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ABSTRACT

Challenges irireaing injuries together withanincreased need for repair of damaged tissues
and organshave made regenerative medicine a major research area today. Biomaterials such
as silk fibroin (SF) have proveto be excellent tissue scaffolgsssessingproperties
essential intissue engineeringuch as biocompatiitity, biodegradaitity and exceptional
mechanical propertieSF nanofibresare especiallyattractive due to theilarge surfaceo-
volume ratio andhigh porositywhich is beneficialin regenerative medicinédowever, b
designbiomaterial scaffoldsgchemical and physical properties SFhave to be sufficiently
known. The thesisaims to contributéo knowledgeby characterizingsilk fibroin from the
African wild silkworm specie§sonometa rufobrunna€&onometa posticaArgema mimosae,
Epiphora bahuniaeand Anaphe pandaMoreover the feasibility of producingianofibrous

biomaterial scaffoldfrom these fibroinss explored

The chemical composition of degummed fibres was investigdt using Capillary
electrophoresis wrst Infrared (IR) and Raman spectroguo techniqueswvere utilized to
determine structural characteristics of the fibroin. In addition, therpeflaviour and
mechanical propertiesf the fibroinswerealsoinvestigated Nanofibres were fabricated via
electrospinningThe effects of solution concentration, voltage, polymer flow rate and tip to
collector distancevere studied to giveoptimum electrospinningonditions.IR spectroscop

was also utilized to observehe corformatioral structure of the degummed and electrospun
fibres whilst scanning electron microscgp(SEM) provided information on the size and
morphology of the fibresThe use of the nanofibres as biomaterials was evaluated using

cytotoxicity tests.

Resultsshowed thatglycine, alanine and serineonstituted over 70% of the amino acid
composition of all the fibroinsgGonometafibroin had more glycine than alanine whilst the
opposite was true fohrgema mimosaepiphora bahuniaeand Anaphe panddibroin. The
abundance of basic amino acids Gonometa rufobrunnaeiGonometa posticaArgema
mimosaeand Epiphora bahuniadibroin makesthem prime candidatedor cell and tissue
culture.The amino acid composition of the fibroimfluencedsecondary structure #éise b-
sheet structureAnaphe pandaArgema mimosaand Epiphora bahuniaeilks wasmade up

of mostly alaninealanine (AlaAla), polypeptides whilsGonometdibroin had a interesting



mixture of both glycinealanine (GlyAla), and (AlaAla), units. The unique structues

impacted the mechanical and thermal properties of the fibroins.

Production ofGonometananofibres was mainlgiependenon fibroin solution concentration.

A minimum of 27 % w/v was needed to produce defect free nanofibres. Diametéwes of
electrospun fibres produced ranged from 300 to 2500IRmspectroscop datahighlighted

t h at -shedt @nfdrmatioof degummed fibroin was degradddring the formation of the
nanofibres rendering them water soluble. It was however possible toeratgthe b-sheet
structure in the nanofibres by egng them to various solventSytotoxicity testsusing
Sulforhodamine B (SRB) assagmonstrated that the nanofibres were not toxic to cells, a

major prerequisite for use as a biomaterial.

This thesissuccessfullyprovidesuseful datain an area that has been minimally explored.
Results suggest that SF from African silkworm species tfafersity in properties and are
thereforeattractive for usas biomaterials, especially in cell and tissue engineefisdar as
we could determine, we are the firstexxtend the use of fibroin from African silk species by

producingGonometeSF nanofibreghat are of potential use as biomaterial scaffolds
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CHAPTER ONE

1.1 General Introduction

Numerous innovative designs and technologihed have contributed tihe improvement of
human life have been derived from imitating materials found in na@servation of
shelled creatureandarchitectural structures hassulted inthe development of body armour
and net materialge.g.fishing nets, bandaggesieve$ respectively{1]. Most of these natural
materials are protein and polysaccharide polymers arranged individually or as cosnposite
with other elements or minerals to obtain various functionalities TTRgsepolymers are
hierarchically organized to dimensions as low as nanoscale &kl exhibit several
appealing properties for material scientists. Industriesttaretargeting natral polymers,
especially those patterned at nano level, for usenumerous medical and technical
applicationsSilk, collagen, elastin and keratin are some of the protein biopolymesetivat

a variety of purposes in nature, mostly as structural nadgeri various systems [3pilks in
particular are produced by spiders aederaiinsect species, mostly as building materials for

a wide variety of purposes [4]. The most walown types are from the spiders due to their
unparalleled mechanical strehd6] and silkworm which has been valued as a luxury textile
fibore for many centuries [6]. Like other natural polymers, silk fibres show considerable
variability depen@nt on the species, silk spinning conditions and the environment of the
animals [7, 8].The increaseknowledge ofsilkworm silk properties and processiitas
contributed to it beingated as an excellent biopolymer for the development of biomedical
devices The possibilities presented by the silk at nanoscale levels have the potential to

revolutionize the field of tissue engineering.



1.2  Background

A greater need for repair of damaged tissues and organs has demanded innovations centred
on bio-based materials. Biomaterials are prized for their inherent properties such as
biocompatibility, nortoxicity and biodegradability which are critical for biomedical and
biotechnologicablesigrs. There has thus been increased interest in natural,figspecially
proteins and polysaccharides, which pos&gsmsaterialpropertiesthat can be of use in the
biomedical and biotechnologectord9, 10]. Amongst the natural protein fibres, silk fibroin

has emerged as one of the most promising biomaéoahuman tissue engineering and/or
regeneration. SF offers a unique combination of features that are unmatched by most other
biopolymers. Its highly impressive mechanical properties provide support for regeneration of
various tissues coupled with good awpatibility, low inflammatory response, good gas

permeability and tailored biodegradatidri].

Versatility in processing and chemical modification options offeredSBystrengthensts
preferential use in applications requiring biocompatible polymeric materials. Broad
applicability of SF caralsobe realized through utilization of different formats such as films,
hydrogels, powders, foams, micro and nanoparticles, membranes asthfgidds [1113].

Three dimensional porous materiafgrticularly in the form of nanofibres, have greater
potential as scaffolds for tissue engineering compared to two dimensional ones. Strongly
resembling the natural extracellular matrix (ECM) of orgasisthe high porosity and large
surface area of nanofibres allows for cell attachment, transport of nutrients and gaseous
exchange. In addition, a broad range of activity can be introduced into the nanofibre matrix
by functionalizing or adding single or tiple bioactive components such as antibiotics,

antimicrobials and growth factors [14, 15].



Amongst the techniquesused for producing three dimensional nanostructured materials,
electrospinning outclasses the rest due to its simplicity;eftsttiveress, ability to produce
nanofibres from various types of polymers and scale up capdtySeveral reviews have

been published highlighting the vast opportunities offered by electrospinning9[17
Nanofibres produced from various biomaterials haveven to be excellent in many
biomedical applications.SF electrospun nanofibre scaffolda particular have been
recommended for growth and repairing of various tissues such as blood vessels, skin, nerves,

tendons, bone and cartilage [11, 14, 20].

1.3  Motivation of the study

In order for fibroin to be effectively applied in various fields, there has to be a good
understanding of its chemical and structural features which affect its perfornsindes
conducted show tha®8F is generally a large moldau weight (200350 kDa or more)
polymer composed of 18 amino acids arrangeabtly in repetitive hydrophobic domains
interspaced with small hydrophilic regions [21]. SF from the domestidaatbyx mori
species has been extensively characterized over denaygles [224] and as such it has been
the most applied as a biomateri8F extracted from other species has displayed different
chemical properties and variability in primary structures and physical properties [25]. This
diversity has been attributed digstinctionsin the amino acid sequences of the different silks.
For example Anthera@a silks are composed primarily of alaniaanine (AlaAla),
polypeptidesvhereagshe B. mori silks are mainly comprised of glyciriealanine(Gly-Ala),

polypeptides [26].

Information onthe diverse properties dered by SF from other speciebas resulted in

increased interest in their use as biomaterials. Their performance in some biomaterial

3



applications has been found to be superioBtomori SF owing to differences in their
physicochemical propertiesn one study, films prepared fro. mylitta fibroin showed
better cell growth and proliferation than films made fr8mmori fibroin [27]. This was
attributed to a tripeptide sequeneeganinéglycine aspartic acid present . mylittaand

not in B. mori fibroin. In additionto performancethe type of SF has also been found to
influence key processes such as dissolution [28] and ls@n impact on biomaterial
fabrication P9, 30] The clear fact is that each type of silk therefore has to be studied
extensively to assess its processing aotential use as a biomaterial as this varies between

species.

These and other studies highlightitige potential of silk other than that froBh mori have
motivatedresearch ofess studied silks such as those from uncommon silkworm species,
bees, scorpions and mites in order to identify the unique properties that may be valuable for
biomaterial and/or textile applications [3B]. Africa is home to a number of the less studied
slkworm species from different families such as tBaturniidae Thaumetopoeida@and
Lasiocampidaefamilies. Limited studieshave focused ondentifying their chemical and
physical properties [386] and more havéeenfrom a biodiversity, entomological dn
textile perspective [341]. Therehaveéhasactually been no studies on the processing and
fabrication of applicable biomaterial formats of silk fibroin from silkworm species
indigenous to Africathus their use has not gone beyond textiles. Undersgumioperties

and processing of silk fibroin from African species will be key in identifying their place in
biomaterial and biotechnological applications. Moreover, it will extend knowledge of the

relationship between structure and functional propertieswniral fibrous polymers.



1.4  Objectives

Against this background, the overall objective of the presented work was to determine the
properties of silk fibroin from African silkworm species and to explore their potential use as

biomaterials. This was achieved under the following specific objectives

1. Chemical and physical characterization of fibroin derived fitbin African silkworm
speciessonometa rufobrunna&onometa posticaArgema mimosae, Epiphora bahuniae
andAnaphe panda

2. Fabrication and characterization of electrospun nanofibres from fibroin derived from
African silkworm species

3. Application of fabricated fibroin nanofibres as biomedical scaffolds.

1.5 Layout of the Thesis

Chapter lintroduces the work and presents the motivation and objectives for the work.
Chaptes 2 and 3provide literature reviewChapter ZXocuses on reviewing work done on the
characterization of silk proteins. It also discusses properties of silk fibroin that make it
attractive as a biomateriaChapter 3discusses the electrospinning technique and its use in
the fabrication of SF nanofies. The use of electrospun SF nanofibres in different
applications is also discussed.

Chapter 4covers the experimental procedures and characterization techniques used in the
study.

Chaptes 5 and 6contain results of the experiments conducted in theysCigapter Focuses

on the results of the chemical and physical characterization of the African silk fibroins.

Chapter6é shows results on the electrospinningG@dnometaSF. We also present results on



adsorptionof the natural polyphenol resveratrohto silknanofibres fompotentialbiomedical
application
Chapter 7presents conclusions of the research undertaken in this study. Proposals are also

put forward for recommended future work.



CHAPTER TWO

SILK AND ITS PROPERTIES

21 Introduction

Silks are protein polymers that are spun into fibres by some arthropods such as silkworms,
spiders, scorpions and mites [42, 4Bhese organisms produce silks for different purposes
such as protective shelters, structural supports anaireapfood [42, 44]. Silkworms in
particular spin silk cocoons for protection from environmeelamnentsand predators during
metamorphosisSilkworm silk is the mostexplored dugo its success in textiles, historical
medical use and availability as compared to silks from other organiginEJassification of

silk producing mothsis often according to their different families e.g.Bombycidage
Saturniidag Lasiocampidag Thaumetopoeidaeetc., as summarized in Table 2.1. Though
there are over 400 species of silk moths found in the world pH8y, a few have been

successfully explored for commercial production of silk.

Silk production is typically associated with Asia, evé silk processing was first developed
over 4,500 years ago in Chin&ommercial silks are broadly classified as mulberry
(cultivated) silk and nommulberry (wild) silk The Bombyx morispecieswhich feeds on
mulberry leavess the best example of cultitead silk. B. mori silkworms havethe highest

fibre productionthus providing the bulk of commercial silk fibre to date [46]. However, the
silks produced by wild silkworms have found a place in the global market because of their
rare feel and colour [50]Unlike the B. mori silkworms that are reared in a controlled
environment and nutrition, the wild sWiorms feed and spin cocoons on a variety of host
plants in their natural habitat3he quality of silk they produce idifferent andmainly

attributed tother polyphagous nature, which has been found to influence the type of cocoon



produced [51]. Most of the wild silkspeciesare from theSaturniidae Lasiocompidaend

Thaumetopoeidafamiliessuch asAntheraea pernyiAntheraea mylittaAntheraea yamamai

andSamia Cynthia ricin[52].
Table 2.1 Classification of some silkmoths found around the world
Silkworm species Host plants Distribution Reference
Bombycidae
Bombyx mori Mulberry China, India, [46]
B. mandarina Japan, Korea
Saturniidae
Antheraeamylitta | Terminalia tomentosa, Terminalia arjun| India, Korea, [47]
Shrea robusta Japan,
A. assemensis Persea bombycina, Litsea polhantha,
salicifolia, L. citrate
Lasiocampidae
Gonometa postica| Acacia erioloba, A. tortillis, A. mellifera,| Southern Africa,| [37, 38]
Burkea africana, Prosopis glandulos| Kenya
Brachystegia species
Botswana,
G. rufobrunnae Colophospermum mopane Zimbabwe, [37]
Namibia
Thaumetopoeidae
Anaphe infractg Bridelia minrantha, Pseudolachnostyli{ Nigeria, [39, 48,
A.venata, maprouneifolia, Cynometra ulexand| Uganda, Kenya,| 49]
A.panda Triumfetta manrophylla Cameroon,
A. Congo, and
reticulata Togo
A. moloneyi

Developing countries, including some in Africa, have taken up wsitk production to

generate employment as part of poverty alleviafimyectsfor poor rural societies. Africa is

home to a number of wild silk species asdme of them such aSonometa postica

Gonometa rufobrunnaand Anaphe pandéaveshownthey havepotential use irihe textile

industry[37-39, 53, 54].



22 Composition ofthe silk thread

Silk proteins are synthesized in specialized glands of the silkworm and fibres are formed by
stretching the liquid silk through the head movement of the silkw&&bT]. Sericin and
fibroin are the two main proteins produced by the silkworm. Fibrakes ughe bulk of the

silk fibre with almost 80% composition whilst sericin constitute6329% of the silk fibre
depending on the specifsb, 58]. The fibroin, whih is made up of two bundle cores (called
brins), is synthesized in the posterior silk gland and then transferred into the middle silk gland
where it is stored prior to spinning. Sericin is produced in the middle silk gland and is
secreted into the lumert coats the fibroin during spinning and acts as a gum binder to
maintain the structural integrity of the cocoon [55, 58je rest of the cocoon consists of

other small proteins, waxes, fats, salts and ash [59].

2.3 Chemical characterization of silk proteins

Proteinsare essentiallypolymers ofdifferent lengthamino acidchairs. Every amino acid
possessethiree groups; an amine group, a carboxyl group and a hydrogen atom bound to an
alphacarbon. The fourth groups t he si de whichvares fofh Bre angimoo u p )
acid to the otherThe unique amino acidcompositionof proteinsresultsin their different

sizes, structural arrangememind chemical reactivity. Silk proteins can thus be identified by

the type and quantity of amino acids in théiusture.

Chemical and structural studies on silk proteins have been primarily done on fragments
isolated fromB. morispecies as early as the 1930s [60]. The sE8n@mino acids have been
identified in both sericin and fibroin. Howeverpwing to the different roles of the two
proteins they have easily distinguishable chemical compositions. Fibrgargerally have

around80% nonpolar amino acidsenderingthem insoluble in hot wateB. morifibroin has



a large average molecular weigiadmprised of a heavy (350 kDa) and light (25 kDa) chain.
These chains are linked together through a disulphide bond and the glycoprotein P25 (30
kDa). Each P25 protein is bound through hydrophobic interaction to six heavy and light
chains [61, 62]. The Hhain has a higy repetitive sequence of approximately 5263 amino
acid residues typically rich in glycine, alanine and serine [23]. Fokain polypeptide has
about262 amino acid residuesominated by leucine, isoleucine, valine and acidic amino
acids. Fibroin extraed from wild silkworms indicates similarity 8. morifibroin in that the
predominant amino acids are glycine, alanine and serine, though there is variability in
composition and size of the protein. Datta andvookers established that mylittafibroin

is composed of two similar sized polypeptides approximately 197 kDa each [25]. This
assembly appears to be characteristic of silk secreted bSatueniidaefamily where L

fibroin and P25 are absent [63]. Table 2.2 shthveamino acid composition of fibins from

differentsilk species.

