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Thesis Abstract

The development of silk processing techniques has enabled us to benefit from this superior
natural material, not only in its spun form as a fibre but also as a rehydrated protein solution

which can then be converted into countless shapes, structures and designs.

To date, all non-textile silk-based structuring techniques use rehydrated silk proteins, yet, it
is well known that the process of regeneration/reconstitution results in materials that lack
the mechanical integrity present in its native silk source. This highlights a key gap in current
silk fabrication research, leaving native silk unexplored. In this thesis, | explore the suitability
of native Bombyx mori silk for the fabrication of 1D lines, 2D patterns and 3D scaffolds using

three novel structuring pathways namely photocuring (1D, 2D) and emulsification (3D).

This thesis demonstrates that native silk is a suitable material for successful fabrication of
highly detailed 1D and 2D hydrogel patterns which have the potential for a broad range of
applications. Moreover, native silk is found to be superior to the current state of the art
reconstituted silk. Despite this, native silk was found to be not suitable for 3D fabrication,
being outperformed by high-quality reconstituted silk when making 3D structures due to the

high sensitivity of native silk to the shear applied during the fabrication process.

By exploring the rheological behaviour of native and reconstituted silks, it was found that
avoiding silk degumming, can significantly improve the pattern quality making it comparable

to the native protein allowing scaling up of the process for industrial use.

Finally, | believe that the insight into the differences between native and reconstituted
proteins together with the exploration of structure formation mechanism and properties can

inspire future silk fabrication.
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Chapter 1

Introduction



Summary

This chapter introduces the reader to the scientific background for the work presented in this
thesis. The qualities and benefits of silk, an exceptional natural material used by humans since
ancient times, is presented followed by its formation, structure and properties alongside
modern silk production methods and applications. An overview follows where current
structuring routes are explored with the aim to set the scene for new possibilities in silk-based
engineering. Finally, for this thesis, directly relevant techniques for silk structuring, including
photo-lithography and emulsion templating are presented as pioneering approaches to silk-

based fabrication.



1. Introduction to silk

The term silk refers to a fibre spun by animals out of proteins, mostly fibroins !. Silk has
evolved independently several times over hundreds of millions of years and many animals
including insects, arachnids and myriapods have been seen to produce a diverse range of silk
structures and architectures 2. This diversity is observed in the extreme in spiders, where it is
not rare to find various silk compositions produced by the same individual, used for different
purposes such as mobility, prey-catching, protection, reproduction and sensing *. Even
though such animals may use silks for a variety of functions and possess fundamentally
different protein structures, there are some commonalities as it appears silks tend to share

similar hierarchical structures >°.

Silk fibres have been used for millennia in both textile and medical applications ’~° with a great
focus on spider silk (especially dragline silk) and Bombyx mori (B. mori) cocoon silk. Millions
of years of natural selection (and in the case of B. mori thousands of years of further artificial
selection), have resulted in fibres with outstanding mechanical properties including stiffness
(resistance to deformation), strength (withstanding force or pressure), toughness (absorbing
energy without fracturing) and extensibility, which are superior to most of the man-made
materials 192 (Figure 1). Spider dragline silk, for example, is remarkably strong and
extensible, resulting in a very tough fibre, while silk from the cocoon of B. mori is relatively
stiff and brittle. However, by force reeling the silk from the silkworm, it is possible to improve
the mechanical properties of the fibres by controlling the spinning speed, the environmental
parameters (such as humidity and pH) and by post-processing 34, When compared to other
types of fibres, the reported strength of the spider dragline silk (1.1 GPa) is in the scale of

high-tech materials such as high-tensile steel (1.5 GPa) and carbon fibre (4 GPa) while its



toughness (180 MJ/m3) is significantly higher than man-made Kevlar 49 (50 MJ/m3) and Nylon
(80 MJ/m?3) 12, Furthermore, these impressive mechanical properties are manufactured under
ambient conditions such as room temperature, low pressure and aqueous environment,

resulting in an environmentally friendly process with recyclable outcome 4%,

At the molecular level, silk fibres consist of crystalline fibroin units which are evenly
distributed in amorphous matrix occupying about half of the fibre volume ®. The ratio
between the crystalline and the amorphous regions largely defines the mechanical properties
of the macroscale fibre ©. Overall, this can be generalised to say silk elasticity is dependent
on the amorphous regions in the material, which allow large extensibility during stretching,

while the crystalline regions contribute to the strength and stiffness of the fibre °.
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Figure 1: Comparison between the stiffness (blue), strength (orange), extensibility (grey) and
toughness (green) of silkworm and spider silk, wool (at 100% relative humidity) and man-made
materials (data reproduced from *?).



2. Bombyx mori silk

The Bombyx mori silkworm, which is, in fact, a caterpillar, is a domesticated insect originating
from the wild silkmoth Bombyx Mandarina about 5000 years ago and is probably the most
studied animal among the silk-producing insects /2%, Due to the widespread use of its silk by
the textile industry, B. mori has undergone intensive selective breeding to produce a specific
set of fibre properties, resulting in a white, high yield, easy to unravel, triangular cross-
sectioned fibre, with up to a 1 km of continuous filament being obtained from a single
silkworm cocoon. This is in stark contrast to a complete spider web which will provide only up
to 12 m of silk 6. Therefore this combination of commercial interest and practical sample
availability has lead B. mori to be commonly used as a model organism in silk

research 1821724,
2.1.  B. morisilkworm anatomy

In its juvenile form, B. mori larvae have a cylindrical body, 10 pairs of legs 2> and a small head
equipped with two jaws that move laterally. Inside the animal, alongside the expected
digestive tract and breathing spiracles, two silk-secreting and spinning apparatuses (silk
glands) can be found on both sides of the silkworm 2627, These organs, accountable for 20%
to 40% of the total animal weight, are filled with a highly concentrated, water-based, protein
solution (spinning dope) which as it passes through the attached spinning duct will form the

silk fibre 2829,

The silk gland can be divided into three major sections: posterior (where the silk proteins are
synthesised), middle area (a reservoir for the silk dope and sericin secretion region), and the
anterior region which connected to the spinning duct (where the silk fibres are spun from).

The middle section is divided into 3 main divisions based on the natural curvature of the gland



Anastasia Brif Chapter 1- Introduction
PhD Thesis: Multi-dimensional Structuring of Native Silk

and their functions: Anterior division (secretion of sericin 2 and sericin 3 proteins), middle
division (secretion of sericin 1), posterior division (no sericin secretion) 2°-31, The life cycle of

the silkworm and the elements of the silk gland are presented in Figure 2.

Life cycle of silkworm The structure of B. mori silkworm silk gland
(BT gt nte ¢ sland Posterior silk gland
, - .(:" ‘ i . : ¥
Adult moth - ' § . -
O o Vige
CSEOOH ’eggs

anterior division posterior division
middle division

Middle silk gland

Figure 2: The life cycle of silkworm (top left), a photo of B. mori silkworm (bottom left) and the
major sections of the silk gland (right): The silk proteins are synthesised in the posterior section
(purple), the proteins are stored and sericin is secreted in the 3 sub-devising of the middle area
(green), and the silk fibres are spun in the anterior region (orange) of the gland.

2.2.  The composition of B. mori silk fibroin
The remarkable mechanical properties of silk can be attributed to its primary and secondary
protein structure defined by amino acid composition, sequence and architecture together

with its folding patterns.

Silk’s core protein, fibroin, is built out of two protein chains: heavy chain (H-fibroin, Mw =
390 kDa) and light chain (L-fibroin, Mw = 26 KDa) 32, which are covalently linked via a

disulphide bond between the carboxyl ends of the chains, and an accessory protein, P25 32,



The H-fibroin contains a highly repetitive central region rich with glycine (46%) and alanine
(30%) amino acids and tyrosine domains (5%) making the central region mostly hydrophobic
32 (Figure 3). Those amino acids are unlikely to spontaneously fold into B-sheet rich structures
in the dope 33. The protein’s terminal regions are nonrepetitive amine and carboxyl domains
which are mostly hydrophilic and considered to have a fundamental role during the fibre
formation process 32. The end domains are highly sensitive to variation in salt content, pH and
flow, allowing the production of stable and tough fibres under mild conditions 3*. This fibroin
structure, with hydrophobic sequences located in between hydrophilic blocks, increases the
solubility of the protein and prevents premature B-sheet formation 3°. The H-fibroin has

mainly random coil conformation (> 85%) with minor B-sheet and a-helix components >.

The correlation between specific amino-acid sequences and the properties of the silk fibre
has been extensively studied in the literature, mostly by analysing the behaviour of silk
inspired poly-peptide chains 3639, Using molecular dynamic simulations, it was shown that
poly-alanine segments can contribute to the formation of ordered B-sheet structures °. This
is due to the anti-parallel orientation of the hydrogen bonds and the parallel direction of the
side chains leading to stabilisation of the B-sheet conformation. However, glycine-rich
domains present less-ordered structures, such as helical structures and B-turns, which form
silk’s amorphous regions “°. The density of hydrogen bonds has a strong effect on the
crystallinity of the silk domain with higher bond density in the crystalline region #'. Yet, the
molecular structure alone is not sufficient to explain the mechanical properties of silk fibres

since recombinant and synthetically spun silk does not present comparable values 4.
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Figure 3: (a). A segment of B. mori silk amino acid (AA) sequence building the H-fibroin chain
showing the repetitive (Gly-Ala), motif and the Ser and Tyr rich domains. (b) Amino acid

distribution by % in H-fibroin out of the total sequence

42,43

Table 1: Amino acids composition in B. mori H-fibroin protein 443,

Amino acid Total amount Percentage Mw (g/mol) (bound)
Ala 1593 30.27% 71.09
Cys 5 0.10% 103.16
Asp 25 0.48% 115.11
Glu 30 0.57% 129.13
Phe 29 0.55% 147.19
Gly 2415 45.89% 57.07
His 5 0.10% 137.15
lle 13 0.25% 113.17
Lys 12 0.23% 128.19
Leu 0.13% 113.17
Met 0.08% 131.21
Asn 20 0.38% 114.12
Pro 14 0.27% 97.13
Gln 10 0.19% 128.14
Arg 14 0.27% 156.20
Ser 635 12.07% 87.09
Thr 47 0.89% 101.12
Val 97 1.84% 99.15
Trp 11 0.21% 186.23
Tyr 277 5.26% 163.19

Total 5263 100% 391.65 (KDa)




2.3. The structure of B. mori silk fibre

To create the non-woven composite cocoon that is required for protection and environmental
control during the silkworm’s metamorphosis into an adult moth, the B. mori larvae spins a
continuous single thread of silk with a diameter of about 20 um #4. This fibre possesses a core-
shell structure with two fibroin cores (brins) surrounded by sericin protein coating, which
accounts for 25-30 wt.% of the fibres mass 2. This sericin coating acts as a glue for the cores
and enables the fibre to be bound together into a layered composite, however recent insights
suggest sericin might also have a role as a lubrication agent together with presenting

antibacterial and antifungal properties 1831,

The fibre is a protein consisting of highly repetitive (Gly-Ala), sequence with crystalline and
non-crystalline (amorphous) regions #°. The crystalline and amorphous regions are equally
and evenly distributed along the fibre and organised in 3 major conformations: random coil,
a-helix and B-sheet. Random coil and a-helix are present in the non-oriented amorphous

region which can also contain structures such as B-turns 3443,

In solid silk fibre the crystalline units well organise in anti-parallel B-sheet conformation,
forming silk Il structure, while in the structure in the silk dope in known as silk I. When several
B-sheet units are crosslinked together, a B-sheet crystallite with monoclinic unit cell (a=0.938
nm, b=0.949 nm and ¢=0.698 nm) is formed #°. The crystallites are uniformly distributed along
the fibre, parallel to the fibre axis, with an average crystallite size of 20-170 nm (axial) and 1-
20 nm (lateral) 2. Various parameters of the B-sheet crystallite such as crystallinity level,
lattice parameters, crystallite size, location and orientation can highly affect the mechanical
properties of the silk °. The schematics of fibre structure and cross-section is presented in

Figure 4.
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Figure 4: Hierarchical structure of B. mori silk and the cross-section of the fibre.

2.4. The native process of silk fibre spinning

The native process of silk spinning is rapid since the animal is often required to adapt to
changing environmental conditions %%, The natural spinning rate can vary between
10-20 mm-s* for spider silk and slightly lower for B. mori silk 0. Since the spinning process
requires the transition of the unspun silk gel structure into a solid fibre, the energy required
for this phase transition needs to be introduced rapidly, allowing for fast formation of the

oriented hierarchical structure.

This stress-induced transition is probably a result of mechanical deformation of the gel as a
result of the wall shear along the duct and extensional flow #¢. The spinning duct of the
B. mori is progressively narrowing with a sharper reduction in diameter toward the end of the
duct 2847, The orientation of the proteins can be maintained, avoiding premature gelation by
maintaining a constant elongational flow along the duct %%. The membrane of the duct allows
for the controlled exchange of cations and water into/out of the dope. By controlling the ionic
composition in the dope, it can be possible to control the proteins’ sensitivity to shear and to

initiate a stress-induced phase transition 499,
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The mechanism of silk spinning was explained by Asakura et al.>! and is summarised in a
simplified scheme adapted from Wobhlrab et al. >? (Figure 5). In the process, a highly viscous
fibroin solution enters the duct at the anterior part of the silk gland. The solution flows along
the duct until its linear velocity reaches a critical value, at which shear at the interface
between the fibroin and the sericin overcomes the fibroin molecules attachment to the
sericin. The proton pump located in the cells lining the duct allows the secretion of hydrogen
ions (together with phosphate and potassium) into the spinning duct which results in a pH
gradient in the duct. Following the reduction in pH, the negatively charged groups of the
fibroin (Asp and Glu amino acids) are suppressed, which initiates the gelation process and a
weak gel is formed. This gel formation increases the viscosity of the solution leading to rapid
extensional flow in the duct which orients the fibroin molecules bringing them closer to each
other. The hydrophobic interaction between the fibroin molecules contributes to the removal
of the water shell around the protein, and initiation of the B-sheet structure formation. The
fibroin fibres are transferred to a stiffer region at the end of the duct (silk press) which

increases the extensional flow, contributing to the formation of oriented silk fibre.

highly concentrated
silk dope, majority
of the protein

i i —_— silk fiber
domains) is P T (B-sheet rich)
intrinsically

unstructured
H*, K*, PO%

Figure 5: Schematic overview of the parameters critical for the natural spinning process of silk.
During this process, the pH is reduced, phosphate and potassium ions are pumped into the silk
dope, while water and chloride are extracted from the dope. Mechanical stress induces the
formation of a silk fibre with high 8-sheet content. (Reproduced with permission from >?)
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2.4.1. Criteria for fibre formation

To facilitate the silk | to silk Il transition in ambient conditions, during the evolution of silk
spinning, natural selection has overcome several challenges through remarkable adaptation
of the protein’s solution chemistry, viscosity and the silk duct anatomy to allow optimal

spinning conditions 123,

During the final stage of silk spinning, the silk is pulled from the spinneret into the air to allow
cocoon formation 3. The viscosity of the silk solution is an important parameter, which
contributes to the formation of a continuing fibre. In a low viscosity stream, the surface
tension of the water and the air may result in capillary breakup meaning that the solution
brakes into droplets instead of forming a fibre 2. Due to the fact that in biological systems a
rapid fibre formation is required 4, the viscosity of the silk solution is usually high (in the kPa
range for silkworm °#). This allows to avoid capillary breakup and to spin a whole cocoon from

a single fibre of silk.

The fibroin solution in the duct can have a concentration of up to 40 wt.% >°. Due to this high
concentration and viscosity, an extremely high force is required to allow flow along the duct
and to produce fibres with a micro-scale diameter >3. To overcome this limitation and reduce
the force required to initiate flow, the silk duct has been suggested to be in the form of liquid
crystals (mesogens) °1°6°7, Asakura et al. > observed by polarised light that silk is organised
in a liquid crystal nematic phase. When organised in this phase, the fibroin molecules (which
have a rod-like shape), self-assemble across their long axis in parallel to each other, forming
complex aligned patterns °. This structure of the fibroin forms highly-concentrated ordered
solution at liquid crystalline state (mesophase) while maintaining its liquid-like properties. As

a result, the friction between the molecules in the solution is reduced, and a lower energy
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threshold is required to induce flow °’. Those properties, together with precise control over
the pH, ionic competition and water content in the dope, allows to maintain solubility and
prevent premature solidification of the silk in the spinning dope °8. In addition, the silk
molecular arrangement, along the long axis of the silk gland, prevents the formation of

dislocations in the silk, contributing to the tensile strength of the fibre >0,

As described above, silk fibres are produced in a biological system under ambient conditions,
from a concentrated protein solution. Many applications utilise the naturally produced silk
and reprocess it back into protein solution, to allow a broader range of applications 22. To gain
control over the quality and structure of the native silk, it is important to first understand the
process of transition from liquid solution (in the silk gland) to solid fibre structure (in the

cocoon). This process is called gelation and will be further explained below.
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3. The process of sol-gel transition (gelation)

The process of gelation is defined as the transition from a solution containing a soluble
polymer (sol) to cross-linked polymer network (gel). The critical point of transition, ‘gel-point’
is defined as the point where the gel structure appears ®1. The gel can be either chemically or
physically cross-linked. Chemical gelation can be achieved by the addition of precipitating
agents such as salts and organic solvents to the sol, by modification of the sol’s pH, or by the
addition of crosslinking agents. During the chemical gelation process, covalent bonds are
formed between the chains resulting in a strong irreversible gel. Physical gelation is usually
achieved by applying mechanical shear, temperature alteration, sonication or with electrical
fields. Physical gels can have strong physical bonds (strong gel) or temporary reversible links

between the chains (weak gel) 2.

3.1. Sol-gel transition in silk fibroin solution

Silk fibroin can undergo liquid-to-solid transition following shear, exposure to solvents, water
evaporation and temperature variation 2. The stability of the gel is achieved due to a physical
crosslinking in the gel as a result of irreversible B-sheet structure formation 838>, The process
of sol-gel transition in silk fibroin was studied in details by Matsumoto et al. ¢ in diluted
fibroin solutions, evaluating the secondary structural (by FTIR) and measuring the turbidity of
the solution (by circular dichroism), following variations in concentration, temperature

and pH.

3.2. Evaluation of silk gelation

When gelled, silk fibroin exhibits a white opaque colour when compared to the transparent

silk solution. This change in solution transparency is a result of light scattering from the
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heterogeneous structure of the fibroin gel and can be used to track the gelation process by

recording the circular dichroism spectra of the sample 7 and by UV-vis spectroscopy ®*.

The first stage in silk gelation involves the formation of small protein precipitates which
gradually increase in size when the gelation process progress. When the aggregates are large
and immobile enough, they can interact to form a stable fibroin network. During this process,
a variation in the optical density can be recorded providing information about the gelation
rate %6, The variation is attributed to the formation of B-sheet structures in the gel 8. When
the gelation is completed, the optical density of the sample remains stable, and its value

depends on the initial fibroin concertation and solution temperature.

3.3. Silk gelation dependence on concentration and temperature
It was repeatedly shown in the literature that temperature increase from room temperature
to 37°Cis leading to higher gelation rates while a decrease in gelation rates can be related to

an increase in the fibroin solution concentration 22665 (Figure 6a, adapted from Ref. ).

One possible explanation can be associated to the dynamic hydrophobic hydration
mechanism ®4. Similar phenomena can be seen in other polymers, in which the balance
between the hydrophobic and the hydrophilic groups can be adjusted, such as elastin-like
peptides 7° and silk-elastin-like polymers 1. In those polymers, reversible phase separation
with temperature variation was recorded, resulting in higher polymer solubility at low
temperatures. When the temperature is low, the hydrophobic groups of the polymer are
surrounded by ordered water molecules which are arranged in ice-like crystal structure 72.
When the temperature increases, phase separation occurs leading to protein folding 73. This
process is usually reversible in synthetic polymers 774, However, in silk, this dehydration

process is leading to irreversible thermodynamically stable secondary structure 7>,
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3.3.1. The secondary structure of fibroin during gelation.

When the silk is at a sol-state (as stored in the silk gland), the B-sheet content is about
20% ©°. At the first stage of gelation, there is no variation in the B-sheet content until the
gelation level reaches 15-20% gel. With the progression of the gelation process, a gradual
increase in B-sheet content occurs, reaching a value of 50% in a fully gelled sample 6. This
delayed structural conversion is a result of the initial gelation stages. During these stages
initial inter and intra-molecular hydrophobic interactions are formed. These hydrophobic
interactions allow the re-organisation of closely packed molecules in relation to each other,
leading to the formation of B-sheet structure at a later stage. Hydrogen bonds and
electrostatic interaction can also be present during the gelation but have a smaller influence

on secondary structure formation.

3.3.2. The effect of pH on fibroin gelation time and secondary structure.

In B. mori fibroin, the N-terminus of the heavy chain consists of large, negatively charged
hydrophilic domains with acidic amino acids, having a predicted isoelectric point (PI) of 4.59
%6 In contrast, the C-terminus is positively charged with hydrophilic domains and a predicted
Pl of 10.53 . Therefore, the process of silk gelation is strongly dependent on the pH of the
solution. Matsumoto et al. ® determined that the strongest effect on the gelation rate of the

fibroin solution was when the pH was at the range between 4 - 6 and between 9 - 10.5.

When the pH is reduced below 6, the carboxylic groups including glutamic and aspartic acids,
are neutralised, reducing hydrophilicity and charge repulsion. Therefore, hydrophobic
interactions are promoted, leading to a physical cross-link of the fibroin molecules. Even
though at this pH range, the basic groups are fully charged and available for electrostatic

interactions with the carboxylic group, the process is dominated by the hydrophobic
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interactions due to their larger domain size #°. Increasing the pH above 9 will result in
neutralisation of the basic side groups (while the acidic side groups are charged), leading to a
decrease in electrostatic interactions and increase in gelation time. At the neutral pH range,
between 6 and 9, both side groups are charged. The electrostatic interaction between the
side groups stabilise the structure and increase the probability for fibroin chain interactions,
decreasing the gelation time. The effect of the pH on gelation time of diluted reconstituted
silk solution can be seen in Figure 6b (adapted from ©¢). Schematic illustrations of the gelation
model (Figure 7a) and the pH-dependent fibroin interchain interactions (Figure 7b) are

adapted from Matsumuto et al. % and presented below.
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Figure 6: (a) Concentration-dependent fibroin gelation time at (0) room temperature and (0)
37 °C. (b) Relationships between initial solution pH and gelation time at room temperature for
(o) 1.8 and (o) 3.6 wt. % (adapted with permission from ©°).
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Figure 7: (a) Schematic illustration of pre-gelation and early and late stages of fibroin gelation,
a three-stage model. A fresh solution (pre-gelation) has about 20% content of B-sheet
structures with negligible intermolecular bindings. Gelation is initially induced by weaker
interchain interactions (no B-sheet forming) such as hydrogen bonding, hydrophobic
interactions, and electrostatic interactions; and stable 8-sheet structures cure in the third
phase resulting in stable and essentially irreversible intermolecular structures. (b) Schematic
illustration of pH-dependent fibroin interchain interactions at the early stage of gelation. For
simplification, the number ratio of (positive and negative) charges does not represent the
actual sequence. At low pH (A), strong interchain aggregation is induced due to increasing
hydrophobicity of the uncharged carboxyl group (rapid gelation). At neutral pH (B), there is an
increasing effect of electrostatic interactions due to the increased number of counterions
(relatively rapid gelation). At high pH (C), the interaction is weaker due to increased
hydrophilicity of the charged carboxyl group as well as reduced electrostatic interactions (slow
gelation) (adapted with permission form ©°).

3.3.3. The effect of solvents and salts on B. mori silk

Silk properties can be modified by a broad range of solvents dependent on solvents’
polarity 22667677 This is due to conformational sensitive regions in the silk microstructure 78,
One of the main solvents used in silk research and processing is water 7°. In fact, when
exposed to water, spider dragline silk can undergo supercontraction 768, resulting in fibre
shrinkage of up to 50% of its original length. The rate of contraction can be related to the
amorphous molecular structure of the silk which undergoes reversible disruption in the
presence of water 882, When a higher proportion of amorphous structure is present in the
silk (e.g. fibres that were artificially reeled at high speed), a higher level of contraction

occurs 8384,
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In contrary to spider silk, silkworm silk does not supercontract. However, it is still affected by
water. Water immersion can weaken the silk fibre and therefore can be used as an alternative
approach for silk degumming, reducing protein degradation caused by chemical
degumming 8>%, Dehydrating solvent such as acetone and methanol increase B. mori silk

stiffness by increasing its crystallinity 87:88,

Im et al. % discovered that silk gelation is induced by the presence of nitrate salts. The salt
can stimulate the formation of tyrosine radicals and generate nitro-tyrosine and di-tyrosine
bonds, leading to silk-gelation. Boiling of the silk in salt solutions can damage the fibre when
highly chaotropic agents are used such as concentrated solutions of metal salts 4°,
halogenated alcohols 8 or strong acids °°. These solvents can interact with the crystalline
domain breaking the amide-amide hydrogen bonds which results in partial or full fibre
degradation. This silk breakdown is used in the process of silk reconstitution, to produce silk

solution by converting the silk proteins to their unspun state 8°1,

3.4. Therheological behaviour of B. mori silk

Rheology measurements are used to evaluate sample deformation during flow %93, The
physical principles of this technique will be described in the methodology chapter of this
thesis. When dealing with silk rheology, most of the current literature is focused on
reconstituted silks due to the broad industrial and scientific interest in this material 22°4%,
However, there are fundamental differences in the rheological properties between the
reconstituted and native materials. While reconstituted silk appearing to be a Newtonian

fluid, the diluted native silk shows a Non-Newtonian behaviour %7,

The rheological properties of B. mori native silks >#°>6%%8 a5 well as reconstituted silk 949100,

have been investigated in the literature. B. mori silks present significant viscoelasticity. This is
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seen by the fact that the values of the elastic or storage modulus (G’) exceed the viscous or
loss modulus (G”) at high frequency and cross-over to viscous behaviour (G ' < G”) at low
frequency >>%, This rheological characteristic can be seen in other concentrated polymer
solutions in which interchain entanglements are dominating the rheology of the sample
93,104,102~ Recently, Laity and Holland >° provided detailed rheological characteristics of the
native B. mori silk protein by investigating a statistically meaningful population of 124
silkworms exploring the combinations of shear and oscillatory measurements to gain

information about the molecular relaxation behaviour and chain entanglements of the silk.

3.4.1. Shear viscosity of native silk

The apparent viscosity of the native silk dope can vary between 50 - 6000 Pa-s 8. This viscosity
variation has no obvious correlations between the physical condition of the silkworm or
storage times. As previously reported by Holland et al. 1%, the viscosity (n) of native
B. mori silk protein, as expected for a polymer solution in the ‘semi-dilute’ concentration
range °3, is dependent on the concentration (c) as follow:

noch

However, this correlation was not confirmed when a large population was analysed (Figure 8,
adapted from Ref. >°), suggesting that other factors can affect the viscosity of the silk protein
apart from the concentration.

Additional parameters that should be considered is the molecular weight of the polymer.
When the concertation of the polymer solution is above the entanglement threshold, the
viscosity dependence on molecular weight (My) is given by 93103102,

n o M,

It was observed by Manning and Gage % that due to polymorphism in the silk fibroin genes
in different inbred stocks of B. mori, a range of fibroin proteins was produced with molecular
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variations between 410 kDa (longest) and 350 kDa (shortest). However, in a recent paper by
Laity et al. My, variation was discredited as a significant influence of native silk rheology 1.
Additional variation in the My of the silk solution, resulting in viscosity variations, can be
related to the presence of supplementary species in addition to the fibroin, which are present
in the silk gland and affect the M\, distribution of the dope %519 |t was also reported, by
Laity et al., that silk solution viscosity is also related of interchain interactions which can be
affected by pH and variations in the ion content of the solution (e.g. calcium and potassium
concentration) 10°,

3.4.2. Viscoelastic behaviour of native silk

In the same work of Laity and Holland >, oscillatory sweeps measurement, performed at room
temperature, indicated that B. mori native silk had similar rheological behaviour to that of a
concentrated polymeric solution, in which entanglements constrain the rate of molecular
relaxations in response to the applied oscillating strain 12, In general, when the elastic and
viscous moduli plotted against angular frequency (w) two distinct regions can be
observed >4>56998;

At higher frequencies: G’ > G”, meaning that the applied oscillations were faster than the
dominant molecular relaxation process.

At low frequencies: G’ < G”, meaning that the applied oscillations were slower than the
dominant molecular relaxation process.

A typical oscillatory sweep figure of native silk dope is presented in Figure 8b (reproduced
from >°) The cross-over frequency indicates the separation between solid-like and liquid-like
behaviour and provides an indication of the overall relaxation rate of the specimen. The main

values for the frequency (5.6 + 2.5 Rad-s!) and the modulus (3338 + 66 Pa) at the cross-over
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point found by Laity et al. were in agreement with those previously reported by Terry et al. °’

and Holland et al. 47:54103,
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Figure 8: (a) Plot of shear viscosity at y = 1 s~ against silk protein concentration (% w/w dry
residue); the continuous line represents the best fit power-law relationship. The horizontal
error bars represent #1% w/w, the vertical error bars (+100 Pa-s) are expected to be
considerably larger than the actual uncertainty in viscosity measurements. (b) Plots of elastic
and viscous moduli vs. angular frequency, for native silk protein solution at 25 °C; the filled
and open symbols represent duplicate measurements on the same specimen, before and after
the stress relaxation measurements. The continuous lines represent the best fits to G’ and G”
data using the binary model described by the equations, using the parameters shown
(reproduced with permission from >>).
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4. Applications of silk

Silks have been used for millennia in textile and medicine, mostly in the form of fibres
obtained by unreeling B. mori cocoons 3. Despite the impressive mechanical properties and
appealing appearance of the fibres, silk’s application range was mostly limited to threads and
woven mats 4. Manipulations before or during the spinning process can highly affect the final
fibre properties and help to match them to the desired application 4. Such manipulations
might include control over silkworm nutrition 19110 climate ! or via genetic engineering 12~
114 which will result in modified protein solution in the silk dope leading to adjusted fibre
quality. An alternative method to modify fibre properties has been to manipulate the spinning
process. This can be achieved by forced reeling of the silkworm using a spinning apparatus in
a controlled environment and subsequent post-processing of the fibres 1. However, the use
of fibres is limited and do not allow sufficient customisation of the structure and geometry to

adapt to the constantly growing demand for natural materials based applications 2.

4.1. Fabrication of silk structures

Due to the broad use of silk over many centuries, the production of silkworm cocoons, known
as sericulture, produces larvae with proportionally larger glands in comparison to their wild
silkworm relatives leading to high yields of silk fibres. In fact, 400,000 tons of dry silkworm
cocoons are available annually worldwide for textile and other industries 1>, The last century
of silk research introduced the process of silk reconstitution which allows the dissolution of
the solid silk into the “unspun” fibroin solution state 22. The dissolved fibre can be reprocessed
and solidify, ex vivo, into desired material formats and structures. This process allows
extensive control over the properties of the fabricated structures which can be achieved by

denaturation and dehydration of the silk proteins under pre-designed and controlled
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experimental conditions. Those processes allow replicating, in part, some of the hierarchical
structuring of the original fibre mentioned in previous sections. This process has opened the
door to an almost unlimited range of processing possibilities and utilisation of various
fabrication techniques to generate many structures and geometries in 2D and 3D 2223 for a

broad range of applications.

Figure 9 summarises selected key publications presenting reconstituted silk patterns as

received by various fabrication techniques described above.

3D scaffolds fabrication Functional ink patterns

Adv. Funct. Mater. 2008, 18, 1883-1889  Adv. Mater. 2015, 27, 4273-4279
Photo mask-based patterning I Drug loaded microneedles
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Adv. Mater. 2013, 25, 6207-6212
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ACS Appl. Mater. Interfaces 2015, 7, 16, 8809-8816
Nature Photonics 2, 641-643 (2008)
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Nat. Commun. Vol 6, 8612 (2015) High resolution optics Precise patterning
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Nat. Nanotechnol. Vol 9, 306-310 (2014) Nat. Commun. Vol 7, 13079 (2016)

Figure 9: Key literature examples of patterns made from reconstituted silk by various
fabrication methods including: soft lithography (right), E-beam lithography (bottom),
photolithography (left) and inkjet printing (top) (all images reproduced with permission,
sources indicated below the images).

24



4.1.1. Films
Silk films can be used in a broad range of applications since they can be produced easily by

casting them on the desired surface and drying %, Applications of polymeric films include

117 120

coatings Y/, membranes 18, lenses 19 and tissue replacement such as skin grafts 2° and
cornea . When compared to the solid crystalline silk fibre, silk fibroin solution is mostly
amorphous 2°. The amorphous nature of the protein is maintained during some solidifying
processes such as drying and photo-curing resulting in transparent films 122122, |n fact, the
fibroin possesses near-perfect transparency in the visible light spectrum 123, Casting the
fibroin solution onto smooth or rough surfaces allows the fabrication of patterned
transparent silk films ideal for optical applications such as lenses *°, fibre optics 1?4, and
substrates for electro-optical devices '2>126, This transparency is also beneficial for

applications such as coatings for food and drugs 7.

In the last decade, a pioneering approach of light-based fabrication was introduced to
fabricated complex transparent patterns on films such as holograms and barcodes

(chapter 4 in this thesis).

4.1.2. Gels and hydrogels

Gels are a substantially diluted three-dimensional cross-linked systems composed of liquid
particles which are dispersed in a solid medium ?’. The rate of the crosslinking, the
rheological properties, and the hydrogel water content can be controlled mainly by the pH
level, protein concentration, temperature and the number of calcium ions in the solution >°.
Gels present solid like behaviour and do not flow in an equilibrium state. Hydrogels comprise
of a hydrophilic crosslinked polymer chains with sufficient structural integrity to prevent

dissolution in water 128, The hydrophilic nature of the hydrogels makes them highly water
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125 which makes them suitable for the

absorbing, with a water content of up to 90%
fabrication of hydrogels for medical (e.g. cornea, cartilage) 1?30 or sensing (e.g. humidity,

temperature sensors) applications 131,

4.1.3. Foams and scaffolds

Foams are solid materials with a substantial amount of gas (most often) pockets embedded
into liquid or solid matrix 32, They are extensively used in many engineering applications due
to their significantly lower weight than the bulk material (without major compromising on the

mechanical properties) and their large internal surface area 133134,

Silk foams, sponges and scaffolds with various porosity and geometries on the micro and
macro scale can be formed using porogens (salt or sugar), gas foaming and lyophilisation 3.
The porosity of the silk scaffolds can be controlled by choosing the porogen size or combining
different porogens in the process 13¢. When used for biomaterials applications, by controlling
the porosity, it is possible to control cell attachment, mechanical properties and the overall
scaffold degradation rate 3435, A novel method for foam fabrication using emulsion

templating technique will be discussed in chapter 5 of this thesis.

4.1.4. Fibres

As discussed previously, due to the rheological properties of the silk solution including high
viscosity and the ability to gel when shear is applied >, silk fibres can be artificially drawn
from concentrated silk solution by applying suitable shear force using various methods
including wet/dry spinning techniques (hand/machine drawing or filament stretching),

extrusion and electrospinning 4.
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4.2. Current limitations in silk processing

Despite the fact that the reconstituted silk solution has exceptionally broad processing
potential, it has limitations is some applications resulting from the production process of the
solution 22, In order to transform the solid silk cocoon into a liquid solution, two major
processing stages are currently used: Firstly, the cocoon is boiled in a nitrate salt solution to
remove the sericin coating in a process known has silk degumming 8. The presence of sericin
might reduce the biocompatibility of the silk 1*>137 and therefore only the fibroin component
of silk is usually used for medical applications. Secondly, the solid degummed silk is dissolved
in lithium bromide solution, in a process known as silk dissolution 38132 Finally, a purified
reconstituted silk fibroin solution is created after filtration and dialysis. Due to the fact that
nitrate salts are used in the process, and the cocoons are boiled at high temperature, it results
in significant degradation of the fibroin’s molecular weight when compared to the native dope
solution in the spinning dope 9. This directly affects the properties of the fabricated

structures and limits the current application range 2.

An alternative approach, as presented in this work, utilises native silk fibroin, extracted
directly from the spinning dope for the fabrication of silk structures. By using the gold
standard, native silk %, it is hoped that any protein degradation is avoided, improving

structural properties and broadening the potential range of applications.

Figure 10 presents the different structures fabricated in this work from native and
reconstituted silk solutions. The fabrication methods are discussed in next chapters as follow:
Gels and hydrogels (chapter 4,5), foams and scaffolds (chapter 5), films (chapter 4), fibres

(chapter 3,5).
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Figure 10: Variable silk structures that were fabricated from native and reconstituted silk
solutions: Gels and hydrogels, foams and scaffolds, patterned films and fibres.

4.3.  Biocompatibility of B. mori silk

The biocompatibility of the silk fibroin protein has been extensively evaluated 14%-42, Many
tissue engineering approaches, such as corneal tissue regeneration, using acellular allograft
tissues from an animal source, which establishes potential bioburden formation 43,
Reconstituted silk fibroin has been shown to have reduced bioburden content 2%, however
still offering the potential of acellular implantation for native tissue regeneration 2%, Due to
the presence of B-sheet structure, silks have relatively slow degradation rate in vitro and in
vivo, when compared to collagens and other biopolymers 144145, This makes the use of silk,

advantageous in compared to most natural or synthetic polymers.
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4.3.1. Bio-degradation

Biodegradable material is defined by the US Pharmacopeia 4° as a material that loses the
most of its tensile strength within 60 days in vivo. According to that definition, silk is classified
as non-biodegradable. However, silk literature shows that silk undergoes long-term
degradation in vivo following foreign body response 147148, Long-term degradation in vivo
indicates that silk implants lost most of their tensile strength after 1 year in vivo, were
unrecognisable after 2 years in the implantation site 14°-51, The degradation rate of synthetic
polymers such as poly (lactic acid) (PLA), poly (glycolic acid) (PGA), and PLGA is based on the
polyester composition, purity, and processing conditions and is usually controlled by adjusting
the polymer composition by choosing polymers with different degradation rates or by
modifying the molecular weight of the polymer *°2. Some disadvantages of synthetic polymers
are that they might decrease local pH and induce inflammation, during the degradation

process >3,

The degradation process of natural polymers is largely driven by proteases *°. Usually, the
rate of the degradation is altered by the degree of the crosslinking in the polymer. In collagen,
crosslinking can also reduce immunogenicity 1>*. The rate is also depending on the structure,
morphology, and the mechanical and biological conditions at the implantation site. The bio-
products of such degradation are peptides and amino acids. The degradation process of silk
scaffolds, films and fibres is usually explored by several types of proteases, including a-

chymotrypsin and collagenases 144143155,

The degradation rate of silk fibroin films was extensively explored by Arai et al. 1** The weight

loss of the films after enzymatic degradation is summarised in Table 2. In addition to the
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weight loss, reduction in the average molecular weight, increase in the crystallinity level and

a decrease of tensile properties of silk were observed following the degradation.

Table 2: Weight loss of silk fibroin films. Enzyme-to-substrate ratio: (a) 1:20; (b) 1:8.
(reproduced with permission from 44 )

Weight loss (%)

Degradation time (days) Collagenase a-Chymotrypsin Protease
(a) (b) (a) (b) (a) (b)
1 2.6 3.8 6.0 9.0 18.2 35.0
3 4.1 5.5 9.2 11.8 27.4 45.5
10 7.4 8.9 13.0 14.9 35.7 55.6
17 9.4 10.7 14.7 16.5 45.5 64.3

The degradation rate of reconstituted silk porous sponges fabricated from depends upon the
processing conditions 3¢, When exposed to protease, silk sponges fabricated in wet
environment from high-concentration silk solutions, degraded slowly that the ones fabricated
from solutions with lower concentration. However solvent-processed scaffolds degraded
slower than the aqueous-processed scaffolds with similar porosity. Those scaffolds kept 65%
of their mass after 21 days, in compared to aqueous-based sponges, which fully degraded
after 4 days. This difference can be attributed to the difference in silk crystallinity between

the samples.

4.3.2. Immunological responses

When investigating a material’s biocompatibility, the immunological reaction should be
explored. Virgin silk sutures showed the difference in hypersensitivity (undesirable reactions
produced by the normal immune system) when compared to sutures made from degummed
silk 22, When the inflammatory response was compared in vitro between degummed silk and
polystyrene and poly(2-hydroxyethyl methacrylate), less adhesion of immuno-competent

cells was recorded on the silk 6. In fact, silk films had a lower inflammatory response than
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collagen and PLA films **” Non-woven silk fibroin mats induced a weak foreign body response
and no fibrosis when implanted subcutaneously in rats 8. It was suggested in the literature
that sericin can cause hypersensitivity 2> however, sericin has been used to increase cell

proliferation and attachment of skin fibroblasts, T-lymphocytes and hybridomas >0,

4.3.3. Suitability for sterilisation

There are versatile options for silk sterilisation including autoclaving, ethylene oxide 23,
y-radiation, 70% ethanol 162162 or UV light (used in this work). When sterilised by autoclaving,
no change in morphology or B-sheet structure was observed at 120°C 163164 This makes silk

more stable then collagen, which denatures at these temperatures 1.

The silk patterns produced in this work were non-converted. Therefore, most of the common
sterilisation methods are unsuitable for silk pattern sterilisation and can induce structural
conversion influencing silk properties, failing to represent the real hydrogel structure.

Therefore, UV illumination was selected for sterilisation 6 prior to cell seeding experiments.

