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Abstract

Orb-weaver spiders produce protein-based silks, including pyriform silk which creates
attachment discs and comprises pyriform spidroin 1 and 2 (PySpl and PySp2). The
recombinant pyriform spider silk proteins HPy1 and HPy: are composed of a single repeat
unit or a tandem-repeat of two units from the PySpl repetitive domain from Argiope
argentata, respectively. Previously, improved mechanical properties were observed for
wet-spun HPy2 fibres of protein expressed in amino acid-supplemented M9 medium
compared to LB medium, leading to the hypothesis that decreased mechanical performance
was due to truncated HPy2. This thesis tests the effect of increasing amounts of truncated
protein on fibre mechanics. Specifically, fibres were wet-spun using pure HPy2, two
mixtures of HPy1 and HPy», and pure HPy:. Tensile testing demonstrated that fibres formed
with increasing proportions of HPy2 to HPy1 had improved mechanics. Conversely, protein
secondary structuring was unaffected, with a transition from a-helix-rich to B-sheet-rich

states from solution to fibre regardless of protein composition.

X
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1. Chapter 1: Introduction

1.1. Thesis Overview

Previously, pyriform spider silk fibres were studied in Jan K. Rainey’s laboratory by Jeffrey
Simmons.! The observation of improved mechanics in fibres expressed in M9 media
supplemented with amino acids compared to those expressed in Luria Bertani (LB) media'
led to this project’s research question: what are the effects of protein truncations on the
mechanical properties of pyriform spider silk fibres? To answer this question, this work
investigates the formation and characterization of recombinant pyriform spider silk fibres
using different weight ratios of various recombinant spider silk protein units. Chapter 1
focuses on the fundamental knowledge of spider silks and their proteins, specifically
highlighting pyriform spider silk proteins. The materials and methods used are detailed in
Chapter 2, while findings observed and discussion of the results are presented in Chapter 3.

Finally, the thesis concludes with a discussion on conclusions and future work in Chapter 4.

1.2. Spider Silk

Fossils investigated by paleontologists show that spiders were living for 350 million years
before humans arose.? Spiders are arthropods that do not have antennas but have eight legs
and spinnerets covered with spigots to produce their silk.?* Over millions of years, spiders
have evolved to adapt to the harsh environments around them.?*> Over this time, their silks
evolved to provide them with survival abilities.? These adaptations resulted in introduction
of different kinds of silks, such as adhesive silks to capture their prey, silks that are as

strong as steel (1.1 GPa) and as tough as nylon (80 MJ/m?) that they can hang from like a



cord, and silks that are energy absorbent to wrap their prey tightly (Figure 1.1).2%7 For
instance, orb-weaving spiders produce seven different spider silks that can provide distinct
survival abilities such as reproduction, capturing or wrapping prey, protection, and web
construction, while ancient spiders, called Mesothelae, produce only a single kind of spider
silk.>%° From the seven different types of orb-weaving spider silks shown in Figure 1.1,
the dragline silks, the structural component of spider webs, have garnered attention due to

their unique properties such as high tensile strength, toughness, and elasticity.'°

Dragline silk | sgryctural silk

7

, Minor ampullate silk | Auxiliary spiral, web support

Capture spiral and

Flagelliform silk and aggregate silk
gelifiorm sfik and aggreg I glue, respectively

Wrapping of prey
and egg case

0/
§—~ Aciniform silk
&—

Tubuliform silk | Outer egg sac

Pyriform silk IAttachment to substrates ‘

Figure 1.1. The seven different spider silk that are produced by an orb-weaver spider and
their functions for a spider’s daily life. (The figure was inspired by Chaw et al.’ (open
access- Creative Commons CC-BY-NC-ND Licence) and Ramezaniaghdam et al.!! (open

access- Creative Commons CC-BY Licence) and was reproduced by Berna Macin.)



Pyriform silk has not been thoroughly studied due to its nano-fibrillar structuring, creating
challenges in sample preparation, its large molecular weight, and the inherently complex
molecular structure of nanofibrils themselves that needs to be altered to be studied.'*!>
The variety of different attachment disc structures introduces a high number of variables
for investigations. >~15 Previously, Jeffrey Simmons successfully designed plasmids for the
pyriform spider silk protein, optimized the conditions needed for expression, and optimized
the protocol for recombinant pyriform spider silk fibre spinning.! In this study, I have
focused on the exploration of mechanical and structural properties of fibres produced with
various mixed recombinant pyriform silk protein compositions, using the established

protocols (highlighted in Figure 1.1).

1.2.1. Atomic Level Properties and Structural and Mechanical

Characteristics of Spider Silks

Spider silks are protein-based threads composed of proteins referred to as spidroins.'®
Spidroins are large proteins that include more than 3,000 amino acids and have molecular
weights exceeding 200 kDa.'® Spidroins include three main compartments (Figure 1.2A),
divided into N- and C- terminal non-repetitive domains flanking a repetitive domain.® Each
non-repetitive domain includes approximately 100-200 amino acids, while the repetitive
domains typically contain more than 4,200 amino acids (these numbers are based on
aciniform, pyriform, and tubuliform spidroins).®!"!% The non-repetitive domains have
well-characterized globular folded structures, and they play a crucial role in the storage of

spidroins and production of spider silk.!



In contrast, the size of a repetitive domain cannot be generalized due to the high variability

of repetitive domains among spider species and spider silk types.®!”

A significant portion
of the spidroin structure contains repetitive domains (Figure 1.2A).!° Moreover, repetitive
domain size influences mechanical properties such as extensibility.?

Each spider silk type is composed of different subsets of sequence motifs.>! Changes in the
sequences of these domains have been shown to influence the mechanical properties of the
different spider silk protein types® (Figure 1.2B). In the crystalline regions of spider silk,
repetitive domains with (GA)n or (A)n units form f-sheets structures with high tensile
strength (Figure 1.2C).%2! Moreover, repetitive domains with GGX are non-structured and

provide an amorphous structure, while GPGXX repetitive domains bring high elasticity

due to the induction of S-turns.?!
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Figure 1.2. (A) The non-repetitive terminal domains are represented by green and red

ovals, while the core repetitive domain with blue cylindrical shapes illustrates the tandem-

repeated repetitive units of spidroins. (B) Common sequence motifs in repetitive domains

for each type of spider silk. (C) Relation of different indicated sequence motifs to structural

roles.® Figure reproduced with permission from Eisoldt et al.® (open access- Creative

Commons CC-BY-NC-ND Licence).

1.2.2. Spider Web: From Proteins in Glands to Spider Silks

The web construction of spiders raises the question of “How does a spider produce different

kinds of silks?” Historically, the short answer to this question has been the presence of

various glands.??> Each gland produces specific proteins to form one type of spider silk.?



The proteins comprise both essential and non-essential amino acids.? Each gland is
responsible for the production of a specific type of spider silk, which serves a particular
function (Figure 1.3).2 For example, the major ampullate or dragline silk, which forms the
outer frame and the radii of the web, is stiffer compared to other silks in order to support
the web.®?2 However, recent studies show that glands are not limited to producing only
one type of protein.?® There are some exceptions where a gland can contain different types

of spigots, extruding silks from different types of proteins.?

Flagelliform Silk

: 0 :
Minor Ampullate Silk Pyriform Silk

ll\ /

™

A
B

i
v

i
i

Figure 1.3. The seven different types of orb-weaver spider silks with highlighting in which
glands they are produced and difference in each gland’s morphology. The figure was
reproduced by Berna Macin with permission from Eisoldt et al.® (open access- Creative

Commons CC-BY-NC-ND) and from Rising et al.??



Despite the similarity in roles of spider silk types across species, different spider species
may have different amino acid compositions for the same silk type.?* This variation may
be due to environmental factors. Studies have shown that while conserving the fundamental
protein structure, a spider’s diet influences both the amino acid composition and the
physical strength of spider silks due to the availability of certain amino acids.?*?> Changes
in mechanical properties of spider silks were also observed with environmental factors such
as silking type (natural or forcing), silking speed, and the use of anesthetization.?*26-28
Recent studies on production of recombinant spider silks also showed the importance of
pH and ionic strength of the solution in which spider silk proteins are solubilized, as well

as relative humidity during silk formation. %

1.3.What is Pyriform Spider Silk?

Pyriform spider silk is one of the less-studied types of spider silk out of the seven different
kinds of protein-based silks that an orb-weaver spider produces. These silks are coated with
a glue material which allows them to form attachment discs to glue different silk types
together and to attach the spider web to various surfaces.”*® Pyriform spider silks are
formed from two different spidroins, pyriform spidroin 1 (PySp1) and 2 (PySp2).!321:30 The
full-length amino acid sequence of 4. argentata PySp1 was determined by Chaw et al.?, as
demonstrated in Figure 1.4 and tabulated in Table 1.1. In contrast to other spidroins
investigated in the literature, pyriform spidroins include C- and N-linkers besides C- and
N-non repetitive domains and repetitive domains, which are composed of 21 repeats with

234 amino acid units.® According to a review by Peng et al., the N-linker of Araneus



ventricosus and Argiope Argentata contains 256 and 498 amino acids, while their C-linker
contains 109 and 90 amino acids, respectively.>!

Glutamine (Q) is an abundant amino acid in PySpl compared to other spider silk types.3?
In A. argentata, there are 21 tandem repeats, each ~230 amino acids long, including
approximately 190 residues of GIn and 40 residues of proline (P).%3? These repeats include
distinctive QSXXXQ motifs with X corresponding to alanine (A), valine (V), or serine (S)
amino acids, while regions with a high number of P include XP motifs with X
corresponding to A, V, or arginine (R).3> The amino acid compositions of PySp1 provided
in Table 1.1 from two different spider species were similar in proportionality and in the
order of abundance, from most to least abundant. Table 1.1 quantitatively highlights the

abundance of A, Q, and S amino acids in repetitive domains of pyriform spidroins.

. Full length Argiope argentata pyriform spidroin (PySp1; 5,759 aa)
h1 ’2 |3 l4 ]5 ls I 7 [ 8 ] 9 lm ’11 I12 ]13 ]14 l15]16]1?l18|19]20]21i

i 4 * - ‘34
B. C. D. E.F.

B. N-terminal region
SWLSVLS ASNADALSLAKS GTA A G A
ss AKPS SVASKLA GLEGASDTS SOATASASEA
s

C. N-linker region, repetitive section
STA AS sSsvs AS ssaGs AS ssvs AS ASAA
AS ASIA A ASIA AS ASTA A

D. Repetitive region, consensus of 21 complete repeats

SSVA SAVA SSVSs SSAA SSVAQOS SYSAA AGSSVSQOSOA SSAP s

ASS s A SNG SSS AS ARAVAQOSLGLSQOGS s ILSSTGSGA
STSSLSOATANAVSSA GSOARAAPG IS TA SATSSATA s APAPAPRPRPAP
PAPAPRPRPAPAPRPAP APAPVAS ASASSOSSA s

E. C-linker region
GLYSSOS sa sSss SSGSSSDEGSSS AAPSSSAIYSPAAISSSASVGA
SSISMASSSGI'STSALPTSCSPLAASAA

F. C-terminal region
SPAA ALSNSLKSTFSGG GALSNSLASAAS SSSGLS
AR S1.SVSGSSSAQFAQA AFA

Figure 1.4. Full-length amino acid sequence of PySpl from orb-weaver spider species
Argiope argentata.’ Figure reproduced with permission from Chaw et al.” (open access-

Creative Commons CC-BY-NC-ND Licence).



Table 1.1. Amino acid composition of pyriform spider silk from indicated spider

species*./%?

Amino acid composition for Amino acid composition for
A. ventricosus A. argentata
Alanine 17.8% 17.9%
Arginine 2.1% 3.0%
Asparagine 3.2% 4.5%
Aspartic Acid 0.9% 0.7%
Cysteine 0.1% 0.1%
Glutamic Acid 1.4% 1.4%
Glutamine 13.6% 15.2%
Glycine 4.5% 3.4%
Histidine 0.1% 0.0%
Isoleucine 4.5% 3.4%
Leucine 5.7% 5.3%
Lysine 0.2% 0.2%
Methionine 0.2% 0.5%
Phenylalanine 1.2% 1.7%
Proline 7.7% 7.2%
Serine 23.6% 22.7%
Threonine 3.9% 3.7%
Tryptophan 0.1% 0.0%
Tyrosine 2.1% 1.9%
Valine 7.1% 7.0%

* The amino acid composition data for A. ventricosus and A. argentata species were
obtained using Expasy.org with the full-length PySpl sequences (accession:MH376748

and KY398016) from Wang et al.'® and Chaw, R.C. et al.’ , respectively.



