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Abstract

This thesis will detail the novel system that has been developed to dissect
out and maintain in culture the glands that produce a spider’s silk. As well
as the findings surrounding the internal structures of the gland’s cells, this
study system will allow exploration of how the glands function under
stress and provide potential avenues for future applications and study.
This will be done in three parts. Firstly, describing the methodologies for
the removal and culture of the silk glands as well as the confirmatory
work to show the glands are not just surviving, but actively producing

silk. Secondly the exploration of the observational data made possible
through viewing the glands in culture. Finally, showing the materials
research that is possible through having access to previously inaccessible
liquid silk dope for testing, the work surrounding the new methodology for
the dissolution and reprinting of native spun spider silk, and the insights
this gives us into the way silk proteins fold and organise in the gland that

produces one of the most studied biomaterials in the natural world.
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Thesis Introduction

This program of work focuses on three main aims. The first, to design an
ex vivo tissue culture system that allows for the study of silk glands and
their production of spider silk. The second, to investigate what could we
learn from these dissected glands. The third, to investigate what could be

done with dissected silk glands.

To address the first aim of “to design an ex vivo tissue culture system
that allows for the study of silk glands and their production of spider silk”
the first chapter of thesis will detail the novel system that has been
developed to dissect out and maintain in culture the glands that produce
the spider’s silk. This chapter will focus on the methods employed in
setting up the system initially as well as the confirmatory works that went
into showing that the cultured glands were not only surviving but still
actively producing spider silk. The chapter will also detail the confirmatory
works performed to show the repeatability of the system and its
applicability across the model species, as well as two other species to

demonstrate the wider applicability of the system.
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To address the second aim of “to investigate what could we learn from
these dissected glands?” the second chapter will detail how using the
method developed in the first chapter the functions of the gland were able
to be studied in greater detail, studying at different levels of magnification

the structures of the gland and the silks that it produces.

To address the third aim of “to investigate what could be done with
dissected silk glands” chapter three will be presented in two parts, the
first detailing the material research that was possible through the novel
system as well as the methodologies behind the novel ability to study
liquid silk and dissolved silks. The second part of the chapter will focus on
the design of protocols to develop the technology further (work that was

prevented by lab restrictions resulting from the pandemic).

Before the detail of this program of work is discussed however, a broader
question must be discussed, Why Spider silk? This introductory chapter
will introduce the works that make research into the biomaterial that is
spider silk so interesting to evolutionary biologists and biotechnologists
alike. The academic interest surrounding spiders and their silk ranges
from ecological studies of insect populations by studying what prey is
captured in spiders’ webs (Toth et al., 2004), through using webs as a

comparison point to infer evolutionary relationships between different

19
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species (Kaston, 1964), all the way to specific use cases for artificial
spider silks to be used in medical implants (Zeplin et al., 2014).
Therefore, the scope of the work will be narrowed specifically into the
biomaterial applications of spider silk. This will be achieved by introducing
the concept of biomaterials, the background into the research into spider
silk that has already been undertaken, as well as introducing some of the
potential benefits that it has been speculated that spider silk, or a
biomaterial that shares common properties with spider silk, could provide

to academia or industry.
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Introduction to biomaterials

The term biomaterial as described by the International Union of Pure and
Applied Chemistry (IUPAC) as “a material exploited in contact with living
tissues, organisms, or microorganisms” (Vert et al., 2012). This definition
is intentionally loose. When working with this definition we can describe
the ancient Egyptian use of fine animal sinew as medical sutures as one of
the first recorded uses of biomaterials (Ratner and Zhang, 2020). Using
this definition, the ancient Japanese practice of scorching the outer layer
of wood used in buildings to deny the opportunity of fungi and insects
from degrading and rotting the wood (Shou Sugi Ban) (Hein, 2010), could
be described as a biomaterial, given it is the exploitation of a material
used in contact with microorganisms. Whilst the former would be widely
accepted as an example of a biomaterial and the latter could be argued
would not, we are then left with a very broad expanse into which the term
biomaterial can fit. In more modern terms the use of fish skin as a
material to cover areas of full thickness burns (burns to the skin in which
the damage reaches all the way through the dermis to the subcutis
(Gibson et al., 2020)) to promote healing (Ibrahim et al., 2020) would fit
comfortably into the general perception of what a biomaterial is, whereas
the simple addition of a titanium replacement hip likely would not be

viewed as biomaterial science (Affatato et al., 2018). Coating a non-
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biological medical implant in a biologically derived material in order to
better promote implantation and lower the risk of rejection, however, is
described as biomaterial research (Teo et al., 2016). This is to say that
the intentionally broad definition of biomaterial research would cover
research into spider silk and its potential medical applications. But, if a
structural application were found for spider silk outside of a biological

application this may well not fall under this definition, broad as it is.

The public perception of biomaterials often conjures images of modernity
and feats of scientific engineering within medical fields, whereas the term
industrial biotechnology conjures images of factories, vats and pop-
culture references to zombies or plagues. The truth however is that
biomaterials and industrial biotechnology are two sides of the same coin.
The simple concept is that 3.5 billion years of successive random
biological trial and error (driven by the process of natural selection) has
the capacity to produce a plethora of novel and useful materials. These
materials thus form the inspiration for synthetic alternatives that perform
similar functions or that have similar properties. It is upon the foundation
of this that most modern biotechnological and biomaterial research is
focused. Biomaterial science was described in 1996 by Ratner as an
interdisciplinary endeavour and that remains true to this day. The design

and production of microbially biodegradable plastics for example, could
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not have been possible without the combined works of microbiologists,
biochemists, polymer, and industrial chemists, environmental and

oceanographical scientists and production engineers.

The inherently interdisciplinary nature of biomaterial research is one of
the driving factors that makes the field so interesting and promotes so
much growth, the use of the term biomaterial has increased over 1200%
in the last 40 years (Google-Books, n.d.). This proliferation of research
has led to breakthroughs in tissue scaffolds, medical prosthesis, artificial
valves and organs, stents, tissue culturing, biomanufacturing and more.
The need for further research into biomaterials is a driving force in
modern research funding with journals like Biomaterials, Nature
Biomaterials and Biomaterials Science Rsc all extolling the need for
further work into the fields underpinning biomaterial research. These
journals publish works detailing advances like healing diabetic wounds
using antimicrobial hydro gels (Tu et al., 2022), the formation of scaffolds
to aid in the bioprinting of kidney tissues (Lawlor et al., 2021) and the
formation of self-healing hydrogels for severe wound care (Wang et al.,

2019a) respectively.
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Introduction to spider silk research

One of the well-recognised biomaterials is spider silk, having captured the
imaginations of people for thousands of years it is commonly referred to
as the “Holy Grail” of biomaterials (Cumbers, 2019). A solid protein fibre,
formed from a hydrophobic liquid silk dope produced in specialised
glands; spiders’ silk has been utilised by humans for thousands of years,
from ancient aboriginal Australians using silk threads for fishing line,
through the ancient Greeks and medieval Europeans using spider silk as
antimicrobial bandaging (Lewis, 2006). In more recent centuries, silk has
been employed as graticules on microscopes, high powered telescopes
and rifle sights, a use that it is well suited for as it resists changing
dimensions under changing temperature (Emile et al., 2007). The first
true analysis of spider silk’s properties was performed by Benton in 1907
when he observed a “thread of unusual diameter” and began the first true
materials testing on spider silk, remarking upon its unusual strength and
elasticity (Benton, 1907). Subsequent analysis has shown silk to be
possessed of many properties of interest to researchers, such as its
strength (Giesa et al., 2011), flexibility (Tahir et al., 2017), toughness
(Yang et al., 2005) and extensibility (Blackledge et al., 2005) that

prompted further study which will be expanded upon below.
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Some silk is reported to be roughly as strong as high-grade steel (when
the diameter of the fibre is taken into account) but at one sixth the mass
and thus it is commonly stated that spider silk is “six times stronger than
steel”, gram for gram , (Matweb.com, 2018). Spider dragline silk is also
non immunogenic to humans (Askarieh et al., 2010), highly rotationally
stable (Emile et al., 2007) and capable of absorbing and dissipating a
huge amount of energy, with almost 70 percent of the energy put into silk
during extension is dissipated as heat and cannot be recovered as elastic

recoil (Gosline et al., 1984).

These properties make for a fascinating subject matter given that by
virtue of its being a protein, it is roughly 53% atmospherically sourced
carbon (Rouwenhorst et al., 1991). Silk could be a potentially useful
addition to medical, textile and manufacturing fields (Tahir et al., 2017).
Given that, under the correct conditions, silk can last for thousands of
years, for example, when webs were found in the undisturbed tomb of

Tutankhamun (Carter, 1923).
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In this early attempt to produce silk, a spider is immobilised with the
abdomen separate and clamped (Fig. 1.) this allowed the silk thread (b)
to be wound upon a spindle (Fig. 2.). in a process that is very similar to
the current method utilised in most material labs that test silks (Vollrath

etal., 2013, Young et al., 2021). This process is however very labour and

time intensive to produce very small quantities of overall product.

There have been many attempts to “produce” spider silk. Initially these
efforts were made to produce silk in the quantities required for study.
Figure 1 shows a method, which in a more updated fashion, is still in use
in modern labs(Young et al., 2021). This method unfortunately produces
little silk for the effort required and places a large amount of stress on the
spider producing the silk and the silk itself (Madsen et al., 1999). Even if
this were an effective method to harvest silk, farming enough spiders to
make this a commercially viable venture would be impractical as when in
close proximity, spiders unfortunately tend towards cannibalism (Foelix,

2007).

Domesticated silkworms (Bombyx mori) are farmed through a process
called sericulture where hundreds of the silkworms are cultivated on
branches of the mulberry tree (Takeda, 2009) Given, the previously

discussed cannibalistic nature of spiers, it would not be possible to farm
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spiders in this way. Attempts have been made utilising more modern
techniques. The first early attempts at producing silk were made utilising
the model system of E. coli with what could now be described as the
standard genetic engineering toolkit: namely, sequencing a gene,
synthetically producing the gene in high copy humbers (to avoid the error
rate inherent in PCR), utilising restriction endonucleases to excise the
desired gene fragment, transforming this into a bacterial expression
plasmid vector and transfecting the plasmid into chemically competent E.
coli. Then utilising the host cells native ribosomes, tRNA and amino acids
to produce your target protein in high quantities(Fahnestock and Irwin,
1997). A technique that is very similar to how pharmaceutical insulin is
made. It is worth noting that herein the production of “silk” refers to the
production of a full-length spider silk protein, unless explicitly mentioned
otherwise to differentiate from truncated spidroin silk proteins or even

silks produced in Silkworms.

Aside from poor yields and an increased tendency for the host cells’ to
denature during production, the relatively small quantity of silk produced
failed to meet the strength and flexibility of native full length spider silk
(Prince et al., 1995, Huemmerich et al., 2004, Stark et al., 2007, Heim et
al., 2010). Having said this there have been many different attempts to

produce silk that have mimicked or come close to one of the properties of
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silk. In a systematic review of spider silk performed by Koeppel in 2017 it
was shown that when compared to native spun spider silk the
recombinant and artificial silks did not perform as well as the original in
terms of strength but did outperform the original in others (Koeppel and

Holland, 2017).

There are multiple reasons that this initial effort met with limited success.
Firstly, the structure of a silk gene and therefore its protein is highly
repetitive (Challis et al., 2006). It has been “suggested” that this leads to
tRNA pools within the producing E. coli to become depleted (Chung et al.,
2012). Which leads to truncated proteins forming hairpins leading to
inefficient translation. This problem of truncated proteins was then
exacerbated by the highly hydrophobic nature of the silk proteins
themselves. This caused a tendency for the truncated proteins to form
large aggregates within the cells interrupting their metabolic processes

and often leading to cell death.

A more successful attempt was made in utilizing the similarity
between mammalian and insect protein post processing machinery to
overcome the issues of protein aggregate build up, this coupled with the
larger cell size and correspondingly larger pools of tRNA held promise.

Transgenic lines were made using immortalised bovine mammary
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epithelial cells and baby hamster kidney cell lines. Whilst these
experiments led to the production of spider silk proteins, the resultant
fibres, whilst strong, were very brittle (Lazaris, 2002). The limitations of
this method likely arose from the limitations of immortalised cell lines
themselves, given that genotypically, phenotypically and morphologically
these cells lines often bear little resemblance to the original cell type they
were initially grown from (Pan et al., 2009). These genotypic differences
can result in the truncation of genes (Lewis et al., 2013) which can lead

to incomplete translation of the target protein

One slightly more bizarre attempt led to headlines surrounding the
“Rise of the ‘Spider-Goats’” (Rutherford, 2012). Utilising a similar
transgenic system in an attempt to produce silk, Tucker et al (2014).
created a herd of transgenic goats with a spider silk gene in their
mammary tissue, whilst this was met with limited success the small yield
and high cost of maintaining a herd of goats led the publisher to switch
from the aims of producing large quantities of silk for textiles, to small

quantities for medical biofilms work.
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Figure 2. A diagram showing the structure of the synthetic silk 4RepCT.

Adapted from(Harvey et al., 2017) blue boxes represent the 4

polyalanine repeats, with the dark blue box denoting the alanine and

serine-rich region at the start, the red, green, and purple lines denote

various glycine-rich regions and the red circle at the start represents the

non-repetitive C-terminal domain (Harvey et al., 2017).

The most recent advance in the production of spider silk is arguably
the most imaginative. Rather than attempt to produce a whole spider silk
gene the work of Harvey et al (2017). produced instead a miniature
synthetic silk gene. Noticing from previous work the highly conserved
nature of both the repeating pattern of silk genes and their cross-species
conservation of the C-terminal (Challis et al., 2006) of the protein, they
set out to simplify the gene to make it capable of being produced in E.

coli. Figure 2 shows this simplified gene, using only four repetitive
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domains as well as the conserved non-repetitive C- terminal domain,
combined with the randomisation of the codon usage within the cell allows
for a significantly lower stress to be placed upon the cells. The addition of
a cleavable thyrodoxin solubility tag meant that this could be produced in
high quantities in and kept soluble allowing for storage and solidification
at a later time. The synthetic nature of the gene also allows for the
introduction of ‘click chemistry’ sites allowing for the addition of growth
factors and antibiotics to the final product. Whilst a significant step
forward, this method too has some drawbacks. Whilst the resultant
protein can be prompted to form fibres, they are significantly smaller than
native spun silk and do not possess the same strength or extensibility.
Although given the nature of the product the formation of true silk fibres
is rarely the end goal, with studies focusing instead on the formation of
films and hydrogels. The protein itself is currently time consuming to
produce and cannot be stored in concentrations greater than 10%
because it has a high tendency to polymerise and thus come out of

solution.

It could be argued that the secret to producing spider silk in the
quantities necessary for industrial and medical applications has yet to be
found. It could be further argued that the insights necessary to

understand how to circumvent the problems already encountered in trying
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to manufacture it at scale might be gained through a better
understanding of what happens within the highly specialised environment

of the silk gland itself.
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Chapter 1. A novel system for the dissection

and maintenance of spider silk glands in

culture

Introduction

As stated in the introduction to the thesis the aim of this first
chapter is “to design an ex vivo tissue culture system that allows for the
study of silk glands and their production of spider silk.” This first chapter
of the thesis will detail the works undertaken to develop the novel system
to dissect out and maintain in culture the glands that produce the spider’s
silk. This chapter will focus on the methods employed in setting up the
system initially as well as the confirmatory works that went into showing
that the cultured glands were not only surviving but still actively
producing spider silk. The chapter will also detail the confirmatory works
performed to show the repeatability of the system and its applicability
across the model species as well as two other species to demonstrate the
wider applicability of the system. To discuss these aims several topics
must first be introduced. Namely, spiders and their diversity, spider silks
and their production, and the previous attempts made to culture insect

glands.
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Spiders and their diversity

Spiders are a diverse group of organisms, that evolved from a
Devonian arachnid ancestor approximately 400 million years ago (Shear
et al., 1989). with over 48,500 known species they have since become
the largest and most diverse group in their class of arachnids (Dimitrov
and Hormiga, 2021) with other notable inclusions being scorpions,
vinegarroons, and ticks. The order Araneae, with over 40,000 species
across 109 families (Garrison et al., 2016) , comes in seventh in total
species diversity of any other group of animals (Sebastian, 2009). The
diversity has led to an estimated total global biomass of 25 million tonnes
of spiders (fresh weight) that is estimated to consume between 400 and
800 million tonnes of insects annually, (Nyffeler and Birkhofer, 2017). A
fact that when published lead one reporter to write that “spiders could
theoretically eat every human on the planet and still be hungry” (Walker,

2017).

This huge biomass is spread across every continent and major land
mass (Turnbull, 1973). Their huge spread across habitats and ecological
niches has understandably produced a highly specialised and unique
diversity of adaptations. One of these fascinating adaptations has seen

young spiders travel great distances through the air using a process
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called ballooning (Coyle et al., 1985). Once hatched most species of
spiders release a long strand of silk into the wind and grip it as they are
taken away by the air. This has seen spiders land in ship rigging 1,600
km from the nearest land mass (Hormiga, 2002) and have been found in
air samples from 16,000 ft above sea level (VanDyk, 2009). Not only this
but spiders have been shown to swim, dive and construct a diving bell
containing air which they can use to breathe (Seymour and Hetz, 2011).
These feats as well as their ability to construct habitats, prey wrappings

and prey capture devices come primarily from their ability to produce silk.
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Figure 3 A broad phylogenetic tree showing spider genetic and

morphological diversity (Garrison et al., 2016); (Sebastian, 2009) Two

families have been highlighted to demonstrate the families worked on in

this chapter: the Araneidae (red) and Agelenidae (green). The three

species within those families were Larinioides sclopetarius, Eratigena

atrica and Zyagiella x-notata.
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A phylogenetic tree used to show the genetic and morphological
diversity found in spiders. Two families have been highlighted to
demonstrate the families worked on in this chapter: the Araneidae (red)
and Agelenidae (green). The three species within those families were

Larinioides sclopetarius, Eratigena atrica and Zygiella x-notata.

These specific families were selected for this investigation for due to
the availability of the species and the available literature on their silks.
The chosen species were of a size that could be easily dissected, plentiful
and could be collected in the local area. Araneid silks are among the most
studied and best understood spider silks and so two of these were
included (Larinioides sclopetarius and Zygiella x-notata) Alongside this a
funnel weaving species (Eratigena atrica) was also chosen to provide a

contrast to a different family’s silks.
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Figure 4 Stylised representation of the silk gland structure of the orb

weaving spider Araneus diadematus (Vollrath, 1994), With permission

from Elsevier.

Figure 2 shows a generalised map of gland morphology and the
glandular origin of each specific type of silk from Araneus diadematus.
Whilst this morphology is specific to the species in the exact position,
size, and topology of the glands, these vary greatly depending on species,

age (Townley et al., 1993), and sex. As, unsurprisingly, only females
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produce Tubuliform and Aciniform silk (used in formation of egg sacs). It
is worth noting that there is a wide array of morphological variation
between species. With orb weaving species being arguably the most
complex with 7 silk glands producing seven different types of silk all with
unique roles (Vollrath, 1994). Compared to certain mygalomorph species
possessed of multiple copies of only one silk gland type, all producing a
mixture of two types of silk used for all general purposes (Palmer,

1985a).