4.4. Silk-based structures for tissue engineering applications

The broad processing options for the silk fibroin together with its biocompatibility 4,
biodegradability *> and the ability to support cell attachment and to encourage cell
proliferation 122 makes silk a suitable candidate for tissue engineering and implants. In the last
decade, silk has been used in most fields of tissue engineering utilising various fabrication
methods and structural designs 2. Silk fibres can be used as sutures or as a replacement for
ligaments 7. Non-woven silk mats produced by electrospinning have shown to guide the

formation of vascularised reticular connective tissue 1°8. In addition, the mats have shown to

induce attachment and proliferation of endothelial cells 8. Silk films designed to replace skin
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and tissues **° can be used as wound dressings '’ and can also improve bone formation '/,
especially when coupled with growth factors 92172, and they also have potential as artificial
corneal implants 124122, Hydrogels are often used for bone and cartilage repair ’>. When
injected into a defect in the femoral bone in rabbits, silk hydrogels have been shown to
encourage a high rate of bone formation 4. Porous scaffolds, broadly used in tissue
engineering, can encourage cell attachment, migration, proliferation and promote nutrient
and waste transport 120, Silk foams are used to replace bone defects and were shown to
induce bone tissue formation 7> as well as being effective in cartilage engineering, inducing
chondrocytes proliferation 78, Silk tubes can act as a platform for nerve restoration 177178
blood vessels replacement %%, engineering of tracheal scaffolds 17> and more 2. The
number of silk-based tissue engineering publications annually is constantly increasing and has

doubled in the past 5 years with the introduction of new fabrication techniques such as photo-

lithography and 3D printing (Figure 11a).

Among all the silk-based tissue scaffolds currently under testing, bone is the most heavily
researched application for clinical use, occupying 40% of the total publications in the field
(Figure 11b). This can be attributed to the large market share of bone implants and driven by
the osteoconductive properties of the silk which encourage osteoblasts proliferation and the
formation of new bone tissue when bone regeneration is required such as areas with bone
defects or fractures 81, This is possible due to the mechanical properties of silk-based
scaffolds (which are similar that of cancellous bone 8%), the ability to produce scaffolds with
high porosity and interconnectivity (to allow cell penetration into the scaffold #2) and the
biodegradation rate (which can be adjusted to fit the bone regeneration rate) 8. This can
also be a result of the large market potential of bone-based biomaterials and the relative

simplicity of their structure.
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However, the mechanical properties of all current silk scaffolds are still inferior to that of a

cortical bone and are not sufficient to act as a load bearing bone substitute 8,

a No. of published papers on silk-based tissue b Percentage of silk-based tissue
engineering by discipline engineering papers across the disciplines
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Figure 11: (a) Published papers using silk-based scaffolds for tissue engineering applications
by discipline. (b) Distribution, in percentage, of the silk-based tissue engineering papers across
different disciplined. Data collected from Scopus, Feb 2018.
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5. Introducing surface patterns to proteins

Soft matter such as proteins can gain increased functionality and broader application ranges
by introducing surface topographies in a controlled and precise manner 84, It is especially
185.

beneficial when designing bio-sensors, applications in cell biology and tissue engineering

Protein solutions can be patterned using several fabrication techniques.

5.1.  Soft-lithography of proteins

Soft-lithography, one of the most common processes to generate polymer surface
topography, is a technique based on structure replication, from a pre-fabricated elastomeric
stamp or mould, most commonly made from polydimethylsiloxane (PDMS) 86, A wide range
of pattern designs and geometries can be fabricated by casting a liquid polymeric solution on
the mould and removing it after solidification. Some benefits of soft-lithography include its
low cost since no specialised equipment is required. This room temperature process is
suitable for patterning of biological and heat sensitive materials and allows the incorporation
of drugs and living cells 2387 No chemical modifications and photo-reactive dyes are
required however in some cases photo-sensitive dyes are added to the polymer to allow rapid
solidification in the mould 88, Key applications of soft-lithography include the fabrication of

189

123 "introducing channels in micro-fluidics devices 82,

optical patterns on protein surfaces
creating desired architectures for cells guidance and alignment °°, generating surface

functionality to control chemical reactions, guiding crystallisation '°* and many more.

5.1.1. Soft-lithography of silk

Silk is a suitable candidate for soft-lithography processing due to its mechanical properties

and various solidification methods available to produce patterning in ambient conditions >°.
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In addition, silk can be chemically modified or mixed with photo-responsive dyes to allow
accelerated photo-curing in the mould 92, This technique allows researchers to fabricate silk
films with complex topographies and designs such as drug-loaded micro-needles patches (for
control drug release) 87 and optical films with light diffraction properties generated by the
fine patterns on the film 1°31%% The addition of various polymers (e.g. Polydiacetylene
(PDA)®>, poly(vinyl alcohol) (PVA)®¢, Polyethylene glycol (PEG)*®?) allows the tuning of the
mechanical properties of the silk complexes and the fabrication of 3D functional

structures 19°.

Despite the broad variety of publications on silk-based soft-lithography, this method requires
pre-preparation of the mould, which strongly limits the design flexibility and does not allow
in-situ modifications. The process is time consuming and usually require hours to allow full

crosslinking or even days when freeze drying is used for the solidification 11121187,

5.2.  Electron-beam lithography of proteins

A common technique for ultrahigh-resolution patterning is electron-beam (e-beam)
lithography often used for complex pattern writing for many scientific and industrial
applications 18, E-beam systems can be integrated into a scanning electron-microscope (SEM)
which allow the fabrication of pattern at a resolution lower than 10 nm. The maximum
obtained resolution is dependent on the beam current, which defines the number of electrons
impinging on the sample each second. High current beam is usually physically larger than a
small current electron beam. Typically, the current range for high-resolution patterning is 0.05

to 0.5 pA 2,

In e-beam patterning, a focused electron beam is scanning a surface, covered with a resist.

Many materials were found to be suitable for e-beam writing including polymers, proteins
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and silk 209202 When interacting with polymers, the beam can cause chemical changes in the
material, depending on the polymer competition, which will result in a variation in the
solubility level of the exposed and non-exposed regions. Then, the soluble residues of the

resist can be washed out to reveal the fabricated pattern.

5.2.1. E-beam lithography of silk

E-beam has shown to be a suitable technique for fabrication of fine and complex patterns on
silk fibroin films 202203, When patterning amorphous silk solution, the interaction with the e-
beam results in intermolecular crosslinking and the formation of new B-sheet regions, leading
to water-insoluble patterns. In contrast, when the e-beam interact with solid crystalline silk it

outcomes in degradation of the protein, breaking it to short water-soluble peptides.

By using e-beam lithography Kim et al.?3 were able to fabricate coloured photonic crystals
from reconstituted silk protein by producing highly repetitive patterns with controlled
spacings between of 500 - 700 nm. The same method was used by Qin et al., for 2D and 3D

nano-sculpturing of silk 202,

The main limitation of e-beam lithography is the significantly longer fabrication time in
compared to optical and soft lithography. The fabrication time might vary between hours and
days for a patterning of mm?area, depending on the resolution and the total image size with
beam speed limited to 10 mm/s 2%, This strongly limits the total area that can be patterned
(um?-mm?) and makes it challenging for up-scaling to an industrial level. In addition, e-beam
systems are high-cost and have limited availability for most research groups, let alone

companies, worldwide.
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5.3. Inkjet printing of proteins

Inkjet printing is a common direct write technique used for rapid fabrication of structures in
2 and 3 dimensions 29>2%_ |t is applicable to diverse fields of material fabrication such as
organic electronics, chemistry, sensors, optics and biology 2°>2%7. The technique is highly
suitable for protein and biomaterials structuring 29%20° because the writing is usually
performed under mild conditions which allows printing of heat sensitive biomaterials and
cells. The system can be adapted to provide sterile printing conditions necessary for clinical
applications 2%, In addition, the sample quantities required for printing are accurate with
minimal material wastage which is crucial when dealing with autologous cell lines or samples
with restricted availability. The material (or materials in multi-channel printing) is usually
added to a syringe which located above the substrate surface and connected to a motorised
stage. By applying impulses (piezoelectric, thermal or electrostatic) a liquid droplet with pico-
litre volume is accurately ejected onto a substrate from a micron-size nozzle ?!!. Then, the
syringe is moved to the next location and the structure is produced. Photo-responsive
materials are often used in inkjet printing when multiple layer structure is required. The
exposure of such materials to UV light after the deposition allows rapid solidification of the
structure before the second layer is added and increase structural stability 22, The printability
of materials (ink) is determined by their key physical properties including texture,
competition, viscosity, density and surface tension. The optimisation of the process requires
accurate selection of nozzle geometry and diameter, extrusion pressure and rate, sample and

surface temperature and nozzle motion speed (writing speed) 2°°.
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5.3.1. Inkjet printing of silk

Following the success of native protein patterning, silk was a natural choice for printing
applications due to its high solubility in water, biocompatibility and polymorphic features. In
addition, the amphiphilic nature of silk protein chains 2 allows to generate drops of silk
solution in the volume of pico- to nano- litre without any modification 23, making it a suitable
material for printing technologies. The rheological properties of silk ink can be tuned by
adjusting the molecular weight of the fibroin (during the degumming process) and silk
concentration . Silk inks can be doped with additives such as nanoparticles, enzymes,
antibiotics, growth factors, and antibodies to introduce functionality to the printed

pattern 214,

However, when multi-layered silk structures are required, inkjet printing technology is facing
a few challenges which yet to be resolved. Due to the fact that silk is highly shear sensitive
and the ink extrusion process involves shear force, it is difficult to define suitable fabrication
parameters to allow extrusion without crystallisation, especially when high molecular silk is
used (e.g. native silk). In addition, due to the spontaneous silk gelation process, especially
after applying initial shear, the solution is not stable over time requiring constant adaptation
of the printing parameters during the fabrication process . When printing pure silk solution,
the structural stability is not sufficient to support the second layer, restricting the process to
2-dimensional structures. This can be improved by post-processing with solvents like
methanol which increase the crystallinity level of the silk 2! or by using silk/polymer
composites to alter final material properties and functionality 26, A possible route for multi-
layer silk printing might be combining of inkjet extrusion with photo-curing to stabilise the

fabricated structure.
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6. Photo-polymerisation

The process of photopolymerisation occurs in the presence of light and light-sensitive
compounds known as photoinitiators. The reaction between the light and the photoinitiator
generates free radicals that can initiate polymerisation reaction, resulting in a cross-linked
polymer structure. This method has been used for processing of electronic materials, printing
materials, optical materials, membranes, polymeric materials, and coatings and surface

modifications 27. It is commonly used in the lithography industry 218221,

Some of the advantages of photopolymerisation, when compared to conventional chemical
or physical polymerisation, include the spatial and temporal control over the process (allows
local polymerisation), fast curing rates (second to minutes), the ability to polymerise at room
or physiological temperatures, and minimal heat production 2%2. This method also allows in
situ polymerisation, making it a suitable technique for polymerisation during medical
procedures, such as transdermal photopolymerisation during implantation 223, thrombosis

Inhibition 224, cornea crosslinking 22>22¢ and adhesions of tissues after surgery 197:2%7,

Photocuring can be achieved by both, ultra-violet (UV) and visible light irradiation. The UV
photons carry higher energy than visible-light photons and can affect more chemical bonds,
making UV- irradiation more attractive for industrial applications. However, UV radiation can
burn tissue and damage DNA, potentially leading to cancer 22822°, Such risks can limit the
range of biomedical applications, however, can be reduced by using visible light

230

polymerisation The polymerisation process can be categorised into two groups (Figure

12 reproduced from 23°):

1. light-induced polymerisation — light exposure induces monomer polymerisation in the

presence of a photoinitiator and a crosslinker.
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2. light-induced crosslinking — A photoreactive group of the polymer (usually pre-added

to the polymer) is crosslinked under irradiation, with or without a photoinitiator.

Irradiation

® ®
‘ . . + Photoinitiator
o
®

Irradiation

+/- Photoinitiator

Figure 12: Schematic of light-induced polymerisation and crosslinking (reproduced with

permission from #3°).

In light induced polymerisation, the photoinitiator absorbs the light energy and transfers it to
radicals or ions that can induce chemical reactions 231232, It usually has high absorption at a
specific wavelength and should be carefully selected to maximise efficiency for each
illumination source. In addition, it is also important to account for the biocompatibility,

solubility in water, stability, and cytotoxicity of the photoinitiator 217:233,

The photoinitiator can be divided into 3 major groups according to the mechanism involved

in the photolysis process 217,222,233,

1. Radical photopolymerisation by photocleavage —following light exposure, radicals are

generated by cleavage at C—C, C—Cl, C-0, or C-S bonds. Those photoinitiators have
aromatic carbonyl compounds such as benzoin derivatives, benziketals, acetophenone
derivatives, and hydroxyalkylphenones.

2. Hydrogen abstraction- following light exposure, the photoinitiator generates a ketyl

radical and a donor radical following hydrogen abstraction from an H-donor molecule.
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The polymerisation is usually initiated through the H-donor radical while the ketyl

radical undergoes radical coupling with the growing macromolecular chains.

3. cationic _photopolymerisation — Those photoinitiators undergo either homo or

heterolytic cleavage, thus generating a radical cation/aryl radical pair or an aryl cation,

respectively. Since they generate protonic acids (oxonium ions) they are not used in

tissue engineering applications.

The mechanisms are summarised in Figure 13, which is reproduced with minor

modification from 234235,
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Figure 13: The mechanisms of photopolymerisation (a) Radical photopolymerisation by
photocleavage. Upon exposure to light, these photoinitiators undergo cleavage to form
radicals that promote the photopolymerisation reaction. (b) Radical photopolymerisation by
hydrogen abstraction. Upon UV irradiation,
abstraction from the H-donor (DH) to generate radicals. (c) Mechanism of direct activation of
onium salts with light. (reproduced with permission from 234235)

these photoinitiators undergo hydrogen

In radical photopolymerisation, the reaction mechanism is a multi-step process composed of
initiation, propagation, and termination stages (Figure 14, reproduced from 23¢). The initiation

rate (Ri) can be dependent on parameters such as the efficiency and concentration of the




During the process, the formed radicals can migrate through unreacted double bonds to form
long monomer chains. When no radicals are left in the system or the chains are transferred,
the growth of the chain is terminated. The termination rate (R:) depends on radical
concentration. The rate of polymerisation (R;) indicates the rate of double bond consumption
and can be approximated as a second-order reaction depending on the double bond and

radical concentrations.

If the radical concentration is assumed to be at a pseudo steady-state (Ri=R¢), the propagation
rate can be described as a function of the monomer concentration (M) and the kinetic
constants of the propagation (kp) and the termination (k) stages. Those kinetic constants are
highly dependent on the conversion and evolving network structure, which makes the

mechanism of polymerisation a complex process.

Initiation: In -V 2R,
Re+ M —» Me
R, = 2,

Propagation: Mg+ M —kp—> Mp+1®
Rp = kp[M][M9

Termination: Mg *+ M, —kl—> P
Rt = kM2

R, = k[MI(R/2k) "

Figure 14: Reaction mechanism for photoinitiated polymerisations. I, is a function of the
initiating light intensity, initiator concentration, and molar absorptivity coefficient.
The polymerisation rate equation shown assumes pseudo steady-state conditions (adapted
with permission from 236),
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6.1. Photopolymerisable polymers
In many applications, especially in medicine and tissue engineering, hydrogel materials are
required 128235 Therefore, the following section will focus on materials suitable for the

fabrication of hydrogels by photopolymerisation.

6.1.1. Synthetic polymers

Generally, hydrogels for tissue engineering are formed from macromolecular hydrogel
precursors 2. Those are usually water-soluble polymers with two or more reactive groups
and include polymers such as poly-ethylene-glycol (PEG) acrylate derivatives 237, PEG
methacrylate derivatives 238239, polyvinyl alcohol (PVA) derivatives 249241, |n addition,
modified polysaccharides such as hyaluronic acid derivatives 24>243 and dextran methacrylate
244,245 \were found to be suitable for the polymerisation of hydrogels. The structure of those

polymers is presented in Figure 15 (reproduced from 23°).

Some of the benefits of PEG is its extreme hydrophilicity (which can be used to alter the
interaction between materials and tissues and cells) and the fact that the end groups are
easily modified and allow the addition of photoreactive groups. It can also be used to produce
block copolymers which allow control over the biodegradation rate by controlling the length

and the composition of the copolymer segments 237,

Poly(vinyl alcohol) (PVA) Hydrogels have high water content, tissue-like elasticity, and are not-
challenging for fabrication and sterilisation 2%¢. Their most attractive feature is the presence
of hydroxy groups along the backbone allowing chemical modifications such as the

introduction of methacrylate groups or biological molecules like fibronectin 246248,
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Figure 15: Chemical structures of materials that can be photopolymerised to create crosslinked
hydrogel networks: (a) PEG diacrylate, methacrylate, and propylene fumarate derivatives, (b)
Crosslinkable PVA derivatives, (c) Hyaluronic acid derivatives, (d) Dextranmethacrylate.
(Reproduced with permission from 23°).

6.1.2. Natural polymers

The most common natural materials suitable for photopolymerisation are collagen
143,154,249,2503n( gelatin 21723, Photocurable gelatin was produced by Van Den Bulcke et al. 2>*
in the presence of methacrylic anhydride. The overall strength of the gel was controlled by
the degree of substitution and the storage conditions of the gelatin. Collagen photocuring
was also achieved by methacrylic anhydride incorporation. It was found that photocuring led
to improved mechanical integrity without compromising the triple helical conformation of the

collagen 2>,

Another natural polymer of interest for biomedical application is hyaluronic acid (HA) which

is found in many connective tissues and plays roles in the promotion of cell motility and
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proliferation, wound healing, angiogenesis and reduce inflammation 2°6, Photopolymerisation
of the HA can be achieved with the addition of a methacrylate group resulting in hydrogels
that are capable of swelling up to 14 times their dry weight with increased strength and

resilience than corresponding alginate gels 2>7:2%%,

Dextran, a bacterial polysaccharide, has previously been studied for delivery of
pharmaceutical drugs, peptides, and proteins 24424>259.260 There are 3 free hydroxy groups in
its repeat units which allow functionalisation and covalent crosslinking °°. It was suitable for
photopolymerisation when an acrylate functional group was incorporated onto one of the

hydroxy groups of dextran, producing hydrogels with a wide range of swelling properties.

Chitosan exhibit hemostatic and immunological activity with the ability to accelerate wound
healing 2%1. Chitosan photopolymerisation was achieved by reaction with N,N,N’,N’-
tetramethylethylenediamine, EDC, and 4-O-b-D-galactopyranosyl-(1,4)-D-gluconic acid to
introduce azide and lactose moieties. After photocuring, it demonstrated a higher binding
strength than fibrin glue and was effective sealant for punctures in thoracic aorta and lungs
in rabbit models 262, The structure of polymerisable natural polymers is presented in Figure

16 (reproduced from 239)
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Figure 16: Examples of various photopolymerisable natural polymers including (A) collagen,
(B) hyaluronic acid, (C) chitosan, (D) dextran, and (E) chondroitin sulfate.
(reproduced with permission from Ref. 23°)
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6.2. Photo-lithography of proteins

Photo-lithography (PL) is a micro-patterning technique where a photo-curable resin
undergoes photochemical reaction under laser light to generate desired patterns 21°. PL
allows producing cross-linked complex patterns, in a controlled and fast manner, over large
areas (mm?-cm?). The process is usually fast (seconds to few minutes) with resolution
limitation varying from <10 pum for projection photo-lithography (PPL) 26 and <100 nm for
multi-photon direct laser writing (DLW) 264, Those techniques are broadly explained in

chapters 3 and 4 of this work, accordingly.

PL is extensively studied for many proteins such as collagen 26> and albumin 2% and in the last
few years is expanded to reconstituted silk (Table 3). Generally, when the photo-reactive
protein is exposed to UV or visible light, an excitation of a photo dye results in protein photo-
crosslinking 2¢7. This process usually occurs through free radical or singlet oxygen mechanisms
and is dependent on the excitation wavelength, selected photo dye, and accessible protein

surface residues 266,

6.3. Photo-curing of silk

For the past 5 years, several research groups have investigated the suitability of reconstituted
silk fibroin (RSF) for various PL techniques with a goal to fabricate patterns and geometries
generating new material properties and application range (Table 3). Many tactics were used
to tailor the silk for PL fabrication by introducing photoresponsive properties into the silk.
Some papers suggested a chemical modification of the silk by the addition of reactive groups
to the protein which in turn can cross-link in the presence of the dye (Irgacure 2959) during
light exposure 193268269 |t js possible because the fibroin chain is composed of a number of

specific amino acids allowing chemical modification without substantial alteration of the
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protein structure and properties *>. Another approach to silk photo-curing is the addition of
photo-sensitive dye to the fibroin (e.g. riboflavin, rose bengal and methylene blue) which can
generate crosslinking under light exposure 122270271 The crosslinking can be direct, between
the side groups of the fibroin (usually tyrosine) or through silk/dye complexes formed

between the side groups of the fibroin (usually arginine, lysine and histidine) and the dye

249,272

To date, reconstituted fibroin was used as silk standard in all PL literature as summarised in
Table 3. However, as will be discussed in this work, the reconstitution processes can strongly
affect the production, properties and the resolution of the fabricated patterns. Therefore,
there is an urgent need to standardise silk fibroin quality and to characterise the silk used in

any future publications.

Chapters 3 and 4 of this work introduce native silk as a gold standard source of un-modified
fibroin and explore its suitability and performance in DLW and mask-less PPL systems. The
photo-curing reaction mechanism is explained, pattern quality is investigated, and the
importance of fibroin quality is emphasised especially when precise patterning is required.
The results provide a comprehensive understanding of the process allowing to broaden the

application range of silk PL techniques in many fields of bioengineering.
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Table 3: Current literature describing photo-curing of silk fibroin. Bulk PL described full
photocuring of the region without specific pattern fabrication.

fibroin
Ligh Photo- Patt
Ref Technique 'ght Silk type concentration - ? © at er.n
source initiator Resolution
(wt/wt)
Kurland et al. . Modified 0 Irgacure
2013 268 Mask PPL UV light RSE 2% 2959 1 pm
Whittaker et 250 W light o 9
ol 2014 27 Bulk PL cource RSF 14 % Ru(bpy)s N/A
Ti:Sapphire
ST GG DLW laser RSF 2.5% MEUPENR g e
2015 270 (800 nm) Blue
Pal l. 201 Modifi |
alet al. 2015 PL UV light °RdS'F'ed 3.75% rgagc;;re 2 um
Park et al. ArF laser 0
5016 274 Mask PPL (193 nm) RSF 7% . 1pm
Wang et al. UV light RSF/PVA 0 Irgacure
2016 75 BulkPL 3¢5hm)  composite 13% (1-2959) N/A
Applegate et LED 0 . .
al. 2016 122 Mask PPL (450 nm) RSF 6 % riboflavin 50 pm
Pal et. al UV light o Irgacure
2016 220 Mask PPL (365 nm) RSF, RSS 2% 2959 5-100 pum
Maximova et Yb:kGW o
al. 2016 276 DLW Laser RSF 10 % = 3 um
’ (1030 nm)
Liu et al. , Modified 0 Irgacure
2017 269 Mask PPL UV light L-chain RSE 2% 2959 1.5 um
Nano- rose
Dickerson et DLW scribe RSF 15 % bengal, <5um
al. 2017 21 commercial ? Ru(bpy)s?* H
system
Zhou et al. , RSF/chitosan o Darocur
2018 27 Bulk PL UV light composite 3% (2959) N/A
. Nd:YAG
(I:Ias \:/eo"rl?j) DLW Laser native silk 1% bIZ(;SZI 20 pm
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7. Moving into 3D fabrication

Most patterning techniques are suitable for fabrication of 2-dimensional structures with
surface topographies up to a few hundreds of microns. Although multi-photon PL has proven
to produce self-supporting true 3D structures 27927, those structures are very small (microns)
and are not feasible for real-life applications such as tissue engineering, which require larger
scaffolds, typically a few centimetres in size 12°. Due to the high cost of PL, slow fabrication
time and silk instability over several days of fabrication (required for large sample size), it is

unlikely that PL alone will become an industrial scale technique for 3D silk structuring.

When designing scaffolds for applications such as tissue regeneration, it is important to meet
several criteria such as high level of porosity (to allow a significant surface for cell
attachment), pore size above 100 um (to allow cell penetration), open porosity (for cell
migration) and physiological biodegradation rate 42, Currently, three main fabrication
techniques are used for the production of porous 3D silk scaffold including porogen leaching,

freeze drying and gas foaming 2%13>136,142,

In porogen leaching, salt or sugar granules with specific dimensions are added to the polymer
solution and the solution allow to solidify in the desired geometry to form a polymer/porogen
composite. When the scaffold is formed the porogen is dissolved, leaving behind a porous
structure while the size of the granules reflects the size of the final pores 2’8, Porogens with

multiple granule sizes can be used to create a gradient in scaffold porosity *3°.

Freeze drying (lyophilisation) is one of the most commonly used methods in the silk literature
for fibroin scaffold fabrication 2213142279280 |n thijs dehydration procedure, the pre-
structured material is frozen and then placed under vacuum to remove the access water by

sublimation (solid to gas transfer). Most of the fibroin scaffolds solely made by freeze drying
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have insufficient porosity and pore size for tissue engineering applications 13>27%, This can be
overcome by combining freeze drying with additional fabrication techniques (e.g. gas foaming)

280 by controlling the freezing rate **° and by using silk-based composites ***°.

Scaffold fabrication by gas foaming method utilises gas pressure to generate internal porosity.
In short, the samples are compressed to produce bulk disks. The disks are then placed in a
chamber with high gas pressure (usually CO,) for several days. Then, the chamber pressure is
restored gradually forcing the gas molecules to abandon the sample leaving a porous

structure behind 278.

To select the optimal scaffold fabrication method for silk, Nazarov et al. 13> compared the
porosity and mechanical properties of silk fibroin scaffold producing by salt leaching, gas
foaming and freeze drying processes. This study indicated that for application in cortical bone
engineering, gas leaching method produced the most suitable scaffolds. This is because these
scaffolds had the highest compressive modulus and compressive stress with highly
interconnected and porous structure (pore size ~ 150 um), which maintained high strength

when placed under compression.

Additional processes were suggested for the fabrication of porous silk scaffold including the
addition of organic solvent prior to sample freezing 221, 3D silk printing in the presence of

sacrificial particles 2’8 and by emulsion-templated synthesis (chapter 5 of this thesis).

7.1.  Poly-HIPEs

Poly-HIPE is a unique structure of a polymeric foam which consists of continuous internal
interconnected network between larger main pores. The pores are often called voids while

the interconnected holes are known as windows 2827284,
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Poly-HIPEs are fabricated through an emulsion templating polymer synthesized within high
internal phase emulsions (HIPEs). HIPE structure can be formed when the major component
(internal phase) which occupies more than 74% of the total volume, is dispersed within the
minor phase (external phase). Due to the immiscible nature of the two phases, a stable
emulsion is generated. When the external phase is polymerised (e.g by photo-
polymerisations), a continuous poly-HIPE structure is generated around the dispersed
droplets of the internal phase. During the polymerisation, ruptures (windows) can develop at
the thinnest point of contact between the internal phase droplets transforming the discrete
droplets in the HIPE into a continuous interconnected phase in the poly-HIPE. When the
internal phase is removed voids are created in the place of the droplets and as a result, a
highly interconnected structure is formed. An example of poly-HIPE structure voids and

interconnecting windows can be seen in Figure 17.

Figure 17: A porous poly-HIPE structure (SEM) fabricated from native silk solution and
rapeseed oil as discussed in chapter 5 of this thesis.
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8. Thesis goals

The guiding hypothesis of this work was that silk can be structured by light illumination. This
aims to introduce a new processing approach in addition to the current mechanical and
chemical routes for the structuring of silk. In addition, the author of this thesis hypothesised
that the use of native silk, instead of its reconstituted substitute, can significantly improve the

current field of silk processing, leading to higher quality patterning.

This thesis explores several low-cost and environmentally friendly routes for the fabrication
of 1D, 2D and 3D structures from native and reconstituted silk solutions. The thesis is split
into 6 chapters which explore the process of structure fabrication from simple 1D writing
through 2D patterning and eventually generation of 3D silk scaffolds. Each chapter presents
a novel approach for silk structuring utilising either new material (such as native silk), a new
technique (such as PuSL and emulsion-templated synthesis) or new structure (such as poly-
HIPE) which were never introduced before in the published silk literature. Each chapter
includes an introduction section to the relevant fabrication techniques, results and discussion
section followed by the conclusion section. The range of potential applications for each
technique is explored and discussed at the end of each chapter. A brief summary of the

chapters is presented below.

8.1. Chapter introduction

Chapter 2 - Methodology

This chapter introduces all the general fabrication and characterisation techniques used in
this thesis. Specialised techniques are introduced in the methodology sections of each
relevant chapter. This chapter includes a detailed explanation of native and reconstituted silk

fabrication, basic principles of rheology and short descriptions of characterisation techniques.
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Chapter 3 - 1D direct laser writing of silk patterns

This chapter introduces and explores, for the first time, direct writing of native silk proteins.
The chapter will discuss the optimisation of the process, characterisation of the structures
and the mechanism of photo-gelation of the silk. It will also discuss the limitations of this
process in the fabrication of multi-dimensional structures.

Chapter 4 - Fabrication of 2D silk structures by projection stereolithography

This chapter explores a novel low-cost approach to silk patterning and presents the benefits
of projection stereolithography compared to other fabrication methods currently used for silk
patterning. The process is optimised, the pattern is characterised, and the mechanism is
evaluated. In addition, this chapter investigates the effect of the molecular weight of the
protein on the patterning process and introduce the benefit of native silk in this area.

Chapter 5 - 3D - Silk structures fabrication by emulsion templating method

This chapter develops and explores emulsion templating route to fabricate silk poly-HIPEs.
This structure, although very desirable in many applications, is not yet been presented for silk
in the literature. The chapter explores all the parameters that affect structure porosity and

explores the scaffold characteristics and application range.

Chapter 6 - Conclusions

This chapter discusses all the results and the conclusions of the research performed in this
thesis. It will present the limitations of each technique and the novelty achieved by each
fabrication route. It will also raise all the research questions following this research as well as
discuss future experimental directions and the contribution this thesis represents in the

broader context of silk research.
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Summary

This chapter introduces the main experimental methods used in this thesis. Starting with silk
protein solutions, both silkworm dissection is explained as a means to extract native silk as
well as the reconstitution process to fabricate reconstitute silk. Furthermore, the
underpinning theories behind the characterisation techniques applied to the silk structures

are discussed.
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1. Native silk extraction and solution preparation

All silk processing routes described in this thesis require silk protein in the unspun (aqueous)
form. The only way to obtain unprocessed native silk is directly from the silk dope through
careful silkworm dissection and extraction of the silk glands. All dissections were performed
using and Olympus SZ40 dissection microscope (Olympus, UK) and Leica MZ12 dissection
microscope (Leica, Germany) with fibre optic light source, fine forceps and dissection scissors.
The dissection method used in this thesis is following the method previously described by

Holland 28>,
The following principles were used through all the dissection processes:

1.1.  Selection of the silkworm

B. mori silkworms yield silk at only one point in their life cycle and the accumulation of silk
occurs only a few days before this event 2°. In addition, silk dope undergoes a maturation just
before spinning, altering the composition and viscosity of the solution 9. Therefore, all
silkworm dissections were performed on individuals who were at the early stage of cocoon

construction (stage 2) as seen in Figure 18b (reproduced from Reference 103).

1.2.  Silkworm sacrifice

All silkworms were sacrificed without anaesthetic to avoid any possible changes to the pH of
the hemolymph, previously seen in anaesthetised spiders 286287 The silkworms were stored
in the fridge (9°C) and transferred to room temperature 10 minutes prior to the dissection.
Animals were slain by separating the head from the body using a pair of heavy scissors and

cutting along the ventral surface between the legs in an anterior to posterior direction.
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1.3. Dissection environment

Ideally, the dissected gland should be placed in a buffered ringers solution at room
temperature to maintain an appropriate ionic balance in the silk solution 2. However, due
to a lack of a suitable Ringers solution recipe for silkworm haemolymph and the likelihood
that this would not represent the ionic and pH conditions in the dope %32%° gland was placed
directly in chilled distilled water to enable rapid preparation with the minimum of effects on

the dope.

1.4. Gland peeling process

After 6-10 minutes of whole gland immersion in chilled water, the epithelial layer of cells
covering the entire gland detached sufficiently to allow easy peeling, exposing the native silk
dope without damaging the gland. To remove the gland epithelium a small tear was made in
the epithelial layer with two pairs of forceps. One pair of forceps was used to hold the tear
and the second pair was used to gently separate the epithelial coat minimising contact with

the sensitive gland contents.

1.5.  Sericin removal

As discussed in the introduction chapter of this thesis, the sericin is present mostly in the
middle and anterior divisions of the middle gland section. The posterior section of the gland
is extremally narrow and difficult to peel. Therefore all silk samples were extracted from the
posterior division of the middle section of the gland (Figure 18e,f). Other sections of the gland
were discarded. The gland was washed twice after the peeling process to remove sericin and

haemolymph remains.
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1.6. Silk solution storage

After the washing procedure, the gland section was placed into 2 ml Eppendorf tube and
covered fully with chilled distilled water. The tube was sealed and stored in the fridge
overnight to relax and homogenise the solution prior to experimentation. If the dissection
and peeling performed carefully without damaging the dope, the solution can be stored for

up to 1 week.

1.7.  Concentration calculation

Concentrations or the percentage of dry weight (% DW) of the final diluted silk solution was
determined by taking a small part of the solution from the Eppendorf tubes, 24 hours after
fabrication, and drying to a constant weight using vacuum oven or A&D MX-50 moisture
analyser (A&D company, Japan). This method provides the total organic and ionic content

minus water and any volatiles.

a. Stage 1- Anchor threads b. Stage 2- Early cocoon . . f Towards spinneret
roreriay 0. '

Gland beyond here
was discarded due to
increased sericin

Anterior gland section
concentration.

(too narrow to peel).

Middle gland section
(main storage
reservoir and
location for sericin

portion used
addition).

for rheology
etc.

Posterior
gland section
(location for
fibroin
production,
but too thin to
peel).

Figure 18: (a—d) arbitrary stages of cocoon construction (from anchor threads to full cocoon).
(e) photograph of dissected silk gland (unpeeled). Red lines indicated the regions of the gland
that were used for all the experimental work in this thesis. (f) Diagram showing parts of a silk
gland and origins of the samples used (dashed lines demark where the gland was cut).
(reproduced with permission from?3)
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2. Reconstituted silk solution preparation

Reconstituted silk (RS) solution was prepared in accordance with the protocol described by

Rockwood et al. 22.

The aim of this protocol is to convert solid silk cocoons into liquid silk solution, which can be
reprocessed into various shapes and structures. To achieve this, several intermediate steps
should be performed, following the protocol, including degumming, dissolution and dialysis
of the silk. At first, the cocoons are collected and cut with scissors into small pieces. The
silkworm from the cocoon is removed and placed in the freezer (-18°C) for several days before

disposal.

2.1.  Silk degumming

The cut cocoons are placed in a boiling beaker filled with Na,COs solution. The concentration
of the salt will affect the final molecular weight of the fibroin in the solution (see chapter 4).
In this thesis, concentration ranges between 0.003 to 0.3 M were used. Standard degummed
silk was prepared at 0.02 M. The cocoons were boiled for 30 minutes and stirred occasionally
to improve dispersion of the fibroin. It is important to note, that longer boiling times can

result in additional degradation of the protein 22 and therefore were avoided in this work.

After 30 minutes of boiling, the degummed cocoons were washed with tap water (room
temperature) and transferred to a beaker filled with distilled water and stirred for 20 minutes.
The process was repeated 3 times until all salt residues were removed. The silk was then
squeezed, spread on an oven tray and was left to dry in a fume hood overnight. The dry silk

was sealed in a plastic bag, labelled and stored at room temperature until needed.
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2.2.  Silk dissolution

LiBr solution (9.3 M) was prepared by the addition of 86.85 gr of LiBr to 100 ml of distilled
water. It important to highlight that the process of LiBr dissolution in water is a highly
exothermic reaction which results in significant heating of the container. Therefore, the
beaker was placed in an additional larger beaker filled with cooled water and the LiBr powder
was added slowly, few grams at a time to allow heat diffusion and avoid sample overheating.
After all the LiBr was added, the solution was placed on a hot plate and kept at 60°C. Then,
the solution was distributed into 50 ml tubes and 1 gram of degummed cocoons was added
to every 10 ml of solution. The cocoons were gently packed at the bottom of the container,
using a glass rod, to reassure full coverage of the cocoons by the solution to allow full

dissolution. The containers were kept at 60°C for 4h.

In most cases, full dissolution was not achieved after 4 h and small remains of non-dissolved

silk were present. Those remains were removed during the filtration stage.

2.3.  Solution dialysis

After the dissolution, the solution was cooled down to room temperature and transferred
into a dialysis membrane (MWCO 12-14 kDa, Spectra/por®). The membrane was sealed and
immersed in a container filled with 1 litre of distilled water. This is to allow removal of LiBr
ions and small proteins (< 12 kDa) from the protein solution. The water in the container was
changed frequently to reach a total of 5 water exchanges over 24 h. During the dialysis process

the container was stored in the fridge (4°C).

2.4.  Solution filtration
After the dialysis, the membrane was gently opened, and the solution was filtered using
Whatman® qualitative filter paper, Grade 1 (pore size 11 um, Sigma Aldrich, UK) to remove
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undissolved silk and any other contamination. The filtered solution was transparent with a
slightly yellow colour. The concentration of the solution was measured gravimetrically by
oven drying a small quantity of the sample to evaluate the dry weight of the protein. The
solution was then gently transferred to a plastic beaker and stored in the fridge until needed.
It should be noted that under these conditions a reconstituted solution can be stored for a
longer period (about 1 month) than the native one (about 1 week). In the experimental work

when both solutions were compared, fresh reconstituted silk was used (less than 1 week old).

2.5.  Solution concentrating

The average concentration of the reconstituted silk solution was between 3 — 5 wt%. Some of
the experimental work performed in this thesis, especially in chapter 5, required a higher
concentration of 6 wt%. To increase the concentration, the solution was transferred into a
dialysis membrane (same as used for the dialysis stage), the membrane was sealed and
immersed in a container filled 30% (wt/vol) PEG solution (35000 g/mol). The PEG has
hydrophilic properties 2°°, and due to the higher concentration, it can draw the water from
the silk solution across the membrane via osmosis, increasing the concentration of the
solution. After few hours of immersion in PEG, the membrane was removed from the PEG
and wiped with tissue paper. The concentration was measured, and the solution was stored
in the fridge until needed. Dilution of silk solutions was always done by the addition of the
desired amount of distilled water. In this instance, to avoid premature gelation, the solution
was not mixed but left in the fridge for 24 h to achieve uniform distribution of the protein in

the vial.

The process of silk reconstitution is summarised in Figure 19 below:
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Figure 19: The process of silk reconstitution. (1) The cocoons are cut into small pieces. (2) Silk
degumming: the cocoons are boiled in Na;COs solution for 30 min. (3) The degummed silk
cocoons are rinsed and dried overnight. (4) Silk dissolution: The cocoons are dissolved in 9.3
M LiBr solution at 60°C for 4h. (5) The dissolved silk is dialysed in semi-permeable membrane
against distilled water to remove LiBr residue. (6) The final solution is filtered to remove

undissolved silk and any other contaminants; the concentration is measured, and the sample
stored at 4°C until required.

3. Rheological measurements

Rheology, or the measurement of deformation under flow, is often used for the
characterisation of materials which are neither completely liquids or solids such as polymers,
physiological fluids and gels 2°1. The deformation used in rheology is usually applied as
dynamic or static shear or as extensional flow. Those modes of deformation allow, when
combined, to characterise the macroscopic flow behaviour of a material. Samples can
respond to deformation elastically (stress proportional to strain) or viscously (strain is
independent of stress but proportional to the rate of strain). Most of the biological materials,
including all silk solutions in this thesis, present a non-linear behaviour known as

viscoelasticity (i.e. are Non-Newtonian).

The rheological measurements that were used in this thesis can be divided into constant shear
(viscosity) and dynamic shear (oscillation). Viscosity measurements were mostly used in

chapter 5 to characterise the viscosity of the fabricated emulsions while oscillation
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measurements were mostly used in chapter 4 to evaluate the mechanical properties of the

hydrogels during the photo-curing process.

3.1.  Viscosity measurements

In constant shear viscosity measurements, the material is placed between two horizontal
plates and a force is applied to the sample by moving the plates relative to the other. For
practical reasons, usually the top plate (a.k.a the tool or measuring geometry) is mobile while
the bottom plate remains in a constant position. The stress (o) required to move the upper
plate primarily depends on the rheological properties of the sample that is located in-

between.

If a low viscosity material (e.g. oil, water) is placed between the plates, it will present low
resistivity to flow and requires very little stress to move the plates. In fact, the viscosities of
water and very diluted silk solutions (< 1 wt.%) were below the minimal threshold of the
rheometers used in this thesis, and therefore those values are not presented. However, if
those materials are replaced by a viscous material (e.g. honey or gelatine) a larger stress will

be required to move the plates due to the higher resistivity or those materials to flow.

The resistance to flow, or internal friction, can be calculated from the value of the stress input
(o) relative to strain and known as viscosity (7). In non-Newtonian fluids (e.g. silk solutions
and most of biological fluids 2°2) the viscosity is dependent on the rate of deformation known
as shear rate (y). While in Newtonian fluids (e.g. water) the viscosity is constant regardless of

the shear rate (Figure 20).
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Figure 20: Diagram showing the mode of sample deformation under the plates of the
rheometer, the evaluated terms for shear rate and viscosity and the figure to be obtained from
viscosity experiments in a shear rheometer.

3.2.  Oscillation measurements

Dynamic shear tests are performed in an oscillatory mode in which a sinusoidal strain with
amplitude y, is applied to the system at a frequency w and the resulting stress o is measured.
The time shift At in the sine waves of the strain and the stress defines the phase angle shift 6
(6 = At - w). The values for the storage modulus (G’), the loss modulus (G”’) and the complex
modulus (G) can be obtained as described in Figure 21. G’ represents the elastic component
and the G” is the viscous component of the material. Those components can be measured as
a function of strain amplitude or as a function of frequency. When oscillatory shear
measurements are performed in the linear viscoelastic regime, G' G" are independent of the

strain amplitude.
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Figure 21: Diagram showing the oscillatory test for viscoelastic behaviour, presented as a
sinusoidal function versus time, and the calculations that can be derived from the diagram.
Vector diagram illustrating the relationship between complex shear modulus G*, storage
modulus G' and loss modulus G'" using the phase-shift angle 6.