Sericin has a very different composition from fibroiStudies have shown more than 5
different sized polypeptides ranging from 20 to over 300 kDa in both mulbedyon
mulberry sericin [2465, 66]. Most of theamino acidsn sericin havestrong polar (hydroxyl,
carboxyl and amino$idegroups such as serine and aspartic acid. Similar to observations for
fibroin, sericin from wild cocoons has shown differencesBtomori sericin (Table 2.3).
Exposure to variousxternal stresses and harsh environments has been one of the reasons
cited for differences in chemical composition in mulberry and wild cocoons [6é{.and

differing genetics have also been implicated@stributorsto these differences [67].
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Table. 2.2 Amino acid composition of fibroins from different silk species

Amino acid Mole (%) composition
Bombyx | Anthereae Philosamia Anaphe Gonometa
mori [64] | mylitta[25] | cynthia ricini[64] | infracta[64] | rufobrunna€e[34]

Glycine 42.8 30.89 27.8 28.6 35.95
Alanine 32.4 27.7 50.5 61.5 23.75
Serine 14.7 13.72 7.0 5.80 12.88
Tyrosine 11.8 9.37 10.7 2.85 5.11
Arganine 0.90 3.4 3.81 1.76 6.07
Aspartic acid 1.73 5.39 4.48 2.13 7.06
Glutamic acid 1.74 1.26 1.23 1.93 1.84
Threonine 1.51 3.4 0.72 0.52 1.08
Proline 0.63 0.05 0.55 0.86 2.07
Histidine 0.32 1.36 1.74 1.16 0.13
Phenylalanine 1.15 0.21 0.35 0.28 0.53
Valine 3.03 1.57 0.58 0.54 1.12
Leucine 0.68 0.79 0.50 0.91 1.04
Lysine 0.45 0.26 0.46 0.23 0.49
Isoleucine 0.87 0.28 0.68 0.40 0.74
Cystine 0.03 ND 0.01 0.01 0.06
Tryptophan 0.36 ND 0.70 0.51 -
Methionine 0.1 0.05 0.02 0.11 0.12

ND = notdetected: = not determined

A few characterization studies on proteins from the African silk worm species have been
reported in literature. Thierst report was by Freddi and -eeorkers conducted ondhometa
rufobrunnae[34]. The fibroin, typical to those from other species, had large amounts of
glycine and alanine. In the same stu@yrufobrunnaesericin also contained a lot of acidic
and hydoxyl amino acids with serine being the most abundant amino HBeete has been

also areport on the chemical composition and rheological behavio@omometa postica
fibroin extracted directly from the silkworm glands [78art of the work presented this

thesis on th&Gonometaspecies has also been published [Bme data oMnaphepanda

silk has been recently reported by researchers in KergJaTiere is however still a lot of
work that needs to be done regarding the study of the chemical atorpos$ silk proteins

from other African silkworm speciesich asA. mimosae@ndE. bahuniae
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Table 2.3

Amino acid composition of sericin from different silk species

Amino acid Mole (%) composition
Bombyx mori Antheraea Cricula Gonometa
(250kDa)[68] mylitta trifenestrata rufobrunnae
[64] [69] [34]
Glycine 14.3 14.91 20.8 20.59
Alanine 5.5 2.73 5.9 11.52
Serine 39.0 23.21 39.8 21.51
Tyrosine 0.70 4.33 7.1 2.90
Arganine 2.90 6.11 2.9 3.67
Aspartic acid 13.3 14.15 2.6 18.08
Glutamic acid 12.8 6.03 1.5 8.95
Threonine 3.3 13.16 13.1 1.29
Proline ND 1.09 2.5 1.55
Histidine 1.0 2.41 - 1.06
Phenylalanine 0.4 2.47 - 2.28
Valine 0.7 0.79 - 1.80
Leucine 0.5 0.55 1.1 2.13
Lysine 5.4 2.01 0.7 1.13
Isoleucine 0.2 0.39 0.8 1.41
Cystine 0.1 Traces - Traces
Tryptophan - - - -
Methionine ND Traces - 0.16

ND = not detected; = not determined

2.3.1 Amino acid analysis

The types and quantities of amino acids present in silk fibroin have a notable impact the
physical and chemical properties of silks. This is because the amino acids influence

sequencing which then determines protein orientation and conformation of thie iwdins

[73].

Amino acid analysis (AAA)is therefore an important step in characterizing silks and
typically involves four
interpretation Hydrolysis is theprocess of breaking down the peptidonds in the protein to

release individuabhmino acidsreflecting the compositioof the parent proteifi74]. Acid

12
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hydrolysis wing hydrochloric acid (HCI) is mostly usddr protein/peptide hydrolysis
Derivatizationinvolves modification of analytesvith the aim of impartingnore suitable
analytical characteristid® the analytes [755pecifically in AAA, derivatization is done for
detection purposes asost amino acids suffer from the lackssfongchromophors (for UV
detection) or fluorophosgfor fluorescence detectiorPhenylisothiocyanate (PITG3 a very
good deivatizationreagent for amino acids formirggcyclic 3phenyt2-thiohydantoin (PTH)
or phenylthiocarbayl (PTC) labelled produci76, 77] detecable at 254 nm (maximum

absorbance)sing UV detection.

Though all the stages highlighted above are important, this study focused more on the
separation and quantification of the derivatized amino acids. Separation of amino acids in
complexmatricessuch as fibroin presents challengssanmo acids share common aspects

of their chemical structurand hence havemilar chemical propertie€ach has carboxylic

acid and an amino functional group attached to the same tetrahedral carbowatantces

are found in the nature of their side groups (R) such as long or short chain alkyl groups,

phenyl groups or polar entities (Tal2d).

Early methods developed for the separation, detection and quantification of aminweads
based onion exchangechromatography (IEG)high performance liquid vomatography
(HPLC) andgaschromatography (G{)78-80]. Capillary electrophoresis (CEgter became a

well appreciated techniqua amino acid profilingas it offers intrinsic advantagesuch as

high separation efficiency, small sample volumes and low consumption of sol@&r&iS][

CE is an electrophoretic separation technique that employs an electric field to separate
charged ions. Partitioning is primarily based on differences in solute size argedht a

given pH [82].
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Table 2.4. Structure and properties of amino acids found in[Sifl

Amino Acid ||Abbreviation || R ||pKa—NH3+ |pKa-COzH ||pKa—Side chain
Glycine Gly -H 9.6 2.34 -
Alanine Ala -CH; 9.69 2.35 -
Valine Val -CH(CHy), 9.62 2.32 -
Leucine Leu CH,CH(CHy)2 9.60 2.36 -
Isoleucine lle CH(CHs)CH,CH3 9.68 2.36 -
Phe
Phenylalanine —CH2© 9.13 1.83 -
Trp H

M
Tryptophan @ 9.39 2.38 ;
—CH,

. Tyr
Tyrosine —CHjy OH |9.11 2.20 10.07

Histidine e —CHz—{j g 9.17 1.82 6.0
Serine Ser CH,OH 9.15 2.21 -
Threonine Thr CH(CHs,)-OH 10.43 2.63 -
Methionine Met CH,CH,SCH; 9.21 2.28 -
Cysteine Cys CH,SH 8.33 1.71 10.78
Aspartic Acid  ||Asp CH,COH 9.82 2.09 3.86
Glutamic Acid |[|Glu CH,CH,COH 9.67 2.19 4.25
Asparagine Asn CH,CONH, 8.08 2.02 -
Glutamine Gin CH,CH,CONH, 9.13 2.17 -
Lysine Lys (CH)4NH, 8.95 2.18 10.53
Arginine Ag -{CHQS—NH—CTNH 9.04 2.17 12.48

MH,

_ Pro NH
Proline UCO{ 10.60 1.99 -

The variances result in different migration velocities of the analytes when voltage is applied
thus they are separated as depicted in FiQuta. However, gparation solely based on

charge to mass ratias not very successful in separating neutral or similar structured amino
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acids such as the isomers leucine and isoleucine which have almostaidpKa values

(Table2.4).

Figure 2.1. lllustration of separation in (&) CZE mode and improved resolution in (b) u
MEKC mode

Modified electrophoresis techniques suchmésellar electrokinetic chromatographfMEKC)

offer addedadvantagesn the separation ofomplex mixturescompriged of acidic, neutral,

and basi@amino acidsMEKC makes use atharged micelles to separate neutral and charged
analytes by means of a pseuduicellar phase that is created througlydrophobic
interactions between solute molecules a&nel surfactant [85]Analytes migrate based on
their partitioning between the bulk buffer solution and micelles thus adding selectivity in the
separation procegfigure2.1b). ladarolaet al. extensively reviewed MEKC as a separation
tool for amino acids from various biological matri¢g6]. Thereviewhighlights MEKC as a
reliable analytical technique for the analysis of amino acids in saaiplesand it was
therefore the method of choicerfdetermining amino acid composition of silk proteins in this

work.
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24 Primary and secondary structure of silk proteins

The variation in amino acid composition between sericin and fibroin results in considerable
differences in their primary and secongaonfigurations. Sericin is primarily amorphous and
has no organized structure. Silk fibroin, on the other hand, is highly ordered due to a
repetitive primary structure based predomihain theamino acids glycine, alanine and
serine B7, 88]. The recurring subunitsf these short chain amino acigermit close packing
between the molecular chains resulting in extensive crystalline gegidibroin[87]. Most

of the amino acid residues with bulky and polar side chains are found in the moimor
crystalline (amorphous) areas. This region is made up of various disordered structures with
varying degrees of hydrogen bondir&§]. The structures observed f8F in the solid state

are theSilk I, Silk Il and Silk 11l structures. These structurese been investigated using
several analytical techniques that includeay diffraction [22,90], electron diffraction §1-

93], conformational energy calculation84] 95|, Infrared spectroscopy(, 96] and NMR

[97-99].

Of the three structures, Silk i8 the relatively newly discovered structure. It is described as a
threefold helical crystal structure adopted by fibroin at thienaiter interface, separating the
hydrophobic alanine residues from the hydrophilic serine residl@%1DP2. The Silk |
structure ighat found in the sillgland before spinning and is watmluble. This structure is
unstable as it transforms to the more comrik Il structure when subjected to physical
stress such as drawing and shearing or upon exposure totleaganic solventslP3 104].

The lack of orientation and the easih which Silk | converts t&ilk Il has made its study

difficult though some researchers have proposed possible structural modelsG@y. it [1
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TheSi | k -sheket) sfructure is the dominant secondary structure of fibroin which is well
documented as it has bettoroughlystudied for decades. The key element of thigcstire

is the extensive hydrogen bonding between adjacent polypeptide chains forming large
interconnectedheetgFigure2.2). Marshet al proposed the antiparallel hydrogen bonded 6
sheet arrangement in which al/l of the polyp
the protein sheet for tHalk Il structure ofB. morifibroin [22]. On the basis of this structure,
Warwicker categored fibroin from the different speci@sto several groupsThese groups

have different intersheet spacirdgpenént on varying amounts of glycine analanine in the

crystalline areag106].

isasanesad
fw#w#w
r%r&r%ﬁ

Figure 2.2. I nteraction bet ween p odhgetpseupttrdld e
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The general conclusion from various studies is that the nepetiégions of theSilk II
crystalline structure oB. mori SFare made up ofGly-Ala-Gly-X.,. units, with X as Ser or
Tyr while those of the wildSaturniidaesilks are mainly of polyalanin€Ala), repeats

[26,107,109.

25 Physical properties of silkfibroin

Both the crystalline and amorphous regions play an important role in determining the
physical properties of the silks. The crystalline domains are responsible for the strength and
toughness of t he f i br esheses remferce thén gtructirewdpibh f r ac t
contributes to the stability of silk The amorphous domains allow the crystalline domains to

orient under strain thereby introducing elasticity and flexibility alsd@further increasing the

strength of the material [11,10. The overall result 5 silk fibres possessing exceptional
mechanical properties as compared to other natural and synthetic fibres, which ishame of

most outstanding features. The hydrophobic domains of fibrésoscantributeo its thermal

stability at \ery low as well as very high temperatur&sQ 111].

2.6 Silk fibroin as a biomaterial

One of themorecommon definitions of a biomaterial is "any substance (other than a drug) or
combination of substances synthetic or natural in origin, which can ldeansetime, as a

whole or as a part of a system which treats, augments, or replaces any tissue, organ or
function of the body12. Fibroin originally found use as a biomaterial in suturing of
wounds after surgeriesl13. With continued research, fibroinse has extended to other
biotechnological and biomedical applications. This is mainly because, in addition to its
excellent physical properties, silk fibroin possesses biocompatible properties that render it

useful as a biomaterial as summarize#igure 23.
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Mgterial Biomaterial
scnencetl perspective
perspective

Figure 2.3. Properties of silk fibroin

Fibroin has exceptional biocompatibility, biodegradability, low inflammatory response and
good oxygen/water vapour permeabilitylf#116]. Biocompatibility isa vital propertyfor
biomaterials to ensure biological integration without cau$iagm to the host organism.
Fibroin prepared in different formats has shown biocompatibility and has been successful in
culturing a numbeof cell types with good adhesion and growth, simdarnhanced when

compared to other biomateriglsl 7-120].

To ensure the desired physiological integration of a biomaterial device, its biodegradability
must match its intended function in the organism. As a protein, fibroin deggnada
biological environment as a result of proteolysis. The rate and extent of silk biodegradation
reportedly varies with different proteolytic enzymes such as chymotrypsin, protease, actinase
and carboxylase 4, 121, 122]. Degradatiorrate isvariable depending on factors such as

structural and morphological features of flioin, processing conditions, characteristics of
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the biological environment at the location of implantation, and presence of different
mechanical and chemical stresse®31 It can be concluded that properties such as
biodegradability and biocompatibility are influenced by the molecular arrangement or

conformationof the silk fibroin

2.7 Preparation of silk fibroin matrices for biomaterial applications

The chemical and materiptoperties of silk fibroin allow it to be processed into a variety of
formats with potentiafor surface modificationsuiting awide range of applications. Silk
fibroin biomaterialformatsare mostly made from silk fibroin solutions. These solutions can
be obtained by dispersing liquid silk from the silk gland of matured larvae in water, or by
dissolving degummed silk fibres from cocoong4]L The latter method is more practical for
yielding large quantities of silk at once, though a number of stepa\arieed in processing

the cocoons. The initial step is degumming where sericin is separated from the fibroin. The
sericin is easily removed due to its hydrophilic nature which renders it soluble in hot water,
alkali or acid solutions. Sodium carbonate {8i@;) or sodium hydrogen carbonate
(NaHCGQ) solutionsare typically used for degummingZd]. The degummed fibres are then

washed and dried before dissolving them to yield a fibroin solution.

Dissolutionof SF is often challengings solvent molecules ¥ato penetra¢ and break down

the highly crystallized structure of the proteitk iS therefore insoluble in common solvents
such as water, dilute acids and alkalis. Traditional methods of fibroin dissolution employ
concentrated solutions of aqueous,amig and aqueousrganic solution of salts such as
lithium thiocyanate (LICNS), lithium bromide (LiBr), calcium chloride (CgCtinc chloride

( ZnClh), and calcium nitrate (Ca(N) [126-128]. More recently, ionic liquids haveroven

to be effective envonmentally friendly solvents in dissolving fibroin [9,2130].

20



After dissolution, the fibroin solution is subjected to filtration and dialysis to reraaye

debris and the salt iorte produean aqueous fibroin solution.
fibroin solution is often termed regenerated silk fibroin (R&EFM RSF, fibroin can be used

alone blendedandbr functionalized with other materials to fabricate different formsath

as films [131-133], membranes [34], hydrogels [B5, 136], sponges [21], powders [13],

3D scaffolds [B8, 139, fibres and nanofibres fiD-144].

The properties of the silk fibroigreatly influence itprepaation intothe differentapplicable
desigrs and alsoaffect its performance as biomaterial. Studies on the attachment and
growth of fibroblast cells (1929) on the matrices of silk fibroin made frddn moriandA.
pernyishowed thaf. pernyisilk fibroin exhibited better cell attachment and groy4s] A.

pernyi fibroin moleculs contain the arganifiglycine aspartic acid (RGD) tpeptide
sequences andonsist of more amino acikl with positive charge which favous cell
attachment Acharyaetal. reported thaf\. mylittafilms had better mechanical stggh, lower
hydrophilicity and better support for cell growth as compareB.tonori films [146, 147].

Each silk therefore has to be studied extensively to assess its potential use as a biomaterial as
this varies from species to species. This, combined théhneed for materials with varied
functionality biomedical and biotechnological applications, has prompted the study of the
chemical, physical and biomaterial properties of unstudied silk&12@]. These unstudied

species include many of those foundhiinica that are subject to research in this work.
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CHAPTER THREE

ELECTROSPINNING AND SILK FIBROIN NANOFIBRES

3.1 Introduction

Fibres serve different purposes in nature and have also found use in numerous technological
applications. When these fibres aegluced to nanecale dimensions, new and/or improved
physicochemical properties are realized such as high surface area to volume ratio, superior
thermal and electrical properties and mechanical strength B, Nanofibres have thus

found application n various industries including reinforcement of compositeS2][1
protective textiles [&3], filtration [154], catalysis [b5], tissue engineering b, 157] energy

storage [58], sensors [19] and enzyme immobilization [T§.

Table 3.1 Comparison of nanofibre fabricating technique&l]1
Process Production scale | Advantages Disadvantages
Drawing Laboratory Minimum equipment required Discontinuous proces
difficult to control fibre
dimensions
Template Laboratory Different fibre dimensions easi| Process cannot becaleg
synthesis achieved by wusing differejup from laboratory
templates
Phase Laboratory Minimum equipment required, |Limited to specifig
separation Batch to batch consistency is ead polymers
achieved
Self assembly | Laboratory Good for obtaining smalld Complex process
nanofibres
Electrospinningd Laboratory =~ an( Cost effective, Jet instability
industrial scale |wide applicability using bot
natural and synthetic polymers
long continuous nanofibres can
produced
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Fabrication of nanofibres can lahievedusing several techniques such as the template
method [B2], self assembly [@3], phase separation 4], drawing [165], melt blowing

[166], ultrasonic techniques §T], nanolithography [&8] and electrospinninfL57-159].

