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ABSTRACT

This research explores the development of composite silk hydrogels by
incorporating different types of silk nanoparticles and microfibres, including
Antheraea mylitta (Tasar) silk. The aim was to generate hydrogel composites
to ultimately modulate the mechanical properties of Bombyx mori (B. mori)
silk hydrogels and enhance cell attachment. B. mori silk lacks the arginine-
glycine-aspartic acid (RGD) sequence that is used for cell adhesion.
Therefore, introducing RGD-containing Tasar silk within B. mori hydrogels is
particularly interesting. This thesis investigated the mechanical properties of
silk hydrogels containing various nanoparticles including silica nanoparticles
(Chapter 2 and Chapter 3), B. mori and Tasar silk nanoparticles (Chapter 3)
as well as silk microfibres . These hydrogel composites were subjected to cell
adhesion studies, using DU-145 cells and induced pluripotent stem cell-
derived MSCs (iPSCs-MSCs). The research found that silk hydrogels loaded
with 5% w/v silica nanoparticles exhibited higher stiffness than those with
lower concentrations (Chapter 2). In Chapter 3, the results showed that silk
hydrogels functionalised with nanoparticles had similar stiffness but with
variations in stress relaxation while maintaining consistent cell attachment.
Silk hydrogels reinforced with B. mori and Tasar silk fibres enhanced short-
term cell proliferation and attachment, with Tasar silk microfibres being
particularly effective. However, cell attachment on silk hydrogels was still less
than on tissue culture plastic. Overall, this thesis generated composite silk
hydrogels using a spectrum of nanoparticles and silk fibres that in turn
modulated the mechanical properties and especially those hydrogels
reinforced with silk microfibres, promote short-term cell growth and adhesion.
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Chapter 1

Introduction
Chapter summary:

This chapter provides a general introduction to silk, including its structure and
properties. This chapter also describes hydrogels, and their application
especially, in tissue engineering. The impact of biomaterials including
nanoparticles and microfibres on mechanical properties and cell adhesion are
detailed too. This chapter also describes the general methodology used by
others and used in this thesis to generate silk hydrogels, nanoparticles, and
microfibres. The overall hypothesis of the thesis is introduced, along with

accompanying aims and objectives.

Synopsis

Tissue engineering is a multidisciplinary field dedicated to restoring functional
human tissues (Lee et al., 2014, Hubbell, 1995). While the human body
possesses some inherent self-healing capabilities, the success of tissue repair
varies depending on the type of tissue and the disease or severity of injury
(Lanza et al., 2020). A traditional approach in tissue engineering involves using
a combination of biomaterials, cells, and biological substances to orchestrate
tissue generation and integration in the host environment (Lee et al., 2014,
Hubbell, 1995). An important aspect of tissue engineering is the development
of biomaterials that can enhance regenerative processes by efficiently
transporting cells and therapeutic substances (Lee et al., 2014, Hubbell, 1995).
These biomaterials also serve as structural support, providing the necessary
mechanical properties for tissues. Ideally, these biomaterials should degrade
at a rate that aligns with the growth of new tissue (Lee et al., 2014, Hubbell,
1995).

Silk fibroin has emerged as an interesting material to address these limitations.

Silk offers the potential for customised materials with bespoke properties
through physical and chemical modification (Holland et al., 2019, Lujerdean et
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al., 2022). Silk has been adapted to create biomaterials for tissue engineering,
including hydrogels (Holland et al., 2019, Lujerdean et al., 2022). These silk-
based biomaterials possess a combination of desirable traits, including
biocompatibility, biodegradability, mechanical flexibility, and ease of
processing, making them attractive for designing hydrogels to support tissue
regeneration (Holland et al., 2019, Lujerdean et al., 2022).

Silk hydrogels are typically biocompatible and well-tolerated by living tissues,
with the added advantage of a very low immune response (Holland et al., 2019,
Lujerdean et al., 2022, Lyu et al., 2023). These characteristics makes silk
suitable for both implantation and interaction with cells. Furthermore, the
mechanical properties of silk hydrogel can be tailored to suit the requirements
of various tissues. Despite extensive research on silk hydrogels, there is still a
limited exploration of composite silk hydrogels containing different silk
nanoparticles and their effects on material mechanics and the biology (Holland
et al., 2019, Lujerdean et al., 2022, Lyu et al., 2023). Working with B. mori silk
hydrogels is challenging due to the absence of arginine-glycine-aspartic acid
(RGD) sequences necessary for integrin-mediated cell adhesion. Hence, silks
derived from non-mulberry A. mylitta (Tasar) silkworms, which contain the
RGD sequence, hold promise (Holland et al., 2019, Mandal and Kundu, 2008).
Therefore, the research aim was to create hydrogels functionalised with B.
mori and Tasar silks to investigate cell responses and compare them to

hydrogels prepared using silica nanoparticles as a reference.

Chapter 2 details the synthesis and characterisation of silica nanoparticles.
Porous and non-porous silica particles were synthesised using different
techniques. This chapter also details the production of physically cross-linked
3% wi/v silk hydrogels and creating silk hydrogel particle composites by
embedding low (0.1% w/v) and high (5% w/v) concentration of porous and non-
porous nanoparticles within silk hydrogels. The impact of silica nanoparticles

on the mechanical properties of silk hydrogels was determined.
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Chapter 3 covers the manufacture of nonporous Stober silica, B. mori and
Tasar silk nanoparticles, and their addition at low (0.05% w/v) and high (0.5%
w/v) concentrations to B. mori silk undergoing solution-gel transition. The
impact of nanoparticles on silk hydrogel mechanics was assessed using
rheology. In vitro studies involved two dimensional DU-145 cell culture on the
silk hydrogel composits, measuring cell viability, and attachment.

The final chapter (Chapter 4) investigated the influence of silk microfibres on
silk hydrogel mechanics and cell attachment. B. mori and Tasar silk microfibres
were synthesised and added to silk hydrogel at varying concentrations (2%
and 10% w/v). Induced pluripotent stem cells derived from mesenchymal stem
cells (iPSC-MSCs) are cultured on these hydrogels, and cell viability,
attachment and actin filament were assessed.

In summary, this thesis explores the potential of silk-based biomaterials,
specifically silk hydrogel, for ultimate tissue engineering applications. The
thesis addresses the limitations of existing biomaterials and investigates the
impact of silk nanoparticles and microfibres on material mechanics and cell

behaviour.

Background to thesis

1.1 Silk

1.1.1 Composition and structure of silk

Silk is a renowned textile celebrated for its notable attributes, encompassing
robust tensile strength, remarkable elasticity, lustrous sheen, and enduring
longevity. Silk exhibits pliability and possesses a moisture capacity regain
(Bandyopadhyay et al., 2019). Silk is classified into two types including
mulberry and non-mulberry (Figure 1.1 and Table 1.1). Out of these, four
types are commercially exploited: Bombyx mori (mulberry), Tasar (non-
mulberry), Eri (non-mulberry), and Muga (non-mulberry)(Bandyopadhyay et
al., 2019). Silk is made up of a spectrum of amino acids and has an
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amphoteric nature (Bandyopadhyay et al., 2019). The silk protein is normally
synthesised within specialised epithelial cells, then secreted into the lumen of
the silk gland, where the silk protein is stored until being spun into a fibre
(Zhang et al., 2009). The properties, structure, and composition of silk vary
based on their specific function and source.

Mulberry silkworms —=————————> Bombyx mori @ @
—~ Antheraea assama & ”
“‘\@W‘

Antheraea mylitta @—
Silk types Non-mulberry silkworms . i

Antheraea pernyi

- Samia ricini

Insect silk —_— Spider silk (spidroins) %ﬁm ?i"

Figure 1.1 Schematic representation of silk types including mulberry, non-
mulberry, and insect. Figure adapted from (Fazal and Latief, 2018)

Table 1.1 Type of silk including mulberry, non-mulberry, and insect,
characteristics of silk and food plant.

Type of silk Characteristics of silk Food plant

1. Mulberry silkworms

Bombyx mori -The cocoons are typically white or | Leaves of
off-white and have a consistent, | mulberry (Morus
oval, or peanut shape. alba)

- Silk is made up of two major
proteins namely silk fibroin and

sericin, which account for ~75%

13



and ~25% of the cocoon weight,

respectively.

2. Non-mulberry silkworms

Antheraea assama

-Cocoons are a bright brown
colour and possess a unique

natural shine

-The biophysical properties of
Muga silk include golden luster,
tenacity, and high absorbance of

ultraviolet radiation.

Terminalia
arjuna, Machilus
bomycina,
Ricinus
communis,
Euphorbia

pulcherrima

Antheraea mylitta

-Cocoons are usually larger and
more irregularly shaped.

-Fibres have a coarser texture and

a natural tan or brown colour.

Terminalia
tomentosa, T.
arjuna and

Shorea robusta

Antheraea pernyi

-Cocoons are natural golden or
beige color. It has a moderate
sheen and luster.

- Silk fibres exhibit high toughness
their

conformation

originating from a-
helix/random coil
structures and their micro-fibre

morphology.

Quercus,
Carpinus, and

Betula

Samia ricini

-Cocoons are generally small and
have a yellowish or reddish-brown

colour.

-Cocoon is composed of multiple
layers (5-6 layers) with an eclosion
hole located at one end.

Castor (Ricinus
communis),
Tapioca
(Manihot
esculenta),
Barara (Jatropha

curcas), and

14



- Cocoon contains various air gaps | Papaya (Carica

between the layers. papaya)

3. Insect

Spider - Spiders synthesize spidroins, a | Floral nectar,
class of proteins ranging from 250 | extrafloral

to 350 kDA, that create silk with | nectar, stigmatic
exceptional toughness due to their | exudate, plant
unique combination of robustness | sap, honeydew,

and elasticity. seeds

-Spidroins are made up of a core
that repeats and contains large
amounts of alanine, glycine, and
proline residues. This core is
surrounded by two distinct
terminal regions - the amino (N)

and carboxy (C) termini.

Non-mulberry silk cocoons are produced by a variety of silkkworm species that
feed on different types of leaves, including Antheraea mylitta (Tropical Tasar),
Antheraea assama (Muga), and Samia/Philosamia ricini (Eri) (Silva et al.,
2016) (Figure 1.1 and Table 1.1). Tasar silk is produced by various species of
wild silk moths, including Antheraea mylitta and Antheraea pernyi (Singh et al.,
2021) (Figure 1.1 and Table 1.1). Tasar silk cocoons are usually larger and
more irregularly shaped than those of mulberry silk. The fibres of tasar silk
cocoons have a coarser texture and a natural tan or brown colour (Anand et
al., 2021). The homodimer silk fibroin, with an approximate molecular weight
of 395 kDa has been elucidated in the context of tasar silk varieties (Kundu et
al., 2012). Examples were A. mylitta silkk has been used for biomedical
applications including corneal films (Hazra et al., 2016) or two-dimensional
matrices. For these studies A. assama and A. mylitta liquid silks were extracted
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directly form the silk gland and were mixed with cocoon silk fibroin from B. mori
(Kar et al., 2013).

Samia Cynthia (Eri) silk is produced by the Eri silkkworm, which is native to
India and other parts of Asia (Zhou and Wang, 2020). Eri silk cocoons are
generally small and have a yellowish or reddish-brown colour (Prabhakar,
2014, Zhou and Wang, 2020). Eri silk cocoon is composed of multiple layers
(5-6 layers) with an eclosion hole located at one end (Zhou and Wang, 2020).
In addition, the Eri silk cocoon contains various air gaps between the layers.
These air gaps play a crucial role in the multi-stage moisture transmission
process, resulting in the provision of a moisture buffer effect (Zhou and Wang,
2020).

Eri silk fibroin has been used as a biomaterial including supporting cartilage
(Silva et al., 2016) and osteoblast-like cells (Pal et al., 2013). Nonetheless,
the underexplored potential of utilizing Eri cocoons, and other non-mulberry
silks, as a fibroin source is primarily attributed to the absence of established
solubilisation methods involving conventional solvents (Silva et al., 2016).
Muga silk cocoons are a bright brown colour and possess a unique natural
shine (Freddi et al., 1994). The biophysical properties of Muga silk include
golden luster, tenacity, and high absorbance of ultraviolet radiation (Saxena
and Goswami, 2010, Kar et al., 2013). Muga silk cocoons have been used in
various formats for biomedical applications. For example, Muga silk films were
produced by isolating the liquid silk directly from the silk gland. Three Muga
silk films were used for supporting MG-63 human osteoblast-like cells (Kar et
al., 2013). Muga silk mats have been reported to serving as a biomatrix for the
immobilisation of cholesterol oxidase (Saxena and Goswami, 2010). Muga silk
fibroin is typically isolated directly in its liquid state from the silk gland due to
missing methodologies for re-dissolving spun silk from Muga silk cocoons (Kar
et al., 2013).

Besides insect silks (fibroins), spider silk is an important material within the
biomaterial community (Figure 1.1 and Table 1.1). Spider silk (spidroins) is a
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uniqgue material with outstanding strength and elasticity (Chung et al., 2012,
Bittencourt et al., 2022). Spider silks have gained recognition as promising
candidates for various biomedical and biotechnological applications, owing to
their unique ability to perform specific biochemical, mechanical, and structural
functions (Chung et al., 2012, Bittencourt et al., 2022). Spiders synthesize
spidroins, a class of proteins ranging from 250 to 350 kDA, that create silk with
exceptional toughness due to their unique combination of robustness and
elasticity (Chung et al., 2012, Bittencourt et al., 2022, Gu et al., 2020). These
spidroins are made up of a core that repeats and contains large amounts of
alanine, glycine, and proline residues. This core is surrounded by two distinct
terminal regions - the amino (N) and carboxy (C) termini. These two domains
are highly conserved throughout evolution and also do not contain any
repetitive sequences (Bittencourt et al., 2022, Gu et al., 2020). Spiders
produce distinct silk varieties from specialized abdominal glands, each tailored
for specific roles throughout its lifecycle (Bittencourt et al., 2022). Unlike
silkworms that can be easily farmed (i.e. sericulture), spiders are territorial and
cannibalistic prohibiting their farming and large-scale silk production. Instead,
heterologous expression systems typically using E. coli are used to generate
spider-silk inspired proteins (i.e. “mini-spidroins”). These mini-spidroins have
been used for biomedical applications including stem cell therapies (Zhang et
al., 2021c), extracellular matrix mimetics (Lynch et al., 2021), or drug delivery
systems (Numata and Kaplan, 2010).

Mulberry silk is the most well-known and widely used type of silk. The cocoons
of the domesticated silkworm B. mori are typically white or off-white and have
a consistent, oval or peanut shape (Babu, 2019). B. mori silk cocoons are
popular in scientific research due to their biocompatibility, biodegradability
(Holland et al., 2019), unique material properties (Rockwood et al., 2011),
genetic modifiability (Teramoto et al., 2018), sustainability (Habeanu et al.,
2023), and versatility (Wang et al., 2021).
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1.1.2 Bombyx mori silk cocoons

Bombyx mori (B. mori) silk is made up of two major proteins namely silk fibroin
and sericin, which account for ~75% and ~25% of the cocoon weight,
respectively. The virgin silk fibre also consists of 1.5 % fat and wax and 0.5%
mineral salts. (Kunz et al., 2016). Sericin is a glue-like hydrophilic globular
protein that surrounds the silk fibroin fibre. Sericin has antibacterial activity and
can absorb and remove water. However, sericin is typically removed through
a degumming process because sericin in combination with silk is known to
induce an inflammatory response. After degumming the water-soluble sericin
is removed resulting in a pure silk fibroin (Barajas- Gamboa et al., 2016). Silk
fibroin consists of a heavy chain of approximately 350 kDa and a light chain of
approximately 25 kDa, which is linked by a disulphide bond (Figure 1.1A). The
silk fibroin also contains the P25 glycoprotein with a molecular mass of 27 kDa.
The hydrophobic domains of the silk fibroin heavy chains contain Gly-X which
X can be alanine, serine, threonine, and valine repeat and can form antiparallel
B-sheets (Nguyen et al., 2019). The light chain is hydrophilic and unstructured
while the P25 protein is believed to play a significant role in maintaining the
integrity of the assembled silk complex (Nguyen et al., 2019). The silk fibroin
heavy chain folds into a beta-sheet, providing stability for silk and tensile
strength via hydrogen bonds between adjacent sheets (Holland et al., 2019,
Tomeh et al., 2019). The repeated alignment of these sheets along the length
of the silk fibre enhances its durability. The silk heavy chain has a block-
copolymer arrangement with alternating 11 amorphous and 12 crystalline
regions (Figure 1.1B) (Tomeh et al., 2019). The crystalline areas, which are
primarily composed of beta-pleated sheets, provide the silk fibre strength,
while the amorphous regions contribute to its flexibility and softness (Figure
1.1B) (Tomeh et al., 2019). Silk consists of two arrangements: silk | (soluble,
amorphous) and silk Il (insoluble, crystalline). Most of the silk | structure is
composed of random coils and a-helix, while B-sheets make up most of the
silk 1l structure. The silk Il structure can be induced by low pH, high
temperature and antisolvents. Importantly, the silk Il structure contributes to
the mechanical properties of silk (Tomeh et al., 2019).
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Figure 1.2 Schematic representation of silk structure. (A) The heavy chain
composition includes an N-terminus, B-sheets, Amorphous and C-terminus)
and a light chain linked via disulphide bonds. (B) Silkworm thread, fibril
structure and silk fibroin polypeptide chains. A — B adapted from (Tomeh et al.,
2019).

1.1.3 Antheraea Mylitta (Tasar) silk cocoons

Silk cocoons produced by Antheraea mylitta consist mainly of silk proteins,
similar to other types of lepidoptera silk. However, the unique composition of
fibroins can differ, resulting in varying properties of Tasar silk in comparison to
B. mori silk (Darshan et al., 2017). Fibroin is the primary structural protein in
A. mylitta silk, responsible for providing strength and durability to the fibre
(Darshan et al.,, 2017). The amino acid composition and protein structure of
Tasar Silk fibroin differ from that of B. mori. When compared to the amino acid
composition of B. mori silk fibroin, A. mylitta silk fibroin contains a higher
amount of alanine residues (Darshan et al., 2017, Holland et al.,, 2019).
Furthermore, A. mylitta silk contains aspartic and arginine amino acids, and 7
Arg-Gly-Asp (RGD) sequences of per silk fibroin molecule (Figure 1.2 A and
B) (Darshan et al., 2017, Holland et al., 2019, Datta et al., 2001). This specific
sequence is known to facilitate cell attachment (Darshan et al., 2017, Holland
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et al., 2019). Therefore A. mylitta is an interesting biomaterial for tissue
engineering (Darshan et al., 2017). A. mylitta silk also has key hallmarks that
are important for tissue engineering including minimal immune response
(Acharya et al., 2008b, Sen et al., 2021), good adherence of L929 murine
fibroblast adhesion (Acharya et al., 2008b), and growth of cells on or in silk
matrices (Acharya et al., 2008b). Therefore, Tasar silk is an interesting

biopolymer for tissue engineering.
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Antheraea mylitta Fibroin — Start:
10 20 30 40 50 60
MRVIAFVILCCALQYATAKNIHHDEYVDSHGQLVERFTTRKHYERNAATRPHLSGNERLV

70 80 90 100 110 120
ETIVLEEDPYGHEDIYEEDVVIKRVPGASSSAAAASSASAGSGQTITVERQASHGAGGAA

130 140 150 160 170 180
GAAAGAAASSSVRGGGGFYETHDSYSSYGSDSAAAAAAAAASGAGGRGHGGYGSDSAAAA

190 200 210 220 230 240
ARAAAAAAAAASGAGGRGHGGYGSDSAAAAAAAAAAAAAAGSGAGGRGDGGYGWGDGGYG

250 260 270 280 290 300
SDSGAAAAAAAAAAAAASGAGGRGDGGYGRGDGGYGSDSAAAAAAAAAAAAGSGAGGQAT

310 320 330 340 350 360
VVMDGAMAAMVLTRAQQQLAAAAAAASASGAGGSGGSYEWDYGSYGSDSAAAAAAAAAAA

370 380 390 400 410 420
AAGSGAGGVGGGYGRGDGGYGSDSAAAAAAAAAAAAGSGAGGRGDGGYGHGDGGYGSDSG

430 440 450 460 470 480
ARAAAAAAAAAAASGAGGRGDGGYGWGDGGYGSDPGAAAAAAAAAAAAASGARGRGDGGY

490 500
GSGSSAAAAAAAAAAASAARRAGHDRA

Antheraea mylitta Fibroin — END

Figure 1.3 Partial amino acid sequence of Antheraea mylitta silk fibroin (Datta
et al., 2001).

1.1.4 Research related to RGD (Arginine-Glycine-Aspartic Acid) binding
proteins.

Tissue engineering aims to create biocompatible 3D tissue structures for tissue
replacement. Peptide self-assembly emerges as an effective strategy in
constructing tissue structures and surface functionalities, with the arginine-
glycine-aspartic acid (RGD) family of peptides serving as a prominent ligand
for extracellular integrin receptors (Kumar et al., 2023 ). The structural and
sequential attributes of RGD peptides significantly impact their efficacy (Kumar
et al., 2023). Notably, the immobilization of RGD peptides into macro-porous

alginate scaffolds promotes cardiac tissue engineering, facilitating the
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formation of functional cardiac muscle tissue (Sondermeijer et al., 2017,
Shachar et al., 2011). In cardiac tissue engineering, RGD peptides contribute
to a biocompatible environment that enhances cell adhesion, organization, and
the development of functional cardiac muscle tissue (Sondermeijer et al.,
2017, Shachar et al., 2011). Furthermore, RGD-GO films exhibit the potential
for modulating tissue growth and morphology, particularly in engineering and
regenerating skeletal tissues (Li et al., 2016).

Additionally, RGD peptide-modified nano-drug delivery systems show promise

in tumor therapy by augmenting the targeting capability of nanocarriers for
drug delivery (Yin et al., 2023). These peptides and their derivatives serve as
ligands for integrin receptors, enhancing the direct targeting ability of
nanocarriers and improving the therapeutic effect of antitumor drugs (Yin et
al., 2023). The interaction between RGD peptides and integrin avb3 proves
crucial in inhibiting tumor cell regeneration and migration, inducing apoptosis,
and impeding tumor angiogenesis (Danhier et al., 2012). While these systems
exhibit the potential to minimize side effects and enhance antitumor efficiency

(Yin et al., 2023).
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Figure 1.4 Antheraea mylitta fibroin protein sequence structure (Datta et al.,
2001).