Spider silk is produced in specialised glands in the abdomen of
spiders and pultruded through spinnerets in the distal end of the
abdomen. These vary from generalised sheet weaving glands in larger
mygalomorph (tarantulas, funnel-web, etc.) (Palmer, 1985b) to highly
complex systems of specialised glands producing highly specialised silk
(Starrett et al., 2012)in the orb-weaving species of the family Araneidae

as shown in Figure 3.

The connection of spider silk, to silk glands was made very early
(Wray, 1670) with the earliest works utilising dissection to perform
morphological study (Wilder, 1865) and comparison between the silk
glands of multiple species(Millot, 1926, Apstein, 1889, Warburton, 1890)

As techniques have advanced so has our understanding of how the silk
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glands themselves are adapted to their function. One example of this is
the advancement in understanding of how pH shown descend along the
length of a silk gland when pH probes were placed centrally and at the
end of the silk glands from Nephila clavipes showing a defined drop in pH
from the silk producing tail to the delivery duct (Dicko et al., 2004). This
work was then further refined by repeating it using a micro pH probe to
display the descending pH across 8 separate areas of the silk gland
(Andersson et al., 2014). Whilst these previous investigations provide a
trove of data to be studied, they rely on the removal of the silk gland
from its surrounding tissue. Specifically, once a gland has been isolated it
is either fixed or placed in a non-native system where it ceases to
function as a silk gland i.e. an organ for the production and excretion of
silk. Whilst the importance of tissue fixation cannot be overstated in
modern investigative techniques, it inherently relies on “fixing” an
organism or tissue in a static position on the organellar level (Howat and
Wilson, 2014). Whilst this allows for a detailed view of the cellular process
occurring within the cell, this is definitionally static and therefore, is
limited in its ability to capture dynamic processes. Similarly, dissection of
silk glands followed by incubation in a non-nutritious buffer slows or halts

the production of silk changing the nature of the silk glands.
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Insect cell culture

Early attempts at cell culture involved removing a small volume of
tissue and suspending it within a mixture of its own lymph, plasma and
saline (Carrel, 1910). This method was later refined to use an isolate of
their native growth medium (lymph, plasma and other fluids) (Carrel,
1924). Much of the work focusing on successful culture tends towards
discussion of either the setting up of primary cell lines from tissue isolates
(Day and Grace, 1959) or the maintenance of cell lines (Phelan and May,
2015), cell lines being defined as “The isolation of cells from animal
tissues and their subsequent and successful growth in artificial culture”
(Arunkarthick et al., 2017). This definitional narrowing becomes
problematic when discussing the culturing of whole organ isolates from an
animal. Whilst the culturing of whole organs and partial organs has been
commonplace in plants for research and commercial micropropagation
(Loyola-Vargas and Ochoa-Alejo, 2024) there is still a minor gap in whole
organ culturing in vertebrates, with the majority of work being done in
either 2D cell lines or 3D organ on a chip systems (Zhao et al., 2024).
When discussing invertebrate organ culture there were several groups
working on the dissection and culturing of partial or whole organs in the
middle part of the last century. With researchers like Loeb and

Schneiderman being able to keep a section of Bombyx mori epithelium
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alive for 35 days in culture (Loeb and Schneiderman, 1956). This work
too continued down the path of tissue cultures and cell lines (Grace,
1969) as this gave rise to easier to observe interactions between cells
which was, at the time, more valuable. The work of whole tissue culture
was laborious as it required a difficult and time consuming process of
extracting and purifying haemolymph from the target organism to fortify
the existing media types that were available (Vago, 2012). As such the
aim of whole organ culturing in invertebrates was not widely continued,
leaving a substantial gap in the literature. It can be argued that, for the
sake of this work, a successful culture would be one in which the target
gland is functioning sufficiently to provide the opportunity to observe the

production of sufficient material for study.

Methods

Collection and storage of specimens

All samples were taken from populations in the Nottingham area,
collecting was performed with full knowledge and permission from the
owners of the premises. Samples were identified by matching the
distinctive dorsal and ventral markings of the species to those of the

identified specimens already collected and with those shown on the British
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arachnological society page (British-Arachnological-Society, 2022) and
with the species description and photos found in Britain's Spiders: A Field
Guide(Bee et al., 2017). Whilst the primary species collected through this
process was Larinioides sclopetarius, two other species of relevance were
collected for this work, Erigena atrica and Zygiella x-notata. These were
identified by eye by comparing their size, carapace markings and web
structures to the listed entries in Britain's Spiders: A Field Guide (Bee et

al., 2017).
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Locations:

The Johnson Arms, 59 Abbey St, Nottingham NG7 2NZ

(52°56'32.3"N 1°10'48.5"W)

The Johnson arms is located next to the river Leen and has a large,
covered, deck area immediately at the rear of the property. It has
multiple sets of outdoor lights which attract small flying insects
throughout the evening. The covered but humid nature of the
environment coupled with the abundance of prey organisms makes this

an ideal location for the bridge cross spider Larinioides sclopetarius.

The Queen’s Medical Centre, Derby Rd, Nottingham NG7 2UH

(52°56'37.6"N 1°11'06.4"W)

The Queen’s Medical Centre is also located adjacent to the river
Leen. It is also the major trauma centre for the East Midlands, and as
such it has a large underground carpark, which is consistently lit
throughout the night attracting flying insects. This area of a very large

building has an ambient temperature higher than its surroundings. The
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car park also offers some protection from predation as birds rarely enter

the area.

The humidity, temperature, abundance of prey items and protection
from predation mean that this area gives rise to approximately 70% of

the specimens used in this study.

Amigo’s Kebab house, 357b Derby Rd, Nottingham NG7 2DZ

(52°56'49.6"N 1°11'01.2"W)

Also bordering the river Leen, this collection of shops is lit
throughout the night, covered from the elements, and warmed by the
heat from the nearby kitchen. This combination allows for year-round
warmth, humidity and prey abundance that allows for a very stable

population of spiders.

Spiders were collected monthly. The site for collection was rotated
each time to avoid over sampling or over taxing one population.
Specimens were collected in 25ml universal tubes with perforated lids and
were transferred into a large, transparent plastic container with a

perforated lid. Into the lid was inserted a piece of cotton wool to allow for
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additional water to be delivered to the specimen without running the risk

of limiting the oxygen that was available to the spider.

Once housed securely, the specimens were kept in a temperature
and humidity-controlled environment (19°C, 80% humidity) and were
each fed with three lab reared fruit flies (Drosophila melanogaster) three
times a week. The samples were fed by cooling down the Drosophila in a
fridge until they had stopped flying, taking the pot containing the spider
and tapping it on the lab bench until the spider sat on the bottom of its
sample pot, removing the lid with one hand and pouring in 3 fruit flies,
before quickly resealing the lid. Water was then sprayed onto the cotton
in the pot lid, the hydrated pot now containing the spider and its food was

then placed back into the stable environment of the incubator.

In this environment the specimens would regularly survive for periods
exceeding 4 months. Whilst in culture the collected specimens regularly
laid egg sacs which once hatched produced upwards of 80 individual
spiderlings. Due to the cannibalistic nature of the spiders this usually led

to 2-5 surviving into adulthood.
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Production and storage of solutions

A master mix of antibiotics and antimycotics (50.155 ml) was made
up to be added to 500ml of stock solution. This was made up by
defrosting the frozen stock solution of tetracycline, gentamycin, penicillin,
streptomycin, and amphotericin under the sterile dissection hood. Once
defrosted the aliquots were made up of 5 pl tetracycline, 25 pl
gentamycin and 125 ul amphotericin, plus 50ml of penicillin and
streptomycin solution. These aliquots were then frozen at -12°C in order

to be used when necessary.

FBS (foetal bovine serum), DMEM F12 HAM (Dulbecco’s Modified
Eagle’s Medium/Nutrient Mixture F-12 Ham) and PBS (phosphate buffered
saline) were all acquired from the medical school stores and kept
refrigerated at 4°C. When necessary, the outer surface of a given bottle
(media, FBS, PBS or an aliquot of antibiotics) would be sprayed down with
a solution of 70% ethanol and water before being placed in the sterile
dissection hood, an aliquot of ambiently defrosted antibiotic and
antimycotic solution would then be added before the solution had its lid
firmly attached and was mixed through inversion. The date and time of

the antibiotic addition was then recorded on the bottle to ensure they
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would remain in date. When not in use the mixed solutions would remain

in the fridge at 4°C.

Commonly referred to mixtures and their makeup

Disinfection buffer (PBS, 0.01ug/ml tetracycline, 0.05ug/mi
gentamycin, 100ug/ml penicillin, 100pg/ml streptomycin, 0.25ug/ml
amphotericin) was made up by defrosting the frozen stock solution of

tetracycline, gentamycin, penicillin, streptomycin, and amphotericin.

Media (DMEM F12 HAM, pH-7.4, 20°C, 10% FBS, 0.01ug/ml Tetracycline,
0.05ug/ml gentamycin, 100ug/ml Penicillin, 100ug/ml Streptomycin,

0.25pug/ml Amphotericin)

1% agarose (CAS: 9012-36-6) dissolved in sterile distilled water raised
to 80°C before being poured to set in a sterile environment for 20

minutes at ambient temperature.
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Disinfection anaesthesia and isolation of the abdomen

A spider was transferred from the storage tank into a small clean
plastic pot, which was then placed into the freezer (set to -12°C) to
immobilise the spider. The spider in the cold environment would be
checked every 30 seconds and would only be moved to the next stage
once no movement response was shown to stimulation. Next the spider
would be covered with 70% EtOH and left to incubate for 1 minute to
disinfect its outer surfaces. Using two pairs of fine forceps the
cephalothorax was crushed to immediately euthanise the spider. This
method of euthanasia was adapted from the limited literature available
(Pizzi, 2006) and current lab practices. The spider was gripped at both
ends of the pedicel (the small stalk connecting the cephalothorax and
abdomen) and pulled apart to separate the abdomen. As suggested
in (Chaw and Hayashi, 2018) the abdomen was immediately transferred
to a dissection plate in a sterile cell culture hood under a dissection
microscope and covered with disinfection buffer (PBS, 0.01pg/ml
tetracycline, 0.05ug/ml gentamycin, 100ug/ml penicillin, 100pg/ml
streptomycin, 0.25ug/ml amphotericin). The antibiotics are present to
limit infection during the culturing process, given the spiders in question

are being collected from a non-controlled environment.
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Figure 5. The Process of removing target glands from subject species

(Larinioides sclopetarius pictured) using sterile dissection techniques.

Labels indicate the spinnerets (Sp) the previous attachment point of the

pedicel (image B arrow 1), adipose tissue (image C arrow 2), the Major

Ampullate glands (images D & E arrows 3 & 4) and the areas of the gland
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responsible for production (Pd), storage (St) and delivery (Dt) of the silk

dope to the spinnerets. The scale bar is found in the bottom left of the

image and denotes 10 mm.

The dissection process required approximately 40 minutes to
complete and broadly occurred in six major steps photographed in Figure
5. These steps are A, isolate abdomen from cephalothorax via the pedicel.
B, remove carapace beginning at the opening to the pedicel retaining the
spinneret intact. C, opening the adipose tissue to view the glands D,
identifying target glands. E, Removing adipose tissue. F, Isolating target
gland. This process was designed and iteratively refined to become
quicker with a higher success rate over hundreds of hours and hundreds
of dissections performed over 18 months. When first attempted this
process took more than 90 minutes to complete and would rarely result in
a successful dissection. As the process became more practiced the time

was reduced and the success rate of dissections increased.

Identifying the opening to the interior of the abdomen where the
pedicel previously connected the cephalothorax to the abdomen (proximal
to the spinnerets on the ventral side Figure 5A arrow 1). Fine forceps
were used to gently open the carapace in a line distally towards the
spinnerets (Figure 5B, Sp), carefully skirting the spinnerets ensuring the

delivery tubes of the glands were not disturbed. Once the spinnerets had
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been separated removal of the remainder of the exoskeleton was carried
out. This was done by holding one area of the exoskeleton firmly in place
with one pair of forceps whilst pulling the free edge of the exoskeleton
gently in an antagonistic direction to the held edge. This was done slowly
to avoid the forceps slipping, tearing the free edge off completely or
slipping and impaling the organs below. This step was then repeated for
each remaining piece or carapace until only the fatty tissue (and organs)
remained. It can be helpful during this process to employ a P1000 pipette
with a sterile, blunted pipette tip affixed, to gently flow sterile media over

any areas where the exoskeleton did not readily come away.

Depending on the species and the time of year it is expected that
there would be varying quantities of fatty tissue surrounding the internal
organs (Figure 5C, 2). Using a large bore pipette, fresh disinfection media
was used to tease apart the fatty tissue to reveal the organs. The flow of
sterile media separated the granular nature of the fatty tissue and
extended the connective tissue holding the fatty deposit together. A wide
bore pipette tip should be used however as a narrow bore pipette
produced sufficient fluid movement to damage the underlying glands or
even destroy them altogether. Once the fatty tissue had been relaxed or
partially dislodged it could then be removed. This was carried out by

gripping one end of the dislodged piece of fatty tissue with both pairs of
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forceps, whilst holding the pair of forceps closest to the organs firmly and
still, pulling the second pair of forceps away from the main body of the
fatty tissue. Once separated the fatty tissue was discarded on the far side
of the dissection plate so as to prevent it from floating back into view and
interfering with the remaining work. This process was repeated until all of
the fatty tissue was removed and the silk producing organs were clearly

visible (Figure 5 D, E).

The target gland was selected from the main body of the glands by
its appearance, size, and position, the Major Ampullate gland pictured
above, for example, is by far the largest and sits in plain view in a dorsal
position on top of the other glands. The target gland was secured with
forceps by gripping the delivery tube as close to the spinnerets as
possible. Sterile dissection buffer was applied dropwise in order to isolate
and disentangle the production end of the gland from the other glands
and organs. This process took considerable time and had to be done
slowly and carefully, being too vigorous with the gland at this stage would
result in a large tear to the production end of the glands. Once the gland
was suitably free (Figure 5F) the delivery tube was separated from the
spinnerets using micro scissors. The free gland was then transferred to a
Petri dish of disinfection buffer. This was initially achieved by picking up

the gland by the delivery tube using a pair of forceps and placing it into
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fresh buffer. This process, however, regularly damaged the glands. A
more effective method was developed wherein a wide bore pipette of
dissection buffer had its plunger partially depressed, this was then held
near the gland. By slowly raising the plunger of the pipette a suction force
was created pulling the now free gland into the pipette tip through fluid

motion. This method proved more effective.

Using this method, Major Ampullate, Minor Ampullate and Tubiform
glands were each successfully isolated from Larinioides sclopetarius
species and from Zygiella X-notata species whereas only Tubiform glands

were successfully cultured from, Eratigena atrica.
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Culture and maintenance of the gland

Whilst still in a sterile environment the gland was examined for any
damage or leaks. These were apparent due to the viscous silk dope
escaping from sites of even minor damage. Glands with observable
damage were not used for subsequent culture and were disposed of with
the remainder of the spider. The gland was then transferred into a cell
culture plate with media (DMEM F12 HAM, pH-7.4, 20°C, 10% FBS,
0.01pg/ml Tetracycline, 0.05ug/ml gentamycin, 100ug/ml Penicillin,
100pg/ml Streptomycin, 0.25ug/ml Amphotericin) and sealed with

microporous tape.

When left at ambient conditions the media underwent a gradual
increase in pH from approximately 7 to approximately 11, shown by
observing the colour change occurring to the phenol red indicator in the
media going from clear to pink in the presence of an alkaline pH and
comparing this to a phenol red indicator colour chart. Using media without
glands in the same plate as control wells, a change in the phenolphthalein
indicator present in the media changing colour from clear to pink showed

an increase in alkalinity over time.
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Figure 6 A diagrammatic representation of the peristaltic pumping system

built for the safe changing of the media on the cultured glands. P1 and P2

represent the two sterile pumping loops used to independently bring fresh

media (M1) to the sample (P1) and remove old media (M2) from the

sample (P2). These are kept separate to prevent cross contamination the

22-micron filter was in place to allow the ingress and egress of air to

equalise vacuum pressures produced by pumping, whilst limiting the

contamination that could enter the closed system.

Figure 6 shows a diagrammatic representation of the peristaltic
pumping system that was built by the author from discarded equipment
salvaged from old labs, to facilitate the continuous replenishment of fresh

media onto and from a dissected sample. Adapted from common practice
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int the culturing of primary hepatocyte cultures (Guguen-Guillouzo and
Guillouzo, 2010) . M1 and M2 refer to the 1000ml Duran bottles
containing the media fortified with antibiotics. P1 and P2 refer to the
individual pump tubing loops. The 0.22-micron filters functioned to allow
air pressure to normalise within each bottle to prevent the formation of
vacuums or undue pressure within the Duran bottles. The grey area
indicates an adapted fridge to allow for the fortified media being delivered
to remain refrigerated so as to stop the antibiotics from being made inert
by the ambient temperatures. This system allowed for the continuous
addition and removal of media to and from the plate containing the

sample.

Using a Gilson Miniplus 2 peristaltic pump, the tubing used (1m in
length 1.5mm internal diameter, 2.5mm external diameter) was found
with the pump (unknown origin) and was thoroughly cleaned with sterile
distilled water and then ethanol before being autoclaved (124°C 15
minutes). The Duran media bottles were adapted by drilling two holes
through the lids using a 1.5mm drill bit. A 3-way stop cock, and the
peristaltic pump tubing was placed into the second hole. The top of the
bottle lid was then sealed with hot glue. This process was repeated twice.
The two sterile loops allowed for the separation of the fresh and

contaminated media. The fresh sterile media was brought to the sample
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in a self-contained sterile pumping loop. This was kept sperate from the
pumping loop that removed the contaminated media. These were
separated to ensure that any contaminants that remained from the
dissection process could not make their way into the sterile media,

rendering it contaminated.

The lid of the Petri dish that contained the samples was made by
first bending two 16 gauge (1.6mm diameter) needles by attaching them
to the end of a 50ml syringe heating the needle 2/3 of the way down the
needle on the blue part of a Bunsen flame until red hot and then bending
whilst continuously blowing air through to maintain the internal diameter
of the needle. The ends of the needles were then heated gently in a
Bunsen flame and pierced through a Petri dish lid; these holes were also
then sealed with hot glue. The needle ends (having had their plastic
housing removed) were then placed into the internal diameter of the
peristaltic pump tubing using an interruption fit. The Petri dish lid along
with the attached tubing and the two attached Duran bottle lids were then
placed in aluminium foil, sealed with autoclave tape, and then autoclaved
(124°C 15 minutes). Once autoclaved the lid apparatus (whilst still
sealed) was disinfected with a 70% ethanol solution before being placed
into the cell culture hood and exposed to UV for 30 minutes. The lid

apparatus was then affixed to the top of two Duran bottles, one
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containing the media fortified with antibiotics and the other being empty,
whilst two 0.22-micron filters were added to the 3-way tap. A dissected
sample was then placed in the Petri dish, then the adapted lid was affixed

and sealed in place using microporous tape.

The sealed Petri dish containing the sample was then placed on the
microscope stage to be imaged. Whilst the media surrounding the sample
was at ambient temperature the bottle containing the media was placed
inside a modified fridge (set to 5°C) with a section having been cut from
the door to allow for the tubing to emerge. This gap was then plugged
using Styrofoam to limit the heat entering the refrigerating area. The
pump was then set to deliver 0.25ml of media per minute, allowing for
continuous fresh media delivery for 66 hours. Given the extremely slow
rate of media delivery, by the time this reached the sample it had come

up to ambient temperature.