From a practical iew point, most of theabove mentionetechniques have limitationsith

respect taost, production ratand the variety opolymers that can be processed (Table 3.1).
Electrospinning is the only process that can easily prolduige volumes of nanofibres from

a wide range of synthetic and natural polymers at a reasonably low cost. It has thus become
the moststudied and devel@ol nanostructuring techniquey many tertiary and research
institutes worldwide. Several companie®rdwide, such aeSpin Technologies (United
States) and Elmarco (Czech Republic)have harnessed this technology for materials

production and have been successful in commercializing electrospun prod9ei3 16

3.2  Background of electrospinning

Electrospinning, originally termed electrostatic spinning, involves the generation of
nanofibres from a polymer solution or melt using electrostatic force. Cooley and Moore filed
patents that depicted apparatus for spraying of liquids using electricgleshaver a 100

years ago [12]. The more famous patent was filed by Formhals in which he described the
electrospinning of plastics TB]. A few decades later, there was a renewed interest in the
process with a discovery made by Taylor named after himgelffiTaylor con®. This
phenomenon is the deformation of the droplet at the end of the tip into a conical shape after
application of the electrical field T4]. Reneker and cworkers then made significant
contributions in understanding the process as éx@fored electrospinning ahanydifferent
polymers [I5, 176]. Over the yearsknowledge and application dfie process has evolved

with continued research and development. Several review articles have been published
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describing the numerous advancemetitat have been made in various aspects of the

technique [Z7-179].
3.3  Electrospinning setup and process

The most basic electrospinning setup is shown in Fi@urelt consists of a high voltage
power supply, syringe pump, collector, and a syringe fitted with a needle. The polymer
solution or melt is pumpethroughthe needle and charged with a large electric potential.
When voltage is applied and the electricgmial reaches a critical level, the electrostatic
repulsion of the polymer solution overcomes the surface tension at the tip of the spinneret,
and a fine jet of entangled polymer chains is drawn olf§][TThis jet whips through the air
towards the grouretl target, creating a dry fibre that collects on the target as the solvent

evaporates.

—_—

Polymer solution <+

High Voltage D
power supply o |

Nanofibres

/_ Electrospinning jet

—D

/

o~
Collector *

Figure 3.1.  General electrospinning setuB
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Characteristics such as nanofilmmeter and morphologgan be controlled by varying
parameters thaaffect the electrospinning process. These parameters include processing,
solution and ambient conditionsd1, 18l]. These parameters interact and influence each
other during the electrospinning process and have to be optimized for nanofibres to form.
Table 3.2 highlights how these parameters have affected nanofibre formation using different

polymers.

Apart from the different parameters affecting electrospinning, sappicatiors require
tailoring of nanofibrego suitspecific functions. Electrospinnindgfers multiple possibilities
in fabricatingcustomizedhanofibrous structures by modification of components such as the

needle system P3| and the collecting manifold fy].

3.4  Electrospinning of silk fibroin

In addition to its other attractive materiptoperties, regenerated silk fibroin (RSF) is
extrudable, raking it a good candidate for electrospinning. It can also be easily chemically

modified or blended with other polymers to improve electrospinnability.

Early recorded reports on electrospinningitk were by Zarkoob and ewmorkers where they
prepared nanofibres froombyx morisilk and spider dragline silk froNephila clavipes
[195]. From then, Sukigara and-@mrkers successfully employed electrospinning to prepare
silk nanofibres whilst alsetudying how the various electrospinning parameters impact on the
properties of the nanofibresg4, 189, 196]. The studies determined that silk concentration

was the most important parameter for successful fabrication of silk nanofiBés [1
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Table 32. Parameters affecting electrospinning

Parameters Condition Effect on fibre morphology References
Solution
parameters
Viscosity The viscosity of the solution is related to the exten| |ncrease in viscosity results iow bead generation ar| [182]
polymer chain entanglemenin the solutionthat preven increase in fibre diameter.
the electrical jet from breaking up
High viscosity hinderspumgng of the polymersolution| [183]
through the syringe needle
Polymer A minimumconcentrations requiredor sufficientpolymer
concentration chain entanglements within the solution necessar| Increase in fibre diameter with increase in concentraf [184]
maintain the continuity of thelectricaljet
Molecular weigh{ Polymer lengthalsoinfluencesthe extent of polymer chairl Reduction in the number of beads and droplets | [185]
of polymer entanglemerstin the solvent increase in molecular weight
o An increase in @nductivity of the solutiorallows formore o ] o ] o
Conductivity chargego be carried by the electrospinning jet. Decrease in fibre diametesith increase in conductivity| [186]
Surfae tension | Charges on the polymer solution must be high enoug No conclusive link, high surface tension results| [187]

overcome the surface tension of the solution.

instability of jets
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Processing

parameters
Applied voltage | Electrostatic force applied must overcome the surl Decrease in fibre diameter with increase in voltage |[18§]
tension of the solution There is a greater tendenfty beadsormation withtoo
low and tochigh voltage
Tip to collector| For independent fibres to form, sufficient distance is ne| Beads generated when distance is too small or too g [189]
distance to allow time for the solvent to evaporate Increasing thedistance results in a decrease of
average fibre diameter
Feed rate Feed rate should be proportional to the rate the pol| Decrease in fibre diameter with decrease in flow 1 [190]
solution isejected from the tip of the needle generation of beads with too high flow rate
Ambient
parameters
Humidity - High humidity results in circular pores in the fibres [197]
Temperature - Increase in temperature results in decrease of |[192]

diameter
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Though SF from a number of different silk species has been successfully electrospun, the
electrospinnability has beegreatly influenced by the type of silk as the molecular weight
varies for different silk specie®©hgo et al. highlighted this when they found different
spinning concentrations foB. mori Samia Cynthia riciniand geneticallyengineered
recombinant silk fibroins using hexafluoroacetone hydrate as an electrospinning solvent
[197]. In other work, ndigenous Thai silkworms (Nafgi) and Chinese/Japanese hybrid
silkworms showed different electrospinnabilijt98]. In addition to differences in
electrospinnability,B. mori silk fibroin, Tussah silk fibroin (TSF) and (SF/TSF) hybrid
nanofilres showed differences in properties such as moisture absorptiagllass cell
attachment and spreading®f. Other studies has/shown thatlectrospinning of Sks also
depenént on the processing methods used for regeneratiaie silk Wadbua and co
workers reported different electrospinning concentrations when they electrospun nanofibres
from separatedight-chain and heawghain fibroins R0(Q. The nanofibres produced from
light-chain and heavy chain fibroins also exhibited differences in properties such as
hydrophilic nature, water uptake ability, degradation rate and cell adhédsisrtherefore
important to study eleaspinnng of SF from different species individually as they may
require different conditions to produce nanofibres and/or produce nanofibres exhibiting

varied properties

Table 3.3 highlights extensive work done on electrospinn@igSF, alone or blended with
various polymers or active agents, for different applicationsstidies. Themost utilized
solvents for electrospinning silk fibroin shown in Table 3.3 include formic acid (FA),
hexafluore2-propanol (HFIP), trifluoroacetic acidTFA), hexafluoroacetone (HFA) and
trifluoroethanol (TFE). The use of these harsh organic solvents was put under the spotlight
for potentially compromising the biocompatibility and mechanical properties of the silk

nanofibres
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Table 33.

Examples of eldcospinning of silk fibroin nanofibres and their applications

Polymer(s) Additives Solvent(s) Application References
B. mori SF & spider| - HFIP - [195]
dragline silk

B. moriSF - 98-100% FA - [184, 207

B. mori SF, S.C.| - HFA - [197]

ricini SF, hybrid silk

B. moriSF TMOS, (nHA) | HFIP, Bone tissue engineering [202]

98% FA

B. moriSF/Chitin - HFIP Wound  healing/tissuj [203
engineering

B. moriSF Curcumin 100% TFA Drug delivery [204]

B. moriSF - H,O - [205207]

B. moriSF/PEO - H,O Cell culture [208

B. moriSF - Imidazolium baseq - [209

ionic liquids

B. mori SF/carbon - Imidazolium baseq - [209

nanotubes ionic liquids

B. mori SF/| - H,O Tissue engineering [210]

(MWNTSs)

B. moriSF/chitosan | - HFIP, TFE - [211]

B. moriSF/CA - TFA Heavy  metal ion| [212]
adsorption

B. moriSF - 98% FA Skin regeneration [213]

SF/PLA Aspirin TFA/ Drug delivery [214]

dichloromethane
70/30)
B. moriSF/PEO Epidermal H,O Wound healing [215]
growth factor
(EGF)

B. moriSF Vitamin C H,O Skin regeneration, [216]
Wound dressings, ant
aging cosmetics.

B. moriSF/Chitosan | - HFIP / TFA Wound dressing [217]

B. moriSF/Chitosan | - TFA/DCM (7:3) bone tissue engineering [218]

A. pernyiSF - HFIP Tissue engineering [219]

B. moriSF Au NPs, Tissue engineering [220]

(RGD) peptide

SF, type | collagen - HFIP Tissue engineering [221]

PLAGA

ThaiB. moriand - 85% FA Bone tissue engineering [222]

Chinese/Japanese

Hybrid B. moriSF

B. moriSF BMP-2 H,O Bone tissue engineering [223]

B. mori& Thai SF | - HFIP Nerve regeneration [224]
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Tussah SF - 98% FA, HFIP Nerve tissue engineerin [225]
B. moriSF - 98-100% FA Enzyme immobilization| [226]
B. moriSF/gelatin | - FA Blood vessel [227]
engineering
B. moriSF/PVA Ag Antimicrobial scaffold | [228]
SF/SS - - [229]
B. mori silk gland| Green H,O [230]
SF/PEO fluorescent
protein

TMOS = tetramethyl orthosilicatgnHA )= nanohydroxyapatiteSWNTs= single walled nanotubges
MWNTs = multi-walled nanotubes,PLAGA = polylacticco-glycolic acid, BMP-2 = bone
morphogenetic proteidd, PLA = polylactic acid, PVA= polyvinyl alcohol, CA= cellulose acetate

Although it has since been deduced that proper removal these solvents do not compromise the
use of silk fibroin nanofibres in biological environments, ¢bacern over them still resulted

in studies being con dfuendly@etbctrospinnidgesbhemtdvaten e mo r
was the solvent of choice and a number of researchers successfully electrospun fibroin
agueous solutions2p5-207. A general obswation is that in aqueous media, higher SF
concentrations are required for producing good nanofibres. lonic liquids are powerful
solvents that are considered to be environmentally friendly and some researchers have

successfully utilized them for electrasping silk fibroin [209.
3.5  Post treatment of silk nanofibres

The aystalline structure of fibroin is degraded during processing into regenerated silk fibroin
(RSF) used toproduce biomaterial formats such as nanofibres. RSF structure is mainly
c o mp o s ehdlix anél rarldom coil conformations resulting in poor mechanical property
and water resistance. Mechanical integrity is significant in many applications such as tissue
and vessel engineering. RSF matrices theref@guire post treatment mostly to restore
and/or enhance their mechanical properties and water resistance. The common way of

improving mechanical properties of silk fibroin matrices is by inducing crystallirgiggu
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polar protonic organic solvents such as methanol, ethanol, propanol and isopropanol. The
solvents bring aboutaggregation of the fibroin molecule chains resulting in structural
transition fr onrherlanxd otmesheapaohiorhvagtiond#]UImproved
mechanical properties have been observed for different SF matrices such as3penf?
nanofibres [#3]. Methanol is widely reported as thmost usedsolvent for treating SF
matrices. It has however been found to induce crystallizatioBFofn an uncontrollable
manner , f or misheet strectutee which result ib very brittle matricé34].
Ethanol has been reported to have a sinfitgrmildereffectto methanol as the transition is

to asmallerextent[143, 233]. Similar to immesion methods, solvent vapour treatment is
also a fast and effective way to alter the secondary structure of SF nanatibfesNater
vapour also successfully induced structural transition comparable to the organic solvents.
Time and temperature of theeatment were the influential parametdeterminng the extent

of structural change [3].

Recently, crosdéinking agents such as glutaraldehyde and genipin have been used to achieve
structural transitionn SF matrices [34-236]. The advantage these compounds have is that
they can be incorporated into the electrospinning thersigbing conformational transition

in one stepand eliminaing the post spinning treatment. Theecondarystructue of SF
scaffolds is an important famt to consider as it has an impact on properties such as
degradation [27], thermal behaviour [28, water absorption 4] as well as oxygen and
water vapour permeability 84, 238]. Silk 1l is themost important anéxploitedstructurein

biomaterialapgicationsas it can be tailored to suit various uses

Alternativeto structural modificationblending of SF with other polymers can hetprove
mechanical properties. SF blend nanofibres with polyethylene oxide (PB€]) farbon
nanotubes 409, chitosan [21] and cellulose acetaté€CA) [212] all exhibited better

mechanical properties as compared to pure SF nanofiBesides improving ardr
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modifying structural and physical properties, post treatment for SF matrices can serve as a

method for renoving residual solvents used in the electrospinning process [30].

36  Application of electrospun SF in wound healing

Electrospun SF nanofibres find use in many applicatsuth as thoshighlighted in Table

3.3. Regenerative medicine is one of the mameas where there has been significant
utilization of SF nanofibres. From a structural perspective, the porousdimeasional
nature of electrospun nanofibres resembles the nanoscale fibrous composition of the
extracellular matrix (ECM) of living sysis (Figure 3.2). The high surface area provided by
nanofibres enables functions such as cell attachment and migration, which are key for
regeneration of tissues and organd(f2242]. The ECM is also composed ofanyproteins

such as collagen, fibronectins, laminin and vitronetttus makng SF a prime material to be

used in variougacetsof regenerative medicine.

Figure 3.2 Structure of the extracellular matrix (ECM) surrounding cells in living tisg243
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Several articles have highlighted the use of SF in many areas of regenerative medicine
however this review will focus on its applications in wound healing and regeneration.
Wound healing involves the restoration or regeneration of dermal and epidermal dfssues

an individual has been wounded44. The healing process itself is complex and several
aspects need to be carefully considered when trying to create an ideal wiassing.
However the basicdesirable properties for a wound dressing are to create an optimum
environment to allow reepithelialisation, allow effective gaseous exchange and create a

barrier against harmful microorganismg§2246.

As wound dressingare in contact with biological environments, biopolymars mostly

more effective as wound dressingsd accelerat the wound healing process compared to
synthetic polymers [27]. One of the most important steps in wound healing is the closure of
the wownded area by epithelial cells, a process that restores the epidermal barrier and protects
the underlying tissud-ibroin has shown potential in this regdrg successfullysupporing
adhesion and growth of human keratinocytes which are the skin cells responsible for
reepitheliazation of wound2(3 213, 248, 249]. Fibroin has also been reported to promote
growth and proliferation of human skin fibroblasts, which are also importatieirnvound
healing process [24253]. Min et al further examined the effect of the nature of the SF
matrices on the cell adhesion and spreadiipy determined that the nanofibra® better
suitedfor applications such as wound dressings and tissuaesriing scaffoldshanfilms

and microfilve matrices [28].

3.7 Bioactive agents in wound dressings

For several decades, researchers have bearching forways of improving the wound
healing process. Advances in cellular and molecular biology have brought about knowledge

that has made it possible fionprovement andlevelopment ofnew therapies for treatment of
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wounds. A major advancement are the new génera n aveumch dressings that
incorporate single or a combination of therapeutic agents that can target different aspects of
wound healing. The bioactive agents nb@antibiotics [2%l], antibacteriad [255], analgesics

[256], growth factors [25], vitamins [26], antifungals [87], or a combination [29].

There arghowever some current drawbacks in wound healing regarding some commonly
used additives such as toxicity and increased antibiotic resistance. For example, silver is the
active agent inseveral commercial antimicrobial wound dressings. Howevehas been
reported that prolonged use of silver particles and nanoparticles may be toxic to DNA and
mitochondria [29, 260]. In addition to this, silver in wound dressings is the cause of some
irritation and discoloration of wounds and surrounding tiss#d][2This thereforeraises
concerns regarding safety in long term agsilver. There are also major concerns regarding

the increase ofntibiotic resistanbacterialstrains. Bacterial resistance has been observed
with various groups of drugs such as tetracyclines, sulphonamides, macrolides and
aminoglycosides [@2, 263]. There is also evidence of some microbE®having dveloped

resistance to silver ).

These illustrations highlight the great need for new or alternative topical bioactive agents to
address the shortcomings of the current onesuhopinion, biological active components
derived from plants are signiiat and importanasnew drugs that are likely to lead better

treatments for various ailments and diseases

3.7.1 Plant phenolics in wound dressings

Phenolics are secondary metabolites found commonly in many foods that are integral in the
human diesuch as vegetables, fruits, grains, teas, herbs and fr6s [Zhe compounds are
classified under several groups though their commonality lies in each compound possessing a

phenol group in its structure. One of the groups of phenolics, the polypherbibit an
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array of valuable biological activities, including antiviral, antibacterial, antioxidant; anti
inflammatory, and amitarcinogenic activity [@6] and have great prospects as medicinal
products.Major emphasis has been placed on polyphenolsgbiiken orally as dietary
supplementsThe same multiple benefits can be afforded to the skin ywo&mphenolsare

applied topically [B7, 268] as they possess raumber of properties benefici&dr wound

healing and combating wide range of skin disorderdt is often necessary for these
compounds to be carried in formulations or in materials to be delivered to their targets.
Fibroin is attractive and has success as a carrier for bioactive molecules due to its chemical
and structural properties. A wide range of molecules can thus be encapsulated and stabilized

within the fibroin through hydrophilic and/or hydrophobic interats$i¢356, 357].

SF matrices functionalizedvith polyphenols hee provided scaffolds that areexcellent
candidates for wountealingand tissue engineering materials. Polyphenolic extracts from
the plantsPistacia terebinthus Pistacia lentiscus and Hypericum empetrifoliumwere
adsorbed on silk fibroin/chitosan blend films resulting in a scaffold with both antibacterial
and antioxidant properties [2b Kasoju & Bora prepared a curcumin releasing porous SF
scaffold that can be used as a wound dressing dhéoapy against cancerous tumouradj2

In addition to the inherent properties of SRe thigh surface area and porosity SF
nanofibres mike them great candidates for carrying compounds suclpahgphenos.
However there are few reports on tissue ieegring applications of SF nanofibres with
polyphenolic compounds. Elakkiyat al described fabrication of curcumin loaded SF
nanofibres by coelectrospinning for drug delivery applications. The scaffold was reported to
have high porosity (85%) and water uptake (150204]. In vitro release studies showed at
least 80% release after tlays for formulations with up to 1.5 wt % curcumin. This report is
based orB. mori SF and SF from African silkworm species have not been studied in this

capacity.

