it is not possible

to determine the extent of the reaction.
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Additionally, in both HCl(.q) based reactions (experiment 1 and 2), the resonance du = 2.99
ppm corresponding to the methylene (CH2) protons in the lysine side chain on gelatin
disappears, but not in the PB reaction (experiment 3) (224). If the amine in the lysine side-
chain effects epoxide ring-opening with the AGE, then the protons responsible for the
resonances at ou = 2.99 ppm should still be present in the product but may appear in a
different position in the spectrum. New resonances are found in both HCl.q) based reactions
(experiment 1 and 2) product's NMR spectra at oy = 1.80 ppm, therefore, it is hypothesised
that a change in the chemical environment of these lysine protons is as a result of the reaction

with AGE.

This is an important finding in the understanding of reactivity of these systems and
modification of gelatin, as these results suggest that AGE can react with both the carboxylic
acid (glutamic acid) and amine (lysine) groups in gelatin when reacted in HCl(.q). Therefore,
in the context of gelatin reactivity with these two different epoxides, a key question arises:

why does gelatin react differently with the epoxides in AGE and GPTMS?

It is important to consider pH of the reaction here, as when pH varies, the protonation state of
acidic and basic amino acid side-chain residues on gelatin will also change, which may affect
the chemoselectivity of reaction with AGE. In the AGE functionalisation reactions run in
HClaq) (experiment 1) and HClq) pH (experiment 2), the reactions were carried out starting at
~pH 5, but both proceeded to continue to react up to ~pH 8 (Figure 35). Whereas a smaller
pH increase was observed in the GPTMS functionalisation reactions; the pH remained at ~pH
5 in the reactions run in HClq) pH and PB (experiment 2 and 3) and increased to ~pH 7 in
the HCl(aq) pH (experiment 1) (Figure 29). At pH 5, carboxylic acid-containing amino groups,

such as glutamic acid, will exist significantly in their (more nucleophilic) carboxylate form
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whereas amine-containing amino groups, such as lysine, will be almost fully protonated.
Therefore, it can be expected that the nucleophilic ring opening of GPTMS and therefore
functionalisation reaction will occur primarily on the more nucleophilic carboxylic acid-
containing amino groups (114,130,184,190). However, the increase in pH over the course of
the reaction will affect these equilibria. At higher pH, a higher concentration of amine groups
could open up a second functionalisation site for the reaction with the epoxide in AGE. The
reaction of lysine in gelatin is commonly cited in methacrylation protocols, where the
resonance at op = 2.99 ppm corresponding to the methylene (CH>) protons in the lysine side
chain is also seen to decrease or disappear (150,181). Furthermore, the PB solution
(experiment 3) did not see a pH increase past ~pH 6.5, and thus, the lysine resonance at 6u =
2.99 ppm remained. This finding indicates that maintaining the reaction at a lower pH may
help retain the lysine resonance by potentially restricting the reactivity of lysine with the
epoxide in AGE. This is relevant because the presence or absence of this resonance can
provide information on the degree of lysine modification and the chemoselectivity of the
functionalisation reaction, both of which are important for understanding the overall

structural changes in gelatin during the functionalisation process.

Together, these findings indicate that under mildly acidic conditions (<pH 6.5), the side-chain
carboxylic acid groups of glutamic acid residues are predominantly acting as nucleophiles in
ring-opening the epoxide in AGE. However, the increase in pH over the course of the
reaction, opens up the potential for a competing functionalisation reaction involving the

amine functionality of lysine residues.

In the cases of GPTMS- and AGE-based functionalisation reactions, dialysis allowed for the

removal of excess epoxide-based molecules and reaction by-products, to indicate the
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functionalisation within the systems was not extensive. AGE was used to remove a layer of
complexity within the epoxide-gelatin functionalisation reaction; however, it cannot be used
to create the silica-based hybrids of interest here due to the relatively inert alkene. Therefore,

further characterisation was carried out on Gel-GP.

3.3.6. Degradation behaviour of gelatin-silica hybrid hydrogels

The prepared gelatin-silica hydrogels were submerged in PBS at 37 °C to study hydrogel
degradation over a 7-day period. A degradation study was conducted to determine if the use
of GPTMS as a crosslinker in Class II hybrid hydrogels lead to more controlled degradation
when compared to Class I hybrids. In particular, this assay was used to investigate the impact
of dialysis and presence of GPTMS on the degradation behaviour of the hydrogels. A change
in degradation could indicate the extent of covalent bonds formed by the Class II hybrid
hydrogels between Gel-GP and Silica, as it is predicted that the degradation profile will be
more controlled, avoiding burst release, in the hydrogels with covalent coupling present.
Therefore, it should help to indicate the effectiveness of GPTMS coupling at improving
unpredictable degradation (110,112,161,181). Degradation behaviour of hybrids is commonly
studied in literature and used to better understand how material formulation can impact the

rate of in vitro hydrogel dissolution (112,184,225).

The degradation profile of the hydrogels was investigated, focusing on (a) the change in mass
of hydrogels, shown as mass remaining and (b) silicon concentration in the PBS solution,
shown as silicon release. The % mass loss of hydrogels and release of silicon is indicative of
degradation due to the loss of bulk H20, as well as network breakdown through hydrolytic
degradation which leads to the dissolution of gelatin molecules and silica, and ultimately,

structural disintegration (226-228).
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3.3.6.1. Change in mass

To investigate the hydrogel mass degradation profile, hydrogels were removed from the PBS
solution and weighed at time intervals over a 7-day period. The results demonstrate that there
was significantly more mass remaining, and thus a slower degradation rate, in the Gel-GP-
Silica (undialysed) hydrogel (100.8%) when compared to Gel-Silica (96.4%) and Gel-GP-
Silica (dialysed) (95.0%) in the first 3 hours of being submerged in PBS (Figure 46a). A mass
remaining value >100% indicates that the hydrogel had become swollen through H>O uptake
(108,229). The dialysed hydrogel from 3 hours onwards continued to have a higher

degradation rate, shown as less mass remaining, compared to the undialysed hydrogel.
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Figure 46. a) Change in mass of Gel-Silica, Gel-GP-Silica undialysed, and Gel-GP-Silica dialysed hydrogels over a 7-day

period in PBS. b) Si species release in PBS, giving Si concentration (ug/ml) in PBS over a 7-day period. Insets of both show
the 0—4 hours (n=3).

The mass change results suggest that the improved hydrogel properties observed in the
literature in Class II hybrids (133,184,190), such as a more desirable controlled degradation
rate, could be attributed to the presence of excess GPTMS within the system that has not been

removed post-functionalisation; the excess GPTMS within the system and the silica network
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it ultimately forms, helps to control the degradation rate. This finding is consistent with the
"H NMR characterisation study that suggests the degree of functionalisation is low. As a
result, the low concentration of trimethoxysilyl groups present post-dialysis means that
covalent crosslinking within the hybrids between Gel-GP and silica is not extensive, and

accounts for the lack of any improved degradation properties in the Gel-GP-Silica (dialysed).

3.3.6.2. Silicon (Si) species release
Samples were taken from the PBS hydrogels were submerged in at time intervals over the 7-
day degradation assay and subjected to ICP-OES analysis to determine Si species

concentration in solution, and therefore, Si release over time.

There remains a lack of understanding of how Si species influence cell behaviour, however, it
is thought to be dependent on the form (soluble versus insoluble), concentration and Si
species (e.g. ortho-, di- or polysilicates) (230). Nonetheless, Si has been found to have several
beneficial effects on osteoblast cells; some of these effects include increased osteoblast
growth and proliferation, stimulation of osteogenic differentiation, as well as promotion of
mineralisation, thereby influencing bone formation (231-235). Level of Si has also been
associated with bone metabolism, homeostasis and higher bone strength and bone mineral
density (233,236). Additionally, silicic acid, a soluble form of Si, is present at active
calcification sites during bone formation (237). Although Si can have beneficial impact, Si
concentration may play a dose-dependent role in impacting cell behaviour on a material
(231). For example, Gough et al. (238) found that apoptosis occurred in 50% of osteoblasts
cultured in high ion concentration extracts (8.19 mM). Therefore, studying Si release from
the Gelatin-Silica-based hydrogels is crucial as to understand how released Si could be

impacting cells during cell culture.
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There was significantly less Si release in the Gel-GP-Silica (undialysed) hydrogel compared
to Gel-GP-Silica (dialysed) and Gel-Silica hydrogels (Figure 46b). An explanation for this
could be that the trimethoxysilyl groups from the excess GPTMS are forming a highly
condensed silicate network with the inorganic silica, essentially condensing the formed silica
within the network, and preventing its release. Whereas, in the Gel-GP-Silica (dialysed) and
Gel-Silica hydrogels, there is no difference between Si release, again supporting a low degree
of gelatin functionalisation. A more controlled release profile observed over the assay
duration would suggest that GPTMS has effectively established covalent bonds between the
gelatin and silica phases. These covalent bonds, when compared to weak non-covalent
interactions when GPTMS is not present, prevent the rapid or burst release of silicon, which

1s a favourable outcome in this context.

The main difference between this study and those in the literature by Mahoney et al.
(184,190), Ravarian et al. (239), Negahi Shirazi et al. (203) and Reyes-Peces et al. (240) is
how the end hydrogel products are used. This study involves hybrids used in their hydrated
form, whereas those described in the literature use hybrids in their monolith form
(184,190,203,239,240). Formation of monolithic hybrids would involve polycondensation of
the network, meaning any unreacted GPTMS would be locked into the network —
incorporating toxic molecules into the scaffold which would have controlled release as the

scaffold degrades (191,241).

Thus, the incorporated hydrolysed excess GPTMS network could have an influence on the
mechanical properties of the resulting hydrogel. However, only Nelson et al. (117)
acknowledge the excess GPTMS within the hybrid system, and all fail to account for the

presence of low-molecular-weight impurities, including unreacted epoxide species and diols.
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Questions around the efficiency of the GPTMS-gelatin functionalisation reaction remain and
the presence of only a small amount of bound GPTMS after dialysis and the lack of
improvement in degradation highlights the need to improve this process. Furthermore, since
dialysis is not a routinely performed purification method, the role of residual GPTMS (and
hydrolysis products), given it is often employed in large excess, on the final hydrogel system
should be considered. This led to additional investigations of the gelatin-GPTMS
functionalisation reaction in an attempt to increase the reaction duration to improve degree of

functionalisation.

3.3.7. Extending reaction time in an attempt to increase extent of gelatin functionalisation
Previous studies have highlighted the hydrolysis and condensation of methoxysilyl groups
and the subsequent formation of GPTMS oligomers in a silicate network during the gelatin-
GPTMS functionalisation as unfavourable for hybrid formation, as it often results in

precipitation and premature gelation (117,192).

Several reaction parameters were selected (solvent, pH, and gelatin concentration) in an
attempt to extend the functionalisation reaction time with the aim to increase the degree of
gelatin functionalisation. HClag) (10 mM, pH 5) was used as a control solvent to investigate

the optimal functionalisation time before gelation occurred.

Formamide and DMSO were selected as alternative reaction solvents. Polar aprotic solvents,
such as formamide and DMSO, are commonly used when nonaqueous solvents are needed in
reactions (242,243). Removing H>O from the reaction would reduce the GPTMS hydrolysis
and condensation which often results in gelation. Using these solvents, the functionalisation

time was extended to 48 hours and 72 hours for formamide and DMSO, respectively.
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The reaction was next performed using 0.5 wt% gelatin, a 10-fold lower concentration than
normal. This also had a 10-fold lower concentration of GPTMS to maintain CF500.
Performing the functionalisation reaction at this lower concentration extended the reaction to

96 hours (and beyond) as gelation was not observed.

Above pH 7, the formation and gelation of the silicate network is promoted (192). Therefore,
as the pH of the reaction mixture increases throughout the reaction, by starting the reaction at
pH 3 it extended the time before gelation occurred and thus, time for functionalisation was
increased from 8 hours to 14 hours. However, at pH 3, the carboxylic acid side-chain residues
are protonated and therefore less nucleophilic, so even though starting the reaction at pH 3
extended the time for functionalisation, a balance needs to be struck attempting to increase
functionalisation time but maintaining conditions appropriate for functionalisation to occur.
The impact of reaction conditions on degree of functionalisation will be discussed in the

following section.

3.3.7.1. Gel-GP characterisation

Ninhydrin assay — a focus on amine functionalisation

Researchers have used a ninhydrin assay to study the reaction between gelatin and GPTMS
(117,203,244); this assay is used to quantify the number of primary and secondary amine
units in solution, and thus, justified as ‘degree of crosslinking’. The use of this method in
these studies suggests the reaction takes place at least in part on the amine, and in some cases,
purely the amine, due to the sole use of this verification method and the absence of one for
carboxylic acid reaction. Nelson et al. (117) investigated the effect of C-factor (CF) on

crosslinking by using a ninhydrin assay to optically quantify the levels of free primary and
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secondary amines before and after crosslinking. The degree of crosslinking increased linearly

as CF increased from CF0 to CF500 (117).

The ninhydrin assay was used to determine the extent of reaction between gelatin and
GPTMS in the different reaction conditions. The assay works by ninhydrin reacting with a
primary amine to form Ruhemann’s Purple and with a secondary amine to form a yellow-
orange complex (245,246). Therefore, this assay should allow quantification of lysine
residues before and after functionalisation of gelatin with GPTMS, as the secondary amine
product from the reaction of lysine would deliver a yellow product. Zatorski et al. (245)
investigated the use of a ninhydrin assay on norbornene and methacryloyl functionalised
gelatin reactions to determine extent of amine-based functionalisation. It was determined that
the assay enabled quantification of fractional functionalisation as an indicator of reaction

completeness (245).

To determine the fraction of primary amines remaining in the Gel-GP samples, they were
normalised to their control (gelatin + solvent). The control represented untreated gelatin
within the same reaction condition. Note that pH 5 functionalisation condition only had a

value for control and 8 hours as it was not possible to run the reaction for longer than 8 hours.

Gel-GP reacted in DMSO for 72 hours (full functionalisation time) was the only reaction
where there was a significant decrease in the available primary amine groups (p<0.01)
(Figure 47). However, in the other three reactions (pH 5, pH 3 and 0.5 wt %), all carried out
in HCl(aq), the ninhydrin results showed no significant decrease in available primary amines
on the functionalised gelatin when compared to untreated gelatin, suggesting a lack of

primary amine functionalisation.
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Figure 47. Available primary/secondary amines for Gel-GP after four different functionalisation reactions with varied
conditions; pH 5, pH 3, DMSO, and 0.5 wt%. The results were normalised against the control, with the control
representing native gelatin within the same solvent, without GPTMS (n=3; * p<0.05; ** p<0.01).

After investigation, formamide was not a compatible solvent for this assay and so was not
explored further. It is suggested that formamide undergoes hydrolysis during the ninhydrin
reaction (as H2O is introduced), to result in the production of ammonia (247). As ninhydrin is
also used to detect ammonia, it is not possible to determine the change in absorbance owed to
functionalisation. Future work should explore the use of dialysis, freeze drying, and '"H NMR

to analyse the product of this reaction.

Solution pH influences the protonation state of side-chain amino-acid residues on gelatin, and
therefore, should affect the location of functionalisation with the epoxide of GPTMS. It
should be noted that the DMSO reaction occurred at pH 9-10, i.e. under basic conditions.
However, pK, values are solvent dependent and are typically higher in DMSO than in H>O;

the pKa of an ammonium species in DMSO at neutral pH is ~20, meaning it is likely to be
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protonated in DMSO at neutral pH but will begin to deprotonate as the pH increases (248).
Therefore, the protonation state of an acid and its conjugate base at equilibrium will be
solvent dependent. These results highlight the importance of solvent and pH in the

functionalisation reaction.

Ninhydrin results also show that reaction time is a key factor that influences extent of
functionalisation in mildly basic reaction conditions, with a significant increase in the DMSO
functionalisation when comparing 8 hours functionalisation time with 72 hours (p<0.05). This

supports the need to extend reaction time in gelatin epoxide-based reactions.

Titration — a focus on carboxylic acid functionalisation

Titration curves have been used to determine the carboxylic acid content in gelatin,
demonstrating the region between pH 1.5 to 6.5 is characteristic of carboxyl groups; this
means at ~pH 1.5 carboxyl groups begin to deprotonate and are sensitive to pH changes
(249,250). The change in shape of the curve between pH 1.5 to 6.5 can determine the number
of carboxylic acid groups, e.g. if the curve has shifted left and a smaller portion of the curve
is within this region, it suggests that there is a lower number of free carboxylic acid groups,

and vice versa (Figure 48) (251).
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Figure 48. Graphical representation of a titration curve of three solutions: A, B and C. The grey arrows represent where the
carboxyl region ends at pH 6.5 on the different solutions. Solution A would have the least free carboxylic acid groups as a
shorter portion of the curve is within the carboxyl region, followed by B and then C. The left shift of the curve occurs
because the solution requires a lower volume of titrant to be added to cause the carboxyl groups to deprotonate,

demonstrating there are less free carboxyl groups in solution (251).

Titration is a technique that in this context will allow for exploitation of the ionisable nature
of carboxylic acid groups and how this will change if native gelatin has been modified via
reaction through carboxylate side-chain residues. Kuijpers et al. (251) used titration curves to
quantify the number of carboxylic acid residues in gelatin from two different sources; gelatin
A (porcine skin) and gelatin B (bovine skin). Differences in titration curve shape signified

changes in the number of free carboxylic acid groups in the different types of gelatin,
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specifically, there was a lower number of carboxylic acid groups in gelatin A as a lower

proportion of the titration curve was in the carboxyl region compared to gelatin B.

Titrations were performed to investigate the change in carboxylic acid group residues within
the Gel-GP compared to native gelatin. To our knowledge, this is the first time that titration
curves have been used to analyse the products of the Gelatin-GPTMS functionalisation
reaction. Titrations were performed on the reactions performed in HClag), DMSO and
formamide; however, titrations on the reactions performed in DMSO and formamide were not

reproducible and so are not reported or discussed here.

The titration curve for the gelatin control (5 wt%) (Figure 49a) exhibits a gradual increase in
pH initially between pH 1.5 and pH 5, followed by a sharp increase between pH 5 and pH 10.
The sharp pH increase started to occur when approximately 10.00 mL of titrant (0.2 M
NaOHq)) had been added. The resultant titration curves for the Gel-GP products (pH 5 and
pH 3) had the same shape as the control but had shifted to the left. Therefore, the Gel-GP
curves required less volume of titrant to reach the equivalence point. As carboxylic acid
residues are titrated between pH 1.5 and 6.5, this leftward shift indicates a decrease in
required volume of titrant (0.2 M NaOH(q)) between pH 1.5 and 6.5 to cause a pH increase.
The quicker pH increase results in a leftward shift, potentially reflecting a decrease in free
carboxylic groups in Gel-GP compared to native gelatin due to functionalisation (250,251).
There was minimal difference in the titration curves for Gel-GP from pH 5 and pH 3 reaction
conditions, suggesting a comparable extent of alteration in free carboxylic acid groups

(Figure 49a).
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Figure 49. Titration curves of a gelatin control compared to different HCI-based functionalisation reactions; a) gelatin
control (5 wt%), Gel-GP (pH 5) and Gel-GP (pH 3), and b) gelatin control (0.5 wt%) and Gel-GP (0.5 wt%). Focussing

between pH 1.5 and 6.5 (the carboxylic acid region), both titration curves demonstrate a left shift and so decrease in

available carboxylic acid groups.

A similar trend was observed with the gelatin control (0.5 wt%) and the Gel-GP (0.5 wt%)
product (Figure 49b). In the control, an initial plateau period between pH 1.5 and 2.0 was
followed by a sharp increase at pH 2.0, when approximately 6.25 mL of titrant had been
added. The Gel-GP product saw the same increase at pH 2.0 but the increase started after
approximately 5.00 mL of titrant had been added, again, suggestive of a decrease in free

carboxylic acid groups in Gel-GP (0.5 wt%).

The lower level of carboxylic acid groups present in the Gel-GP products is consistent with
carboxylic acid functionalisation with the epoxide on GPTMS. These titration curves support
the conclusions drawn from interpretation of the "H NMR spectra of Gel-GP (Figure 42).
However, the small changes in the titration curves suggest that functionalisation is not

extensive, which is also in line with conclusions drawn in the NMR study.
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3.4. Summary

This study set out to investigate the reactivity of GPTMS with gelatin, and how GPTMS-
functionalised gelatin can be used to create gelatin-silica hybrid hydrogels. The
functionalisation process was carried out with HCl(.q) and PB under various pH conditions.
The results indicated side-chain carboxylic acid groups in gelatin effect GPTMS epoxide

ring-opening, although the degree of functionalisation with GPTMS is low.

During the course of this study, significant challenges emerged. The GPTMS-gelatin
functionalisation method proved to be complex with problems associated with GPTMS
hydrolysis and condensation of trimethoxysilyl groups, as well as pH increase of the reacting
solution over time. Furthermore, there were doubts about the degree of GPTMS

functionalisation, implying that the procedure was not as efficient as hoped.

These difficulties forced a shift in emphasis towards a different epoxide-gelatin
functionalisation method, involving AGE. By substituting the trimethoxysilyl groups with an
inert double bond, AGE was investigated to simplify the functionalisation process. In both
GPTMS and AGE reactions, epoxide ring opening was discovered to be influenced by
reaction time and pH, with longer reaction times observing more epoxide ring opening and
higher pH values resulting in slower epoxide ring opening. The results of the AGE pH-
controlled studies revealed important insights on gelatin functionalisation, particularly the
successful reaction of side-chain carboxylic acid groups in gelatin, and side-chain amine
groups with AGE when reacted across a larger pH range — spanning acidic through to basic

pH.
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This work highlights the need to remove such impurities to be able to conclude definitively
that functionalisation has occurred. Dialysis was an effective technique to remove excess and
undesirable small-molecule by-products in both AGE and GPTMS functionalised gelatin
reactions. However, it was not possible to completely remove all of the excess GPTMS and
small-molecule by-products from the Gel-GP HCl,q) product due to the formation of a

silicate network as a result of pH increase.