Viscosity measurements were performed using AR 2000 rheometer, (TA Instruments, USA)
with a CP2/40 cone and plate geometry (40 mm radius, 2° opening angle and 15 um
truncation). A silk protein solution or silk/oil emulsion, sufficient to completely fill the
geometry, was placed on the fixed plate and the cone was lowered to the required gap setting
(15 um). The cone speed was reduced to the minimum (0.1 mm s™!) before the cone touched
the sample. Excess sample was allowed to squeeze out from under the cone and was not
removed, to avoid shear-induced gelation at the edge of the geometry ®°. To avoid the
specimen drying out and forming a skin during the measurements, the area outside the cone
was flooded with distilled water and loosely enclosed using an environmental chamber, which
was designed to fit around the cone and drive shaft without touching °°. A constant shear rate
of y = 1 571 was applied for 100 s at 25 °C, in order to ensure the specimen was distributed
evenly between the cone and plate and to supersede any residual stress from sample loading.
The shear viscosity at y = 1 s~! was obtained by averaging data from the final 30 s of this
stage.
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Oscillatory measurements were performed using AR 2000 and Discovery HR-2 rheometers
(TA Instruments, USA) with 8 mm parallel plate geometries. Wet silk patterns (immersed in
water for 5 minutes before the measurements) or 30 pl of silk/oil emulsion, were carefully
placed on the bottom plate and the top plate was gently lowered down to required gap
settings (100 - 500 um). The experiments were performed in two stages, an oscillatory
frequency sweep (20 to 0.1 Hz) followed by a fixed frequency time ramp (1 Hz), both of which
were conducted within the sample’s linear viscoelastic region (target strain 0.01) >°.
Preliminary experiments were performed on a Bohlin Gemini HR Nano 200 (Malvern

Instruments, UK).

4. Infrared spectroscopy

Infrared spectroscopy is an analytical technique commonly used to evaluate the chemical
composition of samples based on their molecular vibration transitions, which absorb in the
infrared range. The name of the technique: Fourier Transform Infrared (FTIR) spectrometry

was given because the collected spectra are deconvoluted by Fourier transformation.

Inside the instrument, IR is emitted from a heated black body emitting mostly between 14000
and 400 cm-1 (0.8 and 25 um). After emission, the beam is restricted by an aperture. After
the aperture, the beam is directed into the Michelson interferometer for modulation 2°3, This
interferometer is equipped with a beam splitter which reflects half of the light whilst allowing
the other half through, at a 45° angle. This leads to an interference of the beam with itself

before being reflected out.

An attenuated total reflection (ATR) accessory collects and focuses the IR beam on the sensor
crystal where attenuated total reflection occurs. When a sample is placed in contact with the

ATR sensor crystal, a part of the incident radiation can be absorbed without passing through
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the sample. This is because the surface of the crystal produces an evanescent wave which
interacts with the sample in direct proximity of the crystal surface (0.5 to 2 um) 2%, It is also
possible to measure an ultra-thin film sample by illuminating directly through the sample (via

transmission) 19°,

After the sample has absorbed a portion of the IR light, the remaining modulated light is
directed to either the pyroelectric Deuterated Tri-Glycine Sulfate (DTGS) or a liquid nitrogen

cooled photoconductive Mercury Cadmium Telluride (MCT) detector (Figure 22).
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Figure 22: Infrared beam path of Thermo Nicolet 6700 Fourier transform infrared
spectrometer (reproduced with permission from 2%).

All FTIR spectra in this thesis were collected by Nicolet 380 spectrometer (Thermo Scientific,
Madison, USA) with DTGS detector equipped with diamond ATR accessory (Golden Gate,
Specac, UK). Spectral data collected between 800 and 4000 cm-! using 64 scans, at 4 cm*

resolution.

68



Anastasia Brif Chapter 2 -Methodology
PhD Thesis: Multi-dimensional Structuring of Native Silk

4.1. Silk structure characterisation by FTIR spectroscopy

In the silk literature, the crystallisation process (B-sheet structure formation) is usually
characterised by FTIR spectroscopy 2°#2°6, This is mostly done by tracking the positions of the
amide | and amide Il peaks in the silk spectra and the sub-components of those peaks. The
position of amide | peak (1500-1700 cm™) can indicate whether the fibroin is amorphous or
converted to crystalline state. It is important to note that amide | is not a single peak but a
result of a convolution of several structural components 2°¢. Those structures include: anti-
parallel B-sheet (1698 cm™), un-ordered helical structure (1649 cm?), B-sheet (1615 cm™) and

tyrosine ring (1594 cm™)%4,

Crystallisation in the silk can be induced by applying mechanical shear, exposure to organic
solvents or due to temperature and pH variations 2. When the crystallisation process is
initiated, B-sheet structures start to form, leading to an increase in the B-sheet content of the
amide | peak. This will shift the centre of mass and the ratio between the sub-components of
the amide |, resulting in a quantifiable shift of the whole peak toward lower wavenumber
values. This shift can be recorded and used to demonstrate the conversion of the silk under
various experimental conditions. Figure 23 presents deconvolution of the amide | peak that
was performed on an FTIR spectrum collected from an amorphous silk film and one from a
converted silk film after methanol treatment. Peak analysis was performed using MagicPlot

Student software (version 2.7.2).

For all the silk spectra presented in this thesis, the spectra in the region of interest (1200—
1800 cm™) were normalized against the amide | band of each sample. This was done to

compensate for differences in sample thickness/contact area (which result in absorbance
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intensity differences), and for easier comparison between the band position between various

samples.
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Figure 23: Schematic diagram of the components of silk fibroin Amide | peak. During

crystallisation, the -sheet component is increased, resulting in a shift of the centre of mass in
the amide | peak towards lower wavelength values.

5. Imaging

5.1. Optical and confocal microscopy
All optical images of the silk structures and patterns were collected by a Diaphot TMD300
microscope (Nikon Instruments, Japan) using a Moticam 5MP camera (Motic instruments,

Spain) and Stemi 305 (Zeiss, Germany) using an Axiocam 105 colour camera (Zeiss,

Switzerland).
Optical profilometry images were collected by ContourGT-X 3D (Bruker, USA).

Fluorescent images were collected by LSM510 Upright Meta laser scanning confocal
microscope (Zeiss, Germany) equipped with an objective lens (Achroplan 10x/0.3 NA), lasers

emitting light in the UV and visible spectral ranges (Argon/2 - 458, 477, 488, 514 nm, HeNel
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-543 nm, HeNe2 - 633 nm), and tuneable Ti:Sapphire laser capable of excitation wavelengths

between 690 and 1040 nm.
All images were analysed by ImagelJ (1.48v).

5.2.  Scanning Electron Microscopy (SEM)

The characterisation of the microstructure of the silk scaffolds and patterns was performed
by XL 30 S FEG (Philips, Netherlands) and Nova NanoSEM 450 (FEI, USA) SEMs. Since the XL
30 S FEG requires high voltage to operate (20 kV), the high sensitivity of silk to the beam and
low image quality, it was used only during preliminary experimental work. All SEM images

presented in this thesis were taken by Nova NanoSEM 450.

For sample preparation, scaffolds were cross-sectioned using a scalpel and washed with ethyl
acetate. Silk patterns and films were fabricated on microscope slides and were directly
imaged on the slides without additional processing. All samples were dry during imaging. The
samples were placed on an aluminium stub covered with carbon tape. Due to the low
accelerating voltage of the Nova (1 kV), no significant charge accumulated on the sample,
therefore, no coating was applied. All images were taken at accelerating voltage 1 kV, beam

spot 3.0 using an Everhart-Thornley Detector (ETD).

6. Summary

A summary of the main equipment used in this thesis can be seen in Figure 24 below. Specific
methodology relevant to each chapter may be found accordingly: Direct laser writing (chapter
3); Rheology, UV-vis and IR spectroscopy, projection stereolithography and imaging (chapter

4); Rheology, SEM imaging, IR spectroscopy and mechanical testing (chapter 5).
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Figure 24: The main equipment used in the experimental procedures of this thesis.
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Summary

This chapter discusses the suitability of native silk for direct laser writing (DLW) by exploring
fabrication methods using a photo-curable silk solution. The parameters required for pattern
writing were optimised and the resulting silk structures then discussed. Following this, the
photo-curing mechanism is evaluated and discussed alongside post-processing routes
including pattern stability, structural conversion and the effect of photo-bleaching. Finally,
preliminary cell work has been used to evaluate the potential of silk-DLW structures in

biomaterials applications.
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1. Introduction to Direct laser writing (DLW)

Direct laser writing micro stereolithography (uSL) is a fabrication technique that allows one

to fabricate 3D objects 29773 through photo-polymerisation of a polymeric resin 301,

1.1. Theory and Mechanism

The basic components involved in DLW are a transparent monomeric solution, a
photoinitiator and a laser source. To write, a laser beam is focused inside a transparent
material, mixed with a photo-sensitive dye resulting in polymerisation at the focal spot. The
size of the focal spot, (or structure resolution) can be controlled by the choice of
photoinitiator, laser beam, complementary optics and overall experimental parameters 3%,
Photo-polymerisation occurs when a receptive molecule absorbs a photon which then excites
said molecule from a ground to a higher energetic state. This excitation generates highly
reactive radicals which can then go on to form cross-links between free monomers, inducing
polymerisation (Figure 25) 2723017303 However, one of the drawbacks of single-photon
stereolithography is that the beam is absorbed only within the first 10-50 um from the surface
of the resin. This limits the technique to planar patterning. Additionally, radical
polymerisation is easily quenched by oxygen, so the reactivity is reduced in an open
environment.

Therefore, multi-photon polymerisation can overcome such drawbacks as it allows
polymerisation within the volume of the resin. In multiple photon absorption, two (2PP) or
more photons are used, with the sum of their energy equal to the energy gap between the
ground and an excited state of the target molecule/photoinitiator. Hence to achieve 2PP, the

sample is illuminated with double the wavelength of the absorption maximum of the
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photoinitiator and the photoinitiator needs to absorb 2 photons, in turn, to go from a ground
to intermediate, to an excited state and thus generate radicals.

The probability of simultaneous absorption (A) in a multiphoton polymerisation reaction is
given by:

PNabs

(1) A=

-1
TNabs

Where P is the laser pulse energy, Nabs is @ number of photons absorbed, and T is the laser
pulse width. Due to the short lifetimes involved in the process (both photons absorbed within
a timescale of 10 s), these 2PP initiations are rare and require a high photon flux, usually
generated by femtosecond lasers, such as Ti:Sapphire 194218303304 whijch allow the average
laser power to be kept low 3%, This is beneficial, especially when dealing with proteins and
biological materials which are sensitive to heat generated from high laser powers 3%,

This simultaneous absorption can only happen in the region of the focal area. This is highly
beneficial for high-resolution fabrication since the probability for non-specific polymerisation
outside the focal region is extremely low. Additional benefits of multi-photon polymerisation
are related to the longer wavelength used in this approach which provides greater sample
penetration depth 3%,

While in single-photon absorption the number of the absorbed photons (Nabs) depends
linearly on light intensity (1), in multi-photon absorption, it is proportional to the square of the
light intensity (1?) 39, Due to the Gaussian laser intensity profile, and the fact that cross-
section is dependent on 1%, a smaller focal volume is exposed in comparison to single-photon
polymerisation 3%, This allows the fabrication of structures with a higher resolution. In fact,

sub-wavelength structures with a resolution of < 100 nm can be produced by 2PP 3%,
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Figure 25: Diagram of energy transition in single-photon and 2-photon absorption. Equations
describe the proportion between absorption and light intensities while o and 6 are single and
2 photon constants, accordingly.

Despite the broad potential of multi-photon polymerisation in fabricating sub-micron
patterns, for reasons of ease of experimental set-up, design flexibility in 2D and 3D and sub-
micron structural resolution 2723%, this chapter will focus on single photon polymerisation as

a starting point for the exploration of DLW for silk patterning.

Overall, there have only been a handful of reports in the literature surrounding silk photo-
curing, most being published in the last three years with even less for DLW and none that use
native silk. Therefore, it is important to first develop and explore the basic fabrication
approach and to better understand/control the photo-curing mechanism with easily visible
micron-scale structures, before moving onto what is possible with nano-scale high-resolution

fabrication.
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1.2. DLW experimental set-up

A few essential components are required to create a DLW system 28, An ultrafast laser as a
photon source, optical lenses and mirrors to focus and direct the laser beam, a motion stage
to generate patterns and a control software to operate the laser and the motion-stage.

A schematic illustration of the DLW set-up, used in this work, can be seen in Figure 26.

The photon source is typically a pico-second advanced diode-pumped solid-state frequency
doubled Nd:YAG laser with single frequency green light beam (532 nm). The fundamental
wavelength (1064 nm) is removed by a bandpass filter. The beam is expanded by a beam
expander and reflected by a mirror at 90 degrees. The reflected beam is focused through a
microscope objective lens (e.g. x10, NA 0.3) into a sample holder covered with photo-curable
polymeric resin. The sample holder is mounted on an XYZ motion-stage (e.g. Aerotech
ANT130XY base). The set-up allows writing across XY directions to produce desired patterns

together with Z movement to allow multi-layer fabrication.

Motorised XYZ stage

Photocurable
] X resin

Y /F/‘/ >

. Obijective lens

Reflective Beam
mirror expander

Figure 26: Typical components of a DLW set-up consist of a laser source, focusing optics,
photo-curable resin and motorised stage.
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1.2.1. Motion system
In DLW, writing is possible by the continuous movement of the polymerisation area (laser
focal point) in the desired direction. This movement can be produced by 2 approaches: 1) By
using a translation stage for sample movement whilst keeping the laser spot at a constant
position, or 2) By deflecting the laser spot using a galvanometric mirror system while the
sample position is kept constant 272393, The set-up choice is dependent on the experimental
requirements including fabrication time, pattern resolution, and total sample size to name a
few. In general, translation stages tend to be more suitable for small and low-weight samples
providing an inexpensive solution, as presented in this work. However galvanometric mirrors

are preferred when high speed is required, especially for industrial scale manufacturing 31°.

1.2.2. Laser sources in protein DLW
Originally, DLW techniques were developed for non-biogenic materials i.e. mostly polymers
or ceramic particles that were embedded into photo-curable resins 3%, With the development
of non-toxic photo-curable resins and crosslinking agents, direct write lithography became

the state of the art technique for structuring protein-based materials, including alginate 311,

gelatin 2°3, collagen 2%, albumin 26312 fibroin 276313 and many more 34,

The most common laser source in protein photo-lithography is a titanium-sapphire
(Ti:Sapphire) femtosecond oscillator 6%, This laser allows a large wavelength range (650-1100
nm) and can generate ultrafast pulses required for multiphoton excitation. During the last
two decades, a significant development in the field of protein DLW can be attributed to the
work of Campagnola and co-workers who broadly explored the effect of Ti:Sapphire on
natural protein polymerisation, activity and function 26°266270315-321 "ror example, back in

2002, Pitts et al. 25° introduced a Rose Bengal-based photo-activator to increase the efficiency
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of type 1 collagen crosslinking. In this work, linear patterns with micron and sub-micron
resolution were fabricated by multi-photon polymerisation of collagen. A similar method was
used by Kaehr et al. 2°® in 2004 to fabricate patterns from bovine serum albumin (BSA) and

avidin, used to guide neural cell growth or confine a cells’ position on a surface.

Despite those promising applications, and even though this laser can generate high resolution
with nano-range patterns, the price of this system (£80-250K) makes cost a limiting factor for
many applications and most research groups. Additional laser sources such as neodymium-
doped yttrium lithium fluoride (Nd:YLF) 322, chromium-forsterite (Cr:forsterite) 323 and
ytterbium-doped potassium gadolinium tungstate (Yb:KGW) 2°3276324 can be appropriate for
the generation of multi-photon excitation and have been shown as a suitable choice for multi-
photon imagining and fabrication. In 2011, Ovsianikov et al. 23 utilised 2PP from a Yb:KGW
laser source to fabricate 3D scaffolds made from gelatin, which proved suitable for cell
growth. However, the potential of Yb:KGW lasers in DLW has not been fully explored due to
limited availability and prohibitive cost.

A decade ago, Kaehr et al. 312 suggested the use of neodymium-doped yttrium aluminium
garnet (Nd:YAG) laser as a suitable low-cost alternative to the Ti:Sapphire laser for protein
DLW. In their work, a sub-micron focal point was reached by focusing the laser output through
high numerical aperture optics resulting in successful protein photo-crosslinking. The
introduction of this inexpensive (£10-25K) low power (250 mW) laser has led the way to
broader protein patterning applications. Turunen et al. 3°* have demonstrated that when used
for micro-patterning of avidin, bovine serum albumin (BSA) and biotinylated bovine serum
albumin, Nd:YAG laser can generate comparable feature size and grain characteristics to that
achieved by a Ti:Sapphire laser. A literature summary of the different laser sources used in

protein direct writing is presented in Table 4 and in the interests of accessibility and
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practicality, this chapter explores the suitability of a low-cost Nd:YAG laser for the patterning
of native silk protein solutions.

Table 4: Comparison of the laser parameters used for multi-photon excitations in protein
materials as used appears in DLW literature.

Protein
Ref Laser type Wavelength Pulse rate Laser power
structured

321

Collagen, BSA,
avidin,

265,266,270,315- fibrinogen,
Ti:Sapphire | 650-1100 nm > 100 fs 100 mW-1W

fibronectin,

concanavalin A,

silk
322 Nd:YLF 532 nm 150 ps - BSA
Muntjac deer
323 Cr:forsterite 1278 nm 110 fs 3.5 kW
chromosomes
253,276,324 Yb:KGW 515,1030 nm @ 230, 300 fs - gelatin
BSA, biotin,
304,312 Nd:YAG 1064, 532 nm 600 ps 250 mW
avidin

1.3. DLW of Silk

Over the last 20 years, silk-based materials have gained increasing popularity in biomedical
research 2224 In fact, section 4 in chapter 1 of this thesis presents the broad range of
structures and applications that were introduced with the recent progress in silk processing
techniques. Currently, some silk research is focusing on the process of laser-based fabrication,

investigating the suitability of silk proteins (mostly fibroin) to photo-structuring.

The summary of the silk DLW literature, published so far, is presented in Table 5. As a
pioneering step in the field of silk laser writing, Applegate et al. 32° investigated multiphoton
absorption of reconstituted Bombyx mori silk solutions. The study confirmed a 3-photon
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absorption for silk at 805 nm and suggested its suitability for DLW tissue engineering (e.g.
micro-machining in silk gels for scaffold fabrication). At the end of 2015, Sun et al. ?’° were
the first to report aqueous multiphoton lithography of silk fibroin and silk/metal nanoparticle
composites. They fabricated silk lines and patterns using Ti:Sapphire laser and Methylene Blue
(MB) photoinitiator. In the next year, Maximova et al. 2’6 used a femtosecond laser for both:
patterning of amorphous silk and ablation of crystalline silk films at the micron scale. Most
recently, Dickerson et al. ?’* have demonstrated the ability to print silk/Ru(bpy)s?* self-
supporting 3D structures, using Nanoscribe Photonic Professional GT system equipped with a

femtosecond solid-state laser.

Currently, all silk-DLW publication used pre-processed reconstituted silk (RS) fibroin solutions
in the fabrication process. This work explores the feasibility of the gold-standard native silk
(NS) for DLW applications and discusses the benefits of NS in compared to RS. It is also utilises,
for the first time, a low-cost Nd:YAG laser in silk DLW providing broad research opportunities
for those with a limited budget. Other benefits of native silk in photo fabrication will be

discussed in the next chapters.

Table 5: Comparison of multi-photon direct laser writing publications of silk protein.

minimal Silk
Wave- Pulse | Laser
feature . Photo- concentr
Ref | Laser type length rate | power . Silk type L. .
size initiator ation
(nm) (fs) (mw)
(um) (wt%)
RS, Methyl
ethylene
270 | Ti:Sapphire 800 120 75 <1 RS/AgNOs, BIy 2.5
ue
RS/HAuUCI,
. Rose
271 NIR Fibre RS,
780 115 100 <5 5 Bengal, 13.5
laser RS/Ru(bpy)s* .
Ru(bpy)s
276 Yb:KGW 1030 230 - 3 RS - 10
This . . Rose
Nd:YAG 1064, 532 | 600K 250 <20 Native Silk 0.5-1
work Bengal
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1.4. Photo-dye selection in protein DLW
Another key element in direct writing is the photo-reactive-dye or photoinitiator. The role of
the photoinitiator is to initiate the radical coupling reaction after light exposure, by the
generation of free radicals 3%. The initiated radicals will, in turn, generate radicals on the
residues of the protein, most often aromatic side groups such as tyrosine and tryptophan
327,328 The aromatic side groups, in turn, will generate a covalent bond by crosslinking to

second polymer chain 3?7,

It is important to match the absorption spectra of the photoinitiator to the operating laser

wavelength to increase the probability of the photon excitation and the crosslinking reaction.

When dealing with native proteins, it is important to keep in mind the high sensitivity of these
materials to their surrounding environment. Various conditions such as changes in
temperature, pH, mechanical shear, solvents and time, are known to induce denaturation and
gelation in protein solutions 2%°4°562656987,97,329-332 Therefore, to achieve control over the
fabrication process it is beneficial to keep the fabrication method as simple as possible,
introducing the minimum amount of additional chemicals into the protein solution.
Furthermore, cellular toxicity of the photoinitiator is highly important and therefore when
DLW used in medical application, a photoinitiator is usually chosen from the range of clinically

approved materials 333,

When working with silk proteins, Methylene Blue (MB) 22, Rose Bengal (RB) 3> and riboflavin
>0 have been shown to be suitable choices for photo-lithography depending on the
wavelength of the lasers used. Those dye are commonly used for various medical treatments

226,334,335 therefore, should not raise concern when discussing cytotoxicity.
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2. Materials and Methods

2.1. DLW set-up
Direct laser writing of silk/RB was performed using a custom-built DLW set up including a
passively Q-switched diode-pumped solid-state (DPSS) Nd-YAG microchip laser with an
integrated second harmonic generator, with a sub-ns pulse duration (Alphalas, Gottingen,
Germany). This laser emits at wavelengths of 1064 and 532 nm (45 kHz repetition rate). The
1064 nm was filtered out by a band-pass filter. The 532 nm laser output was expanded by
Galilean beam expander to ~ 8 mm beam diameter, reflected by a silver mirror and focused
through a 10x objective lens with NA 0.3 (Carl Zeiss, EC Plan-Neofluar). The beam was
focussed through a microscopic glass slide mounted on a high precision XYZ stage (Aerotech
ANT130XY base for XY-translation and PRO115 for Z-translation). In each experiment, 10 pl of
the silk solution (0.5 — 2 wt%) was dispersed on a glass slide. The patterns were written, by
manually focusing the laser just above the glass-silk interface. The focus was defined as the Z

position for minimum laser focal spot size.

To explore two-photon polymerisation (2PP), the same set-up was used, however, the 532

nm wavelength was deflected away by a silver mirror and blocked by a beam stopper.

2.2. Photoinitiator preparation
Rose Bengal sodium salt, riboflavin 5-phosphate (water-soluble formulation of riboflavin),
Brilliant Blue, Methylene Blue and Direct Red 80, were all purchased from Sigma-Aldrich. A
stock solution was fabricated from each photoinitiator by mixing 0.1 g of material with 10 ml

of type 2 deionised water (DI). Each stock solution stored in the dark before use.
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For UV-Vis spectroscopy analysis, each stock solution was diluted to receive optimal

absorption spectra. The dilution ratios were as following:

Table 6: Photoinitiator dilutions required to collect UV-VIS absorption spectra

L Stock solution Final photoinitiator
Photoinitiator . . ]
dilution ratio concentration

Rose Bengal 1:500 0.02 wt%
Riboflavin 1:300 0.03 wt%
Brilliant Blue 1:200 0.05 wt%

Methylene Blue 1:400 0.025 wt%
Direct Red 1:25 0.4 wt%

2.3.  Photo-curable silk fabrication for DLW

Native silk was extracted from the silk glands of B. mori silkworm and diluted with water to
produce a range of protein concentrations from 0.3 to 2 wt% (for more details see methods
chapter). A photocurable silk solution was produced by the addition of 0.03 wt% of
photoinitiator to the silk protein solution. All the experimental set-up was in a dark room, the
photoinitiators and the samples were covered with aluminium foil to avoid a premature
crosslinking reaction. All solutions were mixed with the photoinitiators immediately before
the experiment and the photocrosslinking reaction was initiated when the laser light was

switched on.

2.4.  Optical and confocal microscopy
Images of the silk patterns produced by DLW were collected using a Diaphot TMD300
microscope (Nikon Instruments, Japan) via brightfield, phase contrast and polarisation and a
Stemi 305 (Carl Zeiss, Germany) optical microscope operating in reflectance mode. The
images were further analysed by Imagel (1.48v). Confocal and fluorescent images were

collected by Upright LSM510 Meta laser scanning confocal microscope (Zeiss, Germany)
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equipped with an objective lens (Achroplan 10x/0.3 NA), lasers emitting light in the UV and
visible spectral ranges (Argon/2 - 458, 477, 488, 514 nm, HeNel - 543 nm, HeNe2 - 633 nm),

and tunable Ti:Sapphire laser capable of excitation wavelengths between 690 and 1040 nm.

2.5. Characterisation of DLW patterns
DLW patterns were characterised using Fourier-transform infrared spectroscopy (FTIR) on a
Nicolet 380 spectrometer (Thermo Scientific, Madison, USA) equipped with an attenuated
total reflection (ATR) device (Specac, UK). Spectral data was collected between 800 and
4000 cm™, 64 scans, 4 cm™ scan resolution. UV-VIS absorption spectra were collected using
(Spectronic Unicam, UV 330, UK), in a spectral range between 230 nm and 600 nm. Peak fitting
of the spectra was performed in MagicPlot software (Magicplot Systems, LLC, Russia). All

peaks were fitted as Gaussians.

2.6. Cell culture

2.6.1. Cell seeding
NG-108-15 neuronal cells originated from mouse (Mus musculus neuroblastoma) and rat
(Rattus norvegicus) glioma. RN-22 Schwannoma cells originated from rat Schwann cell. Both
cell types were obtained from the European Collection of Cell Cultures (ECACC) (Public Health
England, Porton Down, Salisbury, UK). Human dermal fibroblasts were extracted from
abdominoplasty or breast reduction operations in accordance with the local ethical guidelines

(under an HTA Research Tissue Bank license number 12179).

All cells were grown in Dulbecco’s Modified Eagle Medium (DMEM) containing, fetal calf
serum (FCS) 10% (v/v), penicillin/streptomycin 1% (v/v), glutamine 1% (v/v) and
amphotericin/ fungizone 0.5% (v/v). The cells were kept in at 37°C with 5% CO, throughout

the incubation period. After 3 days of incubation, cells were removed from the flask using
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0.05% trypsin/EDTA (GIBCO, Invitrogen, Karlsruhe, Germany) and counted using a Neubauer

chamber.

NG-108 and RN-22 cells were seeded in a 12 well plate as following: 45k cells per 4 cm? for
RN22 and 60k cells per 4 cm? for NG108-15 cells. NG108-15 cells seeded in serum-free media
to avoid proliferation due to the high density of the cell population. Media was changed every
2 days and images were taken 6 days of incubation. NG108-15 and RN22 cell growth was

stopped, by cell fixing, after 6 days.

Human dermal fibroblasts were seeded in a 12 well plate (5000 cells/4 cm?) and incubated
for 24 hours. After incubation, the media was replaced. Cells proliferation was evaluated in
both the old media (de-attached cells) and the sample (attached cells) using MTT and Alamar

Blue assays.

2.6.2. Alamar Blue and MTT assays
Alamar Blue (Resazurin) (7-Hydroxy- 3H-phenoxazin- 3-one 10-oxide) is a non-fluorescent
blue dye. The dye reduction product is resorufin which has a bright pink colour and exhibits
strong red fluoresce. This assay is used as an indicator for cell viability as evaluated by the
oxidation-reduction reaction which occurs in live cells 3367338 The main benefit of Alamar Blue
is its water solubility which allows one to perform measurements without damaging cells, by

avoiding fixing and extraction steps which are commonly used in other assays.

The Alamar Blue assay was performed 24 h after incubation. Firstly, the cell medium was
collected (old-media) and replaced by 2 ml of fresh media per well. The old media was placed
in a new well-plate to evaluate the viability of the cells which de-attached from the substrate
(i.e. sample) during the seeding process. 200 pl of Alamar Blue solution (150 uM in PBS) was
added to each well and the plates incubated at 37°C for 2 hours. From each well, 3 batches of
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200 pl of media were collected and placed in 96-well plate. The fluorescence was measured
using a multi-well plate reader with excitation and emission wavelengths of 560 nm and

590 nm respectively.

Another way to evaluate the viability of cells is by a colorimetric assay which measures the
metabolic activity of the cells. In viable cells, the metabolic activity can be determined by the
reduction reaction of yellow 3-(4,5- dimethythiazol- 2-yl)- 2,5-diphenyl tetrazolium bromide
(MTT) 339340 |In viable cells, MTT enters and passes into the mitochondria. In the
mitochondria, MTT is reduced to an insoluble dark purple formazan product. The formazan
product can be released from the cells by using organic solvents such as isopropanol, and its

signal can be recorded by a spectrophotometer 34,

As a result, an MTT assay was performed 24h after incubation. The media was removed from
the wells and transferred to another well plate. The seeded samples were washed twice with
PBS. MTT solution (0.5 mg/ml in PBS) was then added to the wells and the plates were placed
back in the incubator at 37°C for 40 minutes. Then, the MTT solution was removed and 500
ul of acidified isopropanol added to each well. From each well, 3 batches of 150 ul of media
were collected and placed in a 96-well plate which was then read using a plate reader set at

wavelengths of 540 nm and referenced at 630 nm for changes in optical density.

2.6.3. Cell fluorescent staining
Cell fluorescent staining was performed according to the following protocol. After the end of
the incubation time, the media was removed, and all the samples were washed with PBS. The
cells were fixed with 3.7% formaldehyde solution for 20 minutes at room temperature.
Following the PBS wash, Triton 0.1% (v/v) was added to each well and incubated for 30 min

at room temperature and then washed again with PBS. Phalloidin — Fluorescein
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Isothiocyanate labelled (Phalloidin-FITC) and Phalloidin — Tetramethylrhodamine B
isothiocyanate (phalloidin-TRITC) were obtained from Sigma-Aldrich and diluted in DMSO to
receive 0.05 mg/ml stock solution. Phalloidin-FITC (green) or phalloidin-TRITC (red) 0.2% (v/v)
were added to each well and incubated for 30 minutes in the dark. Cell nuclei were labelled

by DAPI 0.1% (v/v) and incubated for 10-15 min at room temperature in the dark.
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3. Results and Discussion

Whilst some research has been performed on reconstituted silk (RS) solutions proving that
silk can be structured by light, native silk (NS) has not been used in any light-based fabrication
technique. However, due to the major differences between reconstituted and native silk
proteins %193 jt is important to validate this suitability for native silk for DLW fabrication and
to explore the photo-curing mechanism. In addition, Nd:YAG lasers have never been used for

any silk photo-curing, creating a gap in the field of low-cost silk patterning.

To explore the potential of NS and Nd:YAG lasers in filling this gap, several steps are required.
Firstly, is important to fabricate a stable photo-curable NS solution, to allow silk photo-
patterning without damaging any protein structure. Secondly, it is important to evaluate the
optimal experimental parameters to better control the process. At last, it is important to
evaluate the photo-curing mechanism and to examine the stability and characteristics of the

fabricated patterns.

3.1. Optimisation of the writing process

3.1.1. Photoinitiator selection
To fabricate a photo-curable silk solution it is important to select an appropriate

photoinitiator. Several parameters should be considered when working with native silk:

1. The silk solution used for patterning is highly diluted (1 wt%) native silk protein
solution. Thus, the photoinitiator should be hydrophilic and easily dissolve in water.

2. Silk is sensitive to variations in pH 3, therefore the photoinitiator should be neutral
and inert to the silk protein. This eliminates diphenyl(2,4,6-trimethylbenzoyl)
phosphine oxide and 2-hydroxy-2-methylpropiophenone photoinitiators commonly

used in puSL 342343,
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3. Silkis shear sensitive >°, so the photoinitiator should be easily distributed in the sample
without the need of stirring or mixing.
4. Silk is a natural material commonly used for medical applications ?* consequently the

photoinitiator should be approved for medical use and have minimal toxicity.

In the current set-up tested for silk DLW, the laser source is a Nd:YAG laser which emits at
532 nm. To evaluate the optimal photoinitiator, 5 candidates were tested and a sample
without photoinitiator was used as a control. To fit all the criteria the following materials
were selected: Rose Bengal (RB) (556 nm), Direct Red (DR) (532 nm) and Brilliant Blue (BB)
(554 nm) all with an absorption peak close to the wavelength emitted by the laser (Figure
27a). Pure silk without photoinitiator (280 nm), Methylene Blue (MB) (668 nm) and riboflavin
(450 nm) were tested as negative controls (Figure 27b). All photoinitiators were mixed with
1% NS solution (which determined to be the optimal silk concentration for patterning, see

section 3.1.1) and stored in the dark before use.

A droplet (2 pl) from each solution was spread on a glass slide and the slide was mounted on
a motorised stage. The laser was switched on and the stage allowed to move across XY

direction to generate grid patterns.

As expected, pure silk and riboflavin controls did not produce any visible patterns. This is an
indication that the photo-curing mechanism is indeed dependent on the reaction of the

photoinitiator is not a direct effect of the laser’s interaction with the silk proteins.

The samples that were mixed with RB, DR and BB, presented a clearly visible pattern after
laser exposure (Figure 27c). This shows that those materials can be considered as suitable
photoinitiators for native silk DLW. A very weak pattern was received with MB. This is
interesting because MB has a significant absorption peak at ~266 nm while negligible
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absorption peak at 532 nm. This may indicate that when mixed with MB, silk can undergo 2PP

polymerisation under the current experimental conditions.

To choose the most appropriate photoinitiator, the intensity of the absorption peak should
be explored when the same photoinitiator concentration is used (0.03 wt%). RB has the
highest absorption peak at 532 nm, therefore, it will generate more radicals after illumination,
leading to the most effective polymerisation reaction and as a result, to a higher quality
pattern. In addition, RB is highly water soluble (1mg/ml) which simplify the solution
preparation method and it is widely used in many medical applications 344345, Therefore, Rose
Bengal was chosen as the most suitable photoinitiator for NS DLW and will be used in all

further experiments discussed below.

a Suitable dyes for NS DLW at 532 nm Photo of the diluted dye | p Unsuitable dyes for NS DLW at 532 nm
5 solutions used for 5
Rose bengal i spectrum collection Pure silk
Direct red : Riboflavin
16 " 16 Methylene blue
— Brilliant blue ee-532nm
12 ----532nm

RB DR BB ;i MB
=] SN

&

Absorbance
Absorbance

250 300 350 400 450 500 550 600 650 700 750
Wavelength (cm™)

250 300 350 400 450 500 550 600 650 700 750
Wavelength (cm™*)

Cc NS patterns received by DLW method with different dyes

Rose bengal Direct red Brilliant blue Methylene blue

Figure 27: (a) Absorption spectra of Rose Bengal (pink), direct red (red) and brilliant blue
(blue). (b) Absorption spectra of pure native silk (black), riboflavin (yellow) and methylene blue
(light blue). The dashed line indicates 532 nm wavelength. (c) Silk structures as received by
DLW with different photoinitiators. The structures were written at 0.1 mm/sec with maximum
laser power.
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3.1.2. Optimisation of Rose Bengal concentration
The optimal RB concentration was defined as the concentration that allowed to produce
stable and elevated patterns without damaging the silk. Damage to the silk was evaluated by
visual inspection and defined as local distortion in the pattern or discoloration of the silk as

can be seen in the right image of Figure 28a or in Figure 29c (at the focal point).

A range of concentrations was tested from 0 wt% (no RB) to 0.1 wt%. No structure was
observed without the addition of RB to the silk solution. The minimal RB concentration that
resulted in a visible pattern was 0.01 wt%. However, the pattern was flat and challenging for
characterisation. An increase in the RB concentration to 0.1 wt%, resulted in considerable
damage to the silk pattern (Figure 28a). Following the structure received during photoinitiator
selection experiment, an intermediate concentration of 0.03 wt% was set as the standard for

all further experiments.

3.1.3. The concentration of native silk solution
When working with natural materials, one of the major challenges is material availability. Due
to the fact that the material is extracted from an animal source, it is important to evaluate
the minimal amount of protein which can allow the fabrication of sufficient quality patterns
which are suitable for scientific analysis. As a key guiding principle used in this work, sacrificed
animals were kept to a minimum and all the optimisation process were performed in order

to determine the lowest usable concentration to avoid waste.

To define this value, various silk concentrations were tested. Silk solutions varying in
concentration from 0.3 to 2 wt% were mixed with 0.03 wt% RB and the DLW system used to
fabricate a criss-cross solid-like pattern on top of the liquid unstructured silk layer. The results

showed that B. mori NS/RB solution can be structured using protein concentrations as low as
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0.4 wt% (Figure 28b). This concentration is 6 times lower than the minimal concentration of
reconstituted silk previous used in DLW literature (2.5 wt%) 2’9, However, when NS
concentrations below 0.5 wt% were used, the resulting pattern remained flat on the surface
of the slide and was difficult to image and analyse. At concentrations above 1 wt%, the
patterns were more pronounced, stable when immersed in water and provided good quality
images when assessed by visual inspection. When doubling the concentration (to 2 wt%) no
significant improvement in pattern quality was recorded. In the current silk DLW literature,
significantly higher concentrations are used for reconstituted silk patterning (>10 wt%) 271,276,
Therefore, whilst increasing native silk concentration might improve pattern stability, it also
leads to higher solution viscosity and due to aggregation effects, a shorter shelf life >> which
complicates both handling and storage. In addition, to reach such a high silk concentration
large number of silkworms are required, which presents further ethical and practical
complications. As a result, when all the factors are considered, a 1 wt% NS solution was set

as the standard concentration for all future DLW work.

3.1.4. Sample Z position
In order to investigate the effect of sample positioning, in relation to the laser’s focal point, a
silk solution was spread on a glass slide and the position of the glass slide was adjusted in the
Z direction. The sample was placed at the estimated position of the focal point and 0.4 mm
above the focal point. Grid patterns were then written at a speed of 0.1 mm/s. When
positioned at the focal point, the line pattern was thin (15 um) and raised above the surface
after drying (Figure 28c). When the sample was illuminated above the focal point, the pattern
was flat and significantly wider (100 um). In addition, for these defocussed samples, an
internal line architecture was noticed, possibly as a result of silk fibroin alignment occurring

under the laser beam or as an artefact of the optical setup. These results show that the

94



Anastasia Brif Chapter 3 -1D direct laser
PhD Thesis: Multi-dimensional Structuring of Native Silk writing of silk patterns

positions of the sample might have a strong effect not only the resolution of the patterns but
also their topography and structure. Hence the selection of the focal point position is highly

dependent on the final application and will be discussed in the following sections.

a Rose Bengal concentration b Native silk concentration c Sample Z position

0.01 wt. % 0.1wt. % 0.4wt. % 13wt % At focal point Away from focal point

Figure 28: (a) Variation in Rose Bengal concentration, (b) Variation in native silk solution
concentration, (c) Variation in sample Z position from the focal point of the laser.

3.1.5. Laser parameter optimisation
Various experimental parameters can affect the final resolution and size of the patterns
generated. The quality of the pattern, or pattern resolution, was defined by the width of the
line created by DLW, with higher resolutions representing narrower lines. However, whilst
thinner lines can allow finer structuring, increasing pattern resolution, wider lines can shorten
the production time and allow one to cover a larger area with fewer lines, ideal for bulk
structuring. The main parameters affecting line width are writing speed, laser power and spot

size of the laser beam.

It is important to note that in an nonhomogeneous protein solution, the selection of the
writing direction/location might also affect the final line width. This is due to variations in
sample viscosity, concentration gradients and different light absorptions across the sample.
However, the silk solution used in this work is very dilute (1 wt%) resulting in minimal chances
for unwanted protein aggregates. In addition, the RB is highly water soluble which allows full

dissolution of the photoinitiator without visible solid residues. Therefore, NS/RB solution may
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be considered as homogeneous and the line resolution is not dependent on the writing

direction/location.

3.1.5.1.  Writing speed
The writing speed was defined as the speed (mm/s) at which the stage moves along X and Y
directions. To evaluate the effect of the speed on line thickness, a straight line was written at
different speeds (from 0.1 to 3 mm/s) under constant laser power (250 mW). A reverse
correlation was found between the writing speed and the final line width after sample drying
(Figure 29a). The slowest writing speed (0.1 mm/s) resulted in pronounced line, 20 um in
diameter. By increasing the writing speed to 2.5 mm/s, the line width was reduced to 10 um.
When increasing the writing speed above 2.5 mm/s, the resolution slightly improved (7 um),
however, the pattern was flat and difficult to analyse. In addition, the pattern was not stable
when washed with water and separated from the glass slide. Reducing the writing speed
below 0.1 mm/s, was not practical since the writing process was too slow to allow effective
fabrication. The optimal writing range was, therefore, determined to be between 0.1 and 2
mm/s, allowing the fabrication of line with a width between 20 and 10 um accordingly. This
writing speed is similar to that used by Sun et al. 27° (0.1 mm/s) and significantly faster that

the speed of two-photon polymerisation in the publication of Dickerson et al. 27 (0.05 mm/s).

3.1.5.2. Laser output
The laser output was defined as the laser power measured after the beam expander, just
before the beam was reflected into the objective lens (Figure 26). The DLW set-up did not
allow the measurement of the power at a position closer to the sample. The alighment of the
DLW set-up, including the position of the lenses and the sample, was kept constant during

the optimisation experiments. The writing speed was also kept constant (0.1 mm/s) during
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the experiments. When the laser power was attenuated between 335 mW (maximum laser
power) and 215 mW, the line width was about 20 um (Figure 29b). A small drop in line width
(to 16 um) was measured when the laser power was dropped to below 200 mW. When the
laser power was below 100 mW no significant structures were recorded. Therefore, a laser
power of 150 mW was defined as the minimal power required for DLW of native silk.
However, due to the insignificant difference in resolution, but a faster reaction rate, a power

> 250 mW was preferred in all further experiments.

3.1.5.3.  Sample alignment
To achieve the optimal resolution, under all experimental conditions, it is essential to
accurately define the position of the beam focal point. At this focal point, the intensity is the
highest which will result in a maximal energy transfer to the sample and the most effective

polymerisation process.

