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Abstract

Silk is a biomaterial mainly composed of two proteins: silk sericin and silk fibroin [1]. After
removing the silk sericin using a process called degumming, a regenerated silk fibroin (RSF)
aqueous solution can be obtained. RSF has been used previously as a scaffold in tissue
engineering due to its high biocompatibility and biodegradability and by varying the

production and post-treatment process, RSF can be used for various biological purposes.

However, silk biomaterials can also lack the needed biological activity to support the
adhesion and proliferation of cells [2, 3]. In this study, results show that the time of the
degumming process can affect the final cell attachment on RSF surfaces. This would allow us
to obtain a surface that can be tuned to either promote or prevent cell attachment and thus
be used for different applications, while retaining its biocompatibility. Cell attachment of
neuronal PC12-Adh cells was studied using crystal violet assay on RSF surfaces obtained from
two different times of degumming. Moreover, SEM images and weight-loss during the

degumming process were used to check that the removal of sericin was successful.

In addition, the non-adherent RSF surface is then used as a non-fouling surface for inkjet
printing. Inkjet printing is a high definition technique that allows to deposit small volumes of
liguid onto a surface to form a predefined pattern. This method allows the jetting of proteins
and peptides under mild conditions with no waste. A novel amphiphilic peptide Ac-IlIK-NH;
(IsK) is used as a bio-ink to create patterns that can guide cell adhesion and proliferation. 13K
is dissolved in an aqueous solution and left to self-assemble to form nanotubes with the
positively charged hydrophilic domain facing outwards. In this case, the positively charged 13K
strongly interacts with the RSF surfaces via electrostatic interactions preventing the peptide
to be redissolved into the culture media. To evaluate cell attachment, proliferation, and

differentiation PC12-Adh cells were cultured on the patterns via fluorescent microscopy.
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Chapter 1. Introduction

1.1. Silk as biomaterial

Silk is a widely known material. It can be obtained from animals such as silkworms or
spiders. Its final purpose also differs depending on the animal producing it, while silkworms
spin large amounts only to form cocoons where they will carry out their metamorphosis,
spiders produce less quantities but for wider purposes such as web building, reproduction,
feeding, etc [4]. Moreover, silk from worms tends to be wider than that from spiders, but
spider silk tends to have much better mechanical properties (e.g., higher strain and higher
stress) [5-8]. Despite this, both silks have better mechanical properties than most natural or

manmade fibres [4].

The domestication of the most common type of silkworm, Bombyx mori (B. mori) (Figure
1B), provides with a commercial source for silkworm silk which has been used extensively in
research during recent years, whereas the aggressivity of spiders and its lower production of

silk makes this a less used option, albeit it still used in research [9].

Silk is made up of two proteins called sericin and fibroin. A process called degumming is
used to separate the sericin from the fibroin (Figure 1A). Then, the fibres of silk fibroin (SF)
can be used for textiles in which the fibroin is woven to make the fabric (Figure 1C). In
addition, SF can be re-dissolved in aqueous solution to obtain regenerated silk fibroin solution
(RSF). It is this RSF which can be transformed in numerous morphologies, e.g., hydrogels,

sponges, films, etc. that can be used in multiple uses in the biomedical field (Figure 1D).

In addition to its versatility to obtain different morphologies, silk has good biocompatibility
with almost no immunological response [10] and very good mechanical properties which
results in high Young’s modulus and tensile strength [11]. It is these properties which makes
silk a good material for biomedical applications. In the last decades, different morphologies

have already been used in tissue engineering applications such as bone, nerve, or skin.

In the following section, the amino acid composition and structure of B. mori silk will be

described. These will have an impact on its properties and therefore on its uses as a




University of

Sheffield

Chapter 1

biomaterial. Different morphologies of silk and their applications in tissue engineering will be

also discussed.

(A) Raw silk (B) Bombyx mori silkworm and cocoon
Sericin
Regimming (©) Braided matrices

] =

Knitted matrices ~ Non-woven matrice
Dissolution

Dialysis

- |

Regenerated
2.1 fibroin solution

Figure 1. (A) Schematic of the production process of regenerated silk fibroin from raw cocoons. (B) Image of
Bombyx mori silkworm and a cocoon. (C) Examples of materials made from degummed silk fibroin. (D) Examples
of materials made from regenerated silk fibroin solution. Reproduced from the work of Koh, L.-D., et al. [10].

1.1.1. Silk properties, fibroin and sericin, polymorphism

Silk is naturally produced protein that is spun in specific glands in animals like silkworms
and spiders. Among all of the silk produced, silk from silkworm Bombyx mori (B. mori) is one
of the most studied silks since B. mori worms are easily domesticated and they produced large
amounts of silk to form their cocoons in comparison with the lower amount of silk produced
by spiders. Therefore, this review is going to focus on the structure, composition, and

applications of B. mori silk in the area of biomaterials and tissue engineering.
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Silk amino acid composition

Silk from B. mori is formed primarily by two different proteins: 25-30% is silk sericin (SS)
and 70-75% would be silk fibroin (SF) [12]. SS acts as a glue, holding together the silk fibroin
in the cocoon. It has a high proportion of polar amino acids, such as serine (S) and aspartic
acid (D), in its composition with only around 22% of non-polar amino acids [13]. A more

detailed amino acid composition of SS can be observed in

Table 1. Sericin has been usually associated with immune responses when used as a
biomaterial, therefore it is usually separated from the silk fibroin. However, studies showed
that these immunological responses only occurred when sericin was still in some way
associated to fibroin and that SS can be used as a biomaterial on its own [14, 15]. Moreover,
the use of SS as scaffolds has already been investigated, showing good results for adhesion
and growth in bone tissue engineering [16, 17]. There are several methods to extract the
sericin from the silk cocoons in a process called degumming. Chemical methods of
degumming are the most widely used. Boiling the cocoon in sodium carbonate, dissolving
sericin in urea (CH4N20) or lithium bromide (LiBr) are some examples [18]. Other methods

include boiling in water or enzymatic extraction using protease [19].

On the other hand, SF makes for about 70-75% of the whole cocoon [12]. Up to 76% of the
amino acids found in it are non-polar. The most abundant are glycine (G) (43%) and alanine
(A) (30%). The rest of the chain (around 24%) is formed by other amino acids, including some
polar amino acids such as serine (S) and tyrosine (Y) [1, 13]. A detailed composition of SF can

be observed in
Table 1.

SF is composed of two different domains joined by a covalent disulfide bond at the
C-terminus: a heavy chain (390 kD) and a light chain (26 kD) [20, 21]. The heavy chain is
formed of 12 crystalline (B-sheets) domains which contain hexapeptides like GAGAGS, short
GY-GY subdomains and tetrapeptides such as GAGS or GAAS. These domains are joined
together by the irregular GT-GT sequences, which can form turns to join the 12 crystalline
domains. On the other hand, the N- and C-terminus of the heavy chain are composed of non-

repeating amino acid segments. Moreover, the light chain is also composed of non-repeating
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units and forms part of the amorphous regions of the silk fibroin [1, 21]. A proposed 2D

structure by Ha et. al. [21] can be observed in Figure 2.

Table 1. Amino acid composition of silk sericin (SS) and silk fibroin (SF) expressed in mol%. Adapted from the
work of Cao, T.-T. and Y.-Q. Zhang [13]

Amino acids SS SF
Essential for the human body

Valine (V) 4.05 2.58
Leucine (L) 1.49 0.54
Isoleucine (I) 1.02 0.72
Phenylalanine (F) 0.67 0.81
Methionine (M) 0.31 0.15
Threonine (T) 7.47 0.85
Lysine (K) 2.08 0.33
Non-essential for the human body
Glycine (G) 17.85 42.62
Alanine (A) 6.70 33.38
Proline (P) 0.81 0.47
Tyrosine (Y) 3.10 5.84
Cysteine (C) 0.38 0.26
Serine (S) 25.50 7.65
Aspartic acid (D) 18.38 1.79
Glutamic acid (E) 5.74 1.36
Histidine (H) 1.32 0.21
Arginine (R) 3.12 0.44
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Heavy Chain

/ n

N-terminus

p-sheet /

(GAGAGS/GY~GY)

C-terminus

e

‘,~"<—I)isulﬁdc bond

Turn
(GT~GT)

Light Chain

Figure 2. 2-D schematic of the heavy chain and light chain of silk fibroin. Reproduced from the work of Ha, S.-
W., etal. [21].

Silk polymorphism

Three different polymorphs have been observed in silk. These are called: silk | (random

coil), silk Il (B-sheet) and silk IlI (film observed in air/water interfaces) [1, 22, 23].

Silk I has a random coil structure which is found in the spinning dope of the silkworm. It is
water soluble and converts to the more stable silk || when exposed to heat or mechanical
strain [1]. In vitro, the conformation change from silk | to silk Il can be achieved when the first
is exposed to methanol [24, 25]. Silk Il consists of the secondary, more stable, crystalline
B-sheet structure with amorphous domains between sheets. This structure is asymmetrical.
It is arranged in a way that has the methyl side chain from the alanine to one side and the
hydrogen side chain from glycine to the other. This helps forming strong hydrogen bonds
between adjacent sheets [1]. The good mechanical properties of silk fibroin are a result of
those inter-chain interactions [26]. In addition, this structure is insoluble in water and in other
solvents even in mild acid and alkaline conditions [1]. The last known structure, silk lll, is

present in the water-air interface with a helical structure [23].
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1.1.2. Properties of silk as a biomaterial

When comparing silk with other natural biopolymers, it is its good mechanical properties
that makes silk stand out. Moreover, silk also has good biocompatibility and biodegradability
rates which makes silk a good biomaterial. However, silk has a very low biological activity [27]
which results in poor cell attachment. This is due to its highly hydrophobicity and high content
of non-polar groups (up to 76%) [13]. Hydrophobicity and the presence of non-polar groups

are important properties which can hinder cell attachment and growth [28].
Mechanical properties

Native silk fibre has a high Young’s modulus (10-17 GPa) and high tensile strength (300-
740 GPa) [10]. These makes silk a tough and ductile material, which can be used for load
bearing scaffolds in tissue engineering. These properties are related to the hierarchical
structures of silk fibres, mainly due to the inter-chain hydrogen bonds formed between -

sheets and hydrophobic interactions [10].

However, it is important to note that even though native silk fibre has good mechanical
properties, materials made from silk fibroin solutions are weak and brittle [29], showing a
lower tensile strength than native fibres [30]. The reason for this is that the regenerated
fibroin lose the main structure of the native silk during processing [29]. Some examples can

be seen in Table 2.

Table 2. Mechanical data of native silk and different morphologies of regenerated silk. Adapted from the work
of Koh, L.-D., et al. [10].

Young's modulus (GPa) Ultimate strength (MPa)

Silkworm silk fibroin (B. mori)

Silk fibroin 10-17 300-740
B-sheet crystallites 16-18 -

Silk Regenerated morphologies

Methanol-treated sponges (6 wt%) 0.00043 0.02
Aqueous-derived sponges (4 w/v %) 0.00007-0.00013 0.011-0.013
Agqueous-derived sponges (8 w/v %) 0.0013-0.0033 0.1-0.32
Hydrogels (8 w/v %) - 0.0252
Films (cast) 3.9 47.2

Films (methanol-treated) 3.5 58.8
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Electrospun mat (conc. 15%, 2kV/cm
. . 0.515 7.25
and 5 cm spinning distance)

Electrospun mat (conc. 3%, 1kV/cm 1s
and 10-15 cm spinning distance)

Several methods including methanol treatment, water annealing treatment, different
processing temperatures, etc. can be used to enhanced the mechanical properties of the
regenerated fibroin [10]. Moreover, regenerated fibroin can be blended or chemically bound
to other natural (e.g. collagen [31] or cellulose [32]) or synthetic polymers (polyethylene oxide

[33] or nylon 66 [34]) to achieve better mechanical properties.
Biocompatibility

Silk has been used as sutures before, which have proven the biocompatibility of this
material [35]. Nowadays, silk is also used as scaffolds for tissue engineering. However,
removal of the sericin from native silk is an important step to improve the biocompatibility.
Sericin, when still associated to the SF, has proven to cause some immunological responses
[14, 15]. The biocompatibility of SF materials when degummed and sterilised properly can be

compared to that of collagen or poly(lactic acid) [29].

Tang et al. proved that degummed silk fibres can support the proliferation in vitro of
hippocampal neuron cells showing with no significant cytotoxicity [36]. Moreover, the
inflammatory response of silk fibroin conduits compared to collagen conduits, or an autograft
in vivo was studied by Ghaznavi et. al [37]. Silk showed more macrophage response than
collagen with similar nerve repair. On the other hand, the subcutaneous implantation of silk
and polyglycolic acid (PGA) scaffolds in rats showed less inflammatory response in silk than in

PGA scaffolds [38].
Biodegradability

Biodegradation is the disintegration of materials by any biological mean such as enzymes,
bacteria, etc. This term applied to the field of tissue engineering includes in its definition that
the elements obtained after disintegration of the scaffold can be removed from the original
location but not necessarily from the body [29]. In contrast, the elimination of those elements

through filtration or metabolic pathways is known as bio-sorption.
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Protease XIV is the most commonly used enzyme for biodegradation studies of silk in-vitro
[39-41]. These studies proved that the degradation rate for silk can be predicted which can
help design better scaffolds that can meet different requirements. This degradation is related
to the crystallinity of the RSF materials. Lu et al. proved that the non-crystal blocks move to
the solution of protease due to its hydrophilicity leaving behind the crystal blocks with a high
B-sheet content [42]. Therefore, controlling the crystallinity of RSF materials, the rate of

degradation can also be controlled.

Fragmentation of the silk fibroin, a decrease in the mechanical properties and thickness
are some of the results of the exposure to the enzymes. However, Numata et. al. proved that
the natural degradation with alpha-chymotrypsin showed less cytotoxicity than the

degradation using protease [39].

On the other hand, studies of the in vivo responses to the use of silk scaffolds show mild
inflammation and macrophage activation. It has been demonstrated that these responses are
associated with the structure and morphology that results from different methods of

preparing the different types of scaffolds [43, 44].
Cellular attachment

Cell attachment to silk fibroin scaffolds is poor [2]. This may be related to the high content
of non-polar amino acids [13] and the crystalline hydrophobic structure of silk Il [1]. Improving
cell attachment on silk materials can be achieved by various methods including plasma
treatment [45], coating or chemically binding silk with extracellular matrix (ECM) proteins
such as laminin [46], fibronectin [27], collagen [47] or peptides derived from them such as
IKVAV (“I” represents amino acid isoleucine, “K” lysine, “V” valine and “A” alanine)[48] or RGD
(“R” is arginine, “G” glycine and “D” aspartic acid) [49]. For example, Hu et al. mixed silk fibroin
with tropoelastin in different ratios proving that increasing the tropoelastin content led to
better adhesion of primary cortical neurons [50]. However, neurons in silk fibroin only formed
clusters whereas cell death occurred when the films were formed only of tropoelastin. Results

from this study can be seen in Figure 3.
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Figure 3. Fluorescence image of live dead (green) and dead cells (red) of primary cortical neuronal cultures on
silk-tropoelastin alloy films at different ratios and control (plate coated with poly L-lysine) over different days.
Partially reproduced from the work of Hu, X., et al. [50].

The modification of silk surfaces by these methods can provide a way to tune the
hydrophilicity of SF surfaces and obtain control over cell adhesion [2]. Dhyani et al. have
grafted poly(acrylic acid) (pAAc) or poly(ethylene glycol) (PEG) to the surface of regenerated
silk films to obtain hydrophilic surface which then were seeded with Hela and L6 cells. The
pAAc-SF surfaces proved to be hydrophilic and have high cell adhesion, whereas the PEG-SF
surfaces were still hydrophilic but had lower cell adhesion. This way they could tune the cell

adhesion from low to high and back to low as can be seen in Figure 4.

e W

Silk Film (SF) pAACc-SF PE
Hydrophobic Hydrophilic Hydrophilic

Low Cell Adhesion High Cell Adhesion Low Cell Adhesion

Figure 4. Tuneable cell adhesion on silk films via grafting pAAc on silk or PEG on pAAc. Reproduced from the
work of Dhyani, V. and N. Singh [2]
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1.1.3. Morphology of different silk biomaterials

Aqueous solutions of silk fibroin can be obtained by dissolving silk fibroin after the removal
of the sericin, also known as degumming. Then, silk fibroin can be re-dissolved by either using
lithium bromide (LiBr) [51] or Ajisawa’s reactant [52]. Once SF is in agueous solution, which is
called regenerated silk fibroin (RSF), different materials such as hydrogels, fibres, films, etc.

can be obtained as it is shown in Figure 5.

Figure 5. Schematic of different materials made from silk fibroin. The arrows indicate the time needed to make
the materials from the aqueous silk solution. Reproduced from the work of Rockwood, D.N., et al. [12].

For example, different methods can be used to make SF hydrogels. Sonication of the SF
solution will induce the change from random coil to B-sheet, forming a gel [53]. On the other
hand, Yucel et al. proved that gelation could be achieved by a vortex mixer that would
promote the same change to B-sheet [54]. The formation of SF hydrogels can be affected by
pH, fibroin concentration, temperature, and time of processing. SF hydrogels have been used
for soft tissues applications such as cartilage and skin [55] due to its similar nature. Improving
the mechanical properties of such hydrogels would allow their use in load-bearing

applications such as bone tissue engineering [56].

On the other hand, the most common method to make silk films is by casting the aqueous
solution onto different substrates. Both patterned and non-patterned silk films can be
obtained using different methods [12]. According to Rockwood et al., drying the silk solution

directly in a petri dish would give non-patterned films but a pattern can be obtained using,
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for example, PDMS (polydimethylsiloxane) moulds [12]. Methods like alcohol immersion are
usually used to improve the crystallinity of these silk films [29]. These silk films are usually
transparent which makes them good materials for cornea tissue engineering

applications [57].

More advanced methods to control surface properties of the films are for example
lithography or inkjet printing. These techniques allow more accurate patterns to be obtained.
For example, a highly cell adhesive pattern can be printed on top of a non-adhesive
background to control the attachment of cells [58]. Moreover, cells can be printed with a
specific pattern using an inkjet printer without showing a reduction in cell viability [59]. All in

all, inkjet printing can be a good technology for creating more advanced scaffolds.
1.2. Silk functionalisation

As described before, SF materials can have issues with low cell-adhesive activity, loss f
mechanical properties after processing and variability in biodegradation and bioactivity. For
these reasons the functionalisation of SF materials is widely studied. There are different
approached to functionalise silk. For example, chemical modification, the use of transgenic
worms, and physical modification. All of these approaches can resolve some of the issues with

SF biomaterials.

For example, Tamura et al. [60] used piggyBac transposons to modify the gene expression
of B. mori silkworms that can then produce recombinant proteins without the need for further
modifications. This opened the field to multitude of applications. In particular, Kambe et al.
[61] genetically introduced the Arg-Gly-Asp-Ser (RGDS) sequence into the light chain of silk
fibroin. The effect of this was investigated on chondrocyte adhesion and, while properties
such as wettability were not changed, cell adhesion was improved by this modification.
However, these approached depends on the ability of the transgenic silkworms to express the

recombinant protein which in some cases can be poor [62].

SF surface modification depends largely on the ability to link such ligands to the SF protein.
The heavy chain of silk proteins can contain more than five thousand amino acids, of these
only around 20 mol% are considered chemically active amino acids with functional side chains

[63]. The presence of active amino acids is even less in the SF light chain. This is important,
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when considering different crosslinking strategies such as chemical modification, seen in

Figure 6.
a Serine carboxylation b Diazonium coupling
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Figure 6. Summary of chemical modifications of silk proteins: a) carboxylation, b) diazonium coupling and c)
carbodiimide coupling. This graph includes main reactions, catalysts, target amino acids and some outcomes for
each reaction such as chain scission and change in molecular weight. Reproduced from the work of Sahoo et al.
(63]

The most commonly used chemical modification of silk is carboxylation chemistry. In this
case, hydroxyl groups are deprotonated in serine, tyrosine or threonine amino acids in high
alkaline conditions [64-66]. Using this method, properties such as polymer charge and
hydrophilicity can be tailored to specific applications. Another approach is using diazonium
coupling [65-67] during which multiple functional groups such as carboxylic acid, amines or
ketones can be added to the tyrosine units of the silk heavy chain, modifying the wettability
of silk materials. For example, Murphy et al. [67] used diazonium coupling chemistry to
increase the hydrophilicity of SF proteins. In this case, growth and morphology of hMSCs
(Human Mesenchymal Stem Cells) were affected by the degree of hydrophilicity of the SF

material.

However, one of the most used reactions involved in silk modification is carbodiimide

coupling. This occurs in the presence of 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide
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(EDC) and N-hydroxysuccinimide (NHS) in aqueous solution at around pH 6. Using this
method, multiple of different ligands have been incorporated into silk: vitamins [68], peptides
[69-71], sugars [66] and proteins [72]. Although this coupling is favoured due to the
abundance of acid and amine residues in silk molecules, this can also lead to intra and

interchain crosslinking [65].

All of this highlights the challenges of silk chemistry: lack of readily available reactive
residues which results in low degrees of functionalisation, intrachain and interchain
crosslinking; external stimuli such as changes in temperature or pH, sonication, vortexing can
induce gelation and B-sheet formation decreasing solubility and forming silk aggregates. In
addition, chemical modifications of silk are limited to aqueous solutions to avoid phase

separation and precipitation of the SF proteins.