Hydrogel degradation profiles were examined to investigate the influence of dialysis on the
properties of the hydrogels. As functionalisation of gelatin was on a relatively low level, it
was not to an extent to impart improved properties on Class II hydrogels when compared to
Class I. It was found that the Class II hydrogel made with undialysed Gel-GP degraded at a
slower rate than the Class II with dialysed Gel-GP and there was no difference between the
dialysed hydrogel with the Class I hybrid. These observations raised questions around the
efficiency of the gelatin-GPTMS functionalisation reaction and support a low degree of
functionalisation. It is predicted that the excess GPTMS in the undialysed products creates a

silicate network that is highly condensed and reduces the release of silica from the hydrogel.

A series of characterisation techniques, namely '"H NMR, a ninhydrin assay, and titrations,
were used to support the conclusions drawn within this work. "H NMR spectroscopy was
used pre- and post-dialysis to analyse the chemical structure of Gel-GP and compare it to a
baseline of untreated gelatin, finding small changes in the structure at the glutamic acid
residue of gelatin suggesting functionalisation through this side-chain residue. A ninhydrin
assay and titration experiments were used in an attempt to confirm the position of conjugation
of GPTMS on gelatin, focusing on amine and carboxylic acid functionalisation, respectively.

Both techniques were used on Gel-GP products from a variety of different reaction solvents
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and reaction lengths. A key finding from the ninhydrin assay was that amine functionalisation
seemed to occur in the 72 hour DMSO-based reaction, which was carried out at basic pH.
The titration curves showed that there was a lower number of free carboxylic acid groups in
Gel-GP after functionalisation at acidic pH (synthesised in HCl(g)), when compared to
untreated, native gelatin, supporting carboxylic acid functionalisation. This work shows the
important role that solvent and pH plays, and also shows that reaction time is a key factor that

influences extent of functionalisation.

Finally, the efficiency of the epoxide-based gelatin functionalisation reaction is still an issue.
Ultimately, this study would make the following recommendations for researchers wanting to
use this reaction:
e Use of dialysis — if GPTMS is used in excess within the reaction
e Use of different solvents — to extend functionalisation time whilst focusing on
minimising methoxysilyl hydrolysis and condensation
e Use of numerous verification techniques to confirm the extent and position of

functionalisation
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CHAPTER 4. NOVEL SYNTHESIS OF GELATIN-BASED

HYBRID HYDROGELS FORMED VIA THIOL-

NORBORNENE CLICK CHEMISTRY
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4.1.  Introduction

Previous attempts at functionalisation of gelatin-based materials with an organosilane
crosslinker are dominated by GPTMS (114,117,184,185,190,191,193,203), and have been the
focus of Chapters 2 and 3. As previously highlighted in this thesis, the epoxide-based reaction
efficacy is bought into question due to numerous issues associated with the reaction. There is
the need to develop faster, more efficient functionalisation processes to inorganically modify
gelatin. Thiol-ene chemistry has emerged as a popular alternative crosslinking approach in
gelatin-based materials as it is fast, light-initiated and occurs under mild reaction conditions

(252,253).

4.1.1. Thiol-ene click chemistry

A thiol-ene organic reaction involves photo-mediated reaction of a ‘thiol’ (-SH) functionality
and an ‘alkene’ (C=C), via a radical-mediated mechanism to form a thioether (R-S-R) (Figure
50) (36). The reaction is initiated upon exposure to a photoinitiator, such as LAP, and light

(252,254,254-257).

photoaddition

R
R+ U\, ~ R AN,

SH radical initiator
thiol alkene 0o thioether
/OLi
J P
(@)
LAP

Figure 50. Scheme of a photoaddition thiol-ene reaction with an LAP photoinitiator, to form a thioether.
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The thiol-ene reaction has many attractive features, including availability of a range of thiol
and alkene functionalities, mild reaction conditions, fast reaction rates, efficiency and high
chemoselectivity (258-260). Additionally, in situ hydrogel formation via thiol-ene click
chemistry photopolymerisation reactions represents one of the most widely adopted synthetic

methods (261-263).

4.1.1.1. Reaction conditions employed

There are numerous experimental parameters that can be varied to impact the thiol-ene
kinetics, including thiol and -ene stoichiometry, diffusion and solvent (264). Varying reaction
conditions has been demonstrated to impact alkene conversions in some cases from
effectively 0% to 99% (265). Additionally, a study investigating the stereoselective thiol-ene
reaction of glycals with numerous thiols, found that lower temperatures (in some cases down
to —80 °C) increased the yield and were beneficial to the efficacy, and in the majority of

reactions significantly raised the stereoselectivity (266).

Varying light source (365 nm vs visible light [455 nm]) and irradiation time (2, 5 or 10
minutes) have been shown to impact the rate of thiol-ene photopolymerisation of norbornene
functionalised 8arm-PEG with a dithiol functionalised crosslinker (267) (Figure 51). After 2
minutes of 365 nm light irradiation nearly 100% conversion of norbornene groups was
observed, compared to ~40% with visible light. Longer irradiation times were needed when
using visible light; at 5 minutes ~70% conversion occurred and 100% at 10 minutes. After 5
minutes of visible light irradiation the moduli of the hydrogels did not increase even though
full conversion was not achieved. The different reaction kinetics achieved with different light

sources and irradiation time provides a way to control the resulting hydrogel modulus (267).
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Figure 51. Thiol-ene reaction of norbornene functionalised Sarm-PEG with a diothiol functionalised linker to form a
synthetic thioether crosslinked hydrogel. The black square represents the chemical structure shown and the bridged cyclic

hydrocarbon is the norbornene group. Adapted from Wiley et al. (267). Part of this figure was created on the BioRender

website (https://biorender.com) by the author.

The choice of photoinitiator species in thiol-ene reaction is important. Irgacure (2-hydroxy-
4'-(2-hydroxyethoxy)-2-methyl- propiophenone) and LAP are two photoinitiators often
employed in photopolymerisation reactions due to their cytocompatibility and sufficient
polymerisation rate to facilitate gelation (268-270). However, preferential use of LAP over
Irgacure has been suggested when improved mechanical properties are desirable, due to faster
G' evolution and improved Z stability in printed constructs (271). Additionally, using a higher
concentration of LAP has been demonstrated to significantly increase the modulus of a

norbornene-containing PEG hydrogel (267).

4.1.1.2. Types of alkenes

Thiol-ene kinetics have been studied to understand the influence of different alkene
functionalities on the energetics of the reaction. Methyl mercaptan, an organosulfur
compound, was used as the model thiol and its reactivity was studied with a variety of 12
alkenes, including propene, norbornene, methyl acrylate and butadiene. Norbornene was

found to have the highest reactivity due to alleviation of ring strain leading to a low
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propagation barrier (264). This is supported in other literature, which also found that the most
reactive alkenes are norbornene and electron-rich alkenes, for example allyl ether, and the
least reactive are conjugated and electron-poor alkenes, for example butadiene (265,272—

274).

4.1.1.3. Types of thiol

There is far less published on the reactivity of thiols when compared to the literature on the
reactivities of alkenes (265). Thiol-containing compounds with a carbonyl positioned in
immediate proximity to the -SH group, such as in mercaptopropionate, react more quickly
than those that do not, such as mercaptoacetate, due to the carbonyl destabilising the sulfur-
hydrogen bond (273). The impact of using a primary, secondary or tertiary thiol on the thiol-
ene reaction kinetics has been studied, demonstrating that changing from a primary to a
tertiary thiol led to a 10-fold decrease in polymerisation rate (275). It is thought that steric
hindrance as a result of increasing substitution is responsible for the decrease in reaction rate

(275).

4.1.14. Thiol-ene hydrogels

PEG-based macromers are commonly used to form hydrogels via thiol-ene reactions due to
their solubility in organic and aqueous media, tissue-like elasticity, tuneable properties, and
well-characterised chemistry (265,276). Anderson et al. (277) synthesised peptide-containing

4arm PEG-norbornene thiol-ene crosslinked hydrogels (Figure 52).
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Figure 52. Scheme of thiol-ene hydrogels with variable degradability, created from controlling the proportions of a MMP
cleavable peptide crosslinker and a non-degradable dithiol crosslinker in a norbornene functionalised 4arm-PEG polymer
network with CGRGDS (a pendant fibronectin-binding sequence for cell adhesivity). Adapted from Anderson et al. (277).
Created on the BioRender website (https.://biorender.com) by the author.

The thiol-ene chemistry employed to synthesise these hydrogels permitted gel polymerisation
that could be controlled spatially and temporally, occurring at a neutral pH in less than 2
minutes, with the ability to integrate bioactive peptides to promote osteogenic differentiation
(277). By varying the levels of an MMP-degradable peptide crosslinker with a non-

degradable PEG-dithiol crosslinker within the networks, the hydrogels had variable cell-
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directed degradabilities: 100% cell-degradable (MMP-degradable peptide), 50% cell-
degradable (both MMP-degradable peptide and non-degradable PEG-dithiol crosslinker), and
0% cell-degradable (non-degradable PEG-dithiol crosslinker). Encapsulation of hMSCs and
culture in osteogenic media showed that cell survival was not impacted by the different
degradability of the gels, with similar cell density observed between the formulations over a
14-day culture period (~600—-1000 cells/mm?) (277). ALP, a marker of osteogenic
differentiation, was significantly higher in 100% cell-degradable hydrogels after 7 and 14
days of culture. Additionally, deposition of mineralised matrix, analysed by Alizarin Red S
staining, occurred in all three hydrogel formulations after 14 and 21 days of culture (277).
Poly(ethylene) glycol diacrylate (PEGDA) has been grafted onto silk fibroin (SF) molecules
via native disulfides in silk, to form a PEGDA-biopolymer hydrogel, using a thiol-ene
reaction (278). Prior low temperature treatment, consisting of refrigeration at 4 °C, increased
the compressive modulus of the hydrogels from ~3 kPa to ~80 kPa after 2 minutes of
irradiation (405 nm) and ~4 kPa to ~120 kPa after 3 minutes of irradiation (405 nm). An
MTT assay demonstrated that after 24 hours of culturing human embryonic kidney (HEK)
293 cells, the cell viability was 102% and not significantly different from the blank,

indicating the PEGDA-SF hydrogel was non-cytotoxic (278).

More recently, alkene or thiol-functionalised biopolymers have been developed (279-281).
Holmes et al. (280) created collagen-PEG hydrogels via thiol-ene click chemistry by reacting
thiol-functionalised collagen with PEG-norbornene. The type and concentration of
photoinitiator impacted human osteosarcoma G292 cell viability following 24 hours of
culture. Increasing photoinitiator concentration from 0.1% to 0.5% (w/v) led to a decrease in
cell viability from 86 to 8% with LAP and 62 to 2% with Irgacure 2959 (12959). Additionally,

the use of LAP led to a significantly higher cell viability when compared to 12959. Gelation

152



kinetics were also impacted by photoinitiator choice as LAP-containing hydrogels reached
gelation 8x faster (279 £ 11 seconds [0.1% w/v] and 187 & 6 seconds [0.5% w/v]) than 12959-
containing hydrogels (1496 + 43 seconds [0.1% w/v] and 1683 + 33 seconds [0.5% w/v]),
regardless of photoinitiator concentration. Altering the PEG content within the hydrogels
from 2% (w/v) to 4% (w/v) increased G’ in curing time sweep measurements from 500 Pa to
4800 Pa and decreased swelling equilibrium time from 360 minutes to 10 minutes,
demonstrating that it was possible to form hydrogels with tuneable mechanical and physical

properties.

Ooi et al. (279) synthesised norbornene-functionalised alginate (AIgNDb) to provide improved
crosslinking control to the alginate-based hydrogel, something that is lacking in the native
ionotropic crosslinking chemistry of alginate (279). By varying the stoichiometry of alginate
and norbornene, the degree of functionalisation could be reproducibly controlled from 4 to
12%. A series of thiol-containing PEG chains of varying molecular weights (1500 and 5000)
and number of arms (2 and 4) were used to crosslink the AlgNorb hydrogels. A higher
concentration of crosslinker, longer PEG dithiol crosslinkers, and higher number of arms all
led to an increased hydrogel modulus (279). This study demonstrates the tailorability of the
mechanics of the hydrogel systems, which is important for tissue engineering as matrix
elasticity plays a key role in directing cell behaviour (1). The integration of biopolymers
within thiol-ene click chemistry hydrogels presents an attractive route for synthesising
biologically active and mechanically tuneable hydrogels for tissue engineering purposes. The
biopolymer gelatin has been the focus of this thesis and therefore, the following section

discusses its current and potential use within thiol-ene reactions to form hydrogels.
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4.1.1.5. Gelatin norbornene (GeINB) hydrogels formed via thiol-ene reaction

Gelatin hydrogels are a popular choice for biomedical applications for several reasons.
Firstly, their innate advantageous biological properties; gelatin contains RGD motifs which
help in cell adhesion, proliferation and differentiation (282). It is also possible to chemically
modify gelatin via amino acid side groups. For example, it can be modified with additional

side groups such as norbornene, to form GeINB, for use in a thiol-ene reaction.

Gelatin hydrogels produced from GeINB and crosslinked with thiol-containing molecules
have received a lot of attention as potential replacements for GeIMA. This is due to quick and
controllable step-growth photopolymerisation (the reaction of two chemically different
monomers), significantly lower reactive oxygen species (ROS) accumulation during the
reaction and lower radical concentrations required for the photochemical initiation step
(252,254,256,257,283-288). Lower cell toxicity is also associated with the use of GeINB
instead of GelMA when cells are encapsulated within the solutions, as the methacrylate-based
reaction involves a radical chain-growth mechanism which can increase intracellular
oxidative stress, compared to step-growth polymerisation in GeINB which needs lower

concentration of photoinitiator and generates fewer radicals (254,256,286).

Using different thiol and GelNB concentrations in the precursor solution, as well as
crosslinker functionality, has been shown to vary the degree of crosslinking in GeINB
hydrogels (256). Additionally, random chain-growth photopolymerisation and step-growth
thiol-ene photopolymerisation are the crosslinking mechanisms in GeIMA and GelNB (Figure
53), respectively, and the impact of the crosslinking mechanisms on hMSC viability and
spreading have been demonstrated by Mufioz et al. (256). hMSC viability, analysed through

LIVE/DEAD staining, was significantly higher in 4 wt% (~97%) and 8 wt% (~91%) GelNB
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hydrogels, compared to their counterpart 4 wt% (~85%) and 8 wt% (80%) GelMA.
Orthogonal, referring to the formation of crosslinks with 100% selectivity and no cross-
reactivity, step-growth thiol-ene crosslinks in GeINB hydrogels promoted a faster and higher
degree of cell spreading in GeINB hydrogels, shown by increased cell length, when compared
to the random chain-growth of GeIMA hydrogels (256,289). The decrease in hMSC viability
and lower degree of cell spreading in chain-growth GeIMA hydrogels could be a consequence
of a higher initial radical concentration, which has elsewhere been demonstrated to cause a
significant reduction in encapsulation protein activity (290). Additionally, the different
polymerisation mechanisms and the resulting network nanostructure of the hydrogel could
prevent cell spreading due to matrix constrictions; it is suggested that GelMA forms
heterogeneous kinetic chains which could lead to a higher degree of chain entanglements,

preventing cells from spreading within the network (256,291).

(o f T e AN

R

Chain-growth Step-growth

Figure 53. Light-mediated polymerisation, demonstrating random chain-growth based on methacrylate prepolymers,
such as GelMA, and structurally uniform step-growth based on click reactions such as thiol-ene (Pl = photoinitiator,

UV = ultraviolet; Vis = visible light) (256). Created on the BioRender website (https://biorender.com) by the author.
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Burchak et al. (254) investigated the reaction of GeINB with thiolated gelatin (GelSH) to
produce hydrogels for 3D bioprinting. Using various crosslinking densities (low, medium and
high) and by changing the equivalence of groups (norbornene and thiol) able to crosslink,
hydrogels with varying elastic moduli from 206 Pa (low) to 1383 Pa (high) were produced.
All hydrogel formulations supported the viability and proliferation of adipose-tissue derived
mesenchymal stem cells (ASCs) to a similar ability. Regulating the hydrogels’ mechanical
properties influenced the differentiation fate of ASCs, as the elastic moduli in stiffer
hydrogels directed ASC differentiation towards an osteogenic lineage (254).
Photopolymerisation of the hydrogels took between 140—160 seconds, again demonstrating
the benefit of the “ultrafast’ photocurable GelNB system (254). Notably, improved
photocuring kinetics have been demonstrated in GeINB, compared to GelMA, due to thiol-
ene chemistry exhibiting faster reaction kinetics compared to chain-growth polymerisation

(271,276).

Wang et al. (292) selected the gelatin-based norbornene-thiol system due to the ability of the
reaction to occur efficiently under light irradiation. The physical and biological properties of
a GelNB hydrogel were altered by modifying GeINB with thiol-containing peptides that
promote vascularisation and osteoinduction (angiogenic vascular endothelial growth factor
(VEGF) and parathyroid hormone (PTH) 1-34). Dual-peptide-functionalised GelINB was
fabricated via an in situ covalent functionalisation method by exposing a GeINB and thiol-
containing peptide solution to blue light (420480 nm). The ability to covalently include
these active peptides within the hydrogel system via light irradiation led to an increase in in
vitro and in vivo angiogenic and osteogenic processes (292). Arkenburg et al. (293) used
GelINB as the backbone of numerous crosslinked hydrogels, with thiolated crosslinkers

including PEG-thiol and thiolated HA. The resulting hydrogel maintained the biological
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activity of gelatin but allowed for the creation of tuneable mechanical properties by adjusting
the thiol crosslinker content. For example, the G' increased from ~1.5 to ~3.5 kPa when the
crosslinker concentration was increased by 0.8 wt% (0.6 to 1.4 wt%). Varying the
crosslinking density also modulated the behaviour of encapsulated induced pluripotent stem
cells (iPSCs), as a higher concentration of crosslinker resulted in higher cell death,
irregularity in cell size, and cell aggregation. These cell behaviours were attributed to the
hydrogel matrix stiffness, from the high crosslinking density, being greater than the

encapsulated iPSCs (293).

4.1.2. GeINB hydrogels formed via thiol-ene reaction for sol-gel processing
GeINB was selected in this study for its alkene functionality on the norbornene and the

potential for a thiol-ene reaction (Figure 54).

NH_ O \O NH_ O
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Si—O — >
+ HS/\/_ | N . \O
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N
GelNB MPTMS GelNB-MP

Figure 54. Scheme representation of the proposed thiol-ene reaction of GeINB and MPTMS.

When considering the requirements of the inorganic crosslinker used for GeINB
functionalisation, dual functionality is necessary. One functionality must be the thiol for the

thiol-ene reaction, and another functionality must provide a precursor to Si—~OH groups for
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inorganic polymerisation. Therefore, 3-mercaptopropyl trimethoxysilane (MPTMS) was

selected, as this organosilane fulfils both requirements (Figure 54).

To our knowledge, this study is the first attempt to produce thiol-norbornene gelatin with the
crosslinker MPTMS. Therefore, numerous reaction variables were investigated to optimise
this new reaction. In the last few years, studies have focussed on crosslinking GelINB with
dithiothreitol (DTT), a di-thiol, at various thiol/ene stoichiometric ratios — ranging from 1:1 to
1:4 (256,285,287). However, reports have shown full conversion at an equimolar thiol-ene
ratio (284). Additionally, concentration of LAP has been studied, including 0.1%, 0.045%,
0.03% (w/v), as well as 2 mol% (252,254-257). Therefore, in this study, both thiol/ene

stoichiometric ratio (GeINB:MPTMS) and photoinitiator concentration (LAP) were studied.

4.1.3. Aims and objectives

This chapter investigated the use of an alternative reaction to the traditional gelatin-GPTMS
functionalisation reaction to synthesise an organosilane-functionalised gelatin-based material.
To achieve this, click chemistry via a photoinitiated thiol-ene reaction was used, with focus
on MPTMS (thiol) and GeINB (-ene). The effect of varying reaction conditions was
investigated using '"H NMR spectroscopy, and the subsequent hydrogels were characterised

using mechanical testing and biological assays.

The main objectives of the chapter were to:
1. Develop a robust and efficient method to functionalise gelatin that overcomes the
challenges posed in gelatin and GPTMS reactions (Chapter 3)
a. Establish a protocol for a thiol-ene click chemistry-based reaction to

functionalise GeINB with a thiol-containing organosilane crosslinker, MPTMS

158



ii.

iil.

b.

Determine and optimise the thiol-ene reaction between GeINB and MPTMS

Create organic-inorganic hybrid hydrogels with the functionalised GeINB as the

organic component and silica as the inorganic component to result in enhanced

mechanical properties and tailorable degradation

a.

Test the degradation properties of the hybrid hydrogels to determine if the
organosilane crosslinker in Class II GeINB hydrogels contributes to more
controlled degradation compared to Class I hydrogels

Investigate the compressive mechanical properties of the hybrid hydrogels
using uniaxial, constant cyclic and incremental cyclic testing

Examine the rheological properties of the hybrid hydrogels using a frequency
sweep, amplitude sweep and single frequency sweep

Use cryogenic scanning electron microscopy (CryoSEM) to characterise the

architectural properties of the hybrid hydrogels

Examine the biological properties of the GelNB-silica-based hybrid hydrogels

through 2D cell studies

a.

Test the cell viability of the hybrid hydrogels using a LIVE/DEAD and
PrestoBlue assay

Test the capacity of the hydrogels to promote cell spreading with actin and

4’ 6-diamidino-2-phenylindole (DAPI) stain and mineralisation using Alizarin
Red S

Measure the extent of cell migration within the hydrogel over time using light

sheet fluorescence microscopy
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4.2. Methods
MPTMS functionalised GeINB (GeINB-MP) was synthesised and chemically characterised
and used to create three compositions of hydrogel. The three hydrogel compositions were

examined for their mechanical and biological properties.