To evaluate the optimal sample alignment across the Z-axis, a glass slide with NS/RB solution
was placed at a random position near the focal point and the stage was moved along Z
direction, in 0.05 mm steps, above and below the initial sample position. Other experimental
parameters were kept constant (laser output: 335 mW, writing speed: 0.1 mm/s). When the
sample was placed at the exact focal point of the laser, considerable damage to the sample
was recorded (Figure 29c¢). This might be a result the glass physically breaking down (cracking)
underneath the sample, or damage to the sample as a result of overheating. Therefore,
writing at the exact focal point should be avoided and the optimal sample position was

defined as 0.05 mm above the focal point.

All the optimised experimental parameters are summarised in Table 7 below:
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Table 7: The optimised parameters as evaluated for NS/RB DLW writing.

Parameter Optimised value
Native silk concentration 1 wt%
Photoinitiator Rose Bengal
Photoinitiator concentration 0.03 wt%

Close to the focal point: Thin uniform line (20 um)

Sample position Away from focal point: wide line (100 pum) with internal

architecture

Writing speed 0.1 mm/s<v<2mm/s
Laser output power Minimal (150 mW), optimal > 250 mW
Sample alignment + 0.05 mm above the focal point of the beam
a Writing speed (mm/s) b Laser output (Mw) C Sample alignment (mm)
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Figure 29: optimisation WLD parameters for (a) writing speed (b) laser output and (c) sample
position and the written line pattern using each parameter. Below each image presented the

line width as analysed by Imagel. The hollow circle indicates the predicted width since the line
was damaged and not suitable for analysis.
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3.1.6. The effect of over-heating by the laser

Two of the writing conditions used during the optimisation process clearly led to sample
damage. When a high concentration (0.1 wt%) of RB was added to the silk solution or the
alignment of the sample was at the focal point of the laser, the written structures appeared
black, distorted and had a non-uniform shape. In both cases, it is proposed this might be a
result of over-heating the sample, similar to boiling, leading to denaturation of the silk
protein 3%, To verify this, it is possible to calculate the heat rise in a sample during laser
exposure.

The heat capacity of the sample is defined as the ratio between the heat (energy) added to

the sample and the temperature change following this additional heat 34,

The temperature increase (AT) can be estimated by the following relation depending on the
energy absorbed by the sample (E), the sample mass (m) and the specific heat capacity of the

sample (C):

E ()
2 AT(°C) = ——=——
@) e m(kg) € 0)

The heat capacity is constant, under the given experimental conditions, therefore, an increase
in laser energy or a decrease in the beam spot size, might significantly increase the

temperature of the sample leading to over-heating.

Since all silk solutions used in this work are dilute (1 wt%), the heat capacity was assumed to

be similar to that of water (1481 ng_K)' The total amount of solution used for a single

experiment was 10 pl, therefore, the volume of the sample under the focal spot was assumed
to be no more than 1 pl. The average laser power was defined as 250 mW. It is important to

note that water has a low coefficient of absorbance at the wavelength of the laser used in the
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current set-up (532 nm) resulting in an absorbance of only 5% of the energy 3. Under those
assumptions, an exposure of 1s to the laser beam will lead to a temperature increase by 2.5°C.
However, RB salt (RB%) and exited RB (3RB?*) have a strong light absorption at 532 nm 348, An
increase in photoinitiator concentration will increase the amount of energy absorbed by the
sample, leading to a significant rise in sample temperature of up to 60°C (for full absorption)
and up to 80°C, if the maximum laser power is used. Similarly, the level of absorbed energy
can rise due to an increase in laser power, following longer exposure time, or a decrease in

laser spot size.

All will result in substantial heating of the sample. It is well known that native B. mori silk
fibroin is a thermo-sensitive material having a transition temperature of around 67°C 34,
Heating the sample above this temperature results in instability of the hydrogen interactions

leading to irreversible protein aggregation and denaturation.

Therefore, it is desirable to avoid significant sample heating when patterning silk. This can be
achieved by reducing the laser power, moving away from the focal point of the beam and by

minimising the writing time.

3.2. Laser beam effects
The optimised parameters, as defined in the previous section were used to fabricate grid
patterns from NS/RB solution (Figure 30a). Two regions of interest on the pattern were
investigated by optical microscopy. The first interesting observation was a linear alignment of
the silk along the writing direction which appeared in the laser exposed area. This can be
clearly seen in a cross-section region (Figure 30b) where the silk alignment correlates with the

direction of the laser writing.

100



Anastasia Brif Chapter 3 -1D direct laser
PhD Thesis: Multi-dimensional Structuring of Native Silk writing of silk patterns

Another area of interest was the initiation point at which the writing process started. At this
position, the laser operated for 5 seconds before the beginning of the writing at 0.1 mm/s.
(Figure 30c). At this point, a uniform radial growth of the laser affected region can be seen in

all directions.

Figure 30: (a) Silk pattern as fabricated by DLW using optimised parameters. (b) Random
elongated pattern of the silk along the writing direction. (c) Radial pattern as generated when
the laser was kept in a static position for 5 sec.

To explain these observations, it is essential to discuss two main beam-effects, which are
commonly seen in samples that were fabricated by laser writing: the formation of speckle
patterns following laser light scattering and a radial pattern spread known as the heat

affected zone (HAZ) 3*°.

3.2.1. Speckle patterns
A speckle pattern is a phenomenon that occurs when highly coherent light, such as the light
coming from a laser source, interacts with a rough surface 3°1. The high degree of scattering

of the beam from the surface results in intensity patterns leading to a fine granular structure
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appearance. This structure usually appears to be bright and dark random spots with variable
shapes and is evidence of intensity distribution and refractive index variation. Speckle
patterns do not directly relate to the surface topography. As there is evidence to suggest a
polymeric solution is not homogeneous, the results seen in Figure 30b might be a result of
higher local polymer concentration leading to a higher refractive index 3°2. Despite the fact
that silk fibroin and Rose Bengal were fully dissolved in water, it should be noted that the
solution was not fabricated in fully sterile conditions, therefore the presence of contaminants
such as dust, impurities or other proteins in the silk 33 cannot be eliminated, increasing the

chance of light scattering.

Variations in refractive index can also be related to the roughness of the silk layer distributed
on the glass. In the current DLW set up, a glass slide with silk solution is illuminated with
coherent laser light. When the light interacts with the surface of the silk/glass, wavelets are
reflected in random directions from the surface (Figure 31a). The wavelets will interact with
each other, at a given point in space, resulting in constructive or destructive interference. This
will result in black (destructive) and white (constructive) speckle pattern on the silk. This
phenomenon can also explain the linear alignment that was visible in some of the silk samples
(Figure 31b). This alignment is formed when the beam is moving along the writing direction
resulting in a line-like pattern due to the proximity of the speckle spots. When the distance
between the spots is below the special resolution of the DLW technique (which depends on
the experimental parameters), it is impossible to distinguish between two individual spots

and a continuous pattern is seen.
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Figure 31: (a) Schematic illustration of speckle pattern formation. Coherent light is transmitted
throw translucent object with surface roughness and variations in refractive index. The light is
scattered from the surface in random directions. (b) a typic speckle pattern received on NS/RB
after DLW.

3.2.2. Heat affected zone
The Heat Affected Zone (HAZ) is highly discussed in the laser welding literature 359354355 HAZ
is defined as the area affected by the laser heat and the re-cooling process, resulting in
structural modification and damage to the surface. The size of the HAZ is mainly dependent

on the thermal diffusivity of the material or the time it takes to fully cool the material.

To quantify the area of the HAZ, a dot-like pattern was fabricated by DLW. To produce the
pattern, the sample was kept at a constant position under the laser, for the duration of 5 s for
each spot. The beam was switched off during the movement between the spots (Figure 32a).
For each spot, the ratio between the region that was placed directly under the laser (Figure
32a, inner red circle) and the HAZ (Figure 32a, outer red circle) was calculated. It was found
out that the area of the HAZ is about 10 (9.8 + 2.5) times larger than the area directly located
under the laser beam. This area size is affected by the laser exposure time and was not noticed

when continuous writing was performed at 0.1 mm/s. When the sample was exposed to the
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laser beam for longer than 10 secs, considerable damage to the silk was recorded, most likely

due sample overheating as discussed previously in section 3.1.5.3.

Harzic et al. 3>° have studied the effect of laser pulse rate on the size of HAZ in metals. The
study showed that by using a femtosecond laser on aluminium sheets, the HAZ can be
reduced to <2 pum in compared to 40 um received for nanosecond laser. This study might
suggest that by replacing the laser source of the DLW system and using a femtosecond laser,
it is possible to minimize the effect of HAZ in the silk. However, due to the high cost of this

modification to the current system, this solution is not practicable.

Lee et al. ** have studied the beam damage effect following sample overheating as a function
of the wavelength of the laser. The study was performed on a museum art piece which was
made from silk fibres and wrapped in silver ribbon. The aim of the research was to select the
appropriate laser wavelength which allows cleaning the silver without damaging the
underlying silk. The study found out that laser pulses at a short wavelength (266 nm) resulted
in no damage to the silk. However, when long wavelength (1064 nm) was used, significant silk
degradation was recorded following sample overheating. These studies indicate that it is
possible to control HAZ area by controlling laser parameters such as the laser pulse rate, the

wavelength and the laser intensity.

3.2.3. Investigation of the surface topography
To enhance the effects of HAZ and speckle patterns described above, a grid pattern was
written at a very slow speed of 0.01 mm/s onto the sample. A slow writing speed results in
longer interaction times between the beam and the sample, enhancing beam damage effects.
As expected, a clear line pattern was observed in the direction of the pattern writing and a

large area around the laser pathway was structured (Figure 32b). When a 300 x 300 pum?

104



Anastasia Brif Chapter 3 -1D direct laser
PhD Thesis: Multi-dimensional Structuring of Native Silk writing of silk patterns

frame was fabricated, more than 83% of the internal area of the frame was affected by the
laser and only 50 x 50 pum? area did not present any alignment. This result shows that the
true resolution should not be defined by the laser spot size alone and emphasizes the

importance of beam damage investigation in DLW of silk and other proteins.

To evaluate whether the aligned line structures, as seen in Figure 32b, contributes to the
surface topography of the pattern, a multi-layered sample was fabricated. Since the sample
is soft and translucent, a single-layered pattern is difficult for characterisation and the surface
roughness was below the detection limit of the confocal microscope (< 1 um). The enhance
the roughness, 3 layers were written one on top of the other by moving the sample across Z
direction, +0.05 mm after the fabrication of each layer. (Figure 32c, top). Confocal microscopy
analysis confirmed a grooved surface with a maximal depth of 10 um (Figure 32c, bottom).
This suggests that the visible alignment on the surface is not a sole effect of the speckle
pattern, but that a true surface architecture is formed by the laser, creating a grooved

topography.

This result can lead the way for many possible applications including the guidance of cell
growth along the grooves. As previously shown by Madduri et al.*’8, when fabricated by
electro-spinning, the directionality of silk blend fibres can direct cell growth. It was also
suggested by Lawrence et al. 1! that introducing a groove pattern on top of corneal silk films,
produced by a soft-lithography method, an improvement in cell alighment, adhesion, mobility

and proliferation was observed.

The depth of the grooves can be controlled by controlling the number of silk layers that are

printed and by adjusting the writing speed. However, any attempt to add more than 3 layers
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was unsuccessful, leading to a separation of the 4™ layer from the first 3 layers and a distorted

pattern.

Figure 32: (a) HAZ calculation by dividing the outer red circle (total area) by the internal red
circle (area directly affected by the laser). (b) Aligned and non-aligned regions as received with
low writing speed (0.01 mm/s). (c) 3-layer pattern with a groove like surface as receive with
slow-speed DLW, right images show the confocal images of the surface roughness of the
pattern.

3.3.  SEM analysis of silk DLW patterns
In an attempt to explore the alignment of the silk in response to DLW, the fabricated patterns
were analysed by SEM. Images of the samples were collected by 2 different secondary
electron detectors: Everhart-Thornley below-the-lens Detector (EDT) (Figure 33a) and
immersion- through-the-lens (TLD) (Figure 33b). EDT detectors are widely used in electron
microscopy and can provide information about sample topography and composition. The use
of in-lens (TLD) detectors allows one to gain higher special resolution and to detect surface
contaminations that are not visible by the EDT detector 3°¢. However, during imaging of the
samples, both detectors failed to show any silk alignment and the surface appeared smooth
without pronounced topographic contrast. Whilst there was some visible contamination,
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probably as a result of dust particles attachment during the drying process, this is in direct

contrast to the confocal microscope images (Figure 32c).

The main reasons for the lack of apparent structure may be attributed to a low sample-
electron interaction volume. This volume is defined by the accelerating voltage, the atomic
number and the density of the sample3>®. A low interaction volume will result in a low signal
to noise ratio leading to the reduced contrast between the sample and the background during
SEM imaging. An additional outcome of this is a low penetration depth which prevents the
user from visualising anything deeper than the top surface features. Hence one possible
reason for the lack of contrast might be a thin film layer that formed on top of the pattern
during the drying process or as a result of surface restructuring as a result of exposure to

ambient humidity 3°7.

These effects could shadow the surface topography if the penetration depth is not sufficient.
To probe this effect further it is possible to calculate the beam penetration depth, d, which is

given by 3%6:

0.1V}

d (um) =

Where V, (keV) is the acceleration voltage and p (g/cm?) is the density of the material.

Since silk is highly sensitive to the electron beam, a low voltage of 1 keV must be used, to
avoid denaturation of the protein 38, The density of dry B. mori silk is 1.34 g/cm3 783>
resulting in penetration depth of only 75 nm. This indicates that it is unlikely to obtain a
reasonable quality images of the topographical contrast under the current imaging. In fact,
the current SEM imaging method can only be used for the exploration of the top surface of

the pattern.
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One way to increase the voltage and the penetration depth is to coat the sample with a thin
layer of conductive material such as carbon or gold 3%°. However, carbon and gold-coated
samples resulted in “black-screen” image without any visible pattern even at higher voltages
of up to 5keV. This is probably because the coating thickness did not allow sufficient
penetration of the electron beam, which was < 1 um even when the higher voltage applied.
Considering the sample sensitivity towards the electron beam, and the absence of
topographical features under all tested imaging conditions, one can conclude that SEM is not

a suitable technique for the visualisation and characterisation of silk DLW patterns.

Figure 33: SEM images of DLW silk structure. (a) EDT detector and (b) TLD detector of FEI Nova
NanoSEM 450. No surface topography can be seen due to limited beam penetration depth.

3.4. Spectroscopic characterisation of the silk patterns
Usually, silk films are transparent 123361, As such, they are highly suitable for many applications
such as corneal tissue engineering, components in soft electronics and as optical devices
22,121,122,125,141,171,193362 Hence it is critical to control the transparent properties of a silk during
the patterning process in order to fit the functionality of the final products. However, some
polymerisation processes can change the transparency level of the films resulting in a more

opaque sample 3%3,  One such process that can damage the optical transparency is silk’s
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crystallisation or structural conversion 3%, Therefore, it is beneficial to investigate the

mechanism of silk polymerisation during the DLW process in native silk.

Silk conversion level was evaluated by FTIR spectroscopy for unexposed silk solution and silk
patterns that were fabricated by DLW. In addition, control spectra were collected after
washing the sample with water (to remove unexposed silk) and after controlled conversion
with MeOH solution . All samples were air-dried before spectra collection, to avoid any

spectral shifts due to the presence of water molecules 3¢,

The position of amide | peak in the unexposed sample (1640 cm™), represents the
amorphous/unconverted silk structure (Figure 34, black). The same silk solution was also
mixed with RB (0.03 wt%) and exposed to laser light (532 nm, 250 mW) for 5 min. To allow
for a sufficient pattern size for uniform FTIR-ATR measurement, multiple lines were written
to fully cover a rectangular area of 0.5 x 0.5 cm, a size extending beyond the focal spot size
area of the FTIR-ATR accessory. The spectrum was then collected and compared to that of
non-patterned silk film (Figure 34, red). No shift in the position of the amide | band was
recorded, suggesting that no structural conversion was induced by the laser. This result is in
agreement with the literature for RS DLW where no change in crystallinity was recorded in

photo-polymerised silk 27,

To remove the excessive RB and the non-polymerised silk solution, the sample was then
washed with water for several minutes, the pattern dried, and spectra collected.
Again, no significant shift in the amide | band position was recorded (Figure 34, pink). Though,
a slight shift in the centre of mass of this band was noticed and is attributed to a water

annealing process in the silk 332,
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Methanol is known to induce structural changes in silk fibroin, resulting in B-sheet formation
and an increase in the degree of crystallinity 83, As expected, when the pattern was
immersed in methanol, a noticeable shift in the amide | peak was recorded (Figure 34, dashed
pink). This confirms that the silk pattern fabricated by the DLW method was not converted

prior to the methanol treatment.

The results of this FTIR study clearly show that silk/RB DLW does not induce crystallisation in
the silk and the silk remains unconverted. This technique can open the door for many
potential applications where specific patterns are required without modification of the silk
structure. In addition, it is possible to attenuate the crystallinity of specific regions on the

patterns by post-treatment to fabricate multi-structural pattern.
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Figure 34: FTIR Spectrum of unexposed silk film (black); silk pattern- fricated by DLW (red); silk
pattern after immersing in water and drying (pink) and silk pattern after methanol treatment
(dashed pink). No structural conversion was recorded in the silk after the DLW process.

3.5. Pattern transferability

All the DLW patterns described in this chapter were written on standard borosilicate

microscope glass slides. This rigid glass slide platform allows a precise and high-speed (up to

3 mm/s) movement of the sample under the beam, without any distortion to the silk solution.
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The optical quality of borosilicate glass permits laser penetration with minimal light
absorption 3%7, however, for many clinical applications, a soft flexible substrate and pattern
material is required 3. To address those needs it is desirable to investigate the capability to
transfer the written pattern off the rigid glass substrate to a different surface, post-

fabrication, without any significant pattern distortion.

To test sample transferability, a glass slide with a DLW silk pattern was immersed in a
container filled with DI water (room temperature) directly after fabrication (Figure 35a). As
previously stated in section 3.4 above, under these conditions the photo-crosslinked pattern
remained stable while the non-exposed silk/RB solution dissolved (Figure 35b). After being
immersed in water for a few seconds, the pattern separated spontaneously from the glass
slide and floated on top of the water bath. A second glass slide was placed under the floating
pattern and the pattern was carefully attached to the slide, avoiding pattern distortion as
possible (Figure 35c). This indicates that the photo-crosslinking mechanism produces stable
structures which are rigid enough to enable transfer to another surface but are also flexible
to deform which may be useful for coating uneven or curved surfaces.

a
As fabricated Washed with water Moved to another slide

‘,ﬁ__, . 727*“*
s g ~la

® 3 %)

Glass slide 1 Glass slide 1

Glass slide 2
Figure 35: Transformation of the fabricated. (a) As fabricated. (b) After washing with water
(c) after transferring to a different surface.
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3.6. The mechanism of silk crosslinking with rose-bengal
Rose Bengal (4,5,6,7-tetrachloro-2',4'5',7'-tetraiodofluorescein) is a bright pink
photoinitiator with a light absorption peak at 532 nm. Its sodium salt formulation, as seen

below, is highly water soluble and often used in DLW as the photoinitiator.

The mechanism of protein polymerisation or crosslinking in the presence of RB and light has
been previously explored, especially in collagen photo-curing procedures 26>344,345,348,368
Possible explanations for the role of RB in silk protein crosslinking can be attributed to the
generation of RB radicals which in turn can undergo a variety of chemical interactions with
the silk protein 26°,

In 2009, Alarcén et al. suggested a non-covalent association between RB and human serum
albumin (HSA), leading to the formation of RB/HSA complexes 2%7. In fact, up to 10 RB
molecules can be bonded to a single HSA protein, due to their high binding affinity. In 2012,
the same research group studied the binding between RB and collagen 24°. They suggested
that bonding is a result of an ionic interaction between the negatively charged RB and the
positively charged amino acid side chains (e.g. arginine and lysine) of the collagen. Up to 16

RB molecules were bounded to a single collagen peptide 24°.

Since RB has a dominant pink colour, and the colour is enhanced in all silk polymerised
structures, it is reasonable to assume that a similar chemical interaction between the

photoinitiator and the silk leading to silk/RB complexes as described in the case of collagen.
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A 2-stage mechanism might provide a suitable explanation for the reaction:

Stage 1- lonic interaction RB~ + AA™ — [RB] [AA]*
~ hv
Stage 2- Covalent bonding RB™ —— RB™

RB™ + AA* — AAY m—>+ AA

AA + AA — AA — AA
At first, the negatively charged photoinitiator (RB™) interacts with the positively charged
amino acids (AA*) present in the silk protein. These amino acids occupy 0.81% percents of silk
fibroin heavy chain and include Arginine (0.27%), Lysine (0.23%), Histidine (0.1%) and
Tryptophan (0.21%) 3. The ionic exchange takes place until an equilibrium is achieved or
until the photoinitiator is fully reacted. As a result, a strong ionic bond is formed, which makes

the silk/RB complex non-soluble in water.

At the second stage, light exposure results in excitation of the RB ion (RB’~) which in turn will
transfer radicals to a nearby amino acid, resulting in excitation of the amino acid (AA’). If the
radicals are stable for long enough, two exited amino acids in close enough contact will form
a covalent crosslink. This will most probably occur between histidine or tryptophan side
groups, since the aromatic rings of those amino acids are more likely to preserve the radicals

for longer, enabling them enough time to react with a second protein chain 326,

Therefore, silk photo-crosslinking, in the presence of RB, is probably involves bonds between
the histidine and tryptophan amino acids in comparison to the di-tyrosine bonds as has been

previously suggested in studies using RB and reconstituted silk 272,
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3.7. Cell culture on silk patterns
As described in this chapter’s introduction, silk is widely used in many tissue engineering
applications specifically demonstrating a high potential for neural regeneration 41171177,
Although silk fibroin and RB solutions are non-toxic when used separately 140:141,157,344,345,370,
it is vital to test that by mixing them their biocompatibility is not affected. In addition, it is

useful to verify that the laser polymerised silk pattern can be used as a surface for cell growth.

As a preliminary experiment, two neuronal cell types (NG-108 and RN-22) were seeded on
DLW silk patterns to test the toxicity of the silk/RB complex (section 3.7.1 and 3.7.3). This was
followed by a more quantitative study to analyse cell viability and the efficiency of cell

attachment using human dermal fibroblasts (see section 3.7.4).

NG-108 cells are commonly used as a model cell line to study neurites growth in nerve tissue

3717373 The cells were seeded on the following samples: 1. silk pattern; 2. silk

engineering
pattern washed with methanol; 3. RB control; 4. tissue culture plastic (TCP). Images were

collected 6 days after the seeding procedure.

Surprisingly, a low level of cell attachment was visualised both on the silk pattern and the RB
control. No evidence of neurite growth was present, and the cell shape remained circular
indicating no dendritic growth. This might suggest that the concentration of RB photoinitiator

(0.03%) used in the process was toxic to NG-108 cells.

In clinical diagnostics, RB is used at 1% concentration to visualise ocular surface damage 334.
However, it toxicity to cells has been studied for various cell types 374. When its toxicity tested
on bovine corneal endothelial cells, a concentration as low as 0.01% was found to significantly
reduce cell survival rate and the degree of proliferation, after 1 week of incubation in darkness

375, The survival and proliferation rate of the cells was even lower when the cells were kept in
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the light, demonstrating that the toxicity of RB increases with light exposure. Even a very low
RB concentration of 0.001% has shown to reduce the proliferation of fibroblast cells 374.
Therefore, simply reducing RB concentration is not an appropriate solution when wanting to

increase the biocompatibility of the silk/RB pattern.

Despite the evident toxicity of the RB photoinitiator, it is clearly seen that methanol wash of
the sample increased cell viability. Cell shapes were elongated, indicating dendritic growth
similar the one received on the TCP control. This result suggests that increasing the
crystallinity of the silk/RB pattern can reduce RB toxicity. This might also be because a
significant amount of the RB is removed during the methanol washing process and in addition,

the high crystallinity of the silk traps the RB molecules and prevent interaction with the cells.

However, to evaluate the true contribution of the methanol washing process to cell viability,
itis important to investigate cell attachment to a control sample of silk and methanol without
RB. This control was not present in the preliminary set of experiments, however, was added

in the second study which performed on fibroblast cells (section 3.7.4).

NG-108 cells seeded on silk
RB - control Silk pattern + MeOH TCP

Silk pattern

Figure 36: Optical microscope images of NG-108 cell seeded on: silk pattern fabricated by
DLW; RB control made by addition of the photoinitiator to the cell media; silk pattern after
washing with methanol and TCP control. All samples were incubated for 6 days before
imaging.
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3.7.1. Photo-bleaching process of the RB photoinitiator
One feasible way to reduce the presence of RB in the pattern is to bleach the photoinitiator
away after pattern fabrication. Silk/RB solution was spread on a glass slide and left to dry. The
dry film was then subjected to DLW. As a result, an RB-free pattern was fabricated on the film
(Figure 37a). This shows that secondary exposure of the RB to the laser can be used as a
mechanism for photoinitiator removal. To confirm the bleaching effect, an FTIR analysis was
perform on the silk film before and after the laser bleaching. The results show a decrease in
all peak intensities associated with RB on the bleached sample (Figure 37b). This verifies that

indeed there are less RB present in the film after laser bleaching.

The photobleaching effect is the result of an electron transfer process in either oxidation or
reduction of the RB 37, In fact, breakdown products of this reaction can be toxic to cells, if
the bleaching is done in situ 3”’. However, since the current photobleaching is done prior to
cell seeding, and the radicals formed in the process have extremely short life time 267, it is safe

to assume that no radicals are present in the silk film, when cells are seeded.

As an aside an interesting observation is that whilst it is confirmed in the previous section that
there is no conversion of the silk following the laser exposure, and no structural changes were
absorbed both visually and by FTIR after the bleaching, DLW might be a suitable technique
for marking and labelling coloured silk samples through controlled bleaching of the RB

(Figure 37a).
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Figure 37: (a) Laser bleached pattern on silk/RB dry film. (b) FTIR spectra of silk/RB film (black),
silk/RB film after the laser bleaching (red), RB (dashed blue). Red arrows indicate the RB peaks
that decreased in intensity after the bleaching.

Potentially this photo-bleaching approach could be used as a possible route to guide cell
growth. This is based on the observation of reduced cell attachment in the RB-rich areas on
the silk. Removing the RB in specific locations, will create RB-free regions with reduced

toxicity. This might encourage cell migration to the RB-free regions.

To test this hypothesis, silk patterns were fabricated by DLW and left to dry. The dry sample
was exposed to the laser for the 2" time, to bleach away the RB in selected regions. NG-108
cells were seeded on the following samples: the original silk pattern as fabricated by DLW,
the pattern after bleaching treatment and the pattern after bleaching treatment and then
washed by methanol. The average cell number after 24 h of incubation was analysed by
Imagel) software using 3 images of each sample type. Representative images and the cell

number is presented in Figure 38.

As can be seen from Figure 38, no significant improvement in cell proliferation was recorded
on the bleached sample when compared to unbleached one. This suggests that the original
hypothesis was not true, and the bleaching method cannot be used for controlled cell growth.

As expected, methanol treatment has significantly improved cell proliferation irrespective of
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the photo-bleaching procedure. This suggests that methanol treatment of the patterns, post-
fabrication (to induce silk conversion), should be explored as a potential approach to improve
cell attachment. However, as commented before (section 3.7.1) an additional control of

methanol treated silk (without RB) is required before any firm conclusions can be made.

Silk pattern Silk pattern - bleached Silk pattern - MeOH 500
& 400
o
£
5 300
Q
K
3 200
b
o B
Silk pattern Silk pattern silk pattern
bleached + MeOH

Figure 38: NG-108 cells seeded on: silk pattern fabricated by DLW, same pattern after laser
bleach and same pattern after methanol wash. The graph ab average number of cells on each
sample type as evaluated by Image). The sample were washed, and the media was replaced
to reassure that all the visible cells are attached to the sample. Error bars represent +/- 1SD
n=3.

3.7.2. RN-22 Schwann cells
Schwann cells are the cells in the peripheral nervous system who has a role in the tissue repair
process after an injury 3’8, Therefore, they commonly studied and often used in neural tissue

engineering, as a model for cell proliferation, especially the RN-22 rat Schwann cells 379381,

When RN-22 cells were seeded on the silk/RB pattern, good cell attachment and proliferation
was detected on the silk pattern and the RB control (Figure 39). In fact, after 6 days of
incubation, all the samples were fully covered with cells. This indicated that the RB was not
significantly toxic for the RN-22 cells. To better visualise the area of cell attachment, the silk
pattern was stained with fluorescent dyes and images were collected using confocal

microscopy.

118



Anastasia Brif Chapter 3 -1D direct laser
PhD Thesis: Multi-dimensional Structuring of Native Silk writing of silk patterns

No difference in the level of cell attachment was recorded between the area with DLW
pattern and the un-patterned silk film. This indicates that DLW patterning was not beneficial

for guiding cell growth in this study.

One of the clinical uses of RB in the field of neural tissue repair is in photochemical scar
ablation 3827384 |n this process, RB is injected into a scar region, and the scar exposed to light.
The photochemical reaction following light exposure, leads to scar tissue ablation and induces
Schwann cell migration into the area, encouraging axon regeneration 384, Although in this
process RB is used as a destructive component, it remains in the tissue after ablation and does
not interrupt the healing process and Schwann cell proliferation. This suggests that Schwann

cells are more tolerant to RB when compared to NG-108 cells.

RN-22 cells seeded on silk

Silk pattern Silk pattern - confocal RB - control TCP

Figure 39: Optical and confocal images of RN-22 cell seeded on: silk pattern fabricated by
DLW; RB control made by addition of the photoinitiator to the cell media and TCP control. All
samples were incubated for 6 days before imaging.

3.7.3. Human dermal fibroblasts
In the previous section, neural cells were used due to the extensive research in the field of
silk-based neural regeneration 41171177178 The cells were seeded on silk patterns and their
proliferation was visually tracked, following previous studies that suggested that neural

growth can be guided by surface topography 177178343 However, the supply of those cells was
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limited and characterisation was challenging due to rapid over-population in the samples 18

Therefore, as an alternative for the neural cells, human skin fibroblasts were used for
guantitative data analysis. The goal of the study was to measure cell attachment and growth
on amorphous and methanol cross-linked silk. The cells were seeded on a TCP, glass slide, silk
film (with and without methanol wash) and unexposed silk/RB film (with and without
methanol wash). Alamar Blue and MTT assays were used to assess cell activity, 24h after cell

seeding.

When fibroblasts cells were seeded on the DLW samples, both assays indicated significantly
reduced cellular activity on the silk sample compared to the glass and TCP controls (Figure
40a). Surprisingly, high cell activity was measured on the silk/RB sample, even higher than
that measured on pure silk (without RB). A statistical ANOVA test confirmed a significant
difference between the values (p< 0.01). Such a result is interesting since RB was found to be
toxic to the NG-108 cells in the previous section. An increase in cell activity (absorbance) was
measured in both silk samples (with and without RB) following methanol treatment (Figure
404, right). While in pure silk the activity increased by 75% (from 0.004 to 0.007), only 45%
increase in cellular activity (from 0.011 to 0.016) was recorded in silk/RB sample following
methanol treatment. Therefore, it can be concluded that methanol treatment enhances
cellular activity, but the presence of RB partially inhibits the process. However, the initial
value of the absorbance was different between the samples and might be related to a

variation in the number of cells attached to the sample after the seeding.

Cell attachment was evaluated by comparing the MTT signal received from the cells on the
sample and cells from the media around the sample (Figure 40b). The results clearly show a

poor attachment of the cells to the pure silk when only 41% of the seeded cells, remained on
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the sample. Surprisingly, the addition of RB to the silk improved cell attachment (64%). This
might be a result of the initial polymerisation of the silk/RB solution (under room illumination)
which contributes to sample gelation. A more viscous sample can provide better support to
the cells increases the number of the attachments 3838, Methanol wash slightly improved
cells attachment to the pure silk sample (47%) while the heights cell attachment (75%) was

recorded on the silk/RB sample after methanol treatment.

To compare the compatibility of the sample and the cells, the cell viability signal was divided
by the percent of cells attached to the sample (Figure 40c). Interestingly, the best result was

received for the silk/RB sample which was treated with methanol.

These results might indicate that the addition of RB to silk solutions, can significantly improve
fibroblast cell attachment. However, currently these results are preliminary and were
performed to study the initial cell attachment 24h after the seeding. Due to the potential
toxicity of RB, as discussed above, the cell viability expected to be reduced at a longer

incubation period, as shown in similar studies with fibroblasts and RB 334374375,

Therefore, it is possible to conclude that post-treatment with methanol of silk samples after
DLW fabrication, should be considered as the most appropriate approach to improve cell

attachment and viability on the samples.
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Human fibroblasts seeded on silk
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Figure 40: (a) Cell activity of human fibroblast as measured by Alamar blue (left) and MTT
assays, 24h after cell seeding. Dashed columns represent methanol washed samples. (b) MTT
evaluation of cell attached and detached from the sample by collecting the signal from cells
attached to the sample and cells attached to the TCP surface around the sample. Numbers in
purple indicate the percentage of attached cells from the total signal. (c) Cell activity as
measured by MTT assay divided by the percentage of cells attached to the sample as evaluated
in b. ANOVA test indicated a significant difference (p<0.01) between the samples with and
without MeOH treatment. Error bars represent +/- 1SD n=8.
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4. Conclusions

This chapter has introduced a new, water-based approach for native silk patterning based on
single-photon DLW. The fabrication procedure involves the use of a low-cost Nd:YAG laser in

comparison to the high-cost laser systems currently used for DLW of silk 270271,

In addition, this work explores the use of the gold standard native silk protein in contrast to
the processed, reconstituted, silk protein currently used in silk photo-curing publications. The
use of native silk allows one to reduce silk concentrations down to 1 wt% without sacrificing
quality. This is 2.5 times lower than the minimal concentration of silk used for DLW #”°, and

13 times lower than the one used for silk/RB DLW 7%,

Optimised experimental parameters were evaluated and the fabricated structures discussed.
This technique was found to be suitable for the writing of 1 and 2D patterns, with a lateral
resolution below 20 um. However, this resolution was not comparable to the sub-micron
resolution (350 - 600 nm) that can be achieved by multi-photon polymerisation 27°. Yet the
fact that this is a low-cost silk patterning method and is easily accessible to many research
groups, means it should be considered for pilot experiments, optimisation procedures, large
area structuring and basic research analysis. The set-up used in this work, allows one to write
good-quality patterns 10 times faster (1 mm/s) than multiphoton approaches, in fact, it is
possible to produce 1 x 1 cm frame pattern in just 40 seconds, and to fully filla 1 x 1 cm area

in less than 2 hours.

Unfortunately, all attempts to fabricate 3D patterns using a silk/RB solution were unsuccessful
and resulted in structural failure during the drying process. However, this lack of success is in
agreement with previous silk DLW studies 271276, Structure stability can be improved by a
secondary crosslinking process using Ru(bpy)s?* and ammonium persulfate 2>, however, these
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chemicals might be toxic when used in biological applications 3%773%, Sun et al. did
demonstrate it is possible to successfully fabricate 3D silk structures by multi-photon
polymerisation when using methylene blue photoinitiator 27, However, their FTIR analysis
indicated a full conversion of the silk and is most likely a result of the fs laser source
overheating and photo-stimulating the silk to inducing B-sheet formation. In contrast, this
work offers a patterning method which maintains the amorphous silk structure and allows

high control over the degree of crystallisation, post-processing.

A two-stage mechanism, for silk/RB photo-polymerisation, was introduced, for the first time,
contributing to future silk DLW research. The mechanism suggests ionic bonding of the RB salt
to the basic side groups of the silk protein, forming silk/RB complexes even prior to light
exposure. When the light is turned on, a radical coupling reaction takes place leading to
covalent bonding between the amino acids in the side groups (e.g. lysine, histidine and
arginine). This mechanism is in contrast to the di-tyrosine bonding mechanism, suggested
before, for silk/RB polymerisation?’! and is different to the mechanism of silk/riboflavin

photo-curing, proposed in the next chapter.

This ionic interaction between the silk and the Rose Bengal photoinitiator was supported by
the strong pronounced rose colour of the fabricated pattern, which remained after intensive
washing with water. The covalent crosslinking of the silk protein chains resulted in a stable
pattern which allowed to transport the pattern to another surface post-fabrication. This
pattern can be applied as a surface coating to introduce topographical features to surfaces

which are not suitable for DLW such as opaque or rough materials.

The characterization of the pattern revealed a line-like surface with groves exhibiting a depth

of up to 10 um. However, this topography was not suitable for cell guidance, since the cells
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did not show any preference in attachment to the pattern when compared to unstructured
silk. This is not surprising since the pattern size was small and in fact, comparable to a single
cell size of a fibroblast (10-15 pm) and neuronal (20-50 um) cells 3°1. However, this surface
topography might be beneficial for the guidance of smaller cell such as platelets (2 um) or
sperm cells (3 um). Another limitation for cell growth was the toxicity of the RB, which
resulted in a strong inhibition of cell proliferation and attachment. This was partially resolved

when the pattern was pre-treated with methanol before the seeding of the cells.

To conclude, this chapter offers native silk DLW as an alternative and affordable solution, for
fabrication of large silk patterns (up to cm? scale) when the sub-micron resolution is not
required. However, due to the limitations of the technique such as poor structural stability
which cannot support 3D fabrication and the toxicity of RB, other silk structuring techniques

should be investigated.
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Summary

This chapter focusses on the use of projection stereolithography to structure silk and explores
the potential range of applications this technology enables. Using a combination of UV-Vis
and FTIR the molecular mechanism behind the crosslinking process is probed and rheological
analysis is used to directly correlate the effect of light dosage on structure development.
Furthermore, to better understand the potential of this technique it compares native silk to
the current state-of-the-art; reconstituted silk, with results clearly highlighting that protein

molecular weight is a key factor affecting the quality of the fabricated pattern.
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1. Introduction

The past decade has seen a rapid increase in techniques to facilitate precision control of silk
structures at the micro and nanoscale, particularly in the area of bio-optics 193392, These
approaches can be divided into indirect and direct routes. Indirect fabrication routes such as

soft lithography 393394, nano-imprinting 3°°

, and classical photolithography 122:2683% whilst
inexpensive, require pre-fabrication of fixed templates, masks, and moulds to form the final
patterns which can often constrain the resulting structure and its resolution. Direct routes,
including e-beam 292293, [aser machining 3°” and multi-photon lithography 27272, allow one to
achieve much higher pattern resolution; however, these methods usually involve high-cost
equipment, small patterning areas, prior chemical modification and require longer fabrication

times %3273, To address such challenges, projection micro stereolithography (PuSL)

297,293,338,399 has been examined as a new route for high-resolution silk patterning.

1.1.  Projection micro stereolithography (PuSL)

PuSL is a 3D printing technique based on photocuring a (bio)polymer solution 306,343,400,
Importantly it utilizes a digital micro-mirror device (DMD) 26339 as a dynamic mask, thus
replacing the need of a pre-fabricated static photomask 2'°. Furthermore, a dynamic mask
such as this enables a sub-micron resolution and does not require the fabrication of a single-
purpose mask or the time constraints of single pixel fabrication #0402, |n addition,
stereolithography can print structures in a layer-by-layer manner, rather than in individual
pixel-by-pixel structuring used in other fabrication techniques such as DLW (discussed in the
previous chapter). Also, the total printing time is dependent only on the thickness of the

structure and not on the complexity or the size of the structured layer.
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Thus, stereolithography can significantly reduce printing time when compared to other

fabrication techniques.

Typically, for PuSL a laser beam is expanded and projected onto a DMD, an array of aluminium
coated micromirrors which can either reflect or absorb the incoming light to form a binary
mask. Afterwards, the reflected image is directed by a mirror and projected onto a container
which is filled with a photo-curable solution. The interaction of the laser light and the polymer
solution results in a photo-polymerisation reaction, leading to polymer crosslinking and
pattern fabrication. The photo-polymerisation reaction is based on an excitation of a
photosensitizer and usually occurs through free radical or singlet oxygen generation and is
dependent on the excitation wavelength, selected photosensitizer, and accessible polymer
surface residues 2% (explained in more detail back in chapter 1). By adjusting the physical
properties of the photo-curable polymers (e.g. concentration, viscosity or chemical
composition) it is possible to customise the polymerised structures for specific

applications 217233,

Using the same lithographic approach, 3D structures can be achieved by projecting the image
on a motorised z-axis platform. The first layer is projected directly on the platform. After the
layer is patterned, the platform moves down, and the next layer is projected on top of the
previous layer, generating a multi-layer structure. By altering the projected image between
the layers, the stereolithographic system can be used to fabricate complex 3D structures with
controlled geometry.

When commercial polymeric resins (e.g. polyethylene glycol) are used for photofabrication,

the PuSL system which is utilised in this work is suitable for the fabrication of large 3D
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structures such as solid tubular nets (Figure 41) with similar geometries to those used for skin
and neural regeneration applications 34, However, when soft natural materials are used in
the same system (e.g. silk), it is significantly more challenging to achieve structural stability to
support multi-layered structures and requires many years of research and optimisation.
Nonetheless, the current photolithographic set-up can be used for single-layer fabrication
(patterning) of soft materials and hydrogels. This chapter introduces silk patterning for the
fabrication of customised surface topographies, by focussing on the photo-polymerisation
process itself and the photocuring mechanism. It also demonstrates the benefits of the native
silk in the broad range of applications that require surface patterning (optical devices 1°,

labelling 493, cellular guidance 17! and neural regeneration 343).

PuSL Set-up for 3D fabrication PuSL Set-up for silk patterning

2 Digital micromirror
device

Multi-layered
Polymeric tubes

Lens1 Laser source

DMD

Figure 41: Schematic illustration of a typical projection stereolithography set-up as used in this
work for multi-layer (left) and single (right) structure fabrication. In the middle, tubular poly-
ethylene glycol nets that were fabricated by the system used in this thesis are presented. The
Image in the right corner shows the native silk grid pattern fabricated by the same system.