All of these approaches above involve covalent interactions to incorporate the bioactive
motifs into the SF proteins. However, there is another approach which involves using
supramolecular crosslinking such as non-covalent interactions to obtain dynamic and
reversible links. In this case, highly ordered structures known as self-assembly are being used
in the fabrication of synthetic biomaterials. Synthetic peptides have played a key role in the
field of self-assembled biomaterials [73]. These are of particular interest due to their high
biocompatibility and biodegradability. In addition, their synthesis is a highly scalable and cost-

effective process.
1.3. Silk in tissue engineering

Trauma, injuries, or disease can cause the deterioration or atrophy of different tissues or
organs of the human body. One of the most typical treatments is using tissue, organs or cells
from one person (donor) to another (recipient), this is called an allograft or
allotransplantation [74]. Problems associated with this can be infection and rejection by the
patient’s immune system since the transplanted part is recognized as a foreign material and,
as such, is attacked by the immune system, taking immunosuppressant drugs can lower the
chances of rejection. On the other hand, tissue and cells can be transplanted from one part
of the body to another in the same person. This is called an autograft or auto transplant [74].

This process reduces the possibility of rejection since the body does not identify the
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transplanted part as a foreign material. However, harvesting the required body part can be
painful and difficult to reach. This method is also associated with site morbidity due to

infection and hematoma.

Tissue engineering uses a combination of cells, materials, and biological active molecules
to grow functional tissue that can repair or improve damaged tissue and organs. The aim of
tissue engineering is to provide the appropriate environment for the tissue or organ to

regenerate, which is achieved with the use of scaffolds.

The good mechanical properties and biocompatibility of silk materials and their versatility
to be adapted into a wide range of morphologies make silk a great material to use in tissue

engineering applications such as bone, skin, or nerve.
1.3.1. Bone tissue engineering

Good mechanical properties are needed to ensure the success of bone scaffolds, for that
reason silk makes a good choice for this application. The use of silk for bone regeneration is

one of the most used applications of silk.

Different morphologies can be used. For example, Ribeiro et. al. developed a silk fibroin
and nanohydroxyapatite (nanoHA) hydrogel suitable for bone regeneration [56]. Including the
nanoHA in the hydrogels improved the mechanical properties and cellular metabolic activity.
On the other hand, electrospun fibres with nanoHA and/or bone morphogenetic protein were
seeded with human bone marrow-derived mesenchymal stem cells and used for in vitro
studies [75] which showed enhanced bone formation. Reinforcing scaffolds with other
components can sometimes prove difficult due to poor interaction between the components.
For this reason, silk-silk composites are being developed. For example, silk particles were
incorporated into silk sponges improving the compressive modulus of the sponges and
slowing degradation [76]. These structures could be useful for bone regeneration and other

load-bearing applications.
1.3.2. Skin tissue engineering

Human skin consists of a complex structure composed of three layers: epidermis, dermis,

and hypodermis. Each layer has a different composition, e.g., the dermis is rich in collagen
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while the epidermis has keratin. Also, the dermis contains hair follicles, glands, blood vessels

and nerve endings. For these reasons, scaffolds for skin regeneration are difficult to design.

Silk can be combined with different biomaterials like collagen-I or fibronectin to mimic the
structure of the skin. For example, silk fibroin coated with fibronectin supports adhesion and
dispersion of both keratinocytes and fibroblasts cells while collagen-l only supports
keratinocytes and no fibroblasts [29]. Other composites of silk were successfully used in skin
regeneration like silk-chitin [77] and silk-alginate [78]. Furthermore, Jeong et al. treated silk
nanofibers with plasma in presence of oxygen which increased its hydrophilicity [45]. This

resulted in increased cell activity compared to the untreated nanofibers.
1.3.3. Nerve tissue engineering

Nerve regeneration is often challenging. While small gaps (<5 mm) in nerves can be solved
by suturing (also known as neurorrhaphy), larger gaps between nerves require the use of
other techniques such as autografts [79, 80]. These autografts are harvested from another

part of the body which can lead to site morbidity or deformities.

Recently, polymers such as poly(lactic acid) [81] have been used to create artificial nerve
grafts or channels that can help with nerve regeneration but also, natural polymers such as
silk fibroin have been studied for this application [82]. Moreover, the biocompatibility of SF
with nerve tissues has already been evaluated, proving that SF is cytocompatible and a good

candidate for this type of tissue engineering applications [36, 79, 83].

Different silk fibroin biomaterials such as electrospun fibres, hydrogels or films can be used
for nerve regeneration. For example, Sun et al. prepared silk hydrogels with covalently linked
IKVAV by sonication for brain tissue regeneration [48], the silk-IKVAV hydrogel showed higher

proliferation and differentiation of neural cells than the unmodified silk hydrogels.

On the other hand, the use of different growth factors such as Ciliary Neurotrophic Factor
(CNTF) and Brain Derived Neurotrophic Factor (BDNF) can increase the growth of neurites by
almost three times when using both factors compared to non-functionalised fibers [84].
Combination of electrospun poly(lactic acid) (PLA) and SF nanofibres with Nerve Growth

Factor (NGF) supported cell adhesion and differentiation of PC12 cells [85].
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However, in the field of peripheral nerve regeneration, aligned and oriented microchannels
are important cues to guide the growth and development of neurites. Dinis et al. [82]
developed a bi-functionalised silk electrospun conduit comprising of CNTF and NGF bioactive
motifs. Moreover, these were designed with longitudinally oriented channels to mimic the
architecture found in native nerve tissue. They found that the addition of growth factors did
not affect the secondary structure of the SF material, which displayed similar mechanical

properties to that of native sciatic nerve in rats.
1.3. Overview of project

Silk is proposed as a good biomaterial with good mechanical properties, biocompatibility,
and biodegradation. However, the interaction between silk biomaterials and cells is, in
general, poor. The need to combine silk with other materials, such as natural or synthetic
polymers, proteins, or peptides, is of great relevance to obtain a successful scaffold for its

application in tissue engineering.

In this project, it is proposed to use silk as a biomaterial for peripheral nerve regeneration
and combine it with synthetic peptides. Some examples of these peptides are I3K, I3KVAV

lIIIl

(where “I” represents amino acid isoleucine, “K” lysine, “V” valine and “A” alanine) or IsRGDS

IIIII

(where “I” represents amino acid isoleucine, “R” is arginine, “G” is glycine, “D” is aspartic acid
and “S” is serine). I3KVAV is the primary domain for bioactivity of the protein laminin and has
also been used effectively to improve adherence of neuronal cells [46, 86, 87]. On the other
hand, I3RGDS corresponds to the cell attachment site of fibronectin and has been widely used
to improve cell attachment of scaffolds [49, 88-91]. Both laminin and fibronectin can be found
naturally in the extracellular matrix (ECM), and synthetic scaffolds try to mimic this ECM to

IIIH

obtain a successful scaffold [92]. Other novel peptides, like IsK (where represents amino

llIII

acid isoleucine and “K” lysine) or 15QGK (where represents amino acid isoleucine, “Q”
glutamine, “G” glycine and “K” lysine), which to our knowledge have not been used in tissue
engineering before excluding this research group, will also be used to improve silk scaffolds.
However, these peptides alone cannot provide a substrate with the good mechanical
properties needed for scaffolds. In this case, silk will provide a good substrate with good

mechanical properties while the synthetic peptides will provide the required cell interaction

to fulfil the purpose of the scaffold.
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On the other hand, the morphology of the scaffolds has a great impact in its performance
as good substrates for tissue growth. Properties such as topographical cues and spatially
controlled patterns will affect the way the cells interact with the scaffolds. These need to be
small enough that they recognisable cues for the cells to promote adhesion, proliferation and
even differentiation. For this reason, the use of different methods like inkjet printing or spin
coating will provide further understanding of the effect of different morphologies in the use

of peptide coated silk scaffolds for the culture and differentiation of neuronal cells.
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Chapter 2. Materials and methods

2.1. Materials

Raw silk cocoons were obtained from State key lab of silkworm genome biology, Southwest
University, China. Synthetic peptide I3K was obtained from GL Biotech Co Ltd, Shanghai, China.
PC12-Adh immortalised cell line was kindly given by the biomaterials and tissue engineering
group at The University of Sheffield. All other chemicals were obtained commercially at

analytical grade from Sigma Aldrich unless stated otherwise.
2.2. Preparation of regenerated silk fibroin solution

Natural silk is composed of two main proteins: silk sericin and silk fibroin. The sericin is
usually removed via a process called degumming and discarded. The silk fibroin obtained this
way can then be redissolved to form an aqueous solution called regenerated silk fibroin (RSF)
solution which can be used for different applications. The overall process can be seen in Figure

7.

1 Degum silk cocoons 2 Dissolve silk fibroin 3 Dialyse against DI-water

5 30,60 or 90 min (
§ ooc — [

0.02 M Na,CO;4 H,0:CaCl,:EtOH MWCO: 3.5/10/12 kD
4 Centrifuge dialysed solution 5 'Recover supernatant 6 Store
i / 5 10 min |
— p@m w § ac — — § ac
= T el ‘\(/
= RSF solution

Figure 7. Schematic of the whole process to obtain a regenerated silk fibroin RSF solution from raw cocoons.
Created with BioRender [93].

2.2.1. Silk degumming

Raw silk produced by Bombyx mori (B. mori), a domesticated type of silkworm, is a

composite material of silk fibroin (70-75%), sericin (25-30%) [12]. Silk degumming is the
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process where the sericin is removed to obtain clean individual silk fibroin fibres. This process
can be done using different methods or agents such as alkali, acid, high pressure or enzyme

[94-96] In this case, an alkali such as sodium carbonate (Na2COs) is used as described below.
Degumming via Na>COs solution

Briefly, 5 g of raw silk cocoons from B. mori were cut into small pieces (~0.25 cm?) and
cleaned in warm deionised water. A beaker containing 2 L of deionised water was placed on
a hotplate and brought to a boil at 100°C. Then, 4.24 g of Na,COs were added to make a
0.02 M solution. Once the sodium carbonate had completely dissolved with the help of a
rotating magnetic stir bar, the silk cocoon is added and left for the specified amount of time,
e.g., 30, 60 or 90 min. The beaker was partially covered with aluminium foil to prevent excess
evaporation of the solution, and pre-heated deionised water was added if the volume was

lower than 2 L.

After the specified amount of time, the silk fibroin (SF) fibres can be recovered using a
Buchner funnel equipped with a miracloth discarding the solution. SF fibres were then rinsed
5-6 times with clean deionised water to remove any sericin or Na,COs that may have
remained. Fibres were then spread out in a crystallisation disk and dried at room temperature
or in an oven set at 60°C until completely dried. Then, they can be stored in a hermetically

sealed bag for long-term storage at room temperature.
2.2.2. Weight loss due to degumming

As stated before, 25 - 30% of the raw silk cocoon is made of the protein sericin. During
degumming this protein is removed and therefore, by calculating the weight lost during the
process we can estimate if the sericin has been successfully removed. Briefly, the raw cocoons
were weighed before degumming and the silk fibroin fibres were also weighed after drying.
The difference between these, as seen in Equation 1, gave an estimation of the sericin lost

during the process

) mass of raw cocoon (mg) — mass of silk fibroin (mg)
weight loss% = x 100
mass of raw cocoon (mg)

Equation 1. Equation used to calculate the weight loss (%) due to the removal of silk sericin during the
degumming process
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A weight loss of 25 to 30 percent was considered as a successful degummed silk fibroin.

0.02M Na,CO, t=0 t =30 min t =60 min t =90 min

Dry silk fibroin fibres

Figure 8. Images of the degumming process at different time points.

2.2.3. Dissolution of silk fibroin

After removing the sericin protein, silk fibroin proteins are in the form of fibres. Although
this material is useful for the textile industry for example, the final objective is to obtain a
solution of SF proteins denominated regenerated silk fibroin (RSF) solution that can be further
used for different applications. This solution can be obtained using different solvents such as
lithium bromide (LiBr) solution, a ternary solution composed of calcium
chloride:ethanol:water (also known as Ajisawa’s reagent [52]) and, more recently, ionic
liquids such as 1-butyl-3-methylimidazolium chloride (BMIM Cl), 1-butyl-2,3-
dimethylimidazolium chloride (DMBIM Cl) and 1-ethyl-3-methylimidazolium chloride (EMIM

Cl) [97]. In this study, Ajisawa’s reagent was used, and the method used is described below.
Dissolution of silk fibroin via Ajisawa’s reagent

Degummed silk fibroin fibres were dissolved using Ajisawa’s ternary reagent composed of
a mixture of calcium chloride:ethanol:water (CaCl,:EtOH:H,0) in a molar ratio of 1:2:8 [52].

To make the reagent, 9.3 g of CaCl, were dissolved in 14.4 of filtered (0.2 um PTFE filter,
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Fisherbrand) deionised water under continuous stirring. Once dissolved, the solution was
again filtered (0.7 um PTFE (polytetrafluoroethylene) filter, Fisherbrand) and then added to
11.1 g of filtered (0.2 um PTFE filter, Fisherbrand) ethanol. This ternary solution is then
poured into a two-neck round bottom flask placed inside a water bath that is heated on a
hotplate. This flask is equipped with a thermometer to check and control the solution’s
temperature. Once the ternary solution is heated to 80°C, 3 g of degummed silk fibroin is

added and left to be dissolved for 90 min under continuous stirring with a small magnetic bar.
2.2.4. Dialysis of regenerated silk fibroin solution (RSF)

Since the dissolution process is a salt-based method, this salt needs to be removed from
the solution to obtain the final RSF solution so it can be used for future applications. Three
different dialysis tubes are used for this with a different molecular weight cut-off (MWCO):
cellulose tube with MWCO 12,000 (Sigma-Aldrich) and SnakeSkin tube with MWCO of 10,000
and 3,500 (ThermoFisher).

Briefly, the solution was cooled down, divided in three and poured into the three dialysis
tubes which are tightly closed on one end. After the tubes are filled, the open end is closed
with a clip and equipped with an empty plastic tube to make it float. Then, each tube is placed
in a beaker with 2 L deionised water and equipped with a magnetic stirrer. The water was
changed at specific intervals of time, e.g., 0.5h, 1 h, 2 h, 4 h, 20 h and 24 h, to promote the
removal of salts from the solution. The conductivity of the water is measured in each change
to follow the dialysis process. The dialysis is considered finished when the conductivity of the

water is less than 10 puS/cm.
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A) Before dialysis B) After dialysis
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Figure 9. Images of RSF solution inside the dialysis tube before and after the dialysis process.

2.2.5. Centrifugation, measure of concentration and storage

When removing the salts through dialysis, the solubility of the silk fibroin decreases, and
some might precipitate. This can cause gelation of the solution and therefore, centrifugation
is required to remove any debris. The solution is split in 1.5 mL Eppendorf tubes and
centrifuged at 13,000 rpm for 15 min at 4°C using a Heraeus Biofuge Fresco refrigerated

centrifuge. The supernatant is recovered and stored at 4°C.

Briefly, approximately 200 mg of RSF solution are deposited on a pre-weighed glass slide.
The exact weight of the solution is calculated by subtracting the weight of the glass slide, W3,
to total weight (solution and glass-slide) W,. After drying in an oven at 60°C for 24 h, the glass
slide is weighed again (Ws3), and the dry sample mass can be calculated by subtracting the
weight of the glass slide, W1, to the total dry weight, Ws. The concentration of the RSF solution

expressed as weight percent wt% is calculated with the following Equation 2,

(0 — mass of solute (mg) 100 = W, — W, % 100
W = T hass of solution R

Equation 2. Equation used to calculate the gravimetric concentration (wt%) of the RSF solution.
W1 is the mass of a clean glass slide in mg
W, is the mass of the solution added and the glass slide in mg

W3 is the mass of the dried solution and glass slide
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RSF solution

Figure 10. Example of RSF solution after dialysis and centrifugation.

2.3. Characterisation of Silk Fibroin Fibres

2.3.1. Scanning electron microscopy (SEM)

Scanning electron microscopy (SEM) is a type of microscopy where a beam of focused
electrons is used to scan the surface of a sample. The electrons are absorbed or scattered by
the topography of the sample, and this can be detected to produce a high-resolution image

at a very high magnification.

Briefly, dried degummed SF fibres were placed onto carbon adhesive pads (Agar Scientific,
United Kingdom) that were mounted on aluminium stubs (Agar Scientific, United Kingdom).
To improve the quality of the final image, samples were gold coated (Q150R S, Quorum
Technologies, UK). After this, the sample stubs are loaded into the SEM (Sorby Centre, FEI
Inspect F) and imaged under vacuum at 3 kV with a spot size of 3. Low acceleration voltage
was required to avoid damaging the samples. Magnifications of 1,000x and 10,000x were

used.
2.3.2. Differential scanning calorimetry (DSC)

Differential scanning calorimetry (DSC) is a thermoanalytical technique that evaluates the
change in a material’s heat capacity (Cp) as a function of the temperature (T). The sample’s
Cp is compared to that of a reference chamber. This can give information about the material

such as glass transition temperature and changes in phases such as melting point.

24



& University of

y Sheffield

Chapter 2

In this case, approximately 3 mg of degummed SF fibres were placed in an aluminium pan
and tightly closed. The pan was, then, placed in a DSC4000 (PerkinElmer, United Kingdom)
and subjected to a temperature profile that can include different steps such as heating,
cooling, and constant temperature. This is done under nitrogen atmosphere with a gas flow
of 20 mL/min. An optimisation of these steps was carried out to find the profile that gave
more relevant information. A baseline for each profile is needed for post-processing
calculations, this is achieved by running the same temperature profile with an empty

aluminium pan.
2.3.3. Thermal gravimetric analysis (TGA)

Thermal gravimetric analysis (TGA) is a thermoanalytical technique that evaluates the
change in a material’s mass as a function of the temperature (T) with a constant heating rate.
This measurement can give information about the transitions and phase changes of a sample,

as well as chemical information such as decomposition or reactions.

Briefly, approximately 3 mg of degummed SF fibres were placed in a pre-zeroed chamber
inside of a Pyris 1 TGA Thermogravimetric Analyzer (PerkinElmer, United Kingdom) and
heated to a maximum of 1000°C with a heating rate of 10°C/min under a flow of N, gas

(20 mL/min).
2.4. Characterisation of RSF solution
2.4.1. Sodium Dodecyl Sulphate Polyacrylamide Gel electrophoresis (SDS-PAGE)

SDS-PAGE was carried out with samples of RSF prepared using different degumming times
(30 or 90 min and dried in the oven at 60°C), dissolved using Ajisawa’s method and dialysed
using different MWCO (3.5, 10 or 12 kD). Precast gels of 10% Tris-glycine were used and
loaded with 10 pg of denatured proteins. Separation was carried out under constant electric
current of 20 mA during 30 min. Separated protein bands were stained with Colloidal

Coomassie blue so they can be detected.
2.5. Dissolution of amphiphilic peptide

The synthetic peptide Ac-IsK-NH; (purity >98% w/w), named IsK, was purchased from GL

Biochem Ltd. (Shanghai, China) as a lyophilised powder. On the other hand, an aqueous buffer
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solution is prepared by dissolving HEPES (N-2-hydroxyethylpiperazine-N-2-ethane sulfonic
acid) in deionised water with a final concentration of 20 mM. The pH is adjusted to 6.0 using
a 1 M solution of NaOH (sodium hydroxide) or HCI (hydrochloric acid) as needed. This is then

filtered sterile and stored at 4°C for up to 1 month.

Finally, 15K peptide is dissolved in the HEPES (20 mM, pH 6.0) solution at a concentration
of 5 mg/mL. Because solubility is low due to the bigger hydrophobic block of the peptide, the
dissolution process is carried out with the help of an ultrasonicator bath. Once all the peptide
was dissolved, the pH was checked and adjusted back to 6.0 if needed with the help of 1 M
solution of NaOH or HCI. I3K solution was then incubated under ambient conditions for the

required amount of time, i.e., 0, 1, 3, 5 and 7 days before using.
2.6. Preparation of spin coated samples

Samples for cell culture, atomic force microscopy (AFM) and as substrate for inkjet printing
were prepared by spin coating. RSF monolayer samples or RSF:I3K bilayer samples were spin
coated (WS-650-23NPP, Laurell Technologies Corporation, USA) onto 13 mm round cover
glasses with a thickness of 1.5 mm (Avantor VWR, UK) for cell culture and AFM or onto
10x10 mm square cover glasses 1.5 mm thickness (Agar Scientific, UK) for inkjet printing and

subsequent cell culture.

Briefly, to make the RSF monolayer samples, a solution of 70% ethanol (300 pL) was spun
first to clean the surface at 8,000 rpm for 20 seconds. Then, the RSF solution (40 mg/mL) is
spun at 8,000 rpm for another 20 seconds and lastly, a 95% ethanol solution is spun at
4,000 rpm for 20 seconds to change the conformation of the SF from silk | (random coil,
soluble state in the RSF solution) to silk Il (B-sheet, insoluble state). On the other hand, to
prepare the RSF:IsK bilayer sample, an additional step is needed, 50 pL of IsK solution
(5 mg/mL, left to self-assemble for 0, 1, 3, 5 or 7 days under ambient conditions) are spun on

top of the RSF monolayer.

26



Chapter 2

A)
1 Cleaning step 2  RSF deposition 3  Conformation change
/EtOH 70% ;SF solution EtOH 95%
Cover glass
. . ~1 >
B)
1  Cleaning step 2 RSF deposition 3  Conformation change 4  I;K deposition
/EtOH 70% RSF solution EtOH 95% 1K solution
Cover glass

U’ g C U
-\H_) . . ., \jp)

Figure 11. Schematic of the preparation of A) RSF monolayer samples and B) RSF:I5K bilayer samples. Created
with BioRender [93].