Geurts et al.>3 and Simmons et al.>> showed that it is possible to form recombinant pyriform
spider silk fibres even though the protein design excludes the non-repetitive domains and
C- and N-linkers. The exclusion of the non-repetitive domains and linkers provides a
simplification allowing the investigation of the repetitive core domain effect on silk
mechanical properties and more efficiency in protein expression in Escherichia coli

compared to larger proteins.!-*

The study described in this thesis utilizes hexa-histidine
tagged Py and Py2 proteins referred to as HPy1 and HPy», previously designed and cloned
by Simmons et al.!32 Figure 1.5 highlights that the positioning of Py consists of one repeat
of 234 amino acids, while Py2 contains two such repeats. Further addition of hexa-histidine

tags to purify the proteins via nickel affinity chromatography was utilized.!*?> These

recombinant proteins are referred to as HPy1 and HPy».!-3?
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Full length Argiope argentata PySp1 architecture:
W« a[a[n]e]n]]a]n]e]n] e n ] s s A A ] e ] E
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.. + 234 residues per Py repeat unt ...
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Py repeat unit sequence:
1| SSAQENSFTQ SSVAQQSAVA QQSSVSQQSS AAQQSSVAQS QQTSYSAATN |50

51 | AGSSVSQSQA IVSSAPVYFN SQTLTNNLAS SLOSLNALNY VSNGQLSSSD | 100

101 | VASTVARAVA QSLGLSQGSV QNIMSQQLSS IGSGASTSSL SQAIANAVSS | 150

151 | AVQGSQAAAP GQEQSIAQRV NSAISSAFAQ LISQRTAPAP APRPRPAPLP | 200

201 | APAPRPRPAP APRPAPVYAP APVASQFQAS ASSQS 234/1
Figure 1.5. Demonstration of domains of full-length A. argentata PySpl. The repetitive
units are highlighted as Py, including their amino acid sequence.’* Histidine-tagged

recombinant pyriform silk proteins are also represented on the right.>* Figure reproduced

with permission from Simmons et al.>*

1.4. From Nature to Laboratory: Production of Recombinant Spider Silk

Humans have utilized spider silks to support their daily life struggles for centuries.’
However, as the usage of spider silks increased, the mass production of spider silks became
a significant obstacle due to the challenging nature (e.g., cannibalistic behaviour) of
harvesting silk from spiders.’>*¢ Later, the foundation of cloning and expression of
synthetic Bombyx mori silkworm silk genes paved the way for cloning and expression of
recombinant spider silk genes.’’ Studies from Jelinski and Lewis contributed to the
production of spidroins and recombinant spider silks utilizing nuclear magnetic resonance
spectroscopy and biotechnological DNA modification methods.3> The major contributions

from Randy Lewis resulted in the production of recombinant dragline spider silk proteins
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in E. coli.?® These recombinant spider silk proteins were resolubilized in formic acid, and
resolubilization was further optimized. 33 The resolubilized proteins were later introduced
into a methanol bath to promote silk formation.’> These studies provided pioneering
background for future investigations into synthesis of recombinant spider silk proteins and
their silks.*

In prior research in the Rainey Lab, Jeffrey Simmons optimized the conditions for
resolubilization and fibre formation through wet-spinning of HPy1 and HPy: proteins.!-3?
His optimized conditions are followed in this study. Simmons prepared dope solutions
containing a 20% weight-to-volume ratio of each protein resolubilized in a 3/1/1 (v/v/v)
mixture of trifluoroacetic acid (TFA)/ 2,2,2-trifluoroethanol (TFE)/ type 1 water
(dH20).132 Then, recombinant spider silk fibres were generated via the wet-spinning
technique.'

Wet-spinning is one of several techniques used for protein and polymer fibre formation,
alongside dry-spinning, melt spinning, microfluidics, and electrospinning.’® While wet-
spinning and electrospinning are considered the most efficient techniques due to
availability in production of various architectures of fibres, wet-spinning is often preferred
due to its lower cost, easier application, absence of voltage use, and lesser need for
equipment.®*4° Wet-spinning utilizes first solubilization of protein in a volatile organic
solvent, such as TFA or hexafluoro-2-propanol (HFIP), that helps to disaggregate the

insoluble peptides.3>#!:42

During wet-spinning, the dope solution in a syringe amalgamated
to form recombinant silk fibres via extrusion into a coagulation bath including ethanol or

methanol.*3 Simmons optimized the wet-spinning with a 95% ethanol coagulation bath for

HPy2 dopes.'?
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1.5. Hypothesis and Objectives

Zhu et al. demonstrated a direct relationship between the number of repetitive units in a
protein contstruct and the strain of the resulting recombinant pyriform spider silk fibres.*
Specifically, the number of repetitive units was found to be crucial for the stress, toughness,
and elastic modulus of recombinant pyriform spider silk fibres.** The studies of
recombinant pyriform spider silk fibres in the Rainey lab were also conducted with an
expectation of observing improved mechanical properties for fibres from HPy> compared
to fibres from HPy1.!

To label recombinant pyriform silk proteins isotopically for solid-state NMR spectroscopy,
Simmons expressed proteins using M9 media with amino acid supplementation.! The
amino acid-supplemented M9 media expression resulted in drastic increases in yield
obtained for each expression.! The HPy: fibres obtained from amino acid-supplemented
M9 medium also showed improved mechanics compared to those from LB medium.' After
testing several other potential reasons and ruling these out, the improved mechanics
observed was speculated by Simmons to be arising from the higher protein purity in amino
acid-supplemented M9 media with fewer truncated proteins relative to the full-length
proteins.! These observations raised the key question for our project: “When HPy: spider
silk is spun with HPy: protein as a surrogate for the truncated HPy2, do fibres made from
pure HPy2 exhibit superior mechanical properties compared to those containing varying
ratios of HPy1 and HPy2?” Therefore, in our study, we investigated the influences of various
protein compositions of HPy1 and HPy: proteins by weight on recombinant pyriform spider

silks.
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2. Chapter: Experimental Methods for Expression,
Purification, and Mechanical and Structural
characterization of HPy; and HPy: Pyriform Silk Proteins

2.1. Materials and Methods

LB media mixture, ammonium sulfate, (NH4)2SO4, and sodium phosphate monobasic,
NaH2PO4-H20, were obtained from BioShop (Burlington, Canada); all amino acids, iron
(IT) sulfate heptahydrate, FeSO4-7H20, magnesium sulfate heptahydrate, MgSOa4-7H:20,
trifluoroacetic acid (TFA), and 2,2,2-trifluoroethanol (TFE) were purchased from Sigma-
Aldrich (Burlington, Canada); isopropyl p-D-1-thiogalactopyranoside (IPTG), imidazole,
and high purity ampicillin, sodium salt were obtained from Bio Basic Canada Inc.
(Markham, Canada). Nickel affinity chromatography beads were obtained from Takara Bio
(San Jose, USA). Potassium phosphate dibasic, K2HPO4, potassium phosphate monobasic,
KH2POs, Tris base, C4H11NOs3, and sodium chloride, NaCl were purchased from Fisher
Scientific (Fair Lawn, USA); urea, and alpha-D(+)-glucose were purchased from
ThermoFisher Scientific (Mississauga, Canada). All reagents were obtained at 98% quality

(or higher) and were used without further purification.

2.1.1. HPy: and HPy: Pyriform Spider Silk Proteins Expression,

Purification, and Lyophilization

Plasmids described in Simmons et al.! encoding for HPy1 and HPy: using pET32 vectors
as a backbone were used. Both plasmids were transformed into chemically competent E.

coli BL21 (DE3) cells using the heat shock method (e.g., placing cells in ice bath for 30
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minutes and transferring them 42 °C for 45 seconds®) to express the proteins in LB
medium overnight (16 hours). The resulting overnight starter culture was then split in half
into two flasks containing 1200 mL LB medium (1:50 v/v) and 100 mg/L ampicillin. The
E. coli cells were allowed to grow at 37 °C until the optical density at 600 nm (ODsoo)
reached 0.8 for HPy2 protein and 1.2 for HPy: protein. Cells were harvested from the
overnight culture by centrifugation at 4,000 relative centrifugal force (rcf), at 4 °C to
separate the pellet and supernatant. The cell pellet was then resuspended in amino acid-
supplemented M9 medium (see Table 2.1). Protein overexpression was then induced by
adding 0.64 mM IPTG, and the culture was incubated overnight at 20 °C with shaking at
150 rpm. After induction, the culture was centrifuged at 4,000 rcf, at 4 °C to harvest the
cells. The cell pellet was then stored at -20°C until further use.

Then, the cells were resuspended in lysis buffer containing 8 M urea (50 mM NaH2POs,
300 mM NaCl, 10 mM imidazole, titrated to pH 8.0) using 2 mL per gram of cells. The
cells were sonicated with 12 x 20 s intervals using a Branson Sonifier 250 set to a power
setting of 5.5 and 1 s bursts with 1.5 minutes cooling intervals. The resulting cell lysate
was diluted to a final concentration of 4 M urea and centrifuged at 12,000 rcf at 4 °C for
30 minutes to separate the pellet from the supernatant.

For purification via nickel affinity chromatography, approximately 1 mL of dry resin beads
was used per 7 mL of cell lysate. Each column was equilibrated with the 4 M urea lysis
buffer before use. During purification, a total of 30 mL wash buffer (4 M urea, 100 mM
NaH2POs4, 10 mM Tris base, 25 mM imidazole, titrated to pH 8.0) was utilized for each

column. Subsequently, elution buffer (4 M urea, 100 mM NaH2PO4, 10 mM Tris Base, 250
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mM imidazole, titrated to pH 8.0) was applied at a ratio of 2 mL per 1 mL of dry beads,
resulting in a total of 24 mL elution buffer used.

Following purification, protein-containing fractions (elution fractions 1 and 2, not pooled)
were subjected to dialysis to remove urea. This was done through a stepwise series of
decreasing urea concentrations using dialysis tubing (14,000 MWCO; BioDesign Inc., NY,
USA). The process began with 2 M urea, then 1 M urea, followed by 0.5 M urea dialysis
buffers (each containing 100 mM NaH2PO4 and 10 mM Tris Base, titrated to pH 8.0). Each
urea dialysis step was conducted for 2.5 hours. Subsequently, the samples were dialyzed
against 15 mM phosphate buffer (titrated to pH 7.50 + 0.05) for 3 hours, and finally against
12 L of distilled water in 4 L fractions, with each water dialysis step lasting 4 hours. All
dialysis steps were performed at 4°C. The resulting protein solution was then lyophilized
to obtain a powdered form, which was stored at -20 °C. Protein samples collected during
expression and purification were resolved by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) using 15% acrylamide gels at 180 volts for 60 minutes. Later,

the gels were stained with Coomassie Brilliant Blue R-250.
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Table 2.1. M9 medium composition based upon optimized conditions of Simmons et al.!

Amino acid compositions in M9 media Concentration (mM)
L-Alanine 21
L-Serine 40
L-Glutamine 27
L-Leucine 11
L-Proline 35
L-Valine 14
Other compositions in M9 media Concentration
NaH2PO4 100 mM
K2HPO4 40 mM
NaCl 8.55 mM
(NH4)2S04 1.24 g/l
Glucose 2.00 g/l
FeSOq4 1.8 uM
MgSO4 4 mM
Ampicillin 100 mg/L

Notes: The medium titrated to pH 7.3 via 10 M NaOH.

2.1.2. Preparation of Spinning Dope

The protein powder stored at -20 °C was resuspended in a mixture of TFA/TFE/dH20
(3/1/1 v/v/v) to prepare 20% weight-by-volume (20% w/v) mixtures, referred to as dopes.
Each protein composition was first weighed out in a pre-cleaned and dried new glass vial
on an analytical scale. A series of four different dope compositions was compared. Protein
compositions included pure HPy>, second, a 2 to 1 ratio by weight of HPy2> to HPy:

(hereafter, HPy2:HPy:1 (2:1)), third, a 3 to 1 ratio by weight of HPy2 to HPy: (hereafter,
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HPy2:HPy: (3:1)), and finally, pure HPy1. To resuspend the proteins in a 3/1/1 (v/v/v)
TFA/TFE/dH20 mixture, the suspensions were vortexed every 5 minutes for total of 30
minutes. Once the proteins were fully solubilized, each dope was transferred into separate
500 pL Eppendorf centrifuge tubes and centrifuged at 20,817 rcf at 10 °C for 30 minutes.
Following centrifugation, if any dust or solid particles had separated from the dopes, the
supernatant was decanted into a new 500 pL Eppendorf centrifuge tube without disturbing
the solids on the bottom. For comparison of each dope composition, 1 puL of the sample
was transferred to 99 pL of 8 M urea solution, and 10 pL of this diluted solution was mixed

with 10 pL gel buffer to investigate the purity of the proteins in SDS-PAGE.

2.1.3. Structural Characterization of Protein in Dope Using Circular

Dichroism (CD) Spectroscopy

Protein compositions for 3% w/v dopes were separately weighed out in a pre-cleaned and
dried new glass vial. Three percent w/v protein-containing dope solutions and a 3/1/1
(v/v/v) TFA/TFE/dH20 mixture as a blank were measured in 0.01 mm path length quartz
cuvettes (Hellma Canada, Markham, ON, Canada). Each protein composition was
solubilized in the dope solvent a few minutes before its run. Three replicates of far-
ultraviolet (UV) circular dichroism (CD) spectra (from 260 nm to 180 nm) for each
condition were collected using a CD spectrophotometer (Olis, Athens, GA, USA). The
measurements were conducted at room temperature, with the integration time as a function
of photomultiplier voltage, optical slits at a bandpass of 5.00 nm, and a data pitch of 1.00

nm. Each set of triplicate measurements was averaged. Then, average blank spectral data
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were subtracted from the samples’ average spectral data. The CD signals in millidegrees

were converted to molar ellipticity ([8]) following the equation*®:

02

[e]mrw,l = MRW X 10xdxc

)

The mean residue ellipticity is given by MRW representing the mean residue weight and
0, representing observed ellipticity (in degrees). 46 After obtaining spectra of [0] versus

wavelength, each spectrum was normalized by dividing it by its lowest spectral point.