1.1.5 Properties of silk

1.1.5.1 Biocompatibility

Fibroin has been used in medicine for centuries, mainly as a suture material
(Holland et al., 2019). Silk sutures are used to this day, especially for specialist
wound closure where excellent fibre handling is critical (e.g. eye surgery).
Studies have demonstrated their high biocompatibility and immunological
compatibility when compared to other natural and synthetic suture materials
(Holland et al., 2019, Guidetti et al., 2022). Previous studies comparing the
effectiveness of different biomaterials used in medical applications have
consistently demonstrated that B. mori silk fibroin is at least as effective, and
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often more effective, than other synthetic materials and natural biopolymers
like collagen (Thurber et al., 2015). Demonstrating initial biocompatibility is the
critical first step in transitioning silk-based technologies from laboratory
research to practical clinical use (Holland et al., 2019).

B. mori silk fibroin is non-toxic (Tang et al., 2009), typically non-immunogenic
(Santin et al., 1999), and biodegradable (Sakabe et al., 1989), with minimal
adverse effects from degradation products (Yang et al., 2007). Silk has the
potential to trigger type 1 allergic response (Madden et al., 2020, Guidetti et
al., 2022). These reactions have been attributed to sericin contamination (i.e.
incomplete sericin removal). However, there are very few reported cases of
allergic reactions towards silk fibroin per se, suggesting that the material has
a low allergenic potential (Makatsori et al., 2014, Guidetti et al., 2022). Silk
fibroin is also used to create hypoallergenic clothing that can help alleviate
symptoms associated with conditions such as atopic dermatitis (Makatsori et
al., 2014). In clinical trials, silk has been explored as a surgical suture
application, using degummed B. mori silk fibres processed into knitted surgical
meshes or rope (Holland et al., 2019). Many studies report the use of silk in

pre-clinical studies.

In the field of biomedical research, fibroin has been extensively studied and is
well-tolerated in various formats, implantation sites, and timeframes (Holland
et al., 2019, Guidetti et al., 2022, Numata and Kaplan, 2010). For example,
silk-based electrospun artificial blood vessels were implanted under the skin
of rats, causing a mild inflammatory response and no substantial immune
reaction (Catto et al., 2015). In addition, fibroin hydrogels are well-tolerated in
the brain (Fernandez-Garcia et al., 2016, Phuagkhaopong et al., 2021,
Gorenkova et al., 2019). Successful long-term tests of fibroin demonstrate its
potential for various biomedical applications.
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1.1.5.2 Biodegradability

Various factors affect the rate and extent of degradation of natural polymers
(Cao and Wang, 2009). These elements encompass the structural and
morphological features of the polymers, their formats (e.g. fibres, films,
sponges etc.), along with their processing conditions (Cao and Wang, 2009,
Umuhoza et al., 2020, Arai et al., 2004). Furthermore, the specific biological
milieu at the implantation site and diverse mechanical and chemical stresses
also contributes and influence biomaterial degradation (Cao and Wang, 2009,
Lau et al., 2017). During biodegradation, various additional influential factors
come into play, including protease enzymes (Sun et al., 2021, Umuhoza et al.,
2020) and exposure to gamma radiation (Machnowski et al., 2013). These
factors collectively exert a significant impact on the behaviour of silk during the
biodegradation process, further underscoring the multifaceted nature of its

interaction with biological systems.

B. mori silk, being naturally biodegradable, presents significant advantages
(Holland et al., 2019). For example, silk offers a promising avenue for the
development of biodegradable materials for medical devices and packaging,
contributing to the reduction of environmental waste (Holland et al., 2019, Cao
and Wang, 2009). Silk fibroins obtained from B. mori silk cocoons are
promising because of their important characteristics, such as tensile strength,
adjustable biodegradability, hemostatic properties, lack of cytotoxicity, low
antigenicity and low inflammatory effects (Holland et al., 2019). These qualities
render silk materials appealing for biomedical applications (Holland et al.,
2019, Cao and Wang, 2009). Silk fibroins are enzymatically degradable that
are broken down by proteolytic enzymes (Cao and Wang, 2009, Piskin, 1995).
The degradation kinetics of biomaterials are crucial in their use for medical
purposes, particularly in vivo (Cao and Wang, 2009). The degradation rate
regulation is critical for functional tissue design, ensuring scaffold degradation
aligns with tissue growth (Cao and Wang, 2009, Bitar and Zakhem, 2014).
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1.1.6 Silk format and applications

Silk textiles are used clinically to treat dermatological conditions especially
atopic dermatitis (Fontanini et al., 2013) (Ricci et al., 2004). The silk minimised
mechanical irritation and modified surface chemistry creates antibacterial
properties ultimately reducing Staphylococcus aureus colonisation of the skin
(Inoue et al., 1997). However, other material formats have been explored
ranging from nanoparticles to 3D porous silk scaffolds (e.g. bone replacement,
tissue regeneration (Jiang et al., 2009)). In this thesis the focus were silk
hydrogels. An emerging research avenue is to use silk hydrogels to mimic the
tumour microenvironment in vitro. For example, a previous study evaluated silk
fibroin and chitosan scaffolds to stimulate the microenvironment of human
tumours in 3D using human non-small lung cancer A549 cells. A549 cells were
embedded within the silk fibroin and chitosan scaffolds and showed a great
capacity for tumour sphere formation. This in turn recapitulated biological and
morphological characteristics of in vivo tumours (Li et al., 2018).

B. mori silk fibroin can also be processed into a liquid form and used for 3D
printing of scaffolds (Wang et al., 2017). These scaffolds can serve as
frameworks for tissue regeneration, guiding the growth of cells and promoting
healing in damaged tissues (Wang et al., 2017). Silk fibroin from B. mori silk
can also act as a barrier or coating in various medical devices such as wound
dressings (Patil et al., 2020), and biosensors (Huang et al., 2018). Additionally,
silk fibroin can be processed into nanoparticles or microspheres to serve as a
vehicle for drug delivery (Seib, 2018, Huang et al., 2017, Wongpinyochit et al.,
2016, Zhao et al., 2015). These nanoparticles can encapsulate therapeutic
agents and release them at a controlled pace, enhancing drug efficacy and

minimizing side effects.

One of the major challenges in tissue engineering and regenerative medicine
is the diffusion phenomenon. Essentially, non-vascularised tissues have a
limited range for essential elements such as oxygen, nutrients, and metabolic

by-products to diffuse, beyond which cellular viability is compromised.
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Previous research has shown that silk fibroin is a promising material for
creating vascular grafts in preclinical animal models (Kiritani et al., 2020,
Enomoto et al., 2010, Tanaka et al., 2018). Due to the high biocompatibility
and biodegradability properties of silk, silk has also showen potential to serve
as nerve guides (Fornasari et al., 2020, Yan et al., 2022). For example, silk-in-
silk nerve conduit made from silk fibroin and spider dragline silk showed
comparable regenerative performance to autografts in treating peripheral
nerve injuries in animal modes| (Semmler et al., 2023). The result showed that
the silk-in-silk nerve conduit made from silk fibroin and spider dragline silk
showed a significantly faster functional regeneration compared to empty

conduits (Semmler et al., 2023).

Silk fibroin hydrogels have gained extensive utilisation in the field of tissue
engineering (Lyu et al., 2023) across a spectrum of applications,
encompassing the regeneration of cartilage (Chao et al., 2010), bone repair
(Shi et al., 2017), and cornea repair (Barroso et al., 2022). These B. mori
hydrogels have demonstrated efficacy in promoting cell activity and mitigating
factors contributing to tissue damage. In the realm of cartilage tissue
engineering, silk hydrogels prove advantageous by facilitating the
encapsulation of therapeutic agents for the treatment of chondritis and
incorporating biomaterials to bolster the regeneration of chondrocytes (Chao
et al., 2010).

1.2 Silk processing for biomaterials
1.2.1 Hydrogels

Several methods exist for hydrogel formation exploiting physical and/or
chemical crosslinking (Ahmed, 2015). Many materials used in the synthesis of
hydrogels are synthetic polymers from petrochemicals such as poly-
acrilamide, polymethacrylic acid or polyethylene oxide. However, natural
polymers are used too (e.g. cellulose, starch, chitosan, silk (Ahmed, 2015)).
Hydrogels synthesised from natural polymers have the advantage of typically
being biodegradable and environmentally friendly. (Ahmed, 2015). Hydrogels
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are applied across many applications and the medical applications are
particularly relevant for this thesis (e.g. contact lenses, a wound sheet, drug
delivery, tissue models etc). In the context of cancer three-dimensional models
using hydrogels are particularly useful (Vasile et al., 2020).

In tissues, cells typically interact with a three-dimensional extracellular matrix
(Chaudhuri, 2017). Extracellular matrix has physical and biochemical
properties which play a crucial role in cell behaviour regulation. To improve our
understanding of the impact of extracellular matrix on cell behaviour, hydrogels
have been developed to mimic extracellular matrix structures and mechanics
(Chaudhuri, 2017). One factor to be considered is the tissue mechanics of the
extracellular matrix and its impact on cell biology. For these hydrogel-based
culture substrates, hydrogel was demonstrated to influence cell migration,
differentiation and proliferation that were substrate-specific (Tibbitt and
Anseth, 2009).

1.2.1.1 Polymeric hydrogels

Hydrogels are hydrophilic polymers that have a crosslinked structure (Lu et al.,
2018). Most hydrogels are synthesised from polymers with an acid group in
their molecular chain that can be ionised (Ahmed, 2015). Therefore, when the
hydrogel is immersed in water, the hydrogen atoms in the polymer chain react
with water. This causes a positive charge (H3O") and a negative charge in the
polymer chain (Gun'ko et al., 2017). The negative charge of the polymer chains
creates a repulsion between the chains and forces the related chains apart.
Hydrogen atoms in the aqueous phase form hydrogen bonds with a negatively
charged polymer chains (Gun'ko et al., 2017). This mechanism ‘traps’ water
molecules within the hydrogel. However, the hydrogel is insoluble due to its
lattice structure. (Gun'ko et al., 2017). The capacity of a hydrogel to absorb
water depends on many factors, including the amount of hydrophilic group,
osmotic pressure, and pores between polymer chains of the hydrogel
(Ranganathan et al., 2018). The larger the gaps or porosity in the structure the
more water can ingress into the hydrogel.
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1.2.1.2 Silk hydrogels

An interesting biopolymer is silk. Silk-based hydrogels have emerged as
valuable substrates with diverse applications including biomedicine (Zheng
and Zuo, 2021), for example cell culture (Abbott et al., 2016, Osama et al.,
2018, Phuagkhaopong et al., 2021), tissue engineering (Osama et al., 2018,
Chao et al., 2010), and drug delivery (Haghighattalab et al., 2022, Seib, 2018).
Self-assembled silk fibroin has shown suitable mechanical properties,
adjustable degradation rates, straightforward manufacturing processes and
favourable response from host tissues after implantation in vivo, rendering
them highly appealing for various biomedical purposes (Lyu et al., 2023,
Kapoor and Kundu, 2016, Holland et al., 2019).

To formulate these silk hydrogels, silk proteins are often combined with either
natural or synthetic polymers (Holland et al., 2019, Zheng and Zuo, 2021, Seib,
2018). These hydrogel products can be broadly categorised into two main
groups based on their cross-linking mechanisms: physical and chemical
hydrogels (Holland et al., 2019, Zheng and Zuo, 2021, Seib, 2018). In physical
cross-linking, silk fibroin molecules assemble through non-covalent bonds,
giving rise to hydrogels via physical interactions such as hydrogen bonding
(Figure 1.5), hydrophobic interactions, electrostatic interactions, ionic
interactions, and chain entanglement (Holland et al., 2019, Zheng and Zuo,
2021). Common techniques for achieving physical cross-linking, in short
timescales, exploits ultrasonication, shearing, the application of electric fields,
temperature modulation, pH adjustment, and the use of organic solvents and
surfactants (Holland et al., 2019, Zheng and Zuo, 2021, Seib, 2018).
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Figure 1.5 Physical cross-linked silk hydrogel using ultrasonication technique.

In contrast, chemical cross-linking involves the formation of covalent bonds
between silk fibroin molecular chains, leading to the establishment of stable
cross-linking points and the development of a spatial network structure (Zheng
and Zuo, 2021). Hydrogels formed via chemical cross-linking typically exhibit
superior physical stability and mechanical strength compared to those created
through physical cross-linking. Common techniques for preparing chemically
cross-linked hydrogels include photopolymerisation, the use of chemical cross-
linking agents (e.g. creating di-tyrosine bonds), and enzyme-induced cross-
linking (Zheng and Zuo, 2021, Seib, 2018).

Silk hydrogels can encapsulate drugs or therapeutic agents, enabling
controlled release over time (Seib, 2018). For example, self-assembled silk
hydrogels were developed for breast cancer therapy and pre-clinical testing
(Seib, 2018). The study reported that locally injected silk hydrogels loaded with
doxorubicin showed excellent antitumor response in mice and reduced
metastatic spread in vivo (Seib, 2018). Another study assessed the use of self-
assembled silk hydrogels as a carrier for encapsulating two bioactive agents
aimed at enhancing the maxillary sinus floor in rabbits. The findings showed
that silk hydrogels have the potential to serve as an injectable medium for the
controlled delivery of multiple growth factors, offering a minimally invasive
method to facilitate the regeneration of irregular bone voids (Zhang et al.,
2011).
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In the specific context of this thesis, the ultrasonic method was employed for
the assembly of silk hydrogels. This method leverages ultrasound to
accelerate the intermolecular interactions within silk fibroin, inducing structural
changes that lead to the formation of physically crosslinked hydrogels (Wang
et al., 2008, Zheng and Zuo, 2021). Osama et al., a former member of the Seib
Lab, demonstrated the sonication-induced 1-5 % w/v of silk hydrogel using 30
% amplitude for 3 to 6 cycles (1 cycle consisted of 30 seconds on and 30
seconds off) could be used as a mesenchymal stem cell (MSC) delivery matrix
(Osama et al., 2018). The result showed that 3% w/v silk hydrogels provided
optimal support for MSC viability and distribution (Osama et al., 2018). In
subsequent studies this technique was also used in vivo. Here, the 4% w/v of
silk fibroin solution was sonicated for 15-45 seconds at 15 % amplitude to the
solution-gel transition in situ. Hydrogel formation was demonstrated to support
the de novo formation and migration of neuronal precursor cells within the
stroke cavity (Gorenkova et al., 2019). This study showed that self-assembling
hydrogels filled the stroke cavity with excellent space conformity and had no
adverse morbidity or mortality (Gorenkova et al., 2019). In addition,
Phuagkhaopong et al. demonstrated the impact of 4% wi/v of silk hydrogel on

MSC biology in two dimensions (Phuagkhaopong et al., 2021).

1.2.2 Nanoparticles

Nanoparticles have been widely used for managing the release of drugs and
transporting a wide range of therapeutic substances, including proteins,
peptides, and small molecules, to specific cells and tissues. Nanoparticles,
typically fall within the size range of 1 nanometer to 1,000 nanometers, and
are extensively investigated as promising vehicles for drug delivery with
several of these products licenced for use in humans (Pordevic et al., 2022).
However, also new materials are being investigated within this field, including
silks. Both B. mori and A. mylitta silkworms produce silk that can be processed
into nanoparticles for various applications, including drug delivery and tissue

engineering.
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1.2.2.1 Silk nanoparticles

1.2.2.2 B. mori silk Nanoparticles

Lately, fibroin has found increasing utility in nanoparticle formulation due to its
favourable characteristics for nanoparticle development (Baruah et al., 2020,
Zhao et al., 2015, Wongpinyochit et al., 2016, Seib, 2018). These
characteristics encompass high water solubility, biodegradability,
biocompatibility, ease of fabrication, suitability for freeze-drying, high efficiency
in drug entrapment, substantial drug loading capacity, the ability to control
particle sizes and release profiles, and the capacity for surface modification
(Baruah et al., 2020, Zhao et al., 2015, Wongpinyochit et al., 2016, Seib, 2018).

Similar to pure fibroin, silk nanoparticles have also demonstrated safety and
biocompatibility in a wide range of applications, both in controlled laboratory
settings (in vitro) and within living organisms (in vivo) (Baruah et al., 2020,
Zhao et al., 2015, Wongpinyochit et al., 2016, Seib, 2018). The earliest
formulation of silk nanoparticles was achieved through the desolvation method
(coacervation or nanoprecipitation) (Zhang et al., 2007, Wongpinyochit et al.,
2016). Subsequently, various methods have been developed including the ball
milling (Rajkhowa et al., 2008), bead milling (Kazemimostaghim et al., 2013),
salting out (Mathur and Gupta, 2010), and supercritical fluid (Chen et al.,
2018a). Each method possesses its unique advantages and drawbacks,
yielding nanoparticles of differing sizes. Therefore, the selection of the method
is crucial when formulating nanoparticles. In this study, the Matthew semi-
batch desolvation method was used for silk nanoparticle synthesis (Matthew
et al., 2020). The protocol was conducted using drop-by-drop
nanoprecipitation (Matthew et al., 2020). Silk nanoparticles manufacture with
the Matthew semi-batch format were consistent regarding particle attributes,
standardised, and enabled higher-throughput manufacture (Matthew et al.,
2020).

B. mori silk nanoparticles have been used as a drug delivery system, often for
the delivery of chemotherapy drugs. Chen et al. reported that indocyanine
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encapsulated silk fibroin nanoparticles resulted in high photothermal therapy
efficiency and potential as a delivery system for sustained cancer therapy
(Chen et al., 2018a). Pham et al. introduced and characterised three novel o-
mangostin loaded crosslinked silk fibroin nanoparticles for the cancer
treatment (Pham et al., 2019).

1.2.2.3 A. mylitta (Tasar) silk Nanoparticles

The silk fibroin obtained from the Indian tropical Tasar silkworm A. mylitta has
been used for the fabrication of nanoparticles (Subia et al., 2014, Kundu et al.,
2010). Tasar silk nanoparticles contain abundant aspartic and arginine amino
acids, which can form Arg-Gly-Asp (RGD) sequences. These sequences play
a crucial role in enabling the attachment of drugs and other molecules (Kundu
et al., 2010, Subia et al., 2014). Enhancing these nanoparticles with coatings
or the attachment of targeting molecules helps to effectively increase their
specificity and cell targeting (Kundu et al., 2010, Subia et al., 2014). Tasar silk
fibroin naturally contains RGD sequences, which interact with integrin
molecules on the cell surface, promoting enhanced cellular attachment (Kundu
etal., 2010, Subia et al., 2014, Holland et al., 2019). The incorporation of RGD
into this fibroin can improve cellular attachment (and hence targeting). First-
generation Tasar silk nanoparticles used liquid silk extracted directly from the
silk gland. This liquid silk was desolvated, employing dimethyl sulfoxide
(DMSO) as the desolvating agent (Kundu et al., 2010, Subia et al., 2014).
Kundu and colleagues observed that the release of VEGF from these
nanoparticles in vitro experiments exhibited a notably sustained pattern over a
period of three weeks, indicating the potential utility of these nanoparticles as
a vehicle for delivering growth factors (Kundu et al., 2010). In this thesis, Tasar
silk fibroin was prepared using Tasar cocoons rather than extracting the silk
from the silk gland of live silkworms (Dash et al., 2007). Tasar silk
nanoparticles were assembled using a NanoAssemblr microfluidic system.
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1.3 Silica nanoparticles

Over the past 10 years, mesoporous silica nanoparticles have been receiving
increasing attention for biomedical applications (Trewyn et al., 2007). With the
optimised mesoporous structure and high surface area, silica is widely used in
drug delivery systems (Tang et al., 2012). Mesoporous silica helps drugs
transported rapidly and specifically to the target organ. As a nanocarrier,
mesoporous silica nanoparticles have been widely explored (e.g. g bone,
tissue engineering, inflammation, diabetes, and cancer) (Tang et al., 2012).
The mesoporous silica synthesis is based on the formation of a liquid
crystalline mesophase of an amphiphilic molecule that serves as a template
for the polymerisation of orthosilicic acid (Trewyn et al., 2007). The synthesis
can be performed either in the acidic or basic state, and the source of the silica
can be fuming silica, sodium silicate or tetra-alkyl oxide silane (Trewyn et al.,
2007). The unique structure of mesoporous silica helps with efficient drug
loading and controlled release. The mesoporous properties include pore size,
porosity amount of drug loading, and surface properties (Jafari et al., 2019).
Control of particle size, shape, pore size and pore geometry are important for
biomedical applications (Narayan et al., 2018). Particle size and morphology
can be designed to spherical, rod- to wormlike structures by adjusting the
molar ratio of silica substrate and surfactant, pH control using base catalysts,
addition of a co-solvent or swelling agent, and the introduction of the organo-
alkoxysilane substrate during the reaction of co-condensation (Narayan et al.,
2018).

Silica-based nanoparticles have been used for various biomedical application
including bioanalytical formats (Wang et al., 2008), bioimaging (Selvan, 2010),
and controlled drug release and delivery (Yang et al., 2012) because it has a
unique optical property, low density, high surface area, high adsorption, and
low toxicity (Bitar et al., 2012).

Silica nanoparticles also have been used with hydrogels to increase their
mechanical properties. For example, a previous study used cellulose silica
nanocomposite aerogel to create strong hydrogels that were flexible, had a
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large surface area, and low thermal conductivity (Cai et al., 2012). Yang
synthesised hydrogels by exploiting in situ silica nanoparticle surface
polymerisation using poly (acrylic acid) chains. The results showed that high
silica nanoparticles cross-linking of the polymer improved the hydrogel stability
(Yang et al., 2012).

1.4 Silk microfibres

B. mori silk fibres have found diverse clinical applications, such as in the
production of knitted surgical meshes, silk sutures, and silk-based garments
for the treatment of dermatological conditions (Holland et al., 2019). An
engineered B. mori silk fibre framework, tailored to meet the mechanical
demands of a natural human anterior cruciate ligament (ACL), demonstrated
encouraging outcomes by facilitating the adherence, proliferation, and
specialisation of adult human bone marrow stromal cells (Altman et al., 2002).
These findings suggest its prospective utility as a biomaterial for the purpose
of tissue engineering ACLs (Altman et al., 2002).