4.2.1. Materials used for functionalisation and hydrogel preparation
Norbornene-modified gelatin (GelNB) with 65% degree of substitution (DoS) was supplied
by Claro™. Lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP, >95%), 3-
mercaptopropyl trimethoxysilane (MPTMS, 95%), dithiothreitol (DTT, =97%), Dulbecco’s
Modified Eagle Medium (DMEM; high glucose) and phosphate buffered saline (PBS) were
all supplied by Sigma Aldrich UK. Deuterium oxide (D20, 99.9%) was supplied by Goss

Scientific and degassed using a sonicating bath and argon source.

4.2.2. GeINB functionalisation preliminary study

GeINB was synthesised and supplied by Claro™, but in short, GeINB is synthesised by
reacting gelatin with carbic anhydride at 50 °C (Figure 55a) (256). LAP (0.30 wt%, 15.0 mg)
and GelNB (5.00 wt%, 250 mg) were measured into a glass vial. A magnetic stirrer was
added and the top secured tightly with a septum. An argon atmosphere was created within the
glass vial by inserting an argon fed needle through the septum, and an outlet needle. Using a
syringe and needle, degassed D->O (previously degassed for 10 minutes using a sonicator; 5.0
mL) was added to the glass vial through the septum. The glass vial was then covered in foil

and placed in a 40 °C water bath and left for 10 minutes, stirring at 250 rpm.
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Figure 55. Schematic of a) GelNB synthesis, conducted by Claro™, b) thiol-ene reaction of GelNB with MPTMS to form
GelNB-MP, c) GelNB-MP-Silica hybrid hydrogel synthesis through the condensation of Si—OH groups on the MPTMS of
GelNB-MP with Si—OH groups on PGMS.

Using a Hamilton syringe, MPTMS (50 pl, 2.5 mmol) was added to the GeINB + LAP
solution in a 1:4 ratio? (GeINB:MPTMS). The covered solution was stirred at 1000 rpm for
10 minutes at room temperature to generate a homogeneous solution. At this point a 300 pl
aliquot was taken for "H NMR spectroscopic analysis. The uncovered solution was irradiated
for 30 minutes, using 405 nm light (Form Cure, Formlabs; Figure 56). The thiol-ene reaction
of GeINB with MPTMS to form GeINB-MP is shown in Figure 55b. Light irradiation was
paused at 5, 15 and 30 minutes and aliquots (200 pl) were taken and added to D,O (500 pl).
The solution was then analysed by 'H NMR spectroscopy. For control reactions see Appendix

Section C.4.2.2.

21 (-ene): 4 (SH)
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Figure 56. Form Cure set-up a) closed and b) open for 405 nm light irradiation of the GeINB-MPTMS solution.

5-Norb is an organic compound with a C=C, and thus, removes the complex resonances
associated with the polymer structure that is seen in a GeINB '"H NMR spectra (Figure 57).
The same method as in Section 4.2.2 was followed but substituting GeINB for 5-Norb at the

same 1:4 ratio.

5-Norb

O OH

Figure 57. Chemical structure
of 5-Norb.
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4.2.3. GeINB functionalisation optimisation study
The following experiments were conducted in the sequence discussed, and once optimal
conditions for each variable was identified, this condition was maintained throughout the

remaining experiments.

4.2.3.1. Ene:thiol ratio

Preliminary GelNB and MPTMS functionalisation reactions were run at a 1:4 ene:thiol ratio.
This ratio was calculated based on the amount of free NH; per 10 g gelatin being 3.8 mmol
and the DoS of 65% for the GeINB (norbornene groups), meaning 2.47 mmol of norbornene
was present in 10 g GeINB. The reaction of GeINB with DTT was investigated by varying the
ratio of DTT to GelNB (Figure 58). This was done by following the same protocol as
described in Section 4.2.2, but substituting MPTMS for DTT and mixing it with LAP (0.30
wt%, 15.0 mg) and GeINB (5.00 wt%, 250 mg) at the following ene:thiol ratios: 1.00:0.25
(DTT; 3.10 mg, 0.16 mmol), 1.00:0.5 (DTT; 6.20 mg, 0.31 mmol) and 1.00:1.00 (DTT; 12.4

mg, 0.62 mmol).

DTT MPTMS

OH /
HS @)
N
SH / Si/\/\SH
OH

Figure 58. Chemical structure of DTT and (3-mercaptopropyl)trimethoxysilane (MPTMS).
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The method was run as stated in Section 4.2.2, but 25 pl of MPTMS was added to achieve a

1:2 ratio of GeINB:MPTMS.

4.2.3.2. LAP concentration
LAP concentration was varied between 0.03 wt%, 0.15 wt% and 0.30 wt% within the GeINB-

MPTMS (1:2) reaction.

4.2.3.3. Dialysis

Dialysis was carried out to remove the excess MPTMS and any side reaction by-products to
confirm the thiol-ene reaction was successful via observing resonances for MPTMS within
the '"H NMR spectrum of the thiol-ene product. It was hypothesised that the intensity of
resonances from MPTMS within the spectrum would decrease as unreacted MPTMS is

removed via dialysis.

A GelNB functionalisation reaction was run as described in Section 4.2.2 using the following
conditions: 1:2 (GeINB:MPTMS), 0.03 wt% LAP, and 405 nm irradiation for 4 min.
MPTMS-functionalised GeINB (GeINB-MP) was placed inside dialysis tubing cellulose
membrane (typical molecular weight cut-off = 14,000). The tube was placed in 40 °C dH>O in
a 250 mL beaker, gently stirring, and the dH>O was replenished every 24 hours. Every 24
hours, a 500 pl aliquot was taken for 'H NMR spectroscopic analysis to determine at which

point dialysis was complete.

4.2.4. Fabrication of GeINB-Silica hydrogels
Hydrogels were fabricated using 5.00 wt% GelNB (with or without functionalisation) and

PGMS as the silica source at an O:I weight ratio of 40:60. The two components were mixed
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together with dH,O and media (DMEM) to form the desired hydrogel formulations. Three

formulations were produced: Class I GeINB-Silica, Class II GeINB-MP-Silica with a 1:1

DMEM:dH;O0 ratio, and Class II GeINB-MP-Silica with a 1:2 DMEM:dH-O ratio (Table 4).

The DMEM-dH>O solution was produced by mixing DMEM and dH2O (pH 7.4) at either 1:1

or 1:2 volume ratio.

Table 4. Different hydrogel formulations developed, with varying GelNB source (GeINB or GeINB-MP) and DMEM:dH>0O

content.

Formulation | GelNB GelNB LAP Silica GelNB:silica DMEM:
source | concentration | concentration | source | (Organic:inorganic) | dHO
(wt%) (wt%)
GelNB- GeINB 5.00 - PGMS 40:60 1:1
Silica
GelNB- GelNB- 5.00 0.03 PGMS 40:60 1:1
MP-Silica | MP
1:1)
GelNB- GelNB- 5.00 0.03 PGMS 40:60 1:2
MP-Silica | MP
1:2)
4.2.4.1. Fabrication of Class I GeINB-Silica hydrogels

A 5 wt% GelNB solution was made by dissolving GelNB (500 mg, 0.13 mmol) in dH>O (pH

=7.4) (10.0 mL). The solution was stirred at 250 rpm for 1 hour, at 40 °C. PGMS (0.42 g)

was added to a 1:1 DMEM-dH>O solution (1.60 mL) and the mixture vortexed for 15

seconds. The solution was left to go transparent (~15 seconds), at which point, GeINB

solution (1.0 mL) was added continuously dropwise to the PGMS solution, whilst being

vortexed (Figure 59). This solution was then poured into moulds and allowed to gel.

Hydrogels were moulded dependent on the characterisation technique to be performed.
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Figure 59. Schematic diagram of the hydrogel preparation and manufacturing methods, involving the mixture of DMEM-
dH>0 solution (1:1 or 1:2) with PGMS and vortexing for 15 seconds. GelNB-based solution was then added to the PGMS
solution and left to gel and form a self-supporting hydrogel (s= seconds). Created on the BioRender website
(hitps://biorender.com) by the author:

4.2.4.2. Fabrication of Class I GeINB-MP-Silica hydrogels

For the Class II hybrids, the same protocol was followed as in Section 4.2.4.1, however,
GeINB-MP was used instead of GelNB to form a Class II 1:1 formulation (GeINB-MP-Silica
[1:1]). Additionally, a 1:2 DMEM-dH>O solution was used to form a Class II 1:2 formulation
(GeINB-MP-Silica [1:2]) (Figure 59). The schematic of the overall reaction of GeINB-MP

with PGMS is shown in Figure 55c.

4.2.5. Hydrogel degradation properties

4.2.5.1. Hydrogel preparation

For the degradation samples, 1.6 mL of hydrogel solution was cast into 24 well plates and left
to age (Figure 60). Gel ageing here refers to the length of time the hydrogels were left to

undergo gelation.
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Figure 60. Schematic diagram of hydrogel preparation for degradation assay and

compression tests. Created on the BioRender website (https.//biorender.com) by

the author.

Three well repeats were cast for each hydrogel formulation, as well as each ageing condition
(1 day vs 7 days). When the appropriate ageing time was reached, hydrogel cylinders were
stamped out of the well plates using a 5 ml syringe with the tip cut off (Figure 60). All
hydrogel samples were weighed, and the mass noted. The hydrogels were submerged in either

PBS with or without collagenase (25 u/mL) for the degradation assay.

PBS, both with and without collagenase, was pre-heated in an incubator to 37 °C and then
added to 50 ml containers. To calculate the volume to add, a ratio of 1.5 g:50 mL
(hydrogel:PBS) was achieved, with the volume of PBS altered dependent on the mass of the

hydrogel sample. The pH of the PBS, with and without collagenase, was recorded.
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4.2.5.2. Degradation assay
The degradation assay, including ICP-OES, was run as stated in Section 2.4.5. Additionally, a

bicinchoninic acid (BCA) assay was run to quantify gelatin release.

4.2.5.3. BCA assay

A BCA assay is used for colorimetric detection and quantitation of total protein. It is used to
quantify gelatin release from the hydrogels as a consequence of degradation over the duration
of the experiment (184,190,294). A Pierce™ Rapid Gold BCA Protein Assay Kit
(ThermoFisher) was used for the BCA assay. Albumin (BSA) standards were prepared from 2
mg/mL albumin at the following concentrations: 0 (blank), 25, 125, 250, 500, 750, 1,000,

1,500, and 2,000 pg/mL using PBS as the diluent.

Next, 20 pl of each BSA standard (triplicates) and 20 pl of unknown (degradation) samples
(triplicates) were transferred via pipette into a 96 well plate. Using a multi-channel pipette,
200 pl of working reagent (WR) was added to the well plate. The well plate was placed on a
plate shaker for 30 seconds, followed by 5 minutes at room temperature. Using a microplate
reader (Spark® Tecan), absorbance was read at 480 nm. The mean blank value was
subtracted from the respective experimental and standard plate readings. A standard curve

was produced from the BSA standards and the concentration of ‘gelatin’ release calculated.

4.2.6. Mechanical characterisation — compressive properties of hybrid hydrogels
Hydrogel preparation

For compression testing, 1.6 mL of hydrogel solution was cast into individual wells in a 24
well plate and left to gel. Five repeats were used for each ageing condition: 1, 3, 7, and 14

days. When the appropriate ageing time was reached, hydrogel cylinders were removed from
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the well plates using a 5 ml syringe with the tip cut off (Figure 60). The diameter of the

syringe was noted, as well as the height of the hydrogel sample.

4.2.6.1. Uniaxial compression testing
Uniaxial compression testing was performed on cylindrical samples approx. 10 mm (h) x 12
mm (d) in air, using a 0.1 mm/s strain rate and 250 N load cell with 2.04 mV/V sensitivity

(MTS Criterion, Model 42).

At least three independent measurements were taken for statistical significance, and in some
cases up to five, providing the hydrogels did not break during sample extraction. Crosshead

(mm) position was converted to strain (¢) (Eq. 2) and load (N) was converted to stress (Pa)

(Eq. 3).
. _ crosshead travel (mm) .
strain (8) " initial height of hydrogel sample (mm) (Equatlon 2)
stress (Pa) = toad (V) (Equation 3)

surface area of hydrogel sample (mm?2)

Stress-strain curves

Stress-strain curves were plotted for each individual repeat, removing the initial lag phase.
From each stress-strain curve repeat, the yield stress, Young’s modulus and toughness (AUC;
area under curve) were determined as described below. The stress-strain repeats were then

averaged to plot one stress-strain curve per hydrogel and condition.
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Yield stress

Yield stress was calculated using the stress strain data in the elastic region with the =max
function on Excel to determine the highest point on the stress-strain curve before the yield
point — the point at which elastic deformation of a material ends and plastic deformation

begins (Figure 61). Yield stress values were calculated for all repeats and averaged.

Yield stress

Stress (Pa)

Figure 61. Example stress strain curve with the following shown: yield stress, the point at
which elastic deformation of a material ends and plastic deformation begins, Youngs
modulus; stiffness calculated from two points in the linear region at zero tangent, and

toughness; the area under the stress strain curve.

Young s modulus

Using the data from compression testing, the Young’s modulus of the hydrogels was
calculated using an approach which was developed for silica hydrogels by Krupa et al. (295),
and thus, is applicable here. On each independent stress-strain curve, the gradient was

calculated from two selected points in the linear region at low deformation; a tangent at zero
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deformation was used, and so, relative deformation was €<0.1 (Figure 61). Using the

following equation (Eq. 4), where o is stress and ¢ is strain, modulus was determined:

(Equation 4)

m | Q

Toughness

Toughness was calculated by determining the AUC; this was computed from the stress strain
curves by calculating the area under each individual trapezoid under the curve (296). The sum
of these values was then calculated. The AUC values of each hydrogel repeat were averaged

for each formulation and time point (Figure 61).

4.2.6.2. Cyclic compression testing
The following cyclic compression testing of hydrogels aged for 7 days was conducted by

undergraduate Georgios Mikalef, under supervision from the author.

Constant cyclic compression testing:

Constant cyclic compressive testing was performed using a Bose ElectroForce 5500 Test
Instrument equipped with a 200 N load cell (Bose, United States). Before beginning the test,
the height and diameter of the cylindrical hydrogel sample was measured using a Vernier
calliper. The machine was programmed to compress the hydrogel sample to 20% of original
height for 20 cycles. The hydrogel sample was placed on the stage and the test started, using
a strain rate of 0.1 s™! at a frequency of 0.1 s!. The following parameters were enforced on the
Bose testing software: maximum force exertion limit of 1.67 N, scan time: 900, scan points:

1000, and number of scans: 1.
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Incremental cyclic compression testing:

For incremental compressive testing Bose ElectroForce 5500 Test Instrument (Bose, United
States) was used. The height and diameter of the hydrogel samples were measured using a
Vernier calliper and used to calculate the displacements during each increment. The machine
was programmed so that samples were compressed at incremental stresses as a percentage of
the hydrogel sample height using 2% increments, starting at 5% of the hydrogel height, up to

45%, at a strain rate of 0.1 s°!.

4.2.7. Rheological properties of hybrid hydrogels

Hydrogel preparation, frequency sweep shear strain controlled and amplitude sweep strain
controlled of hydrogels aged for 7 days were conducted by undergraduate Georgios Mikalef,
under supervision from the author. Three independent samples (n=3) were tested for
statistical significance, however, the number of samples for GeINB-MP-Silica (1:2) aged for

1 day was 2 as samples broke during extraction. The mean of the repeat runs was calculated.

Hydrogel preparation — gelled state

For rheology, acrylic moulds were used to create shallow cylinders for the rheometer
geometry (Figure 62). Transparent polyester sheets were coated with cling film, and then the
polymer moulds were attached using a Vaseline grease to create a seal between the mould and
cling film. Then, 3.2 mL of hydrogel solution was pipetted into polymer moulds and left to
gel. This formed hydrogel with 40 mm (d) x 1.5 mm (h) which could be directly placed on

the rheometer.
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Figure 62. a) hydrogel sample preparation in acrylic moulds and b) extracted onto a rheometer plate for rheological testing.

Rheometer settings
A parallel plate (40 mm diameter, 1.5 mm gap) oscillation rheometer (Kinexus DSR-III
Rheometer Bundle) was used to measure the viscoelastic properties of the gelled and liquid

hydrogels. The temperature of the plates was fixed at 25 °C.

4.2.7.1. Frequency sweep shear strain controlled

Frequency sweeps were first performed, selecting a predicted strain (%) within the linear
viscoelastic (LVE) region, with sweeps performed without plastically deforming the samples.
The cylindrical mould was loaded onto the bottom parallel plate and the frequency sweep was
performed at a constant deformation of 0.5% strain and frequency sweep from 100 to 0.1 Hz,
taking 5 samples/decade. A frequency sweep determines the storage modulus (G”) and loss

modulus (G”).
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4.2.7.2. Amplitude sweep strain controlled
After the frequency sweep, amplitude sweep strain tests were performed on the same
samples. Measurements were taken from 0.01% to 100% strain at a constant frequency of 1

Hz, taking 5 samples/decade.

4.2.7.3. Constant frequency and strain time sweeps — gel point

To determine the gel point for the hybrid hydrogels, a single frequency strain sweep was
performed. Hybrid preparation followed Section 4.2.4, mixing the PGMS and DMEM-dH,O
solution outside of the rheometer. When both organic and inorganic solutions were vortexed,
a stopwatch was started. After 15 seconds, 2 mL of hydrogel solution was pipetted onto the
parallel plate. The time at which the test began was noted, so that the mixing and transfer

time could be included within the test time to ascertain the time to gel formation.

4.2.8. Structural characterisation

4.2.8.1. CryoSEM

CryoSEM (Cryo: Quorumtech-Cryo stage PP3010; SEM: FEI-FIB Quanta 3D) was used to
image hydrogels, including GeINB-DTT, PGMS-derived silica gels and the three hybrid
hydrogel formulations aged for 1 day and 7 days. Gelled GeINB aged for 1 day was created
following the protocol in Section 4.2.3.1, using DTT as the thiol-containing molecule at 1:1
molar ratio of ene:thiol. Silica made from hydrolysed and condensed PGMS aged for 1 day
was made by following the GeINB-Silica protocol in Section 4.2.4, but only using DMEM-

dH>0 and no GeINB. Hydrogel formulations were made as described in Section 4.2.4.

Each material was plunged into liquid nitrogen to rapidly freeze the sample (called

cryofixation) before imaging. Cryofixation is performed to preserve the sample structure and
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minimise ice crystal formation. The sample was quickly transferred to the cryoSEM chamber,
where it was put under vacuum to maintain its frozen state and a knife fixed within the
chamber was used to cut the tip off the sample to create a fracture point to image. The
chamber was cooled to cryogenic temperatures of around —150 °C. Different times for
removing vitrified ice on, or within, the sample was investigated using 30 seconds, 1-, 2- or
6-minute sublimation time. The images were taken at ~4.0 mm WD and 5.00 kV accelerating

voltage.

4.2.9. Biological characterisation

4.2.9.1. Hydrogel preparation and cell seeding

Samples were prepared as explained in Section 4.2.4, only using 30 pl of hydrogel solution
per well in a 96 well plate, with 4 repeats per condition. The well plate was organised as
demonstrated in Figure 63, with the conditions in the centre of the plate to avoid evaporation
issues associated with seeding around the edge of the plate. PBS was added to all empty wells

to help with evaporation.
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Figure 63. 96 well plate layout for cell culture experiments;, 3CDEF — control
(represented as grey), SCDEF — GelNB-Silica, 7CDEF — GelNB-MP-Silica
(1:1), and 9CDEF — GelNB-MP-Silica (1:2). All other wells were filled with
PBS to help with evaporation. Created on the BioRender website

(hitps://biorender.com) by the author:

The hydrogels were aged for 1 day and covered with the well plate lid, at room temperature.
After 1 day the hydrogels were sterilised using UV irradiation (UV Crosslinkers, CL-508,
Thistle Scientific, UK) for 1 hour prior to seeding. Sarcoma osteogenic (Saos-2) cells were
seeded at 2.5 x 10° in 200 pl for all plates and cultured in McCoys 5A Medium modified with
L-glutamine and sodium bicarbonate (NaHCO3) (Sigma Aldrich) supplemented with 10%

fetal bovine serum (FBS) and 1% penicillin/streptomycin.

4.2.9.2. Cell viability

LIVE/DEAD assay

The LIVE/DEAD assay was conducted by undergraduate Sophie Birch, under supervision
from the author. Saos-2 cell viability was determined by performing a LIVE/DEAD assay at
1, 3, 5 and 7 days. The LIVE/DEAD viability/cytotoxicity kit (Fisher Scientific, UK) was

allowed to reach room temperature (2022 °C) before using it. After removing the media
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from the 96 well plate, 200 pl of Dulbecco’s phosphate-buffered saline (dPBS) was used to
wash the samples. The LIVE/DEAD staining was prepared using 4 mL of dPBS, 8 pul of
calcein-AM and 8 pl of ethidium homodimer-1, and the mixture vortexed for 3 seconds. It
was immediately applied (200 pl) to the hydrogels and incubated for 30 min. Saos-2 cell
viability and spreading on the hydrogels was visualised by a confocal microscope (Zeiss
LSM 700) at 10x objective, using 494/517 nm (excitation/emission [calcein; live]) and
528/617 nm excitation/emission [ethidium homodimer-1; dead]). Ten images were taken per

technical repeat.

Cell viability (%) was calculated using ImageJ (version 1.53t) [n = 3] by counting the green
and red cells in an image and adding the number of both together to obtain a total cell count,
and then dividing the live cell count by the total cell count and multiplying by 100. This was
repeated for the other 9 images, and an average cell viability calculated. This was repeated for

biological repeats, averaging the final values.