35



Resveratrol §,4',5Trihydroxystilbene) ione of the more potepihenolics that can Heund

in grapes, berries and peanuts and red wiié][Resveratrol exists as two isomers:-@asd
transresveratrol. Transgesveratrol(Figure 3.3)is the naturaform of thecompoundandis

more active and stable than the-agsomer R72. Resveratrohasbeen found to be active
against several species of bacteria and dermatophytes that cause infections and a variety of
skin conditions 273275. However,its applications have mostly been centred on its-anti
inflammatory and aritancer prperties [276, 277]. For topical applications fibroin
promotes cell growth and proliferation but lacks other properties required for wound healing
specific to mitigation of bacterial and pathogen growdir. blended with polyphenolic
compoundssuch as resveratrol providaggreat opportunity to exploit the combined benefits

of these natural productas far as we could ascertain, there have been no recorded studies

on the incorporation of resveratrol into silk nanofibres for any applications.

OH

HO N

OH

Figure 3.3 Structure of transesveratrol
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3.8  Techniques for incorporating bioactive compounds onto nanofibres

Therapeutic compounds can be integrated into a biomaterial matrix via adsorption, covalent
bondng to the matrix polymer, or physical entrapment or encapsuldinoapsulation can

be effected by celectrospinning the compounds with the carrier polymétg|[2This
procedure is very easy and convenient though it may result in diminished activity of the
sensitive compoundsvhen harsh electrospinning conditionsre used It can also be
challenging tohomogeneously mix someompounds in the polymer solution. Addition of
some compounds can actually alter polymer solution properties, thus influencing the
electrospinning processkor instance, the incorporation of the antibiotefazolin into
poly(lacticco-glycolic acid) (PLGA) resulted in larger nanofibre diameters as compared to

asspun PLGA nanofibres [Z].

It is also possible to load compounds on gyatated nanofibres via physical adsorption or
chemical immobilization methods. Physical adsorption is a straightforward and easy
technique for loading bioactive molecules on nanofibrous scaffolds due to the high surface
area to volume ratio of nanofibreBhe nanofibre mat is simply placed in a solution with the
bioactive agents or the solution poured onto the nanofibres for adsorption to o€uf [28
compounds bind onto the nanofibre scaffold by-nowalent interactions such as van der
Waals forces,hydrogen bonding, or hydrophobic interactions. Introduction of bioactive
materials in this manner often prevents degradation or loss of activity of the bioactive
molecules 280]. The chemical immobilization method involves covalent attachment of the
bioactive molecules onto the surface of electrospun nanofibhesdisadvantage, however,

is that the technique may result is some partial inactivation of the immobilized molasules

some active sites can become chemically modified during the pro&ass [2
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With co-electrospinning, solubilityf the bioactive compoundh the polymer will influence
its distribution in the nanofibre scaffold avell asthe drug release §2]. A rapiddrug release
profile has been observed with drugs loaded using the adsorption technique and these
scaffolds are particular useful in early treatment O[28In the case of chemical
immobilization, the drugs are naseasily released from the surface of tranofibres when
incubated over an extended period. Tnegscovalenly bondedto thepolymersare released
overan extended period of tings opposed to the burst release offerediimple adsorption
Other factors that affect the release of drugs fr@mofibre are the morphology of the fibres
and additionalinteractiors with the drug [83]. The concentration of the drug in the fibres
also has an effect on the drug release kineficeronounced burst has been obserwith
higher concentratignwhich is attributed to enrichment of the drug on the surfa@3][2
Using the aboveechniques scaffolds forboth local and sustained drug delivezgn be

produceddepending on the compounds and polymers being used.
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CHAPTER FOUR

EXPERIMENTAL PROCEDURES

41 Introduction

This chapter details the materials and procedures ugbeé @xperimentalvork. Firstly, silk
fibroins from different silkworm specieserepurified and tests were conducted to determine
their physical and chemicaproperties. Fibroin based nanofibres were fabricated via
electrospinning Parameters affecting the electrospinning proeess the propertiesf the
resultant nanofibresvere investigated. Resveratrol, a potent antimicrobial and antioxidant
agent, was imarporated onto the silk nanofibre matrix via adsorption. Parameters affecting
the loading of resveratrol onto the nanofibres were studied. Physical and biological properties
of the resveratrol loaded silk fibroin nanofibres were then investig&igdire4.1 depicts the

experimental workand thecharacterizations done at the different stages of the.work
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PARAMETERS STUDIED PROCESS CHARACTERIZATION

Silkworm cocoons SEM

Amino acid analysis, SEM, FT-
IR, RAMAN, DSC, TGA,
DMA, Mechanical tests

Raw silk fibres >

+  Type of salt
. Salt concenfration ¢
+  Salt-organic mixtures
. Dissolutiontime

Dissolution
& Dialysis

Silk fibroin solution

Freeze

drying

MeOH
freatment

Regenerated silk

*  Solvent fibroin (RSF)
. Fibroin concentration powder
+  Voltage
. Feed rate le
*  Tiptocollector

distance
£ Time SEM, FT-IR RAMAN, DSC, TGA,

BET, DMA, Solubilit,
Solvent degradability, Biomedical tests
treatment

*  Initial loading

concentration |4
s Temperature
+  Shaking

Resveratrol
loading

Resveratrol loaded

nanofibres

Figure 4.1. Block diagram showing the various stages of silk processing, parameters studied and
characterization done in this study
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42  Materials
42.1 Reagents and Chemicals

Unless stated otherwise, all chemical reagents used in the experiments had a purity of at least
98 % and were purchased from Sigma Aldrich (St Louis, USA). These chemicals were used
without any further purification. &fers and all aqueous solutions were prepared in-ultra
high purity (UHP) water (18.2 mY) from a

(Molsheim, France).
42.2 Sampling of silkworm cocoons

Silkworm cocoons used in the study (shown in Figure 4.2) were randomly collected after the
moths had emerged from the cocoons. Silkworm cocoons used in the study (shown in Figure
4.2) were randomly collected after the moths had emerged fromotmons.Gonometa
rufobrunnaecocoons were obtained from Gwanda, Zimbabwe and from Shashe in Botswana.
Samples ofconometa posticaocoons were collected from Eastern Cape Province in South
Africa. Argema mimosaeocoons were obtained from Manzini district in Swamila
Additional samples ofArgema mimosadogether wittEpiphora bahunia@ndAnaphe panda
cocoons, were donated by Mr. Addis Teshome from the IQIiRErnational Centre of Insect
Physiology and Ecologyn Kenya. B. moricocoongeared in South Africavere donated by

Elster Vermeulen.
43  Processingf silk fibroin
43.1 Degumming of silkworm cocoons

Silk cocoons werdreatedaccording to their species and location. For exanfptejometa

postica and Argema mimosaecocoons werebatched separately Also, Gonometa
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rufobrunnaesamples from different locations i.e. from Botswana and Zimbabwe, were also

batched separately.

Fibroin samples were obtained by removing sericin via degumming. Briefly, cocoons were
boiled using a twestep procedure. The cocaonvere boiled in 1.1 g/L N&O; for 1 h
followed by 0.5 g/L NgCO; for another hour.Epiphora bahuniaesand Anaphe panda
cocoons required harsher degumming conditions firstly using 2.5 giLM4aolution for an

hour followed by 0.5 g/L N&CO; for another hour. FoB. mori cocoons, degumming was
achievedn one stefpy boiling in 1.1 g/L NaCO;s solution for an hour.The cocoon to water

ratio was 1:40 in the degumming procedures. After the degumming, the fibroin was
thoroughly rinsed with warndistilled water and air dried. The fibroin (Figu4e3) was kept

in a cool dry cupboard until analysis.

Figure 4.2. Samples of a)G. rufobrunnaeb) G. posticac) A. pandad) A. mimosaee) E.
bahuniaeand f)B. morisilkworm cocoons used in the study
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4 3.2 Dissolution of silk fibpin

The effect of different salts, salt concentration and influence of organic solvents on the
solubility of degummed silk fibroin from different species was investigated. Commonly used

solvent systems listed below were @stigated;

I. 9.5 M LiBr (aq)

. 9.5 M LiCl (aq)

iii. 10 M Ca(NQ)2 (aq)

iv. Saturated CaGl(aq) solution
V. LiBr.EtOH:H,O (4:4:1)

Vi. LiCl: EtOH: H,O (4:4:1)

Vil. Ca(NGs)2:H20:MeOH (1:4:2)

viii.  CaCh:EtOH:H,0 (1:2:8)

Figure 4.3. DegummedG. rufobrunnaesilk fibres
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Aqueous/alcohol solvent systems were prepared by mixing the salts in water/alcohol
mixtures according to the molar ratios indicated for each system. Dissabiitioa saltsvas
achieved by stirring the mixture at motemperature for about 30 mimissolution
temperature of 80°C was ushat the fibroirs in the various solvent systemasth the aid of
magnetic stirring. Using between 10 andrD of solvent, dissolution times up to 6 hours
were studied. Fibroin was added to the solvents in 1 % increments starting from 0.5 % wi/v
concentrations. The point at which fibroin could no longer be dissolved in the solutions was
noted as the maximum dissbbn concentration. Undissolved material was removed by

centrifugation and filtration to obtain clear brown fibroin solutions (Figue

_—

Figure 4.4. DissolvedGonometa rufobrunnaand Gonometa posticailk fibroin
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43.3 Preparation oRegenerated Silk Fibroin (RSF)

Dialysis is an important stepy whichthe salts used in the dissolution process removed

from the silk solutionSilk fibroin (SF) solutions were dialyzed for three days against UHP
using Snakeskin dialysis tubing with molecular weight cubff of 3,500 Da (Thermo
Scientific, lllinois, USA). The resultant agueous fibroin solutions (Figusg were frozen at

-20 °C for at least 24 IRSF powders were prepared by either freeze drying or via rotary
evaporation. For freezedrying, samples were placed in a freez80(°C) for 1 h to ensure

they were completely frozen before freeze drying-& °C for 3 days. For rotary
evaporation, the frozen RSF solutions were thawed and the water layer was decanted leaving
behind the filboin. The fibroin was then immersed in neat methanol for 5 min prior to drying
using a rotary evaporator at room temperature. The RSF powders obtaineddtom

methodswvere stored in a dessicatantil use.

Figure 4.5. DialyzedGonometa rufobrunnagndGonometa posticailk fibroin solutions
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44  Preparation of silk fibroin nanofibres

44.1 Electrospinning parameters

SF nanofibres were prepared usingonometa fibroin via electrospinning. The
electrospinning setup included a power supply, syringe pump, syringe with needle tip and the

aluminium foil collector (Figurd.6).

Water, formic acid (FA) and trifluoroacetic acid (TFA) were studied as electrospinning
solvents. The electrospinning solutions were prepared by dissolvinR3P or RDRSF
powders in the solvent under constant stirring at room temperature until a homogeneous
solution was obtained. Each RSF solution was electrospun at ambient temperatgte géhrou
gauge 20 stainless steel needle fitted on a 3 mL disposable syringe at a flow rate controlled
by a syringe pump (New Era, NE 1000). RSF concentrations €f01% (w/v) were

1

investigated. Applied voltages from -P® kV and flow rates between 005380 mL min "

were studied. Tip to collector distance was varied from 7 to 20 cm.

44.2 Posttreatment of silk fibroin matrices

Methanol, ethanol, propanol, acetone and chloroform were used to assessisoivéni € e d D
sheet crystallization of fibroirElectrospun nanofibres were immersed in each of the above
mentioned solvents for 15 miianofibres were also treated with water vapour by placing
them in a desiccator containisgturated sodium sulphate decahydrate solution for T&eh.
nanofibres werghen vacuum dried in a dessicator at room temperature for 24 h prior to

analysis.
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Figure 4.6. Equipment and setup used for electrospinning

45  Adsorption and release ofesveratrol on silk nanofibres

45.1 Adsorption studies

Resveratrokolutions(10-50 ppm)usedfor the adsorption studiesere freshly preparelly
dissolving resveratrol in ethandtibroin nanofibre samplg§-8 mg were immersed in L

of the resveratrol solutions. The resveratrol uptake of the nanofibres was detebyined
measuringthe change in solution concentratiafter immersion Aliquots of 70 pL were
drawn at different time intervalbetween € h to determinerate of adsorptianThe
resveratrol was measured using an Agilen7100 capillary electrophoresissystem
(Waldbronn, Germanwvith a diode array detectqfDAD) (Figure 4.7) 30 mM phosphate
buffer at pH 8.0 was used for the separatiod detection waat 285 nm Theinfluence of

time, temperatureinitial resveratrol concentratiorand shakingon the adsorption of
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resveratrol onto the silk nanofibres was examined. The resveratrol loaded nanofibres were

dried under vacuum and stored in a dark cupboard until furthersaal

452 Release studies

For the release studies, ttesveratroloaded nanofibres were incubatedubes containing

mL of phosphate buffered salifeBS) atpH 7.4. The suspensions were gently shaken in a
thermostated water bath maintained ab@7Samples of 100Lureleased solution were taken

at predetermined intervals and the same amount of fresh PBS solution was added to replace
the extracted aliquot. The extracted aliquot was then dried using a rotavapor and reconstituted

in ethanol A standgrd addition methodas used to quantify the released resveratrol

46 Characterization studies

46.1 Micellar electrokinetic chromatographic (MEKC) analysidibfoin

46.1.1 Instrumentation

An Agilent 7100 capillary electrophoresis systequipped with a DAD detector was used
for separation and quantification of amino acffigyure 4.7) The optimum wavelength for
detection was 210 nm. Instrument control, data collection and processing were achieved

using Agilent Chemstation revision B.04.(DE, Germany).

Uncoated fused silica capillaries (Agilent, Germany) with 50 um id, 63.5 cm total length and
55.0 cm effective length were used. Buffer pH was adjusted using a Metrohm 827 pH meter

(Hersau, Switzerland)
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Figure 4.7.  Agilent 7100 Capillary electrophoresis system used in the stud

4.6.1.2 Separation conditions

Buffers used for the study were prepared by weighing out the appropriate amounts of each
component and dissolving ibHP water. A MEKC separation was developeaging the
surfactantSDS in phosphatand boratebuffers. Influence of pH,temperature and applied
voltageon the separatiowas investigatedAll new capillaries were conditioned by rinsing

with methanol for 5 min, followed by a 10 min rinse wittMINaOH and ultrehigh purity

water respectively. The capillaries were then conditioned with the running buffer. To ensure
reproducible migration times and peak areas, capillaries were rinsed between runs with buffer
for 15 min. The capillary was rinsed witvater for 10 min at the end of each working day.

Samples were pressure injected at 50 mbar for 2 sec.
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All rinsing solutions, background electrolytes and samples were filtered through 0.45 pm
PVDF filters. Buffers were stored at 4C and the pH checkecegularly throughout the

experiments.
46.13 Hydrolysis of fibroin

For each silkworm species, five replicates of 5 mg of fibroin were accurately weighed into
acidwashed reaction vials. One mL of 6 M HCI| was added to each vial and thoroughly
mixed usinga vortex mixer. The vials were deaerated by purging with nitrogen for about two
minutes and were immediately tightly capped. Hydrolysis was carried out in an oven at 110
°C for 24 h after which the hydrolysates were cooled to room temperature. Hydrolysetes

then filtered through a 0.45 um PVDF membrane filter to renaowyesolid impurities.
46.1.4 Preparation of calibration standards

The calibration curve was prepared using six concentration levels of amino acid standards
covering a concentrationange of 0.005 mg mit to 0.05 mg m['. These calibration
standards were prepared from a stock solution of 0.1 mi§pnépared by dissolving amino

acids inUHP wateranda few drops of 0.M NaOH addedto facilitate dissolution.
4.6.1.5 Derivatization d amino acids with phenylisothiocyandiTC)

Derivatization was done for detection of the amino acids using UV detection. The reagent
phenylisothiocyanate (PITC) used in the study reacts with free amino acids under basic
conditions to produce phenylthimbamyl (PTC) amino acid derivativg®34] as shown in

Figure 48.
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PITC Amino acid PTC-Amino acid

Figure 4.8. Derivatization reaction of PITC with amino acids

An appropriate volume of the calibration standard solution for each concentration level was
pipetted into a vial and dried under vacuum for680min. 20 pL of redrying solution which
consisted of methanol:water:triethylamine (2:2:1, v/v/v), was addezht¢h vialand then

dried under vacuum for 30 min. Derivatization then proceeded by adding 30 uL of the
derivatizing reagent consisting of methanol:water:triethylamine:PITC (7:1:1:1, v/viviv) to
each vial. After vortexing for 30 sec, the vials were tigltiiysed and incubated at room
temperature for 30 min. The amino agidenylthiocarbamylRTC) derivatives were then
dried in vacuo using a SpeedVac (Thermo Fisher, USk)oin samples were derivatized
according to the procedure described above excepbhak aliquots of sample and 100 pL

of reagents were used at each stage. TiEyiag process was done twice fiie samples.
PTCGamino acids were stored €20 °C and were reonstituted in the running buffguast

beforeanalysis.
4.6.2 Validationprocedures
The MEKC method was validated for linearity, limit of detection (LOD), limit of

guantification (LOQ), recovery and precision. Precision was evaluated by assessing injection
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and method repeatability (intday repeatability) as well as intermeaeigrecision (inter day
precision). Statistical evaluation parameters were calculated using the data analysis tool in

Microsoft Excel.
4.6.3 Scanningelectron Microscopy

Undegummed, degummed and electrospun nanofibres were examined soamung
electronmicroscopy (SEM). Images were obtained using a TESCAN Vega VG1760481J
scanning electron microscopBrno, Czech RepublicNanofibre samplewsere prepared by
cutting an aluminium sheet covered with electrospun fibres and fixorgothe copper stubs

used in the analysidDegummed and undegummed fibres were fixed onto the copper stubs
using adherent tap&ach specimen was getibated prior to analysat 20 kV. Diameters of

the electrospun fibres wemrdso estimated by randomly measuring 25 fibres frdifferent

SEM images.
46.4 FTIR spectroscopy

Fourier transform infrared (FTIR) spectra for tiegummed and undegummed dillires

were obtained from a Perkin Elmer spectrometer (Massachusetts, USA) with an ATR
attachment spectrometer. Spectra were aeduin transmittance mode with 32 scans at a
resolution of 2 cil over the 4008600 cm® spectral regionFTIR analysis for the RSF
powders and nanofibres was done using a Perkin EImer RX1 spectroMatsa¢husetts
USA) with a Miraclé” ATR attachment. Spectra were acquired in transmittance mode with

32 scans at a resolution of 2 ¢mver the 400800 cm' spectral region.
46.5 FT-Raman spectroscopy

The morphology of silk fibores was examined using a Bruker MultiRAM-Réman

spectromedr (Ettlingen, Germany) with a germanium detector. Silk samples were mounted
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vertically in front of a mirror and the spectra were accumulated from 512 scans ata 4 cm

resolutionusing0.45 W laser power.
46.6 X-ray diffraction

Diffraction curves were or ded wusi ng a P ANray difftactamater X6 p e
(Al mel o, Netherl ands )F 1B4iA) from Cuo 70°Kviih)a scamsdep at i o1
size 0.02626A (2d). V-my soarceewera 45dkV and 40 @A t of

respectively.
4.6.7 Themal Analysis

Thermogravimetric analysidGA) of the silk fibres and nanofibres were studied using a TA
Instruments TGA Q500 (DE, USA). Samples I® mg) were loaded into a platinum
crucible. The samples were heated under nitrogen from 25 to 1000 °C at a heating rate of 10

°C min .