2.7. Characterisation of spin coated samples
2.7.1. Atomic Force Microscopy (AFM)

AFM was carried out using a Bruker Dimension Icon instrument to characterise the
topography of the samples with SCANASYST-AIR probes at room temperature. Samples were
prepared by spin coating as mentioned above and the cover glass was stuck to an AFM
support disc. Tapping mode was used to scan the samples and Brucker NanoScope Analysis

software (Version2.0) was used for analysis.
2.7.2. Contact angle

The water contact angle was measured using a Kriiss GmbH drop shape analyzer-100
(DSA100), this is equipped with a 20-gauge blunt syringe to place 5 pL of deionised water on
top of the surface of the sample. Then, the contact angle is calculated by the DSA100 software

using the sessile drop method.
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2.8. Micropatterning via inkjet printing

Micropatterning of the RSF surfaces, previously prepared by spin coating as explained
above, was carried out via drop-on-demand (DoD) inkjet printing. A custom-built inkjet printer
equipped with 40 um nozzle piezoelectric jetting devices (MicroFab Technologies Inc., USA).
When a voltage differential is applied to the piezoelectric actuator that surrounds a glass
capillary, it produces a pressure wave in the fluid causing a droplet to be jetted [98]. An
example of this can be seen in Figure 12, a droplet is formed and ejected to be deposited in
the printing surfaces creating the pattern. The droplet formation can also be seen in Figure
13D. A custom-made software is used to control the voltage pulse applied and to move the
printing stand, it also controls the number of droplets that can be generated and its spatial
position. This program was made on the LabView platform (National Instruments
Corporation, USA) (Figure 13B). The micropatterning spatial positions are determined as X-Y-

Z coordinates in Microsoft Excel and then read by the software [99-103].

1— Pressure wave

Piezoelectric material

AAVA

—_—
Pulse voltage

Radial and axial
deformation

Bio-ink
13K solution — 7"
{1 mg/mL)

Glass printhead ——

Nozzle j Droplet formation

40 um diameter
RSF surface
./‘/ Glass slide

Substrate motion —»

Figure 12. Schematic of the micropatterning of IsK solution on RSF surfaces via inkjet printing.

Briefly, previously spin coated cover glasses with RSF (as mentioned before) are used as a
substrate for inkjet printing. The bio-ink is made of 13K solution diluted to 0.5 mg/mL using
20 mM HEPES buffer solution with a pH of 6. This bio-ink was left to self-assemble for 3 days
at room temperature prior being used for printing. An optimisation step of the voltage

waveform was done so the smaller stable droplet can be obtained. Then, the micropattern
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was printed with different number of layers, i.e., 1, 3 or 5 layers. The distance between the

nozzle and the RSF substrate was approximately 2 mm.
2.9. In vitro studies with PC12-Adh neuronal-like cell line
2.9.1 General cell culture

A PC12-Adh neuronal cell line (rat pheochromocytoma, cancerous, ATCC, USA) was used

as an in vitro model for neuronal cells.

These cells are considered an immortalised cell line since they have been mutated to evade
cellular senescence and are able to keep undergoing cell division indefinitely. However, this
does not mean that the same cells can be used for cell culture forever, each time that cells
reach 80-90% confluence in a flask, cells need to be divided in different flasks to be able to
keep growing. This is known as a subculture, and the number of times this step has been done
is called a passage. Sometimes the number of passages, or “how old the cells are”, can affect
the results of the experiment. As a result, the number of passages is decided prior to

experiments. For this study, all cells were between passage 4 and 8 (P4-P8).

General culture medium is prepared adding 1% glutamine, 0.5% amphotericin B,
1% penicillin/streptomycin and 10% foetal calf serum (FCS) to Dulbecco's Modified Eagle
Medium (DMEM).

PC12-Adh were kindly given by the tissue engineering and biomaterials group at the
University of Sheffield. Cells are grown in a T75 flask in growth media in a humidified
atmosphere with 5% CO; at 37°C. After reaching 80% -90% confluent in the T75 flask, cells

were used for experiments or split for continuous growth.
2.9.2. Cell attachment assay: crystal violet

When PC12-Adh cells reached 80-90% confluency, cells were dissociated with 5 mL of
trypsin-ethylenediaminetetraacetic acid (Trypsin /EDTA) for 3-5 min, obtaining a monodisperse
solution of cells. The concentration of cells is calculated manually with the help of a
haemocytometer and then, 64 x10* cells were seeded on top of the RSF samples, controls
(TCP+, TCP- and cover glass) or RSF:IsK samples, depending on the experiment, previously

sterilised under UV for 30 min. These cells were kept for 24 h in a humidified atmosphere with
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5% CO; at 37°C. After that, cells were washed with PBS (phosphate buffer saline). Apoptosis
was induced in the negative control by incubating for 10 min in 1% Triton X-100. Then, cells
were fixed for 10 min using a 3.7% FA (formaldehyde) solution, immediately after that they
were wash again with PBS. Then, 250 ulL of crystal violet in 70% ethanol and incubate for
10 min. Crystal violet solution was removed and samples were washed 3 times with 1 mL PBS
to remove unbound crystal violet. Then, 600 uL of acetic acid was used per sample to
redissolve the bound crystal violet, 100 pL of this was transferred in triplicate to a 96-well

plate and the absorbance at 630 nm was read using a plate reader.
2.9.3. Metabolic activity assay: resazurin assay

Resazurin solution was made from resazurin powder dissolved in PBS at a concentration of
1 mM and was sterilised by filtration. This can be stored protected with aluminium foil at 4°C
until use for no more than 1 month. Then, the stock is diluted to prepare a 10% resazurin

solution in full DMEM media.
Direct method

Similarly, after cells growing in the T-75 reached 80-90% confluency, they were trypsinized
to obtain a monodisperse solution, then counted with a haemocytometer. Then 32 x10* cells
were seeded on top of the RSF samples, controls (TCP+, TCP- and cover glass) or RSF:I3K
samples, depending on the experiment, previously sterilised under UV for 30 min. Cells were
left to grow and expand for 24 h at 37°C in a humidified atmosphere with 5% CO,. At this
point, cells in the negative control (TCP-) were killed in 1% Triton X-100 for 10 min. Then, all
samples were incubated for 24 h more. After a total of 48 h, old media was removed and
500 pL of resazurin solution in fresh media was added to each well. Plates were wrapped in
aluminium foil to protect the solution from light and incubate for 4 h at 37°C in a humidified
atmosphere with 5% CO,. Then, from each well 100 uL were transferred in triplicate to a 96-
well plate and fluorescence intensity was obtained using a plate reader (Aex/Aem of

530-560/590 nm).
Indirect method

For the indirect method, PC12-Adh were all seeded in TCP with 32 x 10* cells, while

samples were submerged in growth media. All were incubated for 24 h at 37°Cin a humidified
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atmosphere with 5% CO,. After this, cells in negative control (TCP-) were induced apoptosis
with 1% Triton X-100 for 10 min, and media used to submerge each sample was transferred
to its equivalent well with cells. Then, these were incubated 24 h more. The following steps

were the same as mentioned in the direct method above.
2.9.4. Differentiation of PC12-Adh

Differentiation of PC12-Adh can be induced by adding a nerve growth factor (NGF,
Recombinant Rat beta-NGF Protein, R&D systems). The concentration used for differentiation
can vary from 20 ng/mL to 100 ng/mL [104-107]. In this case, NGF is dissolved in full media at
50 ng/mL and cells are incubated for 7 days. Media + NGF was replaced every 48 h.

2.10. Fluorescence Microscopy and analysis of cells
2.10.1. Fixing and staining of PC12-Adh cells

After PC12-Adh neuronal cells were cultured for the required amount of time. Old culture
medium was removed. Then, samples were fixed with 3.7% FA for 10 min and permeabilized
with 0.1% Triton X-100 for 10 min at room temperature. Samples were washed with PBS once.
Then DAPI (4',6-diamidino-2-phenylindole) and Phalloidin-FITC (Fluorescein Isothiocyanate
(FITC) labelled Phalloidin) were used at a 1:1000 dilution in PBS to stain the nuclei and the F-
actin, respectively. Samples are incubated for 1 h in the staining solution protected from the
light. Then, this solution is removed and washed with PBS. Finally, samples are kept

submerged in PBS ready to be imaged.
2.10.2. Fixing and immunolabeling of PC12-Adh cells for BlIl tubulin

After PC12-Adh neuronal cells were cultured for the required amount of time.
Immunolabeling of B-lll tubulin was carried out to identify differentiated cells. After
discarding culture media, cells were fixed in 3.7% FA for 10 minutes at room temperature.
Then, FA was discarded, and cells were permeabilised with 0.1% Triton X-100 for 10 minutes
at room temperature. This will allow the antibodies to have better access to the inside of the
cells, resulting in higher immunofluorescence intensity. Then, cells were blocked using either
a 3% bovine serum albumin (BSA) or 3% horse serum (HS) solution in PBS for 1 hour at room

temperature. This is an essential step to reduce nonspecific binding of the antibodies and
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improve image quality. This solution was discarded, and samples were washed with PBS.
Then, the primary antibody, mouse anti-BllI-Tubulin mAb (Promega, UK), was dissolved in
either a 1% BSA or 1% HS solution in PBS with a 1:1000 dilution factor. This was added to the
samples and incubated overnight at 4°C. The following day, the solution with the primary
antibody is removed and samples are washed with PBS once. Then, the secondary antibody,
Texas Red conjugated horse anti-mouse IgG was dissolved in either 1% BSA or 1% HS with a
1:250 dilution. This was added to the samples and incubated for 4 hours at room temperature
and protected from the light. Samples were then washed once with PBS. Finally, a solution
with DAPI (1:1000) and FITC-phalloidin (1:1000) in PBS was added to the samples and
incubated for 1 hour so the nuclei and the F-actin can be stained. This solution was then
discarded, samples were washed with PBS once and stored submerged in PBS at 4°C until

imaging.
2.10.3. Epifluorescence microscopy

Images were obtained by using an Inverted Olympus IX73 epifluorescent microscope
combined with the software Micro-Manager (University of California, USA). The following
wavelengths were used: Aex/Aem 405/450 nm for DAPI, Aex/Aem 496/516 nm for Phalloidin-FITC and
Aex/Aem 595/615 nm for Texas Red (sulforhodamine 101). Three images of each condition were

taken and analysed with Imagel) 1.53t (National Institutes of Health, USA).
2.11. Statistical analysis

Data were presented as mean * standard deviation (N = 3 or otherwise mentioned). One-
way or two-way factor analysis of variance (ANOVA) was performed for all multiple group
experiments. P values of *P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001 were
considered as significant. The statistical analysis was performed using Prism GraphPad

software. Equality was confirmed by Tukey’s multiple comparison test.
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A)
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Figure 13. Images of A) inkjet printer, B) printer software, C) zoom of the printing area of the inkjet printer, including a close-up image of the printhead stand, D) stroboscopic
image of the nozzle taken from the printer camera while printing, scale bar is 200 um, and E) microscope image of the nozzle of the printhead, scale bar is 100 um.
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Chapter 3. Effects of silk processing on cell attachment and

proliferation

3.1. Introduction

Silk fibroin biomaterials have been used for a long time in biomedical applications. Their
first use was as sutures but more recently, other applications have also been studied such as
in tissue engineering scaffolds. Regenerated silk fibroin (RSF) is very versatile and can be
processed into different morphologies such as sponges, spun fibres and hydrogels [12]. Silk is
a natural material composed of two main proteins: sericin and fibroin. However, successful
removal of the sericin protein is crucial to obtain a pure silk fibroin material and to avoid
immunological responses [14, 15]. Moreover, successful dissolution of the SF fibres is
important for its subsequent processing into different biomaterials such as hydrogels, fibres

or films as highlighted in section 1.1.3.
3.1.1 Influence of removal of sericin protein on silk fibroin properties

This removal can be achieved by different methods or agents such as alkali, acid, high
pressure, and enzymes [94-96]. There have been previous studies about how the degumming
process can affect the properties of the regenerated silk fibroin [108-110]. For example, Kim
et al. [108] investigated how five different methods of degumming such as the urea method,
high temperature high pressure (HTHP) method, citric acid method, sodium oleate/sodium
carbonate mix method and sodium carbonate method affected the final properties of the RSF.
They concluded that both the degumming method strongly affected the mechanical
properties, molecular weight (MW) and viscosity of the RSF solution and RSF films and
although the sodium carbonate solution is the most widely used, other methods can be
equally suitable to remove sericin and improve the RSF properties. On the other hand, Wang
et.al [110], also compared the sodium carbonate and urea methods for degumming and how

this affected the formation of SF nanoparticles.

Although viability and cytocompatibility of different degumming methods have been
previously studied [111, 112]. The correlation between one degumming method and cell

attachment in the final RSF material has not been properly investigated previously. RSF is a
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cytocompatible material widely used in tissue engineering. However, there are reports about
its low bioactivity and overall poor cell attachment [2, 27]. The addition of other materials
such as laminin [46], fibronectin [27], collagen [47] or peptides [49] are needed to improve

cell adhesion and proliferation on RSF materials.
3.1.2. Influence of silk fibroin dissolution and alcohol treatment on silk fibroin properties

SF fibres obtained after the degumming process have a high molecular weight and they
are usually difficult to dissolve. Lithium bromide (LiBr) solution (9.3 M) [51] or Ajisawa’s

ternary reagent [52] are the most commonly used solvents to obtain a RSF solution.

Molecular weight and protein structure of the RSF solution can vary based on the
dissolution method used affecting the mechanical properties, biodegradability and
biocompatibility of the final RSF material [43, 113-116]. For example, Zhang et al. [116]
compared the biocompatibility and effect on proliferation of mouse embryonic fibroblasts
from SF films prepared by LiBr or Ajisawa’s solvent, showing that LiBr had the best
biocompatibility. Another study, carried out by Aznar-Cervantes et al. [115] showed that there
are different levels of degradation in RSF obtained by different solvents and this affected the

properties of the electrospun mats.

On the other hand, Cheng et al. [117] showed that while traditionally LiBr has been mostly
used to obtain RSF materials, the use of Ajisawa’s ternary reagent did not cause significant
differences in morphology and amino acid composition of the RSF. However, small amounts
of residual calcium, main component of Ajisawa’s ternary reagent, can still be found even
after extensive dialysis. Nevertheless, this did not seem to affect biocompatibility of the RSF.
The use of LiBr has many disadvantages such as cost, toxicity and it is overall, environmentally
unfriendly. The use of Ajisawa’s ternary reagent is a cost-effective and environmentally
friendly alternative for silk solubilisation that shows no difference in the final RSF material

[117].

After the dissolution process, RSF are converted into multitude of different biomaterials,
ranging from films to electrospun and hydrogels. However, untreated RSF biomaterials show
a high percentage of amorphous structures that causes the material to be water soluble and

limits its applications in that state. This is also known as silk | structure and it is mainly formed
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of random coils and a-helix [1]. To increase the crystalline structure within these RSF
materials, several methods can be used such as heat or mechanical strain, but also treatment
with solvents such as methanol or ethanol [118-121]. This causes the conformational change
from random coils and a-helix into B-sheets (also known as silk Il), increasing crystallinity in
the RSF material and decreasing its water solubility. Controlling the amount of B-sheets allows

the tuning of the RSF properties including cell-adhesion.

For example, Li at al. [118] studied the conformation change of silk from a-helix and
random coils into B-sheets using aqueous ethanol, and concluded that a 40-60% (w/w)
ethanol solution was the most effective. However, the relation between this and its

properties as biomaterial were not studied.

On the other hand, Terada et al. [120] investigated the effect of ethanol concentration on
the surface properties of SF films. They concluded that if the SF was treated with <80%
ethanol, the material resulted in a hydrated surface where fibroblast preferred to aggregate
rather than individually attach and elongate. On the other hand, treatment with >90% ethanol
promoted individual cells to adhere to the surface and obtain an elongated morphology which

is characteristic of fibroblasts.

Moreover, treatment with ethanol can also affect other properties of RSF materials such
as mechanical and optical properties. Kaewpirom et al. [122] studied how alcohol treated RSF
films exhibited different levels of optical transparency and how this was related to the total
content of B-sheets. Moreover, alcohol treated films had a higher tensile strength and Young's

modulus with a lower strain at break than untreated RSF films.
3.2. Aims and objectives

This chapter explores how sodium carbonate as a degumming agent can affect the
biological properties of RSF surfaces. Silk cocoons are degummed using the same degumming
ratio but changing the degumming time. The RS fibres obtained are then dried in two different
ways to assess the importance of this step. In addition, the SF fibres are all dissolved via the
Ajisawa’s method and dialysed using three different molecular weight cut-offs (MWCO) to

obtain different RSF solutions. Finally, these RSF solutions are then spun coated on a cover
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glass to create a highly reproducible thin layer that can be used as a surface to assess cell

attachment and biocompatibility.
The aims of this chapter were:

1. Fabrication and characterisation of SF fibres obtained from different degumming
times after drying at room temperature or at 60°C.

2. Fabrication of RSF coated cover glasses after dissolution of the different SF fibres
using Ajiwasa’s method.

3. Assess the cell attachment and cytocompatibility of the different RSF surfaces
The objectives of this chapter were:

1. Degumming the silk cocoons with a Na,COs solution for three different times, e.g.,
30, 60 and 90 min. Dry the obtained SF fibres at room temperature or at 60°C.

2. Verify that the removal of sericin via degumming has been complete via weight loss
and scanning electron microscopy.

3. Dissolve the SF fibres via Ajisawa’s method and dialysed the RSF solution using

three MWCO dialysis tubes.

Spin coating the different RSF solution onto cover glasses.

Assessment of cell attachment on those surfaces via crystal violet assay

Direct and indirect assessment of cytocompatibility via resazurin-resorufin assay.

N oo v A

Imaging and assessment cell morphology via fluorescent staining
3.3. Materials and methods
3.3.1. Materials
Details of the materials used were described in Chapter 2 Section 2.1.
3.3.2. Silk degumming and characterisation of SF fibres

The silk degumming process was described in Chapter 2 Section 2.2.1. Degumming times
used were 30, 60 and 90 min, then SF fibres were either air-dried at room temperature or

oven-dried at 60°C.
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Weight loss due to degumming
Details to calculate the weight loss were described in Chapter 2 Section 2.2.2.
SEM
The SEM analysis was described in Chapter 2 Section 2.3.1.
DSC
The SEM analysis was described in Chapter 2 Section 2.3.2.
TGA
The SEM analysis was described in Chapter 2 Section 2.3.3.
3.3.3. Dissolution of silk fibroin to obtain regenerated silk fibroin solution (RSF)

The dissolution of SF fibres via Ajisawa’s method was described in Chapter 2 Section 2.2.3,
dialysis process was described in Chapter 2 Section 2.2.4 and the final centrifugation and

calculation of RSF concentration was described in Chapter 2 Section 2.2.5.
3.3.4. Preparation of RSF surfaces
Spin coating

The spin coating process was described in Chapter 2 Section 2.8. RSF solution was diluted

to a concentration of 40 mg/mL.
3.3.5. In vitro studies with PC12-Adh neuronal-like cell line
General cell culture

General cell culture procedure as well as general culture media preparation were

described in Chapter 2 Section 2.5.1.
Cell attachment assay: crystal violet
Crystal violet assay was described in Chapter 2 Section 2.5.2.
Metabolic activity assay: resazurin assay

Metabolic activity assay carried out directly or indirectly was described in Chapter 2

Section 2.5.3.

38



& University of

y Sheffield

Chapter 3

3.3.6. Fluorescence Microscopy and analysis of cells

Staining and fluorescence imaging procedures were described in Chapter 2 Section 2.6.1.

and Chapter 2 Section 2.6.3.
3.3.7. Statistical analysis

Data were presented as mean * standard deviation (N = 3 or otherwise mentioned). One-
way or two-way factor analysis of variance (ANOVA) was performed for all multiple group
experiments. P values of *P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001 were
considered as significant. The statistical analysis was performed using Prism GraphPad

software. Equality was confirmed by Tukey’s multiple comparison test.
3.4. Results and Discussion
3.4.1. Silk degumming and characterisation of SF fibres
Weight loss due to degumming

As described before in Chapter 1 Section 1.1.1., silk from B. mori is composed of two
different proteins: sericin and fibroin. To be able to use the SF in tissue engineering
applications, the SS needs to be removed. Removal of SS, also called degumming, can be
achieved by different methods or agents. These include agents such as alkali, acid, high
pressure, or enzymes [94, 95]. However, the more commonly used degumming agent is
Na>COs due to its effectiveness and low cost. The carbonate hydrolyses the peptide bond of
the SS protein chain releasing it to the solution where it is highly soluble [123]. Dou et al. [123]
investigated the effect of sodium carbonate concentration on the degumming and
regeneration process of SF. They concluded that the concentration of the carbonate highly
affected the molecular weight, rheology, physical and mechanical products of the RSF, and

therefore, it can be used to tune the final RSF material for different applications.

Here, the silk cocoons were degummed using a 0.02 M Na;COs solution for 30 min, 60 min
and 90 min. Then, the obtained SF fibres were either dried at room temperature or in a
temperature-controlled oven set to 60°C. The results can be seen in Figure 14 where the
weight loss is on average 30.7% + 0.6 and there is no significant difference between any of

the groups. These results suggest that a weight loss of around 30% is enough to conclude that
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the degumming process has been completed. However, the weight loss might be related to
loss of SF that has been degraded and lost during the same process and, therefore, further

analysis is needed to corroborate these results.

Degumming time effect
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Figure 14. Effect of degumming time (30, 60 and 90 min) and drying method (air dry or oven dry) on weight loss.
All degumming was carried out with a 0.02 M Na,COs solution. N=3 in every group. Error bars represent the
standard deviation. Two-way factor analysis of variance (ANOVA) was performed. P values of *P < 0.05, **P <
0.01, ***P < 0.001 and ****P < 0.0001 were considered as significant.

SEM

As discussed before, the weight loss alone fails to provide sufficient evidence to prove the
completion of the degumming process. Therefore, a different type of analysis is needed to

corroborate the removal of sericin.