PrestoBlue assay

A PrestoBlue assay was performed on 1-, 4-, 7- and 14-day cultured Saos-2 cells to assess
cell viability. The assay was also performed on hydrogel blanks and a calibration plate
including the following cell seeding density: 1.0 x 10%, 2.5 x 103, 5.0 x 103, 10 x 103,25 x

103, 50 x 10%, and 100 x 10°.

For the assay, a 10% PrestoBlue cell viability reagent (Thermo Fisher Scientific, UK) was

made by mixing PrestoBlue with HBSS [Hanks Balanced Salt Solution, modified with

NaHCOj3, without phenol red, Sigma, UK], and placed in an incubator at 37 °C for 30
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minutes. After the cell culture media was removed from the well plates, the hydrogels were

washed with dPBS and 200 pl of the 10% PrestoBlue was added.

Fluorescence of the PrestoBlue reagent from the experimental, calibration, and blank well
plates was measured 2 hours after using a microplate reader (Spark® Tecan) at 560/590 nm
(excitation/emission). Additionally, measurements were continued for the calibration plate for
3 hours and 4 hours. The mean blank value was subtracted from the respective experimental

plate readings to determine the true cell viability fluorescence value.

4.2.9.3. Cell morphology and matrix deposition

For the following biological characterisation methods, cells were cultured for 14 days and
fixed as follows: all media was removed from the well plates, and the hydrogels were washed
with dPBS. Next, 100 pl of 3.7% paraformaldehyde (PFA) in PBS was added to each well
and the hydrogels were left to fix at room temperature for 15 minutes. PFA was removed and
hydrogels and cells washed with dPBS prior to the addition of 200 pl of dPBS for storage at

24 °C. Cell-free blanks of all hydrogels followed the same protocol.

Alizarin Red staining

Fixed Saos-2 cells were stained with Alizarin Red S solution to observe extracellular calcium
deposition. A 1% (w/v) Alizarin Red S (Sigma, UK) staining solution was created using dH>O
and was then filtered using filter paper (0.45 um pore). The dPBS was removed from the
wells using a pipette and thoroughly rinsed with dH>O. Each well received 100 pl of the
Alizarin Red staining solution before being left at room temperature for 30 minutes. This was
repeated on a plate of blanks. The stain was removed after 30 minutes, and the plate received

two washes with dH»O.
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Calcium deposition was imaged using a fluorescent microscope (Nikon ECLIPSE TE300) at
10x magnification for qualitative analysis. After imaging, de-staining solution (200 pl),
composed of 20% MeOH and 10% acetic acid in dH>O was added to stained wells and left at
room temperature for 30 minutes, agitating the samples periodically to ensure stain removal.
Absorbance of the experimental and blank was measured at 405 nm using a microplate reader
(Spark® Tecan). The mean blank value was subtracted from the respective experimental plate
readings. Following readings, the de-staining solution was discarded, and the wells were

rinsed thoroughly with dH20.

Actin and nuclei staining

An actin and nuclei staining was performed using Phalloidin (Green - cytoplasm) and DAPI
(Blue - nucleus) to evaluate the structure of the cytoskeleton. Well plates were cleared of
dPBS using a pipette and to permeabilise cells, 100 pul of 0.5% Triton X-100 solution
prepared in dPBS was added. This was removed after 30 minutes at room temperature. The
wells were rinsed with dPBS and a drop of actin stain (ActinGreen 488, Thermo Fisher, UK)
was added. After 20 minutes at room temperature, the wells were again washed with dPBS to
ensure removal of the excess actin stain. Cell nuclei were then stained with DAPI reagent
(Abcam, UK) and left at room temperature for 10 minutes. After, the wells were washed with
dPBS to remove excess stain. Additional dPBS was added for imaging. Wells were imaged
using a confocal microscope (Zeiss LSM 700, Germany) using a 20x objective. The

following excitation/emission values were used; 495/518 nm (actin) and 358/461 nm (DAPI).

4.2.10. Cell location
Light sheet fluorescence microscopy was performed by Dr Robert Lees with supervision

from Dr Gowsihan Poologasundarampillai, at the Central Laser Facility (CLF), Rutherford
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Appleton Laboratory, Harwell Science and Innovation Campus. Data processing was
conducted by Dr Benjamin Davis, also part of the CLF, Rutherford Appleton Laboratory,

Harwell Science and Innovation Campus.

4.2.10.1. Light sheet fluorescence microscopy

To determine cell migration, light sheet fluorescence microscopy was used to image cells
within the hydrogel after 7 days. Samples were prepared in agar poured into a culture dish
(35 mm) and left to set. Once set, sections of agar were removed from the centre of the
culture dish to the base of the culture dish, to make a well approximately 10 mm (1) x 3 mm
(w). Hydrogel solutions were made as in Section 4.2.4 and were cast into the well in the

culture dish (Figure 64).

Agar

Culture dish

Hydrogel sample

Figure 64. Culture dish filled with agar, with a cuboid hydrogel sample in a middle well. Created

on the BioRender website (https://biorender.com) by the author.

The hydrogels were left to age for 1 day, after which time they were sterilised using UV
irradiation (UV Crosslinkers, CL-508, Thistle Scientific, UK) for 1 hour prior to seeding.
Saos-2 cells were seeded at the same seeding density per volume used in Section 4.2.9 (2.5 x

103/ 200 pl) for all hydrogels. Cells were cultured on the surface of the hydrogels for 7 days,
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changing the McCoys media every 48 hours. At 7 days, the cells were fixed with PFA as
stated in 4.2.9.3 and Alexa Fluor™ 647 Phalloidin staining was performed by Dr Sam

Moxon, University of Birmingham as described in Section 4.2.9.3.

Hydrogels were then cut out of the culture dishes in small rectangular sections, with some
agar still surrounding the hydrogel. The hydrogel was clamped in the sample holder spoon
and immersed in PBS inside the sample chamber. The samples were imaged using the
Cleared Tissue LightSheet (CTLS) from Intelligent Imaging Innovations, using a scanned
light sheet, at Harwell Science and Innovation Campus. The air illumination objective used to
create the light sheet was 5x/0.14 numerical aperture (NA) and a 1.5x/0.37 NA air detection
objective was used to image the sample on to a Hamamatsu Flash 4.0 camera, with a 4.33x

optical zoom.

For Alexa Fluor 647™, the 640 nm laser line was used for illumination (at ~150 mW at the
laser head). The final step size for the full resolution raw data was 10 pm and the lateral pixel
size was | pm/pixel. Z-stacks sizes (1-3 mm) were varied to fit regions until cells were no
longer visible. Stitching was carried out using the SlideBook software (version 6.0) that

controls the microscope, using zero shifts (i.e. merging based on stage position alone).

Using ImagelJ (version 1.53t), 3D cell positions were extracted from the hydrogels. The
Imagel] Macro ‘Cell_extraction_macro.ijm’ was used to isolate cells. A masked manual pre-
evaluation of the datasets by two independent observers was carried out which recognised the
existence of two populations of objects in the hydrogels that were distinguishable by eye, and
therefore, were evaluated independently. These two objects were termed 'cells' and non-cell

'particles’. The particles were agreed to be substantially larger and rounder than cells based on

181



prior knowledge of the cell type under investigation (297). Using this information, cells were
separated from ‘particle’ data based on Area (<200 um) and Circularity (>0.7) criteria. This
was completed prior to subsequent consideration of the spatial distribution of cell objects in

advance of dataset analysis and the same thresholds were applied to all datasets.

4.2.11. Statistical analysis

GraphPad Prism (version 10.2.0 [335]) was used for statistical analysis of all experimental
data. Prior to the statistical tests, normality tests were run to determine if the data was
parametric or non-parametric. Consequently, a t-test, one-way analysis of variance
(ANOVA), or two-way ANOVA was used if the data was parametric, whereas an ANOVA

followed by a Tukey post-hoc test was run for non-parametric data.
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4.3.  Results and discussion

The results present the journey taken to form GeINB-silica hybrid hydrogels for application
within bone tissue engineering. Firstly, reaction parameters and conditions were established
for a thiol-ene click reaction to functionalise GeINB with MPTMS. The product was
characterised using '"H NMR spectroscopy. GeINB in both unfunctionalised (Class I) and
functionalised (Class II) form was then combined with a silica-precursor, PGMS, to form
hybrid hydrogels, which were tested to assess their mechanical, structural, and biological

properties.

4.3.1. GeINB functionalisation preliminary study

The use of a thiol-ene reaction to crosslink GeINB using small-molecule thiols has previously
been shown feasible by Gockler et al. (286), Miinoz et al. (256), Zhao et al. (257), Yao et al.
(255), and Perera et al. (283). In this study, it was necessary to deploy a functionalised thiol
with an organosilane to enable crosslinking with silica. GeINB was reacted with MPTMS, a
thiol-containing organosilane crosslinker, and the reaction was monitored using '"H NMR

spectroscopic analysis.

4.3.1.1. GeINB and MPTMS 'H NMR spectra

It was expected that a thiol-ene reaction would occur when MPTMS (thiol-) and GeINB (-
ene) were irradiated with blue light. Therefore, the signal of interest within the GeINB 'H
NMR spectrum was ou = 6.15 ppm as this has previously been assigned to the alkene (C=C)
within NB (257,298). It would be expected that the intensity of this signal would decrease as
the alkene is consumed within the thiol-ene reaction. To identify the alkene (C=C) in GelNB,
a '"H NMR spectrum was obtained and the singlet resonance at 8y = 6.15 ppm was attributed

to the two alkene protons of norbornene (resonance a, Figure 65) (245). Addition of a thiol to
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this alkene, to form a thioether bond, would result in a new signal for the sulfide (CH-S)
appearing between 8y = 2.25-2.70 ppm within the 'H NMR spectrum of the functionalised

GeINB (GeINB-MP) product (299-301).

4.3.1.2. GeINB functionalisation with MPTMS

The GeINB-MPTMS reaction was photoinitiated using 405 nm (Form Cure, FormLabs)
irradiation for 30 minutes, at a 1:4 ratio (ene:thiol), and aliquotes were taken for analysis by
"H NMR spectroscopy at 5, 15 and 30 minutes. Preliminary results showed consumption of
the norbornene double bond proton resonance at du = 6.15 ppm within 5 minutes of
irradiation, suggesting the reaction was complete at a point within this range (Figure 65).
Reduction in the relative integration of the alkene proton resonance in a norbornene-thiol
reaction has been shown by Nguyen et al. (302), specifically focussing on different ene:thiol
ratios, showing a linear relationship between thiol-norbornene ratio and norbornene
consumption. Additionally, in Figure 65, a new resonance was observed at du = 2.70 ppm by
10 seconds, assigned to the protons in the new bond created upon thiol-ene conjugation and
formed in concordance with the consumption of the alkene. This resonance is attributed to the

CH proton attached to the thioether (300).
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Figure 65. 'H NMR spectra of GelNB-MPTMS (1:4) reacted with LAP (0.3 wt%) for 30 minutes, 405 nm
light. Spectra shown for starting reagents, samples taken pre-irradiation, and 5, 15 and 30 minutes of
irradiation (D0, 400 MHz). Reaction chemistry is shown with notable resonances 6y = 2.70 ppm (b) and
On = 6.15 ppm (a) labelled.

From the preliminary investigation, the reaction was repeated, however, samples were taken

for "TH NMR spectroscopic analysis at 10 and 30 seconds, and 1, 2 and 4 minutes. A decrease

in intensity of the resonance at oy = 6.15 ppm, corresponding to the norbornene double bond

protons, by 10 seconds and disappearance of this resonance by 30 seconds was observed

(Figure 66) (252). Again, a new resonance corresponding to -CH attached to the product was
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observed at on = 2.70 ppm by 10 seconds (299,300). Both of these findings indicate that the

thiol-ene reaction is occurring between GelNB and MPTMS and that the reaction was

complete within 4 minutes. However, it should be acknowledged that GeINB produces a

complex '"H NMR spectrum, particularly between du = 0.5-5.0 ppm, and so it is easier to

investigate the norbornene double bond proton resonance compared to the formation of the

thioether.
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Figure 66. 'H NMR spectra of GelNB-MPTMS (1:4) reacted with LAP (0.3 wt%) for 4 minutes, 405 nm light. Spectra shown

for starting reagents, samples taken pre-irradiation, and 10 and 30 seconds, and 1, 2 and 4 minutes of irradiation (D,O, 400

MHz).

186



4.3.1.3. 5-Norb functionalisation with MPTMS

To determine if the high molecular weight gelatin-based molecules were having an impact on

the thiol-norbornene reaction, as well as selecting a molecule that was less complex than

GeINB, GelNB was replaced with 5-Norb, a small alkene containing molecule, and reacted

with MPTMS. The reaction was run using a 1:4 (ene:thiol) ratio, 0.3 wt% of LAP and

irradiated with 405 nm light for 4 minutes. 'H NMR spectra of samples taken during the

reaction are shown in Figure 67. Similarly, to the beforementioned GeINB-MP reactions, a

new resonance appeared at ou = 2.60 ppm, suggested to correspond to the new -CH attached

to the formed thioether (299,300). Again, the alkene resonance at 3y = 6.15 ppm in the

starting material was consumed within 10 seconds.
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Figure 67. 'H NMR spectra of 5-Norb-MPTMS (1:4) reacted with LAP (0.3 wt%) for 4 minutes, 405 nm light.

Spectra shown for starting reagents 5-Norb, MPTMS, and LAPF, as well as samples taken pre-irradiation, and 10

and 30 seconds, and 1, 2 and 4 minutes of irradiation (D0, 400 MHz). Reaction chemistry is shown with notable
resonances 0y = 2.70 ppm (b) and Sy = 6.15 ppm (a) labelled.
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The thiol-ene reaction reached completion, noted as consumption of the alkene du = 6.15
ppm resonance, within 1 minute in all thiol-norbornene reactions investigated. Norbornene
has been reported to be a reactive alkene with thiols resulting in exceptionally rapid rates of
reaction (273). This is because the insertion of the thiyl radical across the double bond, and
the accompanying quick hydrogen-abstraction rate of a thiol hydrogen by the carbon-centred
radical, significantly reduces the ring strain (273). This supports the selection of GeINB for
functionalisation, especially when considering previous functionalisation work in this thesis

required up to 96 hours of reaction when selecting other crosslinkers (GPTMS).

4.3.2. GeINB functionalisation optimisation study

4.3.2.1. Ene:thiol ratio

As prior results had confirmed the thiol-ene reaction between GeINB and MPTMS occurs
efficiently, different reaction variables were studied to further optimise the process. Firstly,
the ene:thiol ratio was investigated, selecting 1:2. Double the number of moles of MPTMS
are needed compared to DTT due to there being one thiol group on MPTMS, meaning it
would be stoichiometrically balanced at 1:1 ratio of GeINB:MPTMS. However, decreasing
the ratio to 1:1 was decided against due to practical considerations, as the reaction was run
with low volumes. Therefore, the 1:4 ene:thiol ratio originally investigated was decreased to
a 1:2 ene:thiol ratio to mitigate the excess of MPTMS within the system but still ensuring

practical feasibility.

Results showed complete disappearance of the resonance at oy = 6.15 ppm by 30 seconds and
appearance of a new product at ou = 2.70 ppm, corresponding to the new -CH attached to the

product thioether (Figure 68) (300). Previous reports involving the reaction of GeINB with

the low-molecular-weight DTT have been performed in the presence of 0.5 equivalents of
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DTT corresponding to an equimolar thiol/norbornene ratio (284). A study of ene:thiol ratio of

GeINB-DTT was carried out to confirm this, with two key findings: the rate of reaction

increased with increasing ratio and 1.00:0.25 did not show full conversion after 2 minutes

(Appendix Figure C.4). At a 1.00:0.25 ratio, the thiol- and -ene components are not

equimolar, therefore, for full conversion of the alkene to take place another reaction must be

occurring. This is in line with the findings in Appendix Section C.4.3.1.4. suggesting that in

the presence of LAP, the alkenes in GeINB could potentially react together to form long chain

GelINB polymers.
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Figure 68.'H NMR spectra of GeINB-MPTMS (1:2) reacted with LAP (0.3 wt%) for 4 minutes, 405 nm

irradiation. Spectra shown for starting reagents GeINB, MPTMS and LAP, as well as samples taken
pre-irradiation, and 10 and 30 seconds, and 1, 2 and 4 minutes of irradiation (D,0, 400 MHz).

Studies are often run reacting GeINB with DTT, a molecule with a thiol group present on

each end (256,285,287). To initiate the step-growth photopolymerisation of GeINB hydrogels

in the presence of LAP, 0.5 mmol of DTT is required per mmol of norbornene. DTT is a
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dithiol, and therefore when considering MPTMS, it can be hypothesised that a 1:1 ratio of
GeINB:MPTMS would show full conversion. However, a 1:2 ratio was selected due to the
speed of functionalisation compared to a 1:1 ratio, as well as to avoid the difficulties of
measuring low volumes (<50 pl) of MPTMS that would be needed in a 1:1 ratio within these
thiol-ene reactions as they were carried out on a low volume scale. For all future experiments,

a 1:2 ratio was used.

4.3.2.2. LAP concentration

Next, the effect of concentration of the LAP photoinitiator was investigated. All reactions
until this point had been run using 0.30 wt% LAP. Similar to Gockler et al. (286) a
photoinitiator concentration of 0.30 wt% was taken as the starting point, as when LAP is used
in GelMA crosslinking reactions it is used at ~0.30 wt% (303,304). A 2-fold and 10-fold
decrease were investigated, using 0.15 and 0.03 wt %. '"H NMR spectra showed full
disappearance of the alkene at oy = 6.15 ppm by 30 seconds for 0.15 wt%, similarly to 0.30

wt%, whereas full disappearance took place by 1 minute for 0.03 wt% (Figure 69).
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Figure 69. 'H NMR spectra of GelNB-MPTMS (1:2) reacted with LAP a) 0.15 wt% and b) 0.03 wt% for 4 minutes, 405 nm
light. Spectra shown for starting reagents GelNB, MPTMS and LAP, as well as samples taken pre-irradiation, and 10 and 30
seconds, and 1, 2 and 4 minutes of irradiation (D,0, 400 MHz).
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Therefore, it can be suggested that a higher concentration of LAP led to an increased rate of
reaction, demonstrated with 23%, 62%, and 85% of C=C remaining after 10 seconds for 0.3
wt%, 0.15 wt% and 0.03 wt%, respectively (Figure 70). By 30 seconds, full disappearance of
C=C had taken place in both 0.3 wt% and 0.15 wt%, but 8% of C=C remained in 0.03 wt%.
Full conversion in 0.03 wt% was achieved by 60 seconds. Therefore, in order to minimise the

mass of reagent used, 0.03 wt% was selected as the photoinitiator concentration for the

remaining experiment.
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Figure 70. C=C remaining over time with varying LAP wt% in a GelNB-
MPTMS (1:2) thiol-ene reaction irradiated for 4 minutes with 405 nm

light. Measured as relative intensity of oy = 6.15 ppm corresponding to

the two vinyl protons of norbornene.

4.3.2.3. Dialysis

Dialysis was performed to remove excess MPTMS and reaction by-products from the Gel-
MP product. After 48 hours of dialysis of the GeINB-MP solution, changes were observed to
the unmodified GelNB spectra, specifically, the loss of the resonances at du = 3.45 ppm and
3.30 ppm. These two resonances were also present in the 'H NMR spectrum of 5-Norb

(Figure 67), which suggests that they are a consequence of the norbornene in the starting
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material in Figure 71, but disappear when thiol-ene conjugation occurs. This is further
confirmed by Zatorski et al. (245), where an increased intensity of resonances at ou = 3.45

ppm and 3.30 ppm occurred when the ratio of norbornene reagent, carbic anhydride, was
increased in GelNB synthesis. This is another finding that demonstrates the successful

reaction of GeINB with MPTMS.
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Figure 71. 'H NMR spectra of GeINB, MPTMS, LAP and GelNB-MP product, as well as GelNB-MP dialysed for 24 and 48

hours (D;0, 400 MHz). Differences in GeINB-MP spectra compared to native GelNB are labelled with *. Signals,

corresponding to excess starting reagents and reaction by-products removed with dialysis are labelled with an arrow. Inset

shows the disappearance of the resonances at 5y = 3.45 ppm and 3.30 ppm from GelNB to GelNB-MP dialysed (d =
dialysis; h = hours).
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Additionally, the new resonance observed at o = 2.70 ppm, corresponding to the new -CH
attached to the formed thioether, was present in the undialysed and dialysed Gel-MP. A new
resonance at og = 0.75 ppm, which can be suggested to be the protons (-CH»-) adjacent to the
silicon atom in MPTMS, was also observed (305). These two changes to the GeINB spectrum
present after dialysis indicate successful conjugation of MPTMS to GelNB. Additionally, the
new resonance at og = 0.75 ppm and disappearance of the resonances at oy = 3.45 ppm and
3.30 ppm that were not visible without dialysis show the importance of post-processing to

identify masked 'H NMR spectral changes.

4.3.3. GelNB-silica hydrogels

Work described in Chapter 2 explored the often-unfavourable interaction between gelatin and
silica in terms of phase separation and precipitation. Preliminary work within this chapter
identified that replacing part of the media (DMEM) with dH>O in the hydrogel solvent led to
an increase in homogeneity of the gelled hydrogel (Appendix Figure C.5). Therefore,
drawing on findings summarised in Chapter 2, it can be suggested that DMEM increased
phase separation and precipitation in GelNB-silica hydrogels. It is hypothesised that DMEM
might increase phase separation in this context due to its complex composition. DMEM
contains salts, such as calcium chloride (CaCl,), with various ionic strengths that could
influence the electrostatic interactions between gelatin and silica (306). Gelatin hydrogels are
sensitive to variations in ionic strength, and salts are known to influence the gelation of
gelatin due to its polyampholyte behaviour (ability to develop cationic and anionic
interactions) (307,308). Therefore, the addition of salts and changes in electrostatic
interactions with the gelatin molecule have the potential to impact the stability of the

hydrogel structure.
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An increase in the dH2O-to-media ratio was observed to result in a prolonged gelation time,
as visually assessed. When dH>O was used alone, the hydrogel did not gel. Therefore, to
achieve gelation, whilst avoiding phase separation and precipitation, a DMEM-dH,0 mix at

various ratios (1:1 and 1:2) were used as the hydrogel solvent.