1.2. Protein stereolithography
Initial research into stereolithography in the early 1980’s utilised synthetic materials, mostly
polymers or ceramic particles which were embedded into a sacrificial photo-curable resin 3,

However over the years, with the development of non-toxic photo-curable resins and
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crosslinking agents, stereolithography became a powerful technique for structuring biological
materials for biomaterial applications, including both proteins and polysaccharides, including
alginate 311404 gelatin 2°2253, collagen 26>4%5, chitosan 36277, fibrin 343, hyaluronic acid 264 and

more 314,

Today, bioprinting by stereolithography can be used to fabricate cell-free scaffolds 496497 g
well as cell-laden scaffolds 4°7-%19, The fact that stereolithography is a nozzle-free printing
technique, results in cell viability higher than 90% and resolution down to 200 um 4°® and

makes it suitable for printing of shear-sensitive materials such as silk ©°.

1.2.1. Native silk as a candidate for PuSL.

Creation of a silk-based solution prior to patterning is traditionally achieved through
reconstitution; a process where spun silk is exposed to chaotropic agents to enable re-
solubilisation 22. Unfortunately, if reconstitution is not carefully controlled, it can result in a
certain degree of collateral damage to the fibroin and may lead to a decrease in the molecular
weight of the protein, which also impacts the properties of the final restructured material
411412 1 fact, it is possible that reconstitution’s degrading effect on the silk protein may
explain why current silk photo-curing techniques require relatively high silk concentrations

(>5 wt.%) in order to generate stable structures 22271276,

Alternatively, it is possible to obtain a soluble, native silk solution directly extracted from the
animal’s silk gland 4719319 The use of such native silk solutions has previously been shown to
be advantageous not only in setting the gold standard for biomimetic spinning
technologies >37°>6%103 and even perhaps as a model biopolymer 2%, but also recently in
creating silk based encapsulation devices # and in the development of silk-based bio-

photonics 3°2 at relatively low silk concentrations (~1 wt.%). However, the potential of native
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silks for deployment in photolithographic applications have yet to be fully exploited, and

hence the impetus for this thesis chapter.

1.2.2. Photoinitiators for protein stereolithography

The success of stereolithography bioprinting is strongly dependent on the availability of
suitable photoinitiators, which will allow effective photocuring process without damaging or
modifying biomaterials. Several publications utilised an ultra-violet (UV) light source to
polymerise reconstituted silk using Irgacure 2959 dye as a photoinitiator 193:220,268,269,275,277
However, UV light has been reported to damage cellular DNA 22822° and protein structures
(e.g. lysozymes, antigens, antibodies and silk ) 413414, Moreover, UV light can damage the

DMD device itself %6, reducing its service life.

Additional important parameters that should be considered when structuring native silk
proteins, are the toxicity of the photoinitiator and its chemical composition. It is desired to
introduce the minimum number of chemical reagents into the silk solution, to avoid
unwanted silk gelation as a result of the high sensitivity of silk to variations in pH and ionic
composition of the solution 6310, In addition, the photoinitiator should strongly absorb at a

wavelength of the laser used in the stereolithographic set-up.

Riboflavin, also known as vitamin B2, is naturally present in the body 47418 and, at the
appropriate concentrations, is biocompatible and suitable for in vivo applications #1°. It has
been previously demonstrated to be a suitable photo crosslinker for many natural materials
including collagen 22>226:250.368  g|ginate 420421 gnd silk '22. A key advantage over other
photoinitiators is that the riboflavin chromophore absorbs strongly in the violet-blue part of
the visible spectrum 422, enabling visible light to be used as opposed to previous work where

UV light was utilised 193423, The chemical structure of riboflavin 422 can be seen in Figure 42a.
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Several studies suggest that the key mechanism for riboflavin photo-gelation in silk and other
proteins is attributed to the formation of di-tyrosine bonds 122225250368 Thjs is because
riboflavin absorbs UV, violet or blue light (350-500 nm) (Figure 42b) and acts as a type Il
photoinitiator where it extracts a proton from the hydroxyphenyl ring of the tyrosine 4?4
resulting in a crosslinking of 2 tyrosine moieties via the formation of a di-tyrosine bond 4%,

This mechanism will be further explored in the results section of this chapter.

Consequently, in this research, photo-curable native silk was fabricated by the addition of
water-soluble riboflavin formulation (riboflavin 5’-monophosphate) which acted as the

photoinitiator to a light-based polymerisation reaction.
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Figure 42: (a) the chemical structure of riboflavin (b) absorption spectra of riboflavin.

This chapter presents a direct, water-based route, for micro silk patterning using photo-
curable Bombyx mori native silk dope solution and PuSL without prior chemical modification.
This method not only allows control over the pattern on a micron resolution level but also
produces large-scale (1 cm?) repetitive patterns. In addition, it explores the influence of
molecular weight in this structuring approach by comparing native silk dope, reconstituted
silk protein and a tyrosine-rich synthetic protein solution to validate the structuring

mechanism.
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2. Methodology

2.1. Protein solution fabrication

Native silk dope was extracted from the posterior section of the middle division of the silk

glands from final instar B. mori silkworms and diluted in distilled water so that the protein

concentration was 1 wt%. No further purification was required. Reconstituted silk (RS)

solution was prepared in accordance with the protocol described in chapter 2. The resulting

RS solution was diluted to 2 wt%. Poly (Glu-co-Tyr) solution was prepared by diluting Poly

(Glu-co-Tyr) (Sigma-Aldrich) in Type Il water to achieve 5 wt%.

After preparation, all solutions were stored at 4°C and were used within 1 week to avoid any

age-related degradation/gelation of the polymers.

2.1.1. Photo-curable solution fabrication

Photocurable poly(ethylene glycol) diacrylate (PEG-DA, 250 g/mol, Sigma Aldrich, UK)
solution, was prepared with the addition of 2% (wt/wt) diphenyl-(2,4,6-trimethylbenzoyl)-
phosphine  oxide/2-hydroxy-2-methylpropio-phenone 50/50 (Sigma Aldrich, UK)

photoinitiator in a similar method to described by Pateman et al. 3.

Photo-curable protein solutions were produced by the addition of 0.02 wt% of riboflavin 5'-
monophosphate (Sigma-Aldrich) to each solution prior to the photo-curing process. All

solutions were kept in the dark to avoid premature crosslinking.

2.2.  Silk PuSL patterning
The patterns were fabricated by projection-based lithography using a digital micro-mirror
device (DMD). Light from a violet diode laser (405 nm, Vortran laser technology Inc,

Sacramento, CA, USA) was expanded to a 5 mm diameter beam and was reflected from a

135



Anastasia Brif Chapter 4 - Fabrication of 2D Silk Structures
PhD Thesis: Multi-dimensional Structuring of Native Silk by Projection Stereolithography

DLP® 0.55 XGA DMD with 5.4 um mirror size (Texas Instruments Incorporated, TX, USA). The
reflected image was directed by a silver coated mirror and projected onto a glass slide covered
with photo-curable protein solution, located below the mirror. The solution was confined in
a frame to ensure a flat surface area and covered during the photo-curing process to avoid
water evaporation. The laser power varied from 50 mW to 250 mW and projection time varied

from 10 s to 10 min for all types of samples.

2.2.1. Optimisation of the fabrication parameters
To evaluate the optimal fabrication conditions for silk/riboflavin solution, complex images of
the ‘University of Sheffield’ logo, were projected on the solutions and the resulted patterns

were visually investigated (Figure 43).

Longer projection times produced higher-quality patterns probably due to higher crosslinking
in the sample which contributes to pattern stability. Short projection times (<1 minute) failed
to produce a recognisable pattern. Longer projection times (> 10 min) did not improve pattern
quality if comparing it the pattern that was fabricated after 5 minutes of projection and led
to a reduction in the yield of the process (amount of sample produced in a given time).

Therefore 5 min was selected as the optimal projection time for silk PuSL fabrication.

Silk solutions at concentrations ranging from 0.4 to 2 wt% were tested to evaluate the
minimum silk concentration required for good-quality fabrication. Visible patterns were
received even at a concentration as low as 0.5 wt%. However, to produce good-quality
patterns (with high similarity to the projected image) with pronounced and controlled surface
topography, a native silk concentration of 1 wt% was defined as the optimal concentration in

all further experimental protocols. When the fabrication process was repeated with RS
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solutions, the same concentration of silk did not produce a full pattern and only a partial

image was observed. Therefore, a concentration of 2 wt.% was used for all RS patterning.

Setting the laser output to between 150 and 250 mW was found to produce high-quality
patterns (visually similar to the projected image with full image details). Laser powers below
50 mW did not allow the fabrication of a visible pattern. Since the polymerisation process is
dependent on the amount of light energy that is transferred into the sample, a higher light
energy (laser power) will require shorter projection time to deliver the same energy dose. As
aresult, 250 mW (maximum laser power) was used in all further patterning for both silk types.

This is to provide the maximum energy flux, minimising fabrication time.

All the optimised experimental parameters that were used for the fabrication of patterns

presented in this chapter are summarised in Table 8.

Table 8: Optimised experimental parameters for the fabrication of native silk patters by PuSL

Parameter Optimised values
Silk concentration Native silk: Lwt.%
Reconstituted silk: 2 wt.%
Photo-responsive dye riboflavin 5'-monophosphate
Riboflavin concentration 0.02 wt.%
Laser output power 250 mW
Projection time 5 min

Optimisation of the PuSL process for native silk

Projection time Silk concentration Laser power

Figure 43: Native silk patterns of the ‘University of Sheffield’ logo as received during the
optimisation of the image projection time, silk solution concentration and the laser output
power. Scale bar 1Imm.
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2.3. Post-fabrication treatment

After fabrication, dry samples were immersed in LiBr solution (9.3 M) for 10 min at 60°C and
then in DI water for 10 min at room temperature. This dissolved any non-structured protein
solution prior to subsequent mechanical analysis. To induce silk crystallisation, the patterns
were immersed for 1 min in MeOH/DI solution at a concentration range from 10% to 100%
(v/v). The samples were left for drying and rehydrated with DI water (5 min) prior to the

rheological measurements.

2.4.  Imaging of the fabricated patterns

Optical images of the structures were collected using a Diaphot TMD300 microscope (Nikon
Instruments, Japan) with a Moticam 5MP camera (Motic instruments, Spain) and a Stemi 305
microscope (Zeiss, Germany) using an Axiocam 105 colour camera (Zeiss, Switzerland). Optical
profilometry images were collected by ContourGT-X 3D (Bruker, USA). All images were

analysed by Imagel (1.48v).

2.5.  Spectroscopic characterization of the crosslinked patterns

All spectral data were acquired at room temperature (25+2°C). Samples were characterized
by Fourier-transform infrared spectroscopy (FTIR) using a Nicolet 380 spectrometer (Thermo
Scientific, Madison, USA) equipped with a Golden Gate attenuated total reflection (ATR)
device (Specac, UK). Spectral data were collected between 800 and 4000 cm™, using 64 scans,
at 4 cm™ resolution. UV-VIS absorption spectra were collected (using Spectronic Unicam, UV
330, UK), in the spectral range between 230 nm and 600 nm. Peaks in the spectra were fitted

using MagicPlot Student Version 2.7.2. All peaks were fitted as Gaussians.
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2.6.  Similarity analysis of the patterns

A similarity index was defined to evaluate how similar the fabricated patterns were to the
original projected pattern. To achieve this, a photo of each pattern was collected by an optical
microscope. Then the image was transferred to Imagel software for further analysis. For each
image (original projected image and the resulted pattern), a threshold was adjusted to 70 %
and a binary function was applied. Then any noise or contamination in the image, outside of
the pattern, was removed by colouring the relevant pixel in black, assuring that no pixel from
the pattern was removed. The fabricated pattern was coloured in grey to introduce a colour
contrast. Then the binary images of the fabricated pattern (grey) and the original image
(white) were overlaid to evaluate the correlation between the images (Figure 44). The
histogram of the overlay image was plotted, containing 4 peaks corresponding to pixel counts

of the following regions on the image:

Black- background (no pixels in original and fabricated images).

Dark grey- no correlation (pixel present in fabricated pattern but not in the original image).

— correlation (pixel present in both images).

- original pattern (pixel present in the original image but not in the fabricated pattern).

The similarity percent was defined as the number of correlating pixels between the original

image (a) and the received pattern (b) divided by the original image, as seen below:

Corellating pixels (a, b)

% Similarity (a,b) = =
% Similarity (a,b) Pixels in original pattern (a)

For each sample type, at least 3 images were analysed, and similarity values were averaged.

139



Anastasia Brif Chapter 4 - Fabrication of 2D Silk Structures
PhD Thesis: Multi-dimensional Structuring of Native Silk by Projection Stereolithography

Histogram of overlay image

I

Black- background
original image
correlation
Dark grey- No correlation

Overlay
a (white) and b (dark grey)

% Similarity =7nght grey pixels

< £ > 100
Silk pattern (b) Binary + grey mask on pattern White pixels

Figure 44: The process of Image similarity evaluation. The projected image and the fabricated
pattern are transferred to binary images. The dark grey filter is applied on the pattern. As
overlay image is generated and a histogram of the overlay image is plotted. The light grey
values of the histogram (correlating pixels in both images) are divided by the white pixels
(original image) to calculate the similarity between the images.

2.7.  Image analysis of the QR code patterns

Optical images of the QR codes patterns were collected using a Diaphot TMD300 (Nikon
Instruments, Japan) microscope. Images analysed by Imagel) (1.48v). Since the original
patterns are transparent, they were not suitable for direct scanning by commercial QR code
readers which require black-on-white contrast. Consequently, a small amount of image
processing was applied (brightness and contrast adjustments), to enhance the contrast
between the pattern and the background. The images were transferred to ImagelJ software
and the following image processing steps were used: (1) Binary (to enhance the contrast) -
(2) Invert (to allow black on white pattern) - (3) Erode (To remove background

contaminations).

The processed images of the codes were scanned by a free QR Scanner app (version 0.52)
installed on a mobile phone (Sony Xperia Z3 compact). The original pattern (left) and the

pattern after image processing (right) can be seen in Figure 45. No cropping was applied to
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emphasize that the printing of the code doesn’t affect the surrounding areas on the silk

sample.

Smallest feature size: 100 pum

o RGN —

Smallest feature size: 150 pum

Figure 45: Native silk QR codes fabricated by PuSL. The original image of the pattern (left) and
the pattern after minimum processing in Imagel (right) as can be detected by a commercial
QR scanner. Both codes lead to https://www.sheffield.ac.uk website. The top QR code
embedded with The University of Sheffield logo.

2.8. Rheological measurements

Rheological measurements were made using an AR 2000 and a Discovery HR-2 rheometer (TA
Instruments, New Castle, DE, USA). The latter was equipped with the modular microscope
accessory, with a transparent lower plate and a 405 nm LED light source (minimum power
output 870 mW), to enable in situ photo-curing experiments. The LED was turned on and off
during the experiment at given intervals to explore the change in elastic modulus upon
irradiation. All measurements were taken using an 8 mm diameter parallel plate geometry at
room temperature (25 *2°C). To avoid water evaporation, few millilitres of water were
added around the sample (and had no contact with the sample) and the sample was covered

with a customized environmental chamber. The experiments were performed in two stages,
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recording the elastic modulus (G’) throughout an oscillatory frequency sweep (20 to 0.1 Hz)
followed by a fixed frequency time ramp (1 Hz), both of which were conducted within the
sample’s linear viscoelastic region (target strain 0.01). For the oscillatory test, displayed

modulus values were calculated as the average G’ value in the range between 1 to 10 Hz.

2.9. Protein analysis by gel electrophoresis

A small portion of each solution (1 wt.%) was mixed with an equal volume of a solution
containing sodium dodecyl sulfate (SDS, 4 %, to disrupt non-covalent bonding) and 2-
mercaptoethanol (4 mM, to reductively cleave disulfide bonds in the proteins). 20 pL of each
solution was loaded onto on a 4-20 % polyacrylamide (PA) gradient gel and the protein
components were separated by electrophoresis (GE) (90 minutes, 160 V, 100 mA). The gel
was immersed for 30 minutes into a fixation solution (400 mL ethanol, ethanoic 100 mL acid,
500 mL water) and protein bands were stained by Coomassie blue. The gel was imaged using

a Perfection 2450 Photo scanner (Seiko Epson Corp. Suwa, Japan) at 1200 DPI.

Molecular weights of the proteins were evaluated by comparing their movement with

reference standards (HiMark™ Pre-stained High Molecular Weight Protein Standard).
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3. Results and discussion

Silk patterns were fabricated by PuSL using a native silk solution containing riboflavin dye
(Figure 46a). Glass slides were used as substrates for the semi-solid patterns to allow easy
transfer for imaging and post-processing. When dried, the samples were solid, transparent
and flat, resembling silk films. However, when hydrated the patterns swelled, resembling gel-

like materials (Figure 46b) and were defined as silk hydrogels 4%°.

The fabricated patterns were transparent when placed over a plain text, although the
patterns exhibited light diffraction under illumination (Figure 46c). This is probably a result of

secondary sub-pattern in the structure which will be discussed in the next section.

Figure 46: (a) Native silk patterns as fabricated by PuSL in the presence of riboflavin. (b) silk
patterned hydrogels, swelling when immersed in water. (c) The pattern is transparent with
light diffraction properties. Asterix in (b) indicates a pattern of quasiperiodic crystallographic
symmetry (quasicrystals) **’ discovered by Prof. Dan Shechtman (awarded the 2011 Nobel
Prize in Chemistry).

A linear expansion in the size of the pattern, when compared to the DMD image, was

observed as a result of a deviation from the precise focal point and the associated scattering
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events within the sample which effects the photo-crosslinking process #%%. To evaluate the
expansion coefficient, a 4 x 4 pixel?(21.6 x 21.6 um?) image was projected from a DMD system
producing a 40 x 40 um? pattern on the silk film. This value was used to determine the

projected pixel size vs the DMD pixel area multiplier as:
Area Multiplayer pmp = silk surface = 3.43

For the DMD system used in this work, a single micro-mirror size was 5.4 x 5.4 um?.
Thus, the minimum theoretical feature size that can be produced by the current set-up

(considering the mathematical multiplier) is 10 x 10 um?.

According to Bragg’s law #%°, light diffraction can occur when the light passes around the edge
of an object and is dependent on the wavelength of the light (1) the distance between to
neighbouring objects (d) and the light scattering angle (8). The minimum distance required

for the diffraction is given by:

= A
~ 2-sin (0)

Given the fact that the smallest value a sinus function can have is 0.5 (excluding 0), the
maximum distance between the pattern on the image which will produce visible light

diffraction is:

Admax = Amax = 700 nm
Therefore, it can be concluded that the diffraction visible in the silk patterns cannot be a direct
result of the projected features and that a periodic sub-micron structure must be present in

the silk.
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3.1. Sub-patterns and biocompatible diffraction grids

Closer investigation of the structured samples revealed a secondary, highly regular sub-pixel
pattern with features below 5 um. This sub-pattern is most likely a result of the DMD mirror
geometry and their spacing in the optical setup #. Interestingly these features produced a

diffraction pattern under direct laser illumination (Figure 47a).

To evaluate the fabrication conditions that should be used for controlled generation of
diffraction patterns, two stereolithographic set-ups available in the lab were explored. In fact,
those sets of experiments aimed to explore whether the location of the projected image in

the stereographic system (above or below the sample) can influence pattern fabrication.

A thin layer of photocurable silk solution was placed on top of a glass slide. In the first set-up,
the image was reflected from the DMD and projected through the glass slide on the bottom
layer of the solution (bottom projection). It resulted in a clear image of the projected pattern
and the long-range order of the sub-pattern was confirmed by measuring the light diffraction
pattern spacings 39 (Figure 47b). In the second set-up, the reflected beam was projected on
the solution from above and focused on the glass surface (top projection). The semi-solid
pattern produced on the glass was distorted and the sub-pattern presented an irregular
structure with a ring pattern diffraction indicating that there is no repeated order in the sub-
pattern, similar to that seen in amorphous or polycrystalline materials 43°. This can be

explained by sufficient scattering of the laser light while moving inside the solution volume.

One potential use of such reflective patterns is for the fabrication of biocompatible

431

implantable photonic devices #3! which can be used as specific sensors or electrodes 32, light

delivery systems %33 and optical elements #3*. This can be achieved by changing the distance
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between the elements of the pattern to generate specific diffraction patterns as a function of

the light wavelength 293,

To investigate the potential of the native silk diffraction grids in similar applications, a glass
slide with a photo-responsive solution was placed precisely at the focal point of the laser
(0 mm), 8 mm below the focal point (- 8 mm) and 8 mm above the focal point (+ 8 mm). Fast
Fourier Transform (FFT) performed on the images of the patterns indicated a shift with the
variation in sample position. This confirms that precise sample alignment in PuSL allows

controlling the spacing of the sub-pixel patterns (Figure 47c).

a Generation b c
of diffraction

pattern Bottom projection Top projection Control over the diffraction pattern as function of sample position

Laser
pointer

Silk
pattern

Pattern

’ Laserlight Photocurable

Transparent N
silk solution

surface

Figure 47: (a) Diffraction pattern generated by projection of laser light on the fabricated
pattern. (b) The stereolithographic set-up used to generate patterns. In bottom projection, the
image is projected through the glass surface minimising light scattering are resulting in a
regular ordered pattern. In top projection, the image is projected through the silk solution
which increases light scattering and results in an irreqular pattern. (c) Diffraction grids with
various spacing values as fabricated by moving the sample position from the focal point (0
mm), above the focal point (+ 8 mm) and below the focal point (- 8 mm). FFT images represent
the shift in the spacing between the patterns.
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Since the total area of the projected patterns was up to 1 cm?, and the spacing between the
sub-pattern was about 3 um, this technique can be defined as being suitable for micro-

patterning of silk on the micron scale.

3.2. Silk-based photonic components for labelling and date storage

The major benefit of PuSL is the fact that images are projected directly onto the sample
without intermediate masks which can lead to practically unlimited flexibility in design. This
can be used for the fabrication of elaborate photonic components which can be realised in a
few seconds (Figure 48). Pattern topography was analysed by optical profilometry, confirming

that the patterns are raised above the surface, with an average height of ~5 um.

Back in 2008, similar silk-based photonic components were produced by Fiorenzo and Kaplan
using soft-lithography methods 43>, by generating repetitive silk patterns on pre-fabricated
polymeric moulds. More recently, the same research group proposed the use of electron-
beam lithography to create similar silk structures 2% from dry, polymerised silk film and liquid,
amorphous silk solutions. The exposure of the silk protein to the electron beam resulted in
protein degradation (in dry silk films) and intermolecular crosslinking (in silk solutions) both
creating the desired pattern. In their work, they were able to control the light scattering by
generating patterns with a specific spacing of 500, 600 and 700 nm. This spacing is 5 times
smaller than the spacing achieved in the method described in this work (3 um), however, this

may be possible in the future with the developments of high-resolution DMD devices.

This combination of silk’s mechanical, biological and optical properties combined with
process/manufacturing flexibility and speed, make silk-PuSL fabricated patterns ideal
candidates for a broad range of labelling applications, for example, food, drugs, tissues in

tissue engineering or organs for transplantation. The control over the diffraction patterns and
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the unlimited pattern design can also be beneficial for security and identification purposes.
When designing labels for packaging and food industries 17, one desire is to include product
information, allowing correct identification and to provide storage/use guidance. When
labelling implants and medical devices 367438 it can be beneficial to include patient personal

information and medical history to minimise human errors.

Silk labels

Security  Identification

: .: i
Tissue Organs for
engineering transplantation

Figure 48: Optical microscopy images of native silk photonic patterns and the light scattering
received with the change of illumination angle. (Bottom row) Pattern topography as received
by optical profilometry. (Right) schematic diagram of the proposed potential labelling
applications of the silk patterns. Scale bar 1 mm.

As proof of concept, silk QR codes %3° were fabricated by PuSL to allow reference to complex
and dynamic databases (Figure 49). After minimum image processing (see methodology

section), the codes were readable by all QR Scanner apps installed on mobile phones (Android

and iOS).
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Figure 49: Native silk QR codes. Photograph (left), optical microscopy images (middle) and
the scannable pattern after minimum image processing (right).

3.3.  Mechanism

Previous studies have shown that protein solidification in the presence of light and a photo
crosslinker is usually attributed to chemical crosslinking of the protein #4°, This crosslinking
most often occurs through tyrosine side groups of the protein, forming di-tyrosine bonds
368,441 \When exposed to light, riboflavin (RF) absorbs photons and shifts to an excited state
(RF*).Asaresult, the tyrosine (TH) is oxidized by the photoexcited riboflavin and form tyrosyl

radicals (T"). The radicals can react in two possible mechanisms:

1. Crosslinking - When two tyrosyl radicals react with each other to form a single
di-tyrosine bond (T — T) leading to chemical crosslinking of the protein.

2. Quenching - In the presence of oxygen the riboflavin radicals can generate superoxide
anion radicals (05 ) which in turn can react with the tyrosyls, prevent the formation

of di-tyrosine bonds leading to quenching of the polymerisation reaction.

Hence, the rate of the reaction should dependent of the number of riboflavin radicals

generated (light flux), the number of tyrosyls (protein concentration) and the oxygen
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concertation in the environment during the photopolymerisation process. The mechanism is

summarised below:

light
RF — RF*

RF*+TH->RF~ +T +H*

Crosslinking / \(iuenching

T"+T ->T-T RF™ + 0, > RF + 0,
H*+0; +T - TH+ 0,
To validate the crosslinking mechanism, for the native protein solution, UV spectroscopy was
employed to examine the tyrosine peak (275 nm) of native silk/riboflavin samples before and
after exposure to laser light. Photo-exposed samples revealed a shoulder on the tyrosine peak
which was not present in the spectra of the pure native silk solution or the riboflavin dye

(Figure 50a).

It is also interesting to note that the photocured sample does not show any peaks between
350-500 nm, where the riboflavin strongly absorbs. This indicates that no direct crosslinking
between the native silk and the dye has occurred and that the riboflavin was fully removed
after washing with DI water. This, in fact, may have future utility in creating dye-free silk

structures for tissue engineering applications or potentially recycling of the photoinitiator.

The shoulder on the main tyrosine peak was fitted and a second peak was recognised (325
nm), which was attributed to the presence of a di-tyrosine bond #*2 (Figure 50b). This strongly
suggests chemical crosslinking under laser illumination. As an additional confirmation of the
chemical crosslinking in the silk/riboflavin system, the silk-patterns were immersed in LiBr
solution for 10 min at 60°C. LiBr is a chaotropic agent known to solubilize silk through

disruption of hydrogen bonds ?2. As expected, the photo-cured pattern remained stable while
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the non-exposed silk fully dissolved (Figure 50c), confirming that the patterns are in fact a

chemically crosslinked structure.

Further analysis of structure development was undertaken using FTIR to detect if there is any
protein secondary structure conversion in the native silk after photo-curing. The typical
structural conversion in silk associated with fibre spinning can be characterised by a shift of
the amide 1 peak position (~1650 cm™?), indicating the formation of B-sheet crystalline units
which are present in silk fibres 9529429644344 "However, the FTIR analysis performed on the
photo-cured native silk patterns indicated a primarily amorphous structure. This is particularly
interesting as it means that structuring without conversion/crystallization of the native silk
can be achieved as previously proposed 1?2276, This suggests a different mechanism for silk
photo-gelation, compared to native silk spinning %3 and methanol-induced silk gelation &’. In
fact, the amorphous state of the patterns endows additional flexibility as it is possible to
undertake further controlled conversion by washing the sample with MeOH (Figure 50d). By
doing this the level of crystallinity can be controlled by adjusting the concentration of MeOH

aqueous solution towards full conversion at concentrations above 50% v/v.
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Figure 50: (a) UV-VIS spectra of native silk (black), riboflavin dye (yellow) and photocured
native silk washed with water (red). The red arrow indicates the shoulder in the photocured
sample. (b) Peak fitting of the photocured sample indicating the appearance of 325 nm peak
corresponding to di-tyrosine bonds formation. (c) Silk pattern after washing with LiBr solution.
The photocured areas remained while the non-exposed silk dissolved. (d) FTIR spectra of silk
hydrogels, as fabricated (0%), after a wash with various MeOH/DI water solutions (10%, 20%,
30%, 50%) and pure MeOH (100%). A gradual crystallisation can be seen with the shift in
Amide 1 (1654 cm™) peak position (grey dashed line indicates the initial position).

3.4.  Mechanical characteristics

One of the challenges in hydrogel-based applications the control of mechanical properties
404,426,445446 | inking these insights into structure development with function, the effect of
illumination on the stiffness (elastic modulus, G') was explored during and after the

photocuring process.
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Using a rheometer equipped with a LED light source at the same wavelength as the laser in
the PuSL setup (405 nm), in-situ measurements of the elastic modulus were performed under
constant illumination (Figure 51a). All measurements began in darkness and illumination was
applied after 300 s. This is to allow the system to stabilise and to diminish effects which do

not directly related to the photo-curing process.

After an induction period, significant increases in the values of G’ were recorded during
illumination periods with the rate of modulus growth is proportional to the light flux
irradiating the sample (Figure 51a, inset). This suggests that by adjusting the light intensity,
the number of riboflavin radicals that are generated can be regulated and, as a result, direct
control over the reaction rate can be achieved. The presence of an induction period may be
attributed to several reasons such as crosslinking of other low molecular weight proteins
naturally present in the silk gland 8. Alternatively, the induction period could be a result of
the time required for generating sufficient amount of di-tyrosine bonds to form a fully
interconnected protein network which can begin to distribute the applied stress and
manifests itself as a stiffness increase. The induction period can also be a result of tyrosine
radicals quenching the reaction, which occurs in the presence of oxygen (see section 3.3) and
leads to recovery of the radicals and decrease in the rate of the photo-crosslinking

reaction **/.

To investigate the mechanical properties of the silk hydrogels post-fabrication, native silk
solution was exposed to laser light to generate large (1 cm?) rectangular patterns. Both the
photo-exposed and non-exposed silk did not dissolve in deionised water. This is in contrast
to the silk/Rose Bengal patterns in which the non-exposed silk fully dissolved when immersed

in water (see chapter 3). Afterwards, the fabricated patterns were dried, and the unexposed
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silk was removed by washing the patterns with 9.3 M LiBr solution. Then, the samples were

hydrated again by immersing them in DI water for 5 minutes.

Subsequent dynamic shear analysis 4441 of the hydrogels revealed an increase in the storage
modulus with an increase in the projected energy dose. The maximum modulus value was
~500 Pa, making the photo-cured silk much stiffer in comparison to unexposed silk (~30 Pa)
(Figure 51b). This value for native silk is higher than previously reported stiffness values by
Applegate et al. 1?2 by over 200 Pa, wherein that study a photo-curable reconstituted silk (RS)
was used. Furthermore, when patterns were post-treated with increasing concentrations
(v/v) of MeOH solution, the storage modulus reached 2000 Pa for 50% MeOH and increased
up to 16000 Pa for 100% solution (Figure 51c). Combining these results indicates that the G’
of native silk/riboflavin hydrogels can be controlled over 4 orders of magnitude, thus
replicating the mechanical properties of various human tissues such as brain (< 102 Pa), lungs

(< 103 Pa), liver (103-10% Pa) and muscles (> 10% Pa) 4>? (Figure 51c).
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Figure 51: (a) Elastic modulus (G’) values over time as a function of the light intensity. (Inset)
G’ gradient as a function of the total energy dose. (b) G’ value as a function of energy dose
projected during pattern fabrication. (c) G’ value as a function of MeOH concentration used
to wash the sample post-fabrication. Error bars represent +/- 1SD n=3.
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3.5. Silk vs. PEG in PuSL patterning

One of the most common materials used in projection stereolithography is polyethylene
glycol (PEG) 398453, To compare the potential of native photo-curable silk solution developed
in this work, and PEG which has been previously used in our lab, the pattern of ‘The University
of Sheffield’ logo was fabricated from both solutions. For each solution, optimised fabrication
parameters were chosen to enable the best image quality possible, thus testing the current

limits of these materials.

The optical images clearly show the benefits of native silk in the printing of fine structures
(Figure 52). When exploring the ‘Yorkshire rose’ feature in the pattern, which has a diameter
of 1 mm, the PEG pattern does not allow to distinguish between the internal features in the
rose, limiting the resolution of the technique to 1 mm. In contrast, the silk pattern has
distinguishable features of ~50 um in size suggesting that by using silk solution in the uPSL,
instead of PEG, pattern resolution can be significantly improved. Yet, PEG has more

pronounced surface topography creating a more 3D-like pattern.

These results emphasise that native silk can be proposed as an alternative material for PuSL
patterning when fine and complex 2D and 2.5D patterns are required. This is especially
relevant in biological applications when the use of natural polymers is preferable. However,
silk is not perfect, when moving to 3D fabrication, native silk failed to generate stable multi-
layer structure and is not suitable, under the current fabrication method, for the generation

of hollow or porous structures multi-layer structure.
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Figure 52: ‘University of Sheffield’ logo pattern fabricated by PuSL from PEG and native silk
solutions.

3.6. Protein quality in silk PuSL patterning

A wide range of publications show that photolithography is a suitable approach for protein
patterning 192221,250,252,268,269,405454,455  However, to unravel the influences of protein
processing on pattern quality and complexity, the performance of the silk community’s
standard reprocessed silk, known as regenerated or reconstituted silk, was compared to the

gold standard, native silk.

Given that the mechanism of the silk photo-gelation is dependent on di-tyrosine crosslinking,
it was hypothesised that to initiate the photo-gelation process, sufficient tyrosyl radicals need
to be produced and so the concentration of the tyrosine in the solution, the light intensity
applied, and the chain lengths of the polymers, combined, will ultimately determine the
crosslinking rate and the final quality of the pattern. Given that there is no difference in the
amount of tyrosines present per weight of protein between a native and a reconstituted silk,
the major difference should be the molecular weight 3624°6457 As a further means to test the
tyrosine crosslinking/molecular weight hypothesis, of a tyrosine-rich polymer, (Glu-co-Tyr),
was used as a control which has the potential to form 25 times more di-tyrosine bonds than
silk but is of a lower molecular weight (15 times shorter average chain length).
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Two different images were projected onto native silk, RS and poly (Glu-co-Tyr) solutions
containing riboflavin. Minimum feature size was tested by a grid pattern with patterns ranging
from 4-x 4 pixel? to 100-x 100 pixel? (Figure 53a-c, top). The quality of the image was tested
by projecting the ‘University of Sheffield’ logo pattern (Figure 53a-c, bottom). For each sample
type, the lowest concentration which provided the best pattern was selected. Image quality
was assessed by a quantitative parameter of similarity between the original image projected
from the DMD and the resulting pattern as described in the methodology section of this

chapter.

Native silk offered a minimum feature size of 40 um and the highest Similarity value of 80%
(Figure 53d, e) at just 1 wt% concentration. This concentration was found to be at least 2.5
times lower than any reconstituted silk solution used for photo-fabrication in the currently
reported literature 270271,273.275-277 = 6 times lower than the RS/fibroin photocurable resin
recently reported by Applegate at al. 122 and 2 times lower than the reconstituted silk (2 wt%)
used in this research which was the minimum concentration required to fabricated
recognisable patterns. Furthermore, by using native silk it was possible to produce images
with a similarity index >75 % at all tested concentrations (0.5-3 wt%). Hence, it can be
concluded that the suitability of a protein for complex image fabrication is not solely a factor
of protein concentration. This is also supported by the lower quality image produced from
poly (Glu-co-Tyr) solution despite the high concentration of tyrosine units in the sample (1.25
mol %) when compared to native silk solution (0.05 mol %). The improvement in the
performance of native silk, when comparing it to other proteins that were used for patterning

in this work, is most likely a result of its higher molecular weight.
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Figure 53: Comparison between feature size grid and logo patterns as received for (a) native
silk, (b) reconstituted silk (RS), (c) Poly (Glu-co-Tyr) protein. (d) Minimum feature size
measured for each sample as a function of optimal solution concentration. (e) Similarity value
indicating how similar is, the fabricated pattern was, to the original projected image. Error
bars represent +/- 1SD n=3.

3.6.1. The effect of RS quality on PuSL silk patterning

It is known that the process of silk reconstitution reduces the molecular weight of the silk
fibroin 8. The degradation of silk proteins is not attributed to the solubilisation in LiBr but
rather to the degumming process. Degumming has been clearly shown to reduce silk’s

molecular weight with exposure time and concentration of Na,CO3 2285103458

To confirm that image quality is correlated to protein molecular weight, RS solutions were
fabricated by directly dissolving cocoons in LiBr (no degumming) and chemical degumming
cocoons by boiling them in 0.3%, 0.03% and 0.003% Na,COs solutions prior to the dissolution
in LiBr. As a result, RS with different molecular weights/degradation of the fibroin was
produced and the M, was evaluated by gel electrophoresis (Figure 54a). The results

demonstrated that the My of native silk was significantly higher (> 420 kDa) than that of all
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chemically degummed RS solutions (< 250 kDa). While the fibroin only native silk solution was
dominated by a single band on the gel (indicating the presence of a single protein chain with
a uniform My), the reconstituted silk had a smeared band across the whole column of the gel,
indicating broad molecular weight distribution of polypeptide chains. The presence of a
smeared band was also seen in the non-degummed sample which might suggest that even
the process of dissolution in LiBr alone, degrades silk proteins, reducing their My, and affecting
their physical properties. This was previously confirmed by Cho et al. **° and Wang et al. %®
who both recorded a decrease in fibroin molecular weight and storage modulus following
dissolution in LiBr solution. However, it should be mentioned that the smeared band can also
be attributed to the presence of sericin protein in the silk, which separates from the fibroin
fibres during the silk reconstitution process. The molecular weight of the sericin ranges from
10 to 400 kDa #*°4€0 and its structure and molecular weight depend on the method of its
extraction, purification and processing 461462, When sericin extraction was performed at a
high temperature or acidic conditions, the molecular weight distribution was 35 — 150 kDa
whereas when sericin was extracted in alkaline solution the molecular weight was 15 — 75
kDa 462, This large distribution in the molecular weight of both proteins in the silk solution,
the fibroin and the sericin, generate multiple bands of molecular weights on the gel resulting

in the appearance of a smeared band on the gel.

To evaluate the dependence of image quality on the degumming process, the university logo
pattern was printed on the various RS solutions. While the non-degummed RS was able to
generate a full logo pattern, all the chemically degummed silk solutions resulted in

incomplete, low-quality patterns (Figure 54b).
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Rheological measurements during in situ photo-curing were performed, as described before,
to compare the crosslinking reaction rate between native and reconstituted silks (Figure 54c).
In both samples, a significant increase in the mechanical stiffness of the pattern (G’) was
measured during illumination while the reaction rate declined when the light was switched
off. When compared to RS, native silk presented superior mechanical properties following
light exposure resulting in a higher stiffness during each period of illumination. In contrast to
the native samples, a slight increase in G’ values, during the period of darkness, was noticed

in some of the RS samples.

This increase was not noticed when the samples were measured in darkness during the same
period without illumination. This suggests that light activates secondary reactions in the RS
which do not occur in the native protein solution. Those reactions might result from the broad
molecular weight distribution in the reconstituted silk solution, leading to multiple rates of
the gelation in the sample. At the beginning of the process, the solution contains many fibroin
fragments with short protein chains. When the crosslinking reaction is initiated, the rate of
protein migration in the sample decreases due to sample gelation and molecular mobility
restrictions reducing the rate of the photo-crosslinking reaction #63. When the light is switched
off, the slow reactions can still be recorded. When the reaction proceeds and the chains are
beginning to crosslink, the probability for entanglement in the chains is increased, raising the
rate of the crosslinking process %2, The rate of polymerisation can increase with the light
intensity to an upper limit which is defined as the rate in which the reaction kinetics are not
controlled by the rate of protein/peptide fragment migration/movement in the sample, but
only by the diffusion rate of the reactive species %63, This can also be seen in Figure 54c where
the reaction rate in the reconstituted silk is increased with every cycle of photo-exposure. In

contrast, the molecular weight distribution in the native silk is more uniform, leading to a
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constant rate of gelation with light exposure. Due to the long polymeric chains of the native

silk, the reaction rate in rapid and terminates immediately when the light is switched off.

The effect of RS degumming on the development of pattern stiffness was evaluated by
measuring G’ for each sample under constant illumination. As predicted, RS without
degumming demonstrated the highest G’ value and the best image quality while chemical
degumming significantly reduced the stiffness reaching less than 50% of the values for non-
degummed samples (Figure 54d). In addition, the induction period for the highly degummed
samples (0.3% of Na,COs3) was longer, as expected, due to the presence of shorter polymer

chains requiring more crosslinked regions to form a stable protein network.

These results strongly suggest that the process of silk reconstitution and thus the quality of
the resulting protein solution significantly effects the potential applications of photo-
patterning and printing in silk. In addition, these findings are in good agreement with the
wider photolithography literature which has previously shown a decrease in feature size with
the increase in the molecular weight of the polymer 464465 However, whilst native silk is a
convenient gold standard, it is not really an industrially scalable alternative as it has to be
manually extracted from the animal, which is both time-consuming and technically

challenging.