Raw silk fibres have a specific hierarchical structure as proposed before by Wang et al.
[124]. One raw silk fibre is composed of two SF strands that are coated and glued together by
a SS coating as can be seen in Figure 15A. This structure can be further seen using scanning
electron microscopy (SEM) as seen in Figure 15B. In this SEM image, silk strands are woven to
produce layers of the silk cocoon. In Figure 15C, the SS coating can be seen wrapping the SF
fibres with a soft texture and joining two SF to form the proposed hierarchical structure

shown in Figure 15A. Because SS can be clearly observed in these SEM images, the lack of it
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in the individual SF fibres obtained with different degumming times can provide an insight

into the success of the degumming process.

A) | Microfibrils

“— Fibril Bundle

Fibroin strands

*— Sericin coating

Raw Silk Fibre

Figure 15. A) Proposed hierarchical structure of raw silk fibres from B. mori cocoons. Reproduced from the work
of Wang, Q., et al. [124]. B) SEM image of a layer of raw silk cocoon from B. mori. Magnification is 100x and the
scale bar represents 1 mm. C) SEM image of a layer of raw silk cocoon from B. mori. Magnification is 1,000x and
the scale bar represents 100 um.

Figure 16 B1 and B2 show images of SF fibres obtained after 30 min of degumming. These
show almost complete removal of the sericin coating except for a few remaining residues
depicted by white arrows in the figures. Similarly, Figure 16 C1 and C2, corresponding to 60
min of degumming, present traces of the same residue. However, the overall surfaces of all
these images (Figure 16 B1, B2, C1, C2) can be considered fully degummed with only traces

of sericin coating present.

However, Figure 16 D1 and D2, corresponding to 90 min of degumming, present a very
degraded surface where the SF fibril bundles have started to detach from the main body of
the SF strand. This is consistent with data found in the literature which shows that the longer

the silk cocoons are degummed the more degraded the SF becomes [12].
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DSC

To determine if the degumming process has had some effect on the physical properties of
the SF fibres, differential scanning calorimetry (DSC) was performed. DSC can give information
about the response of a polymer to heating and its thermal transitions (melting point, glass

transition, crystallisation, degradation).

Typically, polymers are heated twice during a DSC scan. The first heating ramp shows the
thermal history of the polymer up to the melting point. After cooling it down, it is heated a
second time to evaluate the inherent properties of the material. However, this two-heating

ramp method needs to be optimised for each individual material and evaluate if it is needed.

Figure 17 shows the optimisation of DSC protocol for degummed SF fibres. Here, four
different methods have been used in the same sample to see which provided better
information. As stated before, usually two heating ramps are needed, first to remove the
thermal history and then to see the inherent transitions of the materials. However, proteins
can be easily degraded and denatured by heat and Figure 17 shows that the more the SF fibres
were heated in the first ramp, less information was obtained in the second ramp. Another
observation is that after heating the fibres once, the second ramp does not show the peak
around 80 - 90°C. This peak corresponds to a hydration peak, water is bound to the SF fibres
and raw silk cocoon naturally and during the degumming process. After the SF is heated once,
this water is removed, and the peak does not show in the second heating ramp. Overall, the
use of two heating ramps in this case does not provide any additional information and

therefore, only one heating ramp was used in the following analysis.
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Figure 16. A) SEM image of raw silk strand. B1) SEM image of SF fibre after degumming 30 min, air dry (De30 air
dry). B2) SEM image of SF fibre after degumming 30 min, oven dry (De30 oven dry). C1) SEM image of SF fibre
after degumming 60 min, air dry (De60 air dry). C2) SEM image of SF fibre after degumming 60 min, oven dry
(De60 oven dry). D1) SEM image of SF fibre after degumming 90 min, air dry (De90 air dry). D2) SEM image of SF
fibre after degumming 90 min, oven dry (De90 oven dry). Magnification is 10,000x and the scale bar represents
10 pm.
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Figure 17. Optimisation of the DSC method used to analyse thermal transitions in degummed silk fibre (De90 air
dry). A) Method 1 shows just one ramp from -30°C to 400°C. B) Method 2 shows a first heating ramp from -30°C
to 160°C, followed up by a second heating ramp from -30°C to 400°C. C) Method 3 shows a first heating ramp
from -30°C to 250°C, followed up by a second heating ramp from -30°C to 400°C. D) Method 4 shows a first
heating ramp from -30°C to 280°C, followed up by a second heating ramp from -30°C to 400°C.

The focus of calorimetric analysis in silk materials has been focused on the native liquid
state of silk [125, 126] or RSF films [127-131] which are not relevant in this context. Mazzi et
al. [132] investigated the thermal behaviour of different silk cocoons and their degummed
fibres, including B. mori. Figure 18 represents the standard DSC scans for the raw cocoon and
all the different degummed fibres. Two endothermic peaks were clearly visible, the first one
around 70 - 90°C that corresponded to the water bound to the material, while the second
endothermic peak corresponded to the degradation point of the material at around 310°C.

Moreover, a shift in the baseline at around 200°C - 240°C indicated a glass transition occurred.
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Both peaks and the glass transition were similar to that found in the literature [132]. All values

can be seen in Table 3.
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Figure 18. A) Standard DSC scans of B. mori raw cocoon and degummed fibre samples. The samples were heated
at 10°C min from -30°C to 400°C under nitrogen atmosphere with a gas flow of 20 mL/min, with regions related
to bound water evaporation shown as blue, glass transition shown red, and degradation shown green. B)
Detailed DSC scan of the glass transition region.

Wang et al. [133] studied the the impact of degumming process on the thermal properties
of SF. The degradation peak shifted from 329°C when degumming was carried out using 8.0 M
urea to 322°C when using Na;COs. This reduced thermal stability is correlated with lower
crystallinity and higher protein chain degradation obtained when degumming is carried out

with Na,COs solution.

Although Mazzi et al. [132] only considered one degummed condition, cocoons were

boiled in 0.02 M NaHCOs for 2 hours, they found a water bound peak around 70°C for the raw
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cocoon which tend to increase for the degummed fibres. In Figure 19, the hydration peak for
the raw cocoon was shown to be 71°C while the hydration peak of the degummed fibres
increased to 80-90°C. On the other hand, there was no significant difference in the
degradation temperature between the raw cocoon and the fibres which ranged from 307°C
to 314°C. Mazzi et al. found that the degradation temperature for the raw cocoon was higher
than the degummed fibres due to the protective coating of the sericin. However, this coating
can be affected by the quantity of sericin present in the raw cocoon which can be affected by
the type of silkworm and their diet [134]. Moreover, the temperature at which thermal
degradation occurs is also dependent on the content of crystalline B-sheet in the SF fibres.
Nultsch et al. [135] observed that there is no relevant change in B-sheet content when
different degumming times were used. This can explain why there was no difference in the

Td as seen in Figure 19.
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Figure 19. Graphical representation of the temperature of hydration (Tw), glass transition temperature (Tg) and
degradation (Td) for the raw cocoon and all the different degummed SF fibres obtained from DSC analysis
expressed in °C.
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TGA

Similar to DSC analysis, thermogravimetric analysis (TGA) of silk materials has been largely
focused on RSF films [130, 131] rather than in the SF fibres obtained after degumming.
Therefore, there is limited literature about the thermal behaviour of the SF fibres. However,
Mazzi et al. [132] performed thermogravimetric analysis of the raw silk cocoon and its

degummed fibres.

TGA can help identify the water bound to the material and its degradation process by
showing how the mass changes when the sample is heated. This is a result of thermal
degradation or the loss of volatiles, for example. However, in a pure polymer, there is no mass
change as a result of the glass transition and therefore, TGA cannot be expected to detect the

glass transition temperature (Tg).

On the other hand, Figure 20A shows the percent of mass remaining as the material is
heated. During the initial heating from 30°C to 100°C, water bound to the silk was removed
as was also demonstrated by the DSC analysis. The water content of the raw silk cocoon was
6 - 7%, while the degummed fibres had a lower content that can range from 4 - 5%. This is
consistent with data found in the literature, where Mazzi et al. [132] found that degummed
SF fibres from the domesticated B. mori were drier than the raw cocoons. Moreover, when
comparing the samples that were air-dried to those that were oven-dried at 60°C, there was

a higher water content in the air-dried samples, as shown in Table 3.

In addition, Figure 20A shows that above 220°C, the main degradation of the silk started.
However, once the temperature reached 950°C only around 24-25% of mass remained. Both
the water-bound and the degradation regions were confirmed by the presence of peaks in

the first derivative curve shown in Figure 20B.

A summary of all the thermal analysis data can be seen in Table 3.
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Table 3. Summary thermal analysis data of raw silk cocoon and different degummed SF fibres measured by DSC
and TGA. Tw, Tg and Td were determined by DSC, the rest were determined by TGA.

Water content Remaining mass at 950°C
Silk sample Tw(°C) Tg(°C) Td(°C)

(%) (%)

Raw cocoon 71.0 231 307.0 5.9 25.5
De30 air dry 90.8 229.6  310.8 5.1 25.3
De30 ovendry 83.0 226.8 3123 4.9 24.9
De60 air dry 80.6 228.3 307.8 5.1 25.7
De60 ovendry 84.5 221.7 314.0 5.6 23.9
De90 air dry 82.7 2384 3111 3.7 21.6
De90 ovendry 87.5 229.2 311.3 4.4 25.4
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Figure 20. A) Percent of the mass remaining of the raw silk cocoon and degummed SF fibres measured by TGA
heating from 30°C to 1,000°C at 10°C/min under nitrogen atmosphere with a gas flow of 20 mL/min. B) First
derivative of the percent mass remaining. Regions related to bound water evaporation shown as blue and
degradation shown green.

3.4.2. Dissolution of silk fibroin to obtain regenerated silk fibroin (RSF) solution
After obtaining the degummed SF fibres, four of those conditions were selected to be

dissolved and used for future cell applications. These were: De30 air dry, De30 oven dry, De90

air dry and De90 oven dry.
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To completely dissolve the SF fibres, a salt with high ionic strength is needed such as
calcium chloride/formic acid [136], lithium salt solutions such as lithium bromide (LiBr) [137]
or the mixture consisting of calcium chloride/water/ethanol (CaCl,/H,0/C,HsOH) also called
Ajisawa’s reagent [52, 137]. Recently, Cheng et al. [117] investigated the difference in
cytocompatibility of RSF when using LiBr or Ajisawa’s reagent. They concluded that both RSF
materials had similar cytocompatibility even though when using Ajisawa’s reagent a small
amount of calcium was still present even after dialysis. However, this did not affect the
performance of the RSF and using the ternary Ajisawa’s reagent is a cheaper, non-toxic, and

environmentally friendly alternative to LiBr.

One of the key components when using Ajisawa’s reagent is the removal of the calcium
salts. This is done via dialysis against deionised water. Since calcium is responsible for the
solvation and stabilisation of the SF in the solution, its removal rate is very important [138]. If
the salt is not removed successfully, RSF-materials are difficult to be produced due to the salt
solvation, on the other hand, the more salt is removed the quicker the gelation or

precipitation of RSF occurs [138].

Here, a 24-hour dialysis was proposed to remove the calcium salts under constant stirring.
First, the deionised water was changed every half an hour to promote the diffusion of the
salt, then water was changed once every hour and once every two hours. After this, the
solution was left unchanged overnight with a further change after 20 hours. Finally, once the
conductivity of the deionised water was less than 10 uS/cm, dialysis was considered finished.

This was usually achieved after 24 hours. The profile of the dialysis can be seen in Figure 21.

Another important parameter to take into consideration when dialysing is the molecular
weight cut-off (MWCO) of the dialysis tubes used. Here, three different MWCOs were used,
i.e., 3.5 kD, 10 kD and 12 kD. To estimate the MW of the RSF solution, two samples, i.e., De30

oven dry and De90 oven dry, were analysed using SDS-PAGE as shown in Figure 22. The
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Figure 21. After dissolution of the SF fibres, the salts used in the Ajisawa’s reagent are removed via dialysis. To
follow the removal of the salts, the conductivity of the water is measure at specific time intervals, before every
water change. These graphs represent the conductivity vs. time of A) De30 air dry, B) De30 oven dry, C) De90 air
dry and D) De90 oven dry samples after dissolution. In this case, N=3 for A and D, while N=1 for B and C and,
thus, no error bars are present for B and C.

intensity of the lanes corresponding to De30 oven dry was much higher than the intensity of

the De90 oven dry samples. Moreover, RSF protein appeared as a smear in the SDS-PAGE and
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not as a band, meaning the protein had polydispersity. In addition, when the degumming time
increased the smear looked less intense meaning that the protein was more degraded. This

was consistent with data found in the literature [111].

However, even though the aim of the SDS-PAGE was to analyse the RSF protein at the
MWCO (3.5 kD to 12 kD), it can be seen in Figure 22 that the bands for all RSF samples do not
go lower than 85 - 50 kD. More optimisation of the SDS-PAGE protocol is needed to see the
3.5-12 kD bands.

120 kD
85 kD

50 kD

35 kD
25 kD

Figure 22. SDS-PAGE analysis of RSF dissolved from different degumming times and dialysed with different
MW(CO. Protein was stained with colloidal blue. This analysis was only repeated once (N=1). Lane S: standards;
Lane 1: RSF from De30 oven MWCO 3.5 kD; Lane 2: RSF from De30 oven MWCO 10 kD; Lane 3: RSF from De30
oven MWCO 12 kD; Lane 4: RSF from De90 oven MWCO 3.5 kD; Lane 5: RSF from De90 oven MWCO 10 kD; Lane
6: RSF from De90 oven MWCO 12 kD.

Gravimetric concentration of RSF solution

After dialysis, the RSF solution was centrifuged to remove any insoluble particles that may
have precipitated. When removing the calcium salt, the solvation of the RSF diminishes and
precipitation can occur [138]. After centrifugation, the supernatant was recovered and the
concentration of the RSF solution was obtained gravimetrically after evaporation of water at

60°C overnight. This is the standard procedure found in the literature [12, 131, 135, 139].

52



A University of

Sheffield

Chapter 3

The final gravimetric concentration obtained depended on the ratio of SF fibres to
Ajisawa’s reagent used. In this case, the mass ratio was 1g of degummed SF fibre to
approximately 10 g of Ajisawa’s reagent. The gravimetric concentration obtained for all the
different degummed SF fibres can be observed in Figure 23. These ranged from 4.4 - 6.6 wt%
but, there was no significant difference between the concentration obtained from different
degummed SF fibres or between the different MWCO dialysis tubes used. A concentration of
4 wt% was chosen to be used for future application of the RSF solutions. Moreover, this value
is comparable to the gravimetric concentration found in the literature [140]. Here, Zhang et
al. obtained a 5 wt% RSF solution using the ternary solution CaCly/ethanol/H,0, while the LiBr

method can yield RSF solution with a concentration of up to 8 wt%.
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Figure 23. Different gravimetric concentration of the RSFA solution after dialysis obtained for A) De30 air dry, B)
De30 oven dry, C) De90 air dry and D) De90 oven dry SF fibres. In this case, N=3 for A and D, while N=1 for B and
C and thus, no error bars are present for B and C. Two-way factor analysis of variance (ANOVA) was performed.
P values of *P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001 were considered as significant.

3.4.3. In vitro studies with PC12-Adh neuronal-like cell line

The immortalised cell line, PC12 is derived from a rat pheochromocytoma. It is commonly
used in neuroscience research and it has two variants: PC12 that grow in suspension and PC12
that have an adherent phenotype [105]. In this work, the PC12-Adherent (PC12-Adh) variant
was the preferred one. This cell line can be differentiated into morphological and functional

nerve cells when cultured in the presence of nerve growth factor (NGF), by Rho kinase (ROCK)

53



University of

Sheffield

Chapter 3

inhibition or brain-derived neurotrophic factor (BDNF) [105, 107, 141]. This made them an
ideal candidate for nerve models and studies where the final aim was to induce differentiation
with other means [142]. Figure 24 shows the typical morphology of undifferentiated PC12-

Adh, showing a polygonal shape and growth in tight clusters.

Figure 24. Brightfield images of undifferentiated PC12-Adh growing in tissue culture plastic (TCP) in growth
media, i.e., 1% glutamine, 0.5% amphotericin B, 1% penicillin/streptomycin and 10% foetal calf serum (FBS) in
Dulbecco's Modified Eagle Medium (DMEM), in a humidified atmosphere with 5% CO, at 37°C. Scale bar is
100 pm.

In this study, SF fibres were obtained from different degumming times and different drying
methods. In addition, these fibres were dissolved to obtain the final RSF solution with
different MWCO. Therefore, the following materials conditions were selected for the next
experiments, De30 air, De30 oven, De90 air and De90 oven, and all the MWCOs for each of

them.

Cell attachment and metabolic activity was analysed. To do this, al the RSF solutions at a
concentration of 40 mg/mL were spun coated onto 13 mm diameter cover glasses and then,
their conformation was changed from random coil (soluble state found in RSF solution) to B-
sheet, insoluble state, using a 95% ethanol solution. This was done to prevent the RSF from

redissolving into the media during cell culture. Studies carried out by other authors have
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proven that ethanol treatment can induce this conformational change [121, 143, 144].
Moreover, Terada et al. [120] investigated how ethanol treatment can affect the surface
properties of RSF films. They concluded that increasing the concentration of ethanol used to

induce the conformational change, increased the rigidity of the RSF surfaces.

Another important step is the sterilisation procedure of the RSF surfaces prior to cell
culture. Different methods of sterilisation can cause protein-based materials such as silk to
have different responses to what was expected from other materials. The effects of
autoclaving, ultraviolet (UV) exposure, y irradiation or immersion in ethanol or methanol have

been previously studied [145-148].

Gil et al. [147] studied how autoclaving and ethanol immersion affected RSF materials.
They concluded that while autoclaving resulted in structural modification that caused changes
in degradation and mechanical properties, immersion in ethanol caused minor crystalline
(changes in B-sheet content) adjustment without affecting degradation or mechanical
properties. On the other hand, De Moraes et al. [148] concluded that sterilisation methods
such as immersion in ethanol, autoclaving or ethylene oxide, can induce changes in RSF
membranes, while membranes sterilised by UV or y irradiation maintained similar properties
to the non-sterilised materials. However, there is no such thing as a standard method for
sterilisation and at the end, the selected method depends on the final application and the

most important material properties that need to be preserved [146].

In our study, keeping constant the B-sheet content and surface morphology was important
and, thus, UV irradiation was chosen as the technique chosen for the sterilisation step. This
method causes the scrambling of DNA/RNA molecules, preventing microorganisms such as

bacteria and virus from multiplying.
Cell attachment studies — crystal violet assay

Cell attachment to RSF scaffolds is generally poor [2]. This has previously been related to
the high content of non-polar amino acids [13] and the crystalline hydrophobic structure of
silk I [1]. However, this can also occur partly because of the processing conditions the silk was
exposed to, from raw silk cocoon to the final RSF scaffold that can be used in specific

applications.
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Therefore, cell attachment on different RSF surfaces was studied via crystal violet assay.
This assay is mostly used to indirectly quantify cell density. Crystal violet binds to DNA and
proteins in the nucleus and cytoplasm of the cells that are attached to the RSF surface. This
method relies on the assumption that all live cells remain attached to the surface while dead
cells will be washed away. Then, unbound crystal violet was washed off, and bound crystal
violet was redissolved and its absorbance was measured [149]. There is a linear relationship
between the concentration of cells and the absorbance, more cells mean absorbance will be
higher. In this case, cell attachment was measured as a percentage relative to the positive
control (TCP+) as seen in Figure 25. Here, there can also be seen a negative control (TCP-)
which shows that even when apoptosis was induced in cells growing on TCP, some staining

occurred due to remaining DNA or proteins after cell detachment.

In Figure 25A, SF fibres were originally obtained by 30 min of degumming and air-dried
prior to dissolution. Cell attachment (%) was significantly different between TCP+ and RSF
10 kD, while RSF 3.5 kD and RSF 12 kD have a similar attachment to that of the positive
control. In the same way, there were significant differences between the cell attachment of
RSF 10 kD compared to that of RSF 3.5 kD and RSF 12 kD, but overall cells appeared to be
attaching to all RSF surfaces. However, when the drying method was changed to oven, the
cell attachment for all three RSF surfaces i.e., 3.5 kD, 10 kD and 12 kD, drastically decreased
compared to the positive control as seen in Figure 25B. Similarly, this happened with RSF
obtained by degumming 90 minutes. All RSF surfaces including those air-dried and oven-dried
and all MW exhibited decreased cell attachment compared to the positive control as seen in

Figure 25C and Figure 25D.

Previous reports associated the lack of cell attachment to the crystalline hydrophobic
structure of silk [1, 13] and, while this is still of relevance, the lack of cell adhesion can also be
related to the over processing of the silk materials as seen in Figure 25. Rockwood et al. [12]
stated that boiling time during degumming longer than 30 min will degrade the silk fibroin.
Similarly, Wang et al. [150] reported that using temperatures above 100°C can seriously
damage the SF peptide chain. All this is consistent with the results obtained in this study and

represented in Figure 25.
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Figure 25. Graphical representation of cell attachment (%) relative to the positive control (TCP+) obtained with
crystal violet assay. Results from silk A) De30 air dry, B) De30 oven dry, C) De90 air dry and D) De90 oven dry are
shown. RSF 3.5 kD, RSF 10 kD and RSF 12 kD refer to RSF obtained with different MWCO tubes during dialysis.
One-way factor analysis of variance (ANOVA) was performed. P values of *P < 0.05, **P <0.01, ***P < 0.001 and
****p < 0.0001 were considered as significant.