The pH of the media was monitored using the phenolphthalein
indicator in the media. when this started turning pink, indicating a pH of
11 the old media was removed, and fresh pH 7 media was applied. This

introduced a problem because every time the plate was opened there was
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an increased risk of infection or contamination. This can be mitigated by

utilising equipment in the set up shown above in Figure 6.
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Observation and recording of glands in culture

The microscopy images were all taken by the author unless
otherwise stated. The process of obtaining the images was developed
over the first 2 years of study. The camera used was a CMEX5 2F top
mounted camera that had been modified with a dark tube to attach the
camera to the microscope. The process of learning how to capture the
relevant images was an iterative one with each of the (many, many)
failed images produced providing an opportunity to further refine the
methods. In total approximately 1.7TB of images were collected across
the period of study, of which less than 100GB were of a useable quality to

be considered for this thesis.

The initial sample prep involved mounting the whole culture plate
onto a Nikon Eclipse TS100 and viewing via a CMEXS5 top mounted camera
set to take an image once every 5 minutes and left over night. This
however had the unfortunate side effect of allowing the samples to move
whilst being imaged. It was decided to follow the example of (Kaufmann
et al., 2012) and attempt to immobilise the glands in agarose gel. This
was achieved by forming a 1% agarose gel using the media (without
antimycotics) and high-grade agarose (CAS: 9012-36-6). Whilst

immobilising the gland was successful; there was however a reduced
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production rate of silk dope. It was then decided to use the gel as a
blocking structure to reduce the opportunity for movement. This allowed

for more stable and precise images to be taken.

Stability was achieved by pouring approximately 750ul of 1%
agarose and media into an appropriately sized well and allowing to cool,
these gels were then exposed to UV for a minimum of 2 hours to ensure
sterility. Once set and sterile a scalpel blade was used to fashion blocks
from the gel allowing for a higher level of control over the placement of

the gland.
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Results

The following results are taken from eight total glands, taken from
eight different spiders, across three species of spider, and represent a
small subsection of the total over 100 glands successfully cultured from
over 60 spiders, utilising the methods described above for these
experiments. The glands survived in culture from three to 28 days with
the majority surviving for 10 days. The images chosen were done so as
they best demonstrated the experimental outcomes from each subsection

of the study.
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Day 1 Day 7

Media

PBS

Figure 7 A comparison of the viability of isolated Major Ampullate glands

from a Larinioides sclopetarius cultured in media, phosphate buffered

saline (PBS) and sterile distilled water (SDW) shown 1 day and 7 days

post dissection
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Figure 7 shows a comparison between the survivability of silk glands in
various culture media between day one and day seven post dissection.
The different glands are shown in different orientations and as such
different light conditions, hence their different appearance from one
another. The first row shows the silk gland cultured in phosphate buffered
media. This media contains all necessary carbohydrates, proteins, and
amino acids necessary for cell culture. It can be seen that an initial large
expulsion of dope has begun to occur, in comparison by day 7 the gland
shows steady regular production of dope. The first row is shown at a
greater magnification to highlight the consistency of silk dope production,
whereas the latter two rows are shown at a reduced magnification to
highlight the changes along the whole gland. This can be seen as a video

by following the link found in Link 1 at the end of the results section.

The second row shows a gland cultured in PBS. As with the first row
a large initial expulsion of dope can be seen, however this differs from the
first row when looking at the second column which shows no continuing
production after 7 days. In the absence of additional protein precursors,

production of silk stops.

The third row is in keeping with the first two on day one as a large

expulsion of dope can be seen, it however differs from both first rows at 7

66



days as not only is the gland not producing silk but many cells along its
length have lysed resulting in the larger and less clearly defined

boundaries of the gland exterior. This is due to the osmotic potential of
the cells being lower than that of the pure water surrounding it, causing

an influx of water lysing the cells.
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Day 7

L. Sclopetarius

X. notata

E. atrica L. Sclopetarius X. notata

Figure 8 A comparison between the viability of glands cultured from

Larinioides sclopetarius, Eratigena atrica and Zygiella x-notata between 1-

and 7-days post dissection when kept in media.
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Figure 8 shows the comparison between the culture efficacy of an orb
weaving species (Larinioides sclopetarius), a missing sector orb weaver
(Zygiella x-notata) and a more distantly related sheet weaving species
(Erigena atrica). These three species were chosen since of the available
species that could be found in the Nottingham area they were abundant
and of a size that could be dissected by hand whilst also demonstrating a
notable phylogenetic distance from one another (Figure 3). The
phylogenetic tree pictured at the bottom of the image is intended to
illustrate simply the information showed in Figure 3 where the families of
Larinioides sclopetarius and Zygiella x-notata are highlighted in red,
Erigena atrica in green. As can be seen in Figure 6, all of the glands begin
on day 1 with a large expulsion of dope which by day 7 has become a
much smaller, but consistent, production of silk dope. The differences
between glands are found primarily in morphology, which is known to
vary greatly between species, and in the rate of production of the silk

dope.

Silk glands are well known to vary between different species
(Kovoor, 1987). This difference led to the design of this experiment,
wherein it was tested whether the culturing methods laid out in this
chapter would function on any species other than Larinioides sclopetarius

on which they were first tested. It can be seen from the figure that all
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three species chosen were capable of being cultured and of producing silk

dope expulsions whilst in culture.
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2 Figure 9 The long-term culture of a Major Ampullate silk gland from a

3 Larinioides sclopetarius in antibiotic fortified media over 28 days.
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Figure 9 shows the change in morphology of the silk glands over 28 days.
The changes are subtle and can primarily be seen in the silk below the
gland and the diameter of the lumen of the gland. Importantly the
morphology seen on day 1 shows a gland that appears to be “full” which
by day 3 appears more deflated. This deflated state appears exacerbated
by day 7 but then stabilises from this point onward. Importantly it should
be noted that the rate of production from day 3 to day 28 does not

appear to change.

Figure 9 shows the long-term culturing of a Larinioides sclopetarius
Major Ampullate silk gland over the period of a month. After day 3 the
morphology of the gland remains consistent, because the gland itself has
expelled all its previously stored silk dope and has instead begun
expelling only the dope it is currently producing. Using the images of the

silk dope being expelled from the gland, a calculation was made assuming

a hemispherical droplet size (%nr3 with r measured from the images

present) which led to an estimated total production of 115pl in total,
which when divided by the 25 days showed that the silk glands expelled
an average of 4.6yl of silk dope every day, Given the initial volume of the
silk gland at the beginning of culturing was 4ul (measured by
displacement of water) this shows production of the gland’s own volume

every day of a period of 28 days.
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Figure 10 'Cold shock’ - Pause in production of a Major Ampullate gland

taken from a Larinioides sclopetarius observed following the addition of

fresh refrigerated (4°C) media and antibiotics.
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During the initial attempts at long term culturing, media was made
up from 4°C stocks and added directly to the silk gland. This resulted in
an observable pause in production that lasted on each occasion between 6
and 8 hours. In the case of day 5, the leading edge of silk dope leaving
the gland can be seen retreating up into the gland. This can be seen as a

video by following the link below

Link 1. A QR code linking to: https://youtu.be/H4bMtT5UcKE showing a

Major Ampullate gland dissected from a Larinioides sclopetarius. The

video shows the expulsion of silk dope, the production of silk dope and

the production pause seen when cold media is added. Video made up of

approximately 7200 images each taken 1 minute apart.
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Discussion

In this study, silk glands are shown to produce silk dope in culture
in the absence of any cues from surrounding tissues or nervous stimuli.
Figure 3 shows the process for removing the target glands from the
spider’s abdomen and has the fortunate side effect of giving a detailed
view of not only the anatomy of the glands but giving us a direct image of
how theses glands function in-vivo. It can be seen in Figure 3 that the
glands are protectively held in place by the fatty tissue surrounding the
abdomen. Whilst this tissue has been shown to be used as long term
energy storage (Collatz and Mommsen, 1974) the presence surrounding
the organs provides a protective layer as an additional benefit. More
specifically there is no visible vasculature or nerve structures attaching
the glands to the remainder of the spider. These glands receive their
nutrition from the haemolymph which is composed primarily from
carbohydrates (free and protein bound), lipids, free amino acids and
inorganic, and organic ions (Schartau and Leidescher, 1983). The direct
control of the production of spider silk comes from the physical pulling of
a fibre from the spinnerets by either the spider’s hindmost legs or using
gravity or wind resistance as a boost. The speed of this “pultrusion” has
been shown to fundamentally affect the internal structure of the silk that

exits the spinnerets (Young et al., 2021). Orb weaving spiders have direct
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neuronal control of the sphincter of muscle found in the spinneret
(Herberstein, 2011) which it can employ as a “braking system”, allowing
the spider to slow its rate of descent or its rate of silk production (Wolff,
2021). This lack of direct control between the spider and its silk gland is
likely the reason that the culturing method is able to be successful. Since,
as long as the requisite nutrients and pH levels are maintained, the gland
“doesn’t know” that it is no longer in the spider and will therefore
continue to function as if nothing has changed. This allows us to study the
gland’s functionality as if it were still within the spider, providing a

fascinating snapshot into how the glands function physiologically.

Figure 7 tests this idea further, by comparing the viability of glands
in culture to those in PBS and in SDW. It has been shown that the content
and quantity of a spider’s diet can affect the amino acid composition of its
silk (Craig et al., 2000). It has also been shown that during periods of
starvation spiders can alter their silk composition to be less energetically
taxing (Guehrs et al., 2008). The comparison shown in Figure 7 illustrates
the effects of nutrient depletion in both PBS and in SDW. This comparison
shows that, as can be seen in the first row, the only gland to continue to
produce silk dope is the one surrounded by media. This is likely because
large scale protein production is highly energetically costly and would

likely deplete the gland’s stores of amino acids and carbohydrates very
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quickly. Therefore, a ready supply of additional metabolic materials is
essential for the production of spider silk. This is further backed up by the
second row of Figure 7, which shows that in the absence of these
precursor metabolic building blocks the protein synthesis stops. The third
row of Figure 7 shows very clearly the need for buffered media, because
the unbuffered distilled water has such a high osmotic pressure that it
begins to lyse cells along the gland along with not producing additional
silk. Interestingly though, a comparison between day 7 row 1 and day 7

row 2 shows very little evidence of the cell death that we see in row 3.

Figure 8 shows a comparison between cultured glands from
different species of spider. The species were chosen to show a genetic
range of species specifically that of a less-specialised sheet weaving
spider and two more-specialised orb weavers. The similarities between
the glands are predominantly in their function. The expulsion can be seen
in both the liquid dope exiting the gland and in the drastic morphological
change the glands undergo between the timepoints. These similarities are
all the more interesting when compared to the difference between the
study organisms. This experiment shows that the method of culturing
functions on a minimum of 3 species from 2 different families (Araneidae:
Zygiella x-notata, Larinioides sclopetarius and Agelenidae Eratigena

atrica).
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The pause shown in Figure 10 shows a pause in production. There
are several possible reasons for the observed pause. The first hypothesis
would be that the change in temperature caused a metabolic shock to the
cells within the gland causing the production to slow down. This however
would not account for the length of time that the pause took to resume,
given that the remainder of the media in the well would reach room
temperature significantly quicker than the 6-9 hours it took for production
to resume. The second more likely explanation is that the cold media
caused the shape of the gland to change, this shape change could have
increased the internal volume of the gland to increase allowing the silk
dope to retract up the gland. This can be seen in row 3, as the silk bolus
can be seen physically retreating into the silk gland. This contraction of
the dope could be linked to some form of internal pressure sensing
mechanism within the gland. A pressure sensing mechanism within the
gland would be a simple mechanism for ensuring that the gland never
produced so much silk dope that it wound up rupturing the organ. Given
the gland’s autonomous nature within the spider, it would make sense
that the gland would have its own homeostatic mechanisms of regulation.
This hypothesis was further supported by the fact that the addition of
room temperature media did not cause a similar pause. This was initially
tested by chance, where a small quantity (~50ml) of media was left out

of the fridge overnight, and given there was no obvious contamination, it
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was added to the plates of glands. It was only when comparing the

images before and after that this pattern was observed.

The qualitative measurements of increasing pH in the media
surrounding the glands from pH 7.4 to pH 8.4 are indicative of a tissue
actively respiring and producing metabolic waste products. The change of
the colour of the indicator found in the media in the presence of respiring
tissues is unsurprising. What is surprising however is the impact that one
single gland can have on the pH. The volume of one gland is on average
4ul, and they were cultured in 2ml of media. The fact that a total tissue
volume per well of 0.2% could cause such a shift in the pH of the whole
well speaks to how much respiration is taking place in the glands. Given
the jump in pH from 7.4 to 8.4 over 3 days (samples measured using the
colour chart provided with the indicators in the media assumed error rate
of 0.1) corresponds to an order of magnitude increase in concentration of
OH- ions, which is significant for something occupying only 1/500th the
total volume of the well. To put this into context and to vastly over
generalise it is typical to change the media in cell line cultures every 2-3
days (Masters and Stacey, 2007) with the typical cell density being
somewhere between 10-20 g/L in exponential growth phase (Eliasson

Lantz et al., 2010). These cells required media changes every day with a
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cell density of approximately 2mg/L (approximated by volume with an

assumed density of water).
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Conclusions

The aim of this series of experiments was “to design an ex vivo
tissue culture system that allows for the study of silk glands and their
production of spider silk.” This work demonstrates that spider silk glands
can be cultured ex vivo for periods of up to 28 days. This method can be
successfully applied to 2 different types of glands (Major Ampullate and
Tubuliform), three different species (Larinioides sclopetarius, Zygiella x-
notata and Eratigena atrica) across two families (Araneidae and
Agelenidae) and marks a step change in what is possible given the lack of
any similar reports of success in achieving this aim. Even in other
invertebrate species the success is limited to cell lines, smaller less active

glands, or parts of glands.

The novelty of the methods and results found in this chapter can be
described simply as the first time a silk gland has been successfully
cultured ex vivo. Whilst it can be incredibly difficult to prove that
something has not been attempted before, especially given the lack of
negative results that are published, it can be said that this author failed to
find any method or mention of whole silk gland culturing in the literature
at large. It can even be said that the broad literature available does not

produce many, if any, examples of whole organ culture in insects, let
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alone spiders. To determine whether the gland has been successfully
cultured, in the absence of better testing criterion, a comparison was
made to the previously defined success criteria, namely, the target gland
functioning sufficiently to provide the opportunity to observe the

production of sufficient material for study.

It has been shown that the dissected and cultured tissue is still
active, this has been shown through the metabolic activity of the tissue
over days and weeks. This is shown through the change in alkalinity of
the culture media possibly because of the cells excreting metabolic waste
products, like reactive oxygen species. This is also shown by the absence
of successful culturing in the absence of the metabolites found in the

media as shown in Figure 7.

The continued production of a liquid dope-like material during the
culturing time has been shown through the consistent release of a dope-
like material escaping from the end of the gland, even after the initial
stored dope has escaped, over periods of up to 28 days, as shown in
Figure 9. This behaviour of producing silk dope is consistent with what

would be expected of the gland were it still in its native environment.
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Both the activity of the tissue and the production of a dope like
material indicate a potential usefulness of these culturing methods as an
investigative technique. The technique has been shown to work on more
than one species and more than one gland type, which could speak to a
broader applicability than is demonstrated here, in the future study of

factors that affect the production of silk, from a glandular perspective.
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Chapter 2. Investigation into the structure

and function of the silk glands

Introduction

As stated in the thesis introduction the aim of this chapter is “to
investigate what could we learn from these dissected glands?.” This
chapter will detail how using the method developed in the first chapter
the functions of the gland were able to be studied in greater detail,
studying at different levels of magnification the structures of the gland
and the silks that is produces. In order to investigate this aim, what is
currently known about silk glands functionality must first be introduced.
Specifically, what is currently known about the anatomy and functionality
of the silk glands, as well as what is currently known about damage

responses and repair pathways in spiders.

Silk gland anatomy and functionality

The question of how silk glands function has been asked repeatedly,
and these studies focus specifically on morphological study and inferences
based around what is known about the formation of silk (Yarger et al.,

2018, Lewis, 2006, Winkler and Kaplan, 2000). It is challenging to study
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these glands without dissection and, without the methodologies
mentioned in the previous chapter, it has thus far not been very
challenging to view glands as they continue functioning whilst producing
silk. It is therefore unsurprising that very little is known about the actual
functioning of the glands. How are the cells within the glands specialised
to produce silk? How does the spider ensure adequate silk stores to be
able to survive? How does a gland, in the absence of vasculature or
nervous signals subsequently become repaired? It is upon these questions

that this chapter will focus.

Figure 4 shows the variety of silk glands and their corresponding roles
within the lifecycle of the species Araneus diadematus. As has been
previously mentioned, these glands vary between species and have
distinct roles for their silks (Tillinghast and Townley, 1993). This chapter
will look to expand into the specific structure and function of the Major
Ampullate gland found in Larinioides sclopetarius an orb-weaving species.
The species was chosen for several reasons. The family of orb weavers
are the most widely studied and therefore have the largest amount of
relevant literature available. They are abundant in the Nottinghamshire
area and their relatively large abdomens containing correspondingly large

glands allow relative ease of dissection.
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Figure 11 Generalised gene structure and protein organisation of the

Masp1 gene from Araneus diadematus and corresponding protein

complexity found in silk glands (Gosline et al., 1986, Rémer and Scheibel,

2008). The key in box 1 shows the symbols denoting the non-repeating N

and C-terminal domains of the silk proteins, with box 2 showing the

repeated amorphous and B-crystalline regions of the silk protein. Box 3

describes the overall pattern observed in most Major Ampullate silk genes

and their corresponding proteins, that of 20-100 repeats of the B-

crystalline and amorphous regions, book ended by the non-repetitive N

and C-terminal domains. The three boxes at the bottom (4, 5 and 6) show

the various states of the protein. 4 shows a single protein having been

transcribed, 5 shows the liquid crystalline silk dope as it begins to form
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dimers by adjoining at the N-terminal domain, before it has been

solidified into a solid fibre, and 6 shows the highly reqular repeating

structure of the silk fibre having been extruded through the spinnerets.
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Figure 12 A labelled image of a Major Ampullate gland from Larinioides

sclopetarius. The scale bar in the bottom left of the image denotes 1mm

captured using a light microscope under 20X magnification

Figure 12 shows the labelled Major Ampullate gland from a
Larinioides sclopetarius. The labelled sections are the duct which solidifies
and delivers the silk fibre to the spinnerets, the lumen which stores liquid
silk dope within the gland before being used and the tail which produces

the liquid silk dope protein and delivers it to the lumen.

Before discussing the intricacies of silk glands, we must first
introduce the structure and function of the silk gene and its corresponding

protein to fully grasp the specialisation of these glands. Figure 11Figure
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11 shows the generalised structure of the silk gene and its corresponding
protein. The images at the bottom of the figure show the various states
that the liquid silk protein is often found in. They correspond directly to
the areas of the gland in which they are found, as in image 4, denoting a
single protein, would be found in the tail of the gland (Vollrath and
Knight, 2001). Image 5, denoting an irregular amorphous congregation of
protein, would be found in the lumen of the gland whilst being stored
prior to being utilised. Finally, image 6 shows what the silk proteins look
like once they have been collapsed into a regular repeating structure. This
repeating structure of B-crystalline and amorphous regions is responsible

for the remarkable physical properties that silk possesses.