The use of reconstituted silk can be beneficial when industrial scales are required due to the
ability to produce high quantities of silk solution by using controlled and well-established
fabrication protocols. However, even though RS is broadly used across many fields in the silk
literature, the current research introduces its limits when high-resolution patterning is
required, emphasising the fact that by improving the current reconstitution approach, better

quality silk can be fabricated and the application range for silk-based materials can be
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expanded. Some examples of improved quality RS can be attributed to the use of CaCl; for
the dissolution of the silk fibres which allows preserving the nanofibril structure of the silk
142,279,457,466  Alternatively, Boulet-Audet et al. %% suggested that nearly native-quality
reconstituted silk can be fabricated by degumming dry-spun silk cocoons in demineralised
water. This was confirmed in this study, whereby using RS without prior degumming, it was
possible to achieve patterns with comparable quality to that of native silk, as can be seen in
Figure 54b. However, the process of chemical degumming was initially introduced to remove
the sericin protein, which can potentially evoke an inflammatory response of the body when
used in medical applications 237, Therefore, the content of sericin in the silk solution,
fabricated by alternative degumming methods should be broadly explored prior to using this
approach for any medical-related applications. Following the fact that no sericin was recorded
by Boulet-Audet et al. %7 following water degumming, alternative silk degumming is a highly

promising approach for improving the field of silk manufacturing.
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Figure 54: (a) Gel electrophoresis results for RS solutions degummed by the addition of 0.3%,
0.03%, 0.003% Na>COs, by boiling the cocoons in hot water or direct dissolution in LiBr (no
degumming). (a, right) Gel electrophoresis results for native silk. (b) Patterns fabricated by
PuSL from the same solutions of RS at 2 wt% concentration. (c) Change in G’ values (in %) of
native silk (full line) (taken as 100%) and RS (dashed line) with (purple area) and without (white
area) illumination. (d) G’ values of RS patterns fabricated from solution that were degumming
at various Na>COs concentrations.
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3.6.2. Enzymatic degradation of silk patterns

The previous section discussed the effect of degumming on pattern quality. However, the
degumming process is relevant only when dealing with reconstituted silk. To evaluate the
effect of the molecular weight in native silk proteins and move further beyond correlation
towards causation, controlled enzymatic degradation was explored. Protease XIV is often
used in silk literature to mimic biodegradability 142143197 bpecause it causes
protein catabolism by hydrolysis of the peptide bonds which break the peptide backbone
leading to sample degradation (for silk this include both the crystalline and non-crystalline

regions) 468469,

Numata et al. #®® investigated the enzymatic degradation of crystalline (methanol converted
silk with B-sheet structure) reconstituted silk particles that were exposed to protease XIV.
Each particle was composed of several nanofibrils. The thickness of the particle was
approximately 5 nm containing 53 % beta-sheet, 36 % alpha-helix and random coil, and 11 %
turns. Initial degradation of the particles, following the exposure to the enzyme, was observed
after 12 h and resulted in the breakage of the particle into separate fibril-like fragments
(nanofibrils) around 5nm thick and 80-100 nm wide. While after 24 h degradation
nanofilaments (160 nm length) were observed and the average thickness of the filaments

decreased to 2 nm.

To understand the effect of the enzymatic degradation on image quality, protease XIV
solution was added to the protein solution prior to patterning or was applied on the dry
pattern after fabrication. At first, the appropriate concentration of protease was evaluated

and found to be 0.0175 U/ml which allow for full degradation of the pattern after 30 min
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(Figure 55a). Higher concentrations of the enzyme resulted in a very fast pattern degradation,

which was hard to record.

Subsequently, protease was added to silk fibroin solution and a pattern was produced
immediately after protease addition (with about 1-minute delay due to experimental set-up)
and after 10 and 15 minutes (Figure 55b). No visible pattern was recorded 30 min after the
addition of the enzyme. The molecular weight of the silk was evaluated using gel
electrophoresis method (Figure 55c), as described before. The sample with the minimum
exposure to the protease mainly presented a single band at high molecular weight (> 460
kDa), similar to that of a non-degraded native silk. This indicated a narrow distribution of the
molecular weight and a more intact, native-like protein. As expected, this sample produced a
good quality pattern reproducing all the features of the projected pattern. When investigating
the ability for a silk solution to be structured after 10 and 15 minutes of enzymatic
degradation, the protein bands on the gel were divided into multiple bands indicating smaller
molecular weight fragments, and the average molecular weight was reduced. As expected,

the pattern quality was reduced accordingly, resulting in only a partial pattern.

This result is in good agreement with the silk literature, indicating a wide molecular weight
distribution after fibroin degradation with protease XIV, with molecular weights in the range
of 3-370 kDa, 44468471 Numata et al. *%® also reported that after enzymatic digestion of
crystalline silk, several low molecular weight fragments (< 50 kDa), and more than 30 high
molecular weight fragments (< 240 kDa) were received, suggesting that the silk molecules are

digested at several hydrophilic domains.

As discussed in section 3.3, photocured silk patterns have a different crosslinking mechanism

than that of silk fibres that were spun in physiological conditions 122268276414 Therefore, it
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was assumed that the enzymatic degradation would not affect an already formed,
crosslinked, pattern. Similarly to the use of water in chapter 3 and LiBr in the previous section,
enzymatic degradation was tested as a potential route to reveal the pattern after fabrication
by degrading the un-exposed silk solution around the photo-exposed pattern. However, when
the patterns were immersed in the protease solution the entire sample and pattern degraded
over time (after ~10 minutes of immersion (Figure 55d)). Nevertheless, a silk aggregate can
be recognised in the top left corner in all images taken after enzyme addition, suggesting that
the silk is not degraded by the enzyme but separates from the glass slide and aggregates.
Understanding this effect of protease degradation, on photo-crosslinked silk might be
beneficial for future research applications. However, it can be concluded that it is not a

suitable technique for pattern development post-printing.
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Figure 55: Enzymatic degradation of silk solutions and patterns by protease XIV. (a) The effect
of enzyme concentration in the silk solution pre-fabrication on the printed pattern. The
patterns were produced 10 minutes after the addition of the enzyme. (b) The patterns as
produced immediately, 10 min and 15 min after the addition of 0.0175 U/ml enzyme to the
silk solution. (c) Gel electrophoresis results of silk solutions used to fabricate the patterns
presented in b. (d) Enzymatic degradation over time of silk pattern post-fabrication.
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4. Conclusions

This chapter demonstrates that native silk is not only suitable for photo-lithography, but also
enables one to achieve patterns with smaller feature sizes, better image quality and at lower
concentrations when compared to using a standard reconstituted silk. The experimental
conditions and pattern characteristics that were evaluated in this chapter are summarized in

Table 9.

Table 9: The summary of the experimental conditions and the pattern characteristic as
evaluated in this chapter

Parameter Values in the current set-up
Native silk solution concentration 1wt%
Dye riboflavin
Light source GaN laser, 405 nm, 250 mW
Fabrication time 5 min/layer
Minimum feature size 40 um
Subpattern spacing 3 um
Maximum area for structuring Ix1lcm
Similarity to original image >80 %
pattern area multiplayer 3.43
Post processing . LiBr 9.3M, 10 minutes
(removal of un-polymerised solution)
The elastic modulus of hydrogel patterns 30 -16000 Pa

From Table 9 it is clear that patterns down to 40 um were fabricated, a resolution
improvement of 20 % compared to previously reported riboflavin/RS photocuring 22, On the
macro-scale, by using the PuSL method, photonic components were produced alongside
larger scale patterns such as readable QR codes. The similarity index was introduced, for the
first time in the field of silk structuring, to assess image quality in addition to feature size, for
a better comparison between various structuring techniques and materials. Furthermore, the

mechanism behind native silk photo-gelation was explored, with findings supporting previous
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studies that suggested the formation of di-tyrosine bonds and the resulting chemical

crosslinking of the proteins present.

However, it was observed that no protein structural conversion (B-sheet formation) occurred
during the photo-curing of native silk, allowing us to decouple structuring with conversion
and opening up the possibility to control protein crystallinity and mechanical properties.
Finally, by comparing native silk to reconstituted silk, it was proposed that molecular weight
is the main parameter contributing to the quality of the fabricated image and the mechanical
stiffness of silk patterns. This was also confirmed by enzymatic degradation experiments. As
a result, the author of this thesis proposes that to allow a fair comparison between various
light-based structuring techniques in the future, the protein molecular weight should be

stated in addition to protein concentration.

In conclusion, the approach presented in this chapter towards silk pattern generation and the
insights gained into light-based silk structuring can hopefully contribute towards a
fundamental understanding of natural silk solidification and potentially find application in

food, packaging, security marking and medical devices industries in the future.
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Summary

This chapter introduces emulsion templating as a means to fabricate 3D interconnected
porous silk structures known as poly-HIPEs. From a practical perspective, several ways to
fabricate these structures are explored including creating the emulsion, stabilising it and
finally phase removal and solidification. In order to gain a deeper understanding of why
certain approaches are more successful than others, key physical properties are evaluated
including emulsion viscosity, silk concentration, silk quality and solution pH. Finally,
rheological studies are introduced to determine the mechanical properties of both the liquid
emulsions and the solid scaffolds before discussion surrounding the potential range of

applications these new materials could be used for.
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1. Introduction

Previous chapters explored the suitability of silk as a structuring material in 1D and 2D
fabrication. Despite promising results, creating 1D and 2D topographical architectures, many

applications require rigid, porous and 3D structures to act as functional scaffolds/foams

23,24,135,142

One of the main applications of porous biodegradable scaffolds is in tissue engineering
23,24,120,142,181 \where a porous matrix is used as a tissue grafting element to preserve volume,
provide temporary mechanical support and to deliver bio-factors such as cells, growth factors
and drugs 24172182183472473 |deally, the scaffold degradation rate is matched to tissue
regeneration rate to allow complete recovery and provide sufficient mechanical support
during this process 142, Key challenges in scaffold design are controlling porosity and building
the many complex 3D shapes required to match the different geometries in the human body
182,474-477 " Furthermore creating an openly porous structure is desirable to allow mass-
transport for cell nutrition and migration, and to provide enough surface features for cell
attachment %77, Looking beyond structure it is also important to control the surface chemistry

of the scaffold which can determine the type of degradation and cellular interactions 182476,

Additional applications of porous scaffolds/foams might include insulation (thermal and
sound), filtration and low-weight space fillers 4’8481 |n addition, the high surface area of the
foams makes them appropriate as substrates for catalysis, chromatography, separation,

absorption, ion exchange, insulation, drug delivery and sensing 284478,482-485

It is well-known silk exhibits the characteristics of a thermal insulator #8647 and it has been
used in thermal clothing for years #8848  However if we look to the biological role of the

cocoon it has been recently found that wild silk has an even lower thermal diffusivity than
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domesticated B. mori silk, which is attributed to the presence of calcium oxalate crystals
trapping air inside the cocoon structure %, Learning from this natural approach for thermal
insulation %°9, the combination of silk fibroin and air, as seen in porous silk foams, could be an
ideal solution. Moreover, the thermal conductivity of the silk can be controlled by adjusting
its crystallinity level (e.g. by methanol treatment), with lower crystallinity levels being poorer
conductors, which can allow for customization of the foam properties to suit the desired
application #874°1, |n a similar manner, the acoustic properties of silk have also been shown
to be dependent on its crystallinity level (B-sheet content) which can be modified to fit specific

sound insolation applications 4%2.

Clearly, there is a need to develop new means to create 3D structures, therefore, this chapter
explores emulsion templating route as a novel approach for the fabrication of silk scaffolds
together with the preliminary routes that led to the selection of this specific fabrication
method. In order to set the appropriate context of the work it is first beneficial to define the
main terms used in this thesis chapter including emulsions, HIPEs and poly-HIPEs which are

to follow:

1.1. Emulsion

An emulsion is a two-phase system composed of a matrix phase (matter) and droplet phase
(colloids). Both phases are liquid and are usually immiscible (such as aqueous and lipophilic
phases) 4349 Some of the most common examples might include milk (oil in water, O/W),

body cream (water in oil W/0) and mayonnaise (O/W stabilised by the egg protein, lecithin).

Generally, an emulsion is an unstable system which does not tend to form spontaneously and
will separate over time #%°. An input of energy is required to form an emulsion, which is

commonly provided by shaking, stirring or sonication of both phases #°4%7, The resulting
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droplets of one phase are usually randomly distributed in the matrix without defined internal
structure. Hence it is desirable to achieve long-term stability of the system to allow enough

time for matrix solidification and the preservation of any porous geometry created 4°>,

The stability of an emulsion is mainly affected by the droplet size distribution and the chemical
composition of the droplet phase. Increased stability is achieved when droplets size decreases
4% However any temperature increase will result in higher thermal energy in the droplets
leading to more frequent droplet collision and as a result, larger droplet size °°. To combat
this, surface-active agents (surfactants), can be used as emulsifiers which create an interfacial
film around the droplets, obstructing the droplet coalescing process >%°. The volume fraction
between the oil and the water phases and the nature of the surfactant will define the type of
the emulsion (W/O or O/W) 45301 The Bancroft rule °°?, introduced by Dwight Bancroft in
1913, states that the continuous phase (matrix) is defined as the phase in which the surfactant
is more soluble in °%. Therefore, proteins will promote the formation of O/W emulsion due

to their high solubility in water 4%,

1.1.1. The mechanism of emulsion formation
The process of emulsion formation, known as emulsification, can be described as the
transition from a single large oil droplet with an area A1, into multiple smaller droplets with a

total area of A (Figure 56).

N N
~— Formation ~—

—

A1 A2 -
— —
- Break -

~__ ~“ down ~_w& — “

Figure 56: A diagram of emulsion formation and break down process. A large droplet with
surface area A; is separated into smaller droplets with a total surface area of A; and vice versa.
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The change in free energy (AG/), required for the formation of an emulsion, can be

represented by two terms:
1. The surface energy term: AAy;,

In which AA is the difference in surface areas: AA = A, — A, , and Yy, is the interfacial
tension between the oil and the water. In the case of large droplet area (> 1 um?) the

interfacial tension y4, is the same for both the large and the smaller droplets.
2. The entropy of dispersions term: TAS

Which represents the increase in the configurational entropy following the production of a

large number of droplets.
From the second law of thermodynamics AG” is given by:
(1) AGS = AAy,, — TAS
For most emulsions AAy;, » —TAS which leading to AG/ > 0 meaning that the formation

of the emulsion is a non-spontaneous process, and the system is thermodynamically unstable.

When stabilizing the emulsion by the addition of a surfactant and/or polymer to the
continuous phase, an energy barrier is created between the droplets, inhibiting the

breakdown reaction and leading to a kinetically stable system.

It is fairly easy to form large droplets (> 1 um?) to generate a macro-emulsion, by applying
high speed stirring or mixing to both phases. This can be achieved by various techniques

including vibrational stages, magnetic stirrers, centrifuges and ultrasonic probes >3,

However, the formation of nano-emulsions with droplets having a sub-micron surface area is

challenging and requires high energy input or sufficiently high surfactant concentrations >4,
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This is a result of the pressure difference between the inside area and outside surface of the

droplet, known as Laplace pressure (4p) >9%°%,

This pressure is determined by the two principal radii of curvature of the droplets (r, ;) and

is given by:
— Lty L
(2) ap=y(;+;)

In a perfectly spherical droplet 1y = r,. However, as a droplet begins to break apart following
the stirring, the droplet is strongly deformed which leads to an increase in the value of Ap
(Figure 57) %>, Due to the inverse ratio between the pressure and the radii, the stress needed
to deform small droplets is much higher than the one required to deform larger droplets and
requires more vigorous agitation/ higher energy input. This can be ameliorated in part by the
use of surfactants which serve to lower the interfacial tension, reducing in the value of Ap

and the total energy input required for the process 4°.

Ro

po

r2

Figure 57: Schematic illustration of the radii of curvature in a perfectly spherical droplet (Ro)
and a droplet deformed to ellipsoid shape (ri, rz). The pressure in the drops is po and pi
accordingly, while p1 > po.

175



Anastasia Brif Chapter 5 - 3D fabrication of silk structures
PhD Thesis: Multi-dimensional Structuring of Native Silk by emulsion templating route

When droplets are in close contact with each other they can coalesce, forming larger droplets
and reducing the stability of the system. There are a few factors which affect this collision
such as matrix viscosity, electrical repulsion and the presence of surfactants. At first, the
viscosity of the matrix (such as the water phase) prevents the droplets from approaching their
collision point. An increase in matrix viscosity (e.g. by the addition of salts) will inhibit droplet
coalescence, while a decrease in matrix viscosity (e.g. by heating) will enhance the
coalescence rate 4%°. The second collision barrier is the presence of a double charge electronic
layer surrounding the droplets. Two nearby droplets, having the same chemical composition,
will have the same surface charge, which will result in a repulsive force between the droplets,
preventing the collision process #°°. Finally, the surface film on the droplet, created by the

surfactant, contributes to emulsion stability and prevents coalescence of the drops °°°.

1.1.2. Emulsification methods

Emulsification can be achieved by various methods classified by the level of energy introduced
into the system during the emulsification process °%°. Low energy input methods including
pipe flow >%6°%7 and droplet injection >%%°%° cause minimal distortion to the continuous phase.
Medium energy input methods involving shakers, vibration stages and low-speed stirring can
induce flow of the matrix phase, generating frictional and inertial forces #°44%54%_ High speed
mixing or stirring, centrifugation and ultrasonication can provide the high energy input
required for the generation of small droplets, however in so doing it will result in significant
flow in the system and high shear stresses on the interface between the droplets and the

continuous phase 49>496:503,

When a solution flows, shear stresses are generated as a result of two flow regimes: laminar

and turbulent. These flow regimes are described by their Reynolds number (Re) which is
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defined as the ratio between the inertial forces and viscous forces acting during flow. The
value of Re is dependent on the linear liquid velocity (v), liquid density (p), the liquid viscosity

(n) and the characteristic flow length (1) as follow:

Inertia forces vl

Viscous forces n

When Re > ~1000 the flow is laminar and when Re > ~2000 the flow is turbulent >°. Thus, for
two equal emulsions having the same viscosity and density, vigorous mixing will lead to an
increase in the flow speed v resulting in a more turbulent flow regime. This in turn will
generate increased shear stress on the droplets and will lead to droplet breakdown resulting

in smaller droplet sizes in the emulsion (Figure 58).

> G .
> < —— 3¢
> /"’}‘\C__/-“*
Laminar flow Turbulent flow
Re > ~1000 Re > ~2000

Figure 58: Schematic illustration of laminar flow (left) and turbulent flow (right). The droplets
shape (yellow) is presented for each flow regime.

An additional parameter that affects the breakup of the droplets is the viscosity of the oil in
the droplet phase. Droplet deformation time (z4.y) is the ratio between the viscosity of the

oil (n,i;) and the stress acting externally on the droplet (o) as follow:

(4) Taef = %

Therefore, it will take longer to deform droplets with higher viscosity.
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1.2. High Internal Phase Emulsion (HIPE)

Emulsion stability is dependent on the packing factor (¢) which is defined as the fraction of
the total emulsion volume occupied by the droplet phase >%. The maximum packing factor
(Pmax) that spherical undeformed droplets can reach 0.74. In the special case of high internal
phase emulsions (HIPEs), the packing factor exceeds this value (¢ > ¢,,4x)- This can be
achieved following deformation of the spherical droplets, resulting from emulsion
compression which occurs when a high ratio of droplet phase is added to the
solution 282, As a result, the spherical droplets deform into tightly packed polygon-shaped

particles that occupy the space more efficiently (Figure 59).

From thermodynamic perspective, HIPEs are created as a result of an outer pressure which
acts on the droplets and compresses them. This pressure is equivalent to the internal osmotic
pressure (IT) of the droplet. During the shape transformation, from spherical to polygonal, the
droplet surface area (s) is also increased. The stored energy from this shape transformation
is equal to the work produced by the outer pressure during HIPE formation °%%. This equality
means that the osmotic pressure following the decrease in volume (dV) is equal to the work
needed to create an additional surface (ds). This relationship is described in the equation

below, where o the interfacial tension:

(5) —I1dV = ads
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Figure 59: Schematic illustration of droplet shape transformation during the process of HIPE
formation.

1.3. Poly-HIPEs

Poly-HIPEs are emulsion-templated polymers with unique interconnected porous structures
synthesized from high internal phase emulsions (HIPEs) 2827284511 These structures are the
result of closely packed droplets (with packing factor > 0.74%) embedded in a continuous
matrix. After polymerisation and the removal of the droplet phase, the cavities left will form
the main pores known as voids. During the polymerisation processes, the continuous matrix
phase usually shrinks, causing the void walls to rupture and forming interconnected holes
known as windows. As a result, an interconnected open-cell porous structure is formed.
Some of the major advantages of a poly-HIPE include high levels of porosity (over 90 %), the
ability to fabricate variable void sizes (from 10 to 100 um) by controlling the droplet size, low
densities of the foams (down to 0.03 g/cm3), large surface areas (up to 700 m?/g), high
permeabilities and the ability to absorb large volumes of liquids %23. Due to the extremely high
surface area of the poly-HIPEs, they are commonly used to support chemical reactions, acting

as separation membranes and used as tissue engineering scaffolds 282284512 Syrface
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functionalised poly-HIPEs can be used for cell culture, controlled drug delivery or as

responsive and smart materials >3-,

1.3.1. Poly-HIPEs from natural materials

A review of the Literature indicates that poly-HIPEs are usually made from synthetic polymers,
with or without surface modification 282284513514 Some poly-HIPEs can be fabricated from a
blend of natural and man-made polymers or can be incorporated with bioactive particles,

(e.g. hydroxy appetite) to improve scaffold biocompatibility and cell attachment >16->18,

Despite the broad use of poly-HIPEs in tissue engineering 4’7, there is very limited evidence in
the current literature for poly-HIPEs which are purely made from natural materials 2°1:°12>19,
The first instance of the development of a natural poly-HIPE was by Barbetta et al. 2>*° who
fabricated a gelatin methacrylated poly-HIPE more than a decade ago. However, this was not
entirely natural as the production process of this gelatin-based poly-HIPE involved the use of
toxic solvents such as dimethyl sulfoxide (DMSO) and toluene which can affect
biocompatibility. In 2012, Zifu et al. >'? introduced protein poly-HIPEs fabricated from bovine
serum albumin (BSA) as the solution phase and hexane as the droplet phase. Those pioneering

publications indicate that there is much to explore in the fields of natural material poly-HIPEs.

The combination of the poly-HIPE structure with the benefits of natural materials, such as
high biocompatibility and physiologically relevant biodegradation rates 142144145520,521 ‘ho|ds
promising potential in the fabrication of next-generation medical materials. In addition,

natural materials, such as silk, exhibit unique physical properties %2

which cannot be fully
reproduced by the current routes of artificial silk production #1103, At last, the fabrication

methods of the natural poly-HIPEs explored in this chapter, are water-based processes which
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are environmentally friendly, without toxic waste products and with low energy consumption

using ambient fabrication conditions.

The following chapter discusses the optimisation of silk poly-HIPE’s fabrication. Several
fabrication steps are deliberated such as the fabrication of stable emulsions, routes for
emulsion stabilisation and the process of scaffold solidification. The mechanism is explored,
and the mechanical and rheological properties are investigated. The fabricated scaffolds and

the poly-HIPEs are characterised and potential application range is explored.
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2. Methodology

2.1. Materials

All the experiments were performed using reconstituted silk solutions. This is due to the
limitations of native silk when applying shear-based mixing methods such as shaking and
stirring as described in section 3.1.

2.1.1. Reconstitutes silk solution fabrication

Chemically reconstituted silk solution was fabricated in according to the method described in
chapter 2. Mechanically degummed silk was prepared from dry-spun B. mori silk cocoons by
cutting them into small pieces and degumming in hot water for 30 minutes. Drying,
dissolution and filtration stages were the same as for chemical degumming. Non-degummed
silk was received by directly dissolving the whole B. mori cocoon in 9.3 M LiBr solution for 2 h
at 60°C. Dissolution and filtration stages are the same as described for chemically degummed
silk. All solutions were stored at 4°C and used within 1 week. This is to avoid any age-related
degradation of the polymers or premature gelation. Prior to the experiment, the solution
concentration was adjusted by mixing with DI water (to dilute the solution) or concentrated
by dialysis (MWCO 12-14 kD, Spectra/por®) against 30 wt.% PEG (Mw 35,000 g/mol). Final
solution concentration varied from 2.5 to 6 wt.%.

2.1.2. Photo-curable silk solution

Photo-curable silk solution was fabricated by the addition of 0.2% Riboflavin

5'monophosphate sodium salt (Sigma-Aldrich) to the silk solution.

2.1.3. Oil phase
The oil phase in all the emulsions was a pure rapeseed oil (Tesco, UK). No further purification

was required.
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2.1.3.1. Oil selection

In the current emulsion templating literature, the organic phase (oil) is commonly made of
materials containing formamide (FA), dimethylformamide (DMF), dimethylsulfoxide (DMSO)
and toluene 284518523 which hazardous to the human body with increased potential to cause
damages such as skin irritation and liver failure together with proven carcinogenic and

teratogenic activity °24->26,

Rapeseed oil is one of a vegetable-derived renewable resource which applied in the
production of biodegradable polymers >?’. This is due to Its availability and a relatively low
cost (600£/Metric Ton (IndexMundi database)). Rapeseed oil-based polymeric materials can
be used in a variety of biomedical applications in tissue engineering, pharmacology, surgery,

wound healing, and drug delivery, suggesting the potential biocompatibility of this oil >?’.

Therefore, in this work, rapeseed oil was selected as a natural, non-toxic alternative for the
organic phase of the HIPEs, which together with the natural silk solution can generate
structures and scaffolds made fully from naturals materials and suitable for medical

applications.

An additional benefit of the rapeseed oil includes its low viscosity values (0.04 Pa-s) °?8, which
allow to break it into droplets by applying low shear and preventing silk gelation, as discussed
in chapter 3.3. In addition, preliminary experiments revealed that there is no chemical

interaction between the silk and the oil which allow to avoid potential damage to the silk.

2.2. Direct methods for the fabrication of porous silk scaffolds

2.2.1. Puresilk freeze drying
Chemically reconstituted silk solution (4 wt. %) was cast into a mould and left to gel at room

temperature for 1 week. The gelled structure was then freeze dried by first cooling to -4°C
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overnight and then transferred to a container with a controlled freezing rate of -1°C/min. The

sample was then kept at -20°C for 24 h to remove water.

2.2.2. Air foaming

1 ml of chemically reconstituted silk solution (4 wt. %) was placed into a 10 ml glass beaker.
A 5 mm flexible pipe was connected at one end to a pressurised air supply (3 bar) and at the
other end was fixed to a 25G needle (BD, USA). The needle was placed in the solution for 1
minute and the air supply was opened to allow foaming. The foam was transferred to a petri

dish and air dried for 1 week.

2.3. Silk HIPEs fabrication

Reconstituted silk solution was transferred into a glass beaker and placed on a vibration unit
(Vibrax-VBR, IKA, Germany). Pure repassed oil (Tesco, UK) was loaded into a disposable
syringe (BD, USA) and mounted on a programmable syringe pump (Al-1000, World Precision
Instruments, Herts, UK). The syringe tip was connected by a 5 mm flexible pipe to a 21G
needle (BD, USA). The needle was placed above the surface of the silk solution (to avoid
shearing by contact) and the oil was added drop-by-drop at a rate of 60 ml/min as illustrated
in Figure 60. The stage vibration rate varied between a minimum of 600 and a maximum of
2200 rpm. After full addition of the oil, the needle was removed, and the fabricated emulsion
was left on the shaker for 20 minutes. This is to allow homogeneous droplet distribution and

the formation of the HIPE structure.
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Oil phase

Syringe pump Silk phase —»

Vibrax shaker

Figure 60: Schematic illustration of the oil-in-silk HIPEs fabrication method, and an optical
image of the fabricated HIPE structure.

The HIPE was cast into several moulds including a microcentrifuge tube, spectroscopy
cuvette, petri-dish and moulds with custom designed geometries. For some samples, a
magnetic bar was added to the HIPE and the sample was mixed at 2000 rpm for 10 minutes
on a magnetic stirrer (Stuart US151, Cole-Parmer, UK). After the mixing, a white viscous semi-
solid foam was produced. The foam was transferred to the same moulds as described for the

non-mixed samples and left for 1 week at room temperature to allow gelation.

2.4. Poly-HIPEs fabrication

Three solidification approaches were used to form solid poly-HIPEs from the produced HIPEs.

2.4.1. HIPEs stabilisation by natural gelation

In most cases, the mould with the HIPE was left to solidify for 1 week (7 days) at room
temperature to allow natural silk gelation. The solid samples were gently separated from the
mould and immersed in ethyl acetate solution for 24h, to dissolve the oil phase and reveal
the porous structure. Then, the porous scaffold was placed on a paper towel and left to dry
for several hours, until solid scaffold was received. A summary of the process can be found in

Figure 61. The full protocol for the fabrication process can be found in Appendix A.
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Figure 61: The fabrication of silk poly-HIPEs by natural gelation solidification process.

2.4.2. HIPEs stabilisation by freeze drying

In some cases, to reduce the time of the natural gelation process, the HIPEs were freeze dried
directly after fabrication, in a similar method to that used in direct freeze drying of silk
solution as described above. The solid samples were immersed in ethyl acetate for 24 h to

remove the oil and then air dried for several hours until white solid scaffold is received.

*This method was most suitable for flat samples (in a petri-dish), which provides a large
exposed surface of the HIPE. When the HIPEs were frozen inside 2ml microcentrifuge tubes,
the samples remained liquid in the bottom of the tube and as a result, the sample collapsed

during the attempts to separate it from the mould.
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2.4.3. HIPEs solidification by freeze drying in water

The HIPEs were stabilised by the natural gelation method and oil was removed by ethyl
acetate. After complete oil removal, the samples were immersed in DI water for 24 h to allow
full water penetration into the pores. The wet samples were freeze dried using the standard
freeze-drying process described above. The dried scaffolds were analysed without additional

processing.

2.5. Mechanical characterisation

2.5.1. Compression test

The compression stiffness of the scaffolds was evaluated using Zwick Roell, Z0.5 material
testing machine with a 500 N load cell (Zwick, Germany). A cylindrical silk scaffold (1 cm
diameter, 0.2 mm thickness) was placed between two compression plates. The cross-head

speed (top plate) was 0.5 mm/min.

The average stress, acting of the sample, was recorded at 0.2%, 20%, 40% compression

strain and used as a representative value for sample stiffness.

2.5.2. Rheological measurements

Sample viscosity and elastic modulus were recorded using AR 2000 and Discovery HR-2
rheometers (TA Instruments, New Castle, DE, USA). The geometry for all measurements was
an 8 mm parallel plate. All rheological data were acquired at room temperature (25 + 2°C).
To avoid water evaporation, the sample was covered with a customized environmental

chamber which was not in contact with the geometry of the rheometer at any time.

During the viscosity measurements a constant shear rate of y = 1 s~1 was applied for 100 s

to ensure the specimen was distributed evenly on the rheometer and to supersede any

1

residual stress from sample loading. The shear viscosity aty = 15~ was obtained by
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averaging data from the final 30s of this stage. The oscillatory measurements were
performed in two stages, an oscillatory frequency sweep (20 to 0.1 Hz) followed by a fixed
frequency time ramp (1 Hz), both of which were conducted within the sample’s linear
viscoelastic region (target strain 0.01). For the oscillatory test, presented modulus values

were calculated as the average G’ value in the range between 1 to 10 Hz.
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3. Results and discussions

The goal of the current thesis chapter is to present the development process of a simple
water-based technique for the fabrication of 3D silk scaffolds having a poly-HIPE structure. To
do so, several approaches were tested as preliminary routes to evaluate the best fabrication
technique. Those sets of experiments, starting from simple single-phase fabrication and

moving to two-phase emulsion templating are presented below.

3.1. Selection of silk solution

Following the positive results for native silk structuring, described in the previous chapters,
native silk was the first candidate for the current set of experiments. Therefore, native silk
was tested in each preliminary experiment described in section 3.2. However, due to its rapid
gelation when mechanical shear is applied, it was unsuitable for structure fabrication in most
experimental approaches. In fact, when used in stirring or vibrational experiments, silk
solution (concentration range of 0.5 — 2 wt%) gelled immediately, restricting possible
experimental designs. Another limitation of native silk is its low quantity and limited
availability. Each silkworm can provide 2 ml of silk solution (1 wt%) while to allow full process
optimisation, larger quantities are desired. This will allow to perform multiple repeats and to
gain better control over the process. Therefore, at this early stage of process development,

only reconstituted silk solutions were used.

3.2. Preliminary stages of process development

To investigate the best approach for silk poly-HIPE fabrication, several fabrication methods
were tested, starting from direct single-phase fabrication routes including freeze drying and

air foaming.
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3.2.1. Direct methods for the fabrication of porous silk scaffolds

As described in chapter 1 of this thesis, there are few methods which can be used for the
fabrication of porous scaffolds. Direct methods can be described as methods which do not
require a sacrificial material such as salts (e.g. NaCl in salt-leaching) and solvents (e.g.

methanol) which can interact with the silk affecting its properties #9°2°,

Two common direct assembly routes, including freeze drying and air foaming, were examined
to evaluate the benefits and limitation of each fabrication approach when designing the
optimal scaffold. Both techniques were tested for their suitability for the fabrication of pure

silk scaffold with poly-HIPE structure.

3.2.1.1. Freeze drying

The current silk literature is widely discussing freeze drying as the main solidification process
for scaffold fabrication 13>182476 This is probably due to the simplicity of this technique as it
permits a high level of control over the final pore size and the bio-friendly nature of the
process 82, During the process of freeze drying (lyophilisation), the sample is cooled down to
water freezing temperature and ice crystals are formed. Then, the pressure is reduced, and
the ice is removed by sublimation resulting in fully dried, solid sample. Scaffold porosity is
generated from the ice crystals and can be controlled by adjusting sample concentration,
freezing temperature and freezing/drying rates 13>182474476 |n general, slow freezing rates
will allow the formation of large ice crystals generating macro-porous structures. While rapid
freezing rates lead to supercooling (cooling below the freezing point without crystallization),
preventing the formation of large ice crystals and leading to smaller pores. The pore sizes are

usually uniform under given experimental conditions, however it is possible to introduce poly-
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dispersed porosity by the addition of electrolytes to silk solution generating graduated ice

nucleation rates 474,

To explore this fabrication approach, silk solutions were produced as described in the
methodology section and allowed to gel at room temperature for 1 week. The gelled sample
was freeze-dried, and the final structure was explored. The fabricated foam had a white solid
appearance with partial interconnectivity and open porosity, with pore diameter below 100
um. The scaffold had an uneven pore size distribution (Figure 62). The majority of the foam
volume had a typical lamellar structure often seen in freeze-dried scaffolds >3°. Overall, the
structure was similar to that previously observed in the literature and no poly-HIPE structure

was present in the scaffold 35474476,

Despite the popularity of freeze drying for foam fabrication, this method alone offers limited
control over the interconnectivity of the scaffolds and produces insufficient pore size (< 100

um) for tissue engineering applications °31.

Following the fact that freeze drying fabrication route for silk scaffolds is well explored and
optimised in the literature, and yet no silk poly-HIPEs were reported, little improvement can
be achieved by further exploration of this route. Therefore, freeze drying alone was defined

as unsuitable for silk poly-HIPEs fabrication.
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Figure 62: Reconstituted silk scaffold fabricated by freeze drying process.

3.2.1.2. Air foaming

As an alternative route to freeze drying, gas foaming approach can also be suitable for the
fabrication of silk-based porous scaffolds 13>278532 |n this technique, a foaming agent such as
ammonium bicarbonate is added to the silk phase to generate an inert gas such as N, or CO;
under moderate acidic conditions. Then, the gas phase is removed, creating porosity in the
remaining liquid phase. Usually, a highly viscous solution is used to avoid the drainage of the
liquid phase, which might occur due to a significant difference between the densities of the
gas and the solution. This fabrication method usually results in a highly interconnected openly
porous structure, however, the structures have limited shape stability over time, and post-
processing is required such as immersion in methanol/water solution or freeze drying to

maintain the structure 135532,

This approach served as inspiration for the idea to use air pressure to generate porosity in the
silk. This led to the attempt to fabricate silk scaffold by introducing air bubbles into the silk

under high pressure using a pressure gun similar to that used in spray painting. Since the
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bubbles are injected under pressure into the protein solution, the solution is expected to
foam, as can be witnessed when beating an egg white (albumen). The shear-induced in the
sample following the interaction between the bubbles (injected at high speed) and the silk
(static) are expected to generate gelation of the silk and as a result solidification and

stabilisation of the porous structure.

As expected, when air foaming was tested on the silk solution, a stable semi-solid foam was
produced. No further processing was required apart from air drying in ambient condition to
allow water evaporation and silk solidification. The fabricated solid scaffold was examined

under SEM (Figure 63).

The scaffold showed fine-porosity with average pore size < 5 um. Due to the small size of the
pores and uneven distribution of the pores along the scaffold (as a result of manual

fabrication) it was challenging to explore the interconnectivity of the pores.

However, this potentially low-cost and single stage approach for silk scaffolds fabrication
might be beneficial for some applications requiring fine porosity and can be a potential route
for exploration in future research. In fact, a better control over the foaming process (by
designing an automated injection system) might allow a more uniform distribution of the

pores and better control over the pore size.

Nevertheless, since the aim of this research was to generate a poly-HIPE structure which was
not witnessed in the air foamed silk and keeping in mind that tissue engineering scaffolds
require large interconnected pores (> 100 pum), this fabrication method was not investigated

any further in the current research.
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Figure 63: Reconstituted silk scaffold fabricated by air foaming process.

Both fabrication methods, described above, had strong limitations when precise control over
the porosity is required and were therefore deemed not suitable for the fabrication of
scaffolds with poly-HIPE structures. Hence it was concluded that a second liquid phase is

required for the process.

The introduction of a second phase allows one to generate an emulsion and to develop a new
approach for silk fabrication utilising an emulsion templating method. In this method, the
porosity is generated by the addition of a secondary phase (oil) into the main phase (silk
solution). By precisely controlling the ratio between the phases, it is possible to fabricate HIPE
structure which will generate poly-HIPEs after solidification and oil removal. This structure is

usually stabilised by the uniform dispersion of the small droplets in the continuous matrix.

3.2.2. Indirect method for scaffold fabrication — two-phase emulsion

When developing a new approach for the fabrication of silk and oil emulsion, the first step in
is to evaluate the optimal method to distribute the oil phase in the silk matrix. To do so, it is
required to incorporate the oil bubbles/droplets into the aqueous silk matrix and to evenly

distribute them across the matrix. Due to the limited stability of emulsions, it will tend to
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separate °%. Therefore, it is especially important to achieve long enough stability to cover the
duration of the matrix solidification. This can be reached by both increasing the rate of matrix

solidification and reducing the rate of droplet collision.

Emulsion stability is mainly affected by droplet size distribution and the chemical composition
of the matrix. Reducing the size of the oil droplets will contribute to stability 4°°. This can be
achieved by two main approaches: The first is breaking the oil into small particles (e.g. by
spraying the oil under pressure) and distributing those particles in the solution, or by the
addition of the oil phase on top of the matrix and applying high speed mixing (e.g. by a

magnetic stirrer or a centrifuge) to break the oil into small droplets in situ.

To test those approaches, rapeseed oil and reconstituted silk solutions were used in a ratio of
3:1 (oil to silk), which is the minimum ratio required for HIPE formation (matching a packing
factor of ®=0.74) 282, After fabrication, all the emulsions were transferred to moulds and left
at room temperature for 1 week to allow complete gelation of the silk matrix. After gelation
was achieved, the oil phase was removed, and the sample was dried. The final scaffolds were

examined by SEM.

3.2.2.1. Qil spraying

In this fabrication approach, small oil bubbles were created by spraying the oil using a paint
pressure gun. This is in an analogous manner to the air foaming process described in section
3.2.2.1. By modifying the gun pressure, it should be possible to control the droplet diameter
and the subsequent pore size of the scaffold. However, the maximum gun pressure that was
generated in the current process, was not sufficient enough to allow significant bubble
penetration into the silk solution phase. As a result, the oil was localised mostly on the surface

of the silk solution phase. This is probably a result of the high surface tension of the oil-water-
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air interface °33°3* which requires higher energy input to allow oil penetration. SEM analysis
indicated a closed-pore structure with minimal interconnectivity, similar to that seen in
scaffolds which were fabricated by standard freeze drying method (Figure 64, left). Therefore,

this method was excluded for HIPE fabrication.

It might be possible to improve the penetration of the oil with by increasing the gun pressure.
However, this might result in significantly high shear on the silk and potentially induce

premature silk gelation 2.

3.2.2.2. Fast stirring

One of the common approaches for emulsion stabilisation is high-speed stirring, introducing
shear, which overcomes the interfacial tension between the oil and the water layers breaking
the oil droplets and generating smaller bubbles 4°°. The introduction of shear can lead to both
droplet coalescence or droplet break-down. Applying medium shear levels promotes droplet
coalescence and therefore increase the average pore size of the final scaffold. However,
applying high shear levels, as can be done by fast stirring, results in a turbulent flow regime
which can cause significate droplet deformation followed by droplet break-down. This will
result in a highly dispersed emulsion with smaller average droplet size %8, Since the stability
of the small-droplet emulsion is higher than a large-droplet emulsion, this approach can be a
suitable emulsion stabilisation. This method is commonly used on synthetic polymers which

are not usually not sensitive to high shear 342484485,

To explore the potential of this approach for silk HIPEs fabrication, a rapeseed oil layer was
added on top of the silk solution. The sample was placed on a magnetic stirrer and mixed at
maximum speed by using a stirrer bar, with the aim to break the oil layer into microscopic

droplets. It was hypnotised that the addition of the oil will reduce silk response to shear by
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further dilution of the silk solution. However, as expected, due to the shear-sensitive nature
of the silk proteins ©°, full silk gelation occurred before the droplets were small enough to
form a stable emulsion. SEM images confirmed closed cell porosity with no evidence of a poly-
HIPE structure (Figure 64, centre). Therefore, stirring alone, cannot be a suitable method for

the fabrication of oil/silk emulsions.

3.2.2.3. Centrifugation

Centrifugation can be used as an alternative method to stirring since it allows one to generate
high turbulence in the solution (to break oil droplets) at much lower shear rates when
compared to high-speed stirring >*°. During stirring, the magnetic stir bar is in a direct contact
with the silk solution which increases the shear acting on the silk protein, due to friction
between the bar and the silk. In centrifugation, the centrifugal force acts externally, without

the need for an internal stirring bar, reducing any localised high degrees of shear on the silk>3°.

To test the applicability of centrifugation for silk emulsion stabilisation, the oil phase was
added on top of the silk solution and the sample was put in a centrifuge. The centrifuge was
operated at 13,000 rpm for 10 min. SEM images indicated that the scaffold fabricated by
centrifugation had similar structure to that seen in scaffold fabricated by high-speed stirring
and oil spraying (Figure 64, right) confirming the lack of emulsion formation and the absence
of a poly-HIPE structure. Visual inspection indicated that the pore size was smaller when
compared to scaffold fabricated by fast stirring with more uniform pore size distribution. This
method can be suitable for the fabrication of silk scaffolds when closed porosity is required
(e.g. for thermal insulation in environments with high humidity level such as wet cavities) but

is not suitable for the fabrication of interconnected silk poly-HIPEs.
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Spraying Stirring Centrifugation

Figure 64: SEM image of the cross-sections of the silk scaffold as fabricated by oil spraying
(left), stirring (middle) and centrifugation (right) methods.