For differentid scanningcalorimetry (DSC), a TA Instruments DSC Q2000 ( DE, USA)
calorimeter was used with a scanning rate of 10 °C n{imetween 25 and 450 °C) and
nitrogen and air gas flow rate of 5.rmin’*. Approximately 4.5 mg samples were used for

the analysis
4.6.8 Mechanical properties

The silk fiboreswere kept in the lab under atmospheric condition of2D°C and relative
humidity of 65+ 2% for at least 24 h before testinfhe conditioned samples wetleen
testedfor bundle strengthitenacity and fibre fineness. The fibres were carefully combed with

a fine comb, and then fibre bundles were prepared. The bundle tensile test was carried out on
the Instron Tensile Tester (Model 4411) at 0.01 mm gauge length using the Pressley method

(ASTM 3060:1974). Ten bundles were tested per sample with bundles being carefully
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assembled to ensure continuous and parallel fibres in the test area. The bundles were weighed
and the linear density (Tex) of the fibre bundles was calculated using a gravimetiniad.

The fibre diameter was estimated by measurement of mean fibre diameter per sample using
an Optical Fibre Diameter Analyser (OFDA). The cresstion of one sample was examined

with Image analyser (Olympus CX31 Image analyser) at 400X magnification

4.6.9 Degradability

The mass loss of the nanofibrésllowing immersion in water and PBS at pH 7ot 24 h
was measuredDegradability was calculated as a percentage by comparing the mass of the

nanofibres before and after immersion.

4.6.10 Cytotoxicity studies

The cytotoxic effects of theanofibres were tested by Sulforhodamine B (SRB) assay on the
WI38 cell line.The W38 cell line- normal Human Fetal Lung Fibroblast from ECACC was
routinely maintained as a monolayer cell culture at°G@7 5% CQ, 95% air and 100%
relative humidity in EMEM containing 10% fetal bovine serum, 2 miglitamine and 50

pg/ml gentamicin.

For screening experimesytthe cells (2150 passages) were inoculated inv@él microtiter
plates at plating densities of 10 000 cells/well and were incubated for 24 h. After 24 h the
cells were treated witdifferent masses of theamples in DMSOCells without additiorof
sampeés served as controllThe blank contai®d complete medium without cells. Etoposide
was used as a standard. The plates were incubated for 48 h after additiorsarh .
Viable cells were fixed to the bottom of each well with cold 50% trichloroaceid, a
washed, dried and dyed by SRB. Unbound dye was removed and {roteid dye was

extracted with 1GmM Tris base for optical density determination at the wavelength 540 nm
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using a multiwell spectrophotometer. Data analysis was performed using Graph$tad

software. 50% of cell growth inhibition (IC50) was determined bylivear regression.

46.11 Antibacterial activity

The antibacterial properties of the nanofibres were tested tlsndjsc diffusion method.
Gram negativeEscherichia coli(E. coli) and gram positiveStaphylococcus aureugS.
aureug bactera were usedor the testsThe tests were carried diar resveratrol solutios at
different concentrationand on SF nanofibres with and without resveraffble resveratrol
solutions (2 pL)wereimpregnatednto sterile filter paper discsThe resveratrgpaper discs
samplesand nanofibresample were applied to the surface of the agar plate containing the
microorganism to be tested. The effectiveness of the samples against the studied\oaste
assessed by the growth inhibition zones. The zones of inhilsiteodserved as clear areas

surrounding the disc due to the diffusion of the antimicrobials into the plate.

4.6.12 Antioxidant activity

The radical scavenging activity was determined using DPPHd{@lznyt1 -picrylhydrazyl
hydrate)assayBriefly, the stable free radical DPPH was dissolved in methanol to give a 100
e M s o | Differenobnmasses of theanofibre samplewereimmersedn DMSO in 96 well
plates and thertreated with DPPH solution. The mixtures were shaken vigorously and kept in
the dark for 30 nm at room temperatureChange in absobance was measured
spectrophotometrically at 540 nniEach concentration afanofiboresamples was assayed in
triplicate wells.DPPH + DMSO without additionof sampleserved as controlThe blank
contaired methanol+ DMSO and gallic acid was used as a standaRladical scavenging

activity was calculated by the following formula:

% Radical scavenging = [(A DPREhoi- ADPPHres)/ A DPPH:ontro] X 100
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4.6.13 Anticancer activity

The growth inhibitory effects of theamplesvere tested in the-8ell line panel consisting of
TK10 (renal), UACC62 (melanoma) and MCF7 (btgasncer cells by Sulforhodamine B
(SRB) assay. The human cell lines TK10, UACC62 and MCF7 was obtainedHeddmug
Evaluation Branch(NCI) in the framework a collaborative research program between
Council of Science and Industrial Resear€@SIR) and NCI. Cell lines were routinely
maintained as a monolayer cell culture at €7 5% CQ, 95% air and 100% relative
humidity in RPMI containing 5% fetal bovine serum, 2 mMglutamine and 5Qug/ml

gentamicin.

For the screening experiment, cells-{® passages) were inoculated in-®6Il microtiter

plates at plating densities ofID 000 cells/well and were incubated for 24Afier 24 h one

plate was fixed with TCA to represent a measurement of the cell population for each cell line
at the time ofsanple addition (Tp). The other plates with cells were treatedh different

masss of the nanofibrein DMSO. Cells withoutthe nanofibreserved as control. The blank
contaired medium without cells. Etoposide was used as a reference standard. The plates were
thenincubated for 48 h after addition of thanofibres Viable cells were fixed to the bottom

of each well with cold 50% trichloroacetic acid, washed, dried and dyed By @fbound

dye was removed and protdiound dye was extracted with DM Tris base for optical
density determination at the wavelength 540 nm using a multiwell spectrophotometer. Optical

density measurements were used to calculate the net percentagevettil
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CHAPTER FIVE

CHEMICAL AND PHYSICAL PROPERTIES OF SILK FIBROIN

51 Introduction

This chapter presents results on the chemical and physical characteristies sitidied
African silk fibroins. Comparison was done with morifibroin because of its extensive use
as a model foinvestigating andcorrelatingthe chemical andphysical properties o$ilk
proteins.Reference to other wild silkworm specissmade where appropriatBart of this

work has been published lmernationallournal ofBiologicalMacromokcules [71].

52 Development of MEKC separationfor PTC-modified amino acids

Our previous sty focusedon developing a MEKC method with borate and/or phosphate
buffers usinghe anionicsodium dodecyl sulphat&DS as asurfactant The best separation
achieved baseline resolution of thirteen amino acids in sericin derived Gomometa
rufrobrunnag[285]. The current work aimedo improvethe previous method with an attempt
to resolve all eighteen amino acids found ik $ibroin. Parameters evaluatedere those
that play a critical role in MEKC separations such ascentration of SDS, buffer type

concentratiorand pH

It should be noted peak identification was not done during the preliminary method
development studse(Figures 5.1 and 5.2). The detail of peak identity is therefore given when
the best separating conditions using for the beB@& and phosphateDS buffers were

used.
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5.2.1 MEKC with borate buffer

When developing a MEKC separation, optimizationseparation of components in CZE
mode is often the starting poirtlsing borate20 mM buffer at pH 9.0 showednproved
resolution of the amino acids (Figla) with 14 peaks observecbmpared to the 11 peaks
seerusing 10 mM borate (Fi§.1b). Further incease in the borate concentration did not yield

better resultstherefore thi20 mM concentration was used in developing the MEKC method.

The concentration of SDS was varied from 20 mM to 120 mM in the 20 mM borate buffer at
pH 9.0. The critical micelleconcentration (CMC), which is the minimum concentration
above which micelles are formed, of SDS is around 8 nakld varies with presence of
different additives such as organic solvents and salts [286]. Concentrations above 10mM
were thereforanvestigated.Therewas no significanimprovement in separation when 20

mM concentration of SDS was added to the running buffer (results not shown). However, as
the SDS concentration was increased, significant improvement in separation of the analytes

was observed

Figure5.2 showselectropherograms whe® mM/60 mM borateSDS and 20 mM/100 mM
borateSDS buffers both at pH 9.@ere usedIn both systems 17 peaks were separated,
althoughusing20 mM/100 mM borat&DS bufferresulted inbetter resaltion with a total ¢

9 being baseline resolved as compared to 7 withm@d60 mM borateSDS buffer.
Increasing the SDS concentratioasulted inincreasd partitioning of the amino acids
between the buffer and the psetgdationary phas¢herebyimproving resolution Higher
SDS concentrationalsoresult in longer run times as micelles tend to move slowly towards
the detector because of their counter mobility towards the arlodesasing the SDS
concentratiorresulted inincreasd partitioning oftheamino acids between thwiffer and the

pseudestationary phastherebyimproving resolution Higher SDS concentrationalsoresult
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in longer run times as micelles tend to move slowly towards the detector because of their
counter mobility towards the anoddlso, with more micekts, there areadditional

chromatographic interions between the pseudtationary phase and the analytesich

also contributes to longer run times.

mAU a

127

107

mAT| b

101

Figure 5.1. CZE of 20 PTGamino acids using) 10 mM borate buffer, pH 9.0 anid) 20 mM
borate bufferpH 9.0. Conditions: Capillary40 cm effective length (total 48.8m) x 50 um i.d;

voltage +20kV, pressure injection (5Mb for 2 sec); temperature Z&; UV-Vis detection at 210m
(peaks not identified)
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Figure 5.2. MEKC of 20 PTGCamino acids using) 20 mM/60 mM borate SDS buffer pH 9.0 and

b) 20 mM/100mM borate SDS buffer pH 9.0. Conditions: as in Figulg(peaks not identified)

Better separation waachievedusing 20 mM/120 mM borate SDS buffer (&g 53). Under
these conditions, 19 peaks wereserved withl4 being baseline resolvedOf the resolved
peaks, 11 were identified as amino acids and the remaamieg including the largest peak

around 34.9 min, were due to excess PITC reagent andodycts
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Figure 5.3. MEKC of PTGamino acids using 20mM/120 mM borate SDS buffer, pH 9.0.

Conditions: as in Figure 5.

Coelution was observed faome amino acidahich can be correlated to their properties. For
example, the coeluting pairs oéline + alanine have similampKa values (see Table 2.4) and
thereforeclose isoelectric values (5.96 and 6.00 respectivatyaddition theyhave similar
structures that do not interact much with SDS micelles hencepifessgnt a challenge to
separate Higher concentrations of SDS ddinot afford any significant improvement in
resolving coeluting peaks aridhd a significant increasén run times (>50min). Since @
further improvement could be realized with boratdéfer, MEKC using phosphatebuffer

systemwas investigated
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5.2.2 MEKC with phosphate buffer

Phosphate buffer provides an alternative operating pH range from borate buffer thereby
manipulating the electrical charge on the different analyitesherefore offersdifferent
separatiorconditions forthe amino acidsConditions for the phosphat8DS buffer system

were adapted from Zahoet al [287] and optimized to achieve the best separafmm
guantiication ofthe amino acidsin their study, resolution of 18 amino acids was achieved
within 15 min using 29 mM phghate buffer (pH 7.4) containing 168.3 mM SDS. In this
study,separation for most of the amino acids was achieved using a 32 mM phosphate buffer
with 172 mM SDS at pH 6.70 wheld PTGamino acid derivatives were baseline resolved
with the exception of cyme (Cys) andhe internal standardorleucine (Nleuwhich were

not included in those analyzed by Zateial

In previous work [285]mixed buffer systemBave beeriound to improve resolution of some
coelutingamino acids Incorporation 0of0.5 mM concentration of borate into the phosphate
SDS buffer improved the resolution between Cys and Nleu. Resolution of the 19 amino acid
standards wathusachieved within 20 min using an optimum buffer system consisting of 32
mM/0.5 mM phosphatéoratebuffer at pH6.70 with 172 mM using anapplied voltage of

+26 kV. The optimum temperature for the separation was 27 °C where the resolution of
closely ceeluting tyrosine and alanine as well as glycine and valine alssimproved

(Figureb.4).
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mAU |
16

18

17

Figure 5.4. MEKC of PTGamino acids at 0.005 mg rilconcentration using 32 mM phosphate
/0.5 mM borate /172 mM SDS buffer, pH 6.70. Conditions: CapillarygrbZeffective length (total
63.5cm) x 50um i.d; voltage +2&V, temperature 27C; UV-Vis detectiomat 210nm. Peak i.d: E
proline, 2= threonine, 3 serine, 4= tyrosine, 5= alanine, 6= glycine, 7= valine, 8= methionine, 9

= histidine, 10= isoleucine, 1E leucine, 12= cysteine, 13= phenylalanine, 14 tryptophan, 15
glutamic acid, 16 lysine, 17= aspartic acid, 18 arganine, IS internal standard (norleucine)

53 Method Validation
5.3.1. Linearity

An external standard calibration approach was used for quanttitaftithe amino acids.ig
concentration levelwith five replicatesvere used to determine linearifyetector esponses
of the amino acid analytes were normalized against the response of the internal standard Nleu

to give peak area ratios or corrected peak area ratios. Corrected peak areas (peak area of
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analyte divided ¥ migration time of the analyte) are often used in CE to compensate for
differential migration of analytes through the detector as well as migration time drifts thereby
minimizing quantitative biag288]. Calibration curves plotted using both uncorrectedkp

area ratios and corrected peak area ratios showed significant linearity elBbldhe
linearity was assessed using théeBt at 95% confidence level where large F values indicate
significant linearity of the calibration curve when using ANOVA. Bettcorrelation
coefficients (0.9979 to 0.9999) were obtained using corrected peak areas as compared to
those with uncorrected peak areas (0.9850 to 0.9997). Therefore, calibration curves used for
guantification purposes were plotted using corrected peskratios. The significance of the

error of regression was evaluated using thtedt where the standard deviation of ten
replicate samples was compared to the standard error of regression of the calibration curve
for the analyte.Calculated values indited that the regression residuals observed are
attributable to random error rather than systematic error at 95% confidence level. Overall, our

calibration curves could be used to reliably quantify the analytes of interest.

5.3.2 Limit of Detection (LOD)and Limit of Quantification (LOQ)

In this study no suitable blank was available for determination of limit of detection and limit
of quantification. Both the LOD and LOQ of the method were therefore determined from
regression statistical analysis accorditg 1SO11843 method. The parameters were
calculated as follows:

p Ty
A

W w0l
UUOTAIAUU

where g is the standard error of regression and b is the slope of the curve. The values
obtained were in the range of @6l mg L* and 2.017.1 mgL™ for LOD and LOQ

respectively(Table 5.2)

64



5.3.3. Precision

Intra-day and inteday variability was measured to assess precision and all results are shown
in Table5.2. Injection repeatability was assessed by injecting one standard (0.04 nfy mL
tentimes and calculating RSDs of corrected peak area ratios and migration times. Injection
repeatability RSDs values averaged 0.83 % and 3.16 % for migration time and peak area
respectively. For method repeatability ten replicate standards at 0.03 thg/ent analyzed

and RSDs of peak area and migration time were calculated. Maximum values obtained were

2.8 % and 6.3 % for migration time and peak area respectively.