Figure 12 shows the morphology of a Major Ampullate gland from a
Larinioides sclopetarius with the functional areas of the gland highlighted

and labelled. The duct anatomically connects directly to the spinnerets.

Figure 12 shows the various areas of importance within a silk
producing gland. The cells lining the lumen of the tail synthesise and
tightly package the silk proteins before excreting them into the lumen of
the gland’s tail (Andersson et al., 2014). These proteins are then
transported to the storage sack of the gland as a mass of disordered

protein domains. As the proteins flow toward the tapered domain of the

90



10

11

12

13

14

15

16

17

18

19

20

21

gland, this allows the proteins to become more ordered as they are forced
to adopt a more uniform composition. As the liquid silk dope travels
further down the gland the silk proteins become more ordered increasing
the number of intermolecular hydrogen bonds within the molecule, this
correspondingly increases the mechanical strength of the fibre (Vollrath,

Porter and Holland, 2013).

The cells that make up the distinct regions of the silk glands have
also been studied in detail using a variety of optical and confocal
techniques to make morphological study of these cells. One of the
interesting things that has been noted is that these regions and their
corresponding cell types vary quite widely between spiders of different
species and niches. The ‘so-called’ simplest make up can be found in
Mygalomorph species, with one example being a burrowing spider from
the Antrodiaetus genus, possessed of multiple copies of only one silk
gland type, made up of morphologically indistinct cell types. These cells
produce only two silk proteins, one in the distal half of the gland and one
in the proximal half of the gland (Palmer et al., 1982). This is compared
to the complexity shown in orb weaving species where the secretory
regions of the gland are shown to have 2-3 secretory regions each with
distinct cell types (Tillinghast and Townley, 1994). Hence it becomes clear

that there is a broad variation within the spider family as a whole.
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One thorough study into the cellular make-up of the morphologically
distinct regions of the silk glands of the Nephila clavata was carried out
by Moon and Kim, who over 4 papers published between 1988 and 1989
undertook a systematic study of the sections that make up Major
Ampullate glands’ duct and spigot (Moon et al., 1988a), Major ampullate
gland lumen and tail regions (Moon et al., 1988b) and Minor Ampullate
silk producing and excretory regions (Moon and Kim, 1989). These
detailed morphological studies used light microscopes and stains applied
to fixed tissue sections to visualise the cellular differences in the different
areas of these glands. It was described that the wall of the lumen was
made up of a single layer of columnar epithelial cells, which each
contained what is described as “several excretory granules.” These
granules are described as being structurally distinct from those found in
the tail portion. It is stated that the within the glandular epithelial cells of
the tail these secretory granules are being directly synthesised and
excreted into the inner part of the gland. It is also stated in this particular
study no Golgi complexes were found in any of the examined cells (Moon

et al., 1988b).
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Figure 13 The pH changes that occur along the length of a Major

Ampullate gland from a Nephila clavipes. (scale bar: 1mm) adapted from

(Andersson et al., 2014)

Figure 13 shows the silk gland from a golden orb weaver that has
been probed using micro pH probes along its length. Interestingly it
shows a gradually descending pH along the length of the gland becoming

increasing acidic along the length of the duct (Andersson et al., 2014).

The way in which liquid silk dope becomes a strong, highly insoluble

fibre is understood to be due to several factors. The process is understood
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to be governed by two main mechanisms: The sheer forces applied to the
silk dope as it passes through the narrowing delivery duct, and the drop
in pH along the gland caused by the production of carbon dioxide and H*
in the form of carbonic acid (HCO-3 + H*). These work together to draw
water from the liquid silk dope and force the disordered protein into a
regular repeating structure as shown in Figure 11 (Andersson et al.,

2014, Vollrath et al., 2013).

The drop in pH has an interesting, if slightly paradoxical, effect on
the terminal regions of the spider silk protein. Whilst the pH drop causes
the N terminal (NT) dimers to become highly stabilised causing them to
lock the protein into multimers, the C terminal (CT) domain becomes
destabilised and unfolds into B-sheet amyloid fibrils that promote fibre
formation. This multimeric faux-fibrous protein aggregate is then forced
through an ever-narrowing, duct that is changing direction. The primary
motive force in the process is the spider physically pulling the silk fibre
from the spinnerets. This pultrusion through the duct and the spinnerets

is responsible for the final compact fibre formation (Vollrath et al., 2013).

When considered in the context of varying pH causing N and C
terminal changes to the protein, and the role these changed proteins play

in the formation of the final silk fibre, it also makes sense that the area
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where this is required to take place the most would be the final duct that
the silk needs to pass through. This is evidenced by the marked drop in

pH from 7 to 5.9 as shown in Figure 13 (Andersson et al., 2014).
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Tissue repair and damage response in Spiders

Spiders rely on silk formation heavily for many of their normal
functions such as prey capture, prey wrapping, egg sac formation and
juvenile dispersion as previously covered. As such damage to these
organs would likely be highly detrimental to the spider, it could therefore
be expected that natural selection would favour a process that could
restore their function. Hence, understanding how these glands may
respond to damage became an area of study. A spider's ability to “re-
grow” limbs has been the subject of study for centuries. People as early
as the 19t century discussed whether this could be applicable to human
amputations (Cambridge, 1895). This work is covered in spiders (Wrinn
and Uetz, 2007, Vollrath, 1987), harvestmen (Townsend et al., 2017),
ticks (Belozerov, 2001) and amblypygids (Igelmund, 1987). The limbs are
not however, regenerating in isolation. In each of these studies they focus
on the “re-growth” of limbs post moulting. The process of moulting in
spiders requires the organism to produce an entire new exoskeleton, into
which the spider can then grow (Ramirez and Michalik, 2019). It can
therefore be said that whilst a new limb may be formed in this process it
has no more regenerated a limb than it has remade its whole self. This
narrowing of the literature has left something of a blind spot, given the

nature of silk glands as being free floating in haemolymph (although
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supported by adipose tissue), and the reliance on silk glands needed for
the survival of the spider species, habitat building, prey capture, fall
arrest, dispersal , it would stand to reason that any permanently
damaged silk gland would cause a serious if not life ending problem.
Therefore, the question of how spiders deal with internal injuries has yet

to be addressed.
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Methods

Transmission Electron microscopy (TEM) Sample Preparation

Transmission Electron Microscopy (TEM) is a technique within the
field of microscopy which functions by sending a highly concentrated
beam of electrons through a sample and measuring how the electrons
interact with each other (Tang and Yang, 2017). This contrasts with the
field of Scanning Electron Microscopy (SEM) in which a sample is coated in
a very fine layer of a dense reflective material (usually gold), a beam of
electrons is fired at the investigated surface and the deflections of the
electrons are measured (Abdullah et al., 2014). As an over simplification,
SEM is a very powerful tool for studying topology and TEM is a
penetrative tool for studying electron density (Eyden, 2002). To better
understand the internal structures and functions within the silk glands

themselves, samples were analysed using TEM.

Major Ampullate glands were removed from the abdomen of
Larinioides sclopetarius as described in chapter one. Post dissection (as
shown in Figure 5) the glands were washed twice in dissection buffer and
rather than being placed into media and antibiotics, they were placed into

primary fixation solution made up of 3% glutaraldehyde in 0.1M
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cacodylate buffer, overnight at 4°C. The samples were then washed twice
in 0.1M cacodylate buffer for 5 minutes followed by post-fixation with 1%
osmium tetroxide in 0.1M cacodylate buffer for 2 hours at room

temperature.

Samples were then washed (in distilled water for 2 x 10 minutes). The
tissue was dehydrated using graded ethanol, 50% for 2 x 10 minutes,
70% for 2 x 10 minutes, 90% for 2 x10 minutes and 100% ethanol (3
changes, each for 15 minutes) respectively this process was performed at

20°C.

To aid resin infiltration, propylene oxide (100%) was used (3
changes for 15 minutes per change) and followed with the addition of
propylene oxide / TAAB Low Viscosity Resin at a 3:1 ratio respectively for
1 hour and a 1:1 ratio overnight. Samples were transferred into vials
containing pure resin solution for 2x1 hour prior to selecting the correct
orientation and embedding them in BEEM capsules and placing in the

embedding oven at 70 °C for 48 hours.
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Samples were sectioned with a diamond knife to 80 nm in thickness
using Leica EM UC6 (Leica Biosystems, Wetzlar, Germany), placed on 100
mesh carbon support copper grids followed by post-staining which was
carried out with saturated uranyl acetate in 50% ethanol and Reynold’s

lead citrate.

Grids were analysed using a Tecnai Bio-TWIN T12 Biotwin
transmission electron microscope (TEM) (FEI Company, Eindhoven, The
Netherlands) and run at an accelerated voltage of 100 kV. Images were

captured using a MegaView SIS camera.
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Polarised light microscopy (PLM)

As a polarised plane of light passes through a crystal structure the
light can often be refracted in interesting ways, causing the light to
deviate from the initial plane of polarisation. When this resultant light or
“extra-ordinary-ray” is passed through a calcite crystal this deviation from
the ordinary ray is shown as a variation in colour (Talbot, 1834). This is of
particular use due to the highly repetitive nature of the crystal structure
in native spun silk being of sufficient crystallinity to elicit a birefringent

response.

Samples were prepared for polarised light microscopy by dissection and
washing as described in chapter one before being placed onto a clean
microscope slide. A cover slip was applied to the gland and the whole
system was viewed using an Olympus CH Petrographic polarising light
microscope using 4X 10X and 40X lenses viewed through a 10X objective
before being imaged in the manner described in chapter one (C1

Methods: Observation and recording of glands in culture)
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Imaging of glands and observing response to injury

The glands used in the repair experiments were collected and
dissected as stated in chapter one. The glands were left in culture for a
minimum of 24 hours before being moved to a testing well and damaged
at the distal end of the tail. Glands were damaged by separating a portion
of the final third of tail of the gland and removing it with an offset mini
spatula, whilst being viewed under a Brunel BMSF adjustable height
dissection stereomicroscope. Imaging was performed as previously stated
in chapter one, with the exception of Figure 22 where the top-down light
for the microscope was forgone in favour of placing a standing lamp next
to the sample, shining light at approximately 30° through the sample
from top left to bottom right. This allowed for better visualisation of the

movement and behaviour of individual cells.
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Results

The following TEM results were taken from a single Larinioides
sclopetarius Major Ampullate gland dissected and cultured following the
protocol laid out in the first chapter. The PLM and light microscope images
were taken from a pool of over 10,000 images collected from over 20
glands dissected from 13 Larinioides sclopetarius specimens. Each figure’s
images were taken from one gland per figure. The patterns and
observations made below were each observed multiple times, and the
images selected were chosen as they best demonstrate the events

described.
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Figure 14. TEM imaging of the duct of a Major Ampullate gland isolated

from a Larinioides sclopetarius. This figure details the TEM performed on a

Larinioides sclopetarius. The tail of the gland is highlighted by the red box

in image 1 (repeated image from Figure 12). The scalebars for each

picture can be found in the bottom right.
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The first image of Figure 14 shows an expanded view of the gland
with the duct apparatus highlighted. Image 2 shows an expanded view of
the duct and silk fibre formed within, a space between the silk and the
duct, the physical structure of the duct and finally the outside of the duct
wall open to the spider’'s haemolymph. Images 3 and 4 show a more
detailed view of the duct wall. The repeating lateral structure within the
duct wall is visually similar to the structures found in Nephila edulis G.
Davies has shown are made up of chitin and suggested may help avoid

unwanted deformations in the duct wall (Davies et al., 2013) .

In image 3 the solid silk fibre formed within the duct in the bottom
left of the image will be referred to as interior and the haemolymph facing
edge of the duct wall on the top right of the image will be referred to as
the exterior edge. The interior edge of the duct can be seen as a well-
defined, densely stained edge, while the exterior edge of the duct wall is
much more poorly defined, with multiple small spherical bodies

surrounding the duct wall.

Image 4 shows in more detail the exterior edge of the duct. The

areas of higher and lower electron density within the duct wall do not
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show clearly demarcated boundaries. The small spherical bodies
surrounding the exterior of the duct appear to be vesicles with clearly

defined boundaries.

Image 5 shows a closer look at the interior edge of the duct
structure. This shows a highly electron dense area with very clearly
defined thin boundaries. The edge of the solid silk fibre is also shown in
the bottom left of the image; in this we can begin to see an interlocking
structure within the solid fibre. Between the interior edge of the duct and
the solid silk fibre we can see a gap. This gap is likely where the fibre is
pulling away from the walls of the duct (Vollrath and Knight, 2001) and
therefore given us an interesting view of the background non-specific
staining artifacts for the preparation methods used. It is worth stating
that this area could also be made up of the 5um layer of glycoprotein and
lipid layer that was found to be coating Nephila inaurata dragline silk

(Stehling et al., 2019).

Image 6 shows a very close up view of the solidified silk fibre found
in the duct of the spider. The dense interweaving patterns of what is likely

the silk can be seen. This image also provides a detailed look at the small
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non-specific staining artifacts. These are the small dots seen between the
duct wall and the silk in image 5 and the irregularly shaped artifacts seen

next to the silk in image 6.
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Figure 15. Light microscope (images 1-3) and TEM (images 4-6) imaging

of the lumen of a Major Ampullate gland isolated from a Larinioides

sclopetarius. The lumen of the gland is highlighted by the red box in

image 1 (repeated image from Figure 12) The scalebars for each picture

can be found in the bottom right
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The first image of Figure 15 shows an expanded view of the whole
gland with a red box highlighting the lumen. The lumen is thought to

function only to store dope prior to its being needed.

Image 2 shows a light microscope view at 20X magnification of a
cross section through the whole gland stained with a simple Coomassie
protein stain. The right-hand edge of this section shows a large crack in
the resin in which the gland is immobilised. It can also be seen that the
right hand of the lumen appears to be damaged, whether this happened
as a result of the dissection process or the fixation and staining procedure
is unknown, what can be seen however, is very dense staining of the

protein in the central lumen, the liquid silk dope.

Image 3 is a closer look at this same Coomassie stained lumen, this
time at 40X, highlighting specifically the left-hand wall of the lumen with
the silk directly to its right. The image shows a very clearly defined

interior edge to the lumen, much thicker than that shown in Figure 14.

The image also shows an interesting patchwork pattern within the
wall of the lumen. Images 4 and 5 show this patchwork pattern in closer
detail. This patchwork is made up of vesicles with the same internal

patterning that is present in the liquid silk found within the gland’s tail,
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shown in Figure 16 images 5 and 6, suggesting that this extensive
number of vesicles are all filled with additional silk dope. Similar
“excretory vesicles” were also found in the Lumen walls of Major
Ampullate glands in Nephila edulis (Knight and Vollrath, 1999), although

these vesicles showed a distinctive repeating pattern that is absent here.

Image 6 shows the interior edge of the lumen. This interior edge
looks as though it is made up of multiple vesicles that have relinquished
their cargo and are enroute to be recycled. This likely, given the
patterning within the collapsed and partially collapsed vesicles, matches
both that of the vesicles within the cells in Figure 15 and that of the

pattern observed in the fibre in Figure 14 images 5 and 6.
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Figure 16. TEM imaging of the tail of a Major Ampullate gland isolated

from a Larinioides sclopetarius. The duct of the gland is highlighted by the

red box in image 1 (repeated image from Figure 12 with a 1mm scale

bar). All other scale bars are labelled Mitochondria in image 2 labelled

(Mi).
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The tail is known to be the area of the gland that produces much of
the silk dope, and as can be seen from image 1, highlighted at the bottom
of the image by the red box, is longer than the other 2 areas of the gland
combined. Image 2 shows an overview of a typical cell found in the tail of
the gland. In the top left hand of the image, multiple mitochondria can be
seen (labelled Mi), which given the cell’s role in protein production is
unsurprising. The nucleus can be seen in the left of the image next to the
very large vesicle in the centre of the image, surrounded by what appears
to be a very heavily electron dense substance found within the cytoplasm
of the cell. The central vesicle when compared to the vesicles seen in in
Figure 15 and the silk fibre seen in Figure 14 appears to be filled with silk

dope.

Image 3 shows at the top and bottom some very dense
endoplasmic reticula with a small collection of ovals seen between them.
Given the proximity of these to the endoplasmic reticula, it is likely that
these function to produce the vesicles shown in the earlier image which
store the silk being produced. It can also be seen from image 3 that the
electron dense substance filling the cell seen in image 2 is made up of

thousands of individual ribosomes.
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Image 4 shows a close-up on the edge of the vesicles found in the
centre of the cell. It can be seen from image 4 that the edge of these
vesicles is very thin and surrounded by ribosomes right up to the edge of
the vesicle. The interior of the vesicles can also be seen to be filled with,

visually, the same silk found in the previous Figures.
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Figure 17. A comparison between the birefringence of native spun silk and

silk allowed to solidify in culture media, as described in chapter one

methods (P49-54). These are compared to a high protein substrate of

foetal bovine serum (FBS) that has been allowed to solidify in the same

way and to the culture media, without silk, which has also been allowed

to dehydrate in the same way. Scale bars are found in the bottom right

hand of the image.

Figure 17A shows the patterns of birefringence seen in in native

spun spider silk collected directly from the pot the spider was kept in. The
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clearly visible and demarcated colours are formed by the polarised light
interacting with the molecular orientation of the repeating crystalline
structure being found along a preferential direction (Ward, 2012). The
change in colour is caused by the relative orientation of the crystal

structure in relation to the incoming polarised light from the microscope.

Figure 17B shows the silk that had been allowed to solidify in
culture. It can be seen from the image that areas of the solidified silk
share colours in common with that of the native spun silk, especially
those that are shown in similar orientations to that shown in the native
spun silk. It can also be seen that there are a variety of other colours
likely caused by overlapping or non-uniform crystal structures being

present, due to the less controlled nature of the fibre formation.

The bottom left image is intended as a control, to show what
happens when a high protein substrate, foetal bovine serum (FBS), is left
to dry in the same way the liquid silk was allowed to dry. It can be seen
from the image that no form of regular repeating structure can be seen

within the protein, and moreover no form of fibre has formed.
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Similarly, Figure 17D was intended as a control to show what
happens when just the gland’s media is left to solidify in the same way.
The media alone shows no form of fibre formation and specifically no form
of birefringence, which shows that the effects seen in image B are due

only to the liquid silk being present and solidifying.
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Figure 18. Polarised light microscopy of a whole gland, with a solidified

silk droplet. A whole Major Ampullate silk gland (Larinioides Sclopetarius)

was removed from dissection buffer and placed onto a microscope slide

with a coverslip over the top of it. The weight of the coverslip burst the

gland, thus causing liquid silk dope to spill from it. The dope can be seen

on the well. Image 1 was taken using a variable magnification dissection

microscope and therefore the scale is calculated from by image 2

containing the same droplet of solidified silk as seen in image 1.
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Image 1 shows the ruptured gland with the liquid silk spilling out
onto the middle of the slide. In the bottom left of the screen a single
droplet of solidified silk can be seen showing a birefringence of blue and
yellow. The same birefringence can be seen in the duct leading away from
the lumen of the gland. This is likely due to the duct beginning to solidify
the liquid silk from the lumen. As the silk becomes ordered during its
passage through the duct it begins to have a regular repeating crystal
structure which in turn interacts with the polarised light and thus shows
birefringence. Interestingly the same birefringence shown in Figure 17
cannot be seen in the liquid silk. This is likely due to the disordered
nature of the silk proteins found in the lumen as described in Figure 11.
Without the regular repeating structure of solidified silk, a birefringent

response would not be elicited.