Three hydrogel formulations were investigated, a Class I hydrogel; GeINB-silica (1:1), and
two Class II hydrogels with varied DMEM-dHO ratios; GeINB-MP-Silica (1:1) and GeINB-

MP-Silica (1:2) (Figure 72).

a) b) c)

Figure 72. Images of the three hydrogel formulations investigated: a) GelNB-Silica (Class 1), b) GeINB-MP-Silica (1:1)
[Class 1] and c) GelNB-MP-Silica (1:2) [Class 1], where the ratio represents DMEM:dH,O.

Hydrogel gelation time was assessed using the tilt method, as previously described by Scelsi
et al. (151), and gelation was recorded when the hydrogel became self-supporting. GelNB-
Silica and GeINB-MP-Silica (1:1) gelled significantly faster at ~12 minutes when compared

to GeINB-MP-Silica (1:2) which took 40 minutes (both; p<0.0001) (Figure 73).
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Figure 73. Gelation time of three hydrogel
formulations; GelNB-Silica (Class I), GelNB-MP-
Silica (1:1) [Class II], and GelNB-MP-Silica (1:2)
[Class 1l], demonstrating a higher ratio of media
results in a shorter gelation time. Individual plots
are repeat measures and error bars represent SD

(n=3; ***% p<0.0001).

This demonstrates that a higher proportion of media increased the rate of gelation, whereas
the inclusion of MPTMS did not impact gelation time (125). Previous research has
demonstrated metal ions, including Ca?*, Mg?" and Na*, lower the gelation time in sol-gel
synthesis and as previously mentioned, the media used here (DMEM) contains inorganic salts
such as CaCl, and magnesium sulfate (MgS0Os) (309,310). Additionally, Dolinina et al. (311)
previously demonstrated that faster gelation of sol-gel silica hydrogels resulted in less

condensed and more flexible structures, with lower density and higher porosity. Therefore, it
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is hypothesised that inorganic salts in the media formulation are resulting in an increased rate
of condensation and faster gelation of the hydrogels, as gelation is achieved through
condensation. To test the degree of condensation within the hydrogels, future work should
involve the use of 2°Si magic angle spinning (MAS) NMR to analyse the connectivity of the

silicate network.

It is also hypothesised that the difference in hydrogel formulation with respect to media
proportion, and subsequently gelation time, and the resulting hydrogel network structure will
impact the properties of the hydrogel. Therefore, hydrogels were also analysed for their

degradation, mechanical, architectural and biological properties.

4.3.4. Degradation behaviour of GeINB-silica-based hydrogels

4.34.1. Change in mass

In vitro degradation of the three hydrogel formulations, aged (left to gel) for either 1 day or 7
days, was studied by monitoring mass and pH change, as well as analysing substances
released into PBS with and without collagenase over time. All hydrogel formulations,
irrespective of ageing time and presence of enzyme, followed a similar trend (Figure 74). An
initial period of rapid mass loss of the hydrogels was observed up to 24 hours, this was
followed by a slower, intermediate degradation period up to 7 days, and finally a plateau
period where mass loss stabilised up to 28 days. The similar trend suggests that neither

collagenase nor hydrogel ageing time impacted the degradation rate of the hydrogels.
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Figure 74. Mass remaining after a degradation assay of three hydrogel formulations aged for 1 day and incubated in a)
PBS and b) PBS with collagenase, and 7 day aged hydrogels incubated in c¢) PBS and d) PBS with collagenase at 37 °C
over a 28 day time period. Insets show the first 24 hours of the degradation assay. Error bars represent the SD (n=3).

For 1-day aged hydrogels in PBS, the GeINB-MP-Silica (1:2) had significantly more mass
remaining after 24 hours of degradation, compared to the other two hydrogel formulations
(Figure 74a). This was the same for GeINB-MP-Silica (1:2) in PBS with collagenase (Figure

74b). Overall, after 28 days of degradation, all hydrogel formulations had ~70% mass
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remaining in both the PBS and the PBS with collagenase. Controllable biodegradability and
bioresorption are key for the overall performance of hydrogels (70). For tissue engineering
purposes, hydrogels should degrade at an equivalent rate of cell aggregation and the
formation of new bone tissue (70). It is crucial that an initial period of degradation occurs to
allow for infiltration of MSCs and other progenitor cells to begin to differentiate into various
cell types, including osteoblasts. Bone nodule mineralisation has been shown to occur as
early as 21 days (312). As ~70% of the hydrogel mass remained by 28 days, this indicates
that the hydrogel may be able to provide temporary support during the initial stages of bone

growth, although this would require testing.

Biomaterials are subject to enzymatic degradation within a normal physiological environment
by MMPs, such as collagenase, which are present in human ECM (226). The incorporation of
collagenase better mimics physiological conditions to which the hydrogel would be exposed
to in vivo and allows evaluation of whether the hydrogel will undergo controlled degradation
within this environment for tissue remodelling (313). To better understand the contributions
of enzymatic degradation, hydrogel samples were incubated in PBS with collagenase,
utilising a concentration of collagenase (25 u/mL) previously used in literature (314,315)
(Figure 74b and d). There was no difference in the degradation rate of the hydrogels with the
addition of collagenase, compared to PBS alone. The degradation remained at around 30%
degradation after 28 days. However, it has been noted in the literature that the collagenase
solutions should be replaced during the experiment to maintain constant enzyme activity,
suggesting that the lack of difference in mass loss could be attributed to lack of enzyme
activity over the duration of the assay (316). Therefore, this presents as a limitation and the
results should be interpreted with caution. The degradation assay should be repeated in future

work, refreshing the collagenase to maintain its activity over time.
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4.3.4.2. Si species and gelatin release

Degradation products, namely Si species and gelatin were further analysed. As previously
mentioned in Section 3.3.6.2, it is important to quantify Si release as it can have both a
positive impact on osteoblasts, including increased growth and proliferation, leading to
enhanced mineralisation, but can also exert negative effects, such as apoptosis, at high
concentrations (231-234,238). Understanding the dynamics of Si release from the GeINB-
Silica hydrogels is therefore essential for optimising their potential to promote mineralisation,

while mitigating any potential drawbacks or adverse effects on cell behaviour.

The Si ion concentration was variable, with large error bars for 1 day-aged hydrogels in PBS
(Figure 75a). Therefore, these results were deemed unreliable and will not be further
analysed. However, overall, burst release of Si ions was observed within the first 2 days of
incubation in PBS with and without collagenase, for all hydrogel formulations (Figure 75b, ¢
and d). After the initial Si burst release up to 2 days of immersion, the concentration of Si
release plateaued until 28 days. A difference in Si release was observed in the 1 day-aged
hydrogels immersed in PBS with collagenase (Figure 75b). The concentration of Si release
was lower in the GeINB-MP-Silica (1:2) from 24 hours onwards, compared to GeINB-MP-
Silica (1:1) and GeINB-Silica, suggesting that the crosslinking effect of MPTMS was more

impactful for GeINB-MP-Silica (1:2).
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Figure 75. Release profile of silicon from a degradation assay of three hydrogel formulations aged for 1 day and incubated
in a) PBS and b) PBS with collagenase, and 7-day aged hydrogels incubated in c) PBS and d) PBS with collagenase at 37 °C

over a 28-day time period. Insets show the first 24 hours of the degradation assay. Error bars represent the SD (n=3).

Similarly, a difference in Si release was seen in the 7 day-aged hydrogels incubated in PBS
alone, specifically that the Si release was more controlled in the Class II hydrogels (GeINB-
MP-Silica (1:1) and (1:2)) within the first 2 days, compared to the Class I hydrogel (GeINB-
Silica) (Figure 75c¢). This suggests that the MPTMS covalent crosslinking in the Class 11
hydrogels was successful and led to a more extensively connected network, compared to the
Class I, resulting in slower Si release. Therefore, in some cases, the degradation rate was
found to be dependent on the inclusion of MPTMS crosslinker. Finally, there remains dispute
over the appropriate concentration of Si for beneficial effects on cell behaviour (231).

Therefore, by using cell viability (e.g. Live/Dead and PrestoBlue) and proliferation (e.g.
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Alamar Blue® and MTT) assays, as well as Alizarin Red S staining to observe osteoblast

mineralisation, the impact of Si release on cells can be studied (231,317,318).

The rate of gelatin release increased with the addition of collagenase in the hydrogels aged
for 1 day, with ~250-500 pg/L of gelatin released from the three formulations at 7 days of
degradation without the presence of collagenase, compared to ~1000-1250 pg/L of gelatin
released at 7 days in PBS with collagenase (Figure 76a and b). Therefore, in the hydrogels
aged for 1 day, gelatin release was accelerated in the presence of collagenase. This behaviour
was expected and is attributed to the fact that collagenase is an enzyme found in the body that
degrades hydrogels made from a gelatin backbone, as gelatin is a form of hydrolysed
collagen (319). In PBS without collagenase, the two Class II hydrogels aged for 1 day
released a lower amount of gelatin compared to GelNB-Silica, whereas all three formulations
followed similar gelatin release profiles with collagenase (Figure 76a and b). In contrast,
gelatin release was higher in PBS without collagenase for the 7 day-aged hydrogels. This
finding was unexpected and unexplained, although, the gelatin release rate was particularly
high for GeINB-Silica and GeINB-MP-Silica (1:1) in Figure 76¢ which suggests that these
results may not be reliable and should be repeated in future work. Interestingly, when
comparing the release rate of gelatin in PBS with collagenase for hydrogels with different
ageing conditions, the highest concentration of gelatin release within the degradation period
was in the 1 day-aged hydrogels (~1250-1600 pg/L at 14 days) compared to the 7 day-aged
hydrogels (~800—1000 pg/L at 7 days) [Figure 76b and d]. The lower gelatin release
associated with a longer ageing time could be as a result of gelatin being entrapped within a
more highly condensed and extensive silica network. Further work, such as Si MAS NMR,

would give an insight into the connectivity of the silica network.
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Figure 76. Release profile of gelatin from a degradation assay of three hydrogel formulations aged for 1 day and incubated
in a) PBS and b) PBS with collagenase, and 7 day aged hydrogels incubated in c) PBS and d) PBS with collagenase at 37 °C

over a 28 day time period. Insets show the first 24 hours of the degradation assay. Error bars represent the SD (n=3), where

* is used n=2.

4.3.5. Mechanical characterisation — compressive properties of hybrid hydrogels

The mechanical properties of a hydrogel are crucial when being used in a tissue engineering
application due to a number of reasons. Firstly, the mechanical properties of a hydrogel
would be expected to mimic those of the native tissue, which here is bone, to be
representative of the in vivo environment, and secondly, the mechanical properties play a
major role in controlling and directing the local environment and growth of the adhered cells
on the hydrogel for neotissue formation (1,320). Therefore, it is important to analyse and

understand a variety of mechanical properties when designing a material for BTE.
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4.3.5.1. Uniaxial compressive testing

The uniaxial compressive mechanical properties were tested for the three hydrogel
formulations — GeINB-Silica, GeINB-MP-Silica (1:1), and GeINB-MP-Silica (1:2) — aged for
1, 3, 7 and 14 days (Figure 77), to investigate the influence of hydrogel formulation, as well

as ageing time, on mechanical properties.

Figure 77. Uniaxial compressive test of hydrogel samples using Bose ElectroForce 5500 Test Instrument equipped with a
200 N load cell.

When evaluating the stress-strain responses qualitatively, the hydrogels showed that the yield
point (yield stress, where the curve transitions from elastic to plastic behaviour) and slope of
the curve (Young’s Modulus) were similar for GeINB-Silica hydrogel, irrespective of ageing
time (Figure 78a-1). Whereas, in the Class II hydrogels, the stress-strain curves varied
depending on ageing time — generally showing that a longer ageing time led to a higher yield

point and steeper curve (Figure 78b-i and c-1).
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Figure 78. Uniaxial compressive data for three hydrogel formulations a) GelNB-Silica, b) GeINB-MP-Silica (1:1), and c)
GelNB-MP-Silica (1:2) aged for 1, 3, 7 and 14 days (d: day). Results presented include i) Stress-strain curve, ii) Yield stress,
iii) Young's Modulus, iv) Toughness (AUC), and v) Height of gel (d = day). Note, toughness values are not shown for 7 days

because of issues with the quality of data. Error bars represent the SD and non-significance is not shown, p<0.05 (*), p<0.01
(**), p<0.001 (***), and p<0.0001 (***%).

Yield stress, taken as the highest point of the curve before elastic to plastic deformation
occurred, did significantly depend on the ageing time in both of the Class II hydrogels
(Figure 78b-ii and c-ii). Specifically, both Class II hydrogels had the highest yield stress after
7 days of ageing (~9 kPa [1:1] and ~7 kPa [1:2]), with a significant increase in yield stress
between 1 and 7 days (p<0.0001; [1:1] and p<0.001; [1:2]). There was no significant increase
in yield stress from 7 to 14 days in GeINB-MP-Silica (1:2), however, a significant decrease in
yield stress was observed for GeINB-MP-Silica (1:1) from 7 to 14 days. In GeINB-silica, no

significant increase in yield stress was observed over any ageing periods, however, the yield
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stress significantly decreased from 7 to 14 days (p<0.05) (Figure 78a-ii). Yield stress is a
measure of the material’s resistance to permanent deformation and a higher yield stress
means a material can withstand loads without undergoing excessive plastic deformation
(321). The results for yield stress indicate that a change occurred within the Class 11
hydrogels over the ageing period. It is suggested that the hydrogel network, including
covalent crosslinks facilitated by MPTMS as well as polycondensation of the silica network,
continue to develop and result in a material with increased strength over time. Krupa et al.
(295) studied silica hydrogels in compression and also found that after 7 days of ageing, the
maximum strength of gels was reached, and Jayash et al. (112) also found that chitosan-
silica-based hybrid hydrogels demonstrated increased G' as a result of ageing and the
continued polycondensation of the silica network. It was not possible to find ageing studies
on similar hydrogel systems in the literature, however, ageing dynamics in the microstructure
of gelatin hydrogels has been reported. Tosh et al. (322) demonstrated the structure of gelatin
(up to 5 wt%) hydrogels was found to be dynamic and continues to evolve over time as a
result of the structure rearranging into more stable, energetically favourable conformations.
Using dynamic light scattering (DLS), it was suggested that in the gelation of gelatin, two
concurrent processes occur; firstly, growth and aggregation of polymer clusters, followed by,
restructuring of the gel network. Additionally, the G' was found to increase over time,
suggested to be owed to continued formation of the triple helices in the network and fibril
rearrangement (322). However, the experimental techniques used were DLS and rheology,

and the ageing time was shorter (hours), and so, this must be interpreted with caution.

The increased yield stress was not observed in the Class I hydrogel which can be suggested to
be due to this material only having non-covalent interactions between the GeINB and silica

phases. The significant decrease in yield stress observed between 7 and 14 days for GeINB-
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Silica and GeINB-MP-Silica (1:1) can be suggested to be due to a number of factors, such as
changes in the network structure from degradation of the gelatin backbone or crosslinks, or

changes in the H,O content of the hydrogel due to evaporation (323,324).

Young’s Modulus was calculated as it directly characterises the stiffness of the hydrogels. A
similar trend as seen in yield stress was observed for the Young’s Modulus (stiffness) of
GelNB-Silica hydrogels, with no significant change in stiffness between 1 and 7 days, with a
significant decrease in Young’s Modulus between 7 and 14 days (~15 kPa to ~7 kPa; p<0.05)
(Figure 78a-iii). The Young’s Modulus did not change significantly throughout the ageing
period in GeINB-MP-Silica (1:1) hydrogels (Figure 78b-iii). The GeINB-MP-Silica (1:2) was
the only formulation to see an increase in Young’s Modulus over the ageing period, between
1 and 14 days (~4 kPa to ~10 kPa; p<0.05) (Figure 78c-iii). Similarly, to yield stress, the
significant increase in Young’s Modulus suggests maturation of the gel structure over time
and development of the covalent crosslinking network both in the polycondensation of the
silica but also covalent crosslinks facilitated by MPTMS between GeINB and silica. Ageing
and hydrogel formulation play a larger role in influencing yield stress compared to the
Young’s Modulus, whereas the solvent base (1:1 vs 1:2) has a larger impact on the Young’s
Modulus over time. Yu et al. (325) produced thiol-ene gelatin-based hydrogels, composed of
crosslinked GeINB and GelSH. The compressive modulus was measured, taken as the slope
of the stress-strain curve in the elastic region, therefore, analogous to Young’s Modulus. The
5% (w/v) hydrogel, most comparable to the hydrogels in this present study (5 wt%), had a
compressive modulus of ~1 kPa, therefore suggesting that the compressive modulus of the

hybrids here was enhanced by the addition of silica within the GeINB network (325).

206



Toughness (AUC) did not change over the 14 day ageing period for the GeINB-Silica
hydrogel (Figure 78a-iv), whereas, changes were observed for the Class II hydrogels (Figure
78b-iv and c-iv). Both Class II hydrogels had the highest toughness (AUC) by 3 days of
ageing (~1.9 mJ/m?3 [1:1] and ~1.8 mJ/m? [1:2]), which was maintained until 14 days of
ageing. There was a significant increase in toughness (AUC) in the Class II hydrogels
between 1 and 3 days (~1.2 mJ/m3to ~1.9 mJ/m?3, p<0.05; [1:1] and ~0.5 mJ/m> to ~2.8
mJ/m?, p<0.0001; [1:2]) and 1 and 14 days (~1.2 mJ/m?to ~1.9 mJ/m?, p<0.05; [1:1] and ~0.5
mJ/m? to ~1.8 mJ/m?, p<0.0001; [1:2]). These results again indicate that the Class II
hydrogels could be continuing to form a covalent network across the ageing period; this
covalent network includes polycondensation of the silica network but also covalent crosslinks
between GelNB and silica from MPTMS as the crosslinker formation. This more extensive
‘double’ covalent network could result in a change of toughness (AUC) over time.
Additionally, the increase in toughness (AUC) by 3 days and 14 days of ageing was more
pronounced in the GeINB-MP-Silica (1:2) hydrogel, which can be suggested to be as a

consequence of the different DMEM-dH>O formulation.

Both Class II hydrogels decreased in height between day 1 and day 7 by ~20% in the 1:1
formulation, and ~10% in the 1:2 formulation (both p<0.05) (Figure 78b-v and c-v). The
height of the Class II hydrogels also decreased between day 1 and day 14 (both p<0.05). No
significant changes in the height of Class II hydrogel samples were observed during the first
three days of ageing. The significant change in the height indicates that continuous
development of the gel could lead to formation of a more compact network resulting in
shrinkage of the gel during ageing (295). This could reflect increased covalent crosslinking
forming over time from a more condensed network. Although shrinkage of the hydrogels

could be due to evaporation of H>O over time, no significant changes of the height of GeINB-
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Silica samples were observed which suggests evaporation is not responsible (Figure 78a-v).
Future work could involve experiments to determine the extent of condensation within the
Class II structures compared to the Class I GeINB-Silica, using 2’Si MAS NMR to analyse

the connectivity of the silicate network, as used by Mahoney et al. (184).

Overall, ageing time played a more significant role in affecting strength, stiffness, and
toughness (AUC) in the Class II hydrogels (GeINB-MP-Silica [1:1] and [1:2]), compared to
the Class I hybrid hydrogel (Figure 78). The inclusion of MPTMS, the ratio of DMEM:dHO,

and ageing time were all found to tailor the mechanical properties of the resulting hydrogels.

4.3.5.2. Constant cyclic compressive testing

Changes in mechanical properties, specifically hysteresis loss here, were investigated
between 1 day- and 7 day-aged samples to determine if the hydrogels showed aged-
dependent behaviour due to changes in the network structure over time. Hydrogels were
subjected to constant cyclic compression to 20% strain, consecutively over 20 cycles. The
average unloading modulus was plotted against the cycle number and hysteresis loss was
calculated by determining the area under the curve for each loading and unloading phase of
each separate cycle. The total hysteresis loss was calculated from the cumulative values for

the area under each curve for each consecutive cycle, over the entire cyclic loading test.

When comparing hydrogel formulations there were differences in the hydrogel hysteresis
loss. GeINB-Silica had higher hysteresis loss values compared to the Class II formulations.
Specifically, at 7 days of ageing the hysteresis loss values range from ~0.35 kPa (1% cycle) to
~0.08 kPa (last cycle) in GeINB-Silica, whereas the values were ~0.08 kPa (1% cycle) to

~0.03 kPa (last cycle) and ~0.03 kPa (1% cycle) to ~0.01 kPa (last cycle) in GeINB-MP-Silica
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(1:1) and GelINB-MP-Silica (1:2), respectively (Figure 79). In all hydrogel formulations, the
hysteresis loss values were higher for the 7 day-aged hydrogels compared to the 1 day-aged
hydrogels. Overall, ageing resulted in hydrogels being less able to dissipate energy due to a

higher stiffness, suggesting a more rigid and less deformable network forming over time.
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Figure 79. Hysteresis loss from three hydrogel formulations aged for 1 day and 7 days, at constant cyclic compression, 20%
strain for 20 cycles, a) GelNB-Silica, b) GelNB-MP-Silica (1:1), ¢c) GeINB-MP-Silica (1:2). Note, the different scale for y

axis for a). Error bars represent the SD (n=3).