2.1.4. Viscosity Measurements of Dopes

Viscosity of 3% spinning dopes prepared at each of the four HPy2:HPy: ratios (Chapter
2.1.2) was measured using a microVisc HVROC-L portable viscometer. The viscometer
was configured with an A0S, 5 pm flow channel microVisc chip (Rheosense Inc.; San
Ramon, CA). For each solution, at least four measurements were conducted. The

viscometer was calibrated using dH20.

2.1.5. Production of Recombinant Spider Silk Fibres

All spinning was carried out at a relative humidity (RH) of 25.0 + 5.0 %. Unfortunately, it
was not possible to consistently set the room temperature for each production of spider silk
fibres; the temperature range was 25.0 £ 2.5 °C. The 20% weight/volume dopes were
introduced into a Hamilton Model 1725 LTSN (Reno, NV) gastight syringe with a volume
of 250 pL. The syringe was then pumped at a controlled rate of 600 pL/h into a 95% ethanol

(EtOH) coagulation bath. The home-made spinning apparatus, including roller 1 and roller
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2, spinning at 9 rpm and 18 rpm, respectively, was located next to the coagulation bath
(Figure 2.1). The spinning rate of roller 1 was matched to the rate of fibre formation.
Formed fibres were held by fine-tipped tweezers and carefully drawn from the coagulation
bath to the rollers. If the fibre was collected on the first roller, it is referred to as an "as-
spun fibre." If the fibre made contact with the first roller but was collected on a second
roller operating at twice the speed of the first, it is referred to as an "2x-air fibre" or “2x-

air stretched fibre”. The fibres were allowed to dry in air at room temperature.

(A As-spun (B) 2x-air stretch
Roller 2 rotates at twice the
- - 6
T (:O % 0 % speed of Roller 1.
Roller 1 Roller2 Roller 1 Roller2

95% EtOH 95% EtOH

Coagulation Coagulation

Bath Bath

Figure 2.1. The home-made spinning apparatus including the syringe containing a dope
solution, 95% EtOH coagulation bath, roller 1, and roller 2.(A) demonstrates the collection
of as-spun fibres, where roller 1 is matched in speed to the syringe pump extrusion rate,

while (B) illustrates collection of 2x-air post-spin stretched fibres.
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2.1.6. Optical Microscopy Characterization of Fibre Diameters

To analyze the formed recombinant pyriform spider silk fibres under microscopy, the fibres
were mounted on a glass slide using a specially designed mounting paper (Figure 2.2) and
tapes. The mounting paper was rectangular with a 1 cm? square gap in the middle-bottom,
resembling the letter “C”. First, the C-shaped mounting paper was stabilized on a glass
slide from the top using tape (Figure 2.2). Next, double-sided tape was applied to each end
of the C-shape to secure the fibre to the mounting paper. A rectangular piece of tape (shown
in orange in Figure 2.2) was then cut to cover the double-sided tapes holding the fibre.
Finally, the mounting paper was secured to the glass side at its bottom using additional
pieces of tape (shown in green in Figure 2.2).

Mounting paper
P Clear tape

Glass slide _
Recombinant

spider silk fibre

Mounting tapes

Figure 2.2. Diagram of mounted recombinant spider silk fibre.

When the fibres were secured, they were analyzed using optical microscopy with 10x
objective lens coupled with a 10x ocular lens (Axio Observer Al: Carl Zeiss Canada;

Toronto, ON). Three images were captured for each fibre, including two edges and the
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middle of the fibre. Observation of both edges ensured that the fibre was safely mounted,
while the image of the middle provided information on the integrity of the fibre. If the fibre
was broken or included dents, it was discarded before any further investigation.

The three images for each fibre were further investigated in ImageJ (version 1.53).#7 Six
diameter measurements were conducted for each image, providing 18 diameter
measurements per fibre. Subsequently, the values obtained were statistically evaluated

using Excel by calculating the mean diameter and standard deviation for each fibre.

2.1.7. Tensile Testing for Mechanical Characterization of

Recombinant Spider Silk Fibres

Tensile testing of the fibres was done using a home-built instrument*®, which includes a
Mettler Toledo XS105 Dual Range analytical balance with samples being suspended
between a bottom clamp resting on the weight sensor of the balance, and an upper clamp
connected to a KD Scientific Model 100 syringe pump. This set-up enables an upward pull
to be performed at a rate of 0.1 mm/s. The mounting paper was removed from the glass
slide and inserted into the testing apparatus clamping it on both sides without touching or
damaging the fibre (Figure 2.3A). The side of the mounting paper was cut away to allow
for smooth movement of the upper clamp (Figure 2.3A). As the upper clamp was moving,
the resulting change in weight was recorded by the balance using LabX Client Software
(Figure 2.3B). The recording of weight change was stopped when the fibre ruptured. Each

tensile testing was carried out at 45.0 = 5.0 % RH.
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A

Rupture
[
|

Figure 2.3. (A) Mounting paper (Figure 2.2) was secured via two clamps from the bottom
and the top and was cut at both ends of the suspended fibre segment. (B) The upper clamp
was moved upward at a controlled rate. (C) Tensile testing was complete when the fibre

failed.

The data file including weight change recordings was imported to Microsoft Excel and
analyzed using Excel calculation template developed in the Rainey lab. When the weight
change values were copied and pasted on the excel sheet, it converted the weight changes
to weight measured by subtracting the initial weight from the weight change values and
converting to a positive range. The conversion to positive range is necessary because the
weight change was measured as a “decrease in weight” due to the analytical balance
positioned at the bottom of the experimental set-up. The weight value was then converted
to force by multiplying it by Earth’s gravity (eq. 2), applying Newton’s Second Law of

Motion.
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Force (N) = AWeight (kg) X (—1) X Earth's gravity (9.807) (Sﬂz) ()

The force values were later converted into stress in MPa by dividing the force values by
the cross-sectional area of the fibre (eq. 3)*. The maximum of the stress values was

referred to as ultimate tensile strength (UTS).

Stress (MPa) = (Force (N))/(mr? )(mm?) (3)
Additionally, the displacement of the clamp was calculated by multiplying the speed of the
pulley by the number of measurements (eq. 4), considering that data points were collected
every 0.1 seconds. The displacement values were corrected to eliminate the offset due to
the experimental process. Next, strain values were calculated by dividing the change in

displacement values by the initial length of the fibres*’, which was 1 ¢m for each fibre

tested (eq. 5). The strain values found were converted into percentages for convenience.
Displacement (mm) =n (0.1s) x 0.01 (%) 4
n representing the index number of the measurement collected after each 0.1 seconds.

Strain (%) = ADisplacement (mm)/(10 mm) (5)
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To obtain toughness values, an excel sheet was generated to use the trapezoid rule, which
integrates the area under the stress-strain curve with an assumption of a trapezoid®’. Later,
each value was summed to obtain the toughness values in MJ/m?.

Finally, the elastic modulus was calculated from the slope of the initial linear region with
an R? value of ~1.00 on the stress-strain curve and converted from MPa to GPa units.
Further investigation was conducted using MATLAB to perform t-test and ANOVA
statistical analyses and to generate box and whisker plots overlaid with scatter plots for

each dataset.

2.1.8. Structural Characterization of Recombinant Spider Silk Fibres

Using Fourier Transform Infrared (FTIR) Spectroscopy

The secondary structure of the fibres was investigated using a Nicolet iN10 Fourier
transform infrared (FTIR) microscope (ThermoFisher Scientific, Mississauga, ON,
Canada) in attenuated total reflectance (ATR) mode at 4 cm™! resolution using a nitrogen-
cooled detector. For each protein composition, three fibres were examined. Each fibre was
divided into three regions, resulting in a total of 9 runs per protein composition. Each run
consisted of 64 scans in the 400- 4000 cm! spectral range. Later, baseline correction and
second derivative analysis with a 13-point Savitsky-Golay algorithm were conducted in
Omnics.

Different fibre regions from the same fibre or from different batches may show spectral
variations. In order to study possible spectral variabilities and reproducibility, the spectra
collected were not averaged but overlapped. To enhance clarity in the results, representative

spectra were selected for each condition. The absorbance spectra, including amide I and
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amide I regions (1475 -1725 cm™),’! were overlapped with second derivative spectra to

assign the peaks to corresponding regions.
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3. Chapter: Results and Discussion

3.1. Optimization of Cell Lysis and Dialysis Steps

I was

Initially, the cell lysis via French press procedure optimized by Jeffrey Simmons
followed. However, due to health reasons, sonication was utilized for cell lysis, a technique
not typically used in Rainey’s lab. Due to fixed power settings, the frozen cell pellet was
resuspended in 8 M urea-containing lysis buffer instead of the native buffer used by Jeffrey
Simmons to optimize the protein presence in the lysis supernatant.! Alternative
resuspension solutions were not examined for sonication optimization to minimize
deviations from Simmons’ established protocol.!

SDS-PAGE analysis revealed more intense bands corresponding to HPy: (24.5 kDa) and
HPy2 (47.9 kDa) in the after induction (AI) samples compared to those before induction
(BI) (Figure 3.1). This pattern indicates successful overexpression of both target proteins,
HPy1 (24.5 kDa) and HPy2 (47.9 kDa). Moreover, the bands for lysis supernatant samples
are more intense compared to those for the lysis pellet samples for both proteins, suggesting
higher protein concentrations in the supernatants (Figure 3.1). The first elution fractions
contained purified HPy: and HPy2 proteins after each purification step (Figure 3.1). A
variety of conditions for the dialysis step (Section 2.1.1) were attempted in order to
decrease precipitation, but these trials were unsuccessful. Nevertheless, the purity of the
proteins was further enhanced during the dialysis process, likely due to the precipitation of
unwanted proteins (Figure 3.2). Therefore, it was not deemed essential to further optimize

the dialysis step.
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Figure 3.1. Illustration of overexpression and purification samples in Coomassie blue-
stained SDS-PAGE gels for HPy: protein (A) and HPy2 protein (B). Lane labels are
correspond to unstained protein standard ladder (L), total cellular protein before induction
(BI), total cellular protein after induction (Al), lysis pellet (LP), lysis supernatant (LS),
flow through (FT), wash (W), first elution fraction (E1), second elution fraction (E2), and

third elution fraction (E3).
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(A)

Figure 3.2. SDS-PAGE gel images for HPy: protein (A) and HPy: protein (B) after
dialysis. Bands corresponding to the target proteins are indicated with arrows. The labels

are abbreviations for unstained protein standard ladder (L) and first elution fraction (E1).

3.2. Mechanical Characterization of Recombinant Pyriform Spider Silk

Fibre

Fibres were formed via the wet-spinning technique using a 95% EtOH coagulation bath
with dopes containing 20% w/v protein in 3/1/1 (v/v/v) TFA/TFE/dH20. The resulting

fibres were classified as as-spun when collected using a roller that was matched to the
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speed of the fibre extrusion process, and 2x-air when passed over this initial roller and then
collected after passing through air (gap of 18.2 cm) using a second roller that rotates at
double the speed of the extrusion process (Figure 2.1). These fibres were studied using
optical microscopy and a home-built tensile testing instrument. As-spun fibres were
selected for initial mechanical characterization of recombinant pyriform spider silk fibres.
All four protein compositions, which were HPy2, HPy2:HPy:1 (3:1), HPy2:HPy1 (2:1), and
HPyi1, were amenable to production of as-spun fibres, with Figure 3.3 providing
representative optical images illustrating the morphology and typical diameters of each
fibre type. Quantitative evaluation of diameters as a function of protein composition is
demonstrated in Table 3.1. Mechanical testing data for as-spun fibres from each protein
composition were analyzed to determine stress, strain, toughness, elastic modulus, and
UTS (Table 3.1). The values from all replicates were combined and plotted as stress-strain
curves (Table 3.1 and Figure 3.4). Stress-strain curves for as-spun fibres exhibited
properties that were typical of brittle polymers, with high stress values and short stain

region, indicating rapid rupture of fibres (Figure 3.4).5
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HPy;:HPy, (3:1) as-

HPy, 2x-air HPy,:HPy, (3:1) 2x-air

HPy,:HPy, (2:1) as-spun HPy, as-spun

HPy,:HPy; (2:1) 2x-air

Figure 3.3. Optical images of as-spun fibres and 2x-air fibres composed of indicated
protein compositions with 50 um scale bars. Note that HPy1 fibres could not be subjected

to 2x-air post-spin stretching.
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Table 3.1. Mechanical testing and optical microscopy results of as-spun fibres for all four

protein compositions as all batches combined. The dispersion is represented by the standard

deviation calculated.

Fibre Properties

Stress (MPa)
Strain (%)
Toughness (MJ/m?)
Elastic Modulus (GPa)
Diameter (um)
Ultimate Tensile Strength (MPa)

Number of replicates

HPy>

37.2+16.9
4.56 +2.52
0.99+1.42
1.21 £0.55
39.4+84
392+17.8

28

HPy2:HPy:
(3:1)
454+ 128

4.75+1.18
1.36 £0.52
1.47£0.40
37.8+4.2
48.0£12.1

72

HPy2:HPy:
(2:1)
29.4+199

3.97+1.34
0.86 £0.73
1.05+0.66
475+7.6
30.9+20.1
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HPy1

25.5+84
4.71 £1.18
0.77 £ 0.40
0.78 £0.22
51.9+49

25.7+£8.24

Mechanical properties and diameters of as-spun fibres were compared across the four

protein compositions (Table 3.1 and Figure 3.5). One-way ANOVA and Welch’s ANOVA

analyses (p < 0.05), following Levene’s test, revealed significant diameter differences

among all protein compositions (Tables 3.2 and 3.3). The HPy2:HPy:1 (3:1) protein

composition showed significantly different mechanical properties compared to the other

three compositions, which were all statistically similar to each other (Tables 3.4 and 3.5).