3.2.2.4. Drop-by-drop oil injection

Silk solution gels when shear is applied . Therefore, it is important to minimise the turbulent
flow in the solution. All of the methods proposed above failed to form an emulsion and as a
result, no poly-HIPE structures were produced. Hence an alternative method is required,
which will provide uniform distribution of the droplets in the silk matrix with minimal flow
disturbance. This can possibly be achieved by controlled injection of the oil in a drop-by-drop
manner into the solution and gently shaking the emulsion to allow even distribution of the
droplets across the full emulsion volume 23638, To test this approach, the silk solution was
placed on a vibrational stage and the oil was slowly injected. As a result, a stable white
emulsion was produced. The emulsion remained stable until full gelation of the silk was

recorded (1 week).

It is important to note, that an oil in water emulsion does not show similar long-term stability
>11° and usually separates after few minutes or hours (dependent on the droplet size).
Therefore, it is possible that in the oil/silk system the fibroin protein acts as a stabiliser agent

(surfactant) contributing to the stability of the emulsion. In fact, proteins can often act as

stabilising agents in HIPEs >1°12, Therefore, silk solution can potentially act as both, the matrix
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phase and the surfactant layer contributing to successful HIPE fabrication. In addition, silk can
undergo natural gelation under ambient conditions 1>2%%2, which can assist to preserve the

HIPE structure during the process of poly-HIPEs solidification.

SEM analysis revealed uniform interconnected porosity across the whole volume of the drop-
by-drop injection fabricated scaffold save for a thin film layer on the top (Figure 65). This type
of structure a poly-HIPE and indicates the formation of HIPE structure between the oil
droplets and the silk matrix 282284, Therefore, due to the success of this approach, the drop-
by-drop oil injection into the silk matrix was chosen as the main fabrication approach for silk

poly-HIPEs and will be explored in the sections below.

Figure 65: SEM image of silk scaffold fabricated by drop-by-drop oil injection method. The
scaffold has uniform pore size distribution with interconnectivity.

3.2.3. The conclusion from preliminary experiments

A few key conclusions were dawned from the preliminary experiments:

1. Native silk is not suitable for 3D scaffold fabrication when used in the current

experimental set-up.
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2. Single phase fabrication routes (freeze drying and air foaming) were not suitable for
the generation of silk poly-HIPEs and the addition of the second phase is required.
3. Drop-by-drop oil injection method was the only one that allowed the production of

stable silk poly-HIPEs without premature silk gelation.

The conclusions of the preliminary experiments suggest that oil-in-silk HIPEs can be generated
and stabilised in a green and low-cost method, without any additional additives. Furthermore,
after the solidification of the silk and removal of the oil phase, the poly-HIPE structure was

recorded and the diagnostic voids and windows geometries were observed 283,

However, the initial process had low repeatability level and resulted in the inconsistent
porosity of the scaffolds, indicating that a full optimisation of the fabrication approach is

required.

The sections below (3.3 — 3.13) describe the optimisation process of each fabrication step
including emulsion formation, emulsion stabilisation and emulsion solidification. In addition,
it explores the contribution of various experimental parameters to the final porosity,

structure and shape of the scaffolds.

3.3. The fabrication and study of Qil-in-silk (O/S) emulsions

This section explores the process of oil-in-silk HIPEs fabrication using emulsion templating

approach that was evaluated during the preliminary experiments in section 3.2.

To form O/S emulsions, oil droplets were added into to the silk solution and the solution was
gently shaken to allow even distribution of the droplets to promote the formation of HIPE
282,511 |n addition, a control oil-in-water (O/W) emulsion was fabricated by the distribution of

oil droplets to DI water at the same ratio as for O/S and then vigorously stirring the mixture
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until a uniform emulsion was achieved. High-speed mixing was required to generate the
emulsion. The O/W emulsion was not stable and separated a few minutes after fabrication.
In contrast, the O/S emulsion was stable and did not separate during the whole experimental

procedure.

Rheological measurements of the viscosity revealed that O/S emulsion had a higher viscosity
(~ 3 Pa's) by an order of magnitude, when compared to that measured for pure rapeseed oil
(0.04 Pa-s)°?8, diluted silk solution (4 wt%, 0.05 Pa-s) and the O/W emulsion prior to separation
(0.14 Pa-s) (Figure 66a). Those viscosity values suggest that the silk protein acts as a stabiliser,
increasing the viscosity of the emulsion and its stability over time. This result is in an
agreement with the literature, previously suggesting proteins as suitable surfactants for

emulsion fabrication and HIPEs stabilisation >11:212,539,

No significant variation in the viscosity of O/S emulsions was recorded in the short period of
the measurement (100 sec) indicating that the measuring procedure alone does not affect
the emulsion’s viscosity. However, when measured for longer periods of time, a slight
increase in viscosity from ~ 3 Pa-s (immediately after fabrication) to ~ 15 Pa-s (3 hours after
fabrication) was recorded (Figure 66b). Due to the presence of an environmental trap to
prevent moisture loss and skin formation, this is probably a result of natural silk gelation that
is initiated by the shear during the shaking process used to distribute the oil droplets in the
silk 5>6995323 |n addition, when sample viscosity was measured 160 minutes after fabrication,
the initial viscosity was high (17 Pa-'s), with a gradual decrease in the first 50s of
measurements, down to a value of 10 Pa-s. This might be a result of a weak protein network

which started to form in the silk which breaks down following the non-linear rheological
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measurements 32°. For all samples, the viscosity was defined as the viscosity value recorded

after 100s of measurement.

To evaluate the rate of viscosity increase as a function of time since fabrication (dn/dt), a
fresh emulsion was produced and kept at room temperature. A sample from the emulsion
was measured occasionally over a period of 5 hours (Figure 66c). Subsequently, the viscosity

increase rate was evaluated from a linear fit to the results and was found to be about:

Pa-s

dn/dt = 0.04

mn

The linear increase in emulsion viscosity suggests that the selected fabrication method
initiates the natural silk gelation process which usually follows similar gelation rates ©°. This
process can be used as a stabilisation stage to maintain the structure of the emulsion and to

allow the fabrication of solid silk scaffolds.
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Figure 66: (a) Viscosity values for pure rapeseed oil (brown) >?%, reconstituted silk solution
4 wt% (green), oil/water mixture (brown/white) and oil/silk emulsion (brown/green).
(b) Viscosity over time of oil/silk emulsion immediately after fabrication and after 25, 50, 160
minutes storage at room temperature. (c) Viscosity vales of oil/silk emulsion measured during
first 5 hours after fabrication.

3.4. Silk HIPEs

During the process of O/S emulsion fabrication, oil droplets are added to the silk solution. As

stated earlier in this chapter, when the ratio between the oil and silk phase is increased above
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74 % (3:1 oil to silk solution) a HIPE structure can be formed 282>11, When external pressure is
applied on the droplets (e.g. during silk gelation) droplet deformation can occur, transforming
them to polygonal shape 28, increasing their thermodynamic stability of the system leading
to the formation of a HIPE structure. The stability of the HIPE is also increased since the silk
protein can also act as surfactants, preventing droplet collision >1. In this work, stable HIPEs
were defined as emulsions with HIPE structures that did not separate after 1 week of gelation.
After the gelation process had finished, the semi-solid HIPEs were immersed in ethyl acetate
to remove the oil and expose the voids. Ethyl acetate immersion can also increase the
crystallinity level of the silk >#%°4!, further contributing to sample stability. During the final
drying process (solvent evaporation), it is thought complete silk solidification occurs. The
solidification process results in a contraction of the silk which allows for the formation of
interconnected windows between the voids. A scheme of the poly-HIPE fabrication process is

presented in Figure 67, left.

To analyse the level of silk conversion/crystallinity during the process, FTIR spectra were
collected from a semi-solid HIPE after gelation and from the solid poly-HIPE scaffold. The HIPE
had an unconverted structure similar to that of an amorphous silk 2277, while the solid poly-
HIPE was fully converted indicating a high degree of B-sheet structures % (Figure 67, right). It
is also important to note that the oil peak (1740 cm™) was present in all samples, indicating

that the washing process was not sufficient to completely remove all oil residues.

This might be a result of a partly closed porosity of the scaffold and can be solved by
generating scaffolds with higher interconnectivity together with an increase in the duration

of the oil removal stage.
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Figure 67: Schematics of Poly-HIPE fabrication. The oil is added drop-by-drop, the sample
stabilises by natural gelation process, the oil is removed, and the sample is solidified during
solvent evaporation.

3.5. The effect of vibration speed on the stability of O/S emulsions
To evaluate the optimal method for the preparation of stable HIPEs, it is important to
understand the effect of the vibration speed of the sample on emulsion stability and droplet

distribution (Figure 68a).

To test emulsion stability, the silk solution was placed of a vibrational rotational stage (see
section 2.3) and the stage was set to different vibration rates (slow, medium and high). The

oil was added drop-by-drop to the silk solution during the vibration.

A fast vibration rate (2200 rpm), resulted in immediate silk gelation and failure to form an
emulsion as a result of the high shear applied. The fast solidification of the silk matrix
prevented the uniform distribution of the oil droplets and as a result, did not generate any
usable samples. A slow vibration rate (600 rpm) was not sufficient to stabilise the emulsion
and a full separation between the oil and the silk phases was recorded. One reason might be

the larger droplet size generated with slower vibration rates. The fast rate of large droplet

204



Anastasia Brif Chapter 5 - 3D fabrication of silk structures
PhD Thesis: Multi-dimensional Structuring of Native Silk by emulsion templating route

collision might overcome the slower rate of droplet migration in the silk matrix preventing
emulsion formation. Since applying high-speed vibration resulted in immediate gelation of
the silk, one of the experimental approaches included low-speed vibration during oil addition
(when the silk phase is dominant), and high-speed vibration (when the oil is fully added and
dominate the emulsion). After oil addition at low vibration rates, an increase of sample
vibration speed, up to the maximum of 2200 rpm, or alternatively high-speed stirring, did not
contribute to emulsion stability and the oil and silk phases remained separated. In fact, this
process was analogous to the fast stirring method which also failed to form a stable emulsion
(section 3.2.2.2). Applying a medium vibration rate (1200 rpm) during oil addition resulted in
a stable emulsion without noticeable gelation of the silk. Therefore, this vibration rate was

selected as the optimal rate for the fabrication of silk HIPEs.

After the emulsion was fabricated, it was stirred by a magnetic stirrer for 10 minutes to
improve emulsion stability. An increase in the viscosity of the emulsion was measured for
both slow and medium rate samples (Figure 68b). No sample gelation was recorded following
the stirring. This indicated that after a stable emulsion is formed, it is possible to manipulate
its viscosity without damaging the silk. The viscosity threshold for stabilisation of O/S

emulsion was defined as 1 Pa-s, which was the viscosity of the medium vibrated sample.

e All samples with viscosity < 1 Pa-s showed full phase separation.
e All samples with viscosity > 1 Pa:s remained stable over 1 week of gelation and some

had HIPE structure.

One important observation from this set of experiments is related to silk solution gelation.
When the oil phase is added on top of the solution the shear acting on the silk during high-

speed vibration process caused rapid silk gelation. As a result, the protein aggregates and
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forms silk gel which is fully separated from the oil phase. However, when the oil phase is
evenly distributed in the silk (medium speed vibration) a stable emulsion is formed, and the
emulsion remains stable even after vigorous stirring, without noticeable phase separation.
Yet, following the stirring process, the viscosity of the emulsion is increased, influencing the

final properties of the scaffolds.

The scaffolds fabricated at medium vibration rate with and without post stirring were
investigated by dynamic shear analysis 4°%%! to evaluate their mechanical stiffness. The
average elastic modulus of the vibration-only scaffolds was 18 + 11.2 kPa, while after stirring
the modulus slightly increased to 20 + 7.2 kPa (Figure 68c). These results support the finding

that stirring after emulsion fabrication can improve the mechanical stability of the scaffolds.
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Figure 68: (a) The optimisation routes of silk solution vibrational speed during the oil addition
process. (b) viscosity values of the samples fabricated by slow vibration and medium vibration
with and without post stirring. (c) The elastic (G’) and storage (G”) moduli of the scaffolds
fabricated at medium vibration speed, with and without post stirring, as evaluated by dynamic
shear analysis measurements. (d) A photo of the emulsions directly after fabrication (top) and
after 1 week of gelation in a petri-dish (bottom).
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Alongside the process of HIPE fabrication, interesting structures were observed in the samples
that were fabricated by the slow vibration method. At first, full separation of silk and oil
phases was recorded. This is probably a result of hydrophobic repulsion between the oil phase
and the aqueous silk solution. When high-speed vibration or stirring was applied on the
separated mixture, the silk layer aggregated to form a continuous protein network on the
bottom of the container. The network that was formed following high-speed stirring
presented elongated lace-like structure (Figure 69, left). The structure that was formed

following high-speed vibration, presented a network of spherical particles (Figure 69, right).

Slow vibration
(600 rpm)

High speed Fast vibration
stirring (2200)

Figure 69: SEM images of the structure of the silk fibroin network received by slow vibration
of the solution during the oil addition process followed by high-speed stirring (left) or fast
vibration (right).
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This can be explained by different flow regimes between the two mixing mechanisms which
will be investigated in section 3.8. In short, when the sample is mixed by external vibration,
the shear is evenly distributed through the centre of the sample with an elevated shear level
at the borders. As a result, the flow is uniform with minimal deformation and spherical silk
particles are formed. However, when the sample is stirred by a magnetic stirrer, high shear
rates develop at the interface between the stirrer bar and the solution, resulting in turbulent

flow which causes particle deformation and elongation.

3.6. The effect of viscosity on the thickness of the voids” walls

As established in section 3.5, one key parameter that can affect HIPE stability and structure is
the viscosity of the O/S emulsion 282511, It was hypnotised that the viscosity of the emulsion
can influence HIPE structure by several routes. At first, the rate in which the oil droplets are
distributing in the matrix during the vibration is dependent on matrix viscosity. Higher matrix
viscosity will reduce droplet migration rates, leading to non- uniform droplet distribution.
High matrix viscosity can also contribute to the external pressure acting on the droplet,
increasing the probability of droplet deformation and breakage. Therefore, higher matrix
viscosity can potentially reduce the final pore size of the scaffold. In addition, matrix viscosity
also defines the value of the external pressure acting on the droplets during the contraction
(solidification) process. A high viscosity matrix will generate higher external pressure,
increasing the probability of rupture in a void’s walls (or windows formation). This will affect

the interconnectivity level of the scaffold.

To test this hypothesis and to evaluate the effect of matrix viscosity on scaffold porosity,
several HIPEs were fabricated, their viscosity measured, and porosity visually evaluated. A
distribution in HIPE viscosities was achieved by slight variation of the vibrational speed around
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the value of 1200 rpm and as a result of a natural variation in viscosities of the silk solution °°.
The viscosity of the emulsions was measured directly after fabrication and the dry solid

scaffolds were evaluated by SEM.

A direct correlation was found between the viscosity of the emulsion and the thickness of
void walls in the scaffold (Figure 70). When the emulsion viscosity was below 3.2 Pa-s, partial
interconnectivity was observed. However, all the samples with higher viscosity values (3.8
Pa's, 5.1 Pa-s, 10.7 Pa-s) had fully closed pores and did not form a poly-HIPE structure. Pore
size distribution was similar for all samples with a slight reduction in pore diameter in the
most liquid samples. This is probably a result of higher level of sample shrinkage (during the
solidification process) in comparison to the minimal contraction of samples with close
porosity. The threshold for emulsion viscosity immediately after fabrication (ne) which is

required to allow successful poly-HIPE fabrication was found to be:

1Pas<ne<3.2Pas

In this viscosity range, the sample is viscous enough to allow emulsion formation but liquid

enough to allow the formation of interconnected pores.
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Figure 70: Scaffold porosity as a function of emulsion viscosity. The thickness of the void’s wall
is increased with the increase in emulsion viscosity, leading to close porosity structure (left).
Void diameter (right, top) and void wall thickness (right, bottom) as a function of the emulsion

viscosity.

3.6.1. Sample viscosity values as a function of container fixation

During the vibration, the solution container was fixed to the vibrational stage to avoid sample

spillage and to allow uniform shaking. It was noticed during the experimental work that the

fixation method influenced the probability of successful HIPE formation. At first, the bottle

was fixed at the top using several rubber bands and the bottom of the bottle could freely
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move on the vibrational stage in rotational motion (Figure 71a). Due to inconsistency in the
results, an additional fixation method was introduced where the bottle was fixed in the
centre, using custom-made holder, and could move across the vibrational platform in

translation motion (Figure 71b).

When the bottle moved by rotational motion during the vibration, centrifugal shear forces
were acting on the silk. The shear was high at the top of the container (due to restricted
motion) and lower at the bottom (due to free motion) and a flow velocity gradient developed
in the solution. This results in uneven shear distribution in the sample and non-uniform
emulsion viscosity >*°. In contrast, using a central fixation mode, all the emulsion was moving

simultaneously at the same speed, resulting in a more uniform mixing.

An additional parameter contributing to variations in sample viscosity is a disparity in droplet
sizes between the two fixation modes. This is a result of an experimental set-up in which the
oil is added to the solution from a needle which is fixed at the top of the bottle. In top bottle
fixation mode, the restriction on the motion of the top part of the bottle will result in more
frequent collisions (knocking) of the needle with the walls of the bottle. As a result of the
collision, droplets can separate from the needle leading to smaller droplet sizes in the
emulsion. In central fixation mode, due to uniform movement of the bottle, the needle
collision is minimal which results in larger droplets falling directly into the silk solution.
Rheological measurements indicated, as expected, a more uniform viscosity distribution
across samples that were prepared via the central fixational mode while large viscosity
variations were recorded in those prepared via the top fixation mode. However, the average

viscosity values in the central fixation mode were significantly lower (0.94 + 0.15 Pa-s) when
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compared to top fixation (5.6 £ 2.9 Pa-s) (Figure 71c). In fact, the viscosity of the emulsions

fabricated with central fixation was just sufficient enough for HIPE formation (~ 1 Pa-s).

Those results show that central fixation mode is preferable when desiring to achieve better
control over sample viscosity. However, in this specific experimental set-up, top fixation mode
was preferable in order to achieve the minimal viscosity requirements for the fabrication of a
stable HIPE. This minimal viscosity is required to maintain the emulsion structure and to
prevent phase separation. When the viscosity of the matrix is too low, the surface tension
around the droplets is not sufficient to maintain the round droplet shape of the oil, resulting
in a continuous layer of oil on top of the silk solution. It would be beneficial, in the future, to

explore alternative fixation routes which will allow fabricating samples with lower viscosity

variations in the desired viscosity range.
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Figure 71: A schematic illustration of the (a) top and (b) central fixation modes and sample

bottle movement range during the vibration. (c) The variation in O/S emulsion viscosity and

the average viscosity measured for each fixation method.

3.7. The fabrication of silk Poly-HIPEs
After the first batch of silk poly-HIPEs were fabricated, and the oil phase was removed, a

significant contraction of the scaffold was recorded after solidification (Figure 72a). A
substantial difference between the top layer of the scaffold and its internal area was
observed. While the top layer consisted of a white solid foam with open porosity and a poly-

HIPE structure (Figure 72b), the internal layer did not fully solidify during the gelation stage
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resulting in a weak unstable structure which collapsed during the drying process (Figure 72c).
FTIR spectra indicated higher B-sheet content in the top layer in compared to the internal
area (Figure 72d). This structural instability limits the maximum dimensions of the poly-HIPE

scaffolds, restraining scaffold shape to flat disks, with a thickness of few millimetres.

Gelation and solidification Top layer — poly-HIPE structure
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Figure 72: Silk scaffolds fabricated by drop-by-drop oil injection methods and solidified by
natural gelation. (a) Silk HIPE after 1 week of gelation with rigid top layer and soft internal
structure before (left) and after (right) the air-drying process. (b) SEM image of the top layer
showing a highly-interconnected Poly-HIPE structure. (c) SEM image of the internal area
showing structural collapse. (d) FTIR spectra of the oil (brown), dry internal phase (grey) and
dry top layer (black) indicating higher B-sheet content in the top layer as can be seen from the
position of the amide 1 peak.

During the whole gelation period, the HIPE was kept in an open microcentrifuge tube, at room
temperature, exposed to air. Therefore, air could play a significant role in the solidification of

the top layer. When the process was repeated but the microcentrifuge tube was closed, no
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top solid layer was observed after 6 days of gelation, and the whole structure remained
uniform and soft. When the gelation was performed in a flat petri-dish, a solid disk was
produced after 48 hours, with open porosity at the top layer (which was exposed to air) and
close structure at the bottom layer (not exposed to air) with trapped oil remaining
(Figure 73a). The contribution of air to the gelation and solidification of the HIPEs can be

attributed to a few possible mechanisms:

1. Oxygen-induced silk crystallisation — The interaction of silk with oxygen in the air can
induce silk crystallisation and therefore improve the stability of the oxygen-exposed
surfaces 441,447,542.

2. Sample drying — The water evaporation rate from the surface is higher than that from
the internal phases which result in higher silk concentration on the top layers and
therefore enhanced structural stability.

3. Skin formation — When water evaporates from the silk solution, it leads to an increase
in the local concentration on the top layer, which will promote skin formation and
significantly inhibit water evaporation rate trapping residual solvents in the lower

layers of the structure 16,

Following FTIR results, which confirm higher crystallinity of the top layer (Figure 72d) when
compared to the internal layer and the visual difference in porosity between the air-exposed
top layer and non-exposed bottom layer in the flat sample, it can be suggested that the

process of solidification is a combination of all the mechanisms described above.

The process of skin formation can be described by Peclet number (Pe) which defines the
balance between hydrodynamic forces and Brownian motion during evaporation °*. This

parameter is used to describe the relative strength of evaporative drying, leading to an
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increased surface concentration of the polymer solution and polymer diffusion in the

solution. This reaction tends to equilibrate on the border layer, spatially.

The Pe number is given by the ratio between the thickness of the layer (H), the evaporation

rate (E') and the diffusion coefficient in the polymeric solution (D) as follow:

(2) Pe = —

When Pe > 1, the evaporation rate is too fast (or the layer is too thick) to allow inter-
diffusion in the polymer. Therefore, a concentration gradient is expected leading to non-
uniform drying rates. Here the concentration on the top layer is higher, resulting in a more
rigid structure and closed porosity (skin layer). When Pe «< 1, the evaporation rate (and
diffusion) in the polymer is uniform, resulting in similar crystallinity levels across the sample,

leading to no skin layer and open porosity at the top of the scaffold (Figure 73b).

The use of freeze drying as the solidification process can significantly reduce the evaporation
rate, reducing the value of Pe number >*+°%>_ (The calculation of Pe values for silk drying by
air and by freeze drying processes are provided in Appendix B). To explore this theory,
scaffolds were solidified by freeze drying as described in section 2.4.3. As expected, a uniform

open porosity was observed in the scaffold without noticeable skin formation (Figure 73c).
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Figure 73: (a) SEM image of silk scaffolds fabricated by air-drying in a petri-dish. The top layer
(air exposed) show open porosity while the bottom layer (non-exposed) had close porosity. (b)
Top layer porosity as generated from a sample with a low Peclet number (left, open porosity)
and high Peclet number (right, skin layer). (c) Cross-section of a silk scaffold fabricated by
freeze drying. Fully open porosity on the top layer and the internal structure is observed.

These results indicate that by controlling the drying rate, it is possible to control the surface
porosity of the scaffolds. Open surface porosity can allow better penetration into the scaffold
for filtration or tissue engineering applications >%%°%’, while a closed surface is beneficial for
insulation (from humidity) >*8>%° and allows the storage of liquids and gases in the internal

space for control release with scaffold degradation 42182478,

3.8. The effect of stirring on the stability of silk HIPEs and Poly-HIPEs
One possible method to improve emulsion stability, in order to avoid structural collapse

during the drying process, is to apply high shear (by stirring) on the HIPEs to initiate gelation

of the silk 39,

In the current experimental approach, the samples were stirred on a vibrational platform, by
using a magnetic stirrer or by both methods combined. A computational fluid dynamics study,
performed by Bai et al. *3>, analysed the fluid stresses in the bulk liquid (water) and near the

air-liquid and solid-liquid interfaces. The study found that when a sample is mixed by an
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orbital vibrational shaker, high shear rates are localised on the container wall and in a small
area in the centre of the air-liquid surface. In the case of mixing by a magnetic stirrer, higher
shear rate values are located near to the container walls and at about the same height as the
position of the magnetic stirring bar, but over a smaller area compared to the orbital shaker.
At the air-liquid interface, a magnetic stirrer was shown to generate relatively high shearing
near the stirring bar. Those surfaces, which are most commonly Teflon® (i.e. PTFE) coated, are

hydrophobic and can contribute significantly to protein aggregation 1.

A schematic diagram of shear distribution in the sample reproduced after Bai et al. >*°, and

the emulsions produced by each method can be seen in Figure 74.

Orbital vibration Magnetic stirring

Very high shear High shear Medium shear Low shear Very low shear

Figure 74: Schematics of the shear distribution in an orbital shaker (high shear rate values are
located near the container wall) and a magnetic stirrer (very high shear near the stir bar
interface). The emulsions fabricated by each method are shown next to each diagram.

Thus, the introduction of the high shear to the centre of the sample, by stirring the emulsion

after fabrication, could contribute to the stability of the HIPEs by two main mechanisms:

1. Shear-induced droplet break-up which will result is smaller droplet size >°9°>2,
2. Shear-induced silk gelation which will contribute to sample stability and shorten the

gelation period post-fabrication ©°,
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To examine the effect of stirring, HIPEs were fabricated using a vibrational orbital shaker, as
described before, and then exposed to high speed stirring for 10 minutes using a magnetic
stirrer. Following stirring, a stable white foam was produced. The viscosity of the stirred
sample was significantly higher (3.5 Pa-s) than the viscosity of the emulsion produced by
vibration alone (0.5 Pa-s) (Figure 75a). This viscosity was sufficient enough to allow extrusion
through a syringe needle and the fabrication of stable 2.5D structures and stand-alone fibres
(Figure 75Figure 75b). In fact, this shows that the sample can potentially be suitable for 3D
fabrication techniques such as inkjet printing. However, a few challenges need to be
overcome to allow 3D printing of silk poly-HIPEs, including the fact that the viscosity of the
emulsion is not stable and increases linearly during the printing process. This will require in
situ adaptation of the printing parameters and the development of fast solidification methods

for stabilising each printed layer individually.

In addition to the increased viscosity, the stirred sample appeared whiter and had more
uniform droplet size distribution. After 1 week of gelation, the stirred HIPE was more solid
and did not break when it was separated from the mould. While the HIPE which was
fabricated by vibration alone was not fully solid and broke during the separation from the

mould. A skin layer on the top surface was observed in both samples.

An interesting observation relates to the density of the samples. While the stirred sample
floated in ethyl acetate and water solutions, the vibration-alone sample sank. This might
indicate a closed porosity structure in the vibrational sample, which traps air in the scaffold
and does not allow solvent/water penetration, reducing the total density of the sample. While
the stirred sample most likely has an open porosity, allowing for full penetration of the solvent

and higher density of the wet scaffold. Furthermore, the stirred sample maintained its
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original shape after oil removal, with minimal contraction, while the vibration-only sample
collapsed during oil removal. The comparison between the samples at various fabrication

stages can be seen in Figure 75c.

To evaluate the level of sample contraction, vibration only and vibration and stirring
emulsions were cast into a petri-dish (32 mm diameter) to fabricate flat disks with 0.5 mm
thickness. Petri-dishes were used to maximize the surface area exposed to air to improve
solidification. The samples were left for 48 hours to reach full gelation. After 48 hours, the
samples were removed from the petri-dish and placed on a paper towel to absorb excess oil.
The area of the disks was measured using Imagel software and was defined as the initial area
(as fabricated). The area was measured again after of 1 h of oil absorbance. Since the diameter
of the disk is significantly larger than its thickness (32 >> 0.5 mm), sample contraction was
evaluated in 2D and contraction in Z direction was neglected due to low contribution to the
total volume of the sample. The vibration-only sample contracted to 77% of its original area.
This is probably due to oil leakage from the open porosity in the sample. This is also supported
by the large oil stain which formed around the sample. The stirred sample remained the same
and no shrinkage was recorded. This is probably due to its closed porosity structure which
stops oil leakage and provides higher mechanical stability, preventing contraction. To dissolve
the oil that remained in the scaffold, both samples were immersed in ethyl acetate for 24 h,
and placed on a tissue paper to allow solvent evaporation and sample drying. The vibration-
only sample underwent additional contraction and the final surface area was 66% of its the
initial size. No significant contraction was recorded in the vibration + stirring sample (Figure
75d). FTIR analysis of the vibration and stirred sample indicated a fully converted structure in
both the top and the internal layers of the poly-HIPE (Figure 75e). While the vibration only

sample was fully converted only at the top layer with no structural conversion in the internal
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phase (Figure 72d). This is expected following the large surface area that is exposed to oxygen
and the high shear levels acting on the sample during the stirring process, both result in silk

crystallisation ©°.

These results support the assumption that stirring can improve structural stability, preventing
sample contraction and collapsing. However, the internal porosity should be investigated to

evaluate the effect of stirring on the process of poly-HIPE structure formation.

= Vibration Vibration Vibration
a 100 c Vibration 4 stirring d Vibration + stirrin
. . - g
% Vibration + stirring
,ﬁ HIPEs
a HIPE as Fabricated
g appearance
S
g HIPEs
Construction
i after oil
HIPE S i absorption (1 h)
stability Poly-HIPEs
Construction
| after oil removal
and drying
Poly-HIPE
density
Top layer —
__________ Vibration
+ stirring
Internal phase -
Poly-HIPE [ TN B | 2 S T N sl Vibration
Stability + stirring
1900 1700 1500 1300
Wavenumber (cm™)

Figure 75: (a) Viscosity values of oil-in-silk emulsion fabricated by vibration-only and by
vibration + stirring methods. Images above the graph present the letter “G” as written by
extrusion from a 27G syringe. (b) 2.5D writing and poly-HIPE fibres fabricated by HIPE
extrusion from a 27G syringe needle. (c) Comparison between vibration only and vibration +
stirring samples. (d) Samples construction during post-processing. (e) FTIR spectra of the
mixed sample indicating full conversion of the structure.

The porosity of the vibration + stirring sample was evaluated by SEM. The top layer of the
scaffold consisted of closed-porosity film layer while the internal layer presented

interconnected poly-HIPE structure (Figure 76). This skin formation is a result of an increase
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in the evaporation rate from the surface during the mixing and reduction in the diffusion rate

in the sample, most likely due to increased emulsion viscosity.

The closed porosity of the surface, acting as a protective frame around the fragile poly-HIPE
structure, providing enhanced stability and protection from collapse. In addition, the smaller
droplet size and more uniform droplet distribution, following fast stirring of the sample, when
compared to a sample that was fabricated by vibration alone, could also contribute to scaffold

stability minimizing sample contraction.

Internal
open
porosity

Top layer
close
porosity

Figure 76: Silk poly-HIPE fabricated by drop-by-drop injection method followed by high-speed
stirring. External skin layer is formed. The internal area presented uniform interconnected
poly-HIPE.

3.9. Optimisation of the HIPE solidification procedure

When designing the ideal scaffold, especially for tissue engineering, it is important to avoid
skin layer formation (to allow open porosity) and to prevent the collapse of the structure (to

maintain the desired geometry) 3°. To achieve this goal, several solidification mechanisms
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were investigated including air drying (solidification by natural gelation), freeze drying
(solidification of the HIPE structure after fabrication) and water-based freeze drying

(solidification of the poly-HIPE structure after oil removal).

As seen in section 3.7, air drying alone is not a suitable technique for large scaffolds
fabrication due to scaffold collapse. The addition of high-speed stirring to the process
improved structural stability but encouraged the formation of a surface skin layer limiting the
application range. In addition, stirring resulted in smaller pore size which again limits the
application range. As also seen in section 3.7, Freeze drying can prevent skin formation and

allow to maintain the internal porosity of the sample.

Scaffolds that were fabricated by air drying were compared to scaffolds that were fabricated

by two freeze drying methods: direct freeze drying and water-based freeze drying.

In the direct method, freeze drying of the HIPEs was performed directly after fabrication to
avoid the time-consuming process of gelation (1 week). The HIPEs were transferred to a petri-
dish after emulsification and the petri-dish placed in a freeze drying system for 48 hours

according to the method described in section 2.4.2.

The samples prepared by water-based freeze drying were first allowed to fully gel for 1 week
after emulsification. Then, the oil phase was removed, and the sample was immersed in water
to allow water penetration into the empty voids prior to the freeze drying, according to the
method described in section 2.4.3. The surface tension of the water and the mechanical
stability of the ice forming during the freezing was expected to prevent structural collapse by

supporting the voids during the drying of the matrix.
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All samples were compared after full solidification by SEM analysis. As expected, the air-dried
sample had open surface porosity with partial structural collapse. A deformation in the shape
of the voids (elongated and not spherical voids) can also be a result of this partial collapsing
(Figure 77, left). The Freeze-dried sample had a top skin layer (non-continuous) with internal
poly-HIPE structure (Figure 77, middle). However, the additional stability offered during
solidification by the water-based freeze drying solidification method resulted in the best
scaffold geometry, with open surface porosity and internal and uniform interconnected poly-
HIPE structure (Figure 77, left). Therefore, the water-based freeze drying method was
selected as the optimal solidification method in silk poly-HIPEs fabrication. However, one
main limitation of this solidification method relates to the time-scale of the process. To allow
full water penetration into to voids, the samples were immersed in water foran additional 24
h, after oil removal. This extended the fabrication time to 11 full days in compared to 8 days

for air drying and 4 days for direct freeze drying.

Air dry Direct freeze dry Water-based freeze drying

Top layer

Internal [
structure p#

Figure 77: SEM images of the top layer (top) and internal structure (bottom) of silk scaffolds
fabricated by air drying (left), direct freeze drying (centre) and water-based freeze drying
(right) methods.
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3.10.The effect of silk concentration

Protein concentration plays a key role in the stability of HIPEs and poly-HIPE structures %2, It
is known that a minimum ratio of 0.74 oil to water is required to achieve stable HIPE >,
However, this ratio is valid when two-phase emulsions are generated. In the current
experimental setup, the matrix phase is in fact, a dilute protein solution (2.5 to 6 wt%). During
the solidification process, water is evaporated from the matrix and the scaffold is formed
solely from the remaining network of silk proteins. Therefore, it is important to evaluate the

true protein content in the emulsion in addition to the ratio between the phases.

All the fabricated emulsions had an oil to silk solution ratio of 3:1. However, the protein
content in the silk solution was adjusted to achieve protein to emulsion ratios of 1:200, 1:100
and 1:80. For each sample, fabricated from those ratios, the images of the gelled emulsion
after 1 week of gelation and the final solid scaffolds were recorded for to samples fabricated

by vibration alone and vibration + stirring methods (Figure 78).

All the samples fabricated by vibration alone presented significant contraction regardless of
protein concentration. As expected, a reduced contraction was recorded for all samples that
were stirred after fabrication. However, the intermediate 1:100 sample resulted in the most
uniform scaffold suggesting this range to be the most suitable ratio for poly-HIPE fabrication.
This is probably because at this protein content, the silk network is stable enough to support

the scaffold structure, but the emulsion is liquid enough to prevent premature silk gelation.
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Figure 78: A photo of oil-in-silk emulations after 1 week of gelation and the solid scaffolds
fabricated form silk solution with various protein content. This is including protein to emulsion
ratios of 1:200 (top), 1:100 (middle) and 1:80 (bottom). The left image presents the top layer
of the same samples.

All scaffolds that were fabricated with protein content below 1:200 (1:250, 1:300) failed to

generate poly-HIPE structures and resulted in closed porosity samples. It was challenging to

increase the ratio of the protein above 1:70 due to a few limitations:

- A minimum of 1:3 ratio between the oil and silk solution phases is required to stabilise
the HIPE.
- Concentrated silk solutions (>10 wt%) can have a high viscosity (> 1 Pa-s) >>3 which will

result in immediate silk gelation when vibrational shear is applied.

Both limitations define the maximal theoretical silk protein content as 1:40. In addition, the
current fabrication process for reconstituted silk solution is time-consuming (1 week) and
results in a low yield of 45% (0.45 gr reconstituted protein out of 1 gr of cocoon). Therefore,

it is important to optimise the silk concentration to increase productivity.

An investigation of the fabricated scaffolds revealed that poly-HIPEs can be fabricated at

ratios between 1:70 and 1:165 (Figure 79). However, 1:100 ratio resulted in the highest
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porosity level (>90 %) and full interconnectivity. Therefore, 1:100 was chosen as the optimal

protein content for the fabrication of silk poly-HIPEs.

Silk

Figure 79: Silk poly-HIPEs fabricated at different silk protein content including 1:70 (left), 1:100
(middle) and 1:165 (right). The ratio is defined as the protein content out of the total emulsion
volume. The top row shows the structure of the top layer while the bottom later shows the
internal structure.

3.11.The effect of silk degumming method on the poly-HIPE structure

As broadly discussed in chapter 4 of this thesis, silk quality (or molecular weight) can affect
silk mechanical properties 4°® and can influence the stability of the silk scaffolds ?*. Even
though native silk is considered to be the gold standard, having a higher molecular weight
when compared to reconstituted silk 19, in the current set-up, it was not possible to use

native silk for emulsion fabrication (section 3.1).

Reconstituted silk can act as an alternative candidate to native silk, however, there is no
standardised scale for the evaluation of the quality of reconstituted silk and its properties

might vary with its production method 8>°1°54,
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The most common reconstitution method currently used is based on chemical degumming of
silk cocoons 228, To evaluate the effect of the degumming process of the reconstituted silk
on the stability of poly-HIPE scaffold, three reconstitution procedures were tested: chemical
degumming (with Na,COs), mechanical degumming (with water instead of Na,COs), and direct
dissolution of the cocoon (no degumming). The mechanical degumming and the no
degumming methods intend to increase the molecular weight of the protein, potentially

leading to better emulsion stability with the aim to reduce the level of scaffold contraction.

As can be seen from Figure 80, all silk degumming methods were suitable for the fabrication
of the poly-HIPEs structure. As expected, the internal structure of the chemically degummed
sample collapsed during the air-drying process while the top layer remained stable. Similar
sample contraction was observed in the mechanically degummed sample. However, the non-
degummed solution produced a uniform scaffold with minimal contraction even during
simple air-drying solidification. The pore size of the chemically degummed sample was smaller
than the mechanically degummed and the non-degummed sample. This is a result of the
lower molecular weight of the chemically degummed sample, which reduces sample viscosity

and allows for the formation of smaller droplets.

To evaluate the mechanical stiffness of the scaffolds, 10 small round disks (1 cm in diameter,
0.5 cm high) were fabricated from each silk solution and tested under compression. The
scaffolds were compressed to 2%, 20% and 40% of their original height and the stiffness were
recorded at this compression levels. Surprisingly, the mechanically degummed scaffold
presented the highest stiffness at 40% compression (1 + 0.06 kPa) when compared to the non-
degummed (0.77 £ 0.38 kPa) and the chemically degummed (0.78 + 0.11 kPa) samples (Figure

80). However, the non-degummed sampled had a larger standard deviation (0.77 £ 0.38 kPa),
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with some values that were comparable to the mechanically degummed sample. It might be
possible to improve the average stiffness of the non-degummed sample by gaining better

control over the fabrication process.

The fabrication of scaffolds from non-degummed silk is significantly simpler, faster and
greener (no Na,COs is required) process and given the fact that the mechanical properties of
some of the scaffolds were comparable to that of scaffolds fabricated from chemically
degummed silk, this process should be widely explored. After some process optimisation,
non-degummed silk solutions should be considered as a suitable source for silk poly-HIPEs

fabrication.

However, when designing silk poly-HIPEs for tissue engineering applications, the presence of
sericin in the silk, which is usually removed by degumming, can influence the biocompatibility
of the fabricated scaffolds > as discussed in chapter 4. For those applications, it is preferable

to use chemically or mechanically degummed silk and water-based freeze drying process.
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Figure 80: Top: SEM images of silk poly-HIPEs fabricated from non-degummed (left),
chemically degummed (centre) and mechanically degummed (right) silk solutions.
Bottom left: The dry scaffolds used for the SEM analysis. Bottom right: Stress values for solid
scaffolds fabricated from non-degummed (yellow), chemically degummed (orange) and
mechanically degummed (blue) silk solution measured under compression of 2%, 20% and 40%
from its original height. Error bar represents at least 3 samples of each type.

3.12.The effect of silk pH on the structure of poly-HIPEs

Silk proteins are sensitive to variations in pH and undergo gelation when the pH is reduced
below the value of 6 83330556 Since the viscosity of the emulsion should be controlled for
successful poly-HIPE fabrication, it is important to evaluate the effect of the pH on the
viscosity of the emulsion and as a result the final structure of the scaffold. During the stage of
silk dissolution, when reconstituted silk is fabricated, the cocoons are dissolved in LiBr
solution (strong alkali) 38. Following the dissolution stage, the silk solution is filtered against
de-ionised water to remove LiBr remains 22, The duration of the filtration stage will define the

concentration of the LiBr and will influence the pH of the solution. However, it should be
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noted that in the process of filtration, low molecular weight proteins are also removed,
increasing the average molecular weight of the silk solution. Thus higher molecular weights

should lead to higher solution viscosities >/, obstructing HIPE formation.

To test this effect, two filtration times were compared, and the pH of the solution was
recorded. At first, the solution was filtered for 24 hours, as described in chapter 2. Half of the
solution was collected for further analysis. The pH was measured to be 9.5 indicating some
LiBr remained. The remaining solution was filtered for an additional 24 h, and the pH was
reduced to 8. FTIR analysis of silk films, cast from those solutions, did not reveal any

recordable difference in the crystallinity level of the silk (Figure 81).

Both solutions were used in the same experimental procedure to fabricate HIPEs and Poly-
HIPEs. The mechanical properties and the structures were evaluated by rheological and

compression measurements and are summarised in Table 10.
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Figure 81: FTIR spectra of silk films cast from reconstituted silk solution collected after 24h
(pH=9.5) and 48h (pH=8) of filtration.