All hydrogel formulations, for both ageing periods, dissipated higher energy during the first
cycle compared to the other cycles, suggesting that the first loading cycle caused some plastic
deformation and damage to the hydrogel structure (Figure 79) (326). For all formulations and
both ageing times, there was a significant decrease in hysteresis loss from the first cycle to
the second cycle. GeINB-MP-Silica (1:2) had a lower hysteresis loss between the first cycle
and second cycle (Figure 79c), compared to the other two formulations (Figure 79a and b),
and the curve remained plateaued until the final cycle. There was no significant difference in
energy dissipation beyond the second cycle to the final cycle in GeINB-MP-Silica (1:2),
indicating mechanical stability was achieved quicker than in GeINB-Silica and GeINB-MP-
Silica (1:1), as well as exhibiting good reversibility and preservation of its elastic nature

(326).
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An ordinary ANOVA test and Tukey’s multiple comparison were carried out, comparing the
hysteresis loss during the first cycle between formulations. After 1 day of ageing, the
hysteresis loss was significantly higher in GeINB-Silica vs GeINB-MP-Silica (1:1) [p<0.01]
and vs GeINB-MP-Silica (1:2) [p<0.001] (Figure 80a). Additionally, the hysteresis loss was
significantly higher in GeINB-MP-Silica (1:1) compared to GeINB-MP-Silica (1:2) [p<0.01]
(Figure 80a). After 7 days of ageing, the hysteresis loss on the first cycle was again
significantly higher in the GeINB-Silica compared to both GeINB-MP-Silica (1:1)

[p<0.0001] and GeINB-MP-Silica (1:2) [p<0.0001] (Figure 80b).
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Figure 80. Hysteresis loss from the first cycle of constant cyclic
compressive loading for three hydrogel formulations aged for a) 1 day
and b) 7 days. The points plot on each bar represent a repeat measure
and SD is shown (n=3). Non-significance is not shown, p<0.01 (**),
p=0.001 (**%), and p<0.0001 (***%).

Mechanical functioning of a hydrogel is a key criterion when selecting a material for bone
tissue engineering applications. Hysteresis loss reflects the potential of a material, in this case

hydrogel, to dissipate energy during loading and unloading cycles, and is viscoelastic in

210



nature (327-329). Therefore, hysteresis energy dissipation is likely dependent on the viscous
phases in bone (i.e. HO and collagen) (329). Furthermore, hysteresis loss provides a measure

of material toughness and resilience (330,331).

There is a higher amount of energy dissipated during the first loading and unloading cycle in
GeINB-Silica at both 1 and 7 days of ageing, compared to the Class II formulations. This
indicates that this material has the lowest resistance to permanent plastic deformation,
exhibiting less elastic and more plastic behaviour which results in increased energy
dissipation. Whereas the lower hysteresis loss in the first cycle of the Class IIs, particularly
GeINB-MP-Silica (1:2), demonstrates lower energy dissipation. Less energy dissipation
suggests a more elastic nature with the ability to return a larger proportion of energy stored
during compression. In the GeINB-MP-Silica (1:2), from the second cycle on, all subsequent
cycles followed a similar hysteresis loss value, indicating better reversibility and preservation
of its elastic nature compared to the other two hydrogel formulations (326). Covalent
crosslinks have previously been reported to impart high elasticity on hydrogels and a better
ability to recover to their original state after deformation, indicating potentially a higher
degree of MPTMS-facilitated covalent crosslinks in the 1:2 formulation, compared to the 1:1
(332). A hypothesised organic-inorganic structure for the three hydrogel formulations is

illustrated in Figure 81.
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Figure 81. Hypothesised organic-inorganic structure in the GelNB-Silica-based hydrogels, depicting only weak non-
covalent interactions in the Class I GelNB-Silica, but both weak non-covalent and MPTMS-facilitated covalent bonding in
the Class II hydrogels, with a higher degree of MPTMS-facilitated covalent bonding in the 1:2 formulation. Created on the
BioRender website (https://biorender.com) by the author.

The difference in crosslinking mechanisms within the hydrogels could be an explanation for
the differences in hysteresis loss. Covalent crosslinks, which are present in the Class II
hydrogels, have been reported to provide enhanced structural stability (333). This more stable
network could supply a better mechanism by which to dissipate energy, hence, a lower

overall energy dissipation.

More obvious hysteresis in the Class I suggests that it may be less suitable for loading
bearing applications requiring dynamic mechanical loads, when compared to Class 11
formulations (327). Class I hybrids only have non-covalent networks within their structure,
which include ionic interactions, compared to Class II hybrids which have both non-covalent
and covalent. Ionic interactions have previously been reported to rupture when stretched,
resulting in a large amount of energy dissipation and a large stress-strain hysteresis (334—
336). The hydrogels in the aforementioned studies are in tension, and this present study is

compression, and so this comparison should be interpreted with caution. However, Zhao et al.
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(337) demonstrated plastic deformation in a biopolymer alginate hydrogel with ionic
crosslinks but elastic deformation in the alginate hydrogel with covalent crosslinking,
supporting the conclusion drawn here. Slippage of the organic and inorganic phase in the
GeINB-Silica hydrogel when under load could also lead to more significant hysteresis of the
hydrogel, when compared to Class II formulations, limiting its mechanical stability (338).
However, all formulations do stabilise and elastically deform after the first cycle, suggesting

that the constant cyclic compressive tests should be repeated at a higher deformation.

Overall, the take home messages are that the Class II hydrogels were better than the Class I
hydrogel at dissipating energy, displaying more of an elastic nature. Additionally, ageing from
1 day to 7 days led to an overall increased hysteresis loss in all hydrogel formulations,

suggesting crosslinking and network structure changes over time.

4.3.5.3. Incremental cyclic compressive testing

The energy dissipation potential of the hydrogels was studied further by using another cyclic
loading-unloading test, however, this test was conducted with successive incremental strain.
An incremental cyclic compressive test was used, as unlike a constant cyclic compressive
test, it indicates the behaviour of a material under varying compressive loads. The data were
used to plot a cyclic envelope by identifying the highest point of stress for each cycle. The
elastic region and strain softening of the cyclic envelope were then determined by identifying
the yield point, shown as the dotted line, which is the point where strain continued to increase

but there was no increase in stress.
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All hydrogel formulations demonstrated non-linear elastic-plastic behaviour for every cycle
(Figure 82) (339). Typical stress strain curves are presented, which showed an increasing

plastic deformation throughout the mechanical test (Figure §82).
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Figure 82. Stress-strain curves for incremental cyclic loading of a) GeINB-Silica, b) GelNB-MP-Silica (1:1), and c) GelNB-
MP-Silica (1:2), aged for i) I day and ii) 7 days. The cyclic envelopes are shown, with the elastic region and strain softening
highlighted. The dotted vertical line represents yield stress (n=3).

For GelNB-Silica aged for 1 day (Figure 82a-i), the length of the elastic region was longer
when compared to 7 days of ageing (Figure 82a-ii). A similar trend is observed for GelNB-
MP-Silica (1:1) (Figure 82b). An increase in stress and decrease in strain at yield point at 7
days, compared to 1 day, for both GeINB-Silica and GeINB-MP-Silica (1:1) suggests that
ageing resulted in the hydrogels becoming stronger, as indicated by higher stress, and less
elastic, as indicated by a decrease in strain (Figure 82a and b). Again, this suggests that
changes in the hydrogel network and structure occur during ageing. However, this finding for
GeINB-Silica contrasts the results from the uniaxial compressive tests that suggested that
ageing did not result in increased mechanical properties. A reason for this could be the

different instruments used for the two respective tests introducing variations into
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experimental results. It is suggested that the uniaxial tests are repeated using the Bose
ElectroForce 5500 Test Instrument equipped with a 200 N load cell, as this has a higher

sensitivity compared to the uniaxial instrument used.

The strain at which the yield point occurred for GeINB-MP-Silica (1:2) was maintained from
1 to 7 days, therefore, sustaining its elasticity over time. However, the stress at which the
yield point occurred increased from ~2.2 kPa to ~6 kPa from 1 day to 7 days, respectively
(Figure 82c). This suggests that ageing resulted in a higher resistance to deformation and
increased strength. The yield stress values obtained were not comparable to those for bone
reported in the literature, where yield stress of bone specimens has been shown to be in the

magnitude of MPa (340).

There is a lack of studies in the literature using an incremental cyclic test for similar hydrogel
compositions and therefore, it is difficult to draw comparisons with the findings here.
However, Dong et al. (340) has reported increased plastic deformation in bone when
subjected to progressive loading cycles. Changes in the pre- and post-yield behaviour of
human cortical bone were observed when under progressive loading, and the typical stress-
strain curve of human cortical bone is similar to those here; with hysteresis curves shifting
horizontally as strain increases (Figure 82) (340). Plastic deformation in bone is associated
with microdamage, arising through the formation of ‘crosshatch’ type damages orientated at
~30—40° from the bone’s long axis within the tissue (329,341). Compressive cracking in bone
is also dependent on mineralisation, size, geometry and microstructure of the Haversian
systems — demonstrating the importance of replicating the structure of bone to fully mimic

the native tissue (341).
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4.3.6. Rheological properties of hybrid hydrogels

The rheological properties of the hydrogels were also determined by performing oscillation
rheometry. When conducting an amplitude sweep and frequency sweep, it is standard to first
perform the amplitude test in order to determine the non-destructive deformation range,
known as the LVE region, to identify a strain within this region for the frequency sweep.
However, an amplitude test will lead to irreversible damage and destruction of the hydrogel,
therefore, meaning double the number of samples would be needed to conduct both these
tests. As the GelNB used in this study was scarce, it was decided to first perform the
frequency test by using a frequency value predicted to be well within the LVE region so that
hydrogel samples could then be re-used for the amplitude test. However, it is crucial to
acknowledge that this would introduce a limitation into the study and so results are

interpreted cautiously.

G’ and G” are key concepts to understand when interpreting rheological data. G’ represents
the ability of a material to store energy deformation and describes the elastic/solid-like
behaviour of a material, whereas G” provides insight into the ability of a material to dissipate
energy and describes the viscous/liquid-like behaviour of a material (342). The balance
between these moduli gives an insight into the overall viscoelastic behaviour of a material

(343).

4.3.6.1. Frequency sweep (shear strain controlled)

A frequency sweep is used to investigate if a material behaves as a viscoelastic liquid or a
solid-like gel and provides information on the behaviour and inner structure of the hydrogels
(342,343). In a characteristic hydrogel-like material frequency sweep, G’ and G” remain

parallel across the frequency range; this was observed in GeINB-MP-Silica (1:1) aged for 7
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days, and both ageing conditions for GeINB-MP-Silica (1:2) (Figure 83) (343,344). However,
G’ and G” are not parallel in either GeINB-Silica aged conditions, as well as GeINB-MP-
Silica (1:1) aged for 1 day, suggesting that the response of the hydrogels is frequency-

dependent.

In all hydrogel formulations, the G’ values were higher than the G values over the entire

frequency sweep range. This confirmed the solid-/gel-like structure of all systems and that the

elastic behaviour is always dominant when a load is applied (Figure 83) (345-349).
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Figure 83. Frequency sweep shear strain controlled curves of a) GelNB-Silica, b) GeINB-MP-Silica (1:1), and c) GelNB-
MP-Silica (1:2), aged for i) I day and ii) 7 days. G’ and G’ are shown as a function of frequency. Mean values are shown

(n=3 [c-i; n=2]).

The higher G’ and G” values at 7 days of ageing compared to at 1 day indicated improved

stiffness as the hydrogel has aged (Table 5) (350).
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Table 5. G’and G” at 0.1 and 1 Hz, derived from a frequency sweep of three hydrogel formulations; GelNB-Silica (Class 1),
GelNB-MP-Silica (1:1) [Class II], and GeINB-MP-Silica (1:2) [Class II]. *Corresponds to the non-linear G as observed in
Figure 83b-i). Mean values are shown, along with SD (n=3 [c-i; n=2]).

0.1 Hz 1 Hz

Hydrogel Ageing time G’ G” G’ G”
formulation (day) (mean + SD) (mean + SD) (mean = SD) (mean + SD)
GelNB-Silica 1 5,957 £422 329+ 32 6,043 + 411 189 +27

7 17,167 £ 513 1,080 + 106 18,033 £ 751 791 + 84
GelNB-MP- 1 2,013 +£299 137+ 78 2,167 + 643 489 £ 671*
Silica (1:1) 7 11,450 + 420 779 £ 233 11,625 + 320 568 £ 295
GelNB-MP- 1 2,655+ 1,675 168 + 71 2,715+ 1,647 127 £ 36
Silica (1:2) 7 15,433 + 7,594 942 + 460 15,233 +£ 6,992 649 + 288

The non-linear G” seen in GeINB-MP-Silica (1:1) suggests the structure was not completely
developed and was unstable (348). However, by 7 days, it can be assumed that the structure
was further developed and more stable, due to the linear response, therefore supporting the

idea that the hydrogel’s structural integrity improved with time.

Jayash et al. (112) formulated a similar hydrogel system using silica synthesised from GLMS,
but with chitosan as the biopolymer and investigated the impact of ageing on mechanical
properties. Similarly, the G’ and G” values in the chitosan-silica-based hybrid hydrogels
increased at 7 days compared to when measured immediately after gelling, concluded to be as
a result of polycondensation of the silica network (112). The values obtained in this present
study were higher than the chitosan-silica systems, as the thiolated-chitosan-silica hydrogel
reached a maximum G’ value of 790 Pa after 7 days of ageing compared to >11,000 Pa for all
three GeINB-Silica-based formulations (112). The differences observed here could be
attributed to the higher proportion of silica precursor within the GelNB-Silica-based
hydrogels (160 mg/mL of PGMS) compared to the chitosan-silica hydrogels (50 mg/mL of

GLMY), leading to increased strength through a higher proportion of polycondensation of the
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silica network (112). Additionally, the G’ value of a pure GelMA hydrogel immediately after
gelling was reported to be 275 + 1 Pa, again lower than the 1 day values obtained here which
were all >1,000 Pa (351). However, it is suggested that the variation in ageing time could
contribute to the difference in G’ observed, and so for a direct comparison the rheological
properties of the GeINB-Silica-based hydrogels in the present study should be investigated

immediately after gelling.

4.3.6.2. Amplitude sweep (strain-controlled)
An amplitude sweep strain test, sometimes referred to as an oscillatory stress sweep, is used
to examine the viscoelastic behaviour of a material (342,345). It is used to identify the LVE
region — the region in which the sample is not destroyed with increasing strain (343). In an
amplitude test, there are two modes of controlling deformation: a strain sweep ‘strain-
controlled’ and a stress sweep ‘stress-controlled’ (343). Using a strain-controlled test will
result in results with varied stress, and vice versa (343). A strain-controlled mode was used
here as this was the test routinely run using the rheometer. Specific features of an amplitude
sweep indicate the properties of a material, for example:
e When G’ > G”, elastic response dominates over a viscous response and a material has
a gel-like solid structure
e When G” > G’, a viscous response dominates over an elastic response and material is
fluid
e A constant G’ with increasing strain is indicative of an elastic gel and,
e A crossover of G’ and G” indicates a material has viscoelastic properties and the
material begins to behave like a fluid (112,342,345).
The data showed that in all hydrogel formulations at both ageing conditions, G’ > G”,

confirming the gel-like structure (Figure 84) (345-347).
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Figure 84. Amplitude sweep strain controlled curves of a) GelNB-Silica, b) GeINB-MP-Silica (1:1), and c) GelNB-MP-Silica
(1:2), aged for i) 1 day and ii) 7 days. G’and G are shown as a function of strain. Mean values are shown (n=3).

At low strains in the Class II formulations aged for 1 day, G’ and G” are non-linear, showing
inconsistencies before forming the LVE region around 1% strain (Figure 84b-i and c-i). The
non-linear regions indicate that the hydrogel network may not be fully developed or there
may be incomplete gelation. By 7 days, the crosslinking within the network is more
developed, leading to a more stable network with a linear response to low strain (Figure 84b-
i1 and c-ii). This behaviour is not observed in either GeINB-Silica formulations (1 day vs 7

days), which suggests that by 1 day the hydrogel had gelled and stabilised.
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Both the G’ and G” LVE regions shift to higher values upon ageing in all three hydrogel
formulations, indicating increased stiffness at 7 days (Figure 84). This shift has been
previously reported to be a consequence of increased crosslinking and continued
polycondensation of the silica network (112,345). The strain at which the G’ LVE region

became non-linear remained similar for hydrogels aged for 7 days, compared to 1 day.

The crossover points, where G’ and G” intersect, indicate that all three hydrogel formulations
are viscoelastic. Before the crossover point, the hydrogel has a gel-like structure and acts as a
viscoelastic solid material, but when G’ and G” crossed over the hydrogels begin to flow and
demonstrate a dominant viscous behaviour (342,347). These intersection points remained
similar when aged for 1 day compared to 7 days in each hydrogel formulation (Figure 84);
this indicates that ageing did not impact the balance between the viscous and elastic
properties of the hydrogels. However, the crossover point was at higher strain for GeINB-
Silica and GeINB-MP-Silica (1:1) [y =>100%], compared GeINB-MP-Silica (1:2) [y =
<100%]; a higher deformation was therefore needed to transition GeINB-Silica and GelNB-

MP-Silica (1:1) to a viscous response, compared to GelNB-MP-Silica (1:2).

Jayash et al. (112) demonstrated a similar response in chitosan-silica hybrid hydrogels,
observing an LVE region at lower strain, followed by an abrupt decrease in the elastic
modulus and a crossover point at which the hydrogels became more viscous (112). The G’
and G” values obtained in the present study were higher (G’: ~10,000 Pa and G”: ~1000 Pa)
after 7 days of ageing [1% strain]) than those reported by Jayash et al. (112) (G’: ~500 Pa and
G”: ~10 Pa after 7 days of ageing [1% strain]) indicating a stiffer hydrogel. The crossover
point was at a lower strain in the GeINB-Silica-based hydrogels after 7 days of ageing

(~100% strain) compared to the chitosan-silica hybrid hydrogels (>500% strain); this
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suggests that the GeINB-Silica-based systems required a lower level of deformation for the
material to behave like a fluid (112). The interpretation of these data in the context of

application is key; the application of the chitosan-silica hydrogels was for drug delivery and

so high stiffness values are not crucial.

4.3.6.3. Single frequency time sweep — gelation

A single frequency and amplitude time sweep was conducted after 2 minutes of mixing
hydrogel starting reagents to determine microstructural evolution and gelation kinetics.
Initially during the time sweeps, G” was greater than G’, however, the G’ and G reached a
crossover point (represented by arrows in Figure 85) just after the test was started. This initial

G” > G’ indicates that at this point, the hydrogel was in its sol state (352).
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Figure 85. Single frequency time sweep showing gelatin kinetics of a) GelNB-Silica, b) GelNB-MP-Silica (1:1), and c)
GelNB-MP-Silica (1:2). The arrows represent the crossover point in each hydrogel formulation (n=3).

The crossover point in a single frequency time sweep can define the gelation time of a
hydrogel, suggesting that hydrogel gelation occurred almost immediately in all three
formulations (345). A sample of each hydrogel was kept outside of the rheometer and
observed using the tilt method, gelation was noted as a self-supporting hydrogel (151). At the
time of the crossover point on the rheological data, the hydrogel had not gelled using the tilt

method; the gelation time was ~12 minutes for GeINB-Silica and GeINB-MP-Silica (1:1),
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and 40 minutes for GeINB-MP-Silica (1:2) using this method (Figure 73). The crossover and
sharp increase of G’ and G” have previously been reported by Cai et al. (353) with the use of
TEOS in a biopolymer-silica hydrogel formed via sol-gel. However, the crossover point was
highlighted as sol particle condensation and a sol-gel transition, processes that would also be
occurring in the GelNB-Silica-based sol-gel systems (353). Therefore, the G” and G”

crossover point may not be representative of gelation to the point of a self-supporting

hydrogel, but instead more indicative of microstructural evolution and the point at which the

network structure begins to form.

In GelNB-Silica and GeINB-MP-Silica (1:1), both G’ and G” showed a sharp increase within
~100 seconds, with a more obvious increase in G' which resulted in the initial crossover point
(Figure 85a and b). The faster rate of increase of G’ and G” for GeINB-Silica and GelNB-
MP-Silica (1:1) (Figure 85a and b), compared to GeINB-MP-Silica (1:2) (Figure 85c),
indicates faster sol-gel reaction and gelation, and stronger gel formation (348,353). Dolinina
et al. (311) investigated the relationship between gelation time and hydrogel formation in sol-
gel synthesis, demonstrating that faster gelation led to the formation of hydrogels with more

condensed and rigid structures, with higher density and lower porosity.

The time sweep measurement of GeINB-MP-Silica (1:2) clearly showed lower G’ values
(Figure 85c¢), plateauing at ~0.1 Pa, whereas, for the other two formulations >1 Pa was
achieved by 250 seconds (Figure 85a and b). This observation indicates a lower gel strength
in GeINB-MP-Silica (1:2) and formation of a less condensed network and more flexible

structure by the equivalent time in the other two formulations (311,348).
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The time sweeps were conducted for each formulation in triplicate, however, there was poor
reproducibility in the rheological data. This, coupled with the initial crossover point of G’ and
G”, mean that a time sweep is not a reliable method to quantify gelation point in these
hydrogel formulations, but it does give an indication of the increase in viscosity, structural
development and strength over time. An alternative method, such as DLS, may be more

appropriate for gel formation analyses (354,355).