Despite consistent experimental design, slight variations in ionic strength of the dopes and

environmental factors such as temperature or humidity ranges might have led to these

observed differences.?® Further investigation is needed to elucidate the reasons why the

HPy2:HPy: (3:1) protein composition exhibited significantly different properties compared
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to the other compositions. Figure 3.4 shows that the stress values from the HPy: condition
are smaller compared to those of the other conditions. However, no significant differences
in mechanical properties or diameter values were detected through one-way ANOVA or

Welch’s ANOVA analyses between the HPy2, HPy2:HPy1 (2:1), and HPy: conditions (Table

3.5).
Batch 1 Batch 2
A B
80
70
60
&0
40
@30
@ 20
10
0
10 0 2 4 6 8 10
Strain (%)
C D
80
70
60
=50
240
g 30
@ 20
10
0
0 2 4 6 8 10 0 4 6 8 10
Strain (%)

Strain (%)

Figure 3.4. Stress-strain curves for as-spun fibres under four protein compositions: (A)

HPy2, (B) HPy2:HPy1 (3:1), (C) HPy2:HPy: (2:1), and (D) HPy1.
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Figure 3.5. Comparison of mechanical properties and diameter values of as-spun fibres

across all protein compositions, displayed as box and whisker plots with all individual data

points overlaid. The plots illustrate the interquartile range, median, and distribution of

measurements.

Table 3.2. Levene’s test results for variance homogeneity of as-spun fibres across all

protein compositions and combined batches.

Fibre Properties

Stress (MPa)
Strain (%)
Toughness (MJ/m?)
Elastic Modulus (GPa)
Diameter (um)

Ultimate Tensile Strength (MPa)

34

p-value

0.0180
0.3926
0.0135
0.0017

0.0018

Hypothesis Outcome

[Accepted/Rejected]

Rejected
Accepted
Rejected
Rejected
Rejected
Rejected




Table 3.3. One-way ANOVA and Welch’s ANOVA of as-spun fibres across all protein

compositions and combined batches (95% confidence level).

Hypothesis Outcome

Fibre Properties p-value
[Accepted/Rejected]

Stress (MPa) 7.1275E-6 Rejected
Strain (%) 0.0046 Rejected
Toughness (MJ/m?) 0.0008 Rejected
Elastic Modulus (GPa) 0.0012 Rejected
Diameter (um) 1.967E-12 Rejected
Ultimate Tensile Strength (MPa) 8.9247E-5 Rejected

Table 3.4. Levene’s test results for variance homogeneity of as-spun fibres across

combined batches from three protein compositions, HPy2, HPy2:HPy1 (2:1), and HPy1.

Hypothesis Outcome

Fibre Properties p-value
[Accepted/Rejected]

Stress (MPa) 0.09081 Accepted
Strain (%) 0.4202 Accepted
Toughness (MJ/m?) 0.07808 Accepted
Elastic Modulus (GPa) 0.01862 Rejected
Diameter (nm) 0.2474 Accepted
Ultimate Tensile Strength (MPa) 0.05652 Accepted
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Table 3.5. One-way ANOVA and Welch’s ANOVA of as-spun fibres across combined
batches from three protein compositions, HPy>, HPy2:HPy: (2:1), and HPy:1 (95%

confidence level).

Hypothesis Outcome

Fibre Properties p-value
[Accepted/Rejected]

Stress (MPa) 0.1693 Accepted
Strain (%) 0.0650 Accepted
Toughness (MJ/m?) 0.6441 Accepted
Elastic Modulus (GPa) 0.1173 Accepted
Diameter (um) 6.886E-5 Rejected
Ultimate Tensile Strength (MPa) 0.1222 Accepted

Three of the four compositions were amenable to spinning with 2x-air conditions, while
HPy: was not (Figure 3.3). Consequently, comparative analysis of 2x-air fibres from the
following three compositions was performed: HPy2, HPy2:HPy1 (3:1), and HPy2:HPy:
(2:1). As shown in Figure 3.3, as-spun fibres qualitatively show larger diameters compared
to 2x-air fibres for each protein composition. This observation is supported by statistically
significant differences in diameter values (Tables 3.1 and 3.6) between as-spun and 2x-air
fibres, as shown in the Table 3.7. Separate statistical analyses of each batch for each
composition revealed differences in strain and toughness values among the batches
(Appendix Tables A.3, A.6, and A.9), which can also be observed qualitatively in Figures
3.6-3.8. Consequently, data from each batch were divided into two populations: high
extensibility (Population 1) and low extensibility (Population 2). The three batches of each
population within a protein composition were then pooled (Table 3.6). To confirm that these

populations were indeed significantly different, Student’s t-tests were performed on the
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pooled data (Table 3.8). The results, as illustrated in Figure 3.9, demonstrated statistically
significant differences in strain values between the two populations for each composition.
Moreover, the t-test results also revealed significant differences in toughness, and UTS
values between the populations, supporting our decision to analyze the data as two distinct
populations (Table 3.8 and Figure 3.9).

Each population with pooled batches for a composition was compared to the as-spun fibre
properties across the three protein compositions (HPy2, HPy2:HPy1 (3:1), and HPy2:HPy1
(2:1)). The t-test results showed that Population 1 from all compositions differed
significantly from as-spun fibres in strain, toughness, and diameter properties (Figure
3.10). Population 2 properties showed varying differences from as-spun fibre properties
across the three conditions, with diameter being the only property that consistently differed

in all compositions (Figure 3.11).
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Table 3.6. Mechanical properties and diameters of 2x-air fibres from Populations 1 and 2,

presenting combined batches of three protein compositions.

Fibre Properties
Stress (MPa)
Strain (%)
Toughness (MJ/m?)
Elastic Modulus (GPa)
Diameter (um)
Ultimate Tensile Strength (MPa)

Number of Replicates

Fibre Properties
Stress (MPa)
Strain (%)
Toughness (MJ/m?)
Elastic Modulus (GPa)
Diameter (nm)
Ultimate Tensile Strength (MPa)

Number of Replicates

Population 1
HPy»
482+ 143
93.9+579
154+£7.1
1.70 £ 0.39
24.1+£54
55.7£14.9
11
Population 2
HPy»
42.0+129
531+£3.72
1.72 £ 1.77
1.48 £0.39
251+£7.1
45.7+11.8
60
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HPYQ:HPY] (31)

41.9+8.8
65.5+52.6
9.41+£5.92
1.31£0.37
294136
45.6+9.9
21

HPYQ:HPY] (31)

46.2+13.1

4.65+0.96

1.45+£0.49

1.62 +£0.44

28.6£4.9

495+ 12.6
69

HP}Q:HPY] (2 1)

247+15.0

79.3 £50.1

7.82 +5.83

0.85+0.43

40.7£6.5

26.6 £15.1
27

HPyQIHPY1 (2 1)

39.7+13.6

4.35+1.83

1.17 £0.68

1.34 £0.38

355+8.2

41.7£13.6
28



Table 3.7. Comparison of mechanical properties and diameter values between 2 x-air fibres
(Populations 1 and 2) and as-spun fibres for all three protein compositions (HPyz2,

HPy2:HPy1 (3:1), and HPy2:HPy1 (2:1)) using Student’s t-test (95% confidence level).

HPy, - All Batches Combined- Comparison Between As-spun Fibres and 2X-air Fibres

) ) p-value Hypothesis Outcome p-value Hypothesis Outcome
Fibre Properties ) ) ) )
Population 1  [Accepted/Rejected]  Population 2 [Accepted/Rejected]

Stress (MPa) 0.0656 Accepted 0.146 Accepted

Strain (%) 2.98E-9 Rejected 0.987 Accepted

Toughness (MJ/m?) 2.35E-8 Rejected 0.539 Accepted

Elastic Modulus (GPa) 0.0108 Rejected 0.0078 Rejected

Diameter (pm) 2.16E-6 Rejected 8.66E-13 Rejected

Ultimate Tensile Strength 0.0095 Rejected 0.0424 Rejected
(MPa)

HPy,HPy; (3:1) — All Batches Combined- Comparison Between As-spun Fibres and 2x-air Fibres

Fibre Properties p-value Hypothesis Outcome p-value Hypothesis Outcome

Population 1  [Accepted/Rejected]  Population2  [Accepted/Rejected]

Stress (MPa) 0.254 Accepted 0.709 Accepted

Strain (%) 2.39E-16 Rejected 0.904 Accepted

Toughness (MJ/m?) 1.41E-19 Rejected 0.315 Accepted

Elastic Modulus (GPa) 0.184 Accepted 0.0210 Rejected

Diameter (um) 1.20E-12 Rejected 6.48E-23 Rejected

Ultimate Tensile Strength 0.404 Accepted 0.482 Accepted
(MPa)

HPy,HPy; (2:1) — All Batches Combined- Comparison Between As-spun Fibres and 2x-air Fibres

Fibre Properties p-value Hypothesis Outcome p-value Hypothesis Outcome

Population 1 ~ [Accepted/Rejected]  Population 2  [Accepted/Rejected]

Stress (MPa) 0.333 Accepted 0.0301 Rejected

Strain (%) 5.02E-10 Rejected 0.214 Accepted

Toughness (MJ/m?) 1.78E-7 Rejected 0.0691 Accepted

Elastic Modulus (GPa) 0.196 Accepted 0.0530 Accepted

Diameter (pm) 0.0011 Rejected 8.37E-7 Rejected

Ultimate Tensile Strength 0.376 Accepted 0.0240 Rejected
(MPa)
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Figure 3.6. Stress-strain curves of HPy2 2x-air fibres across three batches (A, B, C). Each

batch shows two populations: high extensibility (Population 1, upper curves) and low

extensibility (Population 2, lower curves).
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Figure 3.7. Stress-strain curves of HPy2:HPy: (3:1) 2x-air fibres across three batches (A,
B, C). Each batch shows two populations: high extensibility (Population 1, upper curves)

and low extensibility (Population 2, lower curves).
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Figure 3.8. Stress-strain curves of HPy2:HPy: (2:1) 2x-air fibres across three batches (A,

B, C). Each batch shows two populations: high extensibility (Population 1, upper curves)

and low extensibility (Population 2, lower curves).
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Table 3.8. Comparison of mechanical properties and diameter values between 2x-air fibres
from Populations 1 and 2 for all three protein compositions (HPy2, HPy2:HPyi1 (3:1), and
HPy2:HPy1 (2:1)) using Student’s t-test (95% confidence level).

HPy, - All Batches Combined- Comparison Between

2x-air Fibres from Populations 1 and 2

Fibre Properties p-value Hypothesis Outcome [Accepted/Rejected]
Stress (MPa) 0.159 Accepted
Strain (%) 2.44E-17 Rejected
Toughness (MJ/m?) 1.93E-14 Rejected
Elastic Modulus (GPa) 0.162 Accepted
Diameter (um) 0.672 Accepted
Ultimate Tensile Strength (MPa) 0.0161 Rejected

HPy,HPy; (3:1) — All Batches Combined- Comparison Between

2x-air Fibres from Populations 1 and 2

Fibre Properties p-value Hypothesis Outcome [Accepted/Rejected]
Stress (MPa) 0.0248 Rejected
Strain (%) 9.38E-11 Rejected
Toughness (MJ/m?) 2.92E-7 Rejected
Elastic Modulus (GPa) 0.156 Accepted
Diameter (pm) 0.237 Accepted
Ultimate Tensile Strength (MPa) 0.0413 Rejected

HPy,HPy; (2:1) — All Batches Combined- Comparison Between

2x-air Fibres from Populations 1 and 2

Fibre Properties p-value Hypothesis Outcome [Accepted/Rejected]
Stress (MPa) 2.74E-4 Rejected
Strain (%) 1.78E-10 Rejected
Toughness (MJ/m?) 3.75E-7 Rejected
Elastic Modulus (GPa) 4.50E-5 Rejected
Diameter (pm) 0.0111 Rejected
Ultimate Tensile Strength (MPa) 2.64E-4 Rejected
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Figure 3.9. Comparison of combined mechanical properties and diameter values of

Population 1 and Population 2 fibres amongst three conditions HPy2, HPy2:HPy: (3:1), and

HPy2:HPy1 (2:1), respectively as A, B, and C.
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Figure 3.10. Comparison of combined results of as-spun and 2x-air fibres from Population
1 across three conditions HPy2, HPy2:HPy1 (3:1), and HPy2:HPy: (2:1), respectively as A,

B, and C. (Displayed as box and whisker plots with overlaid scatter plots.
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Figure 3.11. Comparison of combined results of as-spun and 2x-air fibres from Population

2 across the three conditions HPy2, HPy2:HPy1 (3:1), and HPy2:HPy: (2:1), respectively as

A, B, and C. (Displayed as box and whisker plots with overlaid scatter plots.)
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Mechanical properties and diameter values of 2x-air fibres from Population 1 were
compared across the three compositions (HPy2, HPy2:HPy: (3:1), and HPy2:HPy: (2:1)).
Levene’s test and ANOVA (one-way and Welch’s) revealed significant differences in all
mechanical properties and diameter values between the three compositions for Population
1 (Tables 3.9 and 3.10). As shown in Figure 3.12, as the HPy2 content decreases and HPy
content increases, stress, toughness, elastic modulus, and UTS all decrease, while diameter
increases. These results demonstrate a correlation between the proportion of HPy:2 in the
protein composition and the mechanical properties of the resulting fibres.