Fluorescence imaging of cell seeded on RSF surfaces

After quantitatively analysing the relative cell attachment on different RSF surfaces, cells
can be stained to qualitatively analyse attachment and morphology. PC12 cell nuclei were
stained with DAPI (colour blue), the F-actin present in the cytoplasm is stained with FITC-
Phalloidin (colour green) as seen in Figure 26. Cells were present on the surfaces of RSF De30
air dry (Figure 26 A, B and C) showing a mixture of fully spread cell and round cells attached

lightly by electrostatic interaction. On the other hand, positive controls (Figure 26 M and N)
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show a layer of adhered cells. The rest of the RSF samples, De 30 oven dry (Figure 26 D, E and

F) De90 air dry (Figure 26 G, H and 1) and De90 oven dry (Figure 26 J, K and L) exhibited a very

limited number of cells on the surfaces. Moreover, the overall morphology of these groups

exhibited round cells with almost no flattening or spreading, indicating the adhesion was

poor. This further confirmed the results obtained by crystal violet shown in Figure 25.

A)RSF35kD:’
o g ¢ BB

De30 air dry el

D) RSF 3.5 kD

De30 oven dry

G) RSF 3.5 kD

De90 air dry

J) RSF 3.5 kD

De90 oven dry

Positive controls

-

B) RSF 10 kD

E) RSF 10 kD

H) RSF 10 kD

K) RSF 10 kD

CYRSF 12kD"; v *V
7S ~.3° b 3

1) RSF 12 kD

L) RSF 12kD

Figure 26. Fluorescent image of PC12-Adh cells on different RSF surfaces and positive controls. Samples are:
De30 air dry — A) RSF 3.5 kD, B) RSF 10 kD, C) RSF 12 kD; De30 oven dry — D) RSF 3.5 kD, E) RSF 10 kD, F) RSF
12 KD; De00 air dry — G) RSF 3.5 kD, H) RSF 10 kD, 1) RSF 12 kD; De90 oven dry — J) RSF 3.5 kD, K) RSF 10 kD, L)
RSF 12 kD; and positives controls are M) uncoated 13 mm round cover glass, N) tissue culture plastic (TCP). Scale

bar is 100 pm.
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Cytocompatibility studies — resazurin/resorufin assay

Cytocompatibility is one of the most important properties of biomaterials, this means the
biomaterial does not cause any undesired effect while performing its desired function. Silk is
a natural derived polymer composed of protein chains that are considered highly
cytocompatible. However, although native silk possesses excellent mechanical properties and
cytocompatibility, this material is rarely used in its native state. As mentioned before, to
obtain a regenerated silk fibroin (RSF) solution that can be used for different applications,
native silk has to be processed and therefore, its properties do not remain the same and need

to be checked again.

In this case a direct approach to measure metabolic activity of the cells is used. The
irreversible reduction of resazurin, a nontoxic (blue) dye, to resorufin, another nontoxic
fluorescent (pink) dye is mediated by metabolically active cells and so, it can be used as a cell
viability indicator (Figure 27). Specifically, resazurin is reduced by aerobic respiration in the
mitochondria of viable cells in the presence of NADH, NADPH or other biological reductive

species [151, 152].

In this study, cells were seeded directly on each of the RSF surfaces. Then, metabolic activity
of PC12-Adh cells was evaluated after 48 h in culture. Results are shown in Figure 28. For RSF
surfaces made from De30 air dried silk (Figure 28A), metabolic activity was half of that of the
positive control (TCP+). However, the rest of the RSF groups (Figure 28B, C and D) showed no
metabolic activity compared to the positive control (TCP+). This was consistent with crystal
violet assay results, where De30 air dried RSF was the only group that showed cell
attachment. However, even though for this group cells adhered to the surface and
proliferated they do not do so at the same rate as the positive control and therefore,

improvement is needed.

Moreover, in the literature, Wray et al. [111] showed that when the duration of the
degumming process was increased, cell viability decreased. In this case, MTT (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide) assays were carried out instead of

resazurin/resorufin assays but the conclusion was the same. The longer the silk is subjected
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to the degumming process, or even heated to dry, the material became less adherent and

viable for tissue engineering applications.
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Figure 27. Schematic representation of the enzymatic reduction of resazurin to resorufin. Adapted from the work
of Lavogina, D., et al. [151] and Silva, F.S.G., et al. [151, 152]

However, since cells did not attach to some of the RSF samples that were being evaluated,
direct cytocompatibility cannot be studied. For this reason, an indirect approach, where the
media was preconditioned with each sample before using it with cells, was also used to see if
the lack of cells on the RSF surfaces was due to something leaching into the environment. This

could explain why cells were not adhering to the surfaces.

In Figure 29A the metabolic activity of the positive control (TCP+) was not significantly
different than that of the three RSF groups, which means that there was nothing leaching out
that affected the overall metabolic activity of the cells growing. In the rest of the groups, all
RSF samples had a significantly lower metabolic activity except for the group De90 oven dry
RSF 12 kD which showed no significant difference with the positive control as seen in Figure
29D. This means that even though cells were not able to grow directly on that RSF surface, as
proven with crystal violet and direct resazurin/resorufin assay, this surface was not releasing

anything that reduced cell viability.

Having a non-cytotoxic non-fouling surface can be of advantage in the biomedical field.
These types of surfaces can prevent unwanted cell adhesion when implanted for example in
vascular applications [153]. For example, Sivkova et al. reported the use of hierarchical
polymer brushes that had excellent cell adhesion but were resistant to fouling from blood

cells [153]. Moreover, patterning and 2D spatial distribution can be of great interest to guide
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and control the growth of cells. Some strategies to achieve this are: immobilisation of

poly(ethylene glycol) (PEG) and use of hydrophobic polymers, for example [154].
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Figure 28. Graphical representation of direct metabolic activity (%) relative to the positive control (TCP+)
obtained with resazurin/resorufin assay. Results from silk A) De30 air dry, B) De30 oven dry, C) De90 air dry and
D) De90 oven dry are shown. RSF 3.5 kD, RSF 10 kD and RSF 12 kD refer to RSF obtained with different MWCO
tubes during dialysis. One-way factor analysis of variance (ANOVA) was performed. P values of *P < 0.05, **P <
0.01, ***P < 0.001 and ****P < 0.0001 were considered as significant.
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Figure 29. Graphical representation of indirect metabolic activity (%) relative to the positive control (TCP+)
obtained with resazurin/resorufin assay. Results from silk A) De30 air dry, B) De30 oven dry, C) De90 air dry and
D) De90 oven dry are shown. RSF 3.5 kD, RSF 10 kD and RSF 12 kD refer to RSF obtained with different MWCO
tubes during dialysis. One-way factor analysis of variance (ANOVA) was performed. P values of *P < 0.05, **P <
0.01, ***P < 0.001 and ****P < 0.0001 were considered as significant.

3.5. Conclusion

In this chapter, a naturally derived silk polymer has been used that can be tuned to either
promote cell attachment or act as a non-fouling material depending on the wanted final
application by only modifying the material’s processing while retaining cytocompatibility.

Since silk is a natural protein, its processing determines the final properties of the material.
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While modifying the degumming times from 30 to 90 min showed clear evidence that the
removal of sericin was complete as shown by the SEM images. It also leads to a clear
degradation of the fibres. However, in the DSC analysis carried out no significant shift in the
degradation temperatures was detected, but the overall degradation temperature found in
the literature was higher overall [132, 133]. This is associated with a decrease in the crystalline

content of the SF fibres and a subsequent degradation.

However, SF fibres after degumming still need to be processed so they can be transformed
into the required biomaterial. Dissolution of SF fibres using Ajisawa’s ternary reagent
composed of a mixture of calcium chloride:ethanol:water (CaCl,:EtOH:H,0) was selected for
this process since it is a more cost-effective and environmentally friendly alternative to using
LiBr solutions. All SF fibres were dissolved following the same protocol, and dialysis was
carried out to remove the CaCl; salts. Complete removal of the salts is challenging but these
residual salts do not affect cytocompatibility according to Cheng et al. [117]. Different MWCO
dialysis tubes were used during this process but no difference in MW was observed in the
SDS-Page. This only showed a thicker band at higher MW for RSF solutions that were
degummed for 30 minutes than the ones obtained for fibres degummed for 90 minutes, lower
MW is again correlated with a more degraded SF fibre obtained during longer degumming

times, but no difference was observed when using different MWCO tubes during dialysis.

Several of this samples, were converted into RSF films via spin coating and its conformation
was changed from water soluble silk | to water insoluble silk 1l using 95% ethanol solution.
Cell adhesion and cytocompatibility studies were conducted using PC12-Adh cell line showing
a correlation between the degumming process and the cell adhesion properties. While lower
degumming times allowed the cells to attach and elongate on the RSF surfaces, when the
degumming time was 90 minutes, cells were unable to attach to the RSF surfaces. Moreover,
even though the use of different MWCO dialysis tubes showed no difference in the MW
during the SDS-Page, cells seemed to adhere to better to 12 kD MWCO showing no significant
difference with the positive control as shown in the crystal violet assay. At the same time,
cytocompatibilities studies such as resazurin/resorufin assay showed all RSF surfaces to be

biocompatible.
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In conclusion, when subjected to high temperatures for long periods of times, silk protein
can be degraded, and its properties may vary. It has been found that RSF obtained from 90
min of degumming and using 12 kD MWCO during dialysis, provided a final RSF surface that
had high cytocompatibility but prevented cell adhesion. The modification of silk surfaces by
these methods can provide a way of tuning the hydrophilicity of SF surfaces and obtain control

over cell adhesion [2].

For example, SF can be combined with polylysine for wound dressing [155, 156] or in neural
tissue [157-159] applications, peptides such as RGD [160-162], IKVAV [48, 162]. In the
following chapter, the use of a novel amphiphilic peptide composed of three units of

isoleucine and one unit of lysine (I3K) for cell attachment will be investigated.
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Chapter 4. Use of novel amphiphilic peptide to improve cell

attachment on non-fouling RSF surface

4.1. Introduction

The tissue engineering field relies heavily on the development of scaffolds that can support
the growth of specific cells and tissues to regenerate or restore their main function. Several
types of materials can be used for this purpose, a wider classification would be natural
materials such as silk fibroin (SF), collagen or polyhydroxyalkanoates (PHAs) or synthetic such
as polycaprolactone (PCL) or polylactic acid (PLA). The final objective of all these materials is
to mimic the extracellular matrix (ECM) and to provide a cytocompatible, biodegradable

environment to promote cell adhesion and proliferation [163].

Some materials derived from SF lack a bioactive surface that can support cell attachment
and growth [2]. This can be due to its high content of non-polar amino acids [13], the
crystalline hydrophobic structure of silk Il [1] or the processing of these materials [12, 111,
150] as demonstrated in Chapter 3. Subsequently, this can be improved by coatings or further
chemical modifications [27, 46, 47, 49, 50]. The combination of the protein SF with other
natural or synthetic peptides is a promising tool to obtain a highly cytocompatible and

biodegradable material.
4.1.1 Self-assembly peptides in peripheral nerve regeneration

Self-assembly peptides (SAP) are promising candidates in the tissue engineering field.
These peptides are designed to self-assemble into well-defined structures and are engineered
to mimic the extracellular matrix (ECM), providing a supportive environment for cell adhesion,
proliferation, and differentiation [164, 165] . SAPs can form different nanostructures through
non-covalent links such as nanofibres, nanoparticles and micelles [166-169]. This self-
assembly can spontaneously occur because of pH, temperature or ionic strength changes
[167] but can also be achieved by different building blocks, such as a hydrophobic tail
combined with a hydrophilic head. These are named as amphiphile self-assembly peptides
[170]. This type of self-assembly is carried out by dissolving the peptide in an aqueous solution

where the hydrophobic and electrostatic interactions generate different structures such as
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micelles, nanovesicles or nanotubes [171]. In this case the hydrophilic head will be facing
outwards in this structure and therefore, will be readily available. The hydrophobic residues
usually are composed of amino acids such as alanine, valine, or leucine, while the hydrophilic
residue can be made up of bioactive sequences such as RGD (where “R” is amino acid arginine,

lIIII

“G” glycine, “D” aspartic acid), IKVAV (where “I” represents amino acid isoleucine, “K” lysine,
“V” valine and “A” alanine) or K (where “K” represents the amino acid lysine). These peptides

have already been used to improve cell attachment and viability of neuronal cells [46, 86, 87].

One significant advantage of using SAP coatings lies in their inherent biocompatibility
making them suitable for biomedical applications. For example, Sieminski et al. [172] showed
that different peptide sequences can influence cell behaviour such as adhesion and
morphology and thus, these SAP peptides can be tuned for different applications. Moreover,
functionalizing peptide coatings with specific cell-binding motifs, such as the RGD sequence,

has proven effective in enhancing cell attachment and guiding tissue regeneration processes.

SAP coatings are of special interest in the field of nerve regeneration. A significant
contribution to this field is demonstrated by Yang et al. [173], who explored self-assembling
peptide hydrogels functionalized with laminin and BDNF, finding they enhanced peripheral
nerve regeneration. Their successful integration of these coatings within neural tissue
scaffolds facilitated enhanced cell attachment and neurite outgrowth. Similarly, Lu et al. [174]
reported that bioactive self-assembling peptide hydrogels functionalized with BDNF and NGF
promoted peripheral nerve regeneration, highlighting their biocompatible and bioactive

properties.

Moreover, self-assembling peptides, when designed with specific motifs such as IKVAV and
KLT, can provide a dual-action mechanism. Research by Shen et al. [175] explored the
combination of these motifs in peptide gels, demonstrating enhanced effects on Schwann
cells, which play a vital role in peripheral nerve repair. This combination results in a
hydrophilic environment that significantly helps proliferation and differentiation, both of

which are necessary to achieve an effective nerve regeneration.
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4.2. Aims and objectives

In this chapter, we focus on investigating the fabrication and characterisation of IsK-RSF
surfaces as well as their suitability for cell attachment and cytocompatibility. It details the
coating process using an I3K solution, followed by surface characterization through AFM and
contact angle measurements. Furthermore, it explores the role of RSF in stabilizing the I3K
coating and optimises self-assembly conditions to enhance cell attachment and

biocompatibility.
The aims of this chapter were:

1. Fabrication and characterisation of RSF:IsK surfaces

2. Assess the cell attachment and cytocompatibility of RSF:13K surfaces
The objectives of this chapter were:

Coating of RSF surfaces using a solution of IsK in 20mM HEPES buffer (pH 6.0)
Characterisation the RSF:I3K surfaces via AFM and contact angle measurement

Assessment the need to use RSF to keep the 13K coating on the surface

B

Assessment the optimal self-assembly time to improve cell attachment when
comparing RSF to RSF:I3K surfaces
5. Direct and indirect assessment of cytocompatibility via resazurin-resorufin assay

6. Imaging and assessment of cell morphology via fluorescent staining
4.3. Materials and methods
4.3.1. Materials
Details of the materials used were described in Chapter 2 Section 2.1.
4.3.2. Silk degumming and dissolution
The RSF solution preparation process was described in Chapter 2 Section 2.2.

B. mori silk cocoons were degummed for 90 min, dissolved using Ajisawa’s method and
dialysed using a 12 kD MWCO dialysis tube. RSF solution was then diluted to 40 mg/mL when

needed.
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4.3.3. Dissolution of peptide 13K

The dissolution of 15K peptide was described in Chapter 2 Section 2.7. The peptide was

dissolved at a concentration of 5 m/mL and left to self-assemble at room temperature.
4.3.4. Preparation of RSF and RSF:I3K surfaces via spin coating

Spin coating procedure was described in Chapter 2 Section 2.8. RSF (De90 oven dry, 12 kD
MWCO) and I5K (left to self-assemble for O, 1, 3, 5 and 7 days) were used at a concentration
of 40 mg/mL and 5 m/mL. Here, 13 mm round cover glasses with a thickness of 1.5 mm

(Avantor VWR, UK).
4.3.5. AFM
The AFM analysis was described in Chapter 2 Section 2.9.1.
4.3.6. Contact angle
The contact angle process was described in Chapter 2 Section 2.9.2.
4.3.7. In vitro studies with PC12-Adh neuronal-like cell line
General cell culture

General cell culture procedure as well as general culture media preparation were

described in Chapter 2 Section 2.5.1.
Cell attachment assay: crystal violet
Crystal violet assay was described in Chapter 2 Section 2.5.2.
Metabolic activity assay: resazurin assay

Metabolic activity assay carried out directly or indirectly was described in Chapter 2

Section 2.5.3.
4.3.8. Fluorescence Microscopy and analysis of cells

Staining and fluorescence imaging procedures were described in Chapter 2 Section 2.6.1.

and Chapter 2 Section 2.6.3.
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4.3.9. Statistical analysis

Data were presented as mean * standard deviation (N = 3 or otherwise mentioned). One-
way or two-way factor analysis of variance (ANOVA) was performed for all multiple group
experiments. P values of *P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001 were
considered as significant. The statistical analysis was performed using Prism GraphPad

software. Equality was confirmed by Tukey’s multiple comparison test.
4.4. Results and Discussion
4.4.1. Self-assembly of 15K

The synthetic peptide Ac-I13K-NH> (purity >98% w/w), referred to as 13K, has three units of
the hydrophobic amino acid isoleucine, I, and one unit of the hydrophilic amino acid lysine, K,
which gives it amphiphilic properties. The N-terminus is capped with an acetyl group
(Ac, CHs-) while the N-Terminus is capped with an amide group (NH;-) (Figure 30) during the
synthesis of the peptide [176]. This is done to increase stability and reduce unwanted side

reactions during synthesis [177].

N-terminus C-terminus
®
NH;
Lo 1
\H/ /s, ﬂ ‘s, 2
O \\\‘ O \\\\‘ O
Chemical structure
1 lysine
3 isoleucine

Acetyl (Ac) capped N-terminus
Amide (NH,) capped C-terminus

Figure 30. Chemical structure of the synthetic peptide Ac-I3K-NH; (15K), where the lysine side chain is marked in
blue and isoleucine side chains are marked in green. Done with help of ChemDraw.

The I3K peptide was used in combination with RSF surfaces obtained from degumming 90
oven dry and a MWCO during dialysis of 12 kD, referred to as RSF from now on. In Chapter 3,

it was proven that these RSF surfaces did not promote cell attachment but were
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cytocompatible, since it did not release anything toxic to the media. Therefore, it is a good

candidate to be used as a non-fouling surface to test the effect of the 13K peptide.

Due to this amphiphilic structure, when the peptide is dissolved in an aqueous solution
such as 20 mM HEPES buffer, it rearranges itself with all the K groups facing outwards, while
the | groups are facing inwards as illustrated in Figure 31, with time the I3K self-assembled
bilayer structures that aggregate to form nanotubes. This dynamic self-assembly behaviour

has been previously investigated by Wang [178] and Xu [176].

amphiphilic peptide monomer Self-assembled peptide bilayer nanotubes

b sy {1 _»
- \Q‘”si?&tfsﬁs EHEHHHW\!H

Hydrophilic corona

M Lysine block - hydrophilic
B Isoleucine block - hydrophobic

Figure 31. Schematic of how amphiphilic peptides self-assemble into bilayer segments that with incubation time
developed into nanotubes. Adapted from the work of Wang, Q., et al. [178] and Deshmukh, S.A., et al. [178,
179]. Created with BioRender [93].

To study the self-assembly behaviour of I3K at pH 6 in 20 mM HEPES buffer, AFM was
carried out. For this, RSF and RSF:IsK samples were spin coated on cover glasses after leaving
the I3K to self-assemble in aqueous solution for 0, 1, 3, 5 and 7 days. The resulting nanofibrils
can be observed in Figure 32. At day O (Figure 32B), meaning the peptide was spun coated
right after dissolution, the bilayer segments had started to form but had not fully developed
into nanotubes. On the other hand, long nanotubes were found on the RSF surfaces from
day 1. The length of these nanofibrils was difficult to analyse because they were larger than
the field of view of the scan. However, it has been reported by Wang et al. [178] that the I5K
peptide nanostructure can reach lengths of several micrometres and 11.2 nm in width after

7 days. These dimensions however, increased with the incubation time.
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4.4.1. Combination of RSF:IsK

Moreover, using a tool to calculate the theoretical properties of the synthetic peptide 13K
such as PepCalc (Innovagen AB, Sweden), the approximate iso-electric point (IEP) of this
synthetic peptide would be 13-14. This is the pH at which the peptide has no electric charge,
and, therefore, below this pH it would have a positive charge in the lysine group as seen in

Figure 30. On the other hand, RSF has an IEP of 4.6 leading to an overall negative charge at

B) RSF:I,K Day 0\

46.6 nm

53.2 nm

Height Sensor 1.0 um Height Sensor 10 pm

Figure 32. AFM surface topography micrographs of A) RSF surface, B) RSF:I3K surface on day 0 of self-assembly,
C) RSF:15K surface on day 1, D) RSF:I3K surface on day 3, E) RSF:I5K surface on day 5 and F) RSF:I5K surface on day
7. The concentration of RSF was 40 mg/mL and IsK was 5 mg/mL.
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pH > 4.6 [135, 180]. This positive charge of IsK at neutral pH was confirmed by Hu et al. [176]
who attributed the origin of this positive charge in the lysine side group to the amidation of

the C-terminus.

Since the I3K peptide is dissolved at a pH of 6 when the RSF surface is coated with it, and
then the RSF:I3K surface is used as a scaffold submerged in culture media that is formulated

to maintain a physiological pH of 7.4 (DMEM), it is theorised that IsK and RSF are linked via

electrostatic interaction such as salt bridges. Electrostatic interaction between proteins such
as SF and peptides have been studied before. Aye et. al [181] reported the use of a SF hydrogel

electrostatically functionalised with a peptide for antimicrobial applications.