4.3.7. Architectural characterisation

4.3.7.1. CryoSEM

CryoSEM was used to investigate the 3D microarchitecture of hydrolysed and condensed
PGMS, gelled GeINB, and all three hydrogel formulations. Notably, the effect of sublimation
time on the final image was investigated with GeINB-MP-Silica (1:1) aged for 7 days and a
sublimation time of <6 minutes was found to result in inadequate structural information,
particularly at 30 seconds and 1 minute (Figure 86). Therefore, a sublimation time of 6

minutes was used for all further samples.
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Figure 86. Representative cryo-SEM images of the GeINB-MP-Silica (1:1) hydrogel aged for 7 days, with sublimation time
during sample preparation varied; a) 30 seconds, b) 1 minute, c¢) 2 minutes, and d) 6 minutes. Images were taken at

variable magnification (a) 20,000x, b) 25,000x; c) 35,000x; and d) 25,000x. All are shown with a 5 yum scale bar.

Upon examination with cryoSEM, it was observed that hydrolysed and condensed PGMS in
its gelled state formed a dense network with pore size <1 um in diameter (Figure 87a),
whereas irradiated, gelled GeINB, crosslinked with DTT produced a flake-like high density
polypeptide network with larger pores, up to ~10 um in size (Figure 87b) (356). The GeINB
structure is similar to other gelatin-based materials, such as GelMA, observed using cryoSEM

in literature (356—358). It should be noted that DTT was used here as the crosslinker because
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preparation of cryoSEM samples necessitated gelation of GeINB, which cannot be achieved

with MPTMS alone.
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Figure 87. Representative cryo-SEM images of the inorganic and organic component of the GelNB-silica-based hydrogels;
a) hydrolysed and condensed silica network from PGMS, and b) irradiated GelNB with DTT as the crosslinker (to ensure

gelation for experimental set-up). Images were taken at 10,000x magnification. Both are shown with a 10 um scale bar:

Hydrogel formulations aged for 1 and 7 days were also examined using cryoSEM (Figure
88). Overall, the inorganic silica phase was the dominant phase in the microarchitecture, as
the structures at both 1 day and 7 days more closely resembled that from hydrolysed and
condensed PGMS (Figure 87a). This was to be expected due to the higher ratio of inorganic

to organic in the hydrogels (40:60 wt% organic to inorganic).
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1 day

7 days

Figure 88. Representative cryo-SEM images of GelNB-Silica, GelNB-MP-Silica (1:1), and GeINB-MP-Silica (1:2), aged for
1 day and 7 days. Images were taken at 50,000x magnification. All images are shown with a 3 yum scale bar. Insets

demonstrate a magnified sample of the image.

After 1 day of ageing, all three hydrogel formulations had a dense network with aggregates of
spherical submicrometre-sized silica particles, with submicrometre-sized interstices forming
the pore structure (Figure 88). This microarchitecture has been observed in other silica-
containing organic-inorganic hybrid materials (359). The notable differences between the
formulations after 1 day of ageing were the silica particles appeared more discrete in GeINB-

Silica compared to the particles in the Class II hydrogels having a merged and less distinct

particle appearance (Figure 88).

By 7 days of ageing, the silica particles increased in size in both GeINB-Silica and GelNB-
MP-Silica (1:1), and remained discrete in the GeINB-Silica hydrogel and agglomerated in the

GeINB-MP-Silica (1:1) hydrogel (Figure 88). However, the microarchitecture of GeINB-MP-
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Silica (1:2) changed largely after ageing, exhibiting a more webbed network, composed of

agglomerated silica particles with large micrometre-sized voids (Figure 88).

Being able to control microarchitecture features of hydrogels within tissue engineering
constructs will allow for better control of cellular adhesion, proliferation, migration and
differentiation (1). Various pore sizes have been reported in the literature for BTE, ranging
from 20-1,500 um for scaffolds (360—366). The larger pores and more porous structure in
GeINB-MP-Silica (1:2) could have a more positive role on enabling initial cellular migration
into the hydrogel, however, the pores are <5 pm and so still far from optimum (20-1,500 pm)

for the required pore size for cell migration and bone formation (Figure §8).

4.3.8. Biological characterisation

4.3.8.1. Cell viability

The effect of hydrogel formulation on the viability of Saos-2 cells, commonly used to model
human osteoblasts, was investigated. Saos-2 cells were cultured on the surface of a tissue
culture plastic control, as well as the three hydrogel formulations, and a LIVE/DEAD assay
was used to visualise cell morphology over 7 days (Figure 89), as well as quantify cell

viability at 1 and 3 days.
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Figure 89. Representative confocal fluorescence microscopy images of 2D-cultured Saos-2 cells for LIVE/DEAD staining on
a tissue plastic culture control and three hydrogel formulations; GelNB-Silica, GeINB-MP-Silica (1:1), and GelNB-MP-
Silica (1:2) at 1, 3, 5 and 7 days of culture. Images were taken using 494/517 nm (excitation/emission [calcein, live]) and
528/617 nm excitation/emission [ethidium homodimer-1; dead]). An illustration of the live cells at day 7 is presented. Scale
bar = 100 pm (biological repeats n=2, technical repeats n=3 due to time constraints). Part of this figure was created on the

BioRender website (https://biorender.com) by the author.

The density of cells appeared to increase over the course of the 7 days of culture for all three
hydrogel formulations, as well as the control. There were a lower number of Saos-2 cells
visible on GeINB-Silica hydrogels, with a rounded morphology dominating for the 7 days of
culture. Saos-2 cells began spreading by day 3 on the Class II hydrogels and control, as
evidenced by their more elongated morphology. At day 5 this continued for GeINB-MP-Silica
(1:1) and by 7 days of culture on GeINB-MP-Silica (1:1), the cells appeared to have formed

an interconnected network with cells exhibiting both elongated and round morphology. With
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GeINB-MP-Silica (1:2), Saos-2 cells stopped spreading and began to aggregate in the
GeINB-MP-Silica at 5 days, continuing to 7 days. The shape of the aggregation of cells was
similar to the void formation in the image taken using cryoSEM for 7 day-aged GeINB-MP-
Silica (1:2) (Figure 88). Overall, the cells had a more aggregated formation on the Class II

hydrogels compared to the control and Class I GeINB-Silica.

The number of live and dead Saos-2 cells was quantified for day 1 and 3 only due to
difficulty distinguishing individual cells for counting at day 5 and 7 due to increased cell
number, spreading, and aggregation. All three hydrogel formulations had >70% mean cell
viability up to day 3 (Figure 90). International Organisation for Standardisation (ISO)
guidelines state that a material with cell viability <70% is considered cytotoxic, indicating

that all three formulations were not cytotoxic up to 3 days of culture (367).
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Figure 90. Saos-2 cell viability (%) from LIVE/DEAD at day I and day 3 of culture, the control
was carried out on tissue culture plastic. Images were taken using confocal fluorescence
microscopy and counted with Image J. The points plot on each bar represent the repeat measures
and the error bars represent the SD (biological repeats n=2, technical repeats n=3 due to time

constraints).

Additionally, there was no significant difference between cell viability of any of the hydrogel
formulations for day 1 or day 3 of culture, as well as no difference when compared to the
tissue culture plastic control. The mean cell viability on day 1 was higher for all three
hydrogel formulations compared to the control, however, the differences were not statistically
significant. The mean cell viability did decrease for the hydrogel formulations from day 1 to
day 3, although again, the decrease was not statistically significant. These results indicate that
the hydrogels were able to provide a non-cytotoxic environment that was similar to the

control for up to 3 days of culture.
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Metabolic activity of Saos-2 cells over a 14-day period was assessed using a PrestoBlue
assay. Metabolic activity, as measured by fluorescence (560/590 nm), increased over the
course of the 14 day culture period for the control, whereas the metabolic activity only began
to increase at day 14 for the cells cultured on the hydrogels (Figure 91). This was an
unexpected finding after having completed a LIVE/DEAD and actin/DAPI stain, which
showed cell viability and spreading. A reason for this could be the cell seeding density (2.5 x
10%) was too low which caused issues with sensitivity; future work should explore this

experimental technique but using a higher cell seeding density to be able to test this

hypothesis.
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Figure 91. Mean metabolic activity of Saos-2 cells cultured for 14 days on a control (tissue culture plastic), and three
hydrogel formulations; GelNB-Silica, GeINB-MP-Silica (1:1) and GelNB-MP-Silica (1:2). The points plot on each bar

represent a repeat measure and the ervor bars represent the SD (biological and technical repeats n=3).

4.3.8.2. Cell spreading and morphology
Actin/DAPI staining was used to qualitatively assess cell morphology and spreading of the
Saos-2 cells when cultured on the hybrid hydrogels (Figure 92). Up to 4 days of culture, the

Saos-2 cell morphology on the GelNB-Silica were mostly round and had no cell cytoskeleton
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organisation. By day 7 and 14, the cells showed cytoskeleton organisation but still less
confluence with respect to cell number and spreading, than in Class II hydrogels. The
organisation of the cytoskeleton of Saos-2 cells cultured on Class II hydrogels was visible by
day 1, particularly in GeINB-MP-Silica (1:2). Cells also demonstrated greater cytoskeleton
organisation and confluence by day 14, compared to GeINB-Silica, presenting with a greater
density of actin stress fibres by day 14. Hydrogel formulation also impacted cell density with
a higher cell density on Class II hydrogels after 14 days, compared to GeINB-Silica, forming
a confluent network of cells. The size of Saos-2 cells on the Class II hydrogels at day 14
appeared larger than those growing on the tissue culture plastic, although this was not
quantified beyond use of the scale bar. The lower cell density and less visible cytoskeleton
fibres qualitatively observed on the cells on GeINB-Silica, compared to a higher cell density
with significantly higher level of cell proliferation on the Class II hydrogels is a similar
finding to the results from the LIVE/DEAD. These results indicate that incorporation of a
covalent crosslinker between GelNB and Silica markedly facilitated cell adhesion and

proliferation on the surfaces of GeINB-based hydrogels.
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Figure 92. Actin/DAPI images of Saos-2 cells cultured for 1, 4, 7 and 14 days on three hydrogel formulations, GelNB-Silica,
GelNB-MP-Silica (1:1) and GelINB-MP-Silica (1:2) and a control (tissue culture plastic). Phalloidin was used to stain the
actin cytoskeleton and DAPI to stain the cell nuclei. Fluorescence images taken with confocal fluorescence microscopy of
actin and nuclei at 495/518 nm (actin) and 358/461 (DAPI). The images were collected with a magnification of 20x and the

scale bar = 50 um (biological and technical repeats n=3).

The difference in cell morphology, colony formation and cytoskeletal expansion seen
between the Class I and Class II hydrogels may be due to the differences observed in the
mechanical properties. In Section 4.3.5, a key overall finding was that the compressive

mechanical properties of the Class II hydrogels, namely the compressive strength and
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stiffness, increased over the course of the ageing period. Changes in the mechanical
properties of the GeINB-Silica hydrogel were more inconsistent; uniaxial compressive
mechanical properties were generally maintained until 7 days, at which point strength and
stiffness began to decrease. Whereas, the mechanical properties of the GeINB-Silica hydrogel
increased in the cyclical compressive and rheological tests. Differences in biophysical cues,
such as changes in stiffness, have been shown to impact cell spreading, differentiation and
migration (58—61). For example, a hydrogel with a varying stiffness gradient (20 kPa to 300
kPa) had the ability to induce different cellular differentiation depending on the stiffness
domain the cells were cultured on (57). The viscoelasticity of a hydrogel has been found to
promote and regulate the proliferation of cells (68,73). The mechanical remodelling involved
in hydrogels with faster stress-relaxing matrices has been shown to result in cell spreading,
proliferation, and matrix formation (68,69). This demonstrates how mechanical remodelling
in the Class II hydrogels could result in different cellular responses over time, compared to

the GelNB-Silica which did not undergo the same mechanical response.

Based on the results from the mechanical and biological studies, it is suggested that the
MPTMS-facilitated and silica-based covalent crosslinked network is continuously forming as
the Class II hydrogels age. In turn, this could be providing a dynamically changing hydrogel
system that results in developing mechanical properties which influence the biophysical cues

that cells are exposed to over time.

Alizarin Red S staining was used in an attempt to observe calcium deposition on the
hydrogels after Saos-2 cells were cultured for 14 days. Alizarin Red S is a calcium ion-
specific stain used to visualise and quantify deposition of calcium and mineralised bone

tissue. The aim was to stain the hydrogels and their blanks, which had been cultured under
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the same conditions but without cells, and then obtain the absorbance reading of the de-stain.
The ‘background’ absorbance from each blank would then be removed from the experimental

absorbance to show the absorbance from just the calcium deposition.

The results were unexpected as the blank hydrogels absorbed the Alizarin Red S stain which
meant when observed using fluorescent microscopy for qualitative analysis, they appeared
stained red (Figure 93b—d). This made it difficult to distinguish true calcium deposits.
However, it appears as though mineral content may be visible on GeINB-MP-Silica (1:1), due
to the difference in appearance of the texture of the hydrogel compared to its blank, however,
the stained background in the hydrogel made it hard to distinguish this difference (Figure
93c). The intention of including blank hydrogels was to ensure the absorbance values were
representative of the calcium deposits. As the hydrogels absorbed the stain, when de-staining
was conducted, remnants of the stain remained trapped and absorbed within the hydrogel.
Therefore, the ‘background’ from the control may not accurately reflect a true baseline and
introduces uncertainty into the use of this technique. This meant when calcium deposition

was quantified with absorbance values, the results were not reproducible.
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Figure 93. Representative images taken from Alizarin Red S staining of Saos-2 cells cultured for 14 days on a) control (tissue
control plastic, b) GelNB-Silica, c) GelNB-MP-Silica (1:1) and d) GelNB-MP-Silica (1:2). Insets represent the blank images
taken for each condition, where no cells were cultured. Images were taken at 10x magnification, and the scale bar represents

500 um (biological and technical repeats n=3).

The dyeing of the hydrogel with Alizarin Red S stain could be attributed to excellent dye
adsorption properties of silica due to the high specific surface area and surface charge (368).
Capeletti et al. (369) demonstrated the specific binding of the Alizarin Red complex with a
silica matrix to result in an encapsulated Alizarin Red species. Silica hydrogels are
hydrophilic and when left to swell in a dye solution, dye molecules can transfer from aqueous
solution and adsorb to the hydrogel surface through non-covalent interactions such as van der
Waals interactions or hydrogen bonding (370,371). Additionally, the complex compositions
of the culture medium used in the experiments could contribute to calcium ion-specific dye
adsorption in two different ways. The DMEM media used to synthesise the hydrogels

contains CaCl, which introduces calcium into the hydrogel, resulting in calcium-ion binding
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of the dye (310). The medium used for culture has also been supplemented with FBS, which
includes salts of calcium, and if not fully removed during washing could result in the stain
binding (372). These results highlight the limitations of Alizarin Red S staining when using

these GeINB-Silica-based hydrogels.

4.3.8.3. Cell migration

Light sheet fluorescence microscopy was employed to image hydrogels and investigate if
cells cultured on the surface were able to penetrate within the hydrogel. Images were
analysed to quantify cell migration and distribution. Images taken of GeINB-Silica had
notably fewer cells inside the hydrogel. Representative light sheet microscopy data are shown

in Figure 94.

After 7 days of culture, Saos-2 cells migrated within the hydrogels in all formulations (Figure
94). The maximum depth after 7 days of culture on GelNB-Silica was 1300 um, however,
only a few cells reached between 1,000—1,300 um in depth, with most cells’ location <800
um (Figure 94a). Cells migrated furthest in GeINB-MP-Silica (1:1), with a maximum
penetration depth of ~2,300 um and then ~1,500 um in GeINB-MP-Silica (1:2) (Figure 94b

and c).
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Figure 94. Representative light sheet fluorescence microscopy data for Saos-2 cells cultured on a) GelNB-Silica, b) GeINB-
MP-Silica (1:1) and ¢) GeNB-MP-Silica (1:2) for 7 days, showing i) a 3D scatterplot of cell location within hydrogel
samples and ii) the frequency of cells at a specific cell penetration. Note the different axis scale for different samples

(biological and technical repeats n=3)..
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Although there are a lack of studies reporting cell penetration for hydrogel systems similar to
those used in the present study, cell penetration has previously been achieved in PEG-based
hydrogels cultured with MSCs (373). The cells cultured on the GeINB-based hydrogels in
this present study were able to achieve further depth penetration, compared to the PEG-based

hydrogels (500 um after 10 days of culture) (373).

Additionally, the improved cell penetration in the Class II hydrogels, specifically GeINB-MP-
Silica (1:1), indicates that the inclusion of MPTMS-based covalent crosslinks is resulting in
properties that are better able to modulate cell invasion when compared to GeINB-Silica
(374). It has been suggested numerous times throughout this chapter that the Class II
hydrogels experience changes in their mechanical properties over time due to the evolving
MPTMS-facilitated and silica-based covalent network, which in turn, could impact the

biological properties and direct cell behaviour due to changes in biophysical cues (1).
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4.4.  Summary

The overall aim of this chapter was to improve the gelatin-based functionalisation reaction by
using click chemistry to synthesise an organosilane-functionalised gelatin-based product. The
use of a thiol-ene click chemistry reaction to couple GeINB and MPTMS, for use in GeINB-
Silica-based hybrid hydrogels was investigated. The optimum conditions for the thiol-ene
reaction were determined as a 2:1 thiol- to -ene ratio and 0.03 wt% LAP, under these

conditions the reaction reached completion in less than 30 seconds of irradiation.

The presence of MPTMS, forming a Class II hybrid, led to hydrogels with dynamic
mechanical properties that developed over time, specifically, an increasing strength and
stiffness. This indicates that the presence of covalent crosslinking in hydrogels plays a key
role in creating a hydrogel that mechanically evolves with improving structural integrity over
time. CryoSEM images showed that the hydrogels possess different microarchitectures and
revealed a texture resulting from a merged and less distinct particle appearance in the Class II

hydrogels, compared to the Class I hydrogel.

Biological studies revealed notable differences in Saos-2 cellular interactions with the
different hydrogel formulations. The incorporation of covalent crosslinks between GeINB and
silica seemed to markedly facilitate cell adhesion, migration and organisation. Light sheet
images revealed cellular penetration from the hydrogel surface, reaching depths up to

2,300 um after 7 days of culture. The results demonstrate the influence of hydrogel

mechanical properties on the regulation of cellular behaviour.
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CHAPTER 5. SUMMARY OF RESULTS AND

CONCLUDING REMARKS

5.1.  Summary of results
The aim of this thesis was to develop new organic-inorganic hybrid hydrogels for tissue

engineered in vitro models of bone using sol-gel processing.

The primary objective of the work described in Chapter 2 was to investigate the interaction of
gelatin (organic) with polyol-modified silanes (inorganic) when creating hybrid hydrogels.
The hydrogels employed GPTPGS as the crosslinker in Class II hydrogels; GPTMS is a
coupling agent extensively used in similar hybrid systems but was here modified with PG to
replace the methoxy groups in the silyloxy functionality. A variety of Class I and Class II
gelatin-silica-based hydrogels were fabricated and characterised with respect to their phase
separation, gelation properties and behaviour at different pH values. Phase separation,
precipitation and turbidity were common when mixing gelatin with polyol-modified silanes,
suggested to be due to unfavourable interactions between the components. These outcomes
were particularly prominent when the hydrogel formulations had similar proportions of the
organic and inorganic components, i.e. 40:60 or 60:40 (O:I). Here, controlling the reagent
concentration proved to be the most appropriate method to regulate phase separation. These
results, as well as the limited load-bearing capability of the hydrogels due to phase separation
and precipitation, confirmed the need to investigate the material interactions between the
organic and inorganic components in gelatin-silica-based hydrogel systems in more detail,

starting by focusing on the functionalisation reaction between gelatin and GPTMS.
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The primary objective of the work described in Chapter 3 was to study and optimise the
reactivity of epoxide electrophiles with gelatin. Significant challenges emerged during this
work, including solution gelation which was hypothesised to be as a consequence of
premature hydrolysis of the trimethoxylsilyl groups in GPTMS and condensation, pH
increase of the reacting solution over the duration of the functionalisation reaction which was
also suggested to lead to premature gelation of the reacting solution, and excess GPTMS and
reaction by-products remaining within the functionalised product. Therefore, dialysis was
utilised as an effective post-processing step to remove small-molecule impurities. To the best
of our knowledge, this is the first study to use dialysis to remove excess and undesirable
small-molecule by-products in GPTMS functionalisation of gelatin. Results indicated pH
played a key role in the efficiency of the functionalisation reaction and it is suggested that pH
also impacted the reactivity of the epoxide with amine and carboxylic acid nucleophilic side
chains in gelatin, and therefore, could influence position of conjugation on gelatin. It is
suggested that in mildly acid pH (~pH 5), the site of conjugation is predominantly on the
glutamic acid (carboxylic acid) residues of gelatin. At more basic pH (~pH 8), which
occurred when reactions ran for longer durations (>8 hours), reaction through the lysine
amino side-chain occurs. A degradation study revealed that when excess GPTMS was
removed from the functionalisation product via dialysis and Gel-GP was used to make a
hydrogel, there was no difference in degradation rate, as determined by mass loss, between
the dialysed hydrogel with the Class I hybrid. This raised questions around the efficiency of
the gelatin-GPTMS functionalisation reaction and the extent of GPTMS-facilitated crosslinks
in the organic-inorganic network. Insights on the functionalisation reaction mechanisms,
including issues around hydrolysis of trimethoxysilyl groups, allowed method optimisation to
extend the reaction time. Different solvents were used to perform the reaction and to extend

functionalisation time, in an attempt to increase the degree of functionalisation. A series of
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characterisation techniques, including titrations, were used in an attempt to further confirm
the position of conjugation of GPTMS on gelatin. As far as we are aware, this marks the first
use of a titration as a characterisation technique to indicate successful carboxylic acid
functionalisation of gelatin with GPTMS. By using DMSO as a solvent, it was possible to
extend functionalisation time up to 72 hours and alter the position of conjugation to involve
amine conjugation, again, attributed to the higher pH within this reaction (~pH 8). However,
the efficiency of the epoxide-based gelatin functionalisation reaction remained an issue and

confirmed the need to explore alternative routes for functionalisation of gelatin.