Simmons observed that HPy2 fibres from protein expressed in amino acid-supplemented
M9 medium (M9-HPy2) have improved mechanical properties compared to fibres from
protein expressed in LB medium (LB-HPy2), which was speculated to be due to less
prevalent truncations in M9 leading to fibres with better mechanics.! My observation of
improved mechanics with an increase in the proportion of HPy> relative to HPy1 supports
this speculation.

Simmons also reported that the viscosity of 10% w/v LB-HPy2 dopes (61.49 + 6.15 mPa-s)
was higher than the viscosity of 10% w/v M9-HPy2 dopes (16.7 + 0.3 mPa-s).! Viscosity
of liquids is highly dependent on concentration, strength, temperature, and intermolecular
interactions>. Although the values from the two studies differ drastically due to the
difference in concentration of the dopes (3% w/v herein versus 10% w/v for Simmons'), a
similar trend showing an inverse correlation between the predominance of HPy2 content
and viscosity was observed in spin dopes for HPy2:HPy: mixtures, as shown in Table 3.11.
Simmons et al. concluded that the decrease in viscosity values for M9-HPy2 dopes

demonstrated a higher level of protein-protein interactions compared to LB-HPy> dopes.!
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This was hypothesized to result from a change in the number of protein-protein interactions
due to a higher amount of target protein presence rather than a mixture of target proteins
and truncations.! While my results support this hypothesis, considering HPy: as a surrogate
for HPy2 truncations, my results only employed a single replicate, which is insufficient for
drawing solid conclusions. If additional replicates persistently show the same trend, then
further analysis to investigate the propensity for protein-protein interactions would be

warranted.

Table 3.9. Levene’s test results for variance homogeneity of Population 1 fibres across all

conditions and combined batches.

Hypothesis Outcome

Fibre Properties p-value
[Accepted/Rejected]

Stress (MPa) 0.0445 Rejected
Strain (%) 0.537 Accepted
Toughness (MJ/m?) 0.533 Accepted
Elastic Modulus (GPa) 0.781 Accepted
Diameter (pm) 0.756 Accepted
Ultimate Tensile Strength (MPa) 0.172 Accepted
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Table 3.10. One-way ANOVA and Welch’s ANOVA of Population 1 fibres across all

conditions and combined batches (95% confidence level).

Hypothesis Outcome

Fibre Properties p-value
[Accepted/Rejected]

Stress (MPa) 1.56E-6 Rejected
Strain (%) 0.340 Accepted
Toughness (MJ/m?) 0.0041 Rejected
Elastic Modulus (GPa) 4.44E-7 Rejected
Diameter (pm) 1.96E-12 Rejected
Ultimate Tensile Strength (MPa) 6.44E-8 Rejected

Table 3.11. Viscosity measurements of 3% w/v dopes for each noted protein compositions

at 25 °C (with a single replicate for each).

Sample type Viscosity Measurement (mPa-s)
(3/1/1) (v/v/v) TFA/TFE/dH20 32
HPy> 4.4
HPy2:HPy1 (3:1) 5.0
HPy2:HPy: (2:1) 6.4
HPy: 7.2
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Figure 3.12. Comparison of Population 1 mechanical properties and diameters across the
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plots illustrate the interquartile range, median, and distribution of measurements.

For Population 2, Levene’s test and ANOVA also indicated significant differences between
the three conditions (Tables 3.12 and 3.13). However, as shown in Figure 3.13, Population
2 results do not exhibit a distinct trend, except for an increase in diameter size as HPy>
content decreases, due to variations observed in HPy2:HPyi (3:1) fibres. Similar results

were observed for as-spun fibres (Figure 3.5), which may indicate a dependence on slight
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environmental changes or variations in the ionic strength of the dopes. For instance, a study
conducted by Feng et al. observed a logarithmic increase in the elastic modulus of peptide
hydrogels with higher ionic strength, attributed to hydrogels forming a more densely
packed structure at elevated ionic strength.>* This trend could also apply to the mechanical
properties of fibres derived from protein-based dopes because an increase in the ionic
strength of the dope might result in changes to protein-protein interactions and/or the pre-
assembly state in the dope. This would be consistent with the findings of Xu et al.*® and
Sulekha et al.>> that protein-protein interactions and the resulting changes to particle self-
assembly in the spin dope may have substantial influences not only on fibre mechanics*®

but also on the ability to form continuous fibres.>

Table 3.12. Levene’s test results for variance homogeneity of population 2 fibres across

individual and combined batches.

Hypothesis Outcome

Fibre Properties p-value
[Accepted/Rejected]

Stress (MPa) 0.852 Accepted
Strain (%) 0.00 Rejected
Toughness (MJ/m?) 0.00 Rejected
Elastic Modulus (GPa) 0.960 Accepted
Diameter (pm) 0.005 Rejected
Ultimate Tensile Strength (MPa) 0.493 Accepted
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Table 3.13. One-way ANOVA and Welch’s ANOVA of Population 2 fibres across all

conditions and combined batches (95% confidence level).

Hypothesis Outcome

Fibre Properties p-value
[Accepted/Rejected]

Stress (MPa) 0.0524 Accepted
Strain (%) 0.0377 Rejected
Toughness (MJ/m?) 0.0322 Rejected
Elastic Modulus (GPa) 0.0132 Rejected
Diameter (pm) 1.13E-9 Rejected
Ultimate Tensile Strength (MPa) 0.0187 Rejected
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Figure 3.13. Comparison of Population 2 mechanical properties and diameters across the

three conditions: HPy2, HPy2:HPy1 (3:1), and HPy2:HPy1 (2:1). Data from all batches

combined per condition, displayed as box and whisker plots with overlaid scatter plots. The

plots illustrate the interquartile range, median, and distribution of measurements
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3.3.Characterization of Spinning Dopes and Recombinant Pyriform

Spider Silk Fibre

Based upon prior investigation of the solution-state structure of HPy2,! the spinning dope
is anticipated to favour a-helical secondary structure. To test whether this structuring was
maintained for HPy: in the spinning dope and for mixtures of HPy: and HPy», far-UV CD
spectroscopy was utilized on the prepared spinning dopes (Figure 3.14). Although [0]
values were obtained through eq. 1 (Section 2.1.3), Figures 3.14A and 3.14C demonstrated
variations in the range of [0] values, potentially arising from variations in dope
concentration. The concentration of the dopes was intended to be constant. However, each
dope was prepared by weighing a total of 0.012 g of protein, and weighing such a small
amount of highly statically charged protein powder might have led to inaccuracies in
concentrations, a protocol which should be improved for future studies. In comparison, the
inaccuracies in spinning dope concentration were expected to be minimal at 20% w/v
protein in each dope as 0.06 g. Because of these uncertainties in concentration, in order to
compare protein conformation between conditions, the spectra presented in Figures 3.14A
and 3.14C were normalized (Figures 3.14B and 3.14D). It is known that a-helix structures
demonstrate a positive band at 193 nm and negative bands at 208 nm and 222 nm in CD
spectra.’® Each spin dope spectrum in Figure 3.14 exhibited bands consistent with this
pattern, with a positive band at 192 nm and negative bands at 208 nm and 221 nm, implying
a predominance of o-helical conformation in the dope-state. Because the normalized
spectra had minimal change in spectral shape, this indicates that there was little
conformational change as a function of HPy1 and HPy> mixture ratio. The spectral change

was also slightly more in Figure 3.14B compared to Figure 3.14D. The spectral shape
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would certainly be expected to change if the ratio of protein secondary structures present

in a given spin dope changed. Far-UV CD spectroscopy therefore indicates that there is no

protein conformational change for either component resulting from the mixing of HPy2 and

HPy:1.
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Figure 3.14. CD spectra show dope-state protein conformation. Two runs were conducted

and grouped as run 1 (A, B) and run 2 (C, D). (A) CD spectra of all four compositions:

HPy2, HPy2:HPy1 (3:1), HPy2:HPy1 (2:1), HPy1. (B) Normalized version of plot A. (C) CD

spectra of the three compositions: HPy2, HPy2:HPy1 (2:1), HPyi1. (D) Normalized version

of plot C.
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Given that CD spectroscopy is not suitable for solid-state investigations, the secondary
structure of the proteins within the recombinant pyriform spider silk fibres was investigated
using FTIR spectroscopy. Spectra for as-spun and 2x-air fibres from individual conditions
show that the 2x-air fibres exhibit a shift to longer wavenumbers (from 1620 cm! to 1624
for HPy2; from 1620 cm™! to 1626 cm! for both HPy2:HPy1 (2:1) and (3:1)) on the basis of
second derivative analysis of the amide I region (Figures 3.15 and 3.16). According to
reported amide I band wavenumber ranges corresponding to secondary structure types,>’
this peak shift in the amide I region indicates that 2x-air fibres include B-sheet
conformation (1624 and 1626 cm™), while as-spun fibres are composed of aggregate [3-

strand and B-sheet conformations (1620 cm™') (Figure 3.15).

Lefevre et al. demonstrated persistent predominant a-helix conformation with 310-helices,
random coil and turns in the dope-state of pyriform spider silks through Raman
spectroscopy studies.>® They also stated that shear forces during the spinning process result
in the observed differences in predominant -sheets and a-helices conformations with 310-
helices, random coil and turns.’® Naghilou et al. found a significant difference in the
amount of B-sheet conformation in pyriform silk compared to dragline silk, concluding that
there is a high correlation between lack of stiffness and a lower amount of B-sheet
conformation and unordered secondary structure.’® The results from Naghilou et al.>® are
consistent with the improved mechanical properties of 2x-air fibres compared to as-spun

fibres owing to secondary structure change from aggregate [3-strands/p-sheets to B-sheets.
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Figure 3.15. Representative FTIR spectra of as-spun and 2x-air fibre samples of (A) HPyz2,

(B) HPy2:HPy:1 (3:1), (C) HPy2:HPy1 (2:1). The peaks that exhibited change between

spinning conditions are zoomed in and shown on the right.
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Figure 3.16. Overlapped second derivative and overlapped absorbance spectra of as-spun

and 2x-air fibres from FTIR analysis for the following protein compositions: (A) HPy2 (B)

HPy2:HPy1 (3:1), and (C) HPy2:HPy1 (2:1).
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Comparison of the secondary structuring of 2x-air fibres across all three protein
compositions (HPy2, HPy2:HPy: (3:1), HPy2:HPy1 (2:1)) reveals no observable peak shifts
in the second derivative spectra for either the amide I or amide II regions (representative
spectra shown in Figure 3.17 and overlapped spectra shown in Figure 3.18). The improved
mechanical properties with higher HPy2 content mentioned in Section 3.2.2 thus do not
appear to be arising from changes in secondary structure of the protein between
compositions. However, these FTIR data do not provide detail about secondary structure
unit orientation. I speculate that even if the overall secondary structure proportion is very
similar, there might be better orientation of [B-sheets in stronger fibres that provides
improved mechanics. Orientation of secondary structure units can be characterized by
polarized Raman spectromicroscopy.*? Future studies could therefore test this hypothesis

using this technique.
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60



3.4. Comparison of Results to Previously Published Recombinant

Pyriform Spider Silk Data

Previously, Zhu et al. presented the mechanical properties of fibres from single repeat
pyriform spidroin, resembling HPy1, and a two-repeat pyriform spidroin with N-terminus
and C-terminus non-repetitive domains. The mechanical testing results for HPy: and HPy2
fibres obtained in this thesis were compared to data from Zhu et al.** (Tables 3.14 and
3.15). Several factors that differ in my study and the study from Zhu et al.** should be
considered when mechanical properties or diameter values are compared (Table 2.2). These
factors include the use of gene sequences from a different spider species, 4. ventricosus
(even though this does have a similar amino acid composition to A. argentata, as shown in
Table 1.1) and the different construction of their two-repeat pyriform spider silk proteins
that include N-terminus and C-terminus with two repetitive domains; and, variations in
spinning dope solvent and — notably — the technique used for wet-spinning to form fibres
(Figure 3.19).* Zhu et al. resuspended the protein in HFIP to form 8-10% w/v dopes, while
in this thesis,* the proteins were resuspended in a mixture of TFA/TFE/dH20 to obtain
20% w/v dopes. Their research was done by submerging and stretching the fibres in a 100%

coagulation bath before the collection in air (Figure 3.19).4
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Collector

syringe pump Coagulation bath

Figure 3.19. Wet-spinning set-up utilized by Zhu et al.** (Reprinted from Zhu et al.**)

Firstly, each mechanical property of fibres from single repeat proteins reported by Zhu et
al.* is significantly higher than those of HPy1, while the diameter values for HPy: are
significantly larger. Equation 3 in Section 2.1.3 indicates the inverse relationship between
stress and cross-sectional area, explaining the negative correlation between stress and fibre
diameter. Previous studies have shown that post-spin stretching during wet-spinning
creates fibres with higher anisotropy?? and smaller diameters compared to as-spun fibres,
resulting in improved fibre mechanics*>%%¢! The enhanced mechanics observed by Zhu et
al. might arise from the scaling effect of the smaller diameter. This is consistent with studies
by Thomson et al. for sets of fibres of glass fibre-reinforced polyamides®® which support
the inference that an increase in fibre diameter causes a decrease in fibre strength if the
fibre composition is kept consistent, but diameter is increased. Therefore, the larger stress
values in Zhu et al.** compared to my study would be expected due to smaller diameters
obtained in their study (Table 3.14).