Intermediate precision was done by injecting standards at 0.01, 0.02 and 0.04 thgnmL
different days over a period of three weeks. RSD values observed at the three concentration
levels were less than 3.2 % and 8.2 % for migration time and peak area respectively.
Generally, RSD values were larger for the slow migrating analytes compareé fast
migrating ones. Precision results showed that MEKC method has good repeatability and is

reliable for quantification of the analytes of interest.
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Table 5.1. Linearity, regression, LOD, LOQ data for of PT@mnino acids using the developed MEKC method

Peak Amino acid Correlation coefficients, r | F value
number

Uncorrected | Corrected Uncorrected | Corrected | intercept | slope LOD LOQ bSy,X

peak area peak area peak area peak area mgL™ mg L*
1 Proline 0.9994 0.9999 4886 44428 0.355 1.36 0.7 2.2 0.3
2 Threonine 0.9997 0.9999 8364 45139 0.285 1.17 0.8 2.2 0.3
3 Serine 0.9989 0.9997 2401 10485 0.743 1.20 1.3 45 0.5
4 Tyrosine 0.9994 0.9998 4183 14225 0.599 1.10 1.2 3.8 0.4
5 Alanine 0.999 0.9999 12235 42367 0.328 1.70 0.7 2.2 0.4
6 Glycine 0.9994 0.9999 4249 53877 -0.117 2.04 0.6 2.0 0.4
7 Valine 0.9997 0.9998 8359 13030 0.495 1.25 1.2 4.0 0.5
8 Methionine 0.9991 0.9997 3035 8965 0.427 1.20 1.5 4.8 0.6
9 Histidine 0.9986 0.9998 1722 12596 -0.102 1.38 1.2 4.1 0.6
10 Isoleucine 0.9984 0.9996 1659 7016 -0.018 1.23 1.6 5.5 0.7
11 Leucine 0.9989 0.9999 2408 41729 -0.012 1.22 0.7 2.2 0.3
12 Cysteine 0.9997 0.9997 7384 10327 0.142 1.29 1.6 5.3 0.7
13 Phenylalanine 0.9940 0.9979 412 1204 -0.584 1.51 2.0 6.6 2.0
14 Tryptophan 0.9850 0.9998 257 13779 0.142 1.95 0.9 2.9 0.6
15 Glutamic acid 0.9987 0.9999 2001 32919 -0.053 0.925 0.8 2.5 0.2
16 Lysine 0.9924 0.9979 329 1199 -3.53 2.47 4.0 13.2 2.3
17 Aspartic acid 0.9993 0.9996 3707 6594 0.048 0.961 2.3 7.5 0.7
18 Arginine 0.9965 0.9991 716 2182 2.120 0.926 5.1 17.1 1.6

°F statistic value from fest using ANOVA

®S,x represents standard error of regression
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Table 52. Intra and intedday precision data for PF@minoacids using the developed MEKC method

Amino acid Injection repeatability (intra] Method repeatability (intraay) Inter day repeatability

day) n=10 n=7

n=10

0.01 mg mr* 0.02 mg mr* 0.04 mg mr'

Migration time | Corrected Migration time| Corrected peal Migration Corrected | Migration | Corrected| Migration | Corrected

(min), RSD| peak area,| (min), RSD (%) area, RSD (%)| time (min), | peak area| time peak area| time (min),| peak area

(%) RSD (%) RSD (%) RSD (%) (min), RSD (%) | RSD (%) RSD (%)

RSD (%)

Proline 0.6 3.3 1.0 4.4 1.6 6.8 1.6 3.6 1.2 2.7
Threonine 0.7 3.8 1.1 4.0 1.6 5.7 1.7 3.7 1.5 4.4
Serine 0.7 2.4 1.0 3.9 1.6 4.5 2.1 4.4 2.6 3.5
Tyrosine 0.7 1.9 1.1 4.4 1.7 4.4 1.9 4.0 1.8 6.1
Alanine 0.7 2.7 1.1 3.0 1.7 3.6 1.5 3.0 1.9 3.7
Glycine 0.7 3.0 0.7 3.1 1.7 3.3 1.8 4.1 2.5 5.4
Valine 0.7 3.6 1.2 4.4 1.6 7.1 1.8 5.3 1.4 3.7
Methionine 0.7 4.3 1.2 3.2 1.8 5.7 1.7 5.4 1.4 3.6
Histidine 0.8 3.2 1.5 4.2 2.0 4.2 1.8 4.6 1.7 3.2
Isoleucine 0.7 1.7 14 3.3 1.8 2.2 2.1 3.0 2.7 4.7
Leucine 0.7 3.0 1.5 5.5 1.8 5.9 2.3 4.5 2.8 5.0
Cysteine 0.7 3.3 1.6 3.8 2.1 6.1 2.3 6.5 1.9 3.5
Phenylalanine| 0.8 2.5 2.0 4.6 2.0 6.3 2.4 5.1 1.9 3.2
Tryptophan 1.0 2.8 1.9 5.5 2.3 7.3 2.7 3.9 2.3 2.0
Glutamic acid | 1.1 4.2 1.6 4.5 2.2 4.2 2.5 6.3 2.4 4.6
Lysine 1.0 3.4 2.0 5.8 2.2 7.5 2.9 7.2 3.1 5.3
Aspartic acid | 1.3 3.2 2.0 5.8 1.8 4.2 2.1 4.2 2.8 3.7
Arginine 1.5 4.6 2.8 6.3 2.5 6.9 3.1 8.2 2.9 7.4
Average 0.8 3.2 1.5 4.4 1.9 5.4 2.1 4.8 2.2 4.2

67




54  Quantification of amino acidsin fibroin samples

The validated method waapplied for theseparation andjuantification ofamino acids in
fibroin samples fromthe silkworm speciesF{gure 55). Some of the peaks in the
electrophoregramexhibited tailing possibly due to sample matrix effects which cause
changes in ionic strength of the injected sample plug and the ruowififeg The unidentified
peaks seen in the electrophoregrams arepbgductsof PITC as determired during the
method developmenfhe mass of amo acids recovered as a ratio of total mass of fibroin
hydrolyzed was 780 % for all species analyzeficid hydrolysis carbe a majorcontribubr

to variation ofamino acidquantificationdue to complete or partial destruction ofreeamino
acids.Somereports indicate thatesing threonineand methionine can kmartially destroyed
during hydrolysis.Tryptophanis completely destroyeduring the process therefore only
seventeerf the reported eighteen amino acids were identified quantified in thetsdied
SF. It has also been reported that some peptide linkages, particularhbétasenamino
acids possessingulky side chainsuch as lldle, Val-Vval, lle-Val, Val-lle, undergoslow
and/or incompletéydrolysisdue to steric hindrance82]. The sde chains of asparagiaad
glutamine aredeaminated resulting in aapic and gluamic acid Therefore thé quantity

reportedfor the acidss inclusiveof theamidesthat may be present in the fibroin

Table5.3 shows the quantification and precision data for amino acifibriin protein from

the species investigated. Repeatabitifypeak areasvas generally better for amino acids

present at higher concentratiomsthe fibroin such asglycine andalaninethan for those

present in low concentrations suchrasthionine, cysteine and isoleucir@@onsistent with

reports from other studies, the fibrewere mostly composed gfycine,alanine, and serine,

which amounted to at least 70% in all the species studieese three amino acids are the

main componentsdafhe characteristic pr i mahegtstaudtureuct ur

in the crystalline region of fibroif290, 291]. Their nonpolar nature therefore renders fibroin
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mainly hydrophobicA. pandahad the highest composition of these three amino acids with
glycine and alanine alone contributing almost 85 % of the total amino acids. In contrast,
Kebedeet al reported glycine and alanine Af pandaamounted to only 62 %&2]. Their

study however owl reported a few of the amino acids found in fibroin. Our results are

however very similar to those reported for otAeaphesilks [292].
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Figure 55. MEKC separation of amino acid@sa) G. posticaandb) A. mimosassilk fibroin
hydrolysates using 32 mM phosphate /0.5 mM borate /172 mM SDS buffer, pH 6.70. Conditions and
peak i.d as in Figure.%
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Table 53A.

Amino acid composition of fibroin protein frothe silkworm specieas determined by the developed MEKC method

n=5 G. rufobrunnae(Botswana) | G. rufobrunnae(Zimbabwe) A. mimosagKenya) A. mimosagSwadland)
% + SD RSD % + SD RSD % + SD RSD % + SD RSD

Non-polar

Glycine 33.2%1.5 4.0 35.1+1.7 4.8 24.4+1.9 39 239+16 | 4.1

Alanine 26.0 £1.5 4.3 284+13 5.1 36.1+12 47 36.4+1.6 | 4.3

Proline 2.3+0.2 7.7 24+0.2 6.3 0.2+0.1 11.8 04+0.1 |125

Valine 1.4 +0.2 9.1 1.6+0.1 8.1 0.8+0.1 12.3 0.7+0.1 |11.7

Leucine 1.2+0.2 8.4 1.4+0.2 7.7 55+04 59 6.2+03 |5.1

Isoleucine 0.7+0.1 13.7 0.8+0.1 13.1 0.2 197 0.2 19.3

Methionine 0.3+0.1 18.2 0.3+0.1 17.1 - -

Polar

Serine 13.1+0.5 4.6 13.4+ 0.4 5.4 104+ 04 4.9 10.1+0.3 | 6.1

Threonine 0.7£0.1 11.4 0.8+0.1 11.9 0.3+0.1 147 0.4+0.1 14.0

Cysteine 0.1 18.9 0.1 19.2 detected detected

Acidic

Aspartic acid 3.0+0.1 6.8 26+0.1 8.7 40+0.2 71 3.8+£0.2 7.7

Glutamic acid 1.1+0.1 9.0 09+0.1 9.4 1.4+0.2 9.5 1.0+0.2 10.1

Basic

Arganine 6.5+0.2 4.6 5.4+0.2 5.0 48+0.2 171 51+0.2 |17.1

Lysine 0.9+0.1 8.9 1.0+0.1 10.1 1.0+x02 12.2 08+0.1 |12.2

Histidine 0.3 16.1 0.3+0.1 14.9 02+0.1 18.3 0.3+0.1 |18.3

Aromatic

Tyrosine 9.1+ 04 6.7 10.9+ 0.5 5.3 68+02 7.2 6.6+ 0.3 7.2

Phenylalanine 0.7+ 0.1 115 0.7+0.1 12.1 39+0.3 8.9 41+03 |89

Tryptophan -

Gly/Ala ratio 1.27 1.24 0.68 0.65

8LC/SC ratio 0.38 0.30 0.41 0.42

®LC, long chain amino acids and SC, shdrain amino acids.
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Table 5.3B. Amino acid composition of fibroin protein frothe silkworm specieas determined by the developed MEKC method
n=5 G. postica E. bahuniae B. mori A. panda

% + SD RSD % + SD RSD % + SD RSD % + SD RSD
Non-polar
Glycine 36.9+£1.2 4.3 282+1.1 3.4 449+1.6 4.0 28.9+0.9 4.1
Alanine 28.1+£1.0 4.1 40.3x1.9 3.7 29.2+1.1 4.6 543+1.7 3.4
Proline 25+£0.2 7.6 0.8+£0.1 9.4 05+£0.1 10.8 1.6+0.2 7.3
Valine 1.6+£0.2 8.1 0.6+0.1 12.1 2.4x0.2 7.8 0.3+x0.1 15.5
Leucine 1.5£0.2 8.3 1.2+£0.1 8.9 0.7+£0.1 11.7 0.3+x0.1 15.0
Isoleucine 0.8+x0.1 11.2 0.3+x0.1 16.8 0.4+0.1 15.9 0.2 19.1
Methionine 0.3£0.1 14.5 - 0.2 18.8 -
Polar
Serine 12.1+£0.3 4.6 9.6£0.3 55 9.6£04 5.8 42+0.2 5.0
Threonine 0.9+0.1 11.4 0.6+x0.1 12.7 0.3+x0.1 15.0 0.2 18.5
Cysteine 0.1 18.9 detected 0.1 19.1 detected
Acidic
Aspartic acid 4.2+0.2 6.8 3.2£0.2 6.6 0.3£0.1 12.1 2.9+0.2 8.2
Glutamic acid 1.2+0.1 9.0 1.1+0.1 8.4 0.6 £0.1 11.3 05+£0.1 13.3
Basic
Arganine 6.5+0.3 5.6 49+0.3 6.7 0.2 17.1 29+0.2 6.6
Lysine 1.1+£0.1 7.9 0.6+x0.1 12.3 0.6+x0.1 12.2 0.3+x0.1 14.6
Histidine 0.2 17.1 0.3+x0.1 13.3 0.2 18.3 0.4+0.1 13.8
Aromatic
Tyrosine 8.3£0.3 6.5 7.8£0.4 6.1 9.6+0.3 6.6 2.9+0.2 8.4
Phenylalanine 0.8+0.1 11 0.6 £0.1 11.5 0.7+0.1 11.7 0.2 18.7
Tryptophan - -
Gly/Ala ratio 1.31 0.69 1.54 0.53
8LC/SC ratio 0.30 0.28 0.19 0.14

®LC, long chain amino acids and SC, short chain amino acids.
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The ratio of glycine to alanine (Gly/Ala ratio) ifibroin is importantin defining the
crystaline arrangement of silk&onometafibroin had ahigher gicinethan alanine content
resulting in a ®/Ala ratiogreater tharl, similar toB. morifibroin. However, because the
glycine content irB. morifibroin (44.9 %)was higher than in th@onometdibroin (~36 %),
the Gly/Ala ratio differed significantly suggesting alistinctionin the primary structure and
organization of residues in the two speci€ur result forthe Gly/Ala ratio for G.
rufobrunnea(1.27)is different tothat reported by Fredeit al (1.51)[34]. This wasbecause
the alanine contentreported in thewo studiesdiffered greatlythough thereason for the
discrepancy was unclear. However, statistical analysis showed ther@owaignificant
difference between the two studies theresults of the remaining amirazids. Incontrast to
Gonometaand B. morifibroin, A. mimosaend E. bahunia€fibroin had more alanine than
glycine, resulting in a {g/Ala ratioless tharil. This is similar to reports fromeseral Asian
silks belonging to theilSaturniidaefamily [292]. A. panda(Thaumetopoeidatamily) also
showed a higher alanine content but due to the greater amount of glycine present, it exhibited

a differentGly/Ala ratioto A. mimosa@ndE. bahuniadibroin.

The LC/SC (long chaih short chain) ratioprovides insighton the relative degrees of
crystallinity in fibroin by comparing amino acanaking upthe crystallineregion (glycine,
alanine and seringgnd amorphous regiofthe rest of the amino acidf293]. Long chain
amino acia@ areoften bulky ancconsidered-sheetbreakes as theydisturb the close packing
of adjacentfibroin molecules A high content of thesamino aci@ (hgher LC/SC ratidp
therefore implies less structural regularéiyd a greater occurrence legs orderedegions.
Higher LC/SC ratiocalculated foirGonometaand Saturniidaefibroin suggests a lowasrder
and more amorphous conteadmpared to th&. morisilk with a lower LC/SC rati¢Table

5.3). Most of the lilky andpolaramino acids such awginineandaspartic acidvere more
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abundant inGonometafibroin than the other silksAmongst theSaturniidaefibroin, E.
bahuniaehad larger amounts ¢éucineand phenylalanine thah. mimosadibroin resulting
in E. bahuniaehaving a significantly highetC/SC ratio A. mimosaeomposition in this
respect is similar to that reported for japonica[292] whilst that of E. bahuniagls more
comparable to theAntheraeasilks [29]. A. pandafibroin exhibited the lowest ratio

indicating a grear degree of structural order than thther silks in this study.

Serine and tyrosine, which are mostly part of the crystalline regionatilsced fairly high
concentration in the fibroins. With the exception &. pandafibroin, serine and tyrosine
content ranged from about 7 to 13.5 % and18.%% respectivelyA. pandafibroin had much
smaller quantities of serine (~4.2 %) and tyrosine (~2.98éjine playsanimportant rolein
stabilization of the protein structurdoy providing hydrogen bonds to neighbouring backbone
Ni H and C=0 groupR29]. Tyrosine isalsoconsiderecsa -sheet favaring amino acicas

it participates in hydrogen bonding and in aromasimomatic interactions within the silk

[295].

The quantity of the polar and ng@olar amino acids in the amorphotegion givesan
indication of the potential reactivity of the fibroifPolar amino acids possessmino,
carboxyl, anchydroxyl groupghat are availablér functionalmodificationswhilst thenon

polar amino acidsdo not provide these binding sits. When found within the protein
structure,the polar groupsorm hydrogenbondsamongst themselveand are therefore not
readily available for additional chemical interactioiM®st of thesgolar groups are however
found on the outer surfaces of proteins and are therefore available to take part in several
chemical reactionf296, 297). The presence of these amino acids in the fibroin therefore has
an influential role in determining the chemlicand physical properties of tpeotein. The
Gonometaand Saturniidaefibroins showed a significantly higher content of polar amino

acids compared tB mori. It can be inferred that these African silks have greater potential for
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opportunities in blendingr reacting with other material§houghA. pandafibroin had much
smaller quantities of polar amino acids than the other African fibrtiey, were more than

those found iB. mori SF.

The polar amino acids weraostly evenly distributed between tleeidic and basi@amino

acids Basic amino acidbave been of more interesth@medicalresearchers as it has been
shown thathey play akey role in cell attachment and growth when fibroin was used as a
substratefor cell and tissuegrowth [145]. Arganine is also part of the tripeptide sequence
(arginineglycine-aspartic acid) that has also been identified as promoting cell attachment
[145]. Resultsof this workthus suggest that fibroin frotine African silkworm species, in
particular, Gonometafibroin, has prospectiveuse in cell andbr tissue culture possibly

performingbetter tharB. mori fibroin.

Not much variation was noted between the amino acid compasitiothe same species
sampledfrom different areas (Table 5.3A). It was thus assumed that the small differences
would not have a great impact on their physical properties and therefore results reported

represent the particular species.