Images 1 and 2 show the same solidified silk droplet, before and
after allowing the liquid silk surrounding it to solidify. This leads to image
2 having a connecting arm of solidified silk showing birefringent

properties that image 1 does not have.
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Figure 19. Solidification of silk dope expelled from a Major Ampullate

gland from Larinioides sclopetarius over 9 hours at pH 11. Scale bars

shown in the bottom right of the image and time elapsed in minutes

bottom left. The silk droplet measures approximately 500 um across and

has an approximate volume of 0.0325ul assuming a hemispherical

volume. Solidification can be seen beginning at 231 minutes and ending

at 790 minutes the following day. A video of this can be seen by following

Link 2 below.
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As can be seen by images 2 and 3 of Figure 19, the droplet seems
to begin to solidify from a point roughly centre right on the droplet,

resulting in a slightly darker area of partially solidified silk.

The second and third rows (images 4-9) show the continuation of
the silk solidification from a single point, as well as the formation of small
inclusion bodies of what seems to be clear liquid. There seems to be a
clear front preceding the area of solidification, which looks similar to a
meniscus. As this front of solidification passes through the silk droplet the
previously circular shape appears to become deformed due to internal
stresses. The final row (images 10-12) shows the solidification front
finally completing, having moved throughout the entire droplet.
Interestingly the uneven movement of the solidification has resulted in a
final solidified shape that appears significantly smaller that the initial

droplet and very irregular in shape.
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Link 2 A large bolus of silk dope from a Major Ampullate gland from a

Larinioides sclopetarius solidifying in culture. Each frame taken 2 minutes

apart. Video made using Fiji. Made up of 490 images.

Hyperlink: https://youtu.be/J3uiiESWTmE
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Figure 20. Formation of a silk thread and its subsequent internal elasticity

over a time period of 47 minutes, viewed using polarising light

microscopy. Scale bars are found in the bottom right of each image.
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As in Figure 18, a whole gland was placed on a slide, broken with
the weight of a cover slip and not sealed, to allow the silk dope to “dry”.
In Figure 20 however, the focus was placed on the outer edge of the
escaped silk dope. After extending to its limit the front of silk dope began

retreating, and upon closer inspection, fibre formation was observed.

The first two rows show the initial formation of the fibre by the
retreating front of silk, in 10-minute increments from 0 to 32 minutes.
The retreating front of silk dope shows no birefringence, whilst the fibre
that is left behind shows very striking birefringence, similar to that of
native spun silk shown in Figure 17. the last image shown in the second

row shows the front of silk dope finally leaving behind the deposited fibre.

The second two rows show the solidified fibre seeming to retract
back out of the aperture of the microscope. This takes 6 minutes (from
41-47 minutes) from the fibre being totally left by the silk dope to the
fibre being completely unseen on the aperture. This seems to happen in
two stages, the first row shows the initial retraction with the second row
showing the final shift off screen. A video of the whole process can be

seen by following link 3 below.
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Link 3 Silk from a Major Ampullate gland from a Larinioides sclopetarius

solidifying under polarised light microscopy. Video made using Fiji, made

up of approximately 70 images taken 1 minute apart.

Hyperlink: https://youtu.be/1VDzDGrF5uY
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Figure 21. The complete repair of the tail of an isolated Larinioides

sclopetarius Major Ampullate gland in culture over 23 hours. Scale bars

can be found in the bottom left of each image.
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A gland was removed from the abdomen of a specimen, washed and
cultured, before beginning the experiment as stated in the methods
(Chapter one, Methods, dissection, and maintenance of glands in culture
p49-54). Silk dope begins to escape from this damaged site, the opposite
end from where the silk should normally be coming from. The edges of
the tail can be seen to be rough and flared out slightly at the site of

damage. The diameter of the rest to the tail remains unaltered.

At hour 5 there is still escaping silk dope from the site of damage,
however the ends of the tail are beginning to round over and become less
ragged. The diameter of the tail also remains consistent. At hour 10 the
rate of escape of dope from the sight of damage has begun to slow down
considerably. The site of damage appears to be almost completely
rounded over with only a very small opening left. The diameter of the tail

appears to be reduced both at the cut site and below it.

At hour 15 there is no longer silk escaping from the damage site at
the tail. The cut site has completely smoothed over leaving behind
contiguous, if asymmetric, edges. The diameter of the whole tail is
reduced. Interestingly the silk droplet appears to be shrinking, however,
this is not the case. Once the silk droplet has separated from the stream

of silk dope escaping the tail, its own surface tension pulls the droplet into
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a more spherical shape, thus reducing its footprint on the base of the

well.

At hour 20 the asymmetry in the damage site is reducing, as the
diameter of the tail begins to increase once more. At hour 23 the damage
site is now symmetrical, and the tail diameter has returned to pre-
damage levels. The symmetry and diameter of the repairing tail of the
gland are functioning as a rough indicator of the stage of repair, with the
return to pre damage size functioning as a visual indicator that the repair
has completed. A video of the whole process can be seen by following

Link 4.
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Link 4 Major Ampullate gland from a Larinioides sclopetarius repairing

intentional damage in culture. Video made using Fiji, made up of 1380

images taken 1 minute apart.

Hyperlink: https://youtu.be/vDfpI-Ugg61
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Figure 22. Whole Major Ampullate gland view of repair in culture from a

Larinioides sclopetarius. Scale bars found in the top left of each image

and a time and date stamp in the bottom left.
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This figure shows a whole gland view of a Larinioides
sclopetarius gland repairing in culture over 70 hours. The gland was
removed and cultured as described in the methods (chapter one,
Methods, dissection and maintenance of glands in culture p49-54)
although this gland was not placed in fresh media, but was instead, after
being intentionally damaged, placed back into the media that it had
occupied for 3 days prior. The images were taken in a similar way to that
previously described although in place of using the ‘microscopes top-down
lamp, a standing lamp was utilised, with light shone in an angle of 30°
from top right to bottom left, to give greater contrast of the cell surface.
The first two images (hours 0-16) show the damaged gland leaking dope
both from the tail and from the duct (unseen, off screen). This leads to, in
the second image, the lumen of the gland having visibly reduced in
volume. The surface of the lumen appears consistent with what appears

to be large vesicles as were shown in Figure 15.

The second row (hours 27-45) shows what appears to be the lumen
regaining volume whilst the surface of the lumen appears to be changing
shape, likely due to the emptying of vesicles of silk dope into the lumen of
the gland. In the first image we can see the silk escaping from the tail is
not only slowing down in its rate of escape, but is also beginning to

solidify in a similar manner to that shown in Figure 19. By the second
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image the escaped silk has completely solidified, and no more fresh dope
appears to be escaping form the tail of the gland. It also shows what
appears to be the damaged end of the tail beginning to heal to the bottom

of the well.

The third row (hours 60-66) shows the lumen of the gland
beginning to gradually fill up as the movement of the vesicles, seen in the
previous four images, begins to slow down. The second image also shows
the beginnings of silk dope production, beginning again in the tail. The
final row (hours 67-68) shows the stabilisation of the size of the lumen
and the production of additional silk coming from the tail of the gland. A

video showing the full process can be found by following Appendix Link 5.
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Appendix Link 5 Major Ampullate gland from a Larinioides sclopetarius

repairing intentional damage in culture. video made using Fiji, made up of

4061 images taken 1 minute apart. Hyperlink:

https://youtu.be/GOvOY6E1gdQ
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Discussion

In this study it is shown that we can visualise the solidification of
spider silk dope, both as a large mass and as an individual fibre being
formed on a slide. It has been shown that spider silk glands can repair
themselves autonomously. It has also been shown that the different areas
of the silk glands are cellularly specialised to perform different roles,
though the presence of varying structures and organelles appearing in
different densities in different areas of the glands. Figure 16 shows the
cells in the tail which are specialised for producing protein. The cells are
almost completely full of protein manufacturing machinery, with a very
high humber of ribosomes surrounding the rough endoplasmic reticulum.
Given the abundance and proximity of these ribosomes it seems possible
that the very large silk gene mRNA would be being passed from ribosome
to ribosome for the most efficient production of protein. This would
however need to be investigated further. This ribosomal density combined
with the presence of many mitochondria make these cells powerhouses of
protein production. Their vesical transport of the silk protein is also
interesting given their ability to move large quantities of hydrophobic
protein from their protein replication machinery to the lumen of the
glands. The large size of the silk gene when produced in E. coli caused

truncates synthesis roughly every 1000 codons of the gene. These
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truncations were problematic for the cells. This was because in the
absence of a His tag they could not be exported, resulting in un-exported
aggregates and leading to cell death(Fahnestock et al., 2000). Therefore,
immediately storing the hydrophobic silk dope in this way negates the
possibility of protein aggregates forming and disrupting cell function. It is
worth mentioning however that these hydrophobic protein production
problems noticed in the E. coli are unlikely to be seen within normal
eukaryotic cells producing their native proteins likely due to similar

vesicular transport or other methods to prevent this aggregate problem.

When viewing the cellular structures of the gland through the lens
of not just production, but also of survival, then the structures seen in
Figure 15 begin to take on a new light. The large vesicles apparent in the
cells surrounding the lumen were initially believed to be just additional
production taking place (Moon et al., 1988b) but are more likely to be a
secondary storage mechanism. This function can be seen in Figure 22,
where the damaged gland, having lost much of its silk dope, begins to
refill before the damage is healed sufficiently to prevent further leaking of
the silk dope. Additionally, the first three rows of Figure 22 show a
distinct change in both the width of the lumen and in the overall shape of
the lumen. This combined with the changing topology of the lumen

indicate that the vesicles being stored in the cells surrounding the lumen
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are being deposited into the main storage lumen to maintain the

necessary stocks of silk needed for the survival of the spider.

When looking at Figure 16 in the context of the dehydration
necessary for silk formation (Figure 13, Figure 19, Figure 20) and in the
context of the ordering of the silk protein into the regular repeating -
sheet crystalline structure (Figure 13, Figure 18, Figure 20) (Knight et al.,
2000) we can start to understand the nature of the unknown structure
that makes up the duct of the gland is likely to be the chitinous structures
described by Davies (Davies et al., 2013) (expanded upon below). The
long nature of the duct with many sharp turns could very well act to
increase pressure within the duct, in an attempt to force excess water
from the silk fibre. This would require the duct itself to have additional
structural support, to ensure that the duct would stand up to the stresses
placed upon it. This mechanism is similar to the function of the loops of
Henle found within nephrons in mammalian kidneys, where a sharp turn
in the kidney vesicle causes a dramatic localised increase in blood
pressure, forcing water, and metabolic waste products, from the
bloodstream, whilst retaining the larger blood cells that cannot escape
(Greger, 1985). In a similar vein, these large turns could be functioning
to force water from the protein whilst keeping the larger silk proteins from

being able to escape, thus dehydrating the protein fibre. These loops
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could also be functioning to increase the sheer forces within the duct and
force the silk fibre into the regular repeating structure that affords silk its
remarkable properties (Dicko et al., 2004). The interesting internal
structures that makes up the walls of the duct are likely intended to allow
for the egress of water whilst maintaining the strength necessary to
withstand high shear forces in the turns within the gland (Davies et al.,
2013). These shear forces that are present have a huge impact on the
formation of the final silk fibre, in fact it has been shown that the fibre,
whilst forming, pulls away from the duct wall in the distal end of the duct
(Knight et al., 2000).This is further confirmed by the observations made
in Figure 14, which shows what appears to be this mechanism taking
place. This shrinking of the fibre is where the final formation of the
repeating B-pleated sheets structure occurs. What is also interesting
about this structure and the pulling away from the walls of the duct itself,
is that it gave rise to an alternative hypothesis of silk formation, moving
away from extrusion and towards pultrusion. The work by G. Davies that
originally identified the presence of chitin in spider silk gland ducts also
noted similar chitinous structures present in the ducts of silkworm glands
(Davies et al., 2013). This structural similarity between spiders and
silkworms lead to the testing of the pultrusion hypothesis utilising
silkworm silk as an analogous organism. It was found, by comparing the
force necessary to produce silk fibres using pushing or pulling forces, that

it was more biomechanically capable of producing silk by utilising the
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lower force required through the application of pultrusional forces

(Sparkes and Holland, 2017).

The benefits of comparative polarised light microscopy (PLM) should
be addressed. In this study the patterns of birefringence between native
spun silks and silks solidified ex-vivo have been compared. This
comparison uses the colours shown in silks moving in a distinct direction
as a proxy for demonstrating the presence of a repeating crystal structure
existing in the same plane. The nature of PLM, a tool used often in the
analysis of geological samples, makes it suited to the study of spider silk.
Historically PLM particularly and birefringence have been used to elucidate
the effects of wetting on the strains within a silk fibre (Work, 1977), the
order of macromolecular formation (Viney et al., 1991) and, in concert
with tensile strength testing, the relationship between silk draw speed
and the material properties demonstrated (Holland et al., 2012). It is also
worth mentioning that it has been shown that increasing strain on silk
fibres increases their birefringence (GliSovi¢ et al., 2008). Given the broad
investigative uses of PLM, it is important to narrow the case for use in this
investigation. The visualisation of comparative shifting of polarised light
when interacting with a regular crystal structure will act as a detector of
the necessary regular repeating structure that is seen in native spun silk.

Given the width of the average B-pleated sheet is 2.1nm (Arnott et al.,
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1967) and the wavelength of visible light is 380-700nm, a single -
pleated sheet will not interact with polarised light for the purposes of
microscopy. Given this is the case, for there to be any observable
interaction between the B-pleated sheets and the polarised light there
must be a minimum of several hundred B-pleated sheets adjacent to and
aligned with one another. Then the only method by which an observable
effect could come about is if the B-pleated sheets from multiple silk
proteins were aligned. Creating a region with enough regularity to interact
observably with the polarised light and create a colour difference. It can
therefore be stated with confidence that the only way for an observable
colour shift from no observable difference from the background, to an
observable difference from the background to be recorded from the
polarised light microscopy study of solid silk fibres, is if there are multiple
B-pleated sheet regions from multiple different silk proteins aligned in the

same plane, as is known to be the case in native spun silk..

Having discussed the importance of the structure of the silk glands
in allowing the silk to solidify and form fibres, it is important to state,
these conditions are, evidently, not necessary for the formation of solid
silk. Figure 19 demonstrates this quite well, as it shows silk solidifying in
a culture media (not a specialised duct), surrounded by water (not

haemolymph), at a basic pH (not an acidic one), without any shear forces

142



10

11

12

13

14

15

16

17

18

19

20

21

being applied to it. Whilst the silk has certainly solidified, it is in no way in
a fibrous conformation. Having said that, under similar conditions when
shear forces are applied to the solidifying silk through the medium of a
retracting front of silk dope (Figure 20) a thread with a regular repeating
structure is formed. The thread that is formed in Figure 20 shows a
visually similar pattern of birefringence as seen in native spun silk, as
shown in Figure 17, as well as an ability to retract under its own elasticity.
When discussed within the context of the pultrusion works performed on
silkworms by (Sparkes and Holland, 2017), the discovery of chitin in the
duct of spider silk gland by (Davies et al., 2013), the identification of the
gaps surrounding the spider silk fibre within the duct of the gland by
(Knight et al., 2000) and its conformation in Figure 14, it can start to be
seen that the theory of pultrusion in spiders is likely true as well. The
appearance of a birefringent fibre being formed as a non-birefringent
liquid dope moves away from the fibre (Figure 20), may be the first visual

proof of this hypothesis.

The comparison of native spun silk, to the solidified silks seen in
Figure 17, Figure 18, Figure 19 and Figure 20 allows for the examination
of an important question: How is the silk produced from the dissected
glands different from that of native spun silk? Figure 17 shows closely the

patterns of birefringence that can be seen within the native spun silk. The
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colours shown are consistent along areas showing the same orientation.
Changing this orientation changes the colour of the birefringence being
shown. The fibres look distinct and uniform. When this is compared to the
solid droplets of the silk shown in Figure 18 and Figure 19, the difference
is clear. The disordered droplets of silk are capable of forming the regular
repeating crystal structure necessary to produce birefringence, but these
areas of structure are not ordered. The birefringence is made up of many
colours and there are only very small areas of homology within the
droplet. In short, whilst this silk has some similarities with native spun
silk, it is demonstrably not the same. This, however, becomes less true
when the silk dope is subjected to more of the mechanical forces that are
usual in the formation of native spun silks. The pultrusion effect discussed
in the previous chapter clearly has an ordering effect on the solidification
of silk. The fibre formed in Figure 20 shows a uniform birefringence along
the entire length, moreover this colour continues to appear as more of the
fibre is deposited by the retreating edge of the liquid silk dope. When this
silk is compared to the native spun silks it becomes clear that they are in

fact very similar in structure but differ greatly in fibre diameter.

An important distinction to make with regards to the claim that
neither a low pH nor sheer forces are required for the solidification of silk

is this, they certainly help. When comparing the rate at which a falling
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spider can produce and utilise large quantities of silk to, for example,
arrest a fall, with the rate of solidification shown in Figure 19 and Figure
20 (9 hours and 50 minutes respectively) the difference is dramatic.
When comparing the instantaneous solidification in native spun silk to the
9 hours it takes to solidify in culture and with the 50 minutes it takes to
solidify in a relatively low moisture environment, we begin to see a
pattern forming with regards to the mechanisms which underpin the
solidification of silk. A key additional point to include when comparing the
solidification of native silk fibres and dissected silk dopes is the removal of
the glands duct in the latter. When native silk is produced a pultrusional
force is applied from the spinneret, this force is applied directly to the
solidified silk fibre as it is pulled through the duct of the gland (Vollrath et
al., 2013). When the silk is solidifying in culture it is doing so in the
absence of this pultrusional force and in the absence of the duct and the
specialised structures within that aid in the dehydration of the silks and

aid in the application of the shear forces to the silk (Davies et al., 2013).

The solidified form of silk is the energetically favourable state for
the protein to be in. Were this not the case then silk would not
independently solidify. Secondly, the energetic difference between these
two states of relative disorder is small. Were the solidified state

significantly more energetically favourable than the liquid state, then the
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reaction shown in Figure 19 would have been significantly quicker, not
only to begin, but to complete once begun. From the silk being initially
expelled from the gland to the first noticeable beginnings of solidification
took 4 hours of the silk being entirely undisturbed. From the start to finish
the solidification takes over 9 hours, and spreads from a single point. This
implies the need for a nucleation point onto which the rest of the proteins
can bind and begin to polymerise. Were this not the case we would likely
have seen the reaction begin over multiple points or occur to the entire

droplet at once.