The preparation of silk microfibres from 60-minute degummed B. mori and A.
mylitta (Tasar) silk fibres followed established protocols (Mandal et al., 2012).
The process of alkaline hydrolysis can break down proteins (Mandal et al.,
2012). Mandal and colleagues reported that the length of the silk microfibres
obtained through this process was inversely related to the duration of
hydrolysis (Mandal et al., 2012). The use of sodium hydroxide as an alkali
initiates the hydrolysis of amide bonds, resulting in the formation of carboxylic
acids and amines or ammonia, which can be detected by smell during the
reaction (Mandal et al., 2012). Silk fibres have been utilised to enhance the
mechanical properties of scaffolds due to their excellent mechanical
characteristics, biocompatibility, and ease of manufacturing (Tonsomboon et
al., 2017, Kim, 2021). Silk fibres are known to effectively reinforce and
substantially improve the mechanical attributes of scaffolds (Mandal et al.,
2012, Thu-Hien et al., 2018) and a few applications for hydrogels (Yodmuang
et al., 2015, Liu et al., 2019, Kim, 2021).
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1.5 Nanoparticles and microfibres composite silk hydrogels

Nanoparticle hydrogel composites have been used to modify construct
characteristics including mechanics, optics, and responsiveness. Polymers
used include collagen (Nam et al.,, 2016), alginate (Zhao et al., 2010),
polyethylene glycol (McKinnon et al., 2014), silk (Sood et al., 2019) and silicon
(Jaeger et al., 2013). Hydrogel particles can be magnetised by the
incorporation of magnetic nanoparticles, thereby facilitating separation and
recycling (Dannert et al., 2019). These composite systems have been
proposed for drug delivery applications or included in hydrogels for studying
their swelling properties. There are many types of nanoparticles hydrogel
composite described in the literature but in this thesis would focus on silica
(serving as a control) silk (breaking new ground) nanoparticles hydrogel
composite. Previous work investigated the adhesion property of colloidal
mesoporous silica nanoparticles embedded with poly-dimethylacrylamide
hydrogels (Kim et al., 2017). The result showed that mesoporous silica
nanoparticles enabled stronger adhesion between two hydrogels than the non-

porous silica nanoparticles (Kim et al., 2017).

The integration of silk fibres into hydrogel matrices has emerged as a strategy
for bolstering the mechanical strength of the hydrogel (Yodmuang et al.,
2015, Liu et al., 2019, Kim, 2021). Silk microfibres have demonstrated their
potential for fortifying hydrogel constructs (Yodmuang et al., 2015, Liu et al.,
2019, Xiao et al., 2018, Kim, 2021). These microfibres not only offer
mechanical support but also have a positive impact on the cellular behaviour
(Yodmuang et al., 2015, Liu et al., 2019, Xiao et al., 2018, Kim, 2021). For
example, the incorporation of 2% (w/v) B. mori fibers, each 500 ym in length,
into silk hydrogels resulted in an almost twofold increase in the mechanical
strength of the hydrogel. This augmentation offers mature chondrocytes a
structural and mechanical microenvironment conducive to robust cartilage

matrix deposition (Yodmuang et al., 2015) .

In this thesis both prostate cancer and stem cells were used to test the
hydrogel culture substrates. To appreciate the work of this thesis within the
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context of these cells, it is important to have a background regarding these
cells.

1.6 DU-145 (prostate cancer) cell line model

Cancer is one of the leading causes of mortality in humans (Zhang et al.,
2023). In the United Kingdom prostate cancer is the second most common
cancer in males after lung cancer and the mortality trend is increasing (Bray et
al., 2018). Several preclinical models for prostate cancer have been
established to elucidate the intricate mechanisms responsible for the
development of treatment resistance in prostate cancer (Namekawa et al.,
2019). Three prostate cancer cell lines created in the 1970s and 1980s,
specifically LNCaP (Namekawa et al., 2019), DU-145 (Mickey et al., 1977),
and PC-3 (Kaighn et al., 1979), remain widely employed in most published
research studies. Notably, the DU145 cell line originated from a metastatic
brain lesion of human prostate cancer, and like PC3 cells, DU145 cells are
refractory to hormonal treatment and do not express prostate-specific antigen
(PSA) (Stone et al., 1978). The DU-145 cell line possesses characteristics of
adenocarcinoma and is particularly valuable for prostate cancer investigations
because it can give rise to bone metastases in vivo models (Tae and Chang,
2023). The DU-145 cell line maintains its adenocarcinoma attributes, offering
the advantage of producing experimental results that better predict clinical
outcomes in human subjects (Tae and Chang, 2023). Nonetheless, the DU-
145 cell line is insensitive to androgens. It has the limitation of forming
osteolytic lesions, which restricts their applicability in research pertaining to
hormone-sensitive prostate cancer and osteoblastic bone lesions (Tae and
Chang, 2023). Overall, DU-145 cells remain a useful tool to study prostate
cancer. This opens opportunities to improve our cancer biology understanding
and, ultimately, options to treat this disease. Therefore, using DU-145 cells to

trial novel culture substrates is relevant and important.
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1.7 Induced pluripotent stem cell derived mesenchymal stem cell (iPSC-
Derived MSCs) model.

Mesenchymal stem cells (MSCs) are a group of adherent cells that can be
sourced from various locations, including bone marrow, adipose tissue, or
placental tissue. They can differentiate into different types of tissues, namely
bone, cartilage, and adipose tissues (Lee et al., 2023). However, MSCs
obtained directly from primary tissues have limited proliferative capacity and
tend to undergo replicative senescence during in vitro expansion, which
restricts their broader applications in clinical cell therapy trials (Bruder et al.,
1997). Additionally, the functional diversity within MSC populations has posed
challenges for standardisation in clinical settings (Costa et al., 2021), and
discrepancies arising during in vitro culture further complicate maintaining a
consistent source (Wagner et al., 2008, Larson et al., 2010). Furthermore, the
quality of MSCs can vary significantly among donors, making it challenging to
achieve uniform biological activity on a large scale or to standardise outcomes
in both clinical and preclinical studies (Wagner et al., 2009, Xin et al., 2010,
Viswanathan et al., 2014).

To address these challenges, recent research has shifted its focus towards
generating mesenchymal stem-like cells from pluripotent stem cells, including
embryonic stem cells, and induced pluripotent stem cells (iPSCs) (Zhang et
al., 2021a). iPSC derived MSCs, have been successfully created and exhibit
phenotypic and functional characteristics akin to traditional MSCs (Frobel et
al., 2014, Moslem et al., 2015). Therefore, iIPSC-MSCs are seen as an
alternative and more standardised source of MSCs, characterised by a higher
potential for ex vivo expansion (Frobel et al., 2014, Moslem et al., 2015).
Consequently, iPSC-MSCs have been employed in a wide array of cell therapy
trials, encompassing applications such as bone defect repair (Sheyn et al.,
2016), the delivery of prodrug-converting enzymes for cancer therapy (Ullah et
al., 2017), periodontal regeneration (Hynes et al., 2013), nerve injury repair
(Chen et al., 2019), and other personalised regenerative cell therapies (Lin et
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al., 2016). Therefore, these IPSC-MSCs are highly relevant for tissue
engineering. Therefore, the use of IPSC-MSCs in this thesis is timely.
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1.8 Hypothesis and specific aims

The overall hypothesis of this thesis is that incorporating nanoparticles and
microfibres to reinforce silk hydrogels allows tuning of bulk mechanics and cell
adhesion thereby controlling the cell-material interface. My working hypothesis
for this thesis is that the inclusion of nanoparticles and microfibres into
physically crosslinked B. mori silk hydrogels would alter the hydrogel
mechanics and modulate cell-cell attachment.

To test this hypothesis, | synthesised and characterised silica nanoparticles
(Chapter 2), silk nanoparticles (Chapter 3), silk microfibres (Chapter 4) and
embedded these within self-assembling silk hydrogels. In vitro experiments
were then conducted using DU-145 cells (prostate cancer cell line) (Chapter
3) and induced pluripotent stem cell-derived MSCs (iPSCs-MSCs) (Chapter
4), which were seeded onto silk hydrogel composites containing nanoparticles
and microfibres, respectively.

The specific aims of this thesis were:

(i) To create hydrogels functionalised with porous and non-porous silica
nanoparticles and determine the mechanical properties of these silk

hydrogel composites (Chapter 2).
Therefore, the objectives were:

(1) To synthesise and characterise non-porous and porous silica
nanoparticles in the size range between 100-150 nm.

(2) To determine the mechanical properties of silk hydrogel in the
presence of 0.1% and 5% w/v non-porous and porous silica nanoparticles.

(ii) To investigate the impact of self-assembly silk hydrogels

functionlised with nanoparticles on DU-145 cell adhesion (Chapter 3).

Therefore, the objectives were:
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(1)  Tosynthesise and characterise B. mori and A. mylitta (Tasar) silk
nanoparticles in the size range between 100-150 nm.

(2) To determine the mechanical properties of silk hydrogel in the
presence of 0.05% and 0.5% w/v of B. mori, A. mylitta (Tasar) silk and
nonporous silica nanoparticles.

(3) To determine the cell viability and cell attachment of DU-145 on

silk hydrogels with and without nanoparticles

(iii) To investigate the short-term impact of viscoelastic silk hydrogels

functionlised with silk microfibres on iPSCs-MSC adhesion (Chapter 4).

Therefore, the objectives were:

(1) To synthesise and characterise B. mori and A. mylitta (Tasar)
silk microfibres in the size range between 250-500 pym.

(2) To determine the mechanical properties of silk hydrogel in the
presence of 2% and 10% w/v of B. mori and A. mylitta (Tasar) silk microfibres

(3)  To determine the cell viability, cell attachment and cytoskeleton
structure of iPSCs-MSC on these silk hydrogel substrates

The result and discussion sections of Chapter 2 and Chapter 4 were
constructed separately, while Chapter 3 combined them due to the stylistic

requirements of the journal.
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Chapter 2

Manufacture of silica nanoparticles

Chapter summary:

This chapter was focused on the synthesis and characterisation of porous and
non-porous silica nanoparticles. All particles were characterised using
dynamic light scattering (DLS), nitrogen adsorption, Fourier-transform infrared
spectroscopy (FTIR), and scanning electron microscopy (SEM). Stober and
commercial SBA-15 silica nanoparticles were added to silk hydrogels to
determine the mechanical properties using rheology with concentrations of
0.10% and 5% w/v. Then, DU-145 prostate cancer cells were seeded on these
silk hydrogel composites, and the cell viability was measured using the 3-(4,5-
dimetylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) assay. In this
chapter, the amount of Stober silica nanoparticles that were added to silk
hydrogels was tested with DU-145 cells. In Chapter 3, the amount of Stober

silica nanoparticle was further refined using 0.05 and 0.50% w/v.

2.1 Abstract

Hydrogels provide a three-dimensional matrix that is promising for tissue
culture, for example in vitro dedifferentiation and organoid culture. However,
many in vitro systems lack both long-term stability and relevant mechanical
properties and thus provide a sub-optimal cell niche. One interesting strategy
to modulate hydrogel performance is to embed particles within hydrogels.
This study aimed to include silica nanoparticles into B. mori silk-based
hydrogels to permit tailoring of the mechanical properties and enhance cell
function, ultimately regulating cell biology. These silica particles were in the
100 to 400 nm size range and had a polydispersity index ranging from 0.02 to
0.49. All particles were characterised using dynamic light scattering, nitrogen
adsorption and scanning electron microscopy (SEM). Next, selected particles
were incorporated into the silk hydrogel. The non-porous and commercial
silica nanoparticles (SBA-15) were embedded both at 0.10 and 5 % w/v
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concentration. This was possible because sonication energy was used to
trigger the solution-gel transition of 3% w/v B. mori liquid. During the solution-
gel transition, particles were added to the system. All findings indicated that
the initial modulus (stiffness) of silk hydrogels was increased with increasing
concentration of both SBA-15 (2.11 vs. 1.48 kPa) and non-porous silica (2.14
vs. 2.05 kPa) nanoparticles. The half stress-relaxation time of silk hydrogels
was also increased with increasing concentration of silica nanoparticles.
These findings prove how silica nanoparticles impact the mechanical
properties of silk hydrogels.

2.2 Introduction

Tissue engineering has emerged at the intersection of biology, materials
science, and engineering, with the ambitious goal of developing functional
and viable replacements for damaged or diseased tissues and organs
(Caddeo et al., 2017). This multidisciplinary approach seeks to overcome the
limitations of traditional medical interventions by harnessing the power of
biomaterials to guide and support the regeneration of complex biological
systems (Caddeo et al., 2017).

Biomaterials play a pivotal role in many purposes, especially mimicking the
extracellular matrix (ECM), the intricate network of proteins and other
molecules that surround cells in native tissues (Boso et al., 2020, Xing et al.,
2020). They can create an environment that facilitates cell adhesion,
proliferation, differentiation, and ultimately, the formation of functional tissue
constructs (Xing et al., 2020). In recent years, the combination of biomaterials
and nanotechnology has led to innovative advancements in tissue
engineering and regenerative medicine. Silk hydrogels have emerged as a
versatile platform due to their unique biocompatibility, tuneable mechanical
properties, and controllable degradation kinetics (Lyu et al., 2023). These
attributes make silk hydrogels an attractive candidate for various biomedical
applications, ranging from wound healing to drug delivery (Holland et al.,
2019, Egan et al., 2022, Zheng and Zuo, 2021).
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Silk, a naturally occurring protein produced by silkworms and spiders, has
been utilised for centuries for its strength, durability, and luxurious texture
(Holland et al., 2019). In recent years, the unique characteristics of silk have
been harnessed to create biomaterials that hold promise for tissue
engineering applications (Lyu et al., 2023). Silk biomaterials possess a rare
combination of biocompatibility, biodegradability, mechanical versatility, and
processability, making them a compelling choice for designing hydrogel that
can effectively support tissue regeneration (Abbott et al., 2016, Holland et al.,
2019, Liu et al., 2022).

Silk hydrogel is biocompatible and well-tolerated by living tissues (Onder et
al., 2022). This hydrogel does not elicit strong immune responses (Onder et
al., 2022), making it suitable for implantation and cell interaction (Liu et al.,
2022, Lyu et al., 2023). Silk hydrogel possesses tuneable mechanical
properties. These hydrogels can be engineered to match the mechanical
properties of different tissues, providing the necessary support during tissue
regeneration (Phuagkhaopong et al., 2021, Bertsch et al., 2023, Su et al.,
2023). Silk hydrogel has been researched extensively and is effective in
engineering a variety of tissues in different cell types (Phuagkhaopong et al.,
2021, Abbott et al., 2016, Pierantoni et al., 2021).

Silica nanoparticles are generally considered to be biocompatible, and
extensive research has been done to understand their safety profile
(Mamaeva et al., 2013, Selvarajan et al., 2020, Lérida-Viso et al., 2023).
Silica nanoparticles can enhance the mechanical strength, stability, and
structural integrity of hydrogels (Cheng et al., 2021, Kharlampieva et al.,
2010, Mieszawska et al., 2010). These improved material properties in turn
are vital for creating silk hydrogel in tissue engineering and regenerative
medicine applications (Kharlampieva et al., 2010, Mieszawska et al., 2010,
Cheng et al., 2021). Silica nanoparticles can be functionalised to modify their
surface properties, such as charge, hydrophobicity, and bioactivity. This
allows for tailoring the interactions between the material and cells, influencing
cell attachment, proliferation, and differentiation. Investigating cell attachment
to a composite of silk hydrogel and silica nanoparticles can provide valuable
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information on the cytotoxicity and biocompatibility of the material
(Kharlampieva et al., 2010, Mieszawska et al., 2010, Cheng et al., 2021).

To further enhance the functionality and therapeutic potential of silk hydrogels,
the incorporation of nanoparticles has gained significant attention. The use of
silk hydrogels and silica nanoparticles, whether non-porous or porous,
presents exciting opportunities for creating biomaterials with superior
mechanical, biological, and chemical attributes (Cheng et al., 2021). This
innovative combination leverages the complementary benefits of silk-based
hydrogels and the distinct characteristics of silica nanoparticles, resulting in
the production of advanced materials with enhanced structural strength and
versatile functionalities (Cheng et al., 2021).

In this chapter, the first set of experiments explored the use of functionalised
silk hydrogels in conjunction with non-porous and porous silica nanoparticles
to study prostate cancer. For this experiment, the DU145 prostate cancer cell
line was used. Studying the interactions between cancer cells and
biomaterials, such as silk hydrogel with nanoparticles, can offer valuable
information about cancer cell behaviour. By examining how DU-145 cells
attach to this composite material, we can gain insight into the cellular and
molecular processes at work. In future, this research could potentially reveal
important signalling pathways, adhesion molecules, and other factors that
contribute to cell-material interactions.

The objectives of this work are divided into three parts including: (1) synthesis
of porous and non-porous silica particles using different techniques, (2)
physically cross-linked silk hydrogels synthesis, and (3) silk hydrogel particle
composites. First, porosity-tuned silica particles and silk nanoparticles were
synthesised. Next, the low (0.10% w/v) and high concentration (5% w/v)
porous and non-porous nanoparticles were embedded within 3% w/v of silk
hydrogels to alter the mechanical properties of silk hydrogels while Tasar silk
nanoparticles would be included to tune cell adhesion in chapter 3 of this
thesis.
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2.3 Materials and Methods
2.3.1 Synthesis of silica nanoparticles

2.3.1.1 Stober silica nanoparticles

Non-porous silica particles between 100-150 nm in size were synthesised
using the conventional Stober protocol (Khanna et al., 2018a). The Stober
silica protocol was modified into four different conditions.

Condition 1

In brief, 3.00 mL of 28% ammonium hydroxide (NH4OH) was added to 50 mL
of 95% ethanol and stirred for 5 min, followed by the addition of 1.50 mL of
tetraethyl orthosilicate (TEOS). The reaction was stirred at 18 °C for 18 h.
The silica product was collected by centrifugation at 48,384 x g at 20 °C for
15 min (Avanti™ J-E High-Performance Centrifuge, Beckman Coulter®,
California, United States). The solid white product was washed three times
with 30 mL of 95% w/v of ethanol and dried overnight in an oven at 80 °C.

Variations to this protocol included a reduction in reaction time from 12 h to 6,
3,and 2 h.

Condition 2
The Stober method uses ethanol for TEOS hydrolysis. To reduce the size of
silica nanoparticles, condition 1 was used but the volume of ethanol was

decreased to 25 mL.

Condition 3
TEQOS is a source of silica. To reduce the size of silica nanoparticles, condition
1 was modified by decreasing the TEOS volume from 1.50 mL to 1 mL.

Condition 4

Ammonium hydroxide acts as a basic catalyst of Stober silica reaction. The
amount of NH4OH is directly proportional to the size of silica nanoparticles
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(Greasley et al, 2016). Therefore, the NH4OH volume was reduced from 3.00
mL to 1.50 mL using 2-, 6-, and 12 h reaction times.

2.3.1.2 Mesoporous silica synthesis

2.3.1.2.1 The biphase silica synthesis

The synthesis of biphase silica particles with tuneable dimension and pore
size was described previously (Shen et al., 2014). In brief, to obtain three-
dimensional dendritic mesoporous silica nanoparticles with generational and
centre-radical mesoporous channels, a one-pot biphasic stratification
approach by continuous growth using the cationic surfactant
cetyltrimethylammonium chloride (CTAC) as a template, TEOS as a silica
source, triethanolamine (TEA) as a catalyst and organic solvent 1-octadecene
as an emulsion agent, was employed. A typical synthesis of the 3D-dendritic
mesoporous silica nanoparticles with three generations was performed as
follows:

First, 24 mL of (25% w/w) CTAC solution and 0.18 g of TEA were added to 36
mL of water and stirred gently at 60 °C for 1 h in a 100-mL round bottom flask,
then 20 mL of (20% v/v) TEOS in 1-octadecene was carefully added to the
water-CTAC-TEA solution and kept at 60 °C in a water bath while stirring. The
stirring rate was set to be ~ 150 rpm. The reaction was then kept at a 60 °C
constant temperature with continuous stirring for 12 h to obtain the first-
generation products. Next, the upper phase, 1-octadecene solution, was
completely removed and replaced with 20 mL of 20% v/v TEOS solution in
decahydronaphthalene to keep the same reaction conditions for another 12 h
for the growth of the second generation. For the third generation, the upper
oil layer was changed to a TEOS-cyclohexane solution, while the reaction
conditions were kept under the same conditions for 12 h. The products were
collected by centrifugation at 48,384 x g at 20 °C for 15 min and washed
three times with 30 mL of 95% w/v of ethanol to remove the residual
reactants. Then, the collected products were extracted with 30 mL of 0.60%
w/w ammonium nitrate (NH4NO3) ethanol solution at 60 °C for 6 h twice to
remove the template. This product was then lyophilised to obtain the final
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powder, which was stored at room temperature for the subsequent
experiments. The heterogeneous oil-water stratification reaction system
contains the TEOS solution as a silica source in a hydrophobic organic
solvent as the upper oil phase, while the lower oyster white phase is the
solution of the products, which contains CTAC as a template and TEA as a
catalyst.

To obtain porous silica particles with tuneable dimensions between 50 - 100
nm and pore size between 4 - 5 nm, wormhole silica was synthesised based
on Modller’s protocol (Mdller et al., 2007). MCM-41 type mesoporous silica
was synthesised based on Costa’s protocol (Costa et al., 2020).

Wormbhole silica

To create wormhole silica nanoparticles, a mixture of 10.50 mL of ethanol and
64 mL of distilled water was prepared. Next, 10.40 mL of 25% w/w CTAC was
added as a template. The molar ratio of TEOS to TEA was found to be an
important factor in determining the average particle size (Méller and Bein,
2017). In this study, 4.13 mL of TEA was added, followed by stirring at 25 °C
for 1 h. The solution was then heated to 60 °C and 1.45 mL of TEOS was
added, followed by stirring for 2.50 h. The silica product was collected by
centrifugation at 48,384 x g at 20 °C for 15 min. The solid white product was
washed three times with 30 mL of 95% w/v of ethanol and dried overnight at
80 °C in the oven. The silica template was removed by calcination at 550°C
for 6 h.

MCM-41 silica

In brief, 3.50 mL of 2 M NaOH solution was mixed with 480 mL of distilled
water. Then, 1 g of CTAB) was added to the solution. The solution was stirred
at 25°C overnight, followed by the addition of 5 mL TEOS. The reaction was
heated at 80 °C for 2 h. The silica product was collected by centrifugation at
48,384 x g at 20 °C for 15 min. The solid white product was washed three

times with 30 mL of distilled water and ethanol respectively and dried
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overnight at 80 °C in the oven. The silica template was removed by calcination
at 550°C for 6 h.

SBA-15 silica

Silica mesoporous SBA-15 was purchased from Sigma Aldrich (Sigma-
Aldrich, Merck Life Science UK Limited, Dorset, UK). The manufacturer’s
reported size of SBA-15 is less than 150 nm with a pore size of 10 nm and a
hexagonal pore morphology.

2.3.2 Particle size and zeta potential measurements by Dynamic Light
Scattering (DLS)

2.3.2.1 Particle size measurement

The particle diameter of the synthesised mesoporous silica nanoparticles was
determined by dynamic light scattering (DLS) measurements as detailed
previously (Das et al., 2014). Briefly, freeze-dried silica nanoparticles were
suspended in distilled water at 1 mg/mL, vortexed for 10 min, and sonicated
for 30 s using a digitally controlled probe sonicator (Sonoplus® HD 2070,
Bandelin, Berlin, Germany) fitted with a 23 cm long sonication tip (0.30 cm
diameter tip and tapered over 8 cm). After sonication, the size of nanoparticles
was measured using a Zetasizer Nano ZS® (Malvern Instruments, UK). The
refractive index of water was 1.33 and the viscosity of distilled water was 0.89
Pa-s. The temperature during this process was set at 25 °C and the data
analysis was performed in automatic mode using the instrument software. All
measurements were performed in triplicate with each of the triplicates

measured 5 times to obtain an average particle size measurement.