Secondly, the HPy: fibres obtained in this study were compared to data from both Zhu et

al.'* and Simmons et al.! (Table 3.15). The value range provided for two-repeat units with
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non-repetitive domains does not overlap either the value ranges observed by Simmons et
al.! or my results. Zhu et al.* reported higher mechanical properties, but (as with the HPy:
comparison) significantly smaller fibre diameters compared to either my study or that of
Simmons et al. (Table 3.15). Considering results from Thomson et al.®, it seems likely that
the large diameter obtained both by Simmons et al. and in my study would explain the
lower mechanical properties of these fibres relative to Zhu et al. However, all three studies
show similar trends in their stress-strain curves, with an initial steep increase in stress,
followed by a plateau region and a long range strain region, as shown in Figure 3.20."44
This trend represents plastic deformation before rupture and high toughness in the fibres

due to the large area under the curve, suggesting ductile polymer behaviour.*%-

Plateau

Long strain region

Stress

Initial steep

Strain

Figure 3.20. Representative trend of stress-strain curves for 2x-air fibres in this study.
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The mechanical properties, except the strain values, of 2x-air HPy2 fibres obtained by
Simmons et al. were larger than those of 2x-air HPy: fibres from Population 2 in my study.
The Population 1 data were comparable to those of Simmons et al., whereas Population 2
were much more brittle. Therefore, comparison was performed between 2x-air HPy2 fibres
from Population 1 and the data from Simmons et al. (Table 3.15). My results include large
intervals for each property, resulting in overlapping data ranges between the two studies.
However, it may not be accurate to conclude statistical similarity between the two sets of
results due to the large intervals observed. The large deviations arise from the differences
observed across batches of each composition (Figures 3.6, 3.7, and 3.8), which might have
resulted from changes in environmental factors, as was introduced in Section 3.2.
Improved experimental methods and — potentially — different types of outlier statistical

tests are needed to reduce the deviations observed in the results of this thesis.

Table 3.14. Comparison of fibre properties data, from my study and from Zhu et al. 4, of
recombinant pyriform spider silk fibres from proteins including single repeat unit of

pyriform spidroin without non-repetitive domains.

Fibres from single repeat

My results for fibres

Fibre Properties unit without )
. ‘ from HPy: proteins
non-repetitive domains

Stress (MPa) 54.0+5.7 255+84
Strain (%) 64.0£10.0 471 +1.18
Toughness (MJ/m?) 30.7+5.1 0.77 £+ 0.40
Elastic Modulus (GPa) 2.49+£0.27 0.78 +£0.22
Diameter (pm) 8.61 +0.65 51.9+4.9
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Table 3.15. Comparison of mechanical Properties and diameters of 2x-air HPy: fibres from

Zhu et al.**, Simmons et al.!, and my current project. Dopes from my study and Simmons

et al.' study included 20% w/v of HPy> proteins solubilized in 3/1/1 (v/v/v)

TFA/TFE/dH20.

Fibre Properties
Stress (MPa)
Strain (%)
Toughness (MJ/m?)
Elastic Modulus (GPa)
Diameter (nm)

Ultimate Tensile Strength (MPa)

Zhu et al.*
103.5+£3.20
70.0+5.0
57.8+£3.7
3.63+0.21
8.78 £0.79
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Simmons et al. !

46.6 £7.5
69.6 £ 6.6
30.4+30.0
1.57+£0.32
224+29
51292

My Results
482+ 14.3
93.9+579
154+£7.0
1.70 £0.39
241+£5.4
55.7+14.9



4. Chapter: Conclusions and Future Work

4.1. Conclusions

Previous studies conducted by Simmons et al. showed improved mechanics in M9-HPy2
fibres compared to LB-HPy: fibres, hypothesizing that this was due to a lower proportion
of truncated protein remaining in the M9-HPy2 dopes relative to LB- HPy2 dopes. The
current thesis work aimed to investigate the effects of HPy: protein as a surrogate of
truncated HPy2 protein on mechanical and structural properties of recombinant pyriform
spider silk fibres. Mechanical properties of as-spun fibres were independent of protein
compositions when HPy2:HPy: (3:1) protein composition was excluded. The drastic
changes observed in this composition compared to others were speculated to be due to
higher presence of salts, altering the ionic strength in the dope, and changes in
environmental factors. Moreover, wide spread of the mechanical properties and diameter
values of 2x-air fibres resulted in division into Population 1 and 2 groups. Diameter values
were found to depend on both fibre collection type (e.g., as-spun or 2x-stretch in air) and
protein composition. The statistical analyses concluded that Population 2 behaved like as-
spun fibres, which have a brittle nature.

My mechanical testing results showed that as the proportion of HPy: in protein
compositions increased, mechanical properties improved, supporting Simmons’s
hypothesis with M9-HPy2 and LB-HPy: fibres. The ranges of mechanical properties and
diameter values in this thesis’ data and previous data from Simmons et al. overlapped.
However, the large confidence intervals observed in my study prevent statistically

significant conclusions when comparing between the two studies. It is speculated that the
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wide intervals observed herein arose due to changes in environmental factors such as
humidity and temperature.

Moreover, the a-helical secondary structure of both Py unit-containing proteins in the
dope-state was found to be independent of protein mixture composition. Unexpectedly, CD
spectra showed alterations in dope concentrations across protein compositions, suggesting
inaccuracies in the actual protein concentration in the 3% w/v dope state, likely due to
challenges in accurately measuring protein mass at small scale. The secondary structure of
silk proteins observed in the fibre state differed from that in the dope-state and was
dependent on spinning conditions. The current study was limited to orientation-
independent characterization of the structural properties of these fibres and indicated no
difference in secondary structure as a function of HPy2:HPy; ratio.

In conclusion, the results presented in this thesis show that increasing the proportion of
HPy: protein relative to HPy2 protein in the spinning dope, serving as a surrogate of
truncations of HPy2, causes a decrease in the resultant fibre mechanical properties. This
result supports Simmon’s observation of improved mechanics in M9-HPy: fibres', which
indicates that prevention of truncations as much as possible would improve the HPy: fibre

mechanics.

4.2. Future Directions

While ANOVA analysis provided initial support for dividing 2x-air fibres data into
Population 1 and Population 2, a more rigorous statistical approach using histograms with
Gaussian fits would have been more appropriate to determine the proper division into

populations. A brief analysis with histograms was conducted after the completion of this
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thesis, represented in Figures 4.1-4.3. This shows large variations in the 2x-air fibres strain
data for three compositions. Figures 4.1 and 4.2 show secondary distribution in larger strain
values besides the primary distribution with strain values smaller than 20 percent, which
supports the division of the data into populations. In the future, a more comprehensive
analysis to distinguish the potential of different populations within these data sets should
be conducted to ensure that rigorous evaluation is possible. Future research could study

this by considering distinct divisions and applying more sophisticated statistical analysis.
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Figure 4.1. Distribution of strain measurements for HPy2 2x-air fibres, represented by a

histogram with Gaussian fit.
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Figure 4.2. Distribution of strain measurements for HPy2:HPy: (2:1) 2x-air fibres,

represented by a histogram with Gaussian fit.
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Figure 4.3. Distribution of strain measurements for HPy2:HPy: (2:1) 2x-air fibres,

represented by a histogram with Gaussian fit.
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The drastic difference observed in HPy2:HPy: (3:1) as-spun and Population 2, 2x-air fibres
raised questions about the effect of slight differences in ionic strength of the dopes and/or
the impact of changes in environmental factors, such as temperature and humidity, on
mechanical properties across the compositions. Firstly, as studying ionic strength in protein
powders is challenging, the dialysis process before lyophilization could be further
improved to ensure removal of most of the salts present in the dialyzed elution fractions.
Variations in the dialysis process could be tested to determine whether mechanical
properties depend highly on ionic strength of the dopes. Secondly, the wet-spinning set-up
can be altered to control the environmental conditions more easily during wet-spinning
compared to the current air-stretching set-up. For instance, post-spin stretching can be done
in a coagulation bath instead of in air (e.g., the spinning conditions used by Zhu et al. and
shown in Figure 3.19) because it is more straightforward to control the temperature of a
coagulation bath than of a room and this eliminates any influence of changes in the relative
humidity of the room during the stretching process.

Although dope concentration was kept constant across all protein compositions, the
variations in the range of [0] observed in CD spectra indicated a change in dope
concentrations across the composition. This is likely due to the manner in which relatively
small masses of protein were measured out to produce the dopes for CD measurement.
Namely, to prepare 3% w/v dopes, each required amount of protein powder amount was
weighed and transferred to glass vials and solubilized in the dope solvent mixture for a few
minutes before the CD run. Instead of preparation of separate dopes with each component
weighed out independently, preparation of stock solutions would likely keep concentrations

consistent for a given set of samples at different protein compositions. Greater accuracy
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would come from using alternative measurements of protein concentration via UV/visible
spectroscopy and/or a colorimetric assay to ensure that spin dopes contain the exact desired
protein proportion.

Finally, although significant differences in mechanical properties and diameter values of
2x-air fibres across the compositions were observed, FTIR spectroscopy results showed
similar secondary structures across the 2x-air fibres of the compositions. The changes in
mechanics are thus hypothesized to be due to differences in secondary structure unit
orientation, given that the proportions are unchanged. Polarized Raman spectromicroscopy
and X-Ray diffraction could be utilized to test this hypothesis to directly study secondary

structure unit orientation within 2x-air fibres from each composition.

71



Bibliography

(1) Simmons, J. R. From Soluble Protein to Anchoring Filament: Understanding the
Structural and Mechanical Foundations of Pyriform Spider Silk, Dalhousie
University, Halifax, 2022.

(2) Brunetta, L.; Craig, C. L. Spider Silk: Evolution and 400 Million Years of Spinning,
Waiting, Snagging, and Mating.; Yale University Press: New Haven, 2010.

(3) Selden, P. A.; Shear, W. A.; Sutton, M. D. Fossil Evidence for the Origin of Spider
Spinnerets, and a Proposed Arachnid Order. Proc Natl Acad Sci U S A 2008, 105
(52), 20781-20785. https://doi.org/10.1073/PNAS.0809174106.

(4) Leggett, M. A.; Vink, C. J.; Nelson, X. J. Adaptation and Survival of Marine-
Associated Spiders (Araneae). Annu Rev Entomol 2024, 69, 481-501.
https://doi.org/10.1146/ANNUREV-ENTO-062923-102457/1.

(5) Canals, M.; Veloso, C.; Solis, R. Adaptation of the Spiders to the Environment: The
Case of Some Chilean Species. Front Physiol 2015, 6 (220).
https://doi.org/10.3389/FPHY S.2015.00220.

(6) Spider Ecophysiology; Nentwig, W., Ed.; Springer-Verlag Berlin Heidelberg: Berlin,
2013. https://doi.org/10.1007/978-3-642-33989-9/COVER.

(7) Vollrath, F.; Knight, D. P. Liquid Crystalline Spinning of Spider Silk. Nature 2001,
410 (6828), 541-548. https://doi.org/https://doi.org/10.1038/35069000.

(8) Eisoldt, L.; Smith, A.; Scheibel, T. Decoding the Secrets of Spider Silk. Materials
Today 2011, 14 (3), 80—86. https://doi.org/https://doi.org/10.1016/S1369-
7021(11)70057-8.

(9) Chaw, R. C.; Saski, C. A.; Hayashi, C. Y. Complete Gene Sequence of Spider
Attachment Silk Protein (PySp1) Reveals Novel Linker Regions and Extreme Repeat
Homogenization. Insect Biochem Mol Biol 2017, 81, 80-90.
https://doi.org/10.1016/J.IBMB.2017.01.002.

(10) Blamires, S. Silk: Exploring Nature's Superfibre; Xlibris AU, 2022.

(11) Ramezaniaghdam, M.; Nahdi, N. D.; Reski, R. Recombinant Spider Silk: Promises
and Bottlenecks. Front Bioeng Biotechnol 2022, 10, 835637.
https://doi.org/10.3389/FBIOE.2022.835637/BIBTEX.

(12) Gosline, J. M.; DeMont, M. E.; Denny, M. W. The Structure and Properties of

Spider Silk. Endeavour 1986, 10 (1), 37-43. https://doi.org/10.1016/0160-
9327(86)90049-9.

72



(13) Lewis, R. V. Spider Silk: Ancient Ideas for New Biomaterials. Chem Rev 2006, 106
(9), 3762-3764. https://doi.org/10.1021/cr010194g.

(14) Xu, L.; Rainey, J. K.; Meng, Q.; Liu, X.-Q. Recombinant Minimalist Spider
Wrapping Silk Proteins Capable of Native-Like Fiber Formation. PLoS One 2012, 7
(11), 50227. https://doi.org/10.1371/journal.pone.0050227.

(15) Greco, G.; Wolft, J. O.; Pugno, N. M. Strong and Tough Silk for Resilient
Attachment Discs: The Mechanical Properties of Piriform Silk in the Spider
Cupiennius Salei (Keyserling, 1877). Front Mater 2020, 7 (138), 530789.
https://doi.org/10.3389/FMATS.2020.00138/BIBTEX.