When comparing the rate of solidification in Figure 19 to that of
Figure 20 we can see an almost 10 times quicker solidification. This is
likely due to several factors. Firstly volume, the volume of silk dope
polymerising and solidifying in Figure 19 is significantly larger than that
shown in Figure 20. This will clearly affect the rate of reaction, as less
protein would obviously take less time to solidify. The second factor at
play is the environment in which the solidification is taking place. Figure
19 shows silk solidifying in culture media surrounded by water, whereas
Figure 20 shows the silk solidifying in air. This leads to the third obvious
difference, that of the application of some form of pultrusion force being
applied to the silk as it is being solidified. This is exemplified, not only in

the way in which the front of liquid dope “pulls” the newly formed fibre,
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but also in the way that once this force is absent the fibre retracts under
its own elasticity. This can lead to several assumptions. Firstly, the ability
for the silk to dehydrate is vital to its speed of formation. Secondly a
pultrusion force being applied to the fibre, not only allows the fibre to
form more readily, but also allows the repeating structure of silk to be
more easily formed. When considered with the data from Figure 19, it
would seem that a pultrusion force coupled with a nucleation point onto
which the proteins can bind and become ordered, is vital to the formation

of silk threads.

When taking these factors into account with the findings shown in
Figure 13 (Andersson et al., 2014) and taking a further look at not only
the structure of the duct (Figure 16) but also the length and turns found
in the whole duct (Figure 16) it seems more than likely that the low pH
exhibited along the duct functions primarily to create a high osmotic
pressure to draw moisture from the fibre formation whilst allowing the
energetically favourable repeating nature of the silk fibre to drive

formation.

Given the necessity of silk for all aspects of a spider’s life cycle, egg

casing, prey capture, habitat building, and prey wrapping, it is

unsurprising that there exists a mechanism for the repair of silk glands. It
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is worth stating that what has been observed in culture may not
necessarily reflect what would occur within the whole organism. However,
given the lack of other works on the same subject available the results
shown in Figure 22 do provide the first glimpse into glandular repair in
spiders. Given any damage to the carapace from attempted predation
could damage these vital organs and given the free-floating nature of the
glands in haemolymph, it is also unsurprising that this repair pathway
functions in culture, given that the gland itself has no direct feedback
mechanism to the larger organism. This is shown in Figure 21 and Figure
22. Figure 22 shows a view of the whole gland whilst repairing itself. This
is interesting, as previously mentioned in Figure 15, as it shows the
utilisation of the vesicles of silk found in the cells surrounding the lumen
of the gland (Figure 15) but also because of the evidence of the
movement within the full length of the gland. It should be restated that
the gland is stationary in media. The plate containing the media is not
moving or changing. Therefore, the movement of the gland can only be
due to the changes happening within the gland. Another important
distinction to make is that no musculature exists on the gland. This is
interesting in the context of the movement of the gland because it implies
that this movement likely occurs because of changes within the gland.
There are several possible explanations for this movement. Firstly,
considering the movement of vesicles from within cells into the lumen of

the gland, this "emptying” of the cells would inherently cause the volume
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of the cells to decrease, thus changing their shape relative to that of the
neighbouring cells, and resulting in movement. The second possible
explanation of this is that of cellular replication within the gland. If upon
encountering damage the gland seeks to repair this damage with new
cells, these would have to be reproduced from somewhere. This increase
in cell copy numbers would also result in movement. The third possible
explanation for the movement would be the physical movement of new
cells to the site of damage to plug the site of damage. The most likely
explanation, however, would be that of a combination of all three. We can
see from Figure 21 that whilst repairing damage, the hole at the damage
site is closed against the force of silk attempting to escape. This implies
that cells ae either being recruited to the site of damage or are being
replicated at the damage site, to close the damage site. Given the nature
of the changing topography of the lumen shown in Figure 22, it is likely

that vesicular transport is also occurring.
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Conclusions

In conclusion, the spider’s dependence on silk and an ability to
produce and store the silk has led to the evolution of a highly specialised
organ capable of producing vast quantities of liquid silk, also capable of
preventing this dope from solidifying within the gland. This independently
functioning organ capable of self-repair still holds many secrets yet to be

elucidated.
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Appendix Link 6 (not linked to a figure, for interest only) Major Ampullate

gland from a Larinioides sclopetarius repairing intentional damage in

culture. video made using Fiji, made up of 9944 images taken 1 minute

apart.

Hyperlink: https://youtu.be/8 5NglkymTA
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Chapter 3 The formation of a novel spider

silk ionic liquid biomaterial and it's use in

understanding the formation and

solidification of spider silk

Introduction

To address the third aim of “to investigate what could be done with
dissected silk glands” the primary focus of the chapter will be the
development of a novel methodology to dissolve full length, solidified
spidroin proteins from a solid, native spun fibre into an ionic liquid solvent
creating a novel biomaterial, coupled with a novel methodology for then
re-solidifying the silk proteins from solution into a solid protein once
again. This will be done allowing for a cell-free view of the process of silk
solidification that takes place within the gland. The work will be further
augmented by the addition of tests carried out on native full length silk
protein dope, prior to being solidified within the gland. Until now it has
not been possible to collect this material. However, thanks to the methods
set out in chapter one these material tests will shed new light on the

processes believed to be integral to the solidification of spider silk. It is
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hoped that these insights into the production of spider silk, full-length,

native form, could inform attempts to produce silk synthetically.

When the genes that make up spider silk proteins have been
studied, it has been found that the amino acid structure varies greatly
between species, however the N and C terminals of these disparate genes
are highly conserved, even among species that diverged 240 million years
ago (Strickland et al., 2018). Interestingly, whilst variation between
species was shown between the amino acid sequences, a discernible
pattern of regular repeating regions within the proteins was also found
(Ayoub et al., 2007) This genetic homology between the structure of the
genes themselves and the specific structure of the C terminal regions
suggests that these structures are important for the function of the
molecule. This is shown to be the case when solid fibres are studied using
X-ray crystallography and NMR, showing that the regular repeating
regions within the gene correspond to areas of high strength  crystalline
regions and smaller less regular “molecular spring-like" areas (Bram et

al., 1997, Jenkins et al., 2010, Strickland et al., 2018)

The exact nature of the transition from disordered silk dope into a
regularly ordered fibre is not as well understood. The generally accepted

hypothesis is that as the gel-like silk dope enters the duct it begins to be
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acted upon by shear forces, whilst being passed through increasingly
acidic regions of the gland, before finally reaching the spinneret as a solid
fibre that the spider can pull out and utilise (Vollrath and Knight, 2001).
Interestingly an in-silico study from Giesa et al (2016) found, using 3D
molecular modelling, that shear forces of 300-700MPa were required to
produce a silk-like fibre and that the shear forces were vital to the
alignment of the B-helix regions of the silk fibre. The particularly
interesting part of this is that B-pleated sheet regions of proteins gain
their high tensile strength from the formation of large numbers of
hydrogen bonds between the strands of the protein. Another interesting
advancement to this theory was a study into why silk does not solidify
whilst being stored in the lumen. Eisoldt et al. (2010) found that the
concentration of aqueous salt ions in the lumen played a significant role in
stopping the protein from solidifying in the gland. The study also showed
that when transitioning from the lumen into the duct and whilst passing
through the duct, the aqueous Na* ions are displaced and forced out by
an influx of K* ions promoting the solidification of the fibre (Eisoldt et al.,
2010). This is also supported by the molecular analysis of the C-terminal
domain that showed that two of the only polar amino acids within the
domain form a salt bridge between arms of the protein. When this salt
bridge is interrupted electrostatically, fibre formation is promoted. Whilst
these studies are invaluable to attempting to understand the precise

nature of what occurs within the gland, they were unable to use direct
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examination techniques as they did not have access to the initial starting
materials, namely the full-length natively produced liquid silk dope. Given
the exact nature of the solidification of silk is yet to be understood, it is

unsurprising that the dissolution of silk is also yet to be understood.

The desire to understand the formation of silk comes from a need to
understand exactly how silk’s material properties come about. The
hypothesis being, if one can replicate the spinning process with artificial
fibres, one might be able to make an artificial silk substitute. Two of
spider silk’s properties are its biocompatibility and the antimicrobial
nature of some silks. The antimicrobial nature of silks has been at least
partially known about for hundreds of years, with the 13% century Welsh
herbalists, the physicians of Myddfai, describing silk’s benefit as “styptic
for cuts” (Williams, 1928). Historically, spider silk has been used for
wound bindings and coverings to stave-off infection (Holland et al., 2019).
Whilst it can be assumed the ancient peoples utilising these
methodologies did not understand the biochemical underpinnings of their
methods, their prevalence is worth noting. There have been several
studies into the prevalence and ability of spider silks to have bactericidal
and fungicidal properties. Most seem to agree that sheet weaving species
such as house spiders and wolf spiders show the most antimicrobial

properties. The antimicrobial nature appears to be primarily through the
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inability of bacteria to bind to the silk, and therefore not being able to

form colonies (Phartale et al., 2019, Wright and Goodacre, 2012).

Biocompatibility in the context of spider silk refers to the ability of
silk to produce a specific biological function without causing off-target
effects or inflammation (Widhe et al., 2012). Using this working definition,
several studies have found spider silk to be an incredibly useful and
biocompatible material for medical uses. Silk has been used as a material
for stabilising injured bladders (Steins et al., 2015) or as a binding
scaffold to facilitate the healing of severed nerve endings (Allmeling et al.,
2008). There have been many studies that have shown silk’s efficacy as a
biomaterial both in facilitating the growth of host cells and in its ability
not to cause inflammation of the tissues that it is in close proximity to
(Holland et al., 2019). The success of spider silk as a biomaterial is likely
due to the molecules’ “low visibility.” Silk is made up of approximately
60% small nonpolar amino acids with the fibre itself having a very low
immunological profile. This is due to the majority small nonpolar amino
acids. Silk is, therefore unlikely to promote an immune reaction as it is
highly unlikely ever to be identified as foreign by the immune system

(Ayoub et al., 2007).
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Figure 23 A structural comparison between spider silk fibres and the fibres

produced by the silkworm Bombyx mori taken from Liu & Zhang (2014).

One of the commonly referred to analogues of spider silk is the silk
gathered from the domesticated silkworm Bombyx mori. The silk
harvested from silkworm cocoons has been being used in textile
manufacturing for over 4000 years (Ude et al., 2014) and macroscopically
bears a resemblance to spider silk, in that it is a naturally occurring
protein fibre produced by a specialised gland in an arthropod. Figure 23
shows a comparison between the morphological structure of silkworm silk

and spider silk. Both fibres are made up of smaller subunits. Spider silk
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has repeating, flexible, amorphous regions interspersed with crystalline
regions. Silkworm silk is made up of two larger, crystalline, fibroin regions
surrounded by an amorphous, flexible, sericin layer to confer flexibility to
the fibre (Liu and Zhang, 2014). When discussing the mechanical
properties of Bombyx silk versus that of spider silk we see comparable
properties. Both have a density of 1.3KgM-3, both are extensible, elastic,
and strong, although spider silk is the higher performing fibre, being
roughly twice as strong and elastic, and capable of extending one third
more (Craven et al., 2000, Pérez-Rigueiro et al., 2000). One of the major
reasons that Bombyx silk is so widely researched is the ease of its
farming. Many individual silkworms can be monitored and farmed side by
side, producing high silk yields per unit area, a boast that cannot be made
by spider silk. The cannibalistic nature of spiders makes their farming
unsuccessful. Many silk researchers have opted to work on the abundant,
if slightly less mechanically remarkable, Bombyx silk, rather than focus on
the more mechanically remarkable, but more difficult to obtain, spider silk
(Koeppel and Holland, 2017). The structural similarities between Bombyx
silk and spider silks, as protein fibres made up of strong crystalline
regions and amorphous flexible regions, makes silkworm silk a valid
control material when studying spider silk, as well as being an interesting

subject matter in and of itself.
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One of the benefits of comparing the two silks is the ability to
compare their respective literature. For example, a study undertaken in
2004 concerning the dissolution and regeneration of Bombyx mori silks
using ionic liquids (Phillips et al., 2004a) found that with extensive
preparation, silkworm silks could be dissolved in ionic liquids. This finding
was interesting as many of the previous methods for the dissolution of
silkworm silk resulted in problems. One method, for example, required
high concentrations of aqueous lithium salts or calcium chloride, resulting
in a solution that would only remain shelf-stable for periods of up to a
week (Yamada et al., 2001). Another method relied on the degumming,
freeze drying, enzymatic cleavage, dialysis and dissolution in 1,1,1,3,3,3-
hexafluoro-2-propanol (HFIP) (Ha et al., 2006). In both of these examples
broad methods had to be utilised to dissolve any of the silk proteins. The

use of ionic liquids simplified this issue.

The term “Ionic Liquid” refers to a group of organic solvents. They
are particularly interesting as they are, in fact, salts, whose large
structure makes their melting point below 100°C (Wilkes, 2002). The first
ionic liquids were discovered towards the end of the 19t century (Gabriel
and Weiner, 1888) and have since become a vital part of modern

chemistry (Wilkes, 2002).
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Figure 24 Chemical structure of the ionic liquid 1-Butyl-3-

methylimidazolium acetate (BMIM-OAc)

Figure 24 shows the chemical structure of the ionic liquid BMIM-
OAc. The Cation can be seen to have much larger structure when
compared to a metal salt (NaCl for example) with the anion being a
significantly smaller structure. The large and irregular shape of this salt
prevents the formation of a regular ionic lattice structure, preventing the
salt from forming a solid structure, therefore keeping it liquid at room

temperature.

Liquid salt solvents are an exceptionally useful tool in that, unlike
many other solvents, they do not evaporate. This means that once the
solvent has been used it can be recovered, leading to them often being

referred to as green solvents (Teixeira, 2012). It is worth mentioning,
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however, that the toxicity of ionic liquids, combined with their often non-
environmentally friendly manufacturing processes, has led many to avoid
using the term (Swatloski et al., 2003). Their strength as solvents derives
from their extremely polar nature. This highly polar nature allows ionic
liquids to heavily disrupt hydrogen bonding without degrading the primary
protein structure. This allows large, complex, water insoluble molecules to
be solubilised (Teixeira, 2012). This large-scale disruption of hydrogen
bonding was precisely what allowed for the success of the Mantz group in
2004 in their attempts to dissolve and regenerate Bombyx silks using
ionic liquids (Phillips et al., 2004b). More interestingly, upon removal of
the ionic liquid, the Bombyx silk was able to re-solidify, likely re-forming
many hydrogen bonds in the process (Phillips et al., 2004a). Imidazolium
based ionic liquids were chosen for this study due to their relative ease of
accessibility and their well-established uses in the wider literature (Gonfa
et al., 2011). The four specific ionic liquids that were studied in this
chapter were 1-Butyl-3-methylimidazolium chloride (BMIM CI), 1-Butyl-3-
methylimidazolium acetate (BMIM OAc), 1-Ethyl-3-methylimidazolium
acetate (EMIM OAc) and 1-Ethyl-3-methylimidazolium chloride (EMIM ClI).
Given that the prior literature showed the success of ionic liquid
dissolution of silkworm silk, these four ionic liquids were chosen to
investigate if the size of the cation or anion of the ionic liquid had any

effect of the success of the dissolution.
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In this chapter, a novel method for the dissolution and precipitation
of spider silk will be laid out. The further study, utilising both precipitated
silks and solidified silk dope to shed light on the process of silk
solidification, will also be presented. This further study was facilitated by
allowing for a more controlled environment in which the specific aspects
of silk solidification can be viewed without biological interference. The
potential avenues for further study brought about by the investigations
previously discussed in this thesis will also be laid out, Further works were
planned to be carried out but were unfortunately abandoned due to the
covid-19 pandemic Appendix 1 contains a description of the experiments

designed, but that unfortunately could not be performed.
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Methods

Dissolution of silk

Samples of silk were collected from the lab culture of a
Larinioides sclopetarius, weighed and separated into samples of equal
weight. Silk was shown to be resilient to dissolution in ethanol, methanol,
concentrated sulphuric acid (1M), concentrated sodium hypochlorite (2M),
dilute nitric acid (0.1M) and dilute sodium hypochlorite (0.1M) or sodium
hypochlorite (2M) and hydrogen peroxide (5%). In each attempt samples
were left overnight at room temperature. The only exception is the
incubation with sulphuric acid, where this was repeated and the sample
was held at 96°C overnight. The resilience to dissolution by submerging
the silk, agitating, and incubating overnight at room temperature, before
being neutralised and passed through a cellulose filter. The filters were
then flooded with Coomassie blue protein stain and washed three times
each with glacial acetic acid and methanol, until the filter had returned to
its original colour. The filters were then observed under a dissecting
microscope at X8 magnification. In all test large lengths of blue-stained
silk were clearly visible on the filter, showing silk’s resistance to
dissolution. It is worth caveating, however, that it is unknown if this

remaining section of silk was made up of both the outer and inner core of
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the fibre, or if the outer core had dissolved away leaving only the inner

core.

Silk samples were collected from spider pots taken from the lab spider
culture, labelled as either spun web (SW likely made up of Major
Ampullate, Minor Ampullate and Piriform silks (Vollrath, 1994) or egg Sac
(ES made up of Tubiform and Acneiform silks (Vollrath, 1994) or collected
from the field work site where the spiders were initially harvested
(labelled as environmentally collected web, ECW, a combination of all
collected webs and likely made up of all silk types). These samples were
chosen to showcase the efficacy of the methodology across multiple silk
types and with a large collection of different silk types ubiquitously. The
multiple silk types of the ECW were particularly useful in the initial
development of the methods as ECW was relatively easy to come by. This
allowed for a plentiful and easily replenished stock for testing. Once a
method had been shown to work on the ECW it could then be tested on
the much smaller quantities of specific silks collected in the lab. These
samples were compared with a positive control silk taken from Bombyx
mori (+Ve). Bombyx silk functions well as a positive control because it
was used as the subject of the seminal study into the dissolution of silks
(Phillips et al., 2004b) and therefore, is known to both dissolve in ionic

liquids and to re-solidify. A negative control of just ionic liquid (-Ve) was
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also used. Both controls were treated in the same way as the test silk
samples to show that any observed results come from the dissolved silk
and not the solvent. Silk was cleaned by removing, with forceps, any
obvious contaminant, uneaten flies, or spider malts. The samples were
washed to remove as much of the non-web material as could be
realistically achieved. The was started with 100% ethanol and detergent,
until the wash solution reached a consistent clarity, finishing with three
wash steps in sterile distilled water to remove any remaining detergent.
Although this wash step removed large quantities of debris, small or
particularly difficult to remove debris remained. Samples were then dried
in @ 36°C oven for one hour until a consistent weight had been reached.
100mg samples were then weighed and mixed with either 1-Butyl-3-
methylimidazolium chloride (BMIM-CI), 1-Butyl-3-methylimidazolium
acetate (BMIM-OAc), or 1-Ethyl-3-methylimidazolium chloride (EMIM-CI),
or 1-Ethyl-3-methylimidazolium acetate (EMIM OAc) forming a 10%
weight / volume solution. The acetate and chloride cations were chosen
as they showed variable viscosity at room temperature. The resultant
solution was then incubated overnight in a 60°C, in a 240-rpm shaking
incubator, to dissolve. Following the heat aided dissolution, samples were
centrifuged at 14000rpm for 15 minutes causing any remaining web
contaminates and undissolved silk to pellet the bottom of the vessel which
allowed for the clarified ionic liquid and silk solution to be removed to a

separate clean vessel.