2.3.2.2 Zeta potential measurement
Zeta potential was measured with electrophoretic light scattering using
Malvern Zetasizer Nano ZS®. Distilled water was used as a medium. All

measurements were repeated three times, and average values were reported.
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2.3.2.3 Particle sedimentation

The sedimentation behaviour of the Stober silica particles was monitored with
condition 4 of non-porous silica nanoparticles in distilled water using the
method described previously (Maitz et al., 2017). Briefly, 10 mg/ml
nanoparticles were freshly prepared by vertexing and sonication at a 10%
amplitude prior to transferring 1.50 ml samples to UV cuvettes. Absorbance
due to nanoparticle-mediated light scattering was measured at different time
points (0, 30, 60, and 90 min) after silica resuspension using a Zetasizer
Nano ZS®. The refractive index of water was 1.33 and the viscosity of distilled
water was 0.89 Pa-s. The temperature during this process was set at 25 °C.
All measurements were performed in triplicate with each of the triplicates

measured 5 times to obtain an average particles size measurement.

2.3.3 Determination of the chemical structure of silica nanoparticles using
FTIR

The different functional groups on the surface of SiO2 nanoparticles were
based on (Feifel and Lisdat, 2011). Briefly, FTIR analysis was performed in a
TENSOR Il FTIR spectrometer (Bruker Optik GmbH, Ettlingen, Germany).
Silica nanoparticles were exposed to 32 scans for background and 32 scans
for the samples at 8 cm™' resolutions over the wavenumber range 400 — 4000

cm'. The silica nanoparticles were measured twice.

2.3.4 Nanoparticle morphology using scanning electron microscopy (SEM)

Silica nanoparticles were deposited on the high-purity conductive double-sided
adhesive carbon tape and pasted on an aluminium pin stub. Silica
nanoparticles (porous and non-porous) were sputter-coated with 15 nm gold
using an ACE200 low-vacuum sputter-coated (Leica Microsystems, Wetzlar,
Germany). Then, the specimen pins were inserted in the SEM analysis
chamber for imaging. The silica nanoparticles were measured using the
Quanta FEG-ESEM® (FEI Company, Hillsboro, OR, USA; now part of Thermo
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Fisher Scientific Inc., Waltham, MA, USA) with a 5-kV voltage at three
magnifications (5000x, 20,000x, and 40,000x).

2.3.5 Pore volume and surface area of silica nanoparticles using nitrogen
adsorption.

The surface area and pore size of porous silica nanoparticles were adjusted
based on previous studies (Moller and Bein, 2017). In brief, SBA-15 and MCM-
41 were characterised by nitrogen adsorption at 77 K using Quantachrome
Autosorb 1Q2® analyzer (Quantachrome Instruments, Boynton Beach, Florida,
USA). Before adsorption measurement, 200 mg of SBA-14 and MCM-41 were
degassed under vacuum at 200 °C for 18 h. Next, samples were outgassed at
room temperature. The sample characteristics were calculated and analysed
by ASiQwin software. The surface area of particles was analysed using the
Brunauer—-Emmett-Teller (BET) method while the pore volume was analysed
using Barrett-dJoyner-Halenda (BJH) method (Mdller and Bein, 2017).

2.3.6 Manufacture of silk hydrogels

2.3.6.1 Preparation of silk fibroin solution from B. mori cocoons

The silk fibroin solution was prepared as detailed previously (Wongpinyochit
et al., 2016). Briefly, B. mori cocoons were cut into 5 mm x 5 mm pieces and
degummed using 2 L of 0.02 M sodium carbonate solution at 100 °C for 60
min. The degummed silk fibres were cooled to room temperature, rinsed
three times with 1L of deionised water and dried in a fume hood overnight.
The dried silk was dissolved in fresh 9.6 M LiBr solution using 1g of
degummed silk fibre to 4 mL of LiBr at 60 °C for 3 h. This solution was
dialysed against 1 L of deionised water using a dialysis cassette (molecular
weight cut-off 3,500 Da) and the water was changed at 1, 3 and 6 h on the
first day, on the next morning and evening, and again on the following
morning. The silk solution was collected and centrifuged twice for 20 min at

5°C and 9.5000 x g. Next, the silk solution concentration was assessed by
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drying followed by gravimetric analysis. The resulting silk solution was
typically 4.50 % w/v and was stored at 4 °C until use.

2.3.6.2 Preparation of self-assembling silk hydrogels

The preparation of self-assembling silk hydrogels was described previously
(Osama et al., 2018). Briefly, 4 mL of 3% w/v silk solution was prepared and
transferred to 15 mL Falcon tubes. The sample was then sonicated using a
digitally controlled probe sonicator (Sonoplus HD 2070®, Bandelin, Berlin,
Germany) fitted with a 23 cm long sonication tip (0.3 cm diameter tip and
tapered over 8 cm) at 30% amplitude for typically 4 sonication cycles on ice
(one cycle consisted of 30 s on and 30 s off) to initiate the solution—gel
transition. Silk hydrogels containing nanoparticles were generated by adding
and mixing 0.10 or 0.50% w/v of silica, B. mori or Tasar silk nanoparticles to
samples prior to the completion of the solution—gel transition.

2.3.7 Mechanical properties of silk hydrogels with and without non-porous

silica nanoparticles analysis using rheology measurement.

In brief, samples were prepared in molds forming an 11 mm diameter with an
average thickness of 9 mm. The 1 ml of 3%w/v silk hydrogels with 0.10 and 5
% w/v of silica particles (porous and non-porous) or without silica
nanoparticles were prepared and equilibrated in 50 mL PBS overnight. The
hydrogels were then subjected to rheology characterisation (Haake Mars
(Liquid) Rheometer and Nicolet iS10 IR, Thermo Electron (Karisruhe), GmbH,
Germany) using a 20 mm diameter plate set to 25 °C and appropriate gap
size. The storage modulus (G’) was measured using a time sweep over a
strain of 0.01-100% at a frequency of 1 Hz. The stress-relaxation rate (G”)
was measured at a 15% strain to mimic the human extracellular matrix
(Chaudhuri et al., 2016). The stress relaxation was recorded every 10 s to a
total 500 s.
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Doping Method 1

The 3% w/w silk solution was sonicated as detailed above to induce the
solution-gel transition. Next, the silica powder was added to the silk sample
undergoing solution-gel transition. Then, the sample was mixed and

transferred to the molds.
Doping Method 2

Here, the silk stock solution doped with Stober silica and SBA-15 particles was
prepared first (Figure 4.1.). The sample was then subjected to sonication to
induce the solution-gel transition.
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} concentration and we need 3.33% of silk
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- 5% w/v was 250 mg/mL x 450 = 112.5mg/450
pL DI water (stock solution)
- 0.1% w/v : take 9 pL from stock solution + 441
plL DI water

Figure 2.1 Doping method of silk hydrogels incorporated with Stober silica and
SBA-15.

2.3.8 Secondary structure of 3% w/v silk hydrogels analysis using FTIR.

The self-assembling silk hydrogel secondary structure was assessed as
detailed elsewhere (Matthew et al., 2020). Briefly, 3% w/v silk hydrogels were
frozen overnight at -80 °C and lyophilised (Epsilon 2-4 LSCplus®, Christ,
Germany). The secondary structure of the dried silk hydrogel was analysed
with a TENSOR Il FTIR® spectrometer (Bruker Optik GmbH, Ettlingen,

Germany) using 128 scans at 4 cm™ resolutions over the wavenumber range
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400 — 4000 cm™'. The secondary structures were assigned as the detailed
previous (Matthew et al., 2020). Baseline and peak fit were corrected by
OriginPro 2021 software as detailed previously. The amide | region (1595—
1705) was identified and deconvoluted, as follows: 1605-1615 cm™" as side
chain/aggregated strands, 1616-1637 cm™' and 1697-1703 cm™" as B-sheet
structure, 1638-1655 cm™" as random coil structure, 1656-1662 cm™' as a-
helical bands and 1663-1696 cm™" as B-turns. The air-dried film was used for
a negative control and 70% ethanol-treated silk film was used for a positive
control.

Statistical analyses

Data were plotted and analysed as detailed previously (Totten et al., 2017).
Briefly, sample pairs were analysed by one-way ANOVA with Dunnett’'s
multiple comparison test (Prism 9.2.0; GraphPad Software Inc., San Diego,
CA, USA). Asterisks were used to denote statistical significance, as follows:
*P <0.05, **P < 0.01, ***P < 0.001. All data were presented as mean values +
standard deviation (SD). The number of independent experiments (n) is noted
in each figure legend.

2.3 Results

2.4 1 Silica nanoparticles characterisation

2.4.1.1 Non-porous silica nanoparticles

In Condition 1, the silica nanoparticles had an average size of 105 nm + 1.47
nm with a polydispersity (PDI) value of 0.13 + 0.01 (as illustrated in Figure
2.2). The average zeta potential value was -31.20 mV + 0.46 mV. When the
volume of ethanol was decreased in Condition 2, the size of the silica
nanoparticles increased significantly (403 nm + 5.55 nm) with a PDI value of
0.04 £ 0.03. The average zeta potential value was -41.83 mV £ 0.25 mV.
Under Condition 3, the silica nanoparticles were still significantly larger (146.9
nm = 13.05 nm) than in Condition 1, with a PDI value of 0.46 + 0.17. The

average zeta potential value was -36.83 mV + 1.16 mV.

55



However, the target size of silica nanoparticles was 150 nm. Therefore,
Condition 1 was further optimised by reducing the reaction time from 12 h to
6, 3 and 2 h (Figure 2.3). After a 12 h reaction time, silica nanoparticles had
an average size of 230.50 nm, a PDI of 0.06 and a zeta potential of -34.44
mV. A 6 h reaction time the average size was 216.80 nm with a PDI value of
0.02 and zeta potential of -29.37 mV. At the 3 and 2 h reaction times, the
particle size was 214.03 nm and 199.90 nm, respectively with PDI values
between 0.02 and 0.03 and zeta potential of -29.37 mV and -31.57 mV,
respectively.

From these experiments, all nanoparticles were still larger than the desired
150 nm. Therefore, a new condition was designed where the volume of
NH4+OH was reduced from 3.00 mL to 1.5 mL and 2, and 6 h of reaction time
was used (Figure 2.4). The Stober silica nanoparticles after the 2 h reaction
time had an average size of 176.30 = 37.37 nm, a PDIl of 0.49 + 0.28 and a
zeta potential of -33.34 + 8.32 mV. After increasing the reaction time to 6 h,
the particle size decreased to 122 + 22.68 nm with a PDI of 0.31 £ 0.17 and a
zeta potential of -37.79 £ 2.98 mV. The sedimentation behaviour of silica
nanoparticles showed that the size and PDI value were not significantly
different from time 0 (Figure 2.5).

— - — 0.8
500 - s 507
~ 400 £ 40
1 © S 0.6
£ 300 g -30 g
Q g S 04
o 200 8 -20 g
100 - - 3 10 0.2
0 0 0.0
1 2 3 1 2 3 1 2 3
Condition Condition Condition

Figure 2.2 Impact of reaction conditions on silica particle characteristics.
Stober silica nanoparticles properties, Condition 1 (same method as previously
studied (Khanna et al., 2018a), Condition 2 (decrease the volume of ethanol),
and Condition 3 (decrease of NH4OH volume). Data are presented as mean
+ SD, n=3 independent experiments.

56



400 -50

0.15
=40
£ 300 £ 0
S -30 = 0.10
= >
g 200 §-20 5
n g o 0.05
100 P -10
(]
0 N 0 0.00 .
2 3 6 12 2 3 6 12 2 3 6 12
(n=3)  (n=1) (n=1)  (n=1) (n=3)  (n=1) (n=1) (n=1) (n=3)  (n=1) (n=1) (n=1)
Time (hours) Time (hours) Time (hours)

Figure 2.3 Impact of time on Stober silica particle characteristics. Based on
condition 1 variations in reaction times range from 2 h to 12 h. The 12-hour
reaction time was detailed previously (Khanna et al.,, 2018a). Data are

presented as mean * SD. n numbers are shown on the abscissa axes.
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Figure 2.4 Impact of NH4OH reduction on non-porous silica nanoparticle
properties (Condition 4). Particle characteristics at the 2-, and 6 h reaction time

including particle size, PDI, and zeta potential value. Data are presented as

mean + SD.
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Figure 2.5 Sedimentation behaviour of Stober silica with decreased volume of
NH4OH after a 6 h reaction time (n=6). Data are presented as mean + SD.
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2.4.1.2 Synthesis of porous silica nanoparticles

The result showed that the wormhole silica nanoparticles had the smallest
size while MCM-41 silica nanoparticles had the biggest size. The wormhole
silica nanoparticles had an average size of 202.40 + 69.84 nm with 0.44 +
0.06 of PDI value (Figure 2.6). The zeta potential value was -17.84 £ 1.08 mV
(Figure 2.6). Next, Biphase silica nanoparticles had an average size of 324.90
+ 4.62 nm with a PDI value of 0.10 + 0.05 (Figure 2.6). The zeta potential
was -17.50 = 1.82 mV (Figure 2.6). The MCM-41 had the largest size which
was 906 + 236.50 nm with a PDI of 0.46 + 0.16 (Figure 2.6). The zeta
potential was -14.25 + 17.44 mV. For the commercial mesoporous silica
nanoparticles (SBA-15) the size was 3521 nm with a PDI value of 1 (Figure

2.6). The zeta potential value was -18.23 mV (Figure 2.6).
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Figure 2.6 Porous silica nanoparticle format. Wormhole, biphase, MCM-41,
and SBA-15 format. Data are presented as mean + SD.

2.4.2 Chemical structure of silica nanoparticles

The FTIR results from nonporous silica nanoparticles including Stober silica
nanoparticles produced using condition1 (Figure 2.7). Stober silica
nanoparticles Condition 1 with a decreased volume of NH4OH (Figure 2.8)
and porous nanoparticles showed the characteristics absorption peak
between 1065.64 — 1015.71 cm™' (Figure 2.9). This peak was assigned to Si-
O-Si asymmetric stretching vibration. However, the intensity of the peak for

58



wormhole and MCM-41 silica was substantially lower than biphase and
Stober silica due to the smaller presence of oxygen in the sample. The peaks

at 948.66 — 925.83 cm™' were indicated to Si-OH asymmetric stretching
vibration.
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Figure 2.7 Fourier transformed infrared (FTIR) spectra and peak assignment

of Stober silica nanoparticles produced using Condition 1 witha 12 h, 6 h, 3 h
and 2 h reaction time.
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Figure 2.8 Fourier transformed infrared (FTIR) spectra and peak assignment

of Stober silica produced using Condition 4 after 12 h reaction time, 6 h and 2
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Figure 2.9 Fourier transformed infrared (FTIR) spectra and peak assignment

of porous silica nanoparticles including SBA-15, wormhole, MCM-41, and

Biphase silica nanoparticles.
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2.4.3 The silica nanoparticle morphology

SEM images of non-porous and porous silica nanoparticles showed that the
Stober silica had a spherical shape (Figure 2.10). For the Stober silica
method Condition 1 with reduced NH4OH volume, the resulting particles had
a smaller size (96 -120 nm) than those synthesised using the original method
(particle size 248 — 302 nm). In contrast, the SBA-15 particles aggregated to
form a rod-like shape. The MCM-41 particles aggregated to form an
amorphous shape (Figure 2.11).

Nonporous silica nanoparticles

Condition 1

Figure 2.10 Scanning electron microscopic images (scale bar, 4 um; zoom, 2
pum) of silica nanospheres using the Stober method.
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Porous silica nanoparticles

SBA-15

Figure 2.11 Scanning electron microscopic images of porous silica
nanoparticles commercial porous silica nanoparticles (SBA-15) (scale bar, 5

pum; zoom, 4 ym) and MCM-41 (scale bar, 20 um; zoom, 4 uym).

2.4.4 The pore volume and surface area of silica nanoparticles

The pore volume and surface area of particles were determined using
nitrogen adsorption. The results showed the nitrogen adsorption-desorption
isotherm of MCM-41 (Figure 2.12) and SBA-15 (Figure 2.12). From the
Brunauer—-Emmett-Teller (BET) and Barrett-Joyner-Halenda (BJH)
measurement, the surface area of MCM-41 was determined to be 1.69 m?/g
with pore volume 0.00 cm?®/g while SBA-15 had a porosity of 0.49 m?/g with
pore volume 0.00 cm®/g. The pore size of particles was calculated using the
pore radius from the BJH method (Barrett et al., 1951). The SBA-15 and
MCM-41 had pore radius (r) of 32.72 A (3.27 nm) and 17.05 A (1.70 nm),
respectively. The Stober silica was classified as a type Il isotherm (Figure
2.12). This indicated that Stober silica was non-porous. Stober silica
presented a hysteresis loop which was classified to be an H1 type in the
range between 0.90 to 1 relative pressure. The hysteresis loop was indicative
of nanoparticle aggregation. From the BET and BJH measurements, the
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surface area of Stober silica was determined to be 20.25 m?/g with a pore
volume of 0.35 cc/g.
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Figure 2.12 Nitrogen adsorption and desorption isotherms of porous silica
and non-porous nanoparticles including MCM-41, SBA-15, and Stober silica.

2.4.5 The rheology of silk hydrogels in the presence and absence of non-
porous silica nanoparticles

The stiffness of 3% w/v silk hydrogels was compared with those silk hydrogels
that contained silica particles manufactured using Doping Methods 1 and 2.
The stiffness of silk hydrogels containing silica particles derived using Doping
Method 1 was 2.25 kPa. This value was higher than silk hydrogels containing
either Doping Method 2 Stober silica (2.10 kPa) or SBA-15 1.88 kPa (Figures
2.13 and 2.14A). For Doping Method 1 (Table 2.1), when the concentration of
Stober silica nanoparticle content was increased to 5%, the stiffness of the
hydrogel was 2.82 kPa. This value was the highest measured, followed by
hydrogels containing 0.10 % w/v Stober silica (2.31 kPa). The stiffness was
the lowest for a 5% w/v SBA-15 concentration (2.10 kPa) while silk hydrogels
with 0.10% w/v SBA-15 had a stiffness of 2.19 kPa (Figure 2.13). Doping
Method 2 using SBA-15 showed that the stiffness of the hydrogel containing
5% w/w SBA-15 was 2.11 kPa and thus substantially greater than hydrogels
containing 0.10 % w/v SBA-15 (1.48 kPa). Similar results were observed for
Stober silica where 0.10% w/w and 5% w/w resulted in 2.05 kPa and 2.14
kPa stiffnesses, respectively (Figure 2.14A and Table 2.2).

The half stress-relaxation time histogram and table content (Figure 2.15 and
Table 2.3) showed the same trend between silk hydrogels with SBA-15 and
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Stober silica. The half stress-relaxation time of silk hydrogels with 5% w/v of
SBA-15 (210.90 s) and Stober silica (244.90 s) was higher than either 0.10%
w/v of SBA-15 (84.99 s) or Stober silica nanoparticles (228.10 s) (Figure
2.15).
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Figure 2.13 Impact of Doping Method 1 on silk hydrogel rheological
properties. Rheological properties of viscoelastic 3% silk hydrogels with non-
porous silica nanoparticles and SBA-15 (porous silica nanoparticles) at a
concentration of 0.10% w/v and 5% w/v of nanoparticles. This figure shows
strain sweep, storage modulus (G’), and loss modulus (G”) curves (n=1

independent experiment).
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Table 2.1 Impact of Doping Method 1 on silk hydrogel rheological properties
of silk hydrogels with non-porous silica nanoparticles and SBA-15 (porous
silica nanoparticles) at a concentration of 0.10% w/v and 5% w/v of
nanoparticles including initial elastic modulus (stiffness) and half-stress
relaxation time. Data are presented as mean + SD, n = 1 independent

experiments.
Samples Initial elastic
modulus (kPa)

Silk hydrogel (control) 2.25

Silk hydrogel + 0.1% w/v Stober silica 2.31
nanoparticles

Silk hydrogel + 5% w/v Stober silica 2.82
nanoparticles

Silk hydrogel + 0.1% w/v SBA-15 2.19
nanoparticles

Silk hydrogel + 5% w/v SBA-15 2.10
nanoparticles

65



’(E —

o ) %i(l)knp%flrogels: Dt? 5 Silk hydrogels:

\!_/ 3 0.1% w/v Stober silica X @ Control

» ® 5% wlv Stober silica ~ SH+ 0.1% w/v of SBA-15

35 g 41 ® SH+ 5% wiv of SBA-15

S G’ closed symbols =

O °

o o3

e £ G’ closed symbols

o Y 1Y 1)

= % 2 eceecme “.&\
o © %
() [ 1

I I

= =}

£ c

1.0¢ 1.

] %)

7] o 1]

2| = P

7] 17} o’
3 > k5t ':\-a\\

@© ‘.""m ©

S €

— —_

o (o]
Z zZ

0.0 0.0
0 - 250 500 0 250 500
Time (second) Time (second)

Figure 2.14 Impact of Doping Method 2 on silk hydrogel rheological
properties. (A) stiffness and (B) stress relaxation time of viscoelastic 3% silk
hydrogels with non-porous silica nanoparticles and SBA-15 prepared
according to Doping Method 2 with different amounts of particles (n=1

independent experiments).
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Table 2.2 Impact of Doping Method 2 on silk hydrogel rheological properties
of silk hydrogels with non-porous silica nanoparticles and SBA-15 (porous
silica nanoparticles) at a concentration of 0.10% w/v and 5% w/v of
nanoparticles including initial elastic modulus (stiffness) and half-stress

relaxation time. Data are presented as mean £ SD, n = 1 independent

experiments.
Samples Initial elastic
modulus (kPa)
Silk hydrogel (control for Stober 2.06
silica)

Silk hydrogel + 0.1% w/v Stober silica 2.01
nanoparticles

Silk hydrogel + 5% w/v Stober silica 210
nanoparticles

Silk hydrogel (control for SBA-15) 1.88

Silk hydrogel + 0.1% w/v SBA-15 1.49
nanoparticles

Silk hydrogel + 5% w/v SBA-15 211
nanoparticles
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Figure 2.15 Impact of particles on viscoelastic properties of silk hydrogels
manufactured using Doping Methods 1 and 2. Half-stress relaxation time of

3% silk hydrogels with and without silica nanoparticles (n=1 independent
experiment).
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Table 2.3 Impact of particles on viscoelastic properties of silk hydrogels
manufactured using Doping Methods 1 and 2. Half-stress relaxation time of

3% silk hydrogels with and without silica nanoparticles (n=1 independent

experiment).
Samples Half-stress relaxation time
(second)
Method Doping 1 Doping 2
Silk hydrogel (control for Stober silica) 2.25 Stober: 2.10
SBA-15: 1.88
Silk hydrogel + 0.1% w/v Stober silica 2.31 2.01
nanoparticles
Silk hydrogel + 5% w/v Stober silica 2.82 210
nanoparticles
Silk hydrogel + 0.1% w/v SBA-15 219 1.49
nanoparticles
Silk hydrogel + 5% w/v SBA-15 210 211
nanoparticles

2.4.6 The secondary structure of 3% w/v silk hydrogels

FTIR result showed an amide | absorption peak at 1600-1700 cm' for all silk
samples (Figure 2.16). The 3% w/v silk hydrogels were compared to air-dried
silk film (negative control) and silk films treated with 70% v/v ethanol/distilled
water (positive control). Spectra of silk hydrogels and the comparable
secondary structure graph showed that the silk films treated with 70% v/v
ethanol/distilled water had the highest -sheets content (32.11%). The [3-
sheets content of 3% w/v hydrogel was 31.92% which is higher than the 3-
sheets content of 3% w/v silk film (negative control) (22.86%). Additionally,
the a-helix and random coil content (38.09%) of silk hydrogels was compared
with negative (37.67%) and positive silk film (19.92%).
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Figure 2.16 FTIR spectra and peak assignment of 3% silk hydrogels, air-
dried film, and 70% ethanol-treated silk film, and comparable secondary

structure.