To prove that this electrostatic interaction between RSF and I3K is enough to maintain the
I5K coating during cell culture, AFM was carried out on RSF, RSF:I3K and I5K surfaces before
and after simulating cell culture conditions, i.e., surfaces were scanned before and after being

incubated for 7 days at 37°C in a humidified atmosphere with 5% CO..

As seen in Figure 33 Al and A2, the maximum height of the RSF surface increased after
being submerged in deionised water for 7 days, from 26 nm to 39.8 nm. The swelling
behaviour of RSF films has been studied before [182-184]. Ramachandran et. al compared the
swelling of RSF films of different origin, i.e., Hilosamia ricini, Antheraea assamensis, and
Bombyx mori, and concluded that RSF films from B. mori retained more water than its
counterparts [183]. On the other hand, Lawrence et. al [184] reported that alcohol treated
RSF films had a less ordered secondary structure that allowed it to retain more water. This

can explain why the maximum height of the AFM scan had increased.

Similarly, when I3K was coated on the RSF surface, the maximum height increased (Figure
33 Al and B1). However, after submerging these samples in cell culture conditions the
maximum height decreased. This can be explained as the outermost part of the IsK coating
does not have a strong enough electrostatic interaction with the other I5K fibres or the RSF
surface and, thus, they detach during cell culture conditions. However, there are still

nanofibres coating the RSF surface as seen in Figure 33 B2.

Lastly, 13K was coated directly on the surface of cover glasses. This surface then had a

higher maximum height compared to the RSF (Figure 33 A1) and RSF:IsK (Figure 33 B1) coated
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Before cell culture conditions After cell culture conditions
A2) RSF Surface
26.3 nm 39.8 nm
B 2) RSF:hK-Surface_
57.8 nm : ' = 52.8 nm
92.6 nm 24.4 nm

Height Sensor 1.0 um Height Sensor 1.0 um

Figure 33. AFM surface topography micrographs of A1) RSF surface before cell culture conditions, A2) RSF surface
after cell culture conditions; B1) RSF:IsK surface before cell culture conditions, B2) RSF:IsK surface after cell
culture conditions; C1) IsK surface before cell culture conditions, C2) 15K surface after cell culture conditions. The
concentration of RSF was 40 mg/mL and 15K was 5 mg/mL, this was left to self-assemble for 7 days prior to
coating.

cover glasses. The hydrophobicity and hydrophilicity of the different surfaces can affect how
the 15K spreads on the surface during the spin coating process. This will be analysed in the
next section, but cover glass is more hydrophobic than the RSF surface and therefore, 13K will
be expected to spread less on cover glasses than on RSF surfaces [185] and the thickness, or
height, of the coating will be higher as seen in Figure 33 C1. However, this decreases

drastically after being in deionised water in cell culture conditions. Since there is no
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interaction between the cover glass and the IsK nanofibres, these will detach from the cover

glass and therefore the final maximum height is much lower (Figure 33 C2).
4.4.2. Contact angle

To evaluate how the I5K coating affected the surfaces, water contact angle measurements
were carried out. This measured the wettability of a surface, and it was related to the
hydrophobicity/hydrophilicity of the surface as seen in Figure 34. Wettability is an important

factor to determine how cells will behave and adhere on these surfaces [186, 187].

0 > 150° 150° > 6 > 90° 90° > 6 >10° 10°>0>0°
e
o er‘ A Qe — Licuid
<+— Surface
Non-wetting Low-wetting High-wetting Perfect-wetting
Superhydrophobic  Hydrophobic Hydrophilic Superhydrophilic

Figure 34. Schematic representation of different water contact angle, © (°) and its classification of
superhydrophobic, hydrophobic, hydrophilic and superhydrophilic. Adapted from the work of Zhang, B. and W.
Xu [188].

In this case, the surface of a cover glass was coated with the RSF solution first, and this was
then coated with the I3K peptide solution. Therefore, a change in the water contact angle

would indicate the surface modification has taken place.

First, the average contact angle of the cover glass was 80°, as shown in Figure 35A and B.
Moreover, after the cover glass was exposed to air for 24 h, the contact angle remained
constant at 80°, proving this surface was not affected by that. Then, the cover glass was
coated with the I3K solution at day 0, 1,3, 5, and 7 of self-assembly time to check the average
contact angle of the peptide coating. In this case, the average contact angle decreased
significantly from that of the non-coated cover glass (80°) to 6-7° when coated with the 13K
solution as seen in Figure 35A. This can be considered as a superhydrophilic surface [188]
since the contact angle is less than 10°. This was as expected considering how the I3K peptide
self-assembled with all the lysine side chains, hydrophilic groups, facing outwards from the
nanotubes [176, 178]. However, there was no significant difference between any of the 13K

groups meaning the hydrophilic groups were readily available since day 0.
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However, the main interest was on the RSF and RSF:I5K coated cover glasses, as these are
the samples that would be used as scaffold for cell culture. The contact angle of the cover
glass decreased from 80° to 59° when it was coated with the RSF solution as seen in Figure
35B. It is worth mentioning that all RSF surfaces were treated in the last step of the coating
procedure with a 95% ethanol solution to change the conformation of the RSF from silk |
(random coil, soluble state) to silk Il (B-sheets, insoluble state). On the other hand, when the
silk surface was left exposed to air for 24 h the contact angle was maintained at 59° as seen
in Figure 35C, suggesting no change to the surface. Mohd et al. [131] measured the contact
angle of different SF samples: SF, methanol-treated SF, ethanol-treated SF and water
annealed SF. They concluded that the post-treated films had an increased water contact angle
due to the increase in B-sheet content. This made the treated SF more hydrophobic (6 was
52-57°) compared to the untreated SF (6 was 21°). Recent studies are looking into the
possibility of tuning the hydrophobicity/hydrophilicity of SF through covalent links to be used

in different applications [189].

On the other hand, when 3K was used to coat the RSF surfaces, the contact angle
decreased from 59° to 12 - 16°. This means that overall, the hydrophilicity of the RSF:I3K
surfaces increased compared to the RSF or to the cover glass. However, when these surfaces
were left exposed to air for 24 h, the surfaces became more hydrophobic increasing their
contact angle from 12 - 16° to 37 - 40° (Figure 35C), meaning that the peptide might be
degrading. Therefore, it is important to use these surfaces as quickly as possible after coating.
Moreover, no difference was found amongst the different self-assembled 13K coatings (0, 1,
3, 5and 7 days incubation time) when analysed immediately after coating or 24 h after (Figure
35 B and C). Finally, the morphology and spreading of the water contact angle droplet on all

surfaces can be seen in Figure 36.
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Figure 35. Water contact angle (8) for each surface: A) 15K coated cover glasses, B) RSF:I3K coated cover glasses
and C) B) RSF:1sK coated cover glasses after 24 h exposure to air. RSF was used at a concentration of 40 mg/mL
and I3K has a concentration of 5 mg/mL in 20 mM HEPES buffer (pH 6). I3K solution was left to self-assemble for
0, 1, 3, 5 and 7 days prior to being spun coated. One-way factor analysis of variance (ANOVA) was performed. P
values of *P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001 were considered as significant.
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Figure 36. Water droplet shapes in all analysed surfaces: 3K coated cover glasses, RSF:I3K coated cover glass,
cover glass, RSF coated cover glass. Surfaces of RSF:15K, RSF and cover glass were also analysed after 24 h to see
how the surface changed. RSF was used at a concentration of 40 mg/mL and 15K has a concentration of 5 mg/mL
in 20 mM HEPES buffer (pH 6). 15K solution was left to self-assemble for 0, 1, 3, 5 and 7 days prior to being spun
coated.

4.4.3. In vitro studies with PC12-Adh neuronal-like cell line

In the same way that it was done in Chapter 3, cell attachment and metabolic activity of
PC12-Adh cells was assessed on the RSF:IsK coated cover glasses. To do this, RSF solution
(40 mg/mL) was spun coated onto 13 mm diameter cover glasses and its conformation
changed from soluble random coils to insoluble B-sheets. Then the RSF surface was coated
with a5 mg/mL I5K solution in 20 mM HEPES buffer (pH 6) via spin coating as described before.
These surfaces were sterilised via UV irradiation for 30 min and then used for the following
assays. Previously, Wu et al. [86] explored the self-assembly properties of IKVAV peptides into
nanofibers and their subsequent effects on PC12 cell behaviour. They demonstrated that the
nanofibers not only provide a conducive environment for cell adhesion but also enhance the
neurite outgrowth of PC12 cells, which are commonly used as a model for neuronal
differentiation. Therefore, in this chapter PC12 cells were used to prove the potential

application of RSF functionalised with 13K as a suitable biomaterial for nerve regeration.

77



University of

Sheffield

Chapter 4

Cell attachment studies — crystal violet assay

Cell attachment on RSF obtained from degumming during 90 min, dissolved using Ajisawa’s
method and then, dialysed using 12 kD MWCO tubes proved to have poor cell attachment
according to the results obtained in Chapter 3. To improve cell adhesion, RSF was coated with
the self-assembled synthetic peptide I3K. Crystal violet assay was used to assess cell
attachment on these coated surfaces. The chemical used in this assay; crystal violet (empirical
formula Cy5H30CIN3), chemical structure can be seen in Figure 37A. The assumption that all
cells attached to the surfaces are alive while all dead cells have detached is made. Therefore,
this is proportionate to the overall number of cells present on the sample. However, since this
chemical binds to proteins in the cells and our surfaces are made up of proteins/peptides,
crystal violet would bind to this as well as seen in Figure 37B and C. For this reason, a blank

with no cells was used.
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Figure 37. A) Chemical structure representation of crystal violet compound (made with ChemDraw); B)
photographic images of controls (TCP+, TCP-, cover glass and RSF) with and without PC12-Adh cells, stained with
crystal violet; C) photographic images of samples (RSF coated with IsK after 0, 1, 3, 5 and 7 days of self-assembly)
with and without PC12-Adh cells, stained with crystal violet.

The poor cell adhesion on RSF surfaces has also been proven elsewhere [2, 13]. Here,
Dhyani et al., improved the cell adhesion on RSF using graft polymerization of poly (acrylic
acid). Apart from synthetic polymers, natural proteins present in the extracellular matrix such
as fibronectin, laminin or collagen have been also used with silk to improve cell attachment

[27, 46, 47, 158, 190].
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The glycoprotein fibronectin is naturally involved in adhesion, growth, and differentiation
of cells within the body. It has been successfully used in combination with SF fibres improving
cell adhesion and viability [27]. The principal integrin-binding domain present in the protein
fibronectin is RGD, where “R” is amino acid arginine, “G” glycine, “D” aspartic acid. Its
combination with RSF has improved the cell adhesion in tissues such as bone [49, 191], tendon
[91] or corneal [90]. Similarly, the protein laminin and its primary domain for bioactivity
IKVAV, where “1” represents amino acid isoleucine, “K” lysine, “V” valine and “A” alanine; has

also being used effectively to improve adherence of neuronal cells [46, 86, 87].

However, polylysine remains one of the most used proteins used to improve cell
attachment in cell culture [192-194] and, more specifically, in neural tissue [157-159, 195].
Polylysine is positively charged at pH 7.0, this creates cationic active sites that can interact
with other negatively charged polymers, proteins, or cells. The small synthetic peptide, 13K,
can provide the same positive charge of the lysine groups to enhance cell attachment in the
same way polylysine does. For this reason,I3K cand be a good substitute for polylysine in cell

culture.

In Figure 38, the cell attachment on RSF surfaces is significantly lower than on the positive
control (TCP). This was already documented and explained in Chapter 3. On the other hand,
cell attachment using I5K self-assembled for 0 and 5 days is not significantly different from
that of the positive control. On the other hand, when coating with I3K self-assembled for 1
and 3 days, the attachment is higher than that of the positive control. Lastly, for the peptide
self-assembled for 7 days, the cell attachment seems to go down compared to all the other

I5K groups and the positive control.

Studies carried out by this research group [196, 197] with the synthetic peptide 13K and
13QGK (Ac-13QGK-NH3), a similar peptide amphiphile, have previously shown improvement on
cell attachment. However, these studies only considered self-assembled peptides for 7 days
and did not investigate the possibility of using less incubation time and how this could affect

cell adhesion.
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Figure 38. Graphical representation of cell attachment (%) relative to the positive control (TCP+) obtained with
crystal violet assay. Results from positive control (TCP+), negative control (TCP-), uncoated cover glass, RSF
coated cover glass and RSF:I5K coated cover glass with 15K self-assembled for 0, 1, 3, 5 and 7 days are shown. RSF
was used at a concentration of 40 mg/mL and 13K has a concentration of 5 mg/mL in 20 mM HEPES buffer (pH
6). One-way factor analysis of variance (ANOVA) was performed. P values of *P < 0.05, **P < 0.01, ***P < 0.001
and ****p < 0.0001 were considered as significant.

Fluorescence imaging of cell seeded on RSF:I3K surfaces

Apart from quantitatively assessing cell attachment, it is also important to see the
morphology of the cells that are attached to the surfaces. PC12-Adh cells were stained with
DAPI (nuclei stain, blue) and FITC-Phalloidin (F-actin stain, green) as seen in Figure 40. Here,
cells were present in all the samples except for the RSF coated cover glass. Moreover, in the
RSF:13K day 5 and day 7 of self-assembly, there was evidence of more cells with a round
morphology instead of spreading their cytoplasm to completely attach. Cells go through

different adhesion phases as shown in Figure 39.
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Figure 39. Different cell adhesion phases in vitro. Reproduced from the work of Khalili, A.A. and M.R. Ahmad
[198].

Cells that remain in Phase | have not achieved integrin bonding and are considered as
sedimented cells rather than truly attached cells. These round cells are more present when
the self-assembled 13K peptide has been incubated for longer periods of time , 5 days (Figure
40E) and 7 days (Figure 40F), meaning the type of cell adhesion is weaker. On the other hand,
day O (Figure 40B) presents a mixture of fully adhered cells and round sedimented cells. Days
1 (Figure 40C) and 3 (Figure 40D), however, show that most of the cells are fully spread and
only a few have a round morphology. Lastly, the controls (Figure 40G and H) show a
monolayer of fully spread cells. However, while this may be optimal for cells such as
fibroblasts or osteoblasts, amongst others, a full layer of nerve cells prevents them from

differentiating properly, fully spread single nerve cells is the best arrangement for them.

While it has been theorised that cells attach better to surfaces that have a contact angle
between 40 - 70° [186, 187], hydrophilic surfaces are better suited to promote differentiation
in cells [199, 200].
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Figure 40. Fluorescent image of PC12-Adh cells on A) RSF coated cover glass, B) RSF:I3K coated cover glass day O
of self-assembly, C) RSF:I3K coated cover glass day 1 of self-assembly, D) RSF:I3K coated cover glass day 3 of self-
assembly, E) RSF:IsK coated cover glass day 5 of self-assembly, F) RSF:IsK coated cover glass day 7 of self-
assembly, G) uncoated cover glass and H) tissue culture plastic (TCP). Scale bar is 100 um.
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Cytocompatibility studies — resazurin/resorufin assay

Cytocompatibility of these RSF:I3K coated cover glasses needs to be assessed. The
metabolic activity of the cells can be evaluated via the resazurin/resorufin reduction reaction
mediated by the aerobic respiration in the mitochondria of the cells. This gives an indication
of the viability of cells and, therefore, of the cytocompatibility of the scaffolds. Two different
approaches were used for this method. First, scaffolds were left submerged in media and then
this media was used to grow cells attached to the tissue culture plastic, this helped determine
if there was something leaching from the scaffolds that can be harmful to the cells. Second,
to quantify the direct metabolic activity of cells growing directly on the surface of the

scaffolds.

Figure 41 A shows the results for the indirect assay. The metabolic activity of cells from
glass and RSF:I3K day 0 was significantly lower than that of the positive control. Because I3K
was used right after dissolution (day 0), it had a smaller nanotube structure as seen in the
AFM scans in Figure 32 B. Moreover, there may be electrostatic interaction between the
nanotubes which makes them detach more easily from the RSF surface and leach to the
media, therefore, where they may be toxic to cells. It was established that 13K nanotubes had
a similar structure to that of the cationic protein polylysine. This protein has been used to
successfully improve cell attachment before [157-159, 192, 195]. However, it has also been
proven that high concentrations of unbound polylysine can be toxic to the cells [201, 202]. On
the other hand, I5K self-assembled for 3 or more days did not show any decrease in metabolic
activity. This means that even if some of the 15K is leached into the media, it does not become

toxic to the cells.

However, when assessing the direct metabolic activity of cells growing on the scaffolds, all
samples present a significantly lower metabolic activity than the positive control (TCP+). As
seen previously in the fluorescent images of Figure 40, not all the cells attached to the RSF:I3K
surfaces have fully spread and some of them are only slightly attached via electrostatic

interaction. These would not be metabolically active.
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Figure 41. Graphical representation of metabolic activity (%) relative to the positive control (TCP+) obtained with
A) indirect resazurin/resorufin assay, B) direct resazurin/resorufin assay. Results from positive control (TCP+),
negative control (TCP-), uncoated cover glass, RSF coated cover glass and RSF:15K coated cover glass with I3K self-
assembled for 0, 1, 3, 5 and 7 days are shown. RSF was used at a concentration of 40 mg/mL and 15K has a
concentration of 5 mg/mL in 20 mM HEPES buffer (pH 6). One-way factor analysis of variance (ANOVA) was
performed. P values of *P < 0.05, **P <0.01, ***P < 0.001 and ****P < 0.0001 were considered as significant.

4.5. Conclusion

In this chapter, cell attachment on a previously non-fouling surface derived from the
natural silk fibroin protein has been improved by the addition of a synthetic peptide, Ac-I3K-
NH». The chemical structure of this peptide made up of three units of the hydrophobic amino
acid isoleucine, I, and one unit of the cationic hydrophilic amino acid lysine, K, suggests an
amphiphilic peptide capable of self-assemble under the right conditions. Although, this self-
assembly behaviour has been previously studied elsewhere [176, 203], here, the formation of
nanotubes when 3K is dissolved at pH 6 in 20 mM HEPES buffer was analysed via AFM.
Different self-assembly times were assessed and scanned, all of them showed the formation
of long (> 1 mm) nanotubes after 1 day of incubation. The self-assembly process occurring in
aqueous solution allows all the hydrophilic lysine group to be facing outwards of the nanotube
structure. This allowed the positively charged 153K peptide to coat the negatively charged RSF
surface via electrostatic interactions at pH 6. Moreover, it was demonstrated that this
interaction was strong enough, so the peptide remained coupled with the silk after 7 days of
incubation in cell culture conditions. Therefore, making the RSF:I3K coated cover glasses an

ideal candidate for cell culture.
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Finally, cell attachment and cytocompatibility of these surfaces were assessed. While the
use of I3K to improve cell attachment has been previously studied by our research group [197],
the peptide was only used after 7 days of self-assembly. In this case, different incubation
times (0, 1, 3, 5 and 7 days) were studied to see the relevance of this in tissue engineering
applications. Cell attachment increased significantly when I3K was incubated for 1 and 3 days,
decreasing for longer times. All samples showed a mixture of fully spread cells and
sedimented cells. On the other hand, indirect cytocompatibility assays showed that for
incubation periods longer than 3 days, no decreased metabolic activity was detected due to
the samples leaching into the media. On the other hand, direct metabolic assay showed a
significant decrease in all samples, possibly due to the fact that some of the cells were not

fully attached and could not carry out metabolic activities.

Overall, it has been proven that 13K is an ideal candidate to improve cell adhesion on
scaffolds for tissue engineering applications. However, the importance of scaffold orientation,
is really important in the field of nerve regeneration. While in this chapter the overall cell
adhesion properties of the I3K-RSF surfaces were investigated, in the next chapter, 13K will be
micropatterned via drop-on-demand (DoD) inkjet printing to further direct cell attachment

and to mimic the microenvironment of nerve cells.

85



A University of

Sheffield

Chapter 5

Chapter 5. Micropatterning of IsK peptide on RSF surface to guide
PC12-Adh attachment and proliferation

5.1. Introduction

Inkjet printing is a very adaptable technique that can be used to create both 2D features
and 3D structures. This technique allows high precision deposition of small amounts of ink,
usually in the picolitre range. Inkjet printing can be divided into two big groups depending on
the type of jetting, continuous or drop-on-demand (DoD) (Figure 42). In continuous inkjet
printing, the printhead generates a continuous jet of ink. On the other hand, the DoD only
produces a drop when it is required; for this, two different methods can be used, thermal or

piezoelectric DoD inkjet printing.

Inkjet Printing

Drop-on-demand

(DoD)

jets only when required jets continuously

I

Piezoelectric

heating a resistive

element forms a

rapidly expanding
bubble

piezoelectric material

suffers a deformation

due to an applied
voltage

Figure 42. Schematic representation of the types of inkjet printing.

Thermal DoD printing uses a special printhead equipped with a heating element, usually a
resistor. A current is applied which makes the resistor heat which in turn vaporises a small
volume of the ink forming a bubble. This bubble keeps expanding which pushes the ink out of
the nozzle of the printhead, then as it cools down, the bubble generates a vacuum, taking ink

from the ink reservoir and filling the bubble. This keeps repeating every time a drop is needed.
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This method requires an ink that contains a volatile element so it can form the bubble, and
the ink cannot be degraded or affected by the heat. This method has been successfully used
to print live cells [204, 205] and other materials such as proteins [206]. However, cell
survivability and protein degradation can be affected by the harsh temperature and pressure

conditions inherent to the method.