(16) Garb, J. E.; Ayoub, N. A.; Hayashi, C. Y. Untangling Spider Silk Evolution with
Spidroin Terminal Domains. BMC Evol Biol 2010, 10 (1), 1-16.
https://doi.org/10.1186/1471-2148-10-243/TABLES/3.

(17) Romer, L.; Scheibel, T. The Elaborate Structure of Spider Silk Structure and
Function of a Natural High Performance Fiber. Prion 2008, 2 (4), 154-161.
https://doi.org/10.4161/pri.2.4.7490.

(18) Wang, K.; Wen, R.; Jia, Q.; Liu, X.; Xiao, J.; Meng, Q. Analysis of the Full-Length
Pyriform Spidroin Gene Sequence. Genes (Basel) 2019, 10 (6), 425.
https://doi.org/10.3390/GENES10060425.

(19) Eisoldt, L.; Smith, A.; Scheibel, T. Decoding the Secrets of Spider Silk. Materials
Today 2011, 14 (3), 80—86. https://doi.org/10.1016/S1369-7021(11)70057-8.

(20) Li, X.; Shi, C. H.; Tang, C. L.; Cai, Y. M.; Meng, Q. The Correlation between the
Length of Repetitive Domain and Mechanical Properties of the Recombinant
Flagelliform Spidroin. Biol Open 2017, 6 (3), 333-339.
https://doi.org/10.1242/B10.022665.

(21) Blasingame, E.; Tuton-Blasingame, T.; Larkin, L.; Falick, A. M.; Zhao, L.; Fong, J.;
Vaidyanathan, V.; Visperas, A.; Geurts, P.; Hu, X.; La Mattina, C.; Vierra, C.
Pyriform Spidroin 1, a Novel Member of the Silk Gene Family That Anchors
Dragline Silk Fibers in Attachment Discs of the Black Widow Spider, Latrodectus
Hesperus. J Biol Chem 2009, 284 (42), 29097-29108.
https://doi.org/10.1074/JBC.M109.021378.

(22) Rising, A.; Johansson, J. Toward Spinning Artificial Spider Silk. Nat Chem Biol
2015, 11 (5), 309-315. https://doi.org/10.1038/nchembio.1789.

(23) Babb, P. L.; Lahens, N. F.; Correa-Garhwal, S. M.; Nicholson, D. N.; Kim, E. J.;
Hogenesch, J. B.; Kuntner, M.; Higgins, L.; Hayashi, C. Y.; Agnarsson, I.; Voight, B.
F. The Nephila Clavipes Genome Highlights the Diversity of Spider Silk Genes and
Their Complex Expression. Nat Genet 2017, 49 (6), 895-903.
https://doi.org/10.1038/ng.3852.

73



(24) Craig, C. L.; Riekel, C.; Herberstein, M. E.; Weber, R. S.; Kaplan, D.; Pierce, N. E.
Evidence for Diet Effects on the Composition of Silk Proteins Produced by Spiders.
Mol Biol Evol 2000, 17 (12), 1904-1913.

(25) Rhea, C.; Norton, K.; Diawara, F.; Thompson, B. The Effects of Diet on the Physical
Strength of Spider Silk. J Biol Sci 2018, 4, 6-9.

(26) Madsen, B.; Shao, Z. Z.; Vollrath, F. Variability in the Mechanical Properties of
Spider Silks on Three Levels: Interspecific, Intraspecific and Intraindividual. Int J
Biol Macromol 1999, 24 (2-3), 301-306. https://doi.org/10.1016/S0141-
8130(98)00094-4.

(27) Work, R. W. Dimensions, Birefringences, and Force-Elongation Behavior of Major
and Minor Ampullate Silk Fibers from Orb-Web-Spinning Spiders—The Effects of
Wetting on These Properties. Textile Research Journal 1977, 47 (10), 650—662.
https://doi.org/10.1177/004051757704701003.

(28) Madsen, B.; Vollrath, F. Mechanics and Morphology of Silk Drawn from
Anesthetized Spiders. Naturwissenschaften 2000, 87 (3), 148—153.
https://doi.org/10.1007/S001140050694/METRICS.

(29) Schmuck, B.; Greco, G.; Biacklund, F. G.; Pugno, N. M.; Johansson, J.; Rising, A.
Impact of Physio-Chemical Spinning Conditions on the Mechanical Properties of
Biomimetic Spider Silk Fibers. Commun Mater 2022, 3 (1), 1-12.
https://doi.org/10.1038/s43246-022-00307-6.

(30) Wang, K.; Wen, R.; Wang, S.; Tian, L.; Xiao, J.; Meng, Q. The Molecular Structure
of Novel Pyriform Spidroin (PySp2) Reveals Extremely Complex Central Repetitive
Region. Int J Biol Macromol 2020, 145, 437-444.
https://doi.org/10.1016/J.1JBIOMAC.2019.12.027.

(31) Peng, X.; Liu, Z.; Gao, J.; Zhang, Y.; Wang, H.; Li, C.; Lv, X.; Gao, Y.; Deng, H.;
Zhao, B.; Gao, T.; Li, H. Influence of Spider Silk Protein Structure on Mechanical
and Biological Properties for Energetic Material Detection. Molecules 2024, Vol. 29,
Page 1025 2024, 29 (5), 1025. https://doi.org/10.3390/MOLECULES29051025.

(32) Simmons, J. R.; Xu, L.; Rainey, J. K. Recombinant Pyriform Silk Fiber Mechanics
Are Modulated by Wet-Spinning Conditions. ACS Biomater Sci Eng 2019, 5 (10),
4985-4993. https://doi.org/10.1021/acsbiomaterials.9b00504.

(33) Geurts, P.; Zhao, L.; Hsia, Y.; Gnesa, E.; Tang, S.; Jeffery, F.; Mattina, C. La; Franz,
A.; Larkin, L.; Vierra, C. Synthetic Spider Silk Fibers Spun from Pyriform Spidroin
2, A Glue Silk Protein Discovered in Orb-Weaving Spider Attachment Discs.
Biomacromolecules 2010, 11 (12), 3495-3503.
https://doi.org/10.1021/BM101002W/ASSET/IMAGES/LARGE/BM-2010-
01002W_0004.JPEG.

74



(34) Simmons, J. R.; Gasmi-Seabrook, G.; Rainey, J. K. Structural Features, Intrinsic
Disorder, and Modularity of a Pyriform Spidroin 1 Core Repetitive Domain.
Biochemistry and Cell Biology 2023, 101 (4), 271-283. https://doi.org/10.1139/BCB-
2022-0338.

(35) Lewis, R. Unraveling the Weave of Spider Silk. Bioscience 1996, 46 (9), 636—638.

(36) Vendrely, C.; Scheibel, T. Biotechnological Production of Spider-Silk Proteins
Enables New Applications. Macromol Biosci 2007, 7 (4), 401-409.
https://doi.org/10.1002/MABI.200600255.

(37) Prince, J. T.; McGrath, K. P.; DiGirolamo, C. M.; Kaplan, D. L. Construction,
Cloning, and Expression of Synthetic Genes Encoding Spider Dragline Silk.
Biochemistry (Easton) 1995, 34 (34), 10879—-10885.
https://doi.org/https://doi.org/10.1021/bi00034a022.

(38) Liiken, A.; Geiger, M.; Steinbeck, L.; Joel, A.-C.; Lampert, A.; Linkhorst, J.;
Wessling, M. Biocompatible Micron-Scale Silk Fibers Fabricated by Microfluidic
Wet Spinning. Adv Healthc Mater 2021, 10 (20), e2100898-n/a.
https://doi.org/10.1002/ADHM.202100898.

(39) Rinoldi, C.; Costantini, M.; Kijenska-Gawronska, E.; Testa, S.; Fornetti, E.; Heljak,
M.; Cwiklinska, M.; Buda, R.; Baldi, J.; Cannata, S.; Guzowski, J.; Gargioli, C.;
Khademhosseini, A.; Swieszkowski, W. Aligned Cell-Laden Yarns: Tendon Tissue
Engineering: Effects of Mechanical and Biochemical Stimulation on Stem Cell
Alignment on Cell-Laden Hydrogel Yarns. Adv Healthc Mater 2019, 8 (7).
https://doi.org/10.1002/ADHM.201801218.

(40) Miranda, C. S.; Silva, A. F. G.; Pereira-Lima, S. M. M. A.; Costa, S. P. G.; Homem,
N. C.; Felgueiras, H. P. Tunable Spun Fiber Constructs in Biomedicine: Influence of
Processing Parameters in the Fibers’ Architecture. Pharmaceutics 2022, 14 (1), 164.
https://doi.org/10.3390/pharmaceutics 14010164.

(41) Chen, S.; Wetzel, R. Solubilization and Disaggregation of Polyglutamine Peptides.
Protein Sci 2001, 10 (4), 887. https://doi.org/10.1110/PS.42301.

(42) Weatherbee-Martin, N. Development and Optimization of Automated Fibre
Production for Recombinant Spider Wrapping Silk, Dalhousie University, Halifax,
2016.

(43) Teulé, F.; Cooper, A. R.; Furin, W. A.; Bittencourt, D.; Rech, E. L.; Brooks, A.;
Lewis, R. V. A Protocol for the Production of Recombinant Spider Silk-like Proteins
for Artificial Fiber Spinning. Nat Protoc 2009, 4 (3), 341-355.
https://doi.org/10.1038/nprot.2008.250.

(44) Zhu, H.; Rising, A.; Johansson, J.; Zhang, X.; Lin, Y.; Zhang, L.; Yi, T.; M1, J.;

Meng, Q. Tensile Properties of Synthetic Pyriform Spider Silk Fibers Depend on the
Number of Repetitive Units as Well as the Presence of N- and C-Terminal Domains.

75



Int J Biol Macromol 2020, 154, 765-772.
https://doi.org/10.1016/j.ijbiomac.2020.03.042.

(45) Rahimzadeh, M.; Sadeghizadeh, M.; Najafi, F.; Arab, S.; Mobasheri, H. Impact of
Heat Shock Step on Bacterial Transformation Efficiency. Mol Biol Res Commun
2016, 5 (4), 257.

(46) Kelly, S. M.; Jess, T. J.; Price, N. C. How to Study Proteins by Circular Dichroism.
Biochim Biophys Acta Proteins Proteom 2005, 1751 (2), 119—-139.
https://doi.org/10.1016/J.BBAPAP.2005.06.005.

(47) Weatherbee-Martin, N.; Xu, L.; Hupe, A.; Kreplak, L.; Fudge, D. S.; Liu, X.-Q.;
Rainey, J. K. Identification of Wet-Spinning and Post-Spin Stretching Methods
Amenable to Recombinant Spider Aciniform Silk. Biomacromolecules 2016, 17 (8),
2737-2746. https://doi.org/10.1021/acs.biomac.6b00857.

(48) Xu, L.; Weatherbee-Martin, N.; Liu, X.-Q.; Rainey, J. K. Recombinant Silk Fiber
Properties Correlate to Prefibrillar Self-Assembly. Small 2019, 15 (12), 1805294-n/a.
https://doi.org/10.1002/smll.201805294.

(49) Callister, W. D.; Rethwisch, D. G. Materials Science and Engineering: An
Introduction, 10th ed.; John Wiley & Sons: Hoboken, 2018.

(50) Stewart, J. Single Variable Calculus: Early Transcendentals, 7th ed.; Brooks/Cole:
Belmont, 2012.

(51) Baker, L. A.; Xu, L.; Akher, B.; Robertson, M. K.; Pugsley-Debruyn, L.; Ma, C. X.;
Liu, X.-Q.; Frampton, J. P.; Rainey, J. K. Nerve Growth Factor-Binding Engineered
Silk Films Promote Neuronal Attachment and Neurite Outgrowth. Adv Funct Mater
2022, 32 (45), 2205178. https://doi.org/10.1002/adfm.202205178.

(52) Haque, S. K. M.; Ardila-Rey, J. A.; Umar, Y.; Mas’ud, A. A.; Muhammad-Sukki, F.;
Jume, B. H.; Rahman, H.; Bani, N. A. Application and Suitability of Polymeric
Materials as Insulators in Electrical Equipment. Energies (Basel) 2021, 14 (10), 2758.
https://doi.org/10.3390/en14102758.

(53) Thakral, P.; Ingle, J. B.; Raina, R.; Nehra, D. Study of Variations of Concentration,
Temperature, and Intermolecular Interactions on the Viscosity of Liquids. Resonance
2022, 27 (10), 1789-1803. https://doi.org/10.1007/S12045-022-1472-5/METRICS.

(54) Feng, Y.; Taraban, M.; Yu, Y. B. The Effect of lonic Strength on the Mechanical,
Structural and Transport Properties of Peptide Hydrogels. Soft Matter 2012, § (46),
11723-11731. https://doi.org/10.1039/c2sm26572a.

(55) Sulekha, A.; Evans, S.; Akher, F. B.; Ghimire, A.; Reith, M. A.; Liu, X.-Q.; Xu, L.;
Rainey, J. K. An Engineered Recombinant Spider Silk Protein Providing Disulfide-
Locked Control Over Self-Assembly and Fiber Formation. . Adv Funct Mater 2024,
2420254. https://doi.org/https://doi.org/10.1002/adfm.202420254.

76



(56) Greenfield, N. J. Using Circular Dichroism Spectra to Estimate Protein Secondary
Structure. Nat Protoc 2007, 1 (6), 2876-2890.
https://doi.org/10.1038/nprot.2006.202.