5.5 Cocoon and fibre properties

Cocoon construst including some in this study®98 299 have shown great diversity
depending mostly on the species, environment and function of the cocoon. As seen in Figure
4.2 (experimental sectiondpcoons from the different silborm species showed differences

in size, colour and architecturéonometacocoonshad asimilar ovalshape andvere light

grey to light brown in colourSaturniidaecocoons showed more variance wkhmimosae
cocoons havinginique perforations and a shinysr colour wherea&. bahuniae cocoons

had a light brown colour. Similar to reports in literature [48]pandasilkworms had unique

constructs with a large brown cocoon which enclosed as many as 60 smaller light yellow
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cocoons.The cocoons from the wild species were much toutirer those oB. mori As a
consequencejarsher degumming conditiomgere requiredhan thosdor B. mori cocoons
Wild silkworm cocoons tend to benore resilient in order to withstand théarsh
environmentatonditions they are exposed to in their natural habitats such as ekizatoe

cold [58]. SEM imagesof the cocoons showed that the silk fibres fr@mrufobrunnae G.
posticg A. pandg A. mimosaendE. bahuniaewereheavily cementeaith sericinmaking a
compact structure (Figure 8. B. mori cocoons had less sericin coating than the other
cocoons with individual fibres visible. It has been reported thatatheunt of sericin
producedandits extent ofbindingthefibresis greatlydetermined byhe biology and habitat

of the insect4299. A white deposit observed on the surfaceGainometaand A. mimosae
cocoons has been previously ascriltedcalcium oxalate from silkworm excretion298,
298. A recent comprehensive study oocoons from various silkworm species suggests that
the calcium oxalate may have a structural function in the cocoon construct, though further

investigations are needed in this respe8f]2

Complete sericin removal is very important for quantitatimalysis of the amino acids in the
fibroin as well as determination of some physical properties of the fibroin. SEM examination
of the degummed cocoons showed individual silk fibres with a clean surface free from sericin
indicating proper degumming (Figuser). Further examination of the fibres showed they had
considerable variability in shape and size. Diameters ranging fre®3 it were observed

for G. posticaand 1324 um forG. rufobrunnaesimilar to those foE. bahuniag16-25 pm).

Fibres fromA. mimosaecocoons were the largest in diameter ranging frori@3m. A.
pandafibres were very fine and had diameters aroud8 um, similar toB. morifibres (7

tol2 pm). Though silk fibre diameter has not been a point of discussion in technological
applications, it is an important characteristic in the textile industry influencing properties

such as abrasion resistance, softness and stiffs@3js
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Figure 56. SEM images of aB. mori, b) G. rufobrunnagBots) c) G.rufobrunnae(Zim) d) G. posticae) A. mimosagf) A. pandalouter), g)A. panda
(inner) and hE. bahuniaeundegummed silk fibres
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Figure 5.7. SEM images a) B. mori b) G. rufobrunnagZim) c) G. rufobrunnagBots) d)G. posticg e) A. mimosagf) A. panda(outer), g)A. panda

(inner) and hE. bahuniaedegummed silk fibres
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Various cross sectional shapamstly ound, oblong, triangular and elliptical were observed

in the fibroins agxemplified byG. posticafibres Figure 58).

A

b : . # : ¢ : '
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Figure 5.8. Cross sectional images Gf posticaa) bundle fibres and b) fibores embedded in resir

56 FTIR and Raman Spectroscopy

Infrared (IR)spectroscopy studies camnovide usefuldata regarding the secondary structure
of proteins.The technique talseeadvantage ofgjroups of atomghat exhibit characteristic
vibrational bands irrespectvof their parent molecul§301]. This makes it possible to
analyze various proteinconformatios depending on hte position and intensity of the
observedpeaks SF existsmainly in the three previously describedonformations namely
random-hedi Ix-sheebUsingBFTIR, he characteristic absorption bands for random
coil arearound 1647 cht (amide 1) 1541 cmi* and 660 ci' ( @ mi d eheli¥ absorptibn

peaks around 1655 ¢i(amide 1), 1546 cit (amide 11), 1270 cit (amide I11), 625 crht
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(ami de \heet abaamption &round 1630'¢rtamide 1), 1520 cit (amide 1), 1240

cm' ! (amide 11, 965cm't (amide 1V) and 695 chi (amide V)[128].

The FTIR spectra of fibroin from all the silk species in the study showed the strongest peaks

around 1514 and 1622 &ipwhichare attributed to thé-sheet structuréFigure 59).
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Figure 5.9.  FTIR spectra of silk fibroin from different silkworm species
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Less prominent peaks seen at 698 and 1240 are also indicative ob-sheetstructure
Recently it was deduced thaa peak around 1050 ¢his characteristiof glycine-alanine
(poly-Gly-Ala) sequences in the fibroin structuBf?]. A peak was noted around this region
with varied intensityfor all the silk fibroins These linkages have never been reported for the
Saturniidaespecies and therefore cannot be attributed tpaheGly-Ala polypeptides until
further conclusive research has been dénshoulder peak at 127 ( Helical structure)
was seen in the spectra 8r moriandA. pandafibroin but was not clear in the spectra for
the other silks. Another shoulderglewas preserdround 1696cmi” in the fibroin spectra
with the exception of those of th@onometafibroins. The peak is attributed t-turn
conformation of the hairpifoldeda nt i p asheet strueturg8d3, 304]. Further analysis

of the spectrahowed a peak around 967 tior the GonometaA mimosagA. pandaandE.
bahuniaef i br es at fsheet lerystaléndy relabng fo alankaanine (polyAla)
linkages P93. A small peak notedraund972 cm'in the B. morifibroin spectracould not

be attributed to thgoly-Ala linkagesas they have not been previously reported for this
speciesSimilar to results on the amino acid analysis, the spectra fok.tpandainner and
outer silks were almost identicals. posticaalso showedsimilar spectrato that of G.
rufobrunnae The Saturniidaesilks (A. mimosaeand E. bahuniag exhibited very similar

molecular conformation to reports for other Asian silks from the same fE30By 306].

Overall, the results show that the silk fibroin from the species examined in thisistudy
mainly of b-sheetstructure with somékhelix structure also existy. The Saturniidaeand
Gonometasilks showed similarities and were different fr@nmorifibroin. Interestingly,A.

pandashowed a very similar structure Bo morifibroin.

Raman spectroscopy was also utilized as an additional technique in analyzing the silk
structure. As seen in Figure B,1the Raman spectra of all the silk fibroins showed strong

peaks around 1666 ¢hand 1090 ciiwh i c h i s esheetdrgstakingy [307, 308].
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A peak at 904 crh associated with pohpla sequences [308] was observed in the fibroin
spectra with the exception &. mori fibroin thus confirming the absence pbly-alanine
linkages inB. mori SF. Other peaks seen have been attributed in literature to various
structuresA peak seen arount225-1230cm* in the fibroins has beerascribedto b-sheet

structure§205, 309.
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Figure 5.10. FT-Raman spectraf silk fibroin from different silkworm species
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Minor peaks around this region were observed for the other silk spad@itional bandsat
about 161%m* as wellas854 cm™ have been assigned to the side chainthefamino acids
phenylalanine antlyrosinerespectively [308, 310]The dataprovided byFTIR and Raman
spectroscopy highlights how the proportions of the amino acids determine the primary
structure and hence the secondstryctureof the different fibroins. In th&onometdibroin,
the glycine content is lower than iB. mori fibroin though their alanine content is very
similar. This may possibly promote alantaéanine linkages in th€&onometafibroin in
addition toglycine-alanine linkagesA. panda A. mimosagand E. bahuniaehave higher
alanine than glycine content which pron®tprimary sequences with alantaéanine
linkages.It can be assumed that the lower amount of glyirtbe SaturniidaeandA. panda
fibroin (less than 30 % in alljs insufficient topromotesignificant poly-Gly-Ala linkages

unlike that for GonometaandB. morifibroin (more than 35 %).

5.7 XRD analysis

XRD is useful in examining the structure of crystalline and seystalline polymers and

was used to study the silk fibroin in this wobk-ray diffraction studies were conducted to
elucidate the physical structure by identifying the positions of theadifbn peaksPeaks

were observed for all the fibroins examin@&igure 5.1). The peaks foE. bahuniaeandA.
pandawere not asntense as the other fibroins, tané clearlyvisible in the insert on Figure

5.12. All the fibroins exhibited peaks arourD.5° and 24.5° corresponding to crystalline
spacings of 4. 35 i and 3.62 respsheett i vel vy
crystalline structure of the fibroir®, 128]. There have also been reports suggesting that the
above mentioned peaks are mdat i ve of a concurrence iof an
sheet crystalline structur8I1]. The African fibroins exhib#&d additional peaks around 17°,

16.5° and 15.5° fo6Gonometa Saturniidaeand A. pandarespectively. Thesepeakswere

absent in th&. morifibroin.

82


file:///C:/peaks

— A, MIMOSGE

== . PUf0brUNNGE

== (5. postica
E. bahuniae
e A, pandla

E bahwiae

e A, peTIY

Diffraction intensity

2 Theta angle (°)

Figure 5.11 XRD analysigof silk fibroin from different silkworm species

Earlier research by Warwicker attributddferent peaksseenin diffractograms tovarying
dimensions othe unit cell of the crystallitegn the different fibroingd312]. The size of the
crystallites are depeedt on the amino acids making up the crystalline componeititich
further highlights the impact of amino acid composition on the structure of the fibfbias.
XRD data therefore provides further evidence of a distinct difference in the crystalline

structure of the wild African fibroins ar8l morifibroin.

Resuls for A. mimosaeand E. bahuniaeare in agreement with those reported for other
species belonging to tHeaturniidaefamily, which are mainly composed of alaniaknine

sequences [293]. The data of the African fibroins, though similar, also suggesatéere
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differences amongst ther8tudy usingadvanced Xay techniques (for instance synchrotron
based) can be used to further elucidate differences in crystalline structure of the fibroins.
Quantitative determination of the different phases (crystalline aandrphous) couldlso
proveuseful inexaminng differencesnoted forthe fibroins. Thishowevercould not be done

in this study due to an absence of suitable standards for the different phases.

5.8 Thermal Analysis

Thermal properties of the silks werexamined using TGA and DSC techniques.
Thermogravimetric (TG) curves of the silk fibroins are shown in Fig.5Ah initial weight

loss occurred below 100 °C which is widely attributed to loss of water. The fibres showed
thermal stability up to about 20C after whichthey showed initial stages of decomposition.
The thermograms were then characterizedréyyid mass loss with over half the fibroin

mass degraded at 400 “Differential weight loss (DTG) curves providectleaer depiction

of the degrad&in steps as they directly relate to specific thermal decomposteayes
(Figure 5.B). Unlike B. mori fibroin, fibroins from the African silkworm species were
characterized by several degradation stépsmall degradation peak at 230 °s2en for
Gonometaand Saturniidaefibres is associated to the loss of low molecular weight gases
(H20, CQ,, NHjy), resulting from the breakdown of side chain groups of amino acid residues
as well as from cleavage of peptide bonds in the amorphous region of tf843jI814]. The

main peaks of degradatidoetween350 °C and 375 °C are associated with mass loss due to
the permanentiecomposition of the fibroin moleculéBhe Gonometaand Saturniidaefibres
showed very similar degradation patterns with maximum decomposition occurring around
375 °C for the fibresA. pernyiandother silks belonging to th®aturniidaefamily havealso

been found toundergoa number ofdecomposition stepsattributedto ther crystalline
structure and amino acid compositif814]. A. pandaexhibitedits maximum degradation

around 360°C, the lowest amongst the African fibres. The main degradation peak was
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around 350 °C for the B. mori which therefore implieshe Africanwild silk fibres are
relatively thermally more stahl®o assignment has been previously given to the peaks seen
above 400°C but they may possibly represent further decomposition of the silk fibroin
structure. However, TGA combined with FTIR can give more insight into the specific

structural degradation of thébfoin at the different stages of heating
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Figure 5.12. TGA curves for the silk filwins

DSC curves of the fibroins (Fig ®jlshowed an endotherm below 100 °C which is due to
absorption of heat for removing water. In addition to this dehydration endotBenmori
fibroin showed one other main peak around 320 Similarly, A. pandaalso showed one
major peak around65 °C. The peaks found between 320 and 365 r&presentthe

degr adat i-sheet souctures lofehe proteirnis data, similar to TGA results, shows
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B. mori fibroin is less thermally stable than the African fibroins. This may be due to the

higher thermal stability of pohA | ashefets [315] which are present in the African fibroins.
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Figure 5.13. DTG curves for the silk filwins

With the exception ofB. mori and A. panda the rest of the fibroins exhibited another
significant peak around 228 °Cwhich is attributed to the strong molecular motion and
rear r ange me nhelix aerystald in the amorphoud regif?03]. DSC and TGA
resultshowever vary with regards #. pandafibroin. TGA shows it to be slightly less stable
than the other African fibroins whilst DSC results show rtfe@n decomposition endotherm

at a higher temperature than the other fibroins.
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Figure 5.14. DSC curvedor the silk fibroins

5.9 Mechanical properties

The qualityof the silk fibres can be assessed by examining mechanical properties such as

tensile stength, tenacity, Youn® modulusandtoughnessTable 54 shows the results of the

measurements of tenacity and tensile extension done for fibres from the different species. The

diameters for all the silks were determined using optical imaging as exemplified in Figure

5.15. Tenacity measures the strength ofladior yarn by determining the point at which it

breaks the higher the fibre tenacity, the higher the strength of the #reorisilk showed
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the highest tenacity of all the fibres testéanongst the African silksA. pandahad the

highest tenacityollowed byG. rufobrunnaeG. posticaA. mimosaandE. bahuniae

Figure 5.15.  Optical image for cross section Af pandasilk fibres

The mechanicgberformance ofibroin is governed to a large extent by its chemical stineg

particularlythe amincacid composition and sequence

The large amount ofbulky amino acidsin their structure hindeclose packng of fibroin
chainswhich enabledormation of strong hydrogen bondsetween the chain®\. panda
consists mostly of glycin€28.9 %) alanine (54.3 %) and serine(4.2 %) and a small

percentage of amino acids with bulky side groups. This suggestgtarsive crystalline
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regionand less amorphous content than the other African silks hence it exhibited the highest

tenacityamongst the African silk fibres.

The strength at break &. bahuniaeand A. mimosadibroin was about half that d. mori
Literaturehoweversuggestghat poly-a | a n -sheets (fsedominant iB. bahuniaeand A.
mimosae fibroin) exhibit a higher tensilestrength than the pol@ly-A | a-shefets
(predominant irB. morifibroin) due to a higher binding energylf]. The authorsndicated

that in polyAla rich segmentshydrophobic interactions interloeidjacent chains into stable
antiparallelb-sheetswhereas in the polgly-Ala rich segments, the glycine residues are not
capable of forming the same types of hydrophobic interactions hypothesized for an alanine
residue[316]. This ultimately results iness stabld-sheetsn poly Gly-Ala regions due to

fewerchaininteractions

Table 54. Mechanical properties of the silk fibroins

Properties E. bahuniae | G. B. mori | A. mimosae| A. panda | G. postica
rufobrunnae

Mean 12.08 15.89 32.11 12.11 24.69 15.1

Tenacity @

Max.Load

(cN/tex)

CV% 18.7 30.3 23.9 16.39 16.43 20.3

Mean Tensile| 0.73 1.04 0.62 0.79 0.72 1.08

extensiorn@

max.

Load (mm)

CV% 18.4 34.3 29.5 29.62 40.8 7.17

Mean fibre | 14.8 14.7 12.1 27.0 11.9 16.2

diameter( € n

CV% 30.9 31.7 26.9 43.7 31.9 34.4

89



It has also been noted that mechanical properties such as tenacity are also related to the finess
of the silk fibres. A general rule established from work done by Mere8it s that the
finer the silk, thenigher the tenacity and the lower the breaking extension. This is somewhat

reflected in the results obtained in this work, more so for the tensile extension.

G. posticaand G. rufobrunnaesilks had the highest extension values of all the silks. When
silks are stretched, deformation begins in the amorphous regions, therefore the proportion of
the amorphous region and the interaction of the chains in this region will strongly determine
the resistance to extensiodnder tensile load, the seraimorphousregiors unravel first
owing to breaking of hydrogebonds, which accounts for the high level of extensibility
observed in sil§318]. The presence of are bulky aminaacidsin the amorphous regicalso

allows the SF chairs to flow easer, confering elasticity and better extensiorof the fibre

[319]. Gonometdibroin is comprised of a more extensive amorphous region than the other
silks which may explain their higher extensidh. bahuniaeand A. mimosasdibroins had
comparable extension #. pandafibroin ard slightly higherextensionthanB. morifibroin.

Data obtained in this work is in reasonable agreenweith someother published data for
degummedfibres. Kushal and Murugeslkletermined that becauske nommulberry silks
contain more amino acid residuesth bulky side groupghey exhibit higher extensibility
[319]. Teshomeet al revealed that the African wild silk fibres belonging to Segurniidae

silks showed larger extensibility when compared withTthaumetopoeidaf86]. They also
reported thathte African wild silk fibres had a lesser breaking elongation Biamori which

is contrary to our results.