On the other hand, a piezoelectric approach can be used. In the case of MicroFab
printheads, the piezoelectric material in an annular element that surrounds a tube made of
glass as can be seen in Figure 43A . When a voltage is applied to the electrodes an electrical
field is produced which, in turn, causes the piezoelectric material to deform. Depending on
the polarity of the voltage applied the deformation can happen in two directions, radially and
axially. This deformation is transferred from the piezoelectric material to the glass through an
epoxy bond creating a negative pressure (from the equilibrium). This travels through the
liquid, i.e. bio-ink, in the form of an expansion acoustic wave that travels towards both the
orifice and the supply end of the glass tube. It is at this latest point that it bounces back
towards the orifice in the form of a compression wave (positive pressure in respect of the
equilibrium). Thus, jetting a droplet from the orifice and quickly refilling with more ink from
the reservoir. This removes the need for a volatile solvent to be added to the ink which
reduces the cost. This method has also been used successfully to print cells [59, 207-211] or

patterns of some biomaterials such as peptides and proteins [196, 197, 212].

Orifice Glass tube Fhud fittng

Piezoelectric  Inner electrode
material with wrap around

Quter electrode
Figure 43. Schematic representation of the jetting device are reproduced from the manufacturer’s website,
MicroFab Technologies Inc., USA [213].

Spatially oriented micro features can be found in natural tissues such as parallel collagen

fibrils in tendons, concentric circles (lamellae) in bones or longitudinally aligned axons in
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nerves [214]. Moreover, topographical features such as roughness, micropores and
mechanical properties, or chemical cues such as surface energy, wettability, or bioactive
molecules, can affect cell behaviour such as attachment, migration, or differentiation [215,
216]. For example, Cai et al. [217] used inkjet printing to create a gradient pattern of laminin
that showed that cell adhesion was dependent on the laminin concentration of the gradient.
On the other hand, Ker et al. [218] demonstrated that differentiation into bone and tendon
can be promoted by the addition of spatially defined patterns. This can be of great interest to
the field of organ-on-a-chip [219]. In particular, the patterning of neuronal cells to create
complex patterns or arrays of multiconnected neurons is of special interest to the fields of

bioelectronics, neurological implants, or biosensors [219, 220].
5.1.1 Micropatterning via inkjet printing of self-assembling peptides (SAP)

Self-assembling peptides have emerged as a promising class of bioinks for inkjet printing
due to their unique structural characteristics and biological compatibility as described in
Chapter 4. Use of novel amphiphilic peptide to improve cell attachment on non-fouling RSF
surfaceGuo et al. [212] demonstrated the versatility of peptide inks for coding cell
micropatterns, which enabled the development of functional architectures suitable for
regenerative medicine. This also showed the inherent ability of SAP materials to recreate the
dynamic complexity of biological tissues. Moreover, Li et al. [221] showed how aligned
scaffolds with biomolecular gradients can be flexibly produced, optimizing conditions for
neuronal repair, particularly in regenerative medicine contexts. The precise patterning of cells
within scaffolds reinforces the interaction between scaffold topography and cellular

behaviour, ultimately supporting the regeneration of nerve tissue.

The mechanisms underlying the self-assembly of peptides contribute significantly to the
effectiveness of inkjet printing techniques. Hart et al. [222] explored the use of
supramolecular networks, illustrating how sequential deposition can enhance the
organizational structure of printed materials. This approach allows for controlled alignment
and spatial distribution of peptides, which can optimise the physiological responses of

different cells and tissues.
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The integration of inkjet printing with self-assembled peptides for tissue engineering
presents a promising trajectory that combines innovative material properties with advanced
printing techniques. The synergistic effects of these self-assembling peptides enable the
creation of bioactive, structured scaffolds that can support cellular functions and tissue
regeneration, thus enhancing outcomes in biomedical applications. This has already being
demonstrated by our own research group [196]. Here, Sun et al. showed that combining the
synthetic peptide 13QGK with silk scaffolds can help guiding the growth and attachment of

neuronal cells.
5.2. Aims and objectives

This chapter explores the use of drop-on-demand (DoD) inkjet printing to create 15K
micropatterns on RSF surfaces, aiming to enhance neuronal cell adhesion and alignment. It
investigates the optimisation of these patterns to promote cell recognition and differentiation
of PC12-Adh cells. Additionally, the study examines the role of nerve growth factor (NGF) in

supporting neuronal differentiation on the printed patterns.
The aims of this chapter are:

1. Print the peptide I5K via drop-on-demand (DoD) inkjet printing a micropattern on
RSF surfaces
2. Assess the cell attachment and differentiation of PC12-Adh growing on those

patterns
The objectives of this chapter are:

1. Use DoD inkjet printing to create I3K micropatterns to promote adhesion of the
neuronal cell line PC12-Adh

2. Optimise those patterns so they can be recognised by the cells to promote cell
alignment

3. Differentiate PC12-Adh cells growing on those patterns with and without the help

of nerve growth factor (NGF)
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5.3. Materials and methods
5.3.1. Materials
Details of the materials used were described in Chapter 2 Section 2.1.
5.3.2. Silk degumming and dissolution
The RSF solution preparation process was described in Chapter 2 Section 2.2.

B. mori silk cocoons were degummed for 90 min, dissolved using Ajisawa’s method and
dialysed using a 12 kD MWCO dialysis tube. RSF solution was then diluted to 40 mg/mL when

needed.
5.3.3. Dissolution of peptide I3K

The dissolution of 13K peptide was described in Chapter 2 Section 2.7. The peptide was
dissolved at a concentration of 5 m/mL and left to self-assemble for 3 days at room

temperature. Then diluted to 1 mg/mL or 0.5 mg/mL right before printing.
5.3.4. Preparation of RSF surfaces via spin coating

The spin coat process was described in Chapter 2 Section 2.8. RSF solution was diluted to
a concentration of 40 mg/mL. Here, 10x10 mm square cover glasses 1.5 mm thickness (Agar

Scientific, UK)
5.3.5. Contact angle

The contact angle process was described in Chapter 2 Section 2.9.2. Here, a 5 uL drop of

either deionised water or of 15K solution (0.5 mg/mL) were used.
5.3.6. Micropatterning via drop-on-demand inkjet printing

Drop-on-Demand (DoD) inkjet printing process was described in Chapter 2 Section 2.10.
Here, bioink was made of 1 or 0.5 mg/mL I5K self-assembled for 3 days. Ink is prepared fresh

every time.
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5.3.7. In vitro studies with PC12-Adh neuronal-like cell line
General cell culture

General cell culture procedure as well as general culture media preparation were

described in Chapter 2 Section 2.5.1.
Differentiation studies
Differentiation of PC12-Adh cell line was described in Chapter 2 Section 2.5.4.
5.3.8. Fluorescence Microscopy and analysis of cells

Staining and fluorescence imaging procedures were described in Chapter 2 Section 2.6.1.

and Chapter 2 Section 2.6.3.
5.3.9. Statistical analysis

Data were presented as mean * standard deviation (N = 3 or otherwise mentioned). One-
way or two-way factor analysis of variance (ANOVA) was performed for all multiple group
experiments. P values of *P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001 were
considered as significant. The statistical analysis was performed using Prism GraphPad

software. Equality was confirmed by Tukey’s multiple comparison test.
5.4. Results and Discussion

5.4.1. Printing of initial 13K micropatterns on RSF surfaces via drop-on-demand inkjet

printing

To print micropatterns of 13K (1 mg/mL) a custom-made inkjet printer equipped with a
piezoelectric printhead was used. This printhead has a glass nozzle with an orifice of 40 um

(Figure 44).

91



University of

Sheffield

Chapter 5

A)

Figure 44. A) Image of the jetting device are reproduced from the manufacturer’s website, MicroFab
Technologies Inc., USA [213], B) Brightfield image of the 40 um glass orifice (scale bar is 100 um)

As mentioned before, the printhead device used in this study is equipped with a
piezoelectric material that when subjected to a voltage pulse creates a pressure wave that
forms and ejects a droplet from the orifice of the nozzle. This pulse waveform can be classified

into single polar pulse (Figure 45A) and bipolar pulse waveform (Figure 45B) [223].
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Figure 45. Schematic graphical representation of A) single polar pulse waveform and B) bipolar pulse waveform.
Adapted from the work of Wu, C.-H. and W.-S. Hwang [223].

The printer is equipped with a camera and a strobe light. The strobe light frequency
matches with the ink jetting from the nozzle which allows the camera to capture the droplet
formation that usually occurs within the order of microseconds (us). The use of stroboscopic
photography to image the otherwise too fast droplet formation has previously been used

[224, 225]. Figure 46A illustrates the time and voltage input parameters, and the waveform
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produced as a result of these parameters. Furthermore, Figure 45B shows the time lapse of

the droplet formation using the set of parameters in Figure 45A.

However, Figure 46B shows that the droplet formation in this case consists of a tail that
eventually breaks up into multiple satellite droplets. The jetting process is highly affected by

viscosity and surface tension of the bioink, this can be described by the inverse of the

Ohnesorge number (Oh) defined as Z,

Equation 3. Equation used to calculate the dimensionless constant Z and its relation to the dimensionless

where

P 1 pol  Re \/inertia - surface tension
T Oh  pu We viscous forces

Ohnesorge number (Oh), Reynolds number (Re) and Weber number.

K is the dynamic viscosity of the liquid

p is the density of the liquid

o is the surface tension

L is the characteristic length, usually the drop diameter

Re is the dimensionless Reynolds number

Equation 4. Equation used to calculate the dimensionless Reynolds number (Re).

We is the dimensionless Weber number

V2L
We = P

o

Equation 5. Equation used to calculate the dimensionless Weber number (We).

vis the flow speed
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Figure 46. A) Time and voltage input parameters and the bipolar waveform obtained B) Strobe time lapse images
of the 13K (1 mg/mL) ink droplet being formed from a jetting device with a nozzle diameter of 40 pm. Scale bar
represents 500 um.

Initially, Fromm [226] reached the conclusion that Z > 2 was required to achieve stable
droplets, this was later revised by Derby [227] to the range of 1 < Z < 10 (Figure 47). Low Z
numbers imply high viscosity forces which mean more pressure is needed to eject a droplet
or no jetting will occur. On the other hand, high Z numbers mean lower viscosity and the
possibility of continuous flow or satellite droplet formation. Both cases will affect the final
definition and quality of the printing. Current studies have established an optimised range of

2<Z<20[228].
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Figure 47. Theoretical operating regimes of inkjet printing based on the dimensionless numbers: Reynolds
number (Re), Weber number (We) and Ohnesorge number (Oh). Reproduced from the works of Zhang, Y., et al.
[224] and Lohse, D. [225].

However, these Z ranges have proven to be unreliable and liquids with other values have
been successfully printed. If satellite formation occurs, there are different methods that can
help minimise their impact in the quality of printing. Satellite droplets can re-join the main
droplet because of a difference in velocity [224, 229]. Additionally, modifying the pressure in
the ink chamber by modifying the piezoelectric waveform can also help with the reduction of
satellite drops [230, 231]. On the other hand, addition of surfactants and polymers can also
affect the printability of the ink. While most studies with added surfactants have focused on
the post-printing relevance on the evaporation and coffee rings instead of the droplet
formation, the addition of polymers with different molecular weights can drastically change

the jet behaviour, even at lower concentrations [224].

However, Figure 48 shows that despite having a droplet formation accompanied by

multiple satellite droplets the quality and definition of the printing remained unaffected.

In the present study, inks with a concentration of IsK in HEPES buffer (20 mM, pH 6) higher
than 1 mg/mL proved to be unreliable, unstable, and not duplicable. Therefore, a layer-by-
layer approach was used to build up the I3K peptide concentration on the RSF surface. In total,
11 parallel lines with one, three or five layers were printed; these micropatterns can be

observed in Figure 48.
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A) 1 layer

B) 3 layers

C) 5 layers

Figure 48. Brightfield images with different magnifications (2.5x, 5x and 10x) of IsK micropatterns printed via
drop-on-demand inkjet printed on RSF coated cover glasses. Different numbers of layers are printed: A) 1 layer,
B) 3 layers and C) 5 layers. The scale bar of each column is 500 um, 300 um and 200 um, respectively.

Moreover, the effect of the number of layers on the width of the lines was assessed.
Results can be seen in Figure 49. Although the average width of the lines seemed to increase
with the number of layers, statistical analysis showed there is no significant difference
between them, with the width of the lines ranging between 271 um 14 for 1 layer,

288 um 111 for 3 layers and 294 um 6 for 5 layers.
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Figure 49. Graphical representation of the average width of the micropattern lines when they are printed with
different numbers of layers. One-way factor analysis of variance (ANOVA) was performed. P values of *P < 0.05,
**p <0.01, ***P < 0.001 and ****P < 0.0001 were considered as significant.

5.4.2. In vitro studies with PC12-Adh neuronal-like cell line on initial micropatterns

These patterns were used as substrates for growing PC12-Adh cells. Figure 50 shows cells
growing on the different samples. While growth and proliferation of cells was constrained to
the patterned surface containing I3K, on the positive controls (cover glass and TCP) cells grew
without any constraints. Moreover, in the control samples, cells proliferated tightly in clumps
or colonies showing good attachment and spreading, while cells in the micropatterns grew
more as individual cells, acquiring a polygonal morphology with cytoplasmic extensions that

could be related to differentiation and neurite growth.

The quantity of the peptide on the RSF substrate increases accordingly to the number of
printed layers. Therefore, more peptide on the surface suggests a larger number of cells
would attach to the printed micropatterns. As mentioned in Chapter 4, the coating of RSF
with the 13K peptide is based on the different overall charge of both materials. However,
increasing the peptide concentration via this layer-by-layer approach would imply that a
stronger electrostatic interaction occurs between the first layers and the RSF surface and
consequently this interaction would decrease in the presence of a larger number of printed

layers. Therefore, a limit of 5 printed layers was used as the maximum number of recognised
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patterns by the cells. This is further confirmed by the almost confluency of cells presented in

the 5-layer pattern (Figure 50 C).

Figure 50. Fluorescence images of PC12-Adh neuronal cells growing on micropatterned IsK lines. Cell nuclei are
labelled with DAPI (blue) while phalloidin-FITC (green) is used to label F-actin filaments in the cytoskeleton. The
lines with different number of layers of I3K are printed by DoD inkjet printing with a 40 um nozzle on top of the
RSF coated cover glasses. A) 1 layer, B) 3 layers, C) 5 layers, D) RSF surface, E) cover glass surface, F) TCP (tissue
control plastic). Scale bar = 200 um.

However, the overall width of the samples, shown in Figure 49, indicated that these
patterns were between 270 - 290 um in width while PC12-Adh cells are 20 - 30 um in size.
This difference in size suggests that the cells would miss the linear topographical cues
provided by the micropatterns. Hence, they attached and proliferated inside the pattern, but
they did not align with it. Therefore, a further optimisation of the pattern is needed, this will
be carried out by reducing the concentration of the ink and modifying the waveform of the

piezoelectric.
5.4.3. Contact angle of I3K bioink on RSF surfaces

Static contact angle provides information on the wettability properties of a solid surface,

i.e., how a liquid spreads over a solid surface. This angle is measured at the interphase
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between the three phases: liquid, solid and gas (usually air) (Figure 51) and depends on
thermodynamic properties such as surface energy [232, 233]. Moreover, when the used liquid

is water, this can be related to the hydrophilicity/hydrophobicity [188] of the solid surfaces.

e(' «— Liquid —» S}

<+— Sold —

High contact angle Low contact angle
Low-wetting High-wetting
Low surface energy High surface energy

Figure 51. Schematic representation of different contact angle, © (°) and its relation to wettability and surface
energy. Adapted from the works of Zhang, B. and W. Xu [188], Janssen, D., et al. [232] and Huhtamaki, T., et al.
[233].

Since different liquid droplets would interact differently with the same solid surface, this
can provide an insight of how a specific liquid will spread over a solid surface. For this reason,
the contact angle using our bioink (0.5 mg/ml of 15K dissolved in 20 mM HEPES buffer at pH 6)
and deionised water (DI-water) on RSF coated cover glasses are compared (Figure 52). While
the contact angle for deionised water was on an average 59°, when using the 13K bioink a
higher average angle of 96°, therefore the surface energy is lower and the bioink spread less
on RSF surfaces than when using water. This interaction is critical for the spreading and
adhesion of the droplet to the substrate while printing, which is also related to the final

definition and quality of the printed structures.

While static water contact angle can give the wettability property of a specific surface
which can then be related to its hydrophilicity/hydrophobicity [188], different liquid droplets
would interact differently with the same solid surface. This can provide an insight of how a
liquid will spread over a solid surface. For this reason, the contact angle using our bioink
(0.5 mg/mL of 15K dissolved in 20 mM HEPES buffer at pH 6) and deionised water (DI-water)
on RSF coated cover glasses were compared (Figure 52). While the contact angle for deionised
water was on average 59°, when using the 13K bioink a higher average angle of 96° was

observed. Therefore, the surface energy was lower and the bioink spread less on RSF surfaces
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than when using water. This interaction is critical for the spreading and adhesion of the

droplet to the substrate while printing.

A) Dl-water on RSF B) 15K (0.5 mg/ml) on RSF

©=59°%+10 ©=96°+9

Figure 52. Contact angle of A) deionised water on RSF coated cover glass and B) bioink, 0.5 mg/mL 15K in 20 mM
HEPES buffer (pH 6).

On the other hand, the degree of spreading in inkjet printing, since the droplet volume is
in picolitres and have low in-flight velocity, is mostly determined by energy dissipation

methods such as impact forces and capillary forces [234-237].
5.4.4. Optimisation of micropatterns done via inkjet-printing
Waveform

As mentioned before, the printhead device used for the present study is equipped with a
piezoelectric material that when subjected to a voltage pulse deforms and jets a droplet. This
pulse waveform can be classified into single polar pulse (Figure 45A) and bipolar pulse
waveform (Figure 45B) [223]. Moreover, it has been investigated before the effect of this

waveform on the satellite droplets formation [230, 231].

In this study, only the effect of the voltage applied to the piezoelectric was investigated.
Figure 53 shows the different droplets formed with all the different voltage pulses used and
their corresponding waveform. For single polar pulse, the lowest voltage that was able to
produce a droplet was 35V; below this, no droplet was formed. For voltages between
35-50V a main droplet was formed followed by a secondary droplet that followed the same

path. Above 90V, bioink was jetted in the form of a tail that followed the main droplet path.
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Moreover, for voltages above 80 V, the time in which the strobe photo was taken had to be
decreased from 300 ps to 150 - 200 us since the droplet was formed quicker and it was out

of the field of view.

On the other hand, when a bipolar pulse wave was used, the formation of the droplet was
quicker than that of the single polar pulse. Moreover, a stable droplet was formed at lower
voltages such as +30 V with just one satellite droplet. Increasing the voltage also increased
the number of satellite droplets. These also merged into a tail that followed the path of the
main droplet, this was achieved at a lower voltage, 50 — 60 V, when compared to the single

polar wave pulse.

Overall, the droplet corresponding to the +30 V bipolar pulse wave was selected for future
printing studies as it was the most stable and reproducible and also generated less satellite
droplets, although the ones that were formed followed the path of the main droplet and did

not affect the quality or the definition of the printing patterns.

A series of stroboscopic images were acquired at different time points to assess the droplet
formation when using a bipolar pulse wave with a voltage of +30 V (Figure 54 B). The droplet
started forming around 60 pus while complete detachment from the nozzle occurred at around
100 ps. After this, a main droplet followed by a second droplet was seen following the same
path until they were out of the field of view. Figure 54 shows the time lapse of the drop

formation.

Lastly, size and reproducibility of the optimised droplet was assessed. It should also be
noted that the I3K ink is made fresh for every printing batch and after 3 days of self-assembly,
therefore, some differences in printability can be expected. Hence, a total of 12 different
printing days were considered and three strobe images of the printing droplets were taken to
use in this analysis. Figure 55 A shows four representative stroboscopic images of the droplet
formed on different days of printing, differences in the droplet velocity can be observed since
some droplets had moved farther from the nozzle although all the images were taken around
400 ps after the voltage pulse was applied. On the other hand, Figure 55 B shows a graphical

representation of the volume of each jetted droplet, statistical analysis does not show any
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Figure 53. Strobe images of the droplet jetting for A) single polar pulse wave and B) bipolar pulse wave. Each set gives information related to the voltage applied, the time at
which the strobe image was taken, the strobe image and the graphical representation of the waveform. Frequency used was 100 Hz. Scale bar represents 300 pum.
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A) Droplet formation time lapse
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Figure 54. A) Strobe time lapse images of the droplet formation using a bipolar pulse wave with a voltage of
+30 V. Droplet is beginning to form at 60 ps while complete detachment from the nozzle occurs at 100 ps. Two
droplets are finally formed and jetted following the same path. Scale bar represents 300 um. B) Bipolar pulse
wave graph with an amplitude of £30 V.

significant difference between droplet 1 (satellite) at different days of printing, moreover,
there is also no statistical difference between droplet 2 (main) on the different printing days.
All in all, an average of 72.6 pl £ 7.6 were jetted per trigger, considering both droplets,

28.2 pl £ 5.6 for the satellite droplet and 44.4 pl £ 7.6 for the main droplet.
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A) Droplets on different days of printing
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Figure 55. A) Strobe images of different droplets taken at the same time in the jetting process but on different
days of printing with freshly made 15K inks. Scale is 300 um. B) Graphical representation of the average volume
of each droplet (pL), two-way factor analysis of variance (ANOVA) was performed. P values of *P < 0.05, **P <
0.01, ***P < 0.001 and ****P < 0.0001 were considered as significant

Droplet spacing

Droplet spacing (DS) is an important parameter that can define the resolution of the
printing. Using a drop-on-demand inkjet printer implies the ink is printed as individual drops
rather than as a continuous jet. Therefore, to create continuous micropatterns drops need to
overlap, this is achieved by decreasing the DS. However, optimisation of the DS was needed
to avoid scalloped profiles that can affect the quality of the printing and to obtain a uniform

profile. On the other hand, if the DS is too low, bulging of the pattern can occur leading to
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areas where the printed area is wider than required. This behaviour has been previously
described by Soltman et al. [238]. More recently, the ability to use a varied instead of uniform
DS throughout printing has been studied. Mu et al. [239] used non-uniform DS to develop a
technique where a higher density of droplets at the end of a printed line can compensate for
the inherent flows, i.e., Marangoni and capillary flows, that can make the printed surface
convex instead of flat. This can also eliminate the need to use multiple solvents in the ink

which can, in turn, reduce the overall cost of the printing.