2.5 DISCUSSION

Tissue engineering principles are not only relevant in health but also when
designing in vitro disease models (Tandon et al., 2020). One key requirement
is to create a cell microenvironment that supports tissue development;
biomaterials are critical enablers. One emerging material is silk. Silk fibroin is
well placed to develop disease models due to silk's mechanical properties,
biocompatibility, water, and oxygen permeability (Qi et al., 2017). Importantly,
silk hydrogels do not shrink in vitro over time (a common problem when
working with collagen). Self-assembled silk hydrogels are particularly
interesting because they show viscoelastic material properties
(Phuagkhaopong et al., 2021) resembling native extracellular matrix and their
mechanics can be tuned by increasing the silk content. For example, Liu et al.
fabricated silk hydrogels reinforced with fibroin nanofibres to enhance their
mechanical properties. This reinforcement strategy enhanced the stiffness of
the silk fibroin hydrogel (from 0.60 to 16 kPa) (Liu et al., 2019). One limitation
when working with B. mori silk fibroin is the lack of the arginine-glycine-aspartic
acid (RGD) sequence necessary for integrin-mediated cell adhesion (Holland
et al., 2019). Therefore, B. mori silk hydrogels could be viewed as a ‘blank
slate’ that requires modification to maximise their potential. While B. mori silk
lacks the RGD sequence Tasar silk contains the RGD sequence (see Chapter
3)
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Wen et al. reported that nanoparticles within the 2 to 200 nm size range altered
cell signalling and biology (Jiang et al., 2008). Therefore, the aim was to
synthesize porous and non-porous silica nanoparticles of 100-150 nm. The
non-porous silica nanoparticles were synthesised using the Stober method
(Khanna et al., 2018a) but separated into three conditions. These Stober silica
nanoparticles were characterised according to their size and zeta potential
using dynamic light scattering (DLS). Stober silica particles synthesised with
Condition 2 (reduce the volume of ethanol) were the largest, with a similar yield
as those manufactured using Condition 3 (reduce tetraethyl orthosilicate
volume) or 1 (Figure 2.2). Decreasing the volume of ethanol increased silica
nanoparticle size; an observation consistent with earlier work (Qiao et al.,
2009). The target particle size of the synthesis was 150 nm. However, Stober
condition 1 produced 105 + 1.47 nm sized particles (Figure 2.2). Therefore,
the Stober condition1 was modified by decreasing reaction time (from 12 h
down to 2 h) (Figure 2.3). However, the resulting silica particles were in the
200 nm size range. Others (Greasley et al., 2016) report that the NH4OH
concentration influenced particle size, with increased ammonium hydroxide
concentration increasing particle size. Therefore, the volume of NH4sOH was
reduced from 3.00 mL to 1.50 mL in three different reaction times (Figure 2.4).
The results showed that the particle size was near 150 nm after a 6 h reaction
time. One challenge encountered was that the particle size changed over time
due to particle sedimentation. Nevertheless, the findings indicated that the size
and PDI of Stober silica nanoparticles, synthesised under condition 4 with a 6-
hour reaction time, remained unchanged throughout a 90-minute period
(Figure 2.5).

Mesoporous silica nanoparticles were synthesised using three methods:
biphase, wormhole, and MCM-41 silica nanoparticles synthesis. These
particles were compared to commercial silica nanoparticles (SBA-15) (Figure
2.6). The size of biphase silica nanoparticles was 324.9 + 4.62 nm (Figure 2.6)
which was consistent with previous work and showed that the thickness of
each generation could be tuned from ~5 to 180 nm (Shen et al., 2014). The

wormhole particles were produced with a size of 202.40 + 69.84 nm (Figure
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2.6); this was substantially larger than the previously reported 60 to 70 nm
particles (Moller et al., 2007). Similarly, the MCM-41 silica nanoparticles were
larger (906 £ 236.50 nm) (Figure 2.6) than previously reported (100 £ 30 nm)
(Costa et al., 2020). The particle size of commercial mesoporous silica
nanoparticles (SBA-15) was 3521 nm, which was the highest among the others
(Figure 2.6). One possibility for this large particle size could be particle

agglomeration.

Fourier-transform infrared spectroscopy (FTIR) was used to determine
different functional groups present at the SiO2 particle surface. Both porous
and non-porous silica nanoparticles showed a typical absorption peak of Si-O-
Si (1065.64 — 1015.71 cm™) and Si-OH asymmetric stretching vibration
(948.66 — 925.83 cm™) (Figures 2.7,2.8, and 2.9). These results are consistent
with previous reports (Launer and Arkles, 2013, Feifel and Lisdat, 2011). The
morphology of Stober silica and SBA-15 were determined by scanning electron
microscopy. Stober silica from condition 1 and condition 1 with a decrease in
NH4OH volume were spherical (Figure 2.10) and had an average size of 215
nm and 134 nm, respectively (Figure 2.10). These results were consistent with
previous reports (Vittoni et al., 2019, Koo et al., 2012). However, SBA-15
particles had still formed a rod-like shape (Figure 2.11) which is consistent with
previous work (Esperanza Adrover et al., 2020). The MCM-41 had an
amorphous shape which is not consistent with (Costa et al., 2020).

The pore volume and surface area of particles were determined too using
nitrogen adsorption. Previous reports show that MCM-41 silica nanoparticles
were classified as type-IV isotherm (Nastase et al., 2014) demonstrating a fully
reversible process over the relative pressure range of 0-0.45 P/Po but
hysteresis at pressures higher than 0.45 due to mesopore filling by capillary
condensation. However, here MCM-41 was classified as a type Il isotherm
(Figure 2.12) because the material was non-porous. The isotherm showed
monolayer adsorption. The commercial SBA-15 was classified as a type IV
isotherm (Figure 2.12) which indicated that the SBA-15 was mesoporous

because the isotherm showed a narrow hysteresis loop in the capillary
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condensation process, which is consistent with earlier work (Ma et al., 2015).
For non-porous silica nanoparticles, the Stober silica was classified as a type
Il isotherm and was non-porous (Figure 2.12). | note that the isotherm graph
showed a thin hysteresis loop which was classified to be an H1 type indicative
of nanoparticle aggregation. The literature has reported a similar result (Vittoni
et al., 2019).

Next, the impact of particles on hydrogel was analysed using rheology. The
initial hypothesis for this measurement was that increasing particle
concentration would result in a higher initial modulus (stiffness). Previous
studies have indicated that adding silica to silk reinforcement increases bulk
stiffness (Cheng et al., 2021). The viscoelastic behaviour of silk hydrogels in
the presence of particles has not been previously reported. This report
discovered that increasing particle concentration increased both initial
modulus and stress relaxation time. (Figures 2.14 and 2.15). The secondary
structure of 3% w/v silk hydrogel was determined by FTIR. The result showed
extensive (B-sheets in self-assembled silk hydrogel were consistent with the
wider literature (Seib, 2018).

Silk hydrogel composite nanoparticles are to be used for cell culture to
modulate cell attachment albeit none of these studies have been carried out to
date. To initiate this work baseline cell growth on tissue culture-treated
polystyrene was assessed demonstrating cell density-dependent growth
(Figure 2.17).

2.6 Conclusion

Both silk hydrogel and silica nanoparticles were prepared (porous and non-
porous). Silica nanoparticles were successfully synthesised and characterised
using DLS, SEM, and nitrogen adsorption. For example, non-porous silica
particles were 100 - 400 nm while porous silica nanoparticles were 200 - 900
nm. Next, pure B. mori silk hydrogels were formed by triggering silk self-
assembly. These hydrogels had a high B-sheet content, an average elastic
modulus of 2 kPa, and an average half-stress relaxation time of 150 s. Next,
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the self-assembling silk hydrogel embedded SBA-15 (porous) and non-porous
silica nanoparticles. For the silk hydrogel mechanical properties, silk hydrogel
loaded with 500 mg/mL of silica nanoparticles promoted a higher stiffness of
2.11 kPa than a lower concentration of 0.10% w/v 1.48 kPa. In this chapter,
the amount of Stober silica nanoparticles added was 0.1 and 5% w/v. However,
in Chapter 3 the amount of Stober silica nanoparticle was further refined using
0.05 and 0.50% wi/v.
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Chapter 3
Functionalizing Silk Hydrogels with Hetero- and

Homotypic Nanoparticles
Chapter summary:

This chapter examined the impact of low (0.05% w/v) and high (0.5% w/v)
non-porous silica, B. mori and Tasar silk nanoparticles on the mechanical
properties of silk hydrogel. Next, DU-145 (prostate cancer cell line) were
cultured on silk hydrogel composite on to investigate the impact to cell
adhesion.

This chapter has been submitted for publication. | designed, collected,
analysed and interpreted the data and generated the manuscript draft.
Suttinee Phuagkhaopong generated Tasar silk nanoparticle protocol. Saphia
Matthew supported the FTIR analyses.

3.1 Abstract

Despite many reports detailing silk hydrogels, the development of composite
silk hydrogels with homotypic and heterotypic silk nanoparticles and their
impact on material mechanics and biology have remained largely unexplored.
| hypothesised that the inclusion of nanoparticles into silk-based hydrogels
would enable the formation of homotropic and heterotropic material
assemblies. The aim was to explore how well these systems would allow
tuning of mechanics and cell adhesion to ultimately control the cell-material
interface. | utilised nonporous silica nanoparticles as a standard reference and
compared them to nanoparticles derived from B. mori silk and A. mylitta
(Tasar) silk (approximately 100-150 nm in size). Initially, physically cross-
linked B. mori silk hydrogels were prepared containing silica, B. mori silk
nanoparticles, or Tasar silk nanoparticles at concentrations of either 0.05% or
0.5% (w/v). The initial modulus (stiffness) of these nanoparticles—
functionalised silk hydrogels was similar. Stress relaxation was substantially
faster for nanoparticle-modified silk hydrogels than for unmodified control

hydrogels, although this process could be modulated. Increasing the
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concentrations of B. mori silk and silica nanoparticles slowed stress relaxation,
while the opposite trend was observed for hydrogels modified with Tasar
nanoparticles. Cell attachment was similar for all hydrogels, but proliferation
during the initial 24 h was significantly improved with the nanoparticle-modified
hydrogels. Overall, this study demonstrates the manufacture and utilisation of
homotropic and heterotropic silk hydrogels.

3.2 Introduction

The tissue engineering toolbox traditionally serves to ‘repair or replace’
(Langer and Vacanti, 1993), but it can also be deployed more widely—in
disease modelling, for example (Abbott et al., 2016, Tandon et al., 2020). A
key factor in tissue engineering is the cell microenvironment, as this ultimately
contributes to the function (Gattazzo et al., 2014). This microenvironment
potentially includes many different cell types and biomaterials that serve as
tissue scaffolds (Sanchez-Rubio et al., 2023). These scaffolds not only
provide structural support but can also regulate function, including cell—cell
communication, tissue homeostasis and immune cell responses (reviewed in
(Li et al., 2017, Sanchez-Rubio et al., 2023)). Therefore, biomaterials are
critical enablers of a broad spectrum of tissue engineering applications in
both health and disease.

A fundamental requirement for a biomaterial is that it supports the desired
function, such as cellular organisation. To date, many different biomaterials
have been explored (Kirillova et al., 2021), including synthetic polymers (e.g.
polylactide (Deoray and Kandasubramanian, 2018) and polyethylene glycol
(Xiao et al., 2022)) and natural polymers (e.g. chitosan (Rezaei et al., 2021),
collagen (Dong and Lv, 2016) and alginate (Lee and Mooney, 2012)).
However, all of these polymers have drawbacks, including rapid degradation,
shrinkage (e.g. collagen), low mechanical strength (e.g. collagen, alginate),
complicated processing (e.g. polyethylene glycol or alginate), biocompatibility
concerns (e.g. leaching of chemical crosslinkers) and perturbation of the
microenvironment (e.g. polylactide degradation causes acidification). Silk
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fibroin is emerging as an interesting material that shows promise for
overcoming these particular limitations (Seib, 2018). Chemical modification of
silk further opens up new properties to create bespoke materials with novel
functions (Matthew and Seib, 2023).

Silk is a natural fibrous protein spun by spiders and insects (e.g. Lepidoptera).
Silk self-assembles into a hierarchal solid fibre during the spinning process
by responding to processing parameters, including shear (Seib, 2021). The
most studied silk for current biomedical applications is derived from the
domesticated silkworm B. mori because its silk is clinically approved for use
in humans and is readily available in large quantities due to silk farming (i.e.
sericulture), thereby ensuring a robust silk supply chain (Holland et al., 2019).
Silk’s desirable trademarks include its remarkable mechanical properties,
biocompatibility, biodegradability, hemocompatibility and water and oxygen
permeability (Bucciarelli and Motta, 2022, Holland et al., 2019). Using all-
aqueous processing, the silk fibre can be unspun using reverse engineering
principles to yield a liquid regenerated silk feedstock (reviewed in (Rockwood
et al., 2011)). This liquid silk can then be processed into a wide range of
material formats, including films, monolithic blocks, fibres, particles, scaffolds
and hydrogels (Qi et al., 2017), again using all-aqueous processing without
any need for chemical crosslinkers or harsh solvents.

The B. mori silk fibroin consists of a heavy chain of approximately 391 kDa
and a light chain of approximately 26 kDa, which are linked by a single
disulphide bond at the C-terminus (Zhou et al., 2001). The C- and N-termini
of the B. mori silk heavy chain consist entirely of nonrepeating amino acid
sequences and are believed to aid in the storage and self-assembly process.
However, the mechanical properties of silk fibroin arise from the amino acid
sequences of the silk-heavy chain that assemble into beta sheets. The
copolymer-like arrangement of the silk-heavy chain contains two main motifs,
namely, repetitive hydrophilic amino acid sequences and hydrophobic
stretches, which result in a copolymer-like arrangement containing 11
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hydrophilic and 12 hydrophobic blocks (Asakura et al., 2015). The
hydrophobic region is dominated by glycine-X repeats, where X is alanine,
serine, or tyrosine. B. mori silk fibroin lacks the tripeptide sequence arginine,
glycine and glutamic acid (RGD) that is typically exploited by cells to mediate
cell-substrate attachment via integrin engagement. Instead, the N terminal of
the silk-heavy chain contains a fibroblast growth-promoting peptide (Yamada
et al., 2004).

Lepidoptera silks share several structural features, including light and heavy
chains, with conservation of the positions and spacing of cysteine residues
that covalently crosslink the light and heavy chains. These silks also have an
amphiphilic structure. Nevertheless, sequence specificity exists between
different silkworm silks; for example, the Indian non-mulberry Tasar silkworm
(A. mylitta) contains RGD sequences that are absent in B. mori silk, while the
silk from Antheraea assama (golden silk) has substantial polyalanine
stretches that are associated with better mechanics and thermal stability than
is observed with B. mori silk (Malay et al., 2016). Therefore, possibilities exist
for the creation of new materials with desired properties by blending different
liquid silk types. For example, blending A. assama with B. mori liquid silks
triggered the solution—gel transition within 40 min of mixing. These hydrogels
were physically crosslinked via their beta sheets and showed promising in
vivo wound-healing properties (Holland et al., 2019).

This thesis exploits silk self-assembly using sonication as a solution—gel
transition trigger (Seib, 2018). This assembly strategy has been widely used
in the past because the process is simple and eliminates the need for solvents
or chemical crosslinkers. Examples where these silk hydrogels have been
used include soft (Abbott et al., 2016) and hard (Zhang et al., 2021b) tissue
engineering (e.g. tissue fillers, bone engineering). For example, silk hydrogels
modified with several nanoparticle types, such as triphasic ceramic (Mg2S104,
Si3Srs, and MgO) (Roohaniesfahani et al., 2019), silica (Cheng et al., 2021),
iron, silver and gold nanoparticles (Belda Marin et al., 2021, Ribeiro et al.,
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2017), have shown promise for a spectrum of applications, including magnetic
field actuation (Qian et al., 2020), antibacterial functions (Ribeiro et al., 2017)
and bone tissue engineering (Cheng et al., 2021, Roohaniesfahani et al.,
2019). Physically crosslinked silk hydrogels reinforced with native-like B. mori
fibres (Yodmuang et al., 2015) and chemically crosslinked silk hydrogels
doped with amorphous silk fibroin nanofibres (Liu et al., 2019) have also been
reported, demonstrating the possibility of tuning the silk secondary structure
and fibre format. Unmodified (Seib et al., 2013) and nanoparticle-modified silk
hydrogels (Numata et al., 2012) have also been explored for drug delivery.
For example, Keiji Numata and co-workers developed the first-generation B.
mori drug release system that incorporated silk nanoparticles within physically
crosslinked silk hydrogels (Numata et al., 2012), while others have advanced
this concept further and used these systems to release multiple drugs in vivo
(Wu et al., 2018). An emerging research avenue is to use silk hydrogels as an
in vitro tissue model that includes the tumour microenvironment (Ribeiro et
al., 2018).

Previous studies have used silk fibroin hydrogels to assess their baseline
performance as a tumour microenvironment, including the capacity to support
cell migration (Carvalho et al., 2018, Khoo et al., 2019). The ultimate goal of
these studies is to recapitulate specific biological processes and behaviours
that are dictated by the material design (Blatchley and Anseth, 2023).
Important factors to consider when designing these living tissue systems are
the elastic and viscoelastic moduli of the extracellular mimetic matrix
(Chaudhuri et al., 2020). For example, during solid tumour progression, the
mechanical properties of the extracellular matrix change (thereby assisting
disease diagnosis of solid tumours, for example). In the context of solid
tumours, the substrate stiffness is accompanied by changes in flow
characteristics (i.e. stress relaxation). Therefore, when developing
extracellular matrix models, hydrogel performance is often assessed against
cell function (e.g. cell migration, differentiation, proliferation etc.). Physically
crosslinked silk hydrogels can mimic the three-dimensional structure of native
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extracellular matrix (Seib, 2018). For example, self-assembled silk hydrogels
with a solid silk content of 4% w/v show viscoelasticity, which in turn impacts

cell biology (Phuagkhaopong et al., 2021).

Despite many reports detailing silk hydrogels, the development of composite
silk hydrogels containing homotypic and heterotypic silk nanoparticles and
their impact on material mechanics and biology, has remained largely
unexplored. A caveat when working with B. mori hydrogels is the lack of
arginine-glycine-aspartic acid (RGD) sequences in this silk, as these
sequences are necessary for integrin-mediated cell adhesion (Holland et al.,
2019). For this reason, silks from non-mulberry Tasar silkworms (e.g., A.
mylitta) are more promising because they contain the RGD sequence.
However, how well these silks allow tuning of the mechanics and cell
adhesion that ultimately control the cell-material interface is unknown.
Therefore, the aim of this Chapter was to create hydrogels functionalised with
nanoparticles derived from blends of B. mori and Tasar silk to probe cell
responses and to compare them to hydrogels prepared using silica
nanoparticles as a reference. This Chapter reports the manufacture of
nonporous Stober silica, B. mori and Tasar silk nanoparticles and their
addition at low (0.05% w/v) and high (0.5% w/v) concentrations to 3% w/v B.
mori silk undergoing solution-gel transition. The resulting nanoparticle-
functionalised silk hydrogels had similar stiffnesses but exhibited substantial
differences in stress relaxation when compared to unmodified control

hydrogels. Cell attachment was similar for all the tested hydrogels.

3.3 Materials and Methods
3.3.1 Silk extraction

The silk fibroin solution was prepared as previously reported in Chapter 2.
A. mylitta silkworm cocoons were prepared based on previous work by others

(Kundu et al., 2014). Briefly, dried cocoons were cut into 5 x 5 mm pieces and
5 g samples were degummed with 2 L of 0.025 M Na>CO3 for 60 min, followed
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by 60 min in 2 L of 0.0125 mM Na2COs. The silk fibres were then washed
three times with 1 L of distilled water for 20 min and then dried in a fume hood
overnight. The dried silk fibroin was dissolved in 1 N NaOH at a silk to NaOH
ratio of 1 g to 25 mL. The samples were kept at 25°C for up to 16 h under
constant stirring at 250 rpm. Insoluble material was removed by centrifugation
for 20 min at 9500 x g. The supernatant was transferred to a dialysis cassette
(molecular weight cut-off 3,500 Da; Thermo Fisher Scientific Inc., Waltham,
MA, USA) and dialysed against distilled water, with four water changes over
the 24 h dialysis period. The dialysed silk fibroin solution was collected and
centrifuged twice at 9500 x g for 20 min to remove any remaining aggregates.
Samples were freeze dried and reconstituted to 4 % (w/v) and stored at 4C
until use. The Tasar silk fibroin concentration was calculated using the
bicinchoninic acid assay protein assay and bovine serum albumin as a protein

standard (Pierce™ BCA Protein Assay Kit, Thermo Fischer Scientific).

3.3.2 Particle synthesis & characterisation
3.3.2.1 Particles synthesis

The non-porous silica nanoparticles Condition 4 were prepared as previously
reported in Chapter 2.