165



10

11

12

13

14

15

16

17

18

19

Precipitation of silk

Dissolved samples were precipitated by utilising the natural
immiscibility of silk proteins in EtOH, combined with the affinity of ionic
liquids to readily dilute in EtOH. This confluence of properties allows
dissolved 100ul 10% W/V silk samples to be pipetted onto microscope
slides, submerged in an excess of 100% EtOH and gently agitated for 1
hour before discarding the EtOH and repeating twice more. This serial
dilution of the ionic liquid caused the silk proteins to precipitate out of
solution onto the microscope slide. Precipitated silk was visualised using a
polarised light microscope as previously described (chapter 2, methods,

P100).

Spin-coating

Spin-coating is a material testing method that relies on loading a
sample onto a small glass plate and spinning at high revolutions per
minute to deposit a thin even layer of the substance onto the plate.
Initially used in the late 1950’s (Emslie et al., 1958), spin-coating
provides an opportunity to study very thin layers of viscous solutions and
has become a common tool in the world of material sciences (Cohen and

Lightfoot, 2011). Spin-coating plates were first cut to an appropriate size
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(2.5x2.5cm), then cut sample plates were placed into a sonicating water
bath for 5 minutes. Sample plates were then dried using compressed Ny,
before being washed in ethyl lactate, acetone, methanol, and isopropanol,
with sonication and drying with N2 being applied between each wash step.
Sample plates were loaded into the spin-coater and held in place with
suction. The plates were then loaded with 500pul of EtOH and spun as a
final cleaning step. 200pl of dissolved silk was applied to the spin-coating
plate before being spun at 4000 rpm for 30 seconds on max acceleration
(0-4000rpm in 3 seconds). 500ul of EtOH was then applied and spun to
remove any residual ionic liquid left on the plate, repeating if the silk
sample on the spin-coating plate had not yet solidified. Samples were
then viewed using polarised light microscopy as previously described in
chapter two (chapter two, Methods, Polarised light microscopy p100). The
same protocol was followed when spin-coating liquid dope with the

exception that once the sample was loaded onto the spin-coating plate,

no additional ethanol was applied.
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Results

The following figures are taken from a series of experiments into attempts
to dissolve spider silk and from attempts to solidify spider silk, either raw
silk dope, or dissolved solid silks, from a liquid medium. The development
of the methods included attempting seven unsuccessful methods before a
successful one was found. Once a successful method was found it had a
100% success rate in both ionic liquids. The images chosen in the figures
are taken from a pool of over 1300 images. The images chosen where

selected as they best portray the experimental outcome being shown.
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Figure 25 Birefringence comparison between native spun silk (Web)(1),

ionic liquids only (-Ve)(2) dissolved and precipitated Bombyx mori silk

(+Ve)(3), dissolved (10% w/v silk in BMIB-Cl) and precipitated spider silk

(Silk)(4-6) viewed through an Olympus CH Petrographic polarising light

microscope using 10X and 40X lenses. Scale bars are found in the bottom

right of each image, annotated with coloured arrows showing the

orientation of the crystal structure. The box labelled Bu denotes a bubble

formed during the solidification process.
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Figure 25 shows, using polarised light microscopy, a comparison
between native spun silk (web), ionic liquids only (-Ve), Bombyx mori silk
(+Ve) and dissolved and precipitated spider silk (Silk). All samples,
except the native spun web, were dissolved in BMIM-CI before being
pipetted onto a glass slide. All samples were then washed in ethanol and
dried until a constant weight had been achieved. Whilst being washed the
silk and ionic liquid solution appeared to gain height and formed what
looked like a three-dimensional, gel type structure, with what looked like
bubbles forming in the solution. As successive washes were applied the
height of this structure diminished until it appeared to be a very thin film
on the slide. What is thought to be one of these bubbles is highlighted in

image 4 with the label “Bu”

In Figure 25 the native spun web provides context for the native
birefringence shown through polarised light microscopy (PLM). The
coloured arrows on image 1 of Figure 25 show the birefringent colours of
native spun spider silk in two different orientations. The negative control
(-Ve), unaltered ionic liquid treated in the same way as the samples,
shows that any birefringence seen in the other samples is due to the silk

present within the ionic liquid. This control shows that the birefringence
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seen is not a product of either the ionic liquid itself or the washing and
drying process. As shown in the previous chapters, when in their liquid
form, silks do not show birefringence due to their lack of a refined,
repeating crystal structure. Therefore, the presence of birefringence in the
Bombyx sample shows the efficacy of the methods. Image 4 of Figure 25
shows that the dissolution from solid spun fibres and subsequent
precipitation onto the slide was successful, as it shows the same colours
seen in image 1 and 3. Image 4 also shows a highlighted structure
labelled “"Bu” this is believed to be one of the bubble like structures that

may have formed during the wash step of the re-solidification process.

The latter 3 images of Figure 25 show precipitated spider silk at
varying magnifications. These images have been annotated with coloured
arrows corresponding to the same colours seen in image 1.T, he colour of
the birefringence corresponds to the orientation of the crystal structure as
discussed in chapter two (chapter 2, Image 4 shows the precipitated silk
showing the same patterns and colours of birefringence shown in the
Bombyx silk in image 3 and in the native spun web in image 1. This
image also shows the presence of a large amount of debris. This debris is
small parts of invertebrates previously caught in the web prior to
dissolving, and which could not be removed through washing or

centrifugation. The bottom two images of the figure show higher
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magnification view of the precipitated silk. Image 5 shows an area where
the forces applied to the silk whilst drying have caused a pseudo fibre to
have formed. This pseudo fibre shows a very high degree of birefringence.
Image 6 shows a higher magnification view of what initially appeared to
be a smooth section of precipitated web. Upon closer examination, the
silk forms areas of homogeneity, with the silk proteins forming in similar
directions to that of their neighbours, highlighted with arrows
corresponding with the direction of organisation seen in the other images
of the figure, with each of these areas of homogeneity seeming to blend

into a more disordered array of proteins.
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Figure 26 Spin-coating of native silk dope imaged using a light

microscope. Samples spun at 4000rpm for 45 seconds, imaged using a

Nikon Eclipse TS100 and viewing via a CMEX5 top mounted camera. "De” denotes

debris found in the centre of the plate and “"Bo” denotes the boundary

between two phases

Figure 26 shows the results from performing spin-coating using

native spider silk dope. Three individual glands were macerated on a
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clean spin-coating plate before being allowed to sit for one minute.
Samples were then spin-coated at 4000 rpm for 45 seconds until dry. The
central points of the crystallisation structures are most likely damaged
fragments of gland epithelium acting as nucleation points. An example of

this is highlighted by the label De in Figure 26.

There have been attempts to form Bombyx or spider silk from
regenerated or recombinant silks (Liu et al., 2019) and even a study
using native liquid dope from Bombyx mori silk (Greving et al., 2012).
Figure 26 represents the first attempts made to categorise the fibre
formation from native liquid spider silk dope in laboratory conditions. It
can be seen from the figure that the silk is crystalising in web-like
patterns, spreading radially from a single point. This radial spread is made
up of principal limbs which branch and go on to form multiple smaller
limbs. Interestingly this can be seen happening multiple times across the
spin-coating plate. The lower image of Figure 26 shows the point of
confluence of three such crystallisation structures. It can be noted that
whilst the spreading continues until all available space is occupied within
the web-like structure, the limbs do not seem capable of joining end on
end. This can be seen in the clear boundaries occurring between the

crystallisation points.
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Discussion

As previously stated, there are many problems with the immiscible
nature of spider silk, which limits the ease of characterising the
composition of these proteins. As listed in the failed attempts to dissolve
silk methods, the resistance of silk to being solubilised by alcohols
(ethanol, methanol, propanol) and the resistance of the core fibre to
being broken down by strong acids (sulfuric and nitric acids) or strong
bases (sodium hypochlorite, sodium hydroxide) or even the presence of
oxygen radicals (sodium hypochlorite and hydrogen peroxide) make
studying the biochemical makeup of the silk difficult. Whilst it has been
shown to be possible to dissolve Bombyx silks in HFIP, the preceding
processes inherently modify the fibre (Ha et al., 2006). One of the
principle problems is its difficulty in being dissolved by the most
frequently used solvents, which in turn limits the ability to utilise many
forms of investigative techniques. This precludes any form of gel
electrophoresis, any form of Western blotting and any of the various
advanced chromatography techniques that have made modern proteomics
such a diverse field. Whilst genomic tools have allowed the observation of
the liquid protein in silico and the solid protein in material research, the
lack of access to the litany of commonly used analytical techniques limits

the work that can be undertaken on the liquid silks themselves. This
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promoted the development of the methods to dissolve and precipitate
silks using ionic liquids, as it allowed access to more investigative
techniques that, in conjunction with polarised light microscopy, were not
previously available. In addition, without these methods, the only avenue
for study is the mechanical properties of spun silks, or the genetic
makeup of the silk protein genes combined with observations of the gland
itself. This difficulty of studying the folding behaviours of spun silks in real
time has led to a potential blind spot in the research, as until now, it
could not be shown for certain what specifically is happening within the

gland and to the silk proteins themselves.

Figure 25 shows the first successful attempt to dissolve full-length
spider silk proteins, as well as the first successful attempt to precipitate
full-length spider silk proteins in a non-native conformation. This can be
seen from the birefringence patterns shown in the native fibres being
present in the final precipitated layer. As expected, these patterns can
only be seen when polarised light is passing through a regular repeating
structure. As previously stated in chapter two (chapter two, Discussion
P141-142) the presence of any areas of consistent colour change in
polarised light microscopy represents the presence of a minimum of
hundreds of silk proteins all alighed with one another, a pattern that

cannot be observed in the dissolved silk solution.
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What is of particular interest is that, whilst under the same conditions,
there can be a large variety of structures formed. Interestingly, whilst the
ionic liquid and silk solution is submerged in ethanol, it was observed that
a quasi-gel-like structure forms. Given that, when separate, the miscible
solutions are 100% pure ethanol and 100% pure ionic liquid, when mixed,
the forces of diffusion will tend towards a macroscopically even mixture of
the two liquids. This means that in the solution of ionic liquid and spider
silk, the ionic liquid will be washed away by the ethanol. Given this is
happening in a three-dimensional structure, the forces of diffusion will not
be occurring evenly across the whole structure, as the external surfaces
will be more accessible to the ethanol wash. It could therefore be
hypothesised that this might create a situation whereby silk no longer in
solution will be surrounded by areas where the silk still is in solution.
Given the dissolved silk is more mobile than the now solidified silk, this
could create small holes in the 3D silk ionic-liquid-ethanol quasi-gel.
These areas of differing properties might allow for the formation of a
sponge-like structure and therefore, at distinct stages of the precipitation,
the silk will be acted on by differing forces. If this were true these areas
of differing forces would likely cause a birefringent pattern, such as the

one observed in the latter three images of Figure 25.
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The birefringent pattern can be seen in the bottom of images 3 and 4
of Figure 25, where the round, bubble-like structures show a higher
degree of birefringence around their edges, where they were likely acted
upon by more shear forces. The last two images of Figure 25 show this in
more detail. The image on the left shows what appears to be a region
where the presence of a directional force applied to the silk whilst
“drying” has aligned the proteins into a small fibre-like area. This is
highlighted in image 5 by an arrow of a corresponding colour. This arrow
is similar in colour and orientation to one of the arrows also shown in
image 1 of Figure 25. The similarity of the direction and colour between
the two silks shows a regular repeating structure in the same orientation.
However, in image 6 of Figure 25, not only will the proteins still solidify in
the absence of a directional force, but when they do, they form small
regions of homology, where the proteins will align with each other. This is
highlighted by small arrows showing the areas of the sample with the
same colours, and therefore the same orientation, as seen in image 1 of

Figure 25.

Imidazolium based ionic liquids were chosen for this study due to their
relative ease of accessibility and their well-established uses in the wider
literature (Gonfa et al., 2011). The four specific ionic liquids that were

chosen all showed similar results to those displayed in Figure 24. The
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scope of the experiment was to determine the possibility of dissolving and
precipitating spider silks, rather than to show the efficacy or advantages
of a single ionic liquid type over another. The acetate cationic variants
were chosen, to provide potential substrates for the electroporation of a
silk ionic liquid solution, as electroporation of chloride cations would
produce chlorine gas, which would be a health hazard. The success of the
methodology is likely due to the highly polar nature of the ionic liquids
themselves. This highly polar environment very effectively interrupts
already formed hydrogen bonds and prevents them re-forming. Given
that B-pleated sheets hydrogen-bonding to adjacent B-pleated sheet
regions in separate proteins is what binds the silk fibre together and gives
rise to the strength and resilience of the fibre, interrupting these bonds
interrupts the structure of the whole fibre. This separation of the proteins
from one another is what allows for the dissolution to occur. Given it is
the highly polar nature of the ionic liquid that allows for dissolution of silk
it should be possible to perform the same or similar methods using a wide
variety of ionic liquids. Specifically, it has been shown that cellulose based
hydrogels can be formed by dissolution in a solution of BMIM OAc and
DMSO (Satani et al., 2020) as can spider silk. Imidazolium based ionic
liquids in general and BMIM OAc specifically however are considered
highly toxic to people and the environment (Leitch et al., 2020) meaning
this specific protocol is not fit for medical investigation. There is however

an avenue for future work in that cellulose has also been shown to
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dissolve in tris(2-hydroxyethyl)methylammonium methylsulfate which is

considered a minimally toxic ionic liquid, both to organisms and to the

environment (Markiewicz et al., 2016). It is not guaranteed that because

two molecules share a solvent in common, they will behave similarly in

solvents shown to work on one of the two. It is, however, a worthwhile

future study, as dissolution of silks in biocompatible ionic liquids would
open the door for a potential use case within medical device

manufacturing.

Figure 26 represents the first attempt to categorise the formation of

silk from native spider silk dope. Whilst previous models have gained
evidence using in-silico models based on genomic data, or physical
observations made on spun silk fibres, or a combination of both, this

experiment represents the first time native, full-length, spider silk

proteins have been solidified due to in-vitro interventions. The rationale

behind using a spin-coater was that it was the simplest method of
introducing large shear forces into a several-microlitre quantity of silk
dope in a uniform manner. Figure 26 shows what seems to be a

nucleating agent in the centre of the web-like structures which support

S

the findings shown in Figure 25. Also shown in Figure 26, the radial limbs

of these structures seem incapable of meeting and joining with another

radial limb when travelling in opposite directions. This is shown in the
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distinct gaps surrounding each web-like structure. When taken into
account with the findings of the Buehler lab which states the shear forces
required to form spider silk into fibres is 300-700MPa (Giesa et al., 2016),
these findings are particularly interesting within this context of the
direction of the forces applied to a plate. On any spinning surface the
direction of the force applied is radially outwards from the centre of the
plate, therefore the assumed results for this work would be that one
would see a single web-like pattern radiating outwards from the central
axis of movement. The fact that this is not the case is interesting.
Consider a single point of nucleation as imaged in Figure 26, only one of
the limbs of the crystallisation pattern can be in the direction of the radial
force applied. Every other radial limb is either working slightly or totally
against the plane of the force being applied. Furthermore, the observation
that the radial limbs seem incapable of joining with another limb moving
in the opposite direction, raises interesting questions about the
polarisation of the protein fibres and their inability to form in non-native
conformations. Elucidating the mechanisms causing this effect is an

avenue for further study.

When we observe the solidification of silks shown in Figure 25 and Figure
26, it is important to consider the environments that have led to this

solidification. According to the literature there must be a movement of
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sodium ions as well as a strong acidification coupled with strong shear
forces for a silk fibre to be formed. These assumptions have been made
based on anatomical study of the silk glands, study of the haemolymph
surrounding the glands and computer modelling of the proteins
themselves. This is interesting, however, as at no point during the
solidification of either the dissolved silks, or the solidification of the native
spider dope, under spin-coating, was there either a strong acid or shear
force (in the order of several hundred million Newtons per square meter)
present. This therefore begs the question: if silk could form without these
things present, then how vital are they? It has already been shown that
silk, when left undisturbed externally to the gland, will preferentially
solidify on a plate from a single point of nucleation as shown in Figure 19
and, whilst this formed neither fibres nor fibre-like structures, it does

show the solidification in a heavily alkaline solution.

A recombinant simplified silk protein coupled with a soluble protein
partner was able to self-assemble into fibres following proteolytic
separation of the solubility partner (Stark et al., 2007). This example also
shows the formation of solid fibres in the absence of shear forces or a low
pH. When Yin et al. (2017) were able to successfully isolate the
hydrophilic areas of spider silk fibroins, they found that these areas

spontaneously arranged themselves into complex hierarchical structures
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in aqueous conditions, completely in the absence of shear forces or

extremes of pH (Yin et al., 2017).

Figure 25 and Figure 26 show the formation of both pseudo fibres and
solid silk in the absence of both a low pH and considerable shear forces.
An interesting potential explanation for these disparities is that the
descending pH reportedly measured in the glands and their surrounding
haemolymph, could be due to an excess of sodium ion hydrate structures
interfering with the proper functioning of pH readers and not an excess of
hydrogen ions. The positive nature of the sodium ion in aqueous solutions
has a tendency to attract the lone electron pairs of the water molecules,
leaving the positive dipole of the hydrogen atom exposed, and creating a
weak electrostatic force that would create a falsely inflated number of

positive dipoles on a small scale (Wang et al., 2019b).