Figure 56. A) schematic representation of how decreasing the droplet spacing (DS) can generate continuous
patterns, B) Brightfield images of the DS change effect on the printed patterns, DS decreases from top to bottom.
Scale bas is 200 um.

Optimised micropatterns

Finally, the micropatterns were printed using the optimised bipolar wave pulse and droplet
spacing. However, the patterns showed irregularities at the end of each printed line. Because
the interaction between the I3K ink droplet and the RSF surface had a low surface energy and
therefore a high contact angle, © =96° £ 9, the ink was absorbed towards the beginning of
each line. The Marangoni and capillary flows on the evaporation of sessile droplets
dramatically affect the drying process of the droplet and, thus, the final printing quality. This

has been thoroughly studied before [240-243]. Figure 57 A shows the printing of one single
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layer with an alternate direction of printing, here it can be seen that the end of each line
appears to be disappearing (orange arrows). Once an individual line finished printing, it had
not dried completely, by printing it again but in the opposite direction, a full line was achieved.
Figure 57 B shows that all printed lines with a double layer have a beginning and an end. This
way of printing a double layer is different from printing more than one layer, with the double
layer approach the second pass is done while the line of the pattern has not fully dried and
so they merge together in one line. On the other hand, the printing of the layers is done once

the previous layer has already dried and, therefore, more material builds up overtime.
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Figure 57. A) Brightfield image of a printed single layer sample, orange arrows indicate missing ends of the lines,
B) brightfield image of a printed double layer sample, green arrows indicate successful printing of the ends of
the lines. On the right side the printing direction for each sample is represented by arrows. Scale bar is 500 um.

Using this double layer approach, samples with different numbers of layers were printed.
The focus of all the optimisation process was to reduce the width of each line of the pattern
so that this can be recognised by the cells. Statistical analysis shows a significant decrease in
the line width when comparing the same number of printed layers, before and after
optimisation. The width for 1 layer decreased from 271 um +14 to 69 um 3, for 3 layer the
change was from 288 um +11 to 83 um %7 and, lastly, for 5 layers the width was reduced from
294 um £6 to 92 um %16, this can be seen in Figure 58. In total, twenty parallel lines were

printed per sample with an average length of 7.5 - 7.6 mm as seen in Figure 59.
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Figure 58. Graphical representation of the average width of the micropattern lines when they are printed with
different numbers of layers. Two-way factor analysis of variance (ANOVA) was performed. P values of *P < 0.05,
**P <0.01, ***P < 0.001 and ****P < 0.0001 were considered as significant.

5.4.5. In vitro studies with PC12-Adh neuronal-like cell line on optimised micropatterns

Cell attachment of PC12-Adh cells was assessed qualitatively on the IsK micropatterns on
RSF coated cover glasses. Samples with different numbers of layers, i.e., 1, 3 and 5 layers,
were used as scaffolds to grow PC12-Adh cells. Figure 60 shows fluorescence images of cells
after growing for 7 days with general culture media. While 1 layer of 5K exhibited low cell
attachment, cells in samples with 3 and 5 layers grew along the lines and proliferated. This is
consistent with previous work carried out and published by our research group [196, 197],
where cell attachment was also promoted by the inkjet-printed micropatterns of self-
assembled peptides. However, in their study, cell alighnment was not achieved since the width
of those patterns was above the size recognised by the cells. In contrast, in the present study,

alignment of PC12-Adh cells was achieved.
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A) 1 layer B) 3 layer

Figure 59. Brightfield images of IsK micropatterns printed via drop-on-demand inkjet printed on RSF coated cover
glasses with optimised droplet formation. Different numbers of layers are printed: A) 1 layer, B) 3 layers and C)
5 layers. Scale bar represents 200 um. D) Overall brightfield images of 5 layers IsK micropattern RSF coated cover
glasses, scale bar represents 1 mm.
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A) 1 layer

B) 3 layer

Figure 60. Fluorescence images of PC12-Adh neuronal cells growing on 15K micropatterned lines. Cell nuclei are
labelled with DAPI (blue) while phalloidin-FITC (green) is used to label F-actin filaments in the cytoskeleton. The
lines with different number of layers of 15K were printed by DoD inkjet printing with a 40 um nozzle on top of
the RSF coated cover glasses. A) 1 layer, B) 3 layers and C) 5 layers. Scale bar represents 500 um on left side and
200 um on the right side.

Moreover, 20 lines were printed in each sample as shown in Figure 59 D, however, images
of the cells show more lines than those printed. The reason for this can be seen in Figure 61 A.

Each printed line corresponded to two of the lines of grown cells. This is perhaps because the
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peptide accumulated on the edges of the printed lines instead of covering each line in a
uniform manner. This is known as the “coffee ring effect” because of the ring structure left
after drying is similar to that seen when a drop of coffee dries. This has been studied before
by several authors [238, 240, 243-245]. Lim et al. [240] studied the effect of the evaporation,
capillary, and Marangoni flows, on the final morphology and microstructure of inkjet printed
films in organic semiconductors. They concluded that a nucleation event occurred at the edge
of the drying droplet leaving a ringlike structure on these films. The addition of another

solvent with low surface tension and high boiling point solved this issue [240].

Although, this coffee ring effect is undesirable in most cases as it affects the quality of the
printing since it prevents the formation of homogenous layers; in this study, the possible
nucleation of the self-assembled I5K nanotubes at the edges of the patterned line produced
two narrow bio-active edges in each line that were recognised by the cells as the attachment

site. A possible mechanism explaining this effect is shown in Figure 61 B.

5.4.6. In vitro differentiation studies with PC12-Adh neuronal-like cell line on optimised

micropatterns

PC12-Adh cell line is a useful nerve model commonly used in neuroscience research. This
cell line can be differentiated into morphological and functional nerve cells with an external
stimulus such as the presence of nerve growth factor (NGF) or brain-derived neurotrophic
factor (BDNF) [105, 107, 141, 246]. When these cells are differentiated, they undergo neurite
development, i.e., a group of developed axons and dendrites, (Figure 62) and express markers
such as synapsin | and Beta-Ill tubulin (Blll-tubulin) [105, 247]. Moreover, differentiated PC12-
Adh show a behaviour change in growth, from growing as polygonal cells in tight clusters to
individual cells that show neurite connections with each other as seen in Figure 62 B.
Moreover, cells in Figure 62 B have differentiated by growing on RSF:lIsK (40 mg/mL :

5 mg/mL) coated cover glasses without the need of NGF or BDNF.

Moreover, in Figure 62 B cells were differentiated without the presence of an external

stimuli such as NGF, cells were grown directly on RSF:I3K (40 mg/mL : 5 mg/mL) coated cover
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Figure 61. A) Comparison of fluorescence and brightfield images of 13K micropatterns with and without PC12-
Adh cells, respectively, displaying the width of 1 line. Cell nuclei are labelled with DAPI (blue) while phalloidin-
FITC (green) is used to label F-actin filaments in the cytoskeleton. B) Proposed drying mechanism showing how
the Marangoni, capillary and evaporation flows affect the nucleation of the 13K peptide in the drying process.
Adapted from the works of Lim, J.A., et al. [240] and Uddin, M.J., J. Hassan, and D. Douroumis [241]

glasses. This indicates that I3K not only promotes cell adhesion and proliferation, but it can be

an ideal candidate for differentiation.
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Figure 62. A) Schematic representation of the differentiation of a nerve cell under an external stimulus, B)
Brightfield images of undifferentiated (left) PC12-Adh cells growing on tissue culture plastic (TCP) and
differentiated (right) PC12-Adh growing on RSF:IsK (40 mg/mL : 5 mg/mL) coated cover glasses. Arrows indicate
the presence of developed neurites induced by differentiation. Scale bar represents 100 um.

In vitro differentiation studies

For differentiation studies only printed samples with 3 layers of 15K were used. Also, the
number of cells seeded on the samples was reduced to allow more space between cells so
neurites can develop. Nerve growth factor (NGF) was added to the media at a concentration
of 50 ng/mL to half of the samples to promote differentiation. Figure 64 shows the result of

these differentiation studies. Both samples with and without NGF showed signals of
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differentiation. Considering that NGF is necessary to induce differentiation in PC12-Adh cells,
this suggests a role for I3K in inducing nerve differentiation in vitro. The average length of
neurite in samples with NGF was 69.5 um + 24, this increased to 79.4 um = 47 in samples
without NGF. This is larger than previously reported by Sun et al. [197], where the average
length of neurites in PC12-Adh grown on RSF:3K (40 mg/mL:3 mg/mL and
40 mg/mL : 4 mg/mL)coated glass was between 20-25 um [197]. The longest neurite found
without the use of NGF was 226.5 um in comparison with 112.6 um on samples with NGF. On
the other hand, the most common type of nerve cell developed was bipolar (two neurites
growing in opposite directions from the cell body) (Figure 64 white arrows). In addition, some
multipolar neurons, where cells produced more than two neurites (Figure 64 blue arrows)

were also developed. Multipolar nerves were more common in samples with NGF.

However, the relation between the presence of 13K, linear topographical cues given by the
patterns and the differentiation in the absence of NGF was not clear and more studies are

needed to determine which factor was more important in the differentiation of nerve cells.

Unipolar Bipolar Pseudounipolar Multipolar

R B\ e

Neurites

Figure 63. Schematic representation of different types of neurons based on the number and location of the
neurite growth. Created with BioRender [93].
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B2) no NGF

Figure 64. Fluorescence images of PC12-Adh neuronal cells growing on IsK micropatterned lines. Cell nuclei are
labelled with DAPI (blue) while phalloidin-FITC (green) is used to label F-actin filaments in the cytoskeleton. The
lines with 3 layers of I3K are printed by DoD inkjet printing with a 40 um nozzle on top of a RSF coated cover
glass. A) nerve growth factor (NGF) was added to the media to promote differentiation, B) no NGF was added.
Arrows indicate the presence of developed neurites induced by differentiation, blue indicate multipolar and
white bipolar. Scale represents 500 um for A and B, and 200 um for A1, B1 and B2.

5.5. Conclusion

In this chapter, the novel amphiphilic peptide 15K was successfully printed using the drop-
on-demand (DoD) inkjet printing. Spatially oriented microfeatures of biological relevance
were selected to be printed, in this case parallel lines similar to the longitudinal parallel axons
in nerves [214]. Inkjet printer is a reliable technique to print high quality samples with great

definition using small amounts of ink. Preliminary patterns showed that the bioink containing
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IsK in HEPES buffer (20 mM, pH 6) after 3 days of self-assembly could be printed achieving
high definition. The patterns were printed using a layer-by-layer approach which determined
the final I3K concentration on each pattern; more layers meant more peptide was jetted on
the RSF surface. However, these samples with 1, 3 and 5 layers proved to be too wide
(271 pm 14 for 1 layer, 288 um +11 for 3 layers and 294 um %6 for 5 layers) to be recognised
by the cells as the topographical cues for cell attachment and alignment. Optimisation of the
droplet was carried out to decrease the width of the patterns. Since the jetting mechanism of
the inkjet printer is governed by the piezoelectric material present in the printhead, by
modifying the voltage pulse applied, the droplet can be, in turn, modified. This allowed the
width of each line of the pattern to be decreased to 69 um %3, 83 um 7 and 92 um +16 for

1, 3 and 5 printed layers, respectively.

PC12-Adh cells were cultured on the optimised patterns. This showed that 1 layer did not
produce enough bioactive groups on the surface to promote cell adhesion. In contrast, 3 and
5 layers showed good cell attachment and proliferation after 7 days in culture. Moreover,
cells seemed to attach to the edges, a mechanism based on the nucleation of the I5K
nanotubes at the edges of each line of the pattern was proposed. This was founded on the
effects of Marangoni, capillary and evaporation flows during the drying process, also known

as “coffee ring effect”.

Finally, differentiation studies were carried out with and without NGF, a neurotrophic
factor commonly used to promote differentiation in PC12-Adh nerve cells. It was observed
that differentiation occurred both with and without NGF, suggesting I.K can play a role in the
in vitro differentiation of nerve cells. The average length of neurites in samples with NGF was
found to be 69.5 um £ 24, while in samples without NGF the neurite length increased to
79.4 um * 47. The most common type of nerve cell developed was bipolar but multipolar cells

were also found, although they were more common in samples with NGF.

However, further studies are needed to find the relation between the differentiation of
these cells in the absence of NGF and the presence of 13K, topographical cues given by the

patterns or both.
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Chapter 6. Conclusion and Future work

Although SF is a natural protein that has been used successfully in tissue engineering due
to its good biocompatibility and biodegradability properties, poor cell attachment to the
regenerated materials, RSF, has been reported [2]. RSF is obtained from raw silk by removing
a glue-like protein called sericin in a process called degumming. This harsh processing, boiling
cocoons in an alkali solution, can affect the final properties of the SF materials. In this study,
the relation between the degumming processing and the cell attachment on RSF was
assessed. Results obtained from 3 different degumming times, i.e., 30, 60 and 90 min,
suggested that although removal of SS was successful, longer periods of degumming caused
damaged to the SF fibres as seen in SEM images. Moreover, only RSF solutions from 30 min
of degumming had cell attachment showing good biocompatibility. On the other hand, RSF
obtained after degumming for 90 min showed low cell attachment while having good indirect
biocompatibility. This suggested that this type of silk could be useful to control the cell

attachment and guide it.

Furthermore, the use of a novel amphiphilic peptide, 15K, that could self-assemble into long
nanotubes to promote cell addition was proposed. Self-assembly in aqueous solution
provided with a nanotube with all the lysine groups facing outwards, these bioactive side
chains have been commonly used to promote cell adhesion through coatings with polylysine
proteins. AFM scans proved that, at biological pH, electrostatic forces between negatively
charged RSF surfaces and positively charged 13K nanotubes were strong enough to maintain
the RSF:I5K coating in cell culture conditions. In addition, the effect of self-assembly time (O,
1, 3, 5 and 7 days at ambient conditions) on cell attachment was also assessed. All of the
different 13K coated RSF surfaces showed an increase in cell attachment compared to
uncoated RSF surfaces. However, 15K self-assembled for 3 days showed higher cell attachment
than the positive control. This I3K coated RSF surfaces also proved to be cytocompatible.
Consequently, it was proven that 35K is an ideal candidate to improve cell adhesion on

scaffolds for tissue engineering applications

The ability to control and guide cell attachment can produce spatial and topographic cues

that can affect cell behaviour such as attachment, migration, or even differentiation. To
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produce spatially controlled regions, non-cell-adhesive background, RSF surfaces, and a cell-
promoting material, self-assembled I3K, are needed. Drop-on-demand inkjet printing is a
technique that allows high precision deposition of small amounts of ink, usually in the picolitre
range, reducing costs when bioinks are generally expensive. Here, it was proposed to use a
bioink made from self-assembled 13K peptide to create bioactive patterns on non-fouling RSF
surfaces that can be used to promote cell adhesion and proliferation. Preliminary
micropatterns showed good cell attachment and proliferation results, however, the specific
cues for these spatially oriented micropatterns were too big (27 um to 290 um) to be
recognised by the cells (20 - 30 um). An optimisation of the droplet generated by applying
different voltage pulse to piezoelectric actuator of the printhead was carried out.
Consequently, a reduction of the width of the patterns to 69 um - 90 um was achieved. Cell
culture in these narrow patterns showed attachment and proliferation along the edges of
each line of the pattern. A possible accumulation of the 15K peptide on the edges due to
Marangoni, capillary and evaporation flows was proposed. Moreover, this type of attachment
showed excellent cell alignment that promoted differentiation of the PC12-Adh cells even in
the absence of the neurotrophic factor, NGF; suggesting a role for 13K in inducing nerve

differentiation in vitro.
6.1 Future work

In order to continue the line of research and obtain optimised results, further studies are
needed, for instance, to clarify whether the differentiation is due to the presence of the IsK,
the topographical cues of the micropatterns or both. Moreover, other amphiphilic peptides
can be used such as I3KVAV, I3RGDS or 13QGK as bioinks, individually or as a combination of
multi peptide solutions. The use of other critically relevant cells such as Schwann cells needs
to be evaluated in the future since these are essential for the myelination of the axons which
is a critical step in regeneration of peripheral nerves. Finally, the use of these peptides and
silk fibroin as bioactive surfaces for other types of cells (osteoblasts, fibroblasts, and others)

can be explored in the future.

The ability to use other amphiphilic peptides as bioinks, to create more complex

geometries (Figure 63) and to culture many numbers of different cells showcases the
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adaptability and applicability of this technique in the fields of tissue engineering and

regenerative medicine.
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Figure 65. Brightfield images of complex patterns made by drop-on-demand inkjet printing with I3K bioink on
RSF surfaces (1 mg/mL and 40 mg/mL respectively) .

One potential application of printed micropatterns is in organ-on-a-chip (OOC) systems.

These chips are typically made of clear, flexible polymers with tiny channels that allow the

flow of nutrients, cells, and fluids, replicating the environment of real organs. They combine

tissue engineering, microfluidics, and biomaterials to create realistic models of organs and
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control cell microenvironments. Such systems are particularly significant in the development
of neuronal models, as they enable high-throughput research that is often limited by the lack

of reliable in vitro models.

Printing technologies play a significant role in the design and fabrication of nerve guidance
conduits (NGCs) that can be integrated into OOC systems. For instance, Fang et al. [248]
highlighted the need for NGCs that possess suitable mechanical properties and topology to
direct axon growth and facilitate neovascularization. The biocompatibility and performance
of OOC systems are enhanced by combining microfabrication with advanced bioprinting
methods. For example, Petcu et al. [249] investigated how 3D-printed scaffolds can improve
the healing microenvironment for peripheral nerves These engineered surfaces can influence
cellular behaviour, such as the migration and differentiation of Schwann cells and stem cells,

which are essential for successful nerve repair.

In summary, organ-on-a-chip technologies combined with cutting-edge printing
methodologies and materials science facilitate the development of sophisticated models for
studying peripheral nerve regeneration, paving the way for significant advancements in nerve

repair therapies.
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Appendix A. Validation of BllI-tubulin immunostaining

BllI-tubulin is a protein found in microtubules in the cytoskeleton of neuronal cells that can
be used as an early marker of nerve differentiation [250]. This marker has been successfully
used to identify nerve cells from other cells such as glial or Schwann cells in tissues of animal

origin [106, 107, 197, 250, 251].

The biochemical process to identify these markers or antigens can be done by direct or
indirect immunolabeling. In the direct approach the primary antibody is covalently
conjugated to the antigen and to a fluorophore. On the other hand, when the primary
antibody is covalently linked to the antigen of interest and to a second fluorophore-

conjugated antibody is known as indirect immunolabeling.

To localise the expression of Blll-tubulin, an indirect approach was used. The primary
antibody mouse anti-Blll-tubulin was used to bind to the Plll-tubulin antigen, while a
secondary antibody, horse anti-mouse 1gG (conjugated with the fluorophore Texas RED) was
used for detection of the primary antibody. One important step of the immunolabeling
process is the blocking of non-specific binding of the antibodies to cells or tissue due to charge

interactions or Van de Waals forces that can cause background staining.

Therefore, a validation of the immunolabeling protocol and antibodies was carried out on
PC12-Adh grown on tissue culture plastic. This is done to validate the specificity of the
secondary antibody to the primary and to check there was no inadvertent binding of the
secondary antibody to the sample. Two different serums were tested for blocking the non-
specific binding of the secondary antibody. Usually, serum is chosen based on the animal in
which the secondary antibody is grown, horse in this case. This validation may not be as
important in cell lines compared to tissues where multiple antibodies may be used and noise
due to non-specific binding can become a problem. The results of this validation are shown in
Figure 66; only when both primary and secondary antibodies are used, expressed BllI-tubulin

is detected.

Immunolabeling was done as described in Chapter 2 Section 2.6.2. This was based on
optimised protocols by [252]. However, the expression of Blll tubulin in PC12-Adh cells was

not clear as shown in Figure 66. The difference found in the dual labelling of PC12-Adh with
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Phalloidin-FITC, a highly selective stain for the F-actin filaments that develop in the cytoplasm
of cells, and BIIl tubulin antibodies, suggests that Blll tubulin may not be an appropriate
marker for PC12-cells. Hence, optimisation with other markers needs to be carried out. Due
to time constraints, further optimisation was not possible and Phalloidin-FITC was selected

for fluorescence staining in this work.
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Bovine serum albumin - BSA Horse serum - HS
Bl-tubulin DAPI Phalloidin-FITC merged Bll-tubulin DAPI Phalloidin-FITC merged

A)
T T
D)

A) Anti BlII tubulin mouse followed by horse anti mouse Texas Red C) no primary, horse anti mouse Texas Red
B) Anti Blll tubulin mouse, no secondary antibodies D) no primary, no secondary

Figure 66. Fluoresce images of PC12-Adh growing on tissue culture plastic (TCP). Cell nuclei are labelled with DAPI (blue) while phalloidin-FITC (green) is used to label F-actin
filaments in the cytoskeleton. Blll tubulin is immunolabeled using the antibodies A) anti Bl tubulin mouse followed by horse anti-mouse Texas red, B) anti BlIl tubulin mouse,
no secondary, C) no primary, horse anti-mouse Texas red, D) no primary, no secondary. For the blocking step bovine serum albumin (BSA) or horse serum (HS) was used.
Scale bar represents 100 um.
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