B. mori silk nanoparticles were manufactured as described previously
(Matthew et al., 2020). Briefly, silk nanoparticles were generated using semi-
automated nanoprecipitation by controlling the silk and solvent flow with a
syringe pump (Harvard Apparatus 22, Holliston, MA) (Figure 3.1). The system
was equipped with a syringe and blunt needle (23G x 0.25") and operated at
room temperature. Isopropanol was contained in a short-neck round-bottom
flask and the ratio of isopropanol to silk was set at 5:1 (v/v). A 3% (w/v) B.
mori silk solution was added dropwise at a rate of 1 mL min-'. The resulting
suspension was transferred to polypropylene ultracentrifugation tubes, the
volume was made up to 43 mL with distilled water and the tubes were
centrifuged at 48,400 g for 2 h at 4 °C (Beckmann Coulter Avanti J-E
equipped with a JA-20 rotor). The supernatant was discarded, and the pellet
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was resuspended in 20 mL distilled water and sonicated twice for 30 s at 30%
amplitude with a Sonoplus HD 2070 sonicator (ultrasonic homogeniser,
Bandelin, Berlin, Germany) fitted with a 23 cm long sonication tip (0.3 cm
diameter tip and tapered over 8 cm). Next, 23 mL of distilled water was
added, and the sonicated material was centrifuged. This washing and
resuspension of the pellet was repeated twice. The final pellet was collected
and resuspended in 2-3 mL water. This final silk nanoparticle suspension
was stored at 4 °C until use.

Tasar silk nanoparticles were synthesised using a NanoAssemblr microfluidic
system (NanoAssemblrTM Benchtop Instrument version 1.5, Canada).
Prefilled syringes containing 2% (w/v) silk solution and acetone were
dispensed into a microfluidic cartridge and mixed at a 1:4 ratio (v/v) of silk
solution to acetone at a total flow rate of 1 mL/min (Figure 3.1). The
precipitated silk nanoparticles were collected and centrifuged at 48,400 x g
for 2 h, the supernatant was aspirated, and the pellet was resuspended in
distilled water, vortexed and subsequently sonicated twice for 30 s sonication
cycles at a 30% amplitude. The washing steps were repeated at least twice

more. The silk particles were then stored at 4 °C until use.
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Non-porous silica nanoparticles
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Figure 3.1 Flow diagram of nanoparticle manufacture. Silica, B. mori and
Tasar silk nanoparticle synthesis.

3.3.2.2 Particle characterisation

3.3.2.2.1 Size and zeta potential

The particle diameters and surface charges of silica and silk nanoparticles
were determined as detailed previously (Maitz et al., 2017). (M. F. Maitz et al.,
2017; Wongpinyochit et al., 2016a Briefly, silica nanoparticles were
suspended in distilled water at 1 mg/mL, vortexed for 10 min and sonicated
for 30 s, while silk nanoparticles were vortexed for 20 s and sonicated twice
at 30% amplitude for 30 s. The nanoparticle sizes were measured using a
Zetasizer Nano ZS (Malvern Instruments, UK) at 25 °C. Particle sizes were
determined using dynamic light scattering with a refractive index of 1.33 and
1.43 for distilled water and silica, respectively. The protein refractive index of
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1.60 was used for silk nanoparticles. All measurements were performed in
triplicate.

3.3.2.2.2 Pore volume and surface area of nanoparticles

The surface areas and pore sizes of the silica and silk nanoparticles were
determined based on previous methodology (Jaroniec et al., 1999,
Mitropoulos et al., 2019). Nanoparticles were characterised by nitrogen
adsorption at 77 K using a Quantachrome Autosorb 1Q2 analyser
(Quantachrome Instruments, Boynton Beach, Florida, USA). First, 200 mg of
silica nanoparticles were degassed under vacuum at 200 °C for 18 h and 100
mg of silk nanoparticles were degassed under vacuum at 100 °C for 10 h. (All
samples were outgassed at room temperature.) The samples were analysed
using the ASiQwin software Model 6 version 3.0-3.01. Particle surface areas
were determined using the Brunauer-Emmett-Teller (BET) method and the
pore volume was determined using the Barrett-doyner-Halenda (BJH) method
(Jaroniec et al., 1999).

3.3.2.2.3 Scanning electron microscopy (SEM) of nanoparticles

Nanoparticle suspensions were adjusted to a final concentration of 1 mg/mL,
and 20 pL were pipetted onto a silicon wafer and lyophilised for 24 h at =10
°C and 0.14 mbar. The silica nanoparticles were sputter coated with 15 nm of
gold using an ACE200 low-vacuum sputter-coated (Leica Microsystems,
Wetzlar, Germany). Silicon wafers with nanoparticles were fixed to aluminium
pin stubs with double-sided adhesive carbon tape. Specimens were imaged
using the Quanta FEG-ESEM (FEI company, Hillsboro, OR, USA; now part of
Thermo Fisher Scientific Inc., Waltham, MA, USA) with a 5 kV voltage at
three magnifications (5,000%, 20,000%, and 40,000%). The images were
processed using ImagedJ for Windows 1.8.0.

3.3.3 Preparation of self-assembling silk hydrogels

The 3% w/v self-assembling silk hydrogels were prepared as previously
reported in Chapter 2.
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3.3.4 Silk secondary conformation analysis by Fourier-transform infrared
spectroscopy (FTIR)

The secondary structures of B. mori and Tasar silk nanoparticles and silk
hydrogels were measured as detailed previously (Matthew et al., 2020).
Briefly, silk nanoparticles and silk hydrogels were frozen overnight at -80 °C
and lyophilised. The secondary silk structure was measured with a TENSOR
Il FTIR spectrometer (Bruker Optik GmbH, Ettlingen, Germany). The samples
were scanned 32 times for background and 128 times for the samples at 4
cm-! resolution over the wavenumber range of 400-4000 cm'. The secondary
structures were assigned as detailed previously. Baseline and peak fits were
corrected using OriginPro 2021 software. The amide | region (1595-1705 cm-
) was identified and deconvoluted as follows: 1605-1615 cm™' as side
chain/aggregated strands, 1616-1637 cm™' and 1697-1703 cm™" as beta-
sheet structure, 1638-1655 cm™" as random coil structure, 1656-1662 cm™’
as alpha-helical bands and 1663-1696 cm™' as beta-turns. Air-dried films
were used as negative controls, and a 70% ethanol-treated silk film was used

as a positive control.

3.3.5 Rheology of silk hydrogel composites
Rheology measurements were performed as detailed in Chapter 2.

3.3.6 Cell culture

The human prostate cancer DU145 cell line was purchased from the
American Type Culture Collection (Manassas, VA, USA). Briefly, the cells
were routinely cultured in tissue culture—treated polystyrene flasks in Roswell
Park Memorial Institute (RPMI) 1640 medium, supplemented with 10% v/v
foetal bovine serum, 50U/mL penicillin and 50 pg/mL streptomycin. Unless
otherwise indicated, the cells were seeded at 5,000 cells/cm?. The cells were
cultured at 37°C in 95% relative humidity and 5% CO: and passaged using
trypsin and standard protocols. For cultures using silk hydrogels, the
substrates were prepared in 96-well plates as described previously
(Phuagkhaopong et al., 2021).
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3.3.6.1 Quantification of cell attachment

3.3.6.1.1 cell viability

Cell viability was measured at days 1 to 9. The 25 pL of resazurin was added
(440 uM stock in PBS, Thermo Fisher Scientific). The cells were transferred
to an incubator (humidified atmosphere of 5% CO: at 37 °C) for 4 h to allow
resazurin metabolism. Then, 100 uL of the supernatant was transferred into a
black 96-well plate (Sigma Aldrich). The fluorescence was measured with a
fluorescence plate reader (POLARstar Omega BMG LABTECH GmbH,
Ortenburg, Germany) using a 560 nm excitation and 590 nm emission filters
with a fix photo multiplying tube (800). Blank hydrogels from the same time
points were used as controls to subtract background fluorescence and the
DU-145 cells treated without silk hydrogel were used as a positive control.

3.3.6.1.1 cell attachment

DNA quantification was used to determine cell numbers, as detailed
previously (Phuagkhaopong et al., 2021). Briefly, the Quant-iTTM PicoGreen
kit was used to measure the number of DU145 cells that had attached to the
control and silk hydrogel substrates at 2, 4 and 24 h post-seeding. At the
indicated time point, the culture medium was removed and replaced with 200
WL of PBS. The cells were incubated for 3 h in a humidified atmosphere of 5%
CO2 at 37 °C and then homogenised and digested at 60 °C for 16 h in 200 pyL
papain buffer (5 mg/mL papain, 2 mM cysteine, 50 mM sodium phosphate
and 2 mM ethylenediaminetetraacetic acid at pH 6.5 in nuclease-free water).
The papain-digested samples were collected and centrifuged for 5 min at
13,000 x g to eliminate cellular debris. The supernatants were collected and
dDNA was quantified with the Quant-iTTM PicoGreen kit, following the
manufacturer’s protocol. Blank hydrogels from the same time points were
used as controls to account for background fluorescence.

The 3-(4,5-dimetylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium bromide (MTT)

assay is widely used for cell viability, proliferation, and cell toxicity. The
deconversion of MTT to formazan can be used to infer to the number of cells.
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In this study, | used the MTT assay to measure the number of DU-145 cells
that attached on silk hydrogels with nanoparticles at 2, 4 and 24 h after
seeding. First, 100 yL of the DU-145 cells suspension was added to silk
hydrogel substrates and the supernatant was removed at 2h, 4h, and 24 h
after post seeding. This supernatant was transferred to plasma relative
humidity and 5% CO2 for 24 h. Next, 20 pyL of the MTT solution was added
and incubated for 3 to 4 h. The medium was removed and replaced with the
110 pL of dimethysulfoxide (DMSO) to dissolve the formazan and 100 uL of
the supernatant was transferred into 96 well measuring plate and the
absorbance was measured at 570 nm.

Statistical analyses

Data were plotted and analysed as detailed previously (Totten et al., 2017).
Briefly, sample pairs were analysed by one-way ANOVA with Tukey’s multiple
comparison post hoc test (Prism 9.2.0; GraphPad Software Inc., San Diego,
CA, USA). Asterisks were used to denote statistical significance, as follows:
*P <0.05, **P < 0.01, ***P < 0.001. All data were presented as mean values +
standard deviation (SD). The number of independent experiments (n) is noted

in each figure legend.

3.4 Results & Discussion

Tissue engineering principles are not only relevant in health applications, but
they are also important when designing in vitro disease models (Tandon et
al., 2020, Abbott et al., 2016). One key requirement is to create a cell
microenvironment that supports tissue development; therefore, biomaterials
are critical enablers. One emerging material is silk, as silk fibroin is well-
placed to develop disease models due to its tuneable mechanical properties
and biocompatibility. Importantly, silk hydrogels do not shrink in vitro over time
(a common problem when working with collagen (Abbott et al., 2016). Self-
assembled silk hydrogels are particularly interesting because they show
viscoelastic material properties that resemble those of native extracellular

matrix and their mechanics can be tuned by increasing the silk content

87



(Phuagkhaopong et al., 2021). For example, Liu et al. fabricated silk
hydrogels reinforced with fibroin nanofibres to enhance the mechanical
properties and found that this reinforcement strategy enhanced the stiffness
of the silk fibroin hydrogel (from 0.6 to 160 kPa) (Liu et al., 2019) .

One limitation when working with B. mori silk fibroin is its lack of the RGD
sequence necessary for integrin-mediated cell adhesion (Holland et al.,
2019). For this reason, B. mori silk hydrogels can be viewed as ‘blank slates’
that require modification to maximise their potential. Tasar silk does contain
the RGD sequence, but no examples currently exist in the literature of B. mori
hydrogels functionalised with Tasar silk nanoparticles. Therefore, the present

work closes a critical knowledge gap.

The use of Tasar silk nanoparticles to functionalise B. mori silk hydrogels is
ideal because it permits spatial control of RGD functionalisation. In the
present work, nonporous silica nanoparticles synthesised using the Stober
method (Khanna et al., 2018b) were used as a reference. The B. mori silk
nanoparticles were manufactured using the Matthew semi-batch set-up
(Matthew et al., 2020) and Tasar silk nanoparticles were synthesised using a
microfluidic-assisted antisolvent precipitation (Subia et al., 2014). All three
nanoparticle types were characterised according to their size, polydispersity
index and zeta potential using dynamic light scattering and zeta potential
measurements, as the aim was to work with particles that were of similar size
and surface charge. | therefore tuned the silica particle size by adjusting the
NH4+OH concentration (In Chapter 2), because increasing ammonium
hydroxide concentration is known to increase the nanoparticle size (Greasley
et al., 2016). Ultimately, all three nanoparticle types had a size range of 120
to 150 nm and a zeta potential of -35 mV. Specifically, B. mori silk
nanoparticles had an average size of 117 £ 5.31 nm, a polydispersity index of
0.14 + 0.02 and a zeta potential of -38.6 + 2.23 mV (Figure 3.2A), the A.
mylitta (Tasar) silk nanoparticles had an average size of 146 + 8.64 nm, a
polydispersity index of 0.34 £ 0.04 and zeta potential of -32.8 + 2.64mV, and
the silica nanoparticles had an average size of 122 £ 22.68 nm, a
polydispersity index of 0.31 + 0.17 and a zeta potential of -37.8 £ 2.98 mV
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(Figure 3.2A). These silk nanoparticle results are consistent with previous
work using B. mori (Matthew et al., 2020, Seib et al., 2013, Matthew et al.,
2022) and Tasar (Subia et al., 2014) silk stocks.

The pore volumes and surface areas of the nanoparticles were determined
using nitrogen adsorption. The single-point Brunauer-Emmett-Teller (BET)
analysis showed that B. mori and Tasar silk nanoparticles had pore volumes
of 0.023 and 0.094 cm?/g, respectively. This pore volume determination may
indicate a particle aggregation (Vittoni et al., 2019) because transmission
electron microscopy studies have demonstrated that silk nanoparticles are
solid (Matthew et al., 2020). The surface areas of the B. mori and Tasar silk
nanoparticles were determined as 5.02 and 33.65 m?/g, respectively (Figure
3.2B).

The silica nanoparticles were classified by a type Il isotherm, indicating that
they were nonporous, as would be expected for Stober silica nanoparticles
(Vittoni et al., 2019) The presence of a hysteresis loop classified the material
as an H1 type, indicative of nanoparticle aggregation (rather than porosity).
Both the single-point Brunauer-Emmett-Teller and Barrett-Joyner-Halenda
measurements revealed that the silica nanoparticles had an average surface
area of 62.77 cm®/g and a pore volume of 0.350 cm?®/g (Figure 3.2B). These
types of values are typical for Stober silica nanoparticles, as reported in the
reference literature (Vittoni et al., 2019).

Overall, based on IUPAC guidelines (Thommes et al., 2015), the silica, B.
mori and Tasar silk nanoparticles were non-porous and classified as type Il
materials because their isotherm graphs showed monolayer adsorption up to
high P/Po. | then assessed the morphology of the nanoparticles by scanning
electron microscopy. Both B. mori and Tasar silk nanoparticles had spherical
shapes with sizes similar to those determined by dynamic light scattering
(Figure 3.2C). These results correlated well with previous reports (e.g.
(Matthew et al., 2022, Matthew et al., 2020, Seib et al., 2013)). The Stober
silica nanoparticles also had a spherical shape and an average size similar to

89



that determined by dynamic light scattering, again in agreement with previous
reports (e.g. (Greasley et al., 2016, Khanna et al., 2018a)).
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Figure 3.2 Nanoparticle characterisation of silica, B. mori silk, and A. myilitta
(Tasar) silk nanoparticles. (A) Particle diameter (measured by dynamic light
scattering [DLS]), polydispersity (PDI) and zeta potential values. Data are
presented as mean £ SD, n=6 independent measurements, (B) surface area
and pore volume measurements using nitrogen adsorption. n=1 from 6
pooled batches, and (C) morphology of nanoparticles by scanning electron
microscopy (scale bar, 4 um; zoom, 2 uym).

90



FTIR spectroscopy was used to determine the silk secondary structure and
the different functional groups present in the silica nanoparticles (Figure
3.3C). The Stober silica nanoparticles showed a typical absorption peak of Si-
O-Si (797.45 cm™ and 1062.79 cm™') and Si-OH asymmetric stretching
vibration (945.81 cm™") (Figure 3.3C), in agreement with previous reports
(Launer and Arkles, 2013). The secondary structure of the silk nanoparticles
and hydrogels indicated extensive B-sheets in our self-assembled silk
hydrogels and particles (Figure 3A and B), consistent with other literature
(e.g. (Matthew et al., 2020, Egan et al., 2022)). The FTIR results showed an
amide | absorption peak at 1600—1700 cm-* for all silk samples (Figure 3.3A).
Comparison of the spectra from B. mori and Tasar silk nanoparticles and
hydrogel composite nanoparticles to the spectra from air-dried silk films
(negative control) and silk films treated with 70% v/v ethanol/distilled water
(positive control) revealed the highest B-sheet content in the positive control
silk films (Figure 3.3B). The B-sheet contents of B. mori and Tasar silk
nanoparticles were 62% and 58%, respectively, whereas the 3-sheet content
of the silk hydrogels and air-dried silk films (negative control) were 32% and
23%, respectively (Figure 3.3B). Overall, these data correlated well with our
own studies (Matthew et al., 2020) and previous studies by others (Subia et
al., 2014, Lammel et al., 2010).
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Figure 3.3 Fourier-transform infrared (FTIR) spectra and peak assignments.
(A) FTIR spectra of B. mori and Tasar silk nanoparticles, silk hydrogels, air-
dried silk film (negative control), and 70% ethanol-treated silk film (positive
control). (B) Analysed secondary structure. (C) FTIR spectra of non-porous

silica nanoparticles.

| also assessed the impact of the incorporation of homo- and heterotypic
nanoparticles on hydrogel mechanics. | speculated that the formation of these
composites would result in different mechanics than those observed in the
pristine silk hydrogels. This speculation was based on the ability of
nanoparticles to orchestrate hydrogel interactions, including the formation of
dynamic nanoparticle—hydrogel structures or hydrogels with adhesive surface
properties. These systems typically exploit polymer—nanoparticle interactions
that impact the overall bulk properties mediated by surface adsorption, such
as those occurring between silica nanoparticles and polyethylene glycol
(PEG) (Pek et al., 2008), between hydrophobically modified cellulose
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derivatives and PEGylated polylactide nanoparticles (Appel et al., 2015) or
between TMS0 silica and polyacrylamide hydrogels (Rose et al., 2014).

Nanoparticle shape also affects the hydrogel performance (Arno et al., 2020).
Previous work has shown that silk reinforcement with silica increased bulk
stiffness(Cheng et al., 2021). However, studies on silk hydrogels containing
nanoparticles are lacking, so little is known regarding their mechanics or
cellular responses. In the present study, the flow behaviour of silk hydrogels
in the presence of nanoparticles is reported by comparing the stiffness of a
3% wl/v silk hydrogel with similar silk hydrogels containing B. mori silk, Tasar
silk and non-porous silica nanoparticles (Figure 3.4A and Table 3.1). However,
the initial elastic moduli did not differ for any of the tested hydrogels. For
example, the stiffness was 1.23 kPa for the hydrogel containing 0.05% wi/v B.
mori silk (this was the highest measured value) and 1.10 kPa for the hydrogel
containing 0.05% w/v Tasar silk nanoparticles. By contrast, the stress
relaxation and the half stress-relaxation time showed some particle
dependence, as silk hydrogels containing 0.5% w/v B. mori nanoparticles had
the lowest value (97 s) (Figure 3.4B), while pure silk hydrogel had the highest
value (312 s). These values were 163 s for silk hydrogels containing 0.05%
(w/v) Stober silica nanoparticles s and 146 s for silk hydrogels containing
0.5% w/v B. mori silk nanoparticles (Figure 3.4B). Overall, these trends
indicated that the interactions between the nanoparticles and the silk hydrogel
did not drastically alter their behaviours. Possibly, the formation of physical
crosslinks between the silk molecules that are responsible for the formation
of the silk hydrogel was only slightly influenced by the nanoparticle doping.
Perhaps the use of sequence-coded nanoparticles will provide better control
over beta-sheet bulk assembly.
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Figure 3.4 Impact of the nanoparticle concentration and type on silk hydrogel
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Table 3.1 Impact of the nanoparticle concentration and type on silk hydrogel
rheological properties including initial elastic modulus (stiffness) and half-

stress relaxation time. Data are presented as mean = SD, n = 3 independent

experiments.
Samples Initial elastic Half-stress
modulus relaxation time
(kPa) (second)
Silk hydrogel (control) 0.95+0.38 253.40 + 54.20
Silk hydrogel + 0.05% w/v B. mori| 1.23 £ 0.24 146.38 + 46.24
nanoparticles
Silk hydrogel + 0.5% w/v B. mori| 0.98 + 0.28 96.50 + 59.03
nanoparticles
Silk hydrogel + 0.05% w/v Tasar silk | 1.10 £ 0.23 107.00 £ 113.12
nanoparticles
Silk hydrogel + 0.5% w/v Tasar silk | 0.93 + 0.26 146.23 + 93.21
nanoparticles
Silk hydrogel + 0.05% w/v Silica | 0.99 + 0.45 163.46 + 105.44
nanoparticles
Silk hydrogel + 0.5% w/v Silica| 0.96 + 0.28 131.10 £ 41.58
nanoparticles

The preliminary biological responses of the nanoparticle-doped silk hydrogels
were also assessed. Prior work showed that embedding silica nanoparticles
within silk fibroin hydrogels enhanced the bulk mechanical properties of the
hydrogel while promoting mesenchymal stem cell adhesion, proliferation, and
osteogenic differentiation (Cheng et al., 2021). In the present study, the
addition of nanoparticles typically improved DU-145 cell attachment and
proliferation when compared to unmodified silk hydrogels (Figure 3.5).
However, the largest increase in DU145 cell numbers within 24 h was
observed using tissue culture—treated polystyrene, which outcompeted all the
silk substrates. This trend continued into days 6 and 9 of culture (Figure 3.5

A). Therefore, the Tasar nanoparticles used here apparently had little impact
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on cell attachment. This was surprising because the presence of the RGD
motif in this silk had been expected to improve cell-material interaction via
integrin engagement. This lack of improvement in cell attachment could have
several reasons, including restricted accessibility of the Tasar nanoparticles
for integrin receptor engagement. Focal adhesion organisation shows a high
sensitivity to ligand spacing, with a nanoscale average RGD spacing of 44
nm needed to form lipid raft domains at focal adhesion sites (Le Saux et al.,
2011). This spacing mimics the RGD spacing found in the fibronectin (Bellis,
2011). Therefore, further work is needed to improve the nanoparticle
placement and spacing in our silk hydrogels.
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Figure 3.5 Silk hydrogels used for cell culture studies. (A) cell viability
measurement using resazurin assay, (B) and (C) Cell attachment on silk
hydrogels. Monitoring DU-145 cell attachment using PicoGreen and MTT
assay at 2, 4, and 24 h. Control: DU-145 cells seeded on tissue culture-
treated polystyrene. Data are presented mean * SD, n=3 independent
biological experiments. One-way analysis of variance (ANOVA) followed by
Tukey’s multiple comparison test. Control versus silk hydrogels, (D)
confluency at 1, 6, and 9.
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3.5 Conclusions

Overall, this study explored the effects of adding various nanoparticle types
on the material mechanics and biological interactions of composite self-
assembling silk hydrogels. Silica, B. mori silk and Tasar silk nanoparticles
were used to alter the stress relaxation of silk hydrogels to improve initial cell
proliferation. However, more work is needed to fine-tune the cell material
interactions for further improvement of the biological response. The present
findings demonstrated the creation and application of homo- and heterotypic
silk hydrogel composites.
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Chapter 4

Functionalizing Silk Hydrogels with silk microfibres

Chapter summary:

This chapter details the mechanical properties of low (2% w/v) and high (10%
w/v) B. mori and Tasar silk microfibre reinforced silk hydrogels. Next, the
impact of these hydrogel composits on human induced pluripotent stem cell-
derived MSCs (iPSC-MSCs) was assessed. Silk hydrogels functionalised with
silk microfibres showed potential to promote short-term adhesion and
proliferation of iPSC-MSCs.