The scaffold that was fabricated form the alkaline solution (pH=9.5), had a significantly
smaller pore size (74 + 9 um) when compared to the more neutral solution (pH=8)

(764 + 68 pum).
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This is probably a result of a lower solution viscosity, which allowed more drop breakdown
and faster migration of the droplets in the matrix when same vibrational speed is used. As
expected, smaller pore size contributed to the stiffness of the scaffold, leading to higher stress
values (0.62 £ 0.25 kPa) in comparing to the pH 8 sample (0.12 £ 0.04 kPa), when the scaffold

was compressed to 20% of its original height.

Dynamic shear analysis %°, performed on wet scaffolds (which were immersed in water for
10 minutes prior to the measurements), revealed higher elastic modulus for the pH 9.5
sample. These results suggest that it is beneficial to limit the filtration time to 24 h to avoid
full removal of the LiBr ions. Since the process of scaffold fabrication involves additional
stages such as ethyl acetate wash and water immersions, it is safe to assume that the ion

residues in the final scaffold were kept to a minimum.

Table 10: The comparison of pore diameter and mechanical properties of silk poly-HIPE
scaffolds fabricated from the same silk solution after different filtration times.

pH=9.5 pH=8
Filtration time: Filtration time:
24 h 48 h
Pore diameter : Pore diameter :
749 um 764 + 68 um
Stress (20% compression): Stress (20% compression):
0.62 +£0.25 kPa 0.12 +£0.04 kPa
Elastic modulus (from DSA): Elastic modulus (from DSA):
28+ 3.1 kPa 6.8+ 5.3 kPa
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3.13.Photo-curing of HIPEs

Following the discussion in chapter 4, it was shown that when silk is mixed with riboflavin, it
will undergo gelation under UV and visible light. Therefore, photocuring was tested as a
potential approach to increase the rate of the gelation (which usually takes 1 week) during

the poly-HIPE fabrication process.

Silk solution mixed with riboflavin prior to the addition of the oil phase and an emulsion was
fabricated according to the standard method described in section 2.3. The emulsion was
placed under a UV lamp for 30 min to achieve gelation by the initiation of chemical
crosslinking between the tyrosine side groups of the fibroin 22, As expected, the photo-
exposed samples gelled while the unexposed emulsions remained liquid. In addition, a slight
discolouration was noticed in the photo-exposed samples probably due to the reaction of the

riboflavin and light resulting in partial photobleaching of the riboflavin 422 (Figure 82).

FTIR spectra collected from the emulsions indicated improved emulsion stability 1h after
fabrication in the photo-exposed sample. This can be seen from the fact that the FTIR
spectrum was similar to that of a freshly fabricated emulsion. However, the un-exposed
sample did not show a typical FTIR spectrum for silk, having strong peaks from the oil phase,

suggesting possible phase separation between the oil and the silk solution (Figure 82, right).

Both samples were left at room temperature for 1 week, to allow gelation. After this gelation
period, no visible difference in the appearance of the unexposed and photo-exposed sample

was recorded.

SEM analysis indicated a closed porosity structure for the photo-exposed sample, with very
large pore sizes (~ 1 mm). This is probably a result of the rapid gelation process, occurring

under the UV light, potentially leading to droplet collision. In addition, it can also be a result
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of the heat from the UV light source which reduces sample viscosity increasing droplet

migration rate raising the probability of droplet collision.

In a stable emulsion, droplet collision is prevented by several mechanisms (see section 1.1).
Photo-exposure can interfere with those mechanisms, leading to droplet collision by several

methods:

1. Reducing the viscosity of the water phase - Usually, the viscosity of the water phase
prevents droplets from approaching the collision point. When placed under light,
significant heating of the emulsion occurs, which can lead to a reduction in water
viscosity and an increase in droplet motion rate. This will increase to the probability
of close-contact between the droplets and lead to more frequent collision events.

2. Disturbance of the charged layer around the droplets — An additional collision barrier
is the presence of a charged layer around the oil droplets which cause electrostatic
repulsion between the droplets. It is probable that during the radical coupling
reaction, which occurs in the presence of light, the charged layer is affected reducing
the electrostatic repulsion between the droplets and increase the probability for
droplet collision.

3. Interfacial tension balance interference - Droplet collision can also be prevented as a
result of the interfacial tension between the oil and the water phases. Rapid
crosslinking of the matrix phase can interrupt the balance between the internal
droplet pressure and the external interfacial tension, affecting the probability for

collision.

Due to the very large pore size of the photo-exposed samples with lack of interconnectivity,

photo-curing was defined as an unsuitable technique for silk HIPEs gelation.
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Figure 82: Comparison between photo-exposed and unexposed silk HIPEs fabricated in the
presence of riboflavin. Silk HIPE after fabrication (Top, middle right), (bottom right) SEM
images of the solid scaffolds. (top, left) FTIR spectra of the fresh emulsions, and 1h after
fabrication. (bottom, right) Gelled HIPEs, 1 week after fabrication.

3.14.Porosity and interconnectivity of the fabricated silk scaffolds

Many parameters can affect the porosity of silk scaffolds 13>°47. It was shown in previous
sections (3.5 to 3.12), that by controlling the experimental conditions during emulsion
fabrication and solidification, the level of interconnectivity might vary from fully closed
isolated pores (received from highly viscous emulsion) to fully open interconnected structures
(fabricated from an emulsion with low viscosity and alkaline silk solution). In addition, the
pore size of the scaffold can be modified by adjusting the fabrication method of the scaffold
and by post-processing. In this work scaffolds were fabricated with various pore diameters

ranging from very small pores, a few micrometres in size (by air foaming) ideal for gas
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filtration or particle separation applications, to scaffolds with very large pore sizes
~1-millimetre (by photo-exposure), which could be suitable for insulation and for the storage
of humidity-sensitive materials. By optimising of the process of poly-HIPE fabrication, it was
also possible to achieve medium size pores in the range of 50-200 pm, which are most suitable

for tissue engineering applications and cell growth 31,

Fully closed Partly inter- Fully inter-
porosity connected poly-HIPE connected poly-HIPE

Figure 83: Interconnectivity levels of silk scaffold as received in this work by process
optimisation methods. The interconnectivity level varied from fully closed structure to a fully-
interconnected network.

3.15. Applications of porous scaffolds

Scaffolds with open and closed porosity are widely used for many applications 13°>283,284,546,558
Open cell foams are usually softer due to the interconnectivity of the pores forming a
continuous internal network. This network can be filled with additional material, to fit desired
functionality, or to influence foam stability and mechanical properties. Closed cell foams are
made of individual voids fully separated from each other. This structure usually contributes
to the higher compressive strength of the foam (section 3.12). Such foams are denser and
require more matrix material and are isolated from environmental effects such as moisture,

solvents or gases.
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3.15.1. Application of silk poly-HIPEs with open porosity

In tissue engineering, open porosity is important to allow cell migration into the scaffold, to
support the penetration of newly formed blood vessels and allow diffusion of nutrients to
support cell growth 477, If the scaffold is fabricated from a biodegradable material, like silk 14°
and open pore structure will lead to a more uniform degradation of the structure 294> (Figure
84, left). The degradation rate can be further controlled by controlling the crystallinity level

of the silk, enabling one to match it to the natural healing rate of the surrounding tissue 4°.

Moreover, open porosity scaffolds have extremely high surface areas, which provide a
platform for surface modification to allow incorporation of drugs or growth factors, improving

cellular migration and growth in the scaffold and supporting tissue regeneration process

472,559

In addition, the large surface area of these scaffolds makes them ideal candidates for filtration
systems %78, This is because they can capture ions/particles /pollutants without restricting the

flow of solvents or gases through the scaffold 460561,

Alternatively, open porosity foams can be suitable as thermal insulators #8048 They are also
suitable for application that requires isolating materials which are flexible and compressible
such as refrigerator bags or thermal fabrics, due to their increased compressibility level when

compared to closed porosity foams >4,

3.15.2. Application of silk foams with closed porosity

One limitation of thermal insulators with open porosity is that they are not suitable for
insulation in wet or humid environments >%2, Water can penetrate the voids, reducing the
insulation properties of the foam #7°% and promoting the growth of fungi and bacteria.
Therefore, scaffolds with closed porosity are a more appropriate choice for insulation in
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humid conditions, since they can trap the air (or alternative filler) in the structure, and to
prevent the penetration of water vapour >*°. Those scaffolds can also be used as sealants or
gaskets, creating isolated environment >%3°64 when required, or to act as a barrier in wound

dressings and skin grafts to minimise infection °°.

In medicine, separated closed pores can be used as carriers of chemicals, nutrients and drugs
%6 The biodegradation of a closed-cell scaffold is usually a gradual process (from the outer
shell to inner core (Figure 84, right). These scaffolds could be ideal candidates when gradual
treatment is required because it is possible to load each layer/pore individually, post-
fabrication, and to allow step-by-step drug release during scaffold biodegradation. Variation
in chemical compositions, materials and concentrations between the individual pores, can
allow customisation of complex treatment procedures or similar applications requiring a

gradual material release.

Figure 84: Schematic illustration of the degradation regime for open porosity (left) and close
porosity (right) scaffolds.

3.15.3. Applications of typical silk foams
In some instances, the fabrication procedures described in this chapter failed to form a stable

HIPE and a poly-HIPE structure. In those cases, standard silk foams were produced, similar to
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those commonly found in the wider silk literature 135136142567 These foams are usually from

a lamellar structure, with a large pore size (> 100 um) and some interconnectivity 2%°,

This foam structure can be used for acoustic applications such as sound shielding, or noise
isolation 4°2°%8 When acoustic wave penetrates the foam, the acoustic energy is converted
to heat. The movement of the sound wave results in vibrations of the pore walls and the air
that is trapped inside the pores. Those vibrations result in sound energy wave damping, by
converting it to heat energy °®2. During this process the pores are stretched, bent and buckled
under the vibrational pressure, transforming the sound waves into kinetic energy. Larger
pores will contain more trapped air and lead to larger damping effect acting as a better

acoustic insulator then foams with smaller pores %8,

Since the production process of typical foams is simpler and faster than that of foam with a
poly-HIPE structure, typical foams can provide solutions when large area insulation is
required. Standard foams can also absorb mechanical shock, due to their ability to bend and

deform under mechanical pressure 32 because of their lamellar structure >,

It is also assumed that standard silk foams have lower production costs in comparison to poly-
HIPEs, as a result of fewer production stages (direct freeze drying without gelation or oil
removal), slightly faster process speed (48 hours instead of 1 week required for poly-HIPE
fabrication) and the fact that no additional materials are required (such as oil or ethyl
acetate). However, when discussing applications in tissue engineering, the limited control
over structure porosity and low interconnectivity levels make these foam suitable candidates
for only basic applications such as void filling, providing mechanical support and physical
protection to wounded or missing tissues, or as a temporary solution during the tissue

regeneration process 3%,
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As a convenient summary for the reader, selected structures of the porous silk structures
presented in this chapter and the list of possible applications for each structure are presented
in Figure 85 below.
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Figure 85: Selected structures of porous silk including open-porosity scaffolds (green), closed
porosity scaffolds (yellow) and typical foams (orange) fabricated by emulsion templating and
direct freeze drying methods and the list of possible applications for each foam.
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4. Conclusions

Until now, there has been no prior literature describing the successful fabrication of 3D silk
scaffolds with poly-HIPE structures. This chapter addresses this fundamental and technical
gap in our knowledge and the optimal parameters for the fabrication of consistent silk poly-

HIPEs scaffolds are summarised in Table 11 below:

Table 11: The optimal experimental parameters for the fabrication of silk poly-HIPEs

Parameter

Optimal value

Silk protein source

Whole cocoon (no degumming)

Silk solution pH 9.5
Silk protein concentration 1:100
Oil to Silk solution ratio 3:1

Oil induction method

Drop-by-drop injection

Emulsion stabilisation

Orbital vibrational shaker

Vibration speed

1200 rpm

Required emulsion viscosity

Emulsion gelation method

l<pu<35Pas

Native gelation — 1 week

Oil removal

Structure stabilisation

Immersion in ethyl acetate — 24 h

Immersion in water — 24 h

Emulsion solidification

Freeze drying
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To develop the optimal fabrication process, different fabrication methods were explored. At
first, preliminary experiments were performed to evaluate to most suitable fabrication
approach. It was established that a second phase (oil) is required to generate controlled
porosity and interconnectivity in the silk phase. This is because single-phase techniques such

as freeze drying and foaming failed to provide the desired structures.

Secondly, several methods were tested with the aim to fabricate uniform and stable
emulsions from oil and silk. It was found that drop-by-drop injection of the rapeseed oil (see
section 2.1.3.1) into the silk solution allows the fabrication of stable emulsions with HIPE

structure. This method was optimised, and the fabricated scaffolds were characterised.

To better understand why certain processing parameters were preferable to others the
optimal fabrication process was evaluated by a close investigation of the quality of the silk
solution, the stability of the oil-in-silk emulsion and the effect of experimental conditions such
as sample vibration speed, mixing mechanism, gelation process and solidification method.
Spectroscopic and rheological measurements alongside SEM analysis were used to evaluate

the properties and the structures of the fabricated materials.

Several experimental parameters were evaluated as contributing factors affecting successful
poly-HIPE fabrication. The viscosity of the oil-in-silk emulsion was found to have a major effect
on the interconnectivity and porosity of the scaffold. Increased viscosity (> 3.2 Pa-s), resulted
in a complete closed cell structure, without interconnectivity. Low viscosity emulsions

(< 1 Pa-s), failed to form stable HIPEs and separated shortly after fabrication.

The shear applied on the sample, during emulsion fabrication, influenced the porosity of the
surface layer and the pore size. When the sample was mixed, using magnetic stirrer, the
surface skin was created on the scaffold limiting its permeability. However, the pore size was
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reduced, and the scaffold had higher stability and did not contract during sample drying. The
use of freeze drying after sample gelation was seen to reduce surface skin formation and
improve the structural integrity of the scaffold preventing contraction, even in samples that

were not mixed after vibration.

The silk solution pH was found to affect the pore size of the scaffold and as a result its
mechanical properties. Higher pH values (9.5) resulted in smaller porosity and higher
mechanical stiffness. Optimal concertation of the silk protein was defined as 1:100 protein
to the emulsion, which allowed sufficient mechanical integrity to support poly-HIPE structure
while maintaining the emulsion viscosity below the maximal threshold for emulsion

formation.

Somewhat surprisingly in light of the previous findings for silk structuring in 1D and 2D
(Chapters 3 and 4) the quality of the silk which is defined by the degumming process did not
have a significant effect of the structure of the poly-HIPEs. All the tested silk solutions
(chemically degummed, mechanically degummed and non-degummed) were suitable for the
fabrication of silk poly-HIPEs. However, since non-degumming is the simplest and most
environmentally friendly fabrication method, it was selected as the first choice for most silk
poly-HIPEs. However, due to the presence of sericin in the non-degummed sample, the
biocompatibility of these scaffolds should be explored in future research. Until it will be fully
evaluated, it is preferable to use chemically or mechanically degummed silk source when

fabricating scaffolds for medical applications.

It is important to note that the emulsion templating technique used in this chapter, is
significantly different from the photo-fabrication approach that was used in chapter 3 and 4.

Photo-curing allows to produce stable hydrogel structures by chemically crosslinking between
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the side groups of the protein, but the silk remains unconverted (no B-sheet formation) with
weak mechanical integrity, limiting this fabrication technique to the production of 1D and 2D
structures. However, in emulsion templating route, structural conversion of the silk occurs
following the physical shear which is applied on the silk during the emulsion fabrication
process and following the chemical conversion occurring when the scaffolds are washed with
ethyl acetate. This converted silk structure has higher mechanical stability and can support

3D constructions.
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Appendix A - An optimised protocol for the fabrication of silk poly-HIPEs.

1. Fabrication of reconstituted silk solution:

a. Dissolve 1 gr of dry B. mori cocoons in 10 ml 9.3M LiBr solution (2 h, 60°C).

b. Place the solution in dialysis membrane and filter against 1 litre of DI water
(24 h, 20°C). Water should be exchanged 5 times during the dialysis process.

c. Filter the solution using standard filtration paper.

d. Adjust solution concentration to 4 wt.%
If required, dilute the solution with DI water or re-concentrate in 30 wt% PEG.

2. Fabrication of silk HIPEs:

a. Place 8 ml of silk solution in a 200 ml glass bottle.

b. Place the bottle on an orbital shaker stage and fix on the top. Set shaker speed to 1200
rpm.

c. Fill the syringe with 24 ml rapeseed oil.

d. Place the syringe on a syringe pump and adjust the speed to 60 ml/h. Connect the
syringe to the bottle using 1mm pipe with a 21G needle at the end.

e. Turn on a syringe pump and the shaker and leave until the full addition of the oil
(about 30 min).

f. Disconnect the syringe and leave the bottle on the shaker for a further 20 minutes.

3. Fabrication of silk poly-HIPEs:

a. Transfer the emulsion to the desired template.

b. Leave at room temperature for 1 week to allow silk gelation.

o

Remove gently from the template and transfer to 20 ml ethyl acetate for 24 h.

d. Remove from ethyl acetate and transfer to 20 ml DI water for an additional 24 h.
e. Place the sample in a freeze drier and freeze for 24h.

f.  Dry the sample under vacuum for 24 h.

4. Scaffold preparation for SEM analysis:

a. Cut gently a cross-section of the scaffold with a sharp scaffold.

b. Place the sample in ethyl acetate for 24 hours to remove access oil and reveal the
surface.

c. Remove the sample and place on a paper tissue until dry.

d. Place on the SEM sample holder and investigate at low keV.
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Appendix B

1. Estimations for the Peclet number in silk/oil emulsions

As described in section 3.7, the Pe number is given by the ratio between the layer thickness
(H), the evaporation rate (E) and the diffusion coefficient for the polymeric solution (D) as

follow:

Alternatively, it can be described as a function of air velocity above the solution (v) the density
(p) and heat capacity (c,) of the solution, the characteristic length (D) along which the

evaporation process occurs, and thermal conductivity (k) of the sample as follow °>7°:

B vpc,D
ok

1.1.  Airvelocity
The evaporation rate of water from the sample into the atmosphere is a function of
temperature, humidity, and air velocity. The evaporation is the diffusion of water molecules
out of a water surface through the air layer covering the water surface. In this research, silk
emulsions were transferred into microcentrifuge tubes with a diameter of 1 cm and a height
of 3cm. The tubes were stored in a closed drawer in the lab with a relative humidity of about
50%. The drawer protected the samples from external air flow (e.g. wind, large humidity
gradients or human activity in the lab). Therefore, it can be assumed the air velocity is laminar

and was maintained constant during the drying process.

The velocity can be calculated from the ratio between the quantity of flow (Q) and the cross-

section area of the vessel (4) as follow:
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p=2
A

The total emulsion volume was 2ml (3:1 oil to silk ration). Water evaporation time was
assumed to be 1 h. In fact, stable emulsions were received after 6 days of storage however it
is hard to separate between the process of silk gelatine and the effect of water evaporation.
Longer evaporation time will decrease the air speed even farther, reducing the values of Pe

number. Therefore, the maximum evaporation rate was used.
The quantity of flow can be calculated as follow:

v, 0.5ml m3
ol = =14-10710—
tevaporation 1h S

Q:

The evaporation process occurs only on the surface area of the vessel:
A =mnr?=m(0.005)2=7.85-10"°m
Therefore, the air velocity is: v = 1.8+ 107° %

1.2.  Comparison between air-drying and freeze drying
The silk solutions used for emulsion fabrication were at ~4 wt% concentration. For the
simplicity of the calculation and for comparison to a frozen state, silk solution was considered
as water. The corrected values for the silk solution are presented, indicating that no significant

difference is expected in the evaporation regime due to the presence of the silk.
No evaporation of oil or silk protein was assumed.
The Pe number was calculated and compared between the two samples:

1. Pure water evaporation at room temperature (air drying on the lab bench)

2. Ice evaporation (freeze drying).
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The parameters used for the calculations and the values of Pe number are given in the table

below:
Parameters Water (25°C) Ice (0°C) Silk solution
Velocity (v) [m/s] 1.8-107° 1.8-107° 1.8-107°

Density (p) [kg/m?3] 1000 917 1015.9

Heat capacity (Cp) [J/kgK] 4185.5 2090 4073.3
Characteristic length (D) [m] 0.03 0.03 0.03
Thermal conductivity (k) [W/m-K] 0.591 2.22 0.578
Peclet Number (Pe) 0.38 0.05 0.39

The parameters of the silk fibroin are as follow #1571

Parameters Silk fibroin lem
Density (p) kg/m? 1398
Heat Capacity (Cp) J/kgK 1380 3cm
Thermal Conductivity (k) W/m-K 0.256

It should be noted that for both drying processes the value of Pe < 1. However, to allow

uniform drying and avoid skin formation, Pe should be significantly lower than one.

This can be achieved in a freeze-drying process when the solution undergoes sublimation
from solid state (ice) directly to water vapours (gas). Therefore, the process of freeze drying
is preferable if one desires to maintain the structure of the emulsion and to allow open

porosity on the surface avoiding skin formation.
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Thesis summary

This PhD project was set out with the main question: “Can we spin silk with light?”

My main desire was to introduce a new approach for silk spinning (protein gelation) which
can be used alongside well-established techniques such as flow-induced spinning, solvent
induced gelation and thermal changes (heating and cooling), which are currently used. This is
with the idea in mind that photo-curing provides a non-contact, well-controlled technique for
silk-based fabrication, expanding the application range and leading to a new era for this well-

explored natural material.

At the beginning of my journey in silk research, the field a photo-curable silks were just
beginning, utilising chemically modified silk proteins and UV light sources for the curing of

bulk silk structures.
Few initial questions were guiding me during the initial stages of the project:

- s it possible to produce a photo-curable resin from a native silk dope?

- s it possible to cure silk by laser light without damaging its structure?

- What is the molecular mechanism behind the photo-curing process?
During the attempt to answer those questions a few key principles were always kept in my
mind. The first, keeping the process as simple as possible, avoiding complex and time-
consuming chemical modifications and maintaining the main benefits of the silk: its
biocompatible and mechanical integrity. The second, to keep the cost of the process to a
minimum to introduce a low-cost alternative for current silk photo-gelation research which
involves high-end commercial equipment with very limited access to the broad silk
community. Finally, since the silk material is the focus of this work, it was important to keep

it as the main ingredient in any process. This allows exploring its full structuring potential
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avoiding silk-based composites, which are broadly used in the literature to improve structural
stability 192223172572 The scientific attention of this work was mainly on silk structuring

mechanisms while the final structure integrity and applications were secondary to this cause.

It is important to note that all published silk-based photofabrication, up to this day, utilise
processed proteins (reconstituted silk) as the raw material. As discussed in this thesis this
protein is significantly different in its properties, having much lower molecular weight and
larger distribution in chain sizes when compared to the native silk. Hence the main novelty of
this thesis can be attributed to the exploration of the unprocessed native material and its

potential for utilisation in industrial applications.

The results chapters of this thesis (chapter 3-5) present the experimental techniques and the
key findings of each experimental approach. However, as it always seen in experimental
research, this does not fully reflect the whole process of exploration leading to those specific
silk processing techniques. This section will discuss the intellectual journey of the author and
summarise the challenges along the way. The methods and result discussed in this thesis are

summarised in Table 12.

1. Intellectual journey and challenges
The research journey described in this thesis can be divided into 3 major milestones which

are classified by the dimensionality of the structure that was achieved by each route.
1.1. Theinitial approach to silk photo-gelation, 1D writing

The first step in photo-curing was the development of a photocurable silk which can be cured
with the available laser systems in our lab. The first challenge appeared when all the standard

photoinitiators, that are typically used for polymer photo-curing,3*34% damaged the native
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silk and resulted in immediate gelation. Therefore, a range of dyes that are typically used with
natural materials, mostly in medical applications, were explored, leading to the selection of
Rose Bengal dye for direct laser writing (DLW) and Riboflavin for projection micro
stereolithography (PuSL) fabrication. Both of these dyes have been previously used for native
materials photocuring, especially for corneal collagen crosslinking 22>3%°, and supporting
evidence for their suitability for silk photo-fabrication was published during the period of this

research 122.243,

Once the photocuring solution was developed, the Rose Bengal / silk was tested using a lab-
built direct write laser system which allows pixel-by-pixel polymerisation and fabrication of
linear structures, classified as 1D writing. An investigation into the photo-crosslinking
mechanism revealed that the dye is actively cross-linked to the silk, creating silk-dye
complexes which cannot be removed afterwards by rinsing. That fact that the Rose Bengal
dye was chemically bound to the silk might have been one of the reasons that raised an issue
of cytotoxicity which was not resolved even after additional exposure to the laser which was
performed try and photo-quench the dye in order to remove it. The issue of cytotoxicity was
resolved by methanol treatment improving cell attachment to the treated silk. This was
probably a combined effect of structural conversion in the silk which can improve cell
attachments and the fact that Rose Bengal dye molecules are restricted in the converted
structure and their interaction with the cells is minimal. However, cell alignment on the

photo-cured structure was not observed.

A further realisation during this study was that even though the silk proteins are chemically
bound in the photo-cured sample, no structural conversion in the silk was recorded (as was

shown by FTIR in chapters 3 and 4). Those results were enlightening and were investigated
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extensively as an approach to control the mechanical properties of the structural post-
fabrication. However, this finding was not in agreement with the original hypothesis,
suggesting that whilst silk can be spun by light, structures are created via a different
mechanism of gelation. In fact, by using photo-gelation, silk can be structured and aligned by
light, maintaining its amorphous, hydrogel-like nature. This can later then be converted post-
fabrication to crystalline silk by methanol treatment, decoupling these two processes and

offering increased versatility to those wishing to work with this material.

One of the benefits of the DLW approach is the ability the generate 2-photon polymerisation
(2PP) which significantly reduce the voxel size and improves resolution 28, Since the
crosslinking mechanism of this polymerisation is similar to that of single-photon
polymerisation, and the resolution of the structure was not a key factor if this section of the
thesis, 2PP was not explored. However, the current silk literature exploits the process of 2PP
to generate sub-micron reconstituted silk structures achieving complex 3D shapes 27%.

Therefore, | believe that the potential of 2PP structuring should be explored in the future for

native silk proteins which might allow outperform the current achievements in this area.

One major methodological problem was related to the self-built nature of the DLW system.
This system is composed of a laser source and optical elements which are aligned on an optical
table. When used frequently, by multiple users, it is very common to see misalignments in the
laser path that can affect the position of the focal point, the optimal experimental conditions
and structural resolution. This has led to a certain inconsistency in the quality of the patterns,
preventing accurate standardisation of the experimental parameters. To avoid this problem,
each set of experiments were conducted under the same alignment conditions, on the same

day and using the same batch of silk. The optimal DLW parameters that are presented in
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chapter 3, were chosen as the experimental conditions that led to the best quality patterns

across all the batches.

Additional limitations of the technique is related to the fact that the fabricated patterns were
very fragile and difficult to handle. In addition, when washed with water (to remove excess
dye and silk), the patterns often separated from the glass substrate used for mechanical
support during the writing process. Thus, whilst useful in terms of creating free-standing
structures, their fragility meant that any attempt to perform mechanical characterisation of

the samples resulted in significant damage to the silk and thus no valuable data was collected.

1.2.  Progress in silk photo-gelation, the introduction of 2D fabrication
Following those challenges, the next research approach was to simplify the process by
generating stable and large structures which are easier for visualisation and characterisation.
This led me to explore the idea of mask-less PuSL which allows one to print the entire image
directly on the silk solution, in a layer-by-layer fabrication approach. Such silk images were
previously fabricated by classic lithographic techniques using pre-fabricated patterns and
moulds *° or by photo-lithography using masks 2%°. During the period of this research, an
alternative approach was proposed in the literature, suggesting the use of high-cost electron
beam system to generate complex images on a sub-micron scale 2%, In contrast, the PuSL
approach introduced in chapter 4 of this thesis allowed rapid, low-cost and dynamic
fabrication on larger scales (tens of microns up to centimetres). Although this approach
cannot compete with e-beam over resolution, it can provide an accessible and industrial scale

solution for a broad range of applications where sub-micron resolution is not required.

Silk PuSL patterns were generated by placing a thin layer of a solution under the reflected

beam and projecting the desired image directly onto the silk. After an optimisation process
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which included the concentration of the silk, the laser parameters and the exposure time,
complex silk patterns were fabricated. The process was highly repeatable with similar pattern
qualities being created using the same experimental conditions. This major improvement in
pattern repeatability when compared to the DLW system, is a result of a static optical system

in the PuSL set-up.

Surprisingly the riboflavin dye was completely removed when the sample was immersed in
water, suggesting a different mechanism of photo-gelation from that suggested for silk
photocuring in the presence of Rose Bengal dye. It was confirmed that riboflavin-initiated
radicals on the tyrosine side groups of the protein which in turn can interact and form di-
tyrosine bonds. No traces of the riboflavin dye were found in the photo-cured sample,
suggesting that riboflavin does not directly crosslink to the silk protein. This result is very
enlightening, amplifying the fact that dye selection has a major effect on the photo-gelation

process and should not be driven solely by the absorption spectra of the dye.

The mask-less PuSL system used in this section was previously used in our lab for the
fabrication of polymeric 3D tubes and scaffold for tissue regeneration 342343, However, to
attempt structuring with silk a few adaptations were required, such as the use of a more
powerful laser source to initiate the polymerisation in the silk/riboflavin solution (250 mW vs.
10-50 mW). This is because riboflavin is a weaker light absorbent than the commercial

photoinitiators at the wavelength of the current laser 23°,

After complete photo-curing of the silk, the pattern had a consistency of a stable sticky gel
which was easier to handle and characterise than the DLW patterns. This is probably a result
of a larger sample and a higher level of energy dose delivered to the silk. In DLW the energy

is delivered only to a specific point on the sample, and even when extremely low writing
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speeds are used (0.01 mm/s), each area on the sample is exposed to light radiation for a
maximum duration of few seconds. However, in PuSL the whole sample is exposed to a
uniform radiation dose for much longer (minutes). In chapter 4 of this thesis, it was shown by
in situ rheological measurements that were performed during the photo-curing process, that
the radiation dose delivered to the sample is directly connected to the stiffness of the
resulting gel. As a result, stiffer gels are easier to handle and therefore are more practical for

most applications.

The simplicity of this method, the large flexibility in pattern design and the higher stiffness of
the patterns, make PuSL the preferred choice for rapid, repeatable large-scale patterning.

Therefore, | recommend using PUSL for further research in native silk photo-fabrication.

Following the success of PuSL in native silk, | have decided to explore the benefits of this
material by comparing it to typical reconstituted silk solutions. Whilst this material is more
commonly seen and used in the silk structuring literature, the process of reconstitution is
known to have a strong effect on the final properties on the silk, and it was no surprise to me
that the reconstituted silk was without a doubt inferior to the native protein. This can be seen
from the higher concentrations required for structuring (2 wt.%), the larger variability in the

results, and the inferior quality of the final patterns.

Following the concept that the mechanism of crosslinking occurs through the tyrosine side
groups on the silk protein, the initial hypothesis was that the number of tyrosine groups on
the protein is the main factor contribution the photo-curing process. This idea was explored
by using a tyrosine-rich co-polymer (poly tyr-co-glu) which was used as a control in the
photocuring process. However, this hypothesis was ruled out after the co-polymer did not

produce in a good quality pattern. In fact, only a high concentration of the polymer (5 wt. %),
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at its solubility limit, resulted in a visible structure reproducing only a partial image of the
projected pattern (chapter 4). Those results brought me to the idea that the key benefit of
native silk is in fact, its high molecular weight, which is also the main factor contributing to

image quality during the photo-gelation.

This hypothesis was tested by comparing the quality of the pattern achieved by photo-curing
of the native protein and reconstituted silk produced by standard degumming. As just
mentioned, the process of degumming is known to degrade the protein & and here was used
as a method to study the effect of protein degradation level on the quality of the printed
patterns. The hypothesis was confirmed and a significant reduction in pattern quality was
recorded with protein degradation/degumming time. Affirming this, a similar degradation in
molecular weight was also achieved by enzymatic breakdown of the native protein and
resulted in similar outcomes for pattern quality. This confirmed that pattern quality is directly
related to molecular weight and not primarily affected by other differences between the

native and reconstituted silk proteins.

The most important outcome of this part of my research was that when the degumming stage
in the process of silk reconstitution was avoided, a significant improvement in the pattern
quality was recorded, and the pattern was comparable to that achieved for native silk
printing. Therefore, | suggest that the current field of silk bioprinting can be significantly
improved by alteration of the sample preparation method, and removal of the degumming
step from silk reconstitution process. However, this raises an additional issue which was not
addressed in this work regarding the role of the sericin protein in the photo-gelation process.
Sericin is removed during the degumming process . This process also degrades the fibroin

and reduces its molecular weight. A broader investigation is required to answer if the sericin
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has a role in the photo-curing process or how it affects the pattern quality. This can be
partially answered by comparing the patterns produced from native silk that was extracted
from a sericin free zone of the duct (0 wt.% sericin) and those of a non-degummed
reconstituted sample where sericin was not removed at all (~30 wt.%). The result; both
materials generated similar patterns. Therefore, one can assume that the sericin does not
play an active rule in the photocuring process but its presence can still have an effect on

pattern properties and application range 3.

Despite the promising results, silk PuSL still has a few challenges to overcome. At first, the
system used in this set-up was limited to a 250 mW laser source operating on maximum
power. The use of a stronger source might reduce the fabrication time which is currently 5
minutes per sample and can lead to an increase in sample stiffness post-fabrication. This
allows tuning the stiffness of the silk gels over a broader range of values, expanding potential
applications. This improvement in sample stiffness might also contribute to sample stability

during multi-layer fabrication which currently cannot be achieved.

Although the fabricated patterns are classified as hydrogels with pronounced surface
topography (~ 10 um) and can be defined as 2.5D structures, it is fair to say that it has not

been possible to generate true 3D objects in the current PuSL set-up.

1.3.  The limits of photo-gelation in 3D fabrication
One of the main limitations is this set up is the fact that the object is polymerised inside a
resin pool. This requires an additional step to separate the photo-gelled silk structure from
the surrounding non-exposed silk solution. Even if a stable 3D object is fabricated, it is
extremely challenging to separate it from the viscous sticky silk surrounding the object and

all of the many attempts to do so resulted in a complete collapse of the structures. One of the
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reasons is because the un-exposed silk solution undergoes partial gelation which as a result
of reflected beam elements in the solution. It is also a result of the fact that riboflavin absorbs
in the visible light and despite my attempts to conduct the experiment is complete darkness,
external light exposure during sample loading and experiment preparation is sufficient to
initiate gelation in the silk. Increasing laser power and the stiffness of the photo-cured sample
might simplify the process of separation but might also result is higher scattering level of the

laser beam and thus more gelation of the surrounding silk.

In fact, when discussing the photo-gelation approach for 3D fabrication, only a single paper
from Sun et al. 2’° published in 2015 reporting a true 3D structure of pure silk, can be found
from the whole literature of silk photo-fabrication °’3. In this work, Sun et al. were able to
generate free-standing structures, a few microns in size, by combining multi-photon
lithography and reconstituted silk. In this process a Ti:Sapphire femtosecond laser was used
to induce the polymerisation. This laser is significantly more expensive and powerful than the
Nd:YAG laser used in the current work. In addition, the small size of those structures can
make them unsuitable for most medical applications which usually require larger scaffolds

about few millimetres in size 374,

This study together with the many limitations of the photo-curing process discussed above
led me to the conclusion that pure-silk 3D applicable structures cannot be readily achieved
with the systems currently available in our lab. Therefore, the process of native-silk PuSL is

currently limited to 2.5D fabrication.

1.4. Analternative route for 3D structuring of silk —emulsion templating
When reaching this point in my research, | decided to put the photo-fabrication approach on

hold and to develop a novel and alternative 3D fabrication route to generate silk scaffolds.
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This was done with the aim to contribute the broad field of silk structuring on the multi-
dimensional scale and following a preliminary success achieved by Jack Rutter from the

Natural Materials Group during his final research project.

The idea behind the emulsion templating approach was to generate silk porous structures.
This was achieved by the addition of oil droplets to liquid silk to generate a stable high internal
phase emulsion (HIPE). Then solidification of the silk (by gelation) and removal of the oil to
fabricate pure-silk poly-HIPE (chapter 5). Such poly-HIPE structure has not been reported
before in the silk literature but the HIPE structure has proven to be very beneficial for many

applications %83, especially in tissue engineering 484485,

Initially, native silk was tested as a candidate for poly-HIPEs fabrication. However, any attempt
to fabricate a stable emulsion from native silk is failed due to immediate silk gelation.
Alternatively, non-degummed reconstituted silk was chosen based on my previous findings in
chapter 4 that non-degummed reconstituted silk behaves similarly to natural silk during

photocuring.

During the initial stages of poly-HIPEs fabrication process development, the true nature of silk
complexity was fully revealed to me, where it was difficult to control the large number of
parameters that affected the final structure porosity, resulting in poor repeatability. It was a

very long journey, but the outcome was clear: pure silk poly-HIPEs scaffolds can be made.

The resulting fabrication process is simple, water-based and biofriendly, involving two main
materials: silk and rapeseed oil. The fabrication is done in ambient conditions and does not
require complex lab equipment, reducing cost and increasing accessibility. In fact, the poly-
HIPEs can be fabricated in any basic chemical lab and provide unlimited research
opportunities for this unique silk scaffold.
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The main scientific conclusion from this part of my research was that the viscosity of the
silk/oil emulsion plays the key role in the final porosity of the structure. If the viscosity is too
high (> 3.2 Pas) the scaffold will result in a fully closed porosity, failing to provide the
interconnectivity required for tissue engineering applications. If the viscosity is too low

(< 1 Pa-s) the oil and silk will separate and fail to produce a scaffold.

This narrow range of appropriate viscosities requires a high level of control over the process
of emulsion fabrication. This can be achieved by precise control over the oil droplet size and
by improving the method for distributing the droplets in the silk, which is currently done by a
simple shaking of the silk solution by placing it on an orbital vibration stage. Additional
challenges were to generate an emulsion with sufficient viscosity to allow the stable printing
of complex 3D structures (via sample extrusion) without affecting the HIPE structure of the

emulsion.

One main drawback of this process is the amount of sample required for each experiment.
Currently, each batch of reconstituted silk provides up to 20 ml of solution. Each emulsion
templating experiment requires 8 ml of silk. Therefore, it is challenging to optimise the
process with a single batch of silk. Due to batch-to-batch variations in the reconstitution

process, it is also challenging to use multiple batches for the optimisation.

Therefore, | propose that the current process of poly-HIPE fabrication urgently requires an
alternative emulsification system which allows one to reproduce the fabrication process on a
smaller scale. When this goal is achieved, process optimisation will be significantly improved

resulting in a much higher level of repeatability.

In conclusion, as summarised in Table 12, native silk is a suitable material for photo-
fabrication and enables the improvement of quality and complexity of hydrogel patterns,
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which are currently limited due to the use of processed silk proteins. Moreover, it was also
established that by simple modification of the current degumming methods for reconstituted
silks, it is possible to achieve high-quality structures which are comparable in complexity to
that fabricated from native silk. Additionally, it was shown that porous interconnected 3D
structures can be fabricated for high-quality reconstituted silk using a simple and
environmentally friendly approach that was originally introduced in chapter 5 of this thesis.
this thesis provided an insight into the photo-gelation mechanism and provides the optimised

values for the multiple parameters that affect the properties of the structures.

To finish, | hope that this work will inspire the current and future researchers in the area of
biomaterials and advanced manufacturing and will contribute to the development of low-cost

commercial systems improving the accessibility of silk-based medical products worldwide.
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Table 12: Summary of the methods and result discussed in this thesis

Chapter 3
1D direct laser writing of silk
patterns

Ll e et e Can silk be spun by light?

* Developmentof the
process of DLW for native
silk protein and exploration
of the photo-gelation
mechanism

Research goals

Method used

Sample type

Additives to the silk

Direct laser writing

Native silk
Rose Bengal dye

* Native silk can be used for
pattering by DLW
technique

* Rose Bengal dye is
chemically bound to the
protein in the photo-cured
silk

Key findings

* The written patterns are
not suitable for cells
guiding applications

* Development of
biocompatible photo-
curable silk resins

* Demonstrating that native
silk is suitable for photo-

Contribution to the field fabrication

* Evaluation of the
differences between Rose
Bengal and Riboflavinin
the mechanism of photo-
gelation

* Improvement of
repeatability of the results
by modifying the current

Improvements and DLW set-up

additional research
* |nvestigation of the two-
photon polymerisation
process in native silk

Chapter4
Fabrication of 2D Silk
Structures by Projection
Stereolithography

* What are the benefits of the
native protein in photo-
fabrication?

* Development of low-cost
approach for native silk
patterning by PuSL

* Exploration of native silk
benefitsin photo-fabrication

Projection stereo-lithography

Native silk
Reconstituted silk

Riboflavin dye

* Nativesilk is suitable for
complex patterning

* Riboflavin dye in not bound
to the silk

* Native silk provides better
image quality than
reconstituted silk

* The DMD used in PuSL
generates photonic silk
elements

* Introduction of new low-cost
approach for complex silk
patterning

* Developing a novel method
for rapid fabrication of silk
optical elements

* Establishing that protein
molecular weight is the key
parameter defining image
quality

* Introduction of the term
Similarity for comparison
between silk patterning
techniques

* Implementation of laser with
higher power to boost the
cross-linking process

+ Investigation of the potential
of photo-gelationin silk 3D
fabrication by redesigning of
the current PuSL set-up

* Fabrication of controlled
diffraction grids to generate
specific colours in the optical
patterns
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Chapter 5
3D fabrication of silk structures
by emulsion templating route

* |s it possible to fabricate pure
silk poly-HIPEs?

* Fabrication of pure-silk scaffolds
with poly-HIPE structure

Emulsion templating

Reconstituted silk

Rapeseed oil

+ Silk poly-HIPEs can be fabricated
by low-cost emulsion
templating method

« Emulsion viscosity is the key
factor affecting the porosity and
interconnectivity of the scaffold

* Photo-curing does not
contribute to the fabrication
process

* First evidence of pure-silk
poly-HIPEsand one of the
pioneering works on natural
materials poly-HIPEs

* Introduction of low cost and
environmentally friendly
method for the fabrication of
silk scaffolds with controlled
porosity and interconnectivity

* Establishing viscosity range for
successful fabrication

* Redesigning the experimental
set-up to gain better control
over the final porosity of the

scaffold

* Down-scalingthe set up to
reduce sample amount
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