PH meters imply the concentration of hydrogen ions in a solution
(pH) by measuring the potential difference between two terminals. One
terminal in the test solution and one in a small quantity of liquid of
controlled a pH. The electrical difference between the two terminals is
then used to calculate the pH. Rather than by calculating the actual
concentration of hydrogen ions in the solution. This could cause erroneous

readings when in the presence of a large quantity of sodium hydrate ions,
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as it is possible that a sharp local increase in the concentration of sodium
ions could create sufficient sodium hydrate ions to give a false reading on
a pH meter. This would be supported by the fact that the B-pleated sheet
regions of the silk protein, which are so vital to silk fibre structure, are
held together by hydrogen bonds, which can be stopped from forming by
the presence of an acidic pH. When taking all of this into consideration, a
possible new hypothesis for the formation of a solid silk fibre can be
postulated. Namely, that the principal driver of the formation of silk is a
directional polymerisation brought on by nucleation. This nucleation
driven polymerisation may require refinement. It is likely that this is
where the importance of the shear forces in the duct of the gland comes
in. The most efficient method of testing this would be by viewing a whole
silk producing gland under an ultrasound microscope such as the one
developed by Salvatore La Cavera in the University of Nottingham. Using
this technique, which relies on the relative difference in the acoustic
properties of different substances, it may be possible to determine exactly
where within the gland a silk thread solidifies and furthermore, if the
density of the newly solid fibre, then continues to solidify along the length

of the duct.
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Conclusions

In conclusion, the ability to study the liquid protein silk dope that is
produced in the silk gland allows for an opportunity that has hitherto not
been available. Whilst the material itself is by no means novel, the ability
to isolate and study the highly concentrated native silk proteins is. This
allows for the in-depth study of the specificity of silk solidification. As this
chapter shows, it is possible that the previously assumed vital processes
that occur within the silk gland of descending pH and shear forces, may
not be as vital to the process of producing solid silk as previously
assumed. Additionally, the ability to dissolve and re-precipitate native
spun silk proteins allow for many different diagnostic tests to be
performed. Specifically, the previous inability to utilise any solvent based
analytical chemistry techniques need not be such an impediment. Now
that silk can be formed both from, and without the actions of, a silk
gland, comparative enthalpy change of formation calculations could be
made to determine the precise level to which the actions within the gland
improve the molecular strength of the protein, giving rise to potential
insights for industrially produced biomaterials hoping to mimic the

material properties of spider silk.
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Aside from the benefits that can be gained in the academic study of
silks, the ability to dissolve silks into a stable, highly polar solvent could
open the door to industrial applications. For example, if a high current
were to be passed over a thin layer of silk dissolved in ionic liquids, then
it would be possible to separate the anion and cation of the ionic liquid
thus removing the solvent and depositing the silk. With work this could
quickly become a method for 3D printing with spider silk proteins. The
ability to create a porous gel from spider silk impregnated with ethanol,
could open the possibilities for modifying native full-length, silk proteins
with additional materials, for use as medicinal hydrogels or films.
Similarly, using this methodology, medical implants could be coated in
biocompatible, antimicrobial, biodegradable coatings that promote cell

adhesion whilst inhibiting bacterial growth.
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Thesis Discussion and Conclusions

Discussion

The importance of silk to the life cycle of spiders cannot be
overstated. From egg sac to prey capture, habitat building to courtship
rituals (Ghislandi et al., 2017), without silk most spiders would not
survive. The ability to study the glands that produce that silk as they
function therefore, provides a valuable tool for the study of silks and
spiders. The development of a methodology for the dissection and
culturing of silk glands provides the first opportunity to study the silk
glands whilst still functioning in an ex-vivo system. The glands, when
situated normally within the spider, are free floating in a nutrient rich
haemolymph. Whilst they are commonly surrounded by adipose tissue,
they are neither controlled by, nor directly attached to, muscle or nerve
cells. When viewed from the gland’s perspective, there is little mechanical
difference between functioning within the spider and continuing to
function in culture. This not only allows for the study of the whole gland
undergoing vital metabolic functions but has the distinct advantage over
any form of immortalised cell line work, that the work did not require

major structural changes to the genome before the cells could be studied.
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The importance of silk to biomaterial research should not be
overlooked. An antimicrobial, biocompatible fibre that is cryogenically and
rotationally stable, roughly as strong as high-grade steel and capable of
dissipating 70% of energy imparted to it as heat, could have many uses.
Despite multiple attempts to produce spider silk on an industrial scale, the
resultant proteins, whilst impressive, cannot boast all the material
properties that native full length spider silk fibres can. The ability to study
the gland and the liquid silk dope in a controlled environment could
provide industrial insights that would make the industrial production of

spider silk a reality.

The key findings from chapter one are that it is not only possible to
dissect out intact glands from distinct species and keep them alive in
culture, but that whilst in culture the gland behaves as it would when still
situated within the spider. The processes of nutrition and excretion within
the silk gland can now be studied in a controlled environment. This would
open the door to future works, building a far deeper understanding of the

specific cellular mechanisms that lead to the production of spider silk.

Chapter two serves to demonstrate the investigative techniques
that can be applied to this system and the novel findings that can be

obtained through the study of cultured glands. Firstly, the detailed view of
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the distinct cellular specialisations that occur along the length of the
gland, shows the vital nature of each part of the gland working in concert.
Secondly, the ability to view the solidification of silk dope from outside the
gland over time, provides the first look at an investigative novel material,
allowing for more in-depth work into the precise nature of silk as it
solidifies, both into an aggregate and into a fibre. Finally, the gland repair
pathway. The discovery of a self-contained, autonomous repair pathway
in an organ, vital to the survival of the organism, is both surprising and
obviously necessary. Were a spider to sustain damage to their silk glands,
then not only would there not be available silk where needed, but the
constantly escaping and solidifying silk would probably cause the
organism to die. In this respect, the existence of a repair mechanism is
unsurprising. What is surprising is that this repair pathway is initiated,
carried out and terminated entirely by the gland, without the assistance of
external damage reporting molecules. The discovery of this repair
pathway could not have been possible without the development of the
dissection and culturing techniques presented and could pave the way to
fascinating work on the cell-cell interactions and repair pathways in
spiders. Not only this, but once the mechanisms underpinning the repair
pathway are elucidated it could lead to the development of novel

methodologies for large scale culturing of silk producing cells.
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The third chapter focused on the development of a novel method for
the dissolution of native spun, full length, silk proteins, as well as a
complementary method for the precipitation of spider silk onto a
substrate. The chapter also focuses on studying the solidification of spider
silk from liquid silk dope, in a gland-free environment, for the first time.
When viewed separately these results are both novel and interesting. The
ability to dissolve and re-precipitate spider silk could open the door to
multiple biomaterial applications, from 3D printing to medical implant
coatings. Whilst the ability to perform investigative techniques on liquid
silk dope provides an opportunity to further study and better understand
the solidification of spider silk. When used in conjunction, however, these
techniques provide an interesting opportunity to study the solidification of
silk in the absence of factors deemed to be vital for its solidification.
Factors such as shear forces and descending pH have long been thought
to be fundamental to the formation of silk. The ability to remove or
control for these factors could provide insights into the formation of spider
silk. These insights could be vital to biomaterial researchers unlocking the
full potential of synthetic or artificial silks. Chapter Three also details
experiments designed to form the next phase of this research, specifically
how to begin adapting this novel system for biomaterial research that

could have industrial applications.
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Thesis Conclusions

The three aims stated in the beginning of this thesis were:

1. To design an ex vivo tissue culture system that allows for the study of

silk glands and their production of spider silk.

In investigating this aim it has been shown firstly that silk glands
from multiple species can be dissected and cultured, providing a
novel and widely applicable new investigative technique for the

study of spider silk.

To investigate what could we learn from these dissected glands.

Through investigating this aim it has been shown that silk glands
are capable of autonomous glandular repair, elucidating not only
how internal damage could be fixed in spiders at large, but

providing an avenue for future research.

To investigate what could be done with dissected silk glands.
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In investigating this it has been shown that native spider silk can
solidify, not only into aggregates, but also into fibres, in the
absence of factors thought necessary for their formation. In
addition, that spider silks can be dissolved and resolidified, opening

up an interesting avenue for potential medical applications.

The work described in this thesis is not a finite avenue of
investigation with a predefined outcome that is being targeted. The
“research journey” embarked on is not one with a final or simple
conclusion, instead it is one of discovery. This work could best be
described as a good start. The chapters describe the discovery and
development of a novel technique, and the attempts made to leverage
this new technique into better understanding the fundamental aspects of
spider silk. This work could well have industrial applications, or academic
ones, ideally the works would be applied in both fields simultaneously.
What can be said with certainty is that it is possible to culture spider silk
glands. Those glands continue to produce native spider silk long after the
original host has died and that the opportunity to study these glands

provides an opportunity that has only just begun to be explored.
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Appendix 1. The designed experimental

works abandoned due to Covid 19

In this section, experiments that were designed but never able to
be implemented will be laid out. Specifically, due to the pandemic and the
corresponding inability to access lab spaces, many of the experiments
that were planned and organised could not be attempted. This section
should therefore be viewed as an extensive future work section. Whilst
predictions made as to the results of these investigations are based in the
context of experiments previously carried out and the wider literature,
they should be used to demonstrate the intended outcomes and any

speculation based on those results should be viewed as such.
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Experimental Design

Cell Death Assay

To test the potential biocompatibility of precipitated silk, two
tandem cell survival assays will be performed using prokaryotic pathogen
analogues and eukaryotic human analogue cells. For each experiment:
dissolved silk will be pipetted in each well of a 96-well plate, Bombyx silk
will be pipetted in each well of a 96-well plate as a positive control,
unaltered ionic liquid will be pipetted into each well of a 96-well plate as
an experimental control and finally an untreated 96-well plate will all be
washed repeatedly in ethanol and dried until a constant weight is
achieved, as described above (chapter three, Methods, Disoloution of silk
P162-164). To four of the eight prepared plates a controlled volume of
Escherichia coli will be added, and to the other four a controlled volume of
human analogue cell type will be added, most likely HeLa or CHO cells,

depending on availability.

The spider silk coated wells are the test sample to show how both
bacterial and human analogue cells behave when in contact with spider

silk. This can then be used to test whether the biocompatibility shown in
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native spun silks is also present in silks that have been dissolved and

precipitated.

The Bombyx coated wells will act as a material control, as Bombyx
silk can be dissolved using the same methods as spider silk but is not

reported to show the same biocompatibility.

The ionic liquid plate will act as a methods control. By treating the
plates in the same way as the test plates, as in washing in ethanol and
drying until consistent weight is achieved, it can be shown that either
there is no remaining ionic liquid present on the plates, or that the
residual ionic liquid that may be present is not affecting the growth of the

cells.

The empty plate will provide the baseline measurements against
which the experimental plates can be compared. Using this empty plate to
show how a normal growth curve would behave under the same

treatments, allows for a strong comparison to native growth rates.

Plates will then be incubated in a plate reader to monitor the
growth, for 12 hours, to allow the cell culture to reach a stable

population. Optical density measurements will be analysed by calculating
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an average increase or decrease in optical density for each time point, as
well as a final measurement showing the total difference in optical density

across the experiment. This will be analysed using the equation

(=(oDtime-0D initial))
96

providing a good number of samples from which to take

an average. Whilst these methods are crude they will function to show a
strong initial indicator of the survivability of the materials,(Postgate,
1967). A positive result in this experimental work would indicate the
worthwhile progression onto more in-depth study into the viability of this

silk material as a medical implantable.

A secondary, more detailed study would be undertaken. This follow
up study would be determined by the results of the previous work. As
such the strict structure of the scheme of work cannot be determined.
Having said this, the broad structure would likely lead from microscope-
based, cell death assays as set out in the NIH Assay GMguidance manual
(Riss et al., 2004). The aim of this program of research would be to begin
to attempt to follow the guidance laid out in the International Standard
for Biological Evaluation of medical devices — Part 5: Tests for in-vitro
cytotoxicity. This would mark the first steps into “true” functionalisation,
as it would indicate the actual viability of a spider silk based medical

device.
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Designing and producing a plasmid for the production of transgenic silks

To attempt to functionalise the gland’s enormous protein making
capabilities, a transgenic silk gland will be created. This will be done in
three phases: Designing and producing the plasmid, transfecting the

gland, and confirmatory PCRs.

Kanamycin resistance
Selectable Marker

Plasmid

Vector Multiple Cut Site

Gene insert
sp1 | | Ut RFP Cut | | sp1
site site

Pl s

Figure 27 A diagrammatic representation of an idealised gene integration

plasmid and corresponding gene insert. The key features are the 200bp

flanking regions of MaSp1 gene, flanking the red fluorescent Protein (RFP)

gene insert. This will be placed on a simple amplification plasmid with a

selectable antibiotic resistance marker.

197



10

11

12

13

14

15

16

17

18

19

20

21

Using a model species with a known genome (Nephila clavipes),
primers will be designed to PCR out 200bp sections of genomic MaSp1
gene, as shown in Figure 27. To be able to produce these gene
fragments, first DNA extraction of whole glands must be performed to
collect the necessary template DNA. Following this, the template DNA will
be used in a PCR reaction to amplify specifically the 200bp gene
fragment. This specific size of gene fragment will be selected for from any

other potential gene fragments through gel electrophoresis purification.

Once the gene fragments have been produced and purified, they
can then be ligated into an amplification plasmid so that they are flanking
either side of an RFP gene. RFP was chosen to provide the clearest
possible positive signal if successful, as silk glands show minor auto
fluorescence in the green channel (Palmer, 1985a). Once the plasmid has
been successfully ligated it can then be transfected into Escherichia coli
and subsequently cultured in kanamycin containing media, to select for
successfully transfected cells. To confirm successful transfection a
miniprep followed by confirmatory PCR will be performed using primers
designed to cover both the gene insert and the plasmid itself. Once
successful amplification is shown, several litres of transfected Escherichia
coli will be produced and allowed to grow before being collected and the

plasmids removed and purified using a MaxiPrep kit and gel
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1 electrophoresis purification. The plasmid stock will then be frozen to

2 ensure continued stock availability.
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Genome

Cross over
event

Plasmid

RFP insert in somatic
Spl gene
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)/ —— e S,

SPa Sz

Figure 28 A diagrammatic representation of a double strand crossover

event that could integrate the transgenic gene into the host genome.

A diagrammatic representation of the ideal double strand crossover
event that could be utilised to incorporate the transgenic gene into the
genome of the host organism (Figure 28). The lower part of Figure 28
shows a representation of the transgenic genomic gene with the
confirmatory PCR primer sites highlighted. The confirmatory primers will
function to demonstrate the successful integration of the plasmid into the
genome. Confirmatory primers 1 and confirmatory primer 2 will cover an

area of the genomic Sp1 gene is not present in the insert and an area of
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the Spl gene present on the insert. These will show proper integration of
the insert into the genome. Primers 3 and 4 will cover areas of the Sp1l
insert and the RFP gene to show proper integration of the RFP insert.
These primer pairs will function as follows P1&P2- will show the full Sp1
Gene is still present. P1&P4 will show successful integration at the start of
the Spl gene. P2&P3 will show successful integration with the end of the

Spl Gene. P3&P4 will show that the RFP insert is integrated and intact.

Through exploitation of the DNA repair mechanism that governs
double strand breaks and non-homologous end joining, it should be
possible to integrate the modified gene into the silk gland. This will rely
heavily on the homologous regions of the gene insert being recognised as
a “damaged gene” and then being subsequently re-incorporated into the
genome. This process could be aided by intentionally damaging the gland

to promote the repair pathway and its involved cell replication.

Plasmid DNA will then be digested to remove and linearise the
specific target fragment. The gene insert will then be introduced to the
gland in a minimal amount media using the lipofectamine gene delivery
system. This will deliver the gene directly to the cells of the gland where
either the gene will become incorporated into the genome of the gland

through non-homologous end joining, or the gene insert will interact with
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the protein manufacturing machinery of the cell directly and begin
producing transgenic silks from there. To determine which of these

outcomes has occurred, confirmatory PCRs will be performed.

Cell repair pathway

To elucidate the nature of the whole gland autonomous repair
pathway a large-scale transcriptomic screen will be performed. This will
be done using a model organism such as Nephila clavipes with a

sequenced and annotated genome.

100 glands from culture will be damaged at incremental time points
throughout the repair process, with each batch then being flash frozen in
liquid nitrogen to preserve the RNA, before being processed and the RNA
purified and stabilised. This RNA will then be sent off for RNA sequencing.
This sequence will be used to create a transcriptomic clock detailing the

genomic events underpinning the repair pathway.

Using this transcriptomic clock to determine the baseline
housekeeping genes being consistently transcribed, it will then be possible
to identify any genes that have been up or down regulated outside

baseline housekeeping levels. Using this data in conjunction with
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database searching to determine homologues in more highly studied
systems, it should be possible to compile a list of genes most likely to be
involved in the repair pathway. Then using rtPCR a more detailed and in-
depth study can be undertaken to show precisely when and how each

gene is active in the system.

Conditionally on the success of all previous steps, a final possible
experiment would be undertaken. If a single or group of genes was found
to be highly active at the start of the repair process then those genes
would be integrated individually onto an expression plasmid to then be
cultured, expressed, and purified. These selected repair markers could
then be introduced to undamaged glands in an attempt to promote the

repair pathway, with effects observed using microscopy.
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Discussion of predicted results and future work

Once the process for the dissolution and precipitation of spider silk
had been developed, it fortunately opened a door to further study of silks
that had up until that point not been possible. Unfortunately, the global
COVID 19 pandemic made further exploration of this work impossible.
Due to this shift in ability to perform novel works, the predicted results
about to be discussed will be hypothetical. Their hypothetical nature will
hopefully be viewed as reasonable possibilities. It is also hoped that the
hypothetical nature of the methods discussed will be viewed as achievable
and logical steps towards determining the possible outcomes. It must
however be stated directly that the works about to be discussed were not
undertaken, but where the planned next steps and any hypothetical

results discussed from this point onward will be clearly marked as such.

The ability to produce an even layer of silk proteins would allow for the
study of the claims that silk is antimicrobial and biocompatible; that is
that silk prevents bacteria from binding and multiplying but still allows
for, or does not interfere with, the growth of human analogue cells. The
next step would be to test the silk surface with human cells, specifically
those of a periosteal cell line, in order to test the silk’s compatibility with

the cell type most likely to be encountered in skeletal implants
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(Matsushima et al., 2011). If silk allows for the growth of periosteal cells,
then there could be huge potential for promoting actual bio-incorporation
of medical implants, whilst preventing the formation of biofilms that are

so problematic in modern medicine.

The production of transgenic silk glands could have enormous potential
benefits in the production of pharmaceutical proteins. It has been shown
in previous chapters (chapter 2, Figure 16 P112-114) that the cells in a
gland’s tail are densely packed with protein-making machinery. Not only
do glands produce an enormous quantity of protein in comparison to their
size, but they also excrete the protein in an immiscible viscous liquid.
Further, having the ability to tag or alter silk proteins in-vivo would open
avenues for research into the real-time production of silk and reveal much

about the inner workings of silk glands.

It is extremely difficult to predict with any accuracy what the results
from the gland repair pathway screen would be. Firstly, the results would
have to be compiled into a transcriptome before the gland could even
begin to be examined. The process of actively mining the data for
relevant up or down regulated genes could take anywhere from several
weeks to several years. Furthermore, the process of creating and using a

large-scale, genetic screen to determine which gene is responsible for the
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cell division observed in the previous chapter (Chapter 2 Figure 22 P133-
135), could also be very time consuming. With that said, the glandular
repair pathway is wholly contained within the gland. The lack of external
repair mediation pathways affecting the process would indicate a simple
system where a stimulus leads to action. The stimulus could be the
sudden loss of pressure within the gland, a chemotactic signal from the
media/ haemolymph or a cell-cell-signalling pathway being interrupted.
The simpler the system underpinning the repair pathway the easier it
should be to elucidate. Once the genetic underpinnings of the repair
pathway are better understood, it should be possible to utilise this
pathway to stimulate the production of large numbers of silk gland cells,

specifically adapted to produce large quantities of silk.

This methodology for producing large quantities of silk producing cells
has a notable advantage over traditional methods for producing
immortalised cell lines. It does not require large-scale genetic alteration.
As previously mentioned, (P42-43), when producing an immortalised cell
line, the aim is to induce a cancer-like state, where the somatic,
differentiated cells regain the ability to divide and reproduce. Often this
will involve subjecting the cell types to chemical or physical mutagens or
specifically targeting and activating somatically silenced oncogenes.

Regardless of the methodology, this process often results in truncated or
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deleted genes, whole genome duplications and loss of function mutations,
and often the first genes to suffer are the ones being actively transcribed

at the time. Given that damaging the DNA repair pathways tends to lead

to more gene mutations, doing this in a tissue whose sole responsibility is
the production of vast quantities of a single protein, would likely be

counterproductive.

The ultimate outcome from this research would have been the ability
to combine all the previous work into an ability to produce large quantities
of transgenic cells. If a large amount of silk producing cells could be
altered to produce a transgenic protein containing a target pharmaceutical
protein, then the protein could be delivered uncontaminated into pure
water, where cleavage of the silk proteins would deliver pure,
contaminant-free product which could be collected. This effectively
reduces an often-costly purification process down to simply centrifuging
out a solid mass of aggregated silk proteins. More promising still would be
combining the production of transgenic silks with the ability to coat
medical implants. It could be possible to produce an antimicrobial,
biocompatible layer impregnated with growth factors, to promote cell

adhesion or facilitate new cell growth or faster healing.
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