This chapter has been submitted for publication. | designed, collected,
analysed and interpreted the data and generated the manuscript draft.
Napaporn Roamcharern assisted in cell staining and image analyses (Figure
4.8).

4.1 Abstract

Silk hydrogels have shown potential for tissue engineering applications, but
several gaps and challenges, such as a restricted ability to form hydrogels
with tuned mechanics and structural features, still limit their utilisation. Here,
B. mori and A. mylitta (Tasar) silk microfibres were embedded within self-
assembling silk hydrogels to modify the bulk hydrogel mechanical properties.
First, B. mori and Tasar microfibres were prepared with lengths between 250
and 500 um. Secondary structure analyses showed high beta-sheet contents
of 61.12% and 63.13% for B. mori and Tasar microfibres, respectively. Mixing
either microfibre type, at either 2% or 10% (w/v) concentrations, into 3% (w/v)
silk solutions during the solution-gel transition increased the initial stiffness of
the resulting silk hydrogels, with the 10% (w/v) addition giving a greater
increase. Microfibre addition also altered stress relaxation, with the fastest
stress relaxation observed with a rank order of 2% (w/v) > 10% (w/v) >
unmodified hydrogels for either fibre type, although B. mori fibres showed a
greater effect. Assessment of the biological responses by monitoring cell
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attachment on these two-dimensional hydrogel substrates revealed greater
numbers of human induced pluripotent stem cell-derived mesenchymal stem
cells (iPSC-MSCs) attached to hydrogels containing 10% (w/v) B. mori
microfibres as well as 2% (w/v) and 10% (w/v) Tasar microfibres at 24 h after
seeding. Cytoskeleton staining revealed a more elongated and stretched
morphology for cells growing on hydrogels containing Tasar microfibres.
Overall, these findings illustrate that hydrogel stiffness, stress relaxation and
iPSC-MSC responses towards silk hydrogels can be tuned with microfibres.

4.2 Introduction

Tissue engineering has emerged as a pivotal field in regenerative medicine,
seeking innovative strategies to repair and replace damaged or lost tissues
(Caddeo et al., 2017, Al-Ghadban et al., 2022). Its success depends on
biomaterials that can facilitate tissue regeneration, for example, by providing
supportive hydrogels for cell attachment (Chen et al., 2018b, Tian et al.,
2019), proliferation (Yu et al., 2022), and differentiation (Kim et al., 2021,
Yoon et al., 2018). Silk fibroin, derived from B. mori silkworms, has garnered
significant interest for tissue engineering applications, in part due to its
biocompatibility, biodegradation and resemblance to the natural extracellular
matrix (ECM) (Kapoor and Kundu, 2016, Lyu et al., 2023). For example, silk
hydrogels are able to mimic the viscoelastic properties of tissues
(Phuagkhaopong et al., 2021), thereby offering an interesting platform for
further exploration of their use in cell attachment and growth, as well as in
scaffold fabrication required for more advanced tissue engineering
applications. Tuning material mechanics is an integral part to tissue

engineering.

Although silk fibre reinforcement was first pioneered for fabricating silk
scaffolds for use in the tissue engineering (Mandal et al., 2012), it has since
been used in hydrogels to enhance their mechanical strength (Yodmuang et
al., 2015, Liu et al., 2019, Xiao et al., 2018, Kim, 2021). For example,

reinforcement of silk hydrogels with 2% (w/v) B. mori fibres 500 um in length
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nearly doubled the hydrogel mechanical strength (Yodmuang et al., 2015).
However, the incorporated microfibres do more than just enhance mechanical
support; they also enhance cellular behaviour (Yodmuang et al., 2015). This
phenomenon has also been observed with other hydrogel systems reinforced
with B. mori fibres (Kim, 2021, Liu et al., 2019, Xiao et al., 2018).

To date, B. mori silk has been the material of choice for silk-mediated tissue
engineering for several reasons. This is due, at least in part, to the robust
supply chain of B. mori raw materials, the ease by which the fibre can be
reverse-engineered into liquid silk and the clinical approval and use of B. mori
silk in humans, both as its native spun fibre and its processed formats
(Holland et al., 2019, Lyu et al., 2023). However, many different silks exist in
Nature; indeed, silk has arisen at least 23 times via independent evolutionary
events (Sutherland et al., 2010). This diversity guarantees that silk will
continue to amaze. Even among Lepidoptera, the silks produced by different
species provide a rich library with sequence variations that can be tapped
into. For example, the silk produced by A. mylitta (the Tasar silkworm) shares
many similarities with B. mori silk, but it differs in subtle but important ways in
its primary protein sequence. For example, in contrast to B. mori silk fibroin,
Tasar silk fibroin contains (i) a higher amount of alanine residues (Acharya et
al., 2008a) and (ii) per molecule, 7 arginyl-glycyl-aspartic acid (RGD)
sequences, which promote cell adhesion via integrin receptor engagement
(Kapoor and Kundu, 2016, Naskar et al., 2021) B. mori silk lacks this RGD
sequence, making Tasar silk an important contender in the “silk toolbox”
(Kapoor and Kundu, 2016). Indeed, Tasar silk films and scaffolds have been
shown to significantly improve primary cardiomyocyte performance, including
cell attachment and proliferation (Patra et al., 2012) (reviewed in (Naskar et
al., 2021)). The availability of integrin engagement for cell adhesion provided
by Tasar silk is also relevant for other cell types, including pluripotent stem
cells (iPSCs). The iPSCs are particularly promising for emerging tissue
engineering therapies because they provide the unique opportunity of
culturing limitless patient-specific stem and progenitor cells (reviewed in
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(Santoro et al., 2019)), as well as iPSC-derived mesenchymal stem cells
(MSCs).

Human iPSC-derived MSCs (iPSC-MSCs) are particularly promising in tissue
engineering due to their potential for multilineage differentiation (Ozay et al.,
2019, Chang et al.,, 2020) and for their immunomodulatory properties
(Saetersmoen et al., 2019). The ability of iPSC-MSCs to differentiate into
various cell lineages (Chang et al., 2020) can greatly aid tissue repair (Chang
et al., 2020), regulating immune responses (Saetersmoen et al., 2019), and
mitigating inflammation (Yang et al., 2019). This combination of regenerative
and immunomodulatory potentials offers a comprehensive strategy for
fabricating tissue engineering constructs with enhanced regenerative
outcomes. Ultimately, iPSC-MSCs will benefit from novel delivery platforms
that will maximise their therapeutic potential (Seib, 2018).

In the present study, | created silk hydrogels reinforced with either B. mori or
Tasar silk microfibres and | characterised the hydrogel mechanics and
assessed their cell culture performance using iPSC-MSCs. As part of this
study, | also established a novel protocol for reverse engineering Tasar silk.
Both silk microfibre types were characterised and each was embedded in a
physically crosslinked silk hydrogel for assessment of their impact on
hydrogel mechanics (Figure 4.1). The modified hydrogels were also used to
assess iIPSC-MSC cell attachment and viability (Figure 4.1).

Materials synthesis Silk fibers and hydrogels characterization In vitro study
B. mori Q
silk hydrogels aa l
o = = )
=
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Figure 4.1 Diagram of overview process including silk hydrogels and silk
microfibres synthesis, characterisation, and in vitro study.
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4.3 Materials and Methods

4.3.1 B. mori and A. mylitta silk extraction
4.3.1.1 Silk fibroin solution from B. mori cocoons.

The B. mori silk solution was prepared as previously reported in Chapter 2.

4.3.1.2 A. mylitta (Tasar) silk fibres degumming.

The process of degumming Tasar silk cocoons was prepared as previously
reported in Chapter 3.

4.3.2 B. mori and Tasar silk microfibre synthesis

B. mori or Tasar silk microfibre synthesis were based on the technique
reported previously (Mandal et al., 2012) (Figure 4.2). Briefly, 1 g of dried,
degummed silk fibres were submerged in 15 mL of 17.5 M NaOH solution for
20 min for B. mori silk fibres and for 5 h for Tasar silk fibres (Figure 1). The
fibres were stirred using a spatula for 12 min. Next, 150 mL of deionised
water was added, followed by centrifugation at 48,384 x g for 20 min. The
supernatant was discarded, and the pellet was resuspended in 50 mL of
deionised water, stirred, and centrifuged again. This step was repeated 5
times. After resuspension of the pellet in DI water, the pH was measured and
adjusted to 7.0 by dropwise addition of HCI. The neutralised silk fibre solution
was centrifuged again for 20 min and the final silk fibre pellet was
resuspended in 2 mL of DI water. The silk fibres were filtered through a 500
gm strainer to create a major size in the range between 250 and 500 ym.
Samples (100 yL) of each silk fibre were lyophilised for concentration
measurements. Sample images were captured using light microscopy and
analysed using Imaged for Windows 1.8.0 (National Institutes of Health,
Bethesda, USA).
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4.3.3 Hydrogels manufacture
The 3% w/v self-assembling silk hydrogels were prepared as previously
reported in Chapter 2.

Silk hydrogels manufacture
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Figure 4.2 Manufacture of B. mori and A. mylitta (Tasar) silk microfibres and
hydrogels.

4.3.4 Scanning electron microscopy (SEM) of B. mori and Tasar silk
microfibres

B. mori and Tasar silk microfibre suspensions were adjusted to a
concentration of 10 mg/mL. A 20 pL suspension of microfibres was pipetted
onto a silicon wafer and lyophilised for 24 h at =10 °C and 0.14 mbar. The
dried samples were sputter-coated with 15 nm of gold using an ACE200 low-
vacuum sputter-coated (Leica Microsystems, Wetzlar, Germany). The fibre
samples were imaged by field emission scanning electron microscopy (FE-
SEM; SU6600 instrument; Hitachi High Technologies, Krefeld, Germany) with
a 5 kV accelerating voltage. The hydrogel samples were imaged with a
Quanta FEG-ESEM (FEI company, Hillsboro, OR, USA; now part of Thermo
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Fisher Scientific Inc., Waltham, MA, USA). The images were processed using
Imaged for Windows 1.8.0 (National Institutes of Health, Bethesda, USA).

4.3.5 RGD-epitope identification

The RGD sequence on silk microfibres surface was detected using an integrin
mimicking RGD-binding peptide (CWDDGWLC)-NH-(CH2)s-NH-Biotin
(Peptide Protein Research Limited, Hampshire, UK) (Yang et al., 2015). 1 mg
of air-dried, and alkaline-treated B. mori and Tasar silk microfibres were
blocked for 1 h with buffer (pH=8.6, containing 0.1 mol/L NaHCO3, 0.02% w/v
NaNs, and 5% w/v of bovine serum albumin). Each silk microfibres were
washed 5 times in wash buffer (pH=7.5, containing 50 mmol/L Tris-HCI, 150
mmol/L NaCl, 0.1% w/v Tween-20). Next, silk microfibres were incubated with
the integrin-mimicking RGD-binding peptide (0.1 mg/mL in wash buffer) for 30
minutes. Silk microfibres were washed 5 times in wash buffer to remove
unbound peptides. Next, silk microfibres were treated with Streptavidin-
colloidal gold (Sigma Aldrich) (1 mg/mL in wash buffer) for 45 minutes and
rinsed in wash buffer. Then, silk microfibres were enhanced by a silver
enhancing kit (Sigma Aldrich) for 20 minutes. Finally, all silk microfibres were
washed 5 times and rinsed with deionised water. Silk microfibres in deionised

water were imaged with a light microscope.

4.3.6 Silk secondary conformation analysis by Fourier-transform infrared
spectroscopy (FTIR)

Silk secondary conformation measurements were performed as detailed in
Chapter 3.

4.3.7 Rheology of silk hydrogels with and without silk microfibres.
Rheology measurements were performed as detailed in Chapter 2. For
rheology measurement, equilibrate 3% (w/v) silk hydrogel microfibre systems
overnight in DMEM containing 1g/L D-glucose.
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4.3.8 Cell culture experiment

Human iPSC derived MSCs were purchased from the American Type Culture
Collection (Manassas, VA, USA). Briefly, the iPSC-MSCs were cultured as
monolayers in tissue culture flasks and on a 3% (w/v) silk hydrogel composite
containing 2% or 10% (w/v) of silk microfibres in complete culture medium.
Unless otherwise indicated, the cells were seeded at 5,000 cells/cm?. Cells
were cultured at 37°C in 95% relative humidity and 5% CO.. The iPSC-MSCs
were used for up to three passages.

4.3.9.1 iPSC derived MSC viability

Cell viability was measured at 24 h after seeding using the resazurin assay
as described in Chapter 3.

4.3.9.2 iPSC derived MSC attachment on hydrogel

DNA quantification using PicoGreen assay measurement was performed as
detailed in Chapter 3.

4.3.9.3 The actin filament visualisation of iPSC-MSC treated on silk hydrogel.
The iPSC-MSCs were cultured for 24 h on silk hydrogel substrates in glass
bottom microwell dishes. The hydrogels were then fixed with 4% v/v
methanol-free formaldehyde, permeabilised in 0.1% v/v Triton-X 100 for 15
min and blocked in 1% (w/v) bovine serum albumin (BSA; Sigma-Aldrich) for
1 h at room temperature. For actin filament visualisation, cells were stained
for 1 h with 0.165 yM phalloidin-Alexa488, according to the manufacturer’s
instructions (Thermo Fisher Scientific Inc.) and imaging (Nikon Eclipse E600
upright epifluorescence microscope). Exposure time and other image settings
for each respective channel were held constant during imaging. All images
were equally adjusted, processed and analysed in Imaged 1.8.0 (National
Institutes of Health, Bethesda, USA). The images were analysed as detailed

previously (Phuagkhaopong et al., 2021).
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4.3.9.4 Image Analyses

Assessment of cytoskeletal organisation of the cells, single cells were
manually traced from fluorescent actin images. Area, perimeter, fit ellipse, and

shape descriptors were quantified by Imaged. Cell area, circularity ((4 x © %

area)/(perimeterz)), roundness ((4 x area)/( m= x major axis Iengthz)), and

aspect ratio (major axis length/minor axis length).
Data and Statistical analyses

Data was analysed using GraphPad Prism 10.0.2 (171)@ (GraphPad
Software, La Jolla, CA). One-way analysis of variance (ANOVA) followed by
Tukey’s multiple comparison test was used to analyse the iPSC-MSC viability,
attachment, and staining measurement of silk hydrogels composite silk
microfibres with control substrate cultures. Statistical significance was
indicated by asterisks in each figure legend and assigned as follows; **p <
0.05, ***p = 0.005, and ****p < 0.0001. All data were plotted as mean *
standard deviation (SD). The number of experiment repeats (n) is described
in each figure legend.
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4.4 Results
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Figure 4.3 Morphology of silk microfibres. B. mori and A. mylitta (Tasar) silk
microfibre characterisation using (A) size measurements and (B)
morphological assessment of silk microfibres by scanning electron

microscopy (scale bar, 200 ym; zoom, 50 um).

The average lengths of B. mori and Tasar silk fibres were 223 + 97 um and
279.83 £ 105.67 respectively, although the differences were not statistically
significant (Figure 4.2A). Qualitative surface morphology assessment
indicated that microfibre types had a similar cylindrical shape, although the
diameter of the Tasar silk fibre was approximately twice that of the B. mori
fibre. The surface of the B. mori silk microfibres was generally smooth and
glossy, whereas the microfibrils of the Tasar silk microfibres had a loose
appearance (Figure 4.3B).
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Figure 4.4 The RGD-sequencing peptide represented on silk microfibres
surface area was observed using an inverted light microscope. The existence
of RGD-sequencing peptide visualised as black spots by binding with
(CWDDGWLC)-NH-(CH2)e-NH-Bio-biotin-streptavidin-gold nanoparticles
enhanced with silver on the surface of B. mori and Tasar silk microfibres
(Scale bar =100 and 50 pm). Air-dried silk microfibres are used as control.

RGD-sequences are absent in B. mori silk fibres but can be found in Tasar
silk fibres. Therefore, it is important to confirm the existence of RGD
sequences on Tasar silk fibres surface. The RGD binding sites can be
observed under the light microscope (Figure 4.4). The RGD binding site was
presented as black spots on the silk microfibre surface area. However, the
black spots were not seen on the surface area of all treatment groups of silk

microfibres (Figure 4.4).
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Figure 4.5 Silk hydrogel composites containing 2% and 10% (w/v) B. mori
and A. mylitta (Tasar) silk microfibres. The hydrogel morphology was
assessed using scanning electron microscopy (SEM) (scale bar, 400 pm;
zoom, 100 ym). Silk hydrogels without microfibres were used as controls. Silk
microfibres are indicated by arrows.

The morphology of self-assembled silk hydrogels spiked with 2% and 10%
(w/v) silk microfibres was observed by SEM (Figure 4.5). Control silk
hydrogels showed a uniform pore structure (typically 250—-450 um in diameter)
and high porosity, while the fibre-reinforced hydrogels typically had uniform
but smaller pores (approximately 222.05 + 36.97 um in diameter) (Figure 4.5).
Both B. mori and Tasar silk microfibres were embedded within the silk
hydrogel matrix. Increasing the silk microfibre content further reduced the
internal porosity of the hydrogels, but the uniform structure was maintained
(Figure 4.5).

109



]

1640 1621

| [l Intermolecular B-sheet
! Tasar fibers Native B-sheet
i Antiparallel amyloid B-sheet
| B. morifibers B-turn
: la helix and random coil
| ~Silk hydrogel -
}Negative control
Positive control
0

1720 1700 1680 1660 1640 1620 1600
Wavenumber (cm™') Secondary structure content %

[4)]

IN

w

N

=N
L

Offset 2 derivative IR amplitude / a.u.

it

Figure 4.6 Secondary structure of silk samples. Fourier transform infrared
(FTIR) spectra and peak assignment. (A) FTIR spectra of B. mori and A.
mylitta (Tasar) silk microfibres, silk hydrogels, an air-dried film (negative
control) and a 70% ethanol-treated silk film (positive control). Dashed lines
indicate the B-sheet peak (1621 cm™) and the a-helix peak (1640 cm™), and

(B) analysed secondary structure.

Assessment of the secondary structure of both microfibres and hydrogels
using FTIR revealed the typical amide | absorption peak at 1600-1700 cm™' in
all silk samples (Figure 4.6). The spectra of silk films that had been air-dried
only (negative control; amorphous) had the lowest B-sheet content (22.86%),
while those treated with 70% v/v ethanol/distilled water (positive control;
crystalline) had the highest B-sheet content (64.39%) (Figure 4.6). The (-
sheet contents of Tasar and B. mori silk microfibres were 63.13% and 61.12%,
respectively (Figure 4.6). The B-sheet content of the unmodified silk hydrogel
was 31.92%.

Next, the mechanics of the 3% (w/v) silk hydrogel were compared with those
of silk hydrogels containing B. mori and Tasar silk microfibres (Figure 4.7A
and Table 4.1). The silk hydrogels without microfibres showed the lowest
stiffness (1.47 kPa) (Figure 4.7A), and the hydrogel stiffness increased as the
silk microfibre content increased (Figure 4.7A). Silk hydrogels containing 10%
(w/v) Tasar silk microfibres had the highest stiffness (4.07 kPa), followed by
silk hydrogels containing 10% (w/v) B. mori silk microfibres (3.03 kPa), 2%
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(w/v) Tasar (2.62 kPa) and then 2% (w/v) B. mori (1.93 kPa) silk microfibres
(Figure 5A). Determination of the stress relaxation (Figure 4.7B) and the
stress relaxation half-time (Figure 4.7B) revealed that the control silk hydrogel
with no fibres had the longest stress-relaxation time (144 s). However,
independent of the fibre type, the fastest stress relaxation was observed with
a rank order of 2% (w/v) > 10% (w/v) > unmodified hydrogels, and this effect
was greatest for B. mori fibres (Figure 4.7B).
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Figure 4.7 Impact of the microfibre amount and type on silk hydrogel
mechanical properties. (A) Stiffness, (B) normalised stress relaxation time
and (C) stress relaxation time profiles for 3% (w/v) self-assembled silk
hydrogels (control) with and without microfibres. Silk hydrogels are denoted

as SH. Data are presented as mean + SD, n = 3 independent experiments.
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Table 4.1 Impact of the microfibre amount and type on silk hydrogel
mechanical properties including initial elastic modulus (stiffness) and half-

stress relaxation time. Data are presented as mean = SD, n = 3 independent

experiments.
Samples Initial elastic Half-stress
modulus relaxation time
(kPa) (second)
Silk hydrogel (control) 147 £1.33 143.70 £ 57.00
Silk hydrogel + 2% w/v B. mori | 1.93 £+ 2.17 34.44 £ 10.92
fibers
Silk hydrogel + 10% w/v B. mori | 3.03 £ 1.43 68.06 + 12.20
fibers
Silk hydrogel + 2% w/v Tasar silk | 2.62 £ 0.93 72.26 £ 27.20
fibers
Silk hydrogel + 10% w/v Tasar silk | 4.07 £ 2.20 118.50 £ 19.90
fibers
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Figure 4.8 Response of stem cells (iPSC-MSCs) towards silk hydrogel
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culture substrates in two dimensions. (A) Cell viability at 24 h after seeding
on silk hydrogels. (B) Quantification of iPSC-MSC cell attachment. Control:
iPSC-MSC cells seeded on tissue culture—treated polystyrene. Data are
presented as mean = SD, n = 3 independent biological experiments. (C)
Impact of substrate mechanics on iPSC-MSC cytoskeletal organisation. The
iPSC-MSC spread after 24 h, focusing on cytoskeletal morphology. The
images show F-actin cytoskeleton staining. Scale bars = 20 and 40 ym.
Quantification of the morphological characteristics of iPSC-MSCs (106 cells
in n = 21 images from three pooled experiments). One-way analysis of
variance (ANOVA), followed by Tukey’s multiple comparison test. For **p <
0.05, **p = 0.005, and ****p < 0.0001 comparison of silk hydrogels composite

silk microfibres with control substrate cultures.