In Chapter 4, the primary objective of this work was to use a thiol-ene click reaction as an
alternative method to synthesise organosilane-functionalised gelatin for use in hybrid
hydrogels. The thiol-ene reaction conditions were investigated, focusing on irradiation time,
thiol- : -ene ratio and photoinitiator concentration; the reaction was complete in less than 30
seconds using a 2:1 (thiol- to -ene) ratio and 0.03 wt% of LAP. Hydrogels with two different
dH20:media (DMEM) ratios were used. Covalent crosslinking, facilitated by the MPTMS
organosilane, in Class II hydrogels resulted in dynamic mechanical properties over time. All
compressive and rheological tests demonstrated the compressive strength and stiffness of the
Class II hydrogels increased with ageing time. This was also observed in the Class I
formulation but less consistently. However, there was a lack of difference in the degradation
rate between the hydrogel formulations which was unexpected, and so, further studies

investigating degradation rate between formulations are suggested.

Higher Saos-2 cell spreading was observed on the Class II formulations using Actin/DAPI
staining and fluorescence microscopy. Additionally, Saos-2 cells migrated from the surface of

the hydrogels achieving penetration depths of up to ~2,300 um in a Class II formulation, as
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observed by light sheet fluorescence microscopy. Finally, cryoSEM revealed subtle
differences in the microarchitecture of the hydrogels: Class II hydrogels had a merged and
less distinct particle appearance compared to the Class I hydrogel, where the silica particles
appeared more discrete. We hypothesise that the dynamic mechanical properties of the
hydrogels and differences in microarchitecture influence cell attachment, migration,

spreading and location.

5.2. Limitations
Although the present work has provided valuable insights into hydrogel formulation, it is

important to acknowledge the need for further studies.

5.2.1. Materials used and their limitations

Gelatin and gelatin-based alternatives experience batch-to-batch variation in their
composition as they are naturally derived polymers, which affects difficulties in consistency
and controllability of material formulation (181,375). The use of alternative, less complex
naturally derived biopolymers, such as chitosan or synthetic peptides, could provide products
with more consistent physicochemical properties. Similarly, it is important to recognise the
reproducibility issues that could arise from the synthesis and use of PGMS in hydrogel
formulation. PGMS is hygroscopic and readily undergoes hydrolysis and condensation when
exposed to moisture in the air, which meant there could be variations in the chemical
structure due to inconsistent H>O content and variable crosslinking, ultimately impacting the
properties of PGMS and the subsequent hydrogels produced. Strategies were put in place to
enhance the reproducibility of PGMS, such as dispensing smaller volumes of synthesised
material from larger batches to minimise repeated exposure to moisture during handling, as

well as storing the PGMS under an argon atmosphere.
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5.2.2. Potential adverse cell-material interactions

Although Saos-2 cells are commonly used to model human osteoblast cells, instability has
been observed in Saos-2 cells in long-term culture (376). To lower the impact of variability in
cell behaviour from passage differences and maintain consistency, cell passage number was
<25 across and within cell culture experiments. It is recommended that future cell work
should be conducted using MSCs as they better mimic natural conditions and should provide

more relevant results (377).

5.3.  Concluding remarks

The findings from initial work described in Chapters 2 and 3, led to the development of an
alternative functionalisation method, summarised in Chapter 4; this work produced novel
MPTMS-functionalised GeINB for gelatin-silica-based hybrid hydrogels. The work presented
in this thesis supports the development of cleaner and quicker chemical reactions, such as
thiol-ene click chemistry, to modify biopolymers with an organosilane for use in hybrid
hydrogels. The formulated Class II hybrid hydrogels demonstrated some beneficial properties
for BTE, such as cell interactions, however, the low mechanical strength limits their
suitability and attempts should be made to improve this. This thesis presents the complexity
of developing hydrogels and the need to understand the chemistry involved in component
interactions. An interdisciplinary approach, including chemistry, materials science and cell
culture, was taken to gain a comprehensive understanding of the field of tissue engineering.
The pathway towards successful in vitro modelling for tissue engineering remains complex
and is one that requires thorough materials characterisation as the first step. Materials must
bio-physicochemically cue cells over a timescale that mimics the complexity of bone to
achieve successful bone tissue models; this includes dynamic and suitable mechanical

properties, porosity for cellular migration, and relevant biological properties that facilitate
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cell-material interactions and mineralised tissue formation. Material design must continue to
advance in order to achieve physiologically relevant tissue mimics as an ideal in vitro tissue

model for beneficial clinical application.
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CHAPTER 6. FUTURE WORK

To develop and build on the findings of this research, the following studies have been

identified as areas for further work:

CHAPTER 2

In Chapter 2, analysis of the interactions between gelatin and its derivatives with
silica precursors were performed qualitatively, involving visual observations and
assessments based on phase separation, precipitation and opacity. Therefore, it is
important that methods of characterising the interactions between gelatin and silica
are further developed to better quantify the nature of the interactions between the
inorganic and organic components in order to answer some of the uncertainties that
remain. Future work should use SAXS to quantify microstructure evolution and
evaluate the impact of varying the hydrogel formulation on phase separation within
each network by determining turbidity and scattering intensity. Such studies would
give a better understanding of the interactions between gelatin and silica and allow for

development of processes to address and improve the interactions.

CHAPTER 3

In Chapter 3, a variety of characterisation techniques (‘H NMR spectroscopy,
titrations and a ninhydrin assay) were used to analyse the product of the GPTMS
functionalisation of gelatin under different reaction conditions (i.e. using alternative
solvents and reaction durations). Future work should explore the use of dialysis to
remove excess reagents, as well as small-molecule by-products, from the alternative

functionalisation reactions and then freeze dry the dialysed solutions to analyse the
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products using "H NMR spectroscopy. These investigations would indicate whether or
not alternative reactions conditions can improve the extent of functionalisation
between gelatin and GPTMS. The products could then be used in hydrogels to repeat

the studies to determine if it leads to changes in mechanical or physical properties.

CHAPTER 4

Chemistry

The GelNB utilised within the GeINB-Silica-based hydrogels was supplied by an
external source (Claro™) and had a degree of substitution (DoS) of 65%. Therefore,
an important next step in the development of MPTMS-functionalised GelNB via click
chemistry is to investigate this reaction using GeINB with a different DoS to
determine if varying this has an impact on hydrogel properties.

There remains scope to vary the GelNB-Silica hydrogel systems beyond just GeINB
DoS. It is suggested that more in depth formulation studies are carried out, including
varying the O:I ratio, employing alternative thiol-containing organosilane crosslinkers
with different properties such as stimuli responsiveness, and using different polyol-
modified silanes, to investigate the impact of formulation changes on physical,
mechanical and biological properties.

Batch-to-batch variation is an issue with the use of gelatin and its derivatives. The use
of thiol-containing synthetic peptide hydrogels that are biologically relevant would
overcome this limitation and hopefully result in improved consistency and

reproducibility of these hydrogel systems.
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Physical

A lack of differences between Class I and Class II formulations with respect to
degradation rate was a common finding. As previously mentioned in Chapter 4, the
degradation studies should be repeated but the collagenase should be refreshed to
maintain its activity over time.

A single frequency sweep was used to investigate the hydrogel gelation kinetics in
Chapter 4, however upon analysis it was not an appropriate test to use for these
hydrogel formulations. To further probe the hydrogel gelation kinetics, an important
future study is to use DLS to investigate the particle size, rate of hydrolysis and

condensation and gelation time of the hydrogels.

Mechanical

The intended use of the hydrogel formulations was for 3D bioprinting, and so more
comprehensive rheological measurements should be systematically performed. A
shear rate sweep to determine flow behaviour and a three-step flow test to determine
recovery of the microstructures when a stress is removed should be performed to test
the shear-thinning properties and thixotropic recovery time of the hydrogels,
respectively.

The mechanical tests (uniaxial, constant cyclic and incremental cyclic compressive
tests), described in Chapter 4, were conducted in air. The next steps are to repeat these
tests but under hydrated or submerged conditions at physiological temperature, to
study if the behaviour of the hydrogels alters in a ‘wet’ state. This would provide
further understanding of how the hydrogels would behave in environments more
representative of in vivo. This method could be further developed to test the

compressive properties of the hydrogels during enzymatic degradation.
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Biological

The PrestoBlue cell viability assay was conducted using a cell density of 2.5 x 10°
cells per well in a 96 well plate which gave low absorbance readings at day 1, 4 and 7.
It would be interesting to repeat this experiment with a higher cell density to examine
if the low absorbance readings at earlier time points were a consequence of a low cell
density and cells migrating through the hydrogels or if it was that cell viability took
>7 days to increase.

The mineralisation assay used here, Alizarin Red S staining, was not suitable for use
within the GeINB-Silica-based hydrogels due to the stain becoming entrapped within
the hydrogel structure. Future work should deploy other methods to quantify
mineralisation and calcium deposition, such as quantitative polymerase chain reaction

to analyse osteogenic marker genes (e.g. ALP, OCN and Runx2), X-ray diffraction

(XRD) to examine mineralised matrix, and SEM for visualisation of mineralised
structures.

In Chapter 4, the cells used for all cell culture experiments were immortalised Saos-2
cells. Future studies should repeat this cell work with MSCs, such as BMSCs, to
provide a more relevant and comprehensive understanding of cell interaction and
behaviour with the GeINB-Silica-based hydrogels. This work should include 3D cell
culture via encapsulation of cells within the hydrogels, as all work here was 2D cell

culture.

Application

The application of the hydrogels developed was for 3D bioprinting; however, it was
not possible to investigate this due to time constraints and so a key next step would

begin by determining the printing window for all hydrogel formulations, followed by
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a resolution test to work out the highest printing resolution that could be obtained.
Additionally, it would be interesting to print the hydrogel formulations within a
support bath to create more complex 3D structures, to then move onto cell
encapsulation within the hydrogel before printing to investigate the potential of the

3D structure for bone tissue engineering and in vitro modelling.
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APPENDICES

Appendix A

A.2.3.5. Degradation behaviour of gelatin-based-silica hybrid hydrogels

A.2.3.5.1. Change in mass

When considering the overall degradation rate per hour (%) for the 28-day period, it was
0.09% (GelMA-Silica), 0.07% (Gel-GPTPGS-Silica), and 0.06% (GelMA-GPTPGS-Silica),

with no significant difference between any of the formulations (Appendix Figure A.1)
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Figure A.1. Overall degradation rate / hour (%) for
GelMA-Silica, Gel-GPTPGS-Silica, and GelMA-
GPTPGS-Silica hybrid hydrogel formulations.
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Degradation rate was calculated by dividing the overall
mass lost (%) by the duration of the assay (hours).
Individual plots are repeat measures and error bars

represent the SD (n=3).
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All three formulations followed the same trend of a high degree of mass lost within the initial
degradation period (up to 24 hours), with 78.1% (GelMA-Silica), 76.5% (Gel-GPTPGS-
Silica), and 81.3% (GelMA-GPTPGS-Silica) mass remaining at 24 hours (Appendix Figure
A.2a). This is a degradation rate of 0.91% (GelMA-Silica), 0.98% (Gel-GPTPGS-Silica), and

0.78% (GelMA-GPTPGS-Silica) per hour within this 24-hour period.
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Figure A.2. Degradation rate / hour (%) for the distinct regions of the assay GelMA-Silica, Gel-GPTPGS-Silica, and
GelMA-GPTPGS-Silica hybrid hydrogel formulations; a) initial degradation rate, b) intermediate degradation rate and c)
plateau degradation rate. Degradation rate was calculated by dividing the overall mass lost (%) by the duration of either the

initial, intermediate, or plateaued region. Individual plots are repeat measures and error bars represent the SD (n=3).

This was followed by intermediate, slower degradation between 24 hours to 5 days, with a
degradation rate of 0.10% (GelMA-Silica), 0.04% (Gel-GPTPGS-Silica), and 0.08%
(GelMA-GPTPGS-Silica) per hour from 24 hours to 7 days (Appendix Figure A.2b). By 7
days, there was 63.4% (GelMA-Silica), 70.6% (Gel-GPTPGS-Silica), and 69.4% (GelMA-
GPTPGS-Silica) mass remaining. Finally, in the plateau region, the degradation rate slowed
to 0.05% (GelMA-Silica), and 0.01% (GelMA-GPTPGS-Silica) per hour but continued at the

same rate of 0.04% for Gel-GPTPGS-Silica), from 7 to 28 days (Appendix Figure A.2c¢).
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Appendix B

Table B.1. Gelatin-based GPTMS reactions in literature, with focus on reaction variables, length, temperature, source of gelatin, concentration of gelatin, GPTMS:gelatin, and solvent.

Reaction variables

Reaction | Temperature Source of Gelatin bloom | Concentration GPTMS: Solvent
length O gelatin of gelatin gelatin
(h) (Wt%)
Nelson et al. Jorl4 Bovine, Type 5 CFO0, CF250, CF500, HClg) (10 mM)
2021 (117) / A / CF750, CF1000
Balavigneswaran | Overnight 70 Poly(D,L- 10 “equal molar ratio” HClag) (10 mM)
et al. 2020 (191) lactide)-b- /
gelatin
Greenhalgh et al. 13 40 Porcine, Type 300 10 “addition of GPTMS to 92 PBS
2018 (193) A ul g'! of gelatin”
Connell et al. 48 40 5 “molar ratio of gelatin DO
2017 (114) monomer units to GPTMS
of 10”
/ /
Negahi Shirazi et 12 40 Type A 10 92 uL [GPTMS] per gram PBS
al. 2016 (203) / of GeIMA
Mahony et al. 14 40 Porcine, Type 100, 175 and 5 CF750 HClag)
2014 (190) A 300
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Tonda-Turo et 1 50 Porcine, Type 92 uL [GPTMS] per gram dH,O
al. 2013 (185) A of gelatin
Mahony et al. 14 Bovine, Type CFO0, CF100, HClag) (10 mM)
2010 (184) / A CF250, CF500,
CF1000,

CF1500, CF2000

288



Table B.2. Gelatin-based GPTMS reactions in literature, with focus on verification technique to determine successful

functionalisation.

Verification technique

FTIR NMR TGA DSC Ninhydrin
Nelson et al. v v v
2021 (117)
Balavigneswaran

v v v
et al. 2020 (191)
Greenhalgh et
al. 2018 (193)

Connell et al.
2017 (114)

Negahi Shirazi et
g \/
al. 2016 (203)

Mabhony et al.
2014 (190)

Tonda-Turo et
al. 2013 (185)

Mabhony et al.
v v
2010 (184)
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Figure B.1. 'H NMR spectra of starting reagents gelatin (D0, 400 Hz) and GPTMS (CHCls, 400 Hz), and
the progressing reaction at 1, 2, 3, 4 and 8 hours in HCl ), manually altering the pH to pH 4.9 (£ 0.02)
every 1 hour (DO, 400 Hz) [h = hours].
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Figure B.2. 'H NMR spectra of starting reagents gelatin (D0, 400 Hz) and GPTMS (CDCls, 400 Hz), and the
progressing reaction at 1, 2, 3, 4 and 8 hours in PB (D,0, 400 Hz) [PB = phosphate buffer, h = hours].
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Figure B.3. 'H NMR spectra of starting reagents gelatin (D0, 400 Hz) and AGE (CDCl;, 400 Hz), and the
progressing reaction at 1, 2, 3, 4, 8, 24, 48, and 72 hours in HClag) (D20, 400 Hz), manually altering the pH to pH 4.9
(£0.02) every 1 hour within the first 8 hours, and then every 24 hours onwards (h = hours).

292



Gelatin

AGE i,

1h m

2h

=

:

L ii
st

24 h

48 h

72 h

T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
68 66 64 62 6.0 58 56 54 52 50 48 46 44 42 40 3.8 36 34 32 3.0 28 26 24 22 20 18 16 14 12 10 08
f1 (ppm)

Figure B.4. 'H NMR spectra of starting reagents gelatin (D0, 400 Hz) and AGE (CDCl;, 400 Hz), and the
progressing reaction at 1, 2, 3, 4, 8, 24, 48, and 72 hours in PB (D>O, 400 Hz) [PB = phosphate buffer; h = hours].
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Figure B.5. 'H NMR of the Gel-GP product from PB reaction conditions and further dialysis reaction for 72 hours (D0,
400 Hz) [h = hours].
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Figure B.6. FTIR spectra of gelatin and GPTMS, as well as their products when
reacted in the three following conditions: HCl ), HCl g pH, and PB. Resonances
corresponding to Si—-O-Si and Si—-OH are noted (PB = phosphate buffer).
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Figure B.7. 'H NMR of the Gel-AGE product from HCl g pH reaction conditions and further dialysis reaction for 72
hours (D20, 400 Hz) [h = hours].
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Figure B.8. 'H NMR of the Gel-AGE product from PB reaction conditions and further dialysis reaction for 72 hours (D0,
400 Hz) [PB = phosphate buffer; h = hours].
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Appendix C

C.4.2. Methods
C.4.2.2. GelINB-MPTMS functionalisation reaction controls
C.4.2.2.1. Effect of removing LAP or MPTMS

The method in Section 4.2.2 was followed, but MPTMS or LAP was removed from the

reaction.

C.4.2.2.2. Effect of using oxidised MPTMS
MPTMS was mixed with H>O and left sealed for 24 hours to oxidise. The oxidised disulfide
was then used as usual in the GeINB functionalisation reaction, with aliquots taken at 10, and

30 seconds, as well as 1, 2, and 4 minutes for "H NMR spectroscopic analysis.

C.4.3. Results

C.4.3.1.4. GelINB-MPTMS functionalisation reaction controls

Control reactions were run to investigate the possibility of other reactions occurring in
parallel with the thiol-norbornene reaction. The control reactions included: (1) LAP-free
conditions, (2) MPTMS-free, and (3) using oxidised-MPTMS, i.e. the disulfide, instead of
MPTMS. There was no reaction between GeINB and MPTMS in the absence of LAP as
shown by maintenance of the alkene resonance at ou = 6.15 ppm (Appendix Figure C.1).
Therefore, the use of LAP is critical for the thiol-ene reaction to take place. LAP was selected
as the photoinitiator in this study due to its solubility in water, as well as its lower associated
cytotoxicity due visible light initiation and the lower concentrations needed when compared

to 12959, another commonly used photoinitiator that uses UV light and is not water soluble

(378,379).
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Figure C.1. 'H NMR spectra of GelNB reacted with MPTMS (1:2), without the
presence of LAP as a photoinitiator, for 4 minutes, 405 nm irradiation. Spectra
shown for starting reagents GeINB and MPTMS, as well as samples taken pre-
irradiation, and 10 and 30 seconds, and 1, 2 and 4 minutes of irradiation (D;O,

400 MHz) [min = minutes, s = seconds].

When GeINB was reacted with LAP, without the presence of MPTMS, the resonance at ou =
6.15 ppm decreased over time within the 4-minute reaction (Appendix Figure C.2a).
Therefore, it is hypothesised that GeINB and LAP react without the presence of MPTMS.
This is likely due to reaction of the alkene with itself to form long chain GeINB polymers.
However, the rate of reaction is slower, demonstrated through the slower consumption of the
norbornene alkene double bond responsible for the resonance at oy = 6.15 ppm and the
resonance still being present after 4 minutes (Appendix Figure C.2b). This information,
alongside the thiol-norbornene reaction data, indicates that GeINB favours the thiol-ene
reaction over polymerisation — shown by the faster consumption of the alkene in the thiol-

norbornene reaction.
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Figure C.2. a) 'H NMR spectra of GelNB reacted with LAP (0.3 wt%) for 4 minutes, 405 nm irradiation. Spectra shown for

starting reagents GelNB and LAP, as well as samples taken pre-irradiation, and 10 and 30 seconds, and 1, 2 and 4 minutes

of irradiation (D;0, 400 MHz) and b) Relative intensity of oy = 6.15 ppm signal (C=C) converted to % in GelNB and LAP
reaction with, and without, MPTMS (min = minutes; s = seconds).

Thiols are easily oxidised to disulfides. Hence, the importance of investigating the role

oxidised MPTMS could play in the thiol-norbornene reaction. When GelNB was reacted with

the disulfide (oxidised-MPTMS), thiol-norbornene characteristic spectral changes were

observed — complete loss of the resonance at 6u = 6.15 ppm and appearance of a new

resonance at oy = 2.70 ppm (Appendix Figure C.3). Full conversion of the alkene had

occurred by 30 seconds. It can be suggested that a disulphide is also a substrate for this

GeINB-MPTMS reaction leading to successful functionalisation.
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Figure C.3. '"H NMR spectra of GelNB reacted with oxidised MPTMS (1:2) in
the presence of LAP (0.3 wt%) for 4 minutes, 405 nm irradiation. Spectra shown
for starting reagents GelNB, oxidised MPTMS and LAP, as well as samples
taken pre-irradiation, and 10 and 30 seconds, and 1, 2 and 4 minutes of

irradiation (D;0, 400 MHz) [min = minutes, s = seconds].
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Figure C.4. '"H NMR spectra of GelNB reacted with varying ratios of DTT:GelNB, a) 0.25:1.00, b) 0.5:1.0, and ¢) 1:1, in the
presence of LAP (0.3 wt%) for 2 minutes, 405 nm irradiation. Spectra shown for starting reagents GeINB, DTT and LAF, as
well as samples taken pre-irradiation, and 10 and 30 seconds, and 1 and 2 minutes of irradiation (D>0, 400 MHz), and b)
Relative intensity of oy = 6.15 ppm signal (C=C) converted to % in GelNB and DTT reaction with, varying ratios of
DTT:GelNB (min = minutes, s = seconds).
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Figure C.5. Preliminary experiments showing GeNB-MP-Silica hydrogels of a
60:40 (organic:inorganic) formulation, mixed with DMEM:dH>O at a ratio of a)
1:0andb) 1:1.
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