(57) Hu, X.; Kaplan, D.; Cebe, P. Determining Beta-Sheet Crystallinity in Fibrous
Proteins by Thermal Analysis and Infrared Spectroscopy. Macromolecules 2006, 39
(18), 6161-6170. https://doi.org/10.1021/ma0610109.

(58) Lefevre, T.; Paquet-Mercier, F.; Rioux-Dubé, J. F.; Pézolet, M. Structure of Silk by
Raman Spectromicroscopy: From the Spinning Glands to the Fibers. Biopolymers
2011, 97 (6), 322-336. https://doi.org/10.1002/bip.21712.

(59) Naghilou, A.; Pottschacher, L.; Millesi, F.; Mann, A.; Supper, P.; Semmler, L.;
Weiss, T.; Backus, E. H. G.; Radtke, C. Correlating the Secondary Protein Structure
of Natural Spider Silk with Its Guiding Properties for Schwann Cells. Materials
Science and Engineering: C 2020, 116, 111219.
https://doi.org/10.1016/j.msec.2020.111219.

(60) Albertson, A. E.; Teul¢, F.; Weber, W.; Yarger, J. L.; Lewis, R. V. Effects of Different
Post-Spin Stretching Conditions on the Mechanical Properties of Synthetic Spider
Silk Fibers. J Mech Behav Biomed Mater 2014, 29, 225-234.
https://doi.org/10.1016/J.JMBBM.2013.09.002.

(61) Madurga, R.; Gafidan-Calvo, A. M.; Plaza, G. R.; Guinea, G. V,; Elices, M.; Pérez-
Rigueiro, J. Production of High Performance Bioinspired Silk Fibers by Straining
Flow Spinning. Biomacromolecules 2017, 18 (4), 1127-1133.
https://doi.org/10.1021/ACS.BIOMAC.6B01757/ASSET/IMAGES/MEDIUM/BM-
2016-017576_0004.GIF.

(62) Thomason, J. L. The Influence of Fibre Length, Diameter and Concentration on the
Strength and Strain to Failure of Glass Fibre-Reinforced Polyamide 6,6. Compos Part
A Appl Sci Manuf 2008, 39 (11), 1732-1738.
https://doi.org/10.1016/j.compositesa.2008.07.002.

77



Appendices

Table A.1. Comparison of HPy: as-spun and Population 1 fibres using Student’s t-test (95%

confidence level) across individual and combined batches.

HPy, — Batch 1- Comparison Between As-spun Fibres and Population 1 Fibres

Fibre Properties p-value Hypothesis Outcome [Accepted/Rejected]
Stress (MPa) 0.799 Accepted
Strain (%) 1.85E-4 Rejected
Toughness (MJ/m?) 7.47E-5 Rejected
Elastic Modulus (GPa) 0.386 Accepted
Diameter (um) 1.79E-5 Rejected
Ultimate Tensile Strength (MPa) 0.248 Accepted

HPy, — Batch 2- Comparison Between As-spun Fibres and Population 1 Fibres

Fibre Properties p-value Hypothesis Outcome [Accepted/Rejected]
Stress (MPa) 0.517 Accepted
Strain (%) 9.10E-9 Rejected
Toughness (MJ/m?) 4.27E-16 Rejected
Elastic Modulus (GPa) 0.0205 Rejected
Diameter (um) 1.19E-4 Rejected
Ultimate Tensile Strength (MPa) 0.0630 Accepted

HPy, — Batch 3- Comparison Between As-spun Fibres and Population 1 Fibres

Fibre Properties p-value Hypothesis Outcome [Accepted/Rejected]
Stress (MPa) 0.194 Accepted
Strain (%) 1.11E-4 Rejected
Toughness (MJ/m?) 2.51E-4 Rejected
Elastic Modulus (GPa) 0.119 Accepted
Diameter (um) 0.0047 Rejected
Ultimate Tensile Strength (MPa) 0.162 Accepted
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Table A.2. Comparison of HPy: as-spun and Population 2 fibres using Student’s t-test (95%

confidence level) across individual and combined batches.

HPy, - Batch 1- Comparison Between As-spun Fibres and Population 2 Fibres

Fibre Properties p-value Hypothesis Outcome [Accepted/Rejected]
Stress (MPa) 0.872 Accepted
Strain (%) 0.251 Accepted
Toughness (MJ/m?) 0.693 Accepted
Elastic Modulus (GPa) 0.438 Accepted
Diameter (um) 4.26E-7 Rejected
Ultimate Tensile Strength (MPa) 0.862 Accepted

HPy, - Batch 2- Comparison Between As-spun Fibres and Population 2 Fibres

Fibre Properties p-value Hypothesis Outcome [Accepted/Rejected]
Stress (MPa) 0.0070 Rejected
Strain (%) 0.0461 Rejected
Toughness (MJ/m?) 0.0115 Rejected
Elastic Modulus (GPa) 0.0017 Rejected
Diameter (um) 1.23E-11 Rejected
Ultimate Tensile Strength (MPa) 2.71E-5 Rejected

HPy; - Batch 3- Comparison Between As-spun Fibres and Population 2 Fibres

Fibre Properties p-value Hypothesis Outcome [Accepted/Rejected]
Stress (MPa) 0.343 Accepted
Strain (%) 0.187 Accepted
Toughness (MJ/m?) 0.189 Accepted
Elastic Modulus (GPa) 0.203 Accepted
Diameter (um) 0.065 Accepted
Ultimate Tensile Strength (MPa) 0.608 Accepted
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Table A.3. Comparison of HPy2 Population 1 and Population 2 fibres using Student’s t-test

(95% confidence level) across individual and combined batches.

HPy, — Batch 1- Comparison Between Population 1 Fibres vs. Population 2 Fibres

Fibre Properties
Stress (MPa)
Strain (%)
Toughness (MJ/m?)
Elastic Modulus (GPa)
Diameter (um)

Ultimate Tensile Strength (MPa)

p-value
0.534

1.09E-5

0.0070
0.614
0.581
0.449

Hypothesis Outcome [Accepted/Rejected]
Accepted
Rejected
Rejected
Accepted
Accepted
Accepted

HPy, — Batch 2- Comparison Between Population 1 Fibres vs. Population 2 Fibres

Fibre Properties
Stress (MPa)
Strain (%)
Toughness (MJ/m?)
Elastic Modulus (GPa)
Diameter (um)

Ultimate Tensile Strength (MPa)

p-value
0.395

2.15E-9

0.0969
0.873
0.759
0.460

Hypothesis Outcome [Accepted/Rejected]
Accepted
Rejected
Accepted
Accepted
Accepted
Accepted

HPy, — Batch 3- Comparison Between Population 1 Fibres vs. Population 2 Fibres

Fibre Properties
Stress (MPa)
Strain (%)
Toughness (MJ/m?)
Elastic Modulus (GPa)
Diameter (um)

Ultimate Tensile Strength (MPa)

p-value
0.258
2.70E-8
6.88E-14
0.170
0.0382
0.0389
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Accepted
Rejected
Rejected
Accepted
Rejected
Rejected



Table A.4. Comparison of HPy2:HPy1 (3:1) as-spun and Population 1 fibres using Student’s

t-test (95% confidence level) across individual and combined batches.

HPy,HPy; (3:1) — Batch 1- Comparison Between As-spun Fibres and Population 1 Fibres

Fibre Properties
Stress (MPa)
Strain (%)
Toughness (MJ/m?)
Elastic Modulus (GPa)
Diameter (um)

Ultimate Tensile Strength (MPa)

p-value
0.110
1.46E-18

3.69E-12

0.269
3.20E-7
0.534

Hypothesis Outcome [Accepted/Rejected]
Accepted
Rejected
Rejected
Accepted
Rejected
Accepted

HPy,HPy; (3:1) — Batch 2- Comparison Between As-spun Fibres and Population 1 Fibres

Fibre Properties
Stress (MPa)
Strain (%)
Toughness (MJ/m?)
Elastic Modulus (GPa)
Diameter (um)

Ultimate Tensile Strength (MPa)

p-value
0.988

9.58E-11

5.41E-11
0.987
0.0348
0.488

Hypothesis Outcome [Accepted/Rejected]
Accepted
Rejected
Rejected
Accepted
Rejected
Accepted

HPy>HPy; (3:1) — Batch 3- Comparison Between As-spun Fibres and Population 1 Fibres

Fibre Properties
Stress (MPa)
Strain (%)
Toughness (MJ/m?)
Elastic Modulus (GPa)
Diameter (um)

Ultimate Tensile Strength (MPa)

p-value
0.0756
1.42E-13
4.33E-12
0.216
4.31E-7
0.227
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Hypothesis Outcome [Accepted/Rejected]
Accepted
Rejected
Rejected
Accepted
Rejected
Accepted



Table A.5. Comparison of HPy2:HPy1 (3:1) as-spun and Population 2 fibres using Student’s

t-test (95% confidence level) across individual and combined batches.

HPy,HPy, (3:1) — Batch 1: Comparison Between As-spun Fibres and Population 2 Fibres

Fibre Properties
Stress (MPa)
Strain (%)
Toughness (MJ/m?)
Elastic Modulus (GPa)
Diameter (um)

Ultimate Tensile Strength (MPa)

p-value
0.186
0.0925
0.0770
0.540
4.43E-4
0.0514

Hypothesis Outcome [Accepted/Rejected]

Accepted
Accepted
Accepted
Accepted
Rejected
Accepted

HPy,HPy; (3:1) — Batch 2: Comparison Between As-spun Fibres and Population 2 Fibres

Fibre Properties
Stress (MPa)
Strain (%)
Toughness (MJ/m?)
Elastic Modulus (GPa)
Diameter (um)

Ultimate Tensile Strength (MPa)

p-value
0.806
0.106
0.109
0.940
0.0136
0.933

Hypothesis Outcome [Accepted/Rejected]
Accepted
Accepted
Accepted
Accepted
Rejected
Accepted

HPy>HPy; (3:1) — Batch 3: Comparison Between As-spun Fibres and Population 2 Fibres

Fibre Properties
Stress (MPa)
Strain (%)
Toughness (MJ/m?)
Elastic Modulus (GPa)
Diameter (um)

Ultimate Tensile Strength (MPa)

p-value
0.556
0.636
0.452
0.0665
2.56E-22
0.828
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Hypothesis Outcome [Accepted/Rejected]
Accepted
Accepted
Accepted
Accepted
Rejected
Accepted



Table A.6. Comparison of HPy2:HPy: (3:1) Population 1 and Population 2 fibres using

Student’s t-test (95% confidence level) across individual and combined batches.

HPy,HPy; (3:1) — Batch 1: Comparison Between Population 1 Fibres vs. Population 2 Fibres

Fibre Properties
Stress (MPa)
Strain (%)
Toughness (MJ/m?)
Elastic Modulus (GPa)
Diameter (pm)

Ultimate Tensile Strength (MPa)

p-value
0.0248

9.38E-11

2.92E-7
0.156
0.237
0.0413

Hypothesis Outcome [Accepted/Rejected]
Rejected
Rejected
Rejected
Accepted
Accepted
Rejected

HPy,HPy; (3:1) — Batch 2: Comparison Between Population 1 Fibres vs. Population 2 Fibres

Fibre Properties
Stress (MPa)
Strain (%)
Toughness (MJ/m?)
Elastic Modulus (GPa)
Diameter (pm)

Ultimate Tensile Strength (MPa)

p-value
0.880

5.84E-9

7.04E-9
0.952
0.942
0.508

Hypothesis Outcome [Accepted/Rejected]
Accepted
Rejected
Rejected
Accepted
Accepted
Accepted

HPy,HPy; (3:1) — Batch 3: Comparison Between Population 1 Fibres vs. Population 2 Fibres

Fibre Properties
Stress (MPa)
Strain (%)
Toughness (MJ/m?)
Elastic Modulus (GPa)
Diameter (pm)

Ultimate Tensile Strength (MPa)

p-value
0.137
9.68E-18
6.91E-15
0.0174
0.0362
0.125
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Hypothesis Outcome [Accepted/Rejected]
Accepted
Rejected
Rejected
Rejected
Rejected
Accepted



Table A.7. Comparison of HPy2:HPy1 (2:1) as-spun and Population 1 fibres using Student’s

t-test (95% confidence level) across individual and combined batches.

HPy,HPy, (2:1) — Batch 1: Comparison Between As-spun Fibres and Population 1 Fibres

Fibre Properties
Stress (MPa)
Strain (%)
Toughness (MJ/m?)
Elastic Modulus (GPa)
Diameter (pm)

Ultimate Tensile Strength (MPa)

p-value
0.945
5.93E-4
0.0574
0.929
0.0898
0.698

Hypothesis Outcome [Accepted/Rejected]
Accepted
Rejected
Accepted
Accepted
Accepted
Accepted

HPy,HPy; (2:1) — Batch 2: Comparison Between As-spun Fibres and Population 1 Fibres

Fibre Properties
Stress (MPa)
Strain (%)
Toughness (MJ/m?)
Elastic Modulus (GPa)
Diameter (pm)

Ultimate Tensile Strength (MPa)

p-value
0.123
2.53E-6
2.46E-9
0.536
4.36E-6
0.0565

Hypothesis Outcome [Accepted/Rejected]
Accepted
Rejected
Rejected
Accepted
Rejected
Accepted

HPy,HPy; (2:1) — Batch 3: Comparison Between As-spun Fibres and Population 1 Fibres

Fibre Properties
Stress (MPa)
Strain (%)
Toughness (MJ/m?)
Elastic Mod