Next, the responses of iIPSC-MSC cells towards these hydrogel substrates
were measured to determine cell attachment and metabolic activity (Figure
4.8A and B, respectively). Assessment of metabolic activity showed that there
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were no statistically significant differences between iPSC-MSCs cultured on
2D silk hydrogels containing B. mori and Tasar silk microfibres. However, the
metabolic activity of cells grown on tissue culture—treated polystyrene (TCP)
was twice the values observed for hydrogel substrates (Figure 4.8A).

Here, the DNA content was used to quantify the number of cell attachments.
All hydrogel substrates showed a time-dependent increase in cell attachment.
iPSC-MSCs grown on 2% (w/v) B. mori microfibre hydrogels showed
substantial increases in cell numbers at 2 h after seeding. Compared to silk
hydrogel without fibres, cell adhesion increased almost twice in all reinforced
silk hydrogel substrates at 24 h. Surprisingly, there were no statistically
significant cell adhesion differences in silk hydrogels containing B. mori and
Tasar silk microfibres (Figure 4.8B).

Assessment of the cell morphology at 24 h culture time point revealed that
the iPSC-MSC positive controls cultured on tissue culture—treated polystyrene
showed greater stretched and elongated morphology when compared to that
of cells grown on silk hydrogels containing either 2 or 10% (w/v) B. mori or
Tasar silk microfibres (Figure 4.8C). The iPSC-MSCs cultured on tissue
culture—treated polystyrene showed signs of membrane protrusion, with local
actin polymerisation, whereas these features were infrequently observed in
the iPSC-MSCs cultured on silk hydrogels or their respective silk microfibre
hydrogels (Figure 4.8C). Quantifications of the cell area, aspect ratio,
roundness and circularity revealed that the iPSC-MSCs cultured on reinforced
silk hydrogels had a greater roundness and circularity when compared to
those cells grown on tissue culture plastic.

4.5 Discussion

Reinforcing hydrogels with silk microfibres broadens their use in biomedical
and engineering applications. For example, fibre-reinforced hydrogels have
increased mechanical strength making them useful for hard tissue engineering
applications (Yodmuang et al., 2015, Liu et al., 2019, Kim, 2021). This

tunability of mechanical properties is critical, as it enables matching of the
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construct to a wider set of target tissues (which can have a broad spectrum of
mechanics). This, in turn, is important because mechanical matching promotes
better integration and, ultimately, functional restoration. Substrate stress
relaxation is also important and has known effects on cell biology, including
the functioning of stem cells (Chaudhuri et al., 2020). However, stress
relaxation, in the context of silk, is only now being studied (Phuagkhaopong et
al., 2021) and | still do not know how added fibres may impact stress relaxation.
The added microfibres also introduce topographical cues that can guide cell
adhesion, alignment, and migration (Yodmuang et al., 2015, Liu et al., 2019,
Kim, 2021). To the best of my knowledge, the present study is the first to
develop Tasar fibre reinforced B. mori silk hydrogels and to examine their
substrate mechanics, including viscoelasticity. Tasar silk fibres are particularly
attractive in tissue engineering because their primary structure contains, per
silk molecule, seven RGD sequences that can be exploited for guiding cell
attachment (Naskar et al., 2021).

Due to the weak mechanical properties of sonication-induced silk hydrogels, |
included silk microfibres to improve the mechanical properties of these
hydrogels. Here, | tested both B. mori and Tasar silk microfibres as silk
hydrogel reinforcements and compared the resulting hydrogels to a control silk
hydrogel without microfibres. | first used the protocol described by Mandal and
co-workers to generate silk microfibres (Mandal et al., 2012). The aim was to
generate microfibres that were 200 to 400 um in length because this length
has previously shown the best performance in silk scaffolds (Mandal et al.,
2012) and hydrogels (Yodmuang et al., 2015). | used light microscopy to
assess the fibre lengths, and the B. mori data are comparable to those reported
in previous studies (Yodmuang et al., 2015, Mandal et al., 2012) (Figure 4.3).
| then used the same parameter space for Tasar silk, but | extended the
incubation time to 5 h to yield microfibres of comparable length to the B. mori
fibres. Electron microscopy examination of the fine surface structure of the
fibres revealed that the Tasar silk microfibres were approximately twice as
wide as B. mori fibres (Figure 4.3). This difference arises due to the different
spinning geometries inherent to B. mori and Tasar silkworm physiology. The
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processed B. mori silk microfibre had a smooth surface appearance, whereas
the Tasar silk microfibres showed some microfibrils, as reported previously
(Darshan et al., 2017). Tasar silk cocoons are tightly woven to provide
maximum protection during the four-month pupal diapause (Darshan et al.,
2017). By contrast, the fully domesticated B. mori cocoon is readily reeled and

the pupa immediately starts metamorphosis.

| also determined the fibre secondary structure by FTIR spectroscopy. One
factor that impacts the structure of silk microfibre is the beta-sheet content,
which forms via hydrogen-bonding interactions between the silk chains. These
hydrogen bonds create a highly ordered and rigid crystalline structure (Johari
et al., 2020). The presence of beta-sheets imparts greater stiffness and
strength to the silk material (Johari et al., 2020) because the hydrogen bonds
in the beta-sheet structure resist deformation and provide mechanical support
(Johari et al.,, 2020). The secondary structures of Tasar and B. mori
microfibres, as well as of the 3% w/v of silk hydrogels, were analysed and
deconvoluted between wavenumbers 1600 and 1710 cm™ (amide | band)
(Figure 4.6). The findings showed that the beta-sheet contents of the
microfibres of both Tasar and B. mori silks were significantly higher than the
beta-sheet content of the silk hydrogels or the air-dried silk films (negative
control) (Figure 4.6). These results were expected and are comparable to data
reported previously (Egan et al., 2022, Phuagkhaopong et al., 2021).

Silk hydrogels, especially at those >3% (w/v), are prone to cracking under low-
stress conditions due to a lack of energy dissipation mechanisms (Zheng and
Zuo, 2021). The addition of silk microfibres to a brittle hydrogel matrix
increases its stiffness, resulting in improved mechanical properties (Yodmuang
etal., 2015, Liu et al., 2019, Kim, 2021). Fibre-reinforced hydrogels have been
investigated for tissue engineering by incorporating B. mori fibres within a
spectrum of hydrogel matrices (Yodmuang et al., 2015, Liu et al., 2019, Kim,
2021). For example, adding 2% (w/v) B. mori silk microfibres to an 8% (w/v)
silk hydrogel was able to mimic the mechanical properties of native cartilage
in vitro (Yodmuang et al., 2015). In the present study, silk hydrogels were
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reinforced with silk microfibres using the same (i.e. 2% [w/v]) and higher (i.e.
10% [w/v]) concentration of fibres to assess the impact of silk microfibres on
the mechanical properties of a silk hydrogel. Increasing the concentration of
silk fibres led to an increased initial modulus (stiffness) (Figure 4.7), which is
consistent with previous findings (Yodmuang et al.,, 2015, Liuetal.,,2019).
The Seib Lab previously showed that 4% (w/v) silk hydrogels show stress

relaxation; however, the impact of fibre reinforcement is unknown.

Microfibre reinforcement increases the mechanical strength of hydrogels.
However, in the present study, | now provide the first demonstration that fibre
addition also increases the speed of stress relaxation, thereby enabling greater
material plasticity.

| speculate that the presence of microfibres provided ‘flow points’ within our
hydrogels. Therefore, the application of stress eases the material flow,
resulting in shorter material relaxation times. The flow points are better when
provided by the smooth B. mori microfibres than by the coarse Tasar
microfibres. However, the experimental data also showed that the increased
speed of stress relaxation was inversely correlated with the fibre content. This
observation may seem counterintuitive but might be explained by changes in
the hydrogel morphology. The morphological analyses revealed that the
structural uniformity was maintained in the microfibre-reinforced hydrogels, but
the silk microfibre content reduced the internal porosity in a manner that
correlated with the fibre content (Figure 4.5). Therefore, | speculate that the
balance of ‘flow points’ and internal porosity governs the stress relaxation
times (Figure 4.7B).

| also assessed the impact of silk hydrogel reinforcement with B. mori and
Tasar silk microfibres on iPSC-MSC biology by monitoring cell attachment over
the first 24 h after seeding (Figure 4.8). All hydrogels strengthened with B. mori
and Tasar silk microfibres showed improved iPSC-MSC attachment.
Hydrogels reinforced with Tasar silk microfibres at either 2% or 10% (w/v)
concentrations exhibited significant increases in cell attachment compared to
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B. mori fibre-reinforced or control hydrogels (Figure 4.8). Improvement in cell
attachment in response to Tasar silk is therefore in line with previous findings
using films and three-dimensional scaffolds (e.g., (Patra et al., 2012)).
Assessment of cell metabolic activity at 24 h post-seeding revealed values that
were approximately 50% lower in cells cultured on reinforced hydrogels than
in control cells cultured on tissue-culture polystyrene (which essentially
enables 100% cell attachment). Therefore, the data not only corroborate the
cell attachment data, but they also highlight that further work is needed to

maximise cell-substrate engagement.

Finally, morphological quantification of iPSC-MSCs growing on silk hydrogels
reinforced with 10% w/v microfibres revealed that the iPSC-MSCs were able
to stretch and elongate on these substrates. However, the iPSC-MSCs grown
on tissue-culture plastic substrates had the largest surface area (i.e.
spreading), as is typical and expected for these rigid substrates (e.g. (Seib et
al., 2009a, Seib et al., 2009b)

4.6 Conclusion

| have examined the impact of silk hydrogel reinforcement on substrate
mechanics and biology. Here, B. mori and Tasar silk microfibres were
successfully manufactured and embedded in B. mori hydrogels, with a
resulting improvement in mechanical strength and faster stress relaxation.
When compared to a tissue-culture polystyrene substrate, silk hydrogels
functionalised with silk microfibres promoted short-term iPSC-MSC adhesion
and enhanced metabolic activity, despite a lack of quantitative cell attachment.
Overall, the findings of this study demonstrated that the reinforcement of silk
hydrogels with different concentrations of silk microfibres alters the
mechanical properties and impacts iPSC-MSC cell biology when cultured in

two dimensions.
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Chapter 5

Thesis conclusion and future work
Chapter summary:

This chapter provides a summary of the outcomes of this thesis and
suggestions for future work. The research outputs of the thesis included: (i) the
impact of nanoparticles and silk microfibres on the mechanical properties of
viscoelastic B. mori silk hydrogel (submitted manuscript) and (ii) the impact of
nanoparticles and silk microfibres on cell adhesion (submitted manuscript). |
have also contributed to additional publications as a co-author (see Appendix).
For future work, based on this thesis’s main findings, more work is needed to
fine-tune the cell material interactions for further improvement of the biological

response.

5.1 Thesis conclusions

Silk has been used for sutures for millenia (Holland et al., 2019). Due to silk's
excellent mechanical properties, biocompatibility, biodegradability, and non-
toxicity, it has been used as a biomaterial for tissue engineering (Holland et
al., 2019). Silk has been processed into various forms such as scaffolds, films,
and hydrogels (Holland et al., 2019). These materials are used as structural
supports for tissue regeneration in applications such as bone, cartilage, skin,
and nerve tissue engineering. During my PhD, | have come across various
research studies that concentrate on B. mori silk hydrogel. These studies have
explored its potential to support cell growth in long-term conditions (Abbott et
al., 2016), tissue engineering (Osama et al., 2018), and drug development
(Wongpinyochit et al., 2016, Seib, 2018). However, there is still a significant
gap in understanding the development of composite silk hydrogels that contain
biomaterials, including nanoparticles and microfibres, and their impact on
material properties and biological behaviour. The silk fibroin extracted from B.
mori silk cocoons lacks the RGD-sequencing peptide that selectively promotes
integrin-mediated cell adhesion (Holland et al., 2019). Alternative options

include the material that contains RGD-sequencing peptide into B. mori silk

119



hydrogel. So, in this study, the A. mylitta (Tasar) silk in nanoparticles and fibres
formats which have RGD-sequencing peptide in their structure were
introduced to B. mori silk hydrogel to tune the mechanical properties and
improve the cell adhesion. Since the start of this PhD, a few studies have used
biomaterial including nanoparticles and microfibres to alter the mechanical
properties of silk hydrogel (Kim, 2021, Liu et al., 2019, Haghighattalab et al.,
2022, Yodmuang et al., 2015). Overall, my thesis explored the effects of adding
various nanoparticle types on the material mechanics and biological
interactions of composite self-assembling silk hydrogels. The nanoparticles
were embedded into silk hydrogel to tune the mechanical properties of silk

hydrogel.

The first part of this thesis examined the impact of porous and non-porous
silica nanoparticles on the mechanical properties of 3% w/v B. mori silk
hydrogel. Non-porous and porous (commercial SBA-15) silica nanoparticles in
the size range between 100-400 nm were embedded into 3% w/v of B. mori
silk hydrogel at low (0.10% w/v) and high (5% w/v) of silica nanoparticles. The
result concluded that silk hydrogel loaded with a high (5% w/v) concentration
of silica nanoparticles promoted a higher stiffness of 2.11 kPa than a lower
concentration of 0.10% w/v 1.48 kPa.

In the second part of this thesis, the effects of low (0.05% w/v) and high (0.5%
w/v) of homotypic (B. mori and A. mylitta (Tasar)) and heterotypic (non-porous)
silica nanoparticles on the mechanical properties of silk hydrogel was
investigated. Another objective was to evaluate the efficacy of these systems
in promoting DU-145 cell adhesion, with the goal of controlling the interface
between cells and materials. The addition of nanoparticles improved DU-145
cell attachment and proliferation compared to unmodified silk hydrogels.
However, tissue culture-treated polystyrene outcompeted all silk substrates,
resulting in the largest increase in cell numbers within 24 h. The Tasar
nanoparticles used in this study had minimal effect on cell attachment, which
was unexpected. | anticipated that the RGD motif present in the silk would
enhance cell-material interaction through integrin engagement. The lack of
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improvement in cell attachment could be attributed to various factors, such as
the limited accessibility of the Tasar nanoparticles for integrin receptor

engagement.

The final part of the thesis evaluated the impact of low (2% w/v) and high (10%
w/v) B. mori and Tasar silk microfibres on silk hydrogel and on Human induced
pluripotent stem cell-derived MSCs (iPSC-MSCs) attachment. Silk hydrogel
reinforced with B. mori and Tasar silk microfibres not only supported iPSC-
MSCs proliferation and attachment but also enhanced cell stretching and
elongation at 24 h after seeding. The Tasar silk microfibres promoted cell
proliferation at both low and high concentrations, but tissue culture-treated
polystyrene exhibited superior cell adhesion. In summary, the study found that
the mechanical properties of silk hydrogels, which were reinforced with varying
concentrations of silk microfibres, affect the behaviour of iPSC-MSCs cells in
two dimensional. Hence, silk hydrogels enhanced with silk microfibres can
encourage the short-term adhesion and growth of iPSC-MSCs.

5.2 Alternative materials for hydrogel synthesis.

Table 5.1 The alternative materials used to generate hydrogels: material,
source, properties, drawback, application, and reference.

Materials Source Properties Drawback Application Reference
Alginate Brown -Biocompatible -Limited Functionalised | (Enck et
(anionic seaweed mechanical alginate al., 2021)
polymers) -Low toxicity
strength hydrogels
-Biodegradable enhanced the
-prolonged mechanical
I-i'rA;EI“ty to cross- | stability issues strength of
arise due toion | encapsulated
-Less exchange islet function.
immunogenicity
Collagen Rat tail, | -Biocompatible -High -Three- (Zhang et
Bovine variability  in | dimensional al., 2021d)
-Biodegradable .
tendon, properties collagen
depends  on | hydrogel for
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Jelly fish, | -Low viscosity various functionalized
etc. manufacturing | nerve conduits
-Low cytotoxicity factors
-Collagen
-Short hydrogel
degradation incorporated
with fibril- | (Sapudom
supported et al.,
matrix 2019)
mechanism
properties  of
breast cancer
cell line
Gelatin Fish, -Biocompatible -Poor -Gelatin (Xu et al.,
Cattle, mechanical methacrylate 2022)
Bone, Skin -Biodegradable properties (GelMA)
-Low viscosity injectable
-Short enhanced
-Low cytotoxicity degradation cartilage
-Fully absorbable times formation
capacity.
-High solubility in | -Temperature
aqueous systems sensitivity _Gelatin
methacrylate
-Limit in long- | ¢ross-linked (Contessi
term stability with tetrazine Negrini et
and al.,, 2021)
norbornene
had potential
for
compartment-
talised
coculture
systems.
Hyaluronic Human -Biocompatible -Limited Hyaluronic (Suo et al.,
acid and mechanical acid hydrogels | 2019)
bacterial -Non-adhesive strength show potential
fermenta- as a matrix that
tion -Immunoneutral -Rapid mimics  the
enzymatic extracellular
degradation in | matrix (ECM)
vivo for the in vitro
development
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of breast
cancer.

Matrigel™ a -Enrich in laminin, | -Batch-to- Matrigel was | (Benton et
gelatinous | collagen type IV, | batch used to mimic | al., 2014)
protein perlecan, and | variability and | extracellular
mixture entactin potential matrix and
derived transmission of | cancer
from -Closely animal research
Engelbreth | resembles the | pathogens models.

-Holm- natural ECM found
Swarm in tissues -Lack of
(EHS) Defined
mouse -Support the | Composition
sarcoma formation of new
cells. blood vessels | - Limited Shelf
(angiogenesis) Life
-Ethical
Concerns

Hydrogels utilized in tissue engineering offer a supportive and biocompatible
milieu for cell growth, tissue regeneration, and wound healing (Brovold et al.,
2018). Silk hydrogels share common properties, including biocompatibility and
biodegradability, with other hydrogels (refer to Table 6) (Brovold et al., 2018).
Notably, silk hydrogels exhibit superior mechanical strength, making them
more resilient in load-bearing applications (Brovold et al., 2018). In contrast,
alginate hydrogels may exhibit limited stability under extreme pH conditions,
restricting their use in specific environments (Brovold et al., 2018, Lee and
Mooney, 2012). Silk hydrogels demonstrate lower immunogenicity compared
to collagen and gelatin hydrogels, coupled with slower degradation rates than
collagen, gelatin, and hyaluronic acid, enhancing their longevity in certain
applications (Brovold et al., 2018, Lee and Mooney, 2001). Chitin/chitosan
hydrogels, however, present more complex preparation processes. Matrigel™
is a well-established and widely used (Benton et al., 2014). It is important to
consider the animal origin, batch variability, and potential immunogenicity
(Benton et al., 2014).
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Silk hydrogels surpass other hydrogels in tissue engineering owing to their
outstanding biocompatibility, biodegradability, and mechanical strength (Seib,
2018, Zheng and Zuo, 2021). The natural protein composition minimizes
adverse reactions, rendering silk hydrogels suitable for medical applications.
Their gradual degradation aligns with tissue regeneration needs, offering
temporary support without long-term complications. Noteworthy mechanical
properties, characterized by remarkable strength and flexibility, facilitate
effective mimicry of native tissues (Seib, 2018, Zheng and Zuo, 2021).
Customization of these properties enables their application across diverse
tissues, ensuring an optimal match for specific mechanical requirements. In
this study, Tasar silk nanoparticles and microfibers were incorporated into B.
mori silk hydrogel to enhance cell-cell interaction, leveraging the RGD-
sequences in Tasar silk crucial for cell attachment. Silk hydrogels excel in
facilitating cell attachment and proliferation, crucial for tissue engineering

Success.

5.3 Future directions

The results of this thesis suggest new research directions for others to explore.
Some of these potential directions are summarised below.

5.3.1 Impact of stress relaxation on cellular response in 3D culture.

The findings of this thesis confirm that the inclusion of nanoparticles and
microfibres typically improved DU145 and iPSC-MSCs cell attachment and
proliferation when compared to unmodified silk hydrogels. However, the cell
proliferation and cell adhesion were still less than the tissue culture plate
(Chapters 3 and 4). However, the use of a flat two-dimensional cell culture
cannot fully mimic the physiologically relevant microenvironment of cells in
tissues. Under physiologically normal conditions, cells typically experience a
three-dimensional substrate interface; this architecture is also relevant in the
context of the delivery of cells to lesioned areas. Moreover, the exposure area
of the Tasar nanoparticles and microfibres for integrin receptor engagement of
DU-145 cells and iPSC-MSCs was restricted in two-dimensional cell culture.
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Therefore, the accessible RGD-sequencing peptide for integrin receptor will be
higher in three-dimensional cell cultures and it will be to confirm the validity of
data obtained wusing oversimplified two-dimensional models and
unrepresentative physiological conditions.

5.3.2 Improve the nanoparticle placement and spacing in our silk hydrogels.

This thesis confirmed that silk hydrogel composite with biomaterials supported
cell growth rather than unmodified silk hydrogel (Chapters 3 and 4). However,
the hypothesis of this research aims to see more impact on cell attachment in
silk hydrogel composite Tasar silk nanoparticles and microfibres because
Tasar silk contains RGD-sequencing peptide which can promote cell adhesion
(Holland et al., 2019). The lack of improvement in cell attachment when
cultured on Tasar nanoparticles, compared to tissue culture plates, may be
due to limited accessibility for integrin receptor engagement. Focal adhesion
organisation is susceptible to ligand spacing, with an average RGD spacing of
44 nm required to form lipid raft domains at focal adhesion sites, which mimics
the RGD spacing found in fibronectin (Bellis, 2011, Le Saux et al., 2011). In
previous studies, Tasar silk fibres were collected from the A. myilitta silk gland
using the degumming process (Kundu et al., 2010, Subia et al., 2014).
However, in this study, the Tasar silk fibroin was prepared using 1 N NaOH at
a silk-to-NaOH ratio of 1 g to 25 mL. Unfortunately, the silk fibroin produced
from this method had a low vyield (3-7% w/v). Consequently, alternative
methods for dissolving Tasar silk fibre should be explored in future studies. In
order to increase the production yield of silk fibre with RGD-derived active
peptides is necessary required. According to Parekh et al., the cryo-milling
process was reported as the novel silk preparation method (Parekh et al.,
2022). Degummed Tasar silk fibre was chopped and grinded to obtain a silk
powder using cryo-mill equipment with stainless steel grinding ball. Silk powder
was dissolved in Trifluoroacetic acid (TFA) to yield a high solubility of 20% w/v
silk fibroin solution (Parekh et al., 2022). Hence, this could possibly contribute
the diverse active peptide pool containing the RGD motif. Peptidomics or
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relevant analyses might be beneficial in RGD-containing peptide screening
before nanoparticle manufacture and silk fibre bio-conjugation.
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