One of the factors that may significantly contribute to variances in mechanical properties is
the degumming procesSome of the fibres from the wild sillshow some damage (fige

5.16), possibly due to the intensive degumming procedseeported by other researchers
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[320]. It was also noted that the cocoons consisted of several different layers and some of the

fibrescould be more easily pulled out in some layers compared to others.
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Figure 5.16. SEM images of damage done to silk fibres fromapanda(inner), b)G. posticec) G.

rufobrunnaeand d)A. pandalouter)during degumming

This suggestshe extent of cementing théroin with sericin differs which may result in
some of the fibres being exposed to the degumming solution for too long leading to the

damage observed. This damdges proven to bdetrimentalto the mechanical properties of
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the silk [321, 322] and affects its performance as a textile material. However, for use as
biomaterials, the fibroins processedby first dissolvingdegummed silkthus the inherent
mechanical properties of the silk fibres are lost and any damage caudies t@gynoval of

sericinis not detrimental
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CHAPTER SIX

FABRICA TION AND CHARACTERIZATION OF ELECTROSPUN

SILK NANOFIBRES

6.1 Introduction

This chapter coverthe processingf silk fibroin into regeneratedilk (RSF) as well as
fabrication and characterization &onometasilk fibroin nanofibres. Part of this work has

been published in the Journal of Macromolecular Resed@@sh |

6.2  Dissolution of degummed silk fibroin

Dissolution of fibroin is a necessastiep in preparing RSF from silk fibres priorprocessing
into morphologiedor biotechnological applicationsuch asspongesfilms and nandibres
Commonly used concentrated salt solutiawhieve dissolution by binding with polar
residues inthe fibroin causingdisruption of van der Waals forces and hydrogen bonds in
fibroin molecules[324. Although several solvent systems have been found effective for
dissolution of fibroin from othespeciestherehas been no information on the dissolution of
the African fibroins prior to our work B23]. Recently, Teshomand ceworkersalsomade a
contribution in this regarf325]. This section thus gives a detailed account of our findings on
the ability of severakolvent systems to dissolve tfibroin from someAfrican silkworm
speciesThestudies also provide further insight on the chemical nature dittfzens as thé
dissolution iwolves interaction of solvent ions with functional groupsesentwithin the

fibroin structure
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6.2.1 Effect of different agueous salts and concentration

Results obtained on thsolubility of the fibroins in various aqueous saltat different
concentrationsre presented iffable 6.1 G. posticaand G. rufobrunnaefibroin dissolved
easily in 9.5 M Ca(NQ), producing solutions ofaipproximately22 % (w/v) after 5 h
dissolution.A. mimosagA. pandaand E. bahunieafibroin showedthe lowest solubility in

Ca(NG;), with less than 3% of the fibroin dissolving.

Table 6.1. Dissolution of silk fibroins in aqueous salt solutions
Ca(NOy)» CacCl, LiBr LiCl
BM [(7M |95M |Upto 5 M 7M 9.5M |Upto 9.5M
saturated
solution
G. postica X ++ +++ X X ++ +++ X
G. rufobrunnae | x ++ +++ [ x ++ +++ X
A. mimosae X X + X X X + X
A. panda b X + X X X + X
E. bahuniaea | x X + X X x + x
B. mori + ++ +++ |+ + ++ +++ +

*. +++ = Very soluble, ++= Soluble, += Slightly soluble, x= Insoluble

Gonometafibroin alsodissolved easilyn 9.5 M LiBr whilst A. mimosagA. pandaandE.
bahuniae fibroin wereagain practically insoluble with less than 2 % dissolvidigne of the
African fibroins were solubilizedising CaChk and LiCl solutions In stark contrast to the
African fibroins,B. morifibroin dissolved in all salt solutions investigated, though solubility
in CaCh and LiCl solutions was relatively low (% w/v). For the salts that solubilizete
African fibroins the dissolution process was slower than tdiaervedor B. morifibroin.

The effect of different concentrations of the salts was also examitsedxpected, lower
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concentration of the salt solutions resulted in lower solubility of the fibroin from all the

species.Only B. moriandGonometdibroin dissolved in 7 M salt solutions.

There was no dissolution of any of the fibroins when 5 M solutions of the salts were used
(Table 61). The results suggeghat there are several factors affecting solubility of the
fibroin. Firstly, there is evience the solubility of fibroin is highly dependent on the type of
salt ions available for the procedhe ionic strength of salts hagenhighlightedas a key
parameteiin protein solubility lons with high charge densjtguch asC&* and Mg?*, are
strangly hydrated and tend to increase protein solubility by interacting more with amide
moieties in proteigthan less hydrated catiofis *, K*). Studies have furtherstablished that

the dissolutiorprocess is more dependent on &méons possibly becausef ther larger size
compared tocations [326, 327. Nucleophilic attackby the anionson the abundant
electrophilic centres (hydroxy, amide, amino groupghe fibroin results in the disruption of

the hydrogen bonded chain netwarBs and NQ are mae nucleophilic than Cand would

thus have better protein solubilizing power. This possibly explainstgfjbroins dissolved

morein LiBr and Ca(NQ), but not in LiCl and CaGkolutions.

Secondly the \ariation observed in solubilitgan be attributed to dferences in their
structure as influenced by their amino acid composti®he amorphous region of fibroin is
the one that is open to interactiow#h other compounds and/or solvertkst can cause
changesn structure and studies havehown thasilk dissolutionstartsin this region B28].
The larger proportion of polar groups the Gonometaand Saturniidaesilks could result in
increasednetworking of fibroin molecules througtydrogen bondingpossibly creatinga
strongeramorphousstructurethan the other fibroins It would thus be expected thathe
Gonometafibroin would show the least solubilitwith multiple bonds requiring disruption.
Results however do not reflect this@snometdibroin wasthe mostsolubleof the African

fibroins. On the other hand larger amount of polar groupsuld providemultiple sites for
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interaction with salt moleculesausingdissolution to proceethsterthan in fibroin with less

polar groups.

This assumption, again, fails to address stk differences between th@onometaand
Saturniidaefibroin as well as the easier dissolutioh B. mori fibroin. A more plausible
explanation can be found in the crystalline
sheet forming residue®. moi fibroin has (GlyAla), units, GonometaSF has Gly-Ala),

and (AlaAla), units andA. mimosagA. pandaandE. bahunia are composed of (AlAla),
repeats. Packing ¢Ala-Ala), beta sheets is more compact tki@hy-Ala), [316] which may
hinderpenetration of water and solvent ions for dissolution of the fibroins,the orderof
dissolution observedias B. morifibroin being the mossoluble andA. mimosaeA. panda

andE. bahunieabeing the least solubl@his suggests that the crystalline compositiothés

major determining factor in its solubility and further investigations are requiredllyo fu
understand the process as this would greatly assist in dissolution of the more resistant
fibroins. Results ofpercentage dissolution are not directly comparable with the report by
Teshomeet al. because of difference in the conditions of the studsegh studies are
however in agreement that LiBr was a very good solvenBfanoriandG. posticafibroin

and lessffective forA. mimosagA. pandaand E. bahuniedibroin. Also, CaCk proved to

be a poor solvent for dissolution of the African silk fibroins.

6.2.2 Effect of organic ternary mixtures

Some esearchers have reportedhancedlissolution of fibroin by adding organic solvents
such as methanol and ethatmkalt solvent$329]. The organic component and the salt ions

act cooperatively to dissolve the fibroin. As the salt idmmeak downhydrogen bonds

b et we e-sheetshtlee orfganic component (methanol/ethanol) penetrates the hydrophobic

regionsof fibroin and makethe molecules hydrophilic thereby enhancing dissolu39][
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Table 6.2. Dissolution of fibroins in ternary solvent sgsts
Ca(NOs) . 4H,0 | CaCIl,/EtOH/H,O | LiBr/H ,O/EtOH  [LiCl/ H ,O/EtOH
/MeOH (3:1) (1:2:8)

G. postica ++ x ++ X

G. rufobrunnae | ++ X ++ x

A. mimosae + X + X

A. panda + x + X

E. bahuniae + X + X

B. mori +++ +++ +++ +

*. +++ = Very soluble, ++= Soluble, += Slightly soluble, x=Insoluble

Under the same experimental conditiarsed for the aqueous salt solutiotisere was a

decreasén solubility for bothGonometd i br oi ns from 22 % (w/ v)
(w/v) in the saltorganic solvent mixtures (Tab&?2). No improvemenin dissolutionwas
observedfor the fibroins when methanol and ethanol were added to €a@t LiCl salt
solutions. Although the lower solubility was not fully understood, it could possibly be
explained by the fact that water miscible organic solvents have been found to lower the
dielectric constant of salt solutions. When the dielectric constant is reduced,-dipanige
and dipoledipole interactions are thus promoted resulting in reduced prad&ibility [331].

The interaction ofternary organic solvents with fibroichas been described by some
researchersin a studyby PerezRigueiro et al. [332], the authorsexplainedthe important

role water playsin swelling the amorphous region addrupting inter and intramolecular
hydrogen linksin the protein Incorporationof organic solvents such as methanol and

ethano] which are desiccant$p the aqueous salts can incre@seteinprotein hydrogen

bondingreducingthe solubilizing power othe solvent mixtur¢332].
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The behaviour oB. mori fibroin in the ternary solvents wasnlike that ofthe African silks.

B. mori fibroin dissolutionwas enhanced with the addition of the organic solvents with the
fibroin dissolving almost immediately when added itite solvent.From these results, we
concluded that it is possible th#te increased quantity of polar groups (mostly in the
amorphous region that dissolves fir&pnometafibroin, may explain the differencen
solubility compared toB. mori. Because of the large amount of polar amino acids, the
enhancement of hydrogen bondimetworkwould reduce the dissolution of the fibroin as we
observed in our workOverall, these results highlight the complexity of thesolution of
fibroin, the process influenced by the structure of the silk and interactions between the
protein molecules, water and the salt ions. The extent of the amorphous region appgears not
influence dissolution as much as the composition of tlystalline regions when using
agueous salt solutions as we see Batori and A. pandafibroin showeddissimilarity in
solubility despite both having a smaller and comparable amorphous region. \tYemedare
assume that the type of linkages in the crystalline region may have an impact on the solubility

shown by the trend in dissolutiarf the fibroins.

6.3  Electrospinning of RSF

Due to poor dissolutionf A. mimosagA. pandaandE. bahuniean the solvents utilized in
this study,it was impractical to carry out electrospinning experiments due to the little
amounts of regenerated fibroin obtainée therefore report results on the electrospinning of

only GonometeSFas it dissolved quantitagly in the solvents available in this study.

The process of electrospinning requires optimization of several parameters for defect free
nanofibres to be produced. Several authors have highlighted, threygtematic
investigations the significance of vaus electrospinning parameters in fabricating

nanofibres 333-335]. Solution concentration, voltage, flow rate and spinning distance were
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investigated in electrospinningonometaSF. Both freeze dried (FERSFH and rotavapor

dried (RDRSH solutions weraised in the study.

6.3.1 Selection of electrospinning solvent

Polymers can be soluble in many solvents but esttent influences electrospinnability
depending on its propertie$he choice of electrospinning solventtigereforecritical for
optimal production of nanofibres.A good solventallows SF chainextersion to form
significantchain entanglements that result in a lower concentration for electrosp|B8i&jg
Water, formic acid and trifluoroacetic acie some of the solvents thave beemseful in
electrospinning SF208 212] and were used in assessing electrospinnabilitGaiometa

SF. Despite theasumerous reportsf successfulelectrospinningof SF in water, bead free
fibores could not be formed from th&onometaaqueousRSF solutions(Figure 6.1a).
Increasing theconcentration of RSkesulted in ahick gel being formedwhich could not

flow through the capillary Highly concentrated solutions of aqueous SF can quickly
aggregatevia hydrogen bondso formthe water insoluble silk Il structuf@37]. Figure6.1b

& 6.1c show fibres electrospun from 25 % (wRp-RSFsolutions in FA and TFAThough

both solvents produced beaded fibres, TFA solution produced the most promising fibres with
fewer beadsThe differences noted between the two solvents may be due to different solvent
properties combined with the behaviour of fibroin in solution with each solyeanhget al.
examined the electrospinnability of fibroin warioussolvents and concluded that different
solvents produce fibres with different morphologies as a result of their solvent properties
such as surface tension and conductivdyg]. Zhou et al. in their work also reported that
TFA was a better solvent than FA for electrospinning cellulose aceteteo its higher
conductivity and lower boiling pointas highlighted in Table 6.8338]. Consideringthe

results obtained, TFA was used as the electrospirsaivgnt for further experiments.

99



Table 6.3 Solution properties of formic acid andfluoroacetic acid

Conductivity Boiling point (°C) Surface tension
(S-m?) (dyn/cm)
Trifluoroacetic acid | 2.6 x 10 72.4 13.63
Formic acid 6.4 x 10° 100.8 37.67

6.3.2 Effect of concentration on electrospinning of HR3F and RERSF

Solution concentration has been reported to be a major determining factor in electrospinning
of polymers. A critical polymer concentration, which allows sufficient polymer chain
entanglements, has to be exceeded in order for electrospinning of beadies$388)].

Below this critical concentration, the polymer solution fragments into droplets before
reaching the collectowhen voltageis applied[18]. The electrospinnability oboth freeze

dried (FDRSH androtavapor dried (RERSH was evaluatedas well agjuality of resultant

nanofibres.

Results showed that there was a difference in the electrospinnable concentrattdnFd-

RSF and RERSF powdersNo fibres were formed whemw concentrations of RSF (15 %

w/v and below)were electrospurit is probable that SF chain entanglements were insufficient
to prevent the breakup of the electrically drivenipgd droplets Using FD-RSF, increasing
solution concentration to 30 % (w/v) resulted in the formation of nanofibres with a mixture of
beaded ad smooth fibres (Figuré.2b). Although not quantitatively measured, there was a
visible increase in the viscosity of the RSF solutions with increase in concentration. Smooth
fibres (without beads) were produced at 40 % (w/v) (FigbrZ). The diameters of
electrospun fibres collected for bddonometaspecies at 40 % (w/v) were between 4@DO0

nm. At higher concentrationghe solution was too thideo flow through the needjeherefore

electrospinning was not possible.
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Figure 6.3 shows lhe morphology of fibres that were electrospun fromREF powdersat

27-35 % (w/v) RSF concentrations. The minimum electrospinning concentration at which
smooth fibres could be formed from RESF powders was 27 % (w/v). Nanofibres with
diameters ranging &dm 300 to 760 nm were obtained at this concentration. As the
concentration was increased, the nanofibre diameters incregsediameters 0640-1200

nm producedat 30 % w/v and 2.5 pm at 35 % w/vThis clearly shows that nanofibre
diameter is directlyrelated to the polymer solution concentratiotime higher the
concentration of polymer solution, the larger the nanofibre diamdteesdifferences in the
spinnable concentrationsf FD-RSF and RBERSF could be attributed to conformational
changes in th&D-RSF during drying with methanol. Though freezipgocedures such as
freeze drying haveeen found tanduce a certain degree ofystallinity in RSF, addition of
organic solventgioes so to a greater extent (B4While methanol was primarily used to
ersure complete removal of water during drying of the RSF, it also probably affected the
secondary structure of the RSF as it is one of the solvents commonly used in crystallizing
water soluble silk[305]. There were no definitive differences in tleéectropinnability,
morphology or diameter of the nandibres from Gonometa postica and Gonometa

rufobrunnaespecies

6.3.3 Effect of applied voltage

Figure 6.4shows SEM images of nanofibres spun at different voltagesothéér parameter

fixed. At an applied voltage below 10 kV, only droplets collected on the aluminium foll
collector possibly because the electrostatic force could not overcome the surface tension of
the solution. Stable jets and fibres were formed when the applied volsaggreater than 10

kV. However applied voltages above 15 kV resulted in split jets and the fibres formed also

showed some defedtsat includedeading.
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Figure 6.1. SEM images of electrospdibres using=D-RSF a) 40% in water,)[25% in FA and c) 25% in TFA
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Figure 6.3. SEM images of electrospun fibres at a) 27%, b) 30% and c) 35R$Din TFA
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6.3.4 Effect of tip to collector distance

When the nanofibre jet has a short distance to travel to the collector, there is little time for the
solvent to evaporatevhich promotes formation of flashapedfibres. The distance also
influences the electric field strength which determines whether electrospinning or
electrospraying occurs8f1]. When tip to collector distance was set at 7 cm, the nanofibres
appeared wet and were beaded probably due to insuffitme for the complete evaporation

of the solvent and elongation of the nanofibres (Figuba). As the distance was increased

10 cm there was no adhesiomthe fibres or beading indicating that there was sufficient time
for solvent to evaporat@-igure 6.B). At a distance of 13 cm, the nanofibres collected had a
smaller fibre diametethan those at 10 crbut were frayed and at times not continuous
(Figure6.5c). The longer distance afforded more time for elongation of the narsfienee

the finer diameters observethis was however accompanied dgfectson the nanofibres

indicaing that the distance was too long.

6.3.5 Effect of polymer flow rate

It is critical thatthe solution fedto the needle tifpalance with that which idrawn from the

tip for formation of continuous nanofibres [342[his maintains the Taylor cone at the
capillary tip and prevents beading of the nanofibFéew rates of 0.0%.08 mL/h allowed

for a stableconeto be formed at the needle tip and contirudibres were formed. Higher
flow rates (above 0.1 mL/h) resulted in nanofibres with slightly larger fibre diameters. Above
0.3 mL/h, beaded fibres were producaslthe RSF solutiorcollected at the needle fip
probably due to delivery rate of solutionttee capillary tip exceeding the rate at which the
solution was removed from the tip by electric fordesvas alsonoted that the flow rate of

the RSF solutiordepended on theoncentration of the RSF solution.

105



RV

A
TN

| a¥ 'a . >
' o ; ‘ . ’ , 5 Y
AN\YINT 4
/f K
SEM MAG: 3.61 HV: 2000k et L] SEM MAG: 3.05 kx HY. 2000 kv |
VAC: HiVac DET: SEDetector 20pm Vega @Tescan VAC: HiVac
DATE: 110211 Device: VG1760481J Rhodes University SEM DATE: 110211 Device VG1760481)
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A lot of adhesionand beading ohanofilres was observed hen high flow rates and low
concentration RSF solutisrwere usedHowever, with high concentrations BSF solutios,
higher flow rate could be realized withut having a significaneffect on the morphology and
diameter of the nanofibs. The optimum conditions for electrospinni@@pnometaRSF were
found to be 0.05 mL/h flow rate, 10 cm tip to collector distance and @redvoltage of 15

kV. Figure6.6 shows the pictures of the SF nanofibre mats collected for further analysis.

Figure 6.6.  Photographs oGonometeSF electrospun nanofibres

6.4 FTIR spectroscopy

FTIR analysis was used to examine any structtreaisformation of SF during the various
processing stages to produce the nanofibres. Using this technique, some band overlaps have
been noted for h e r a n d o 4melixstiucture idhe dmide | and amide Il region [34

344]. Peaks that were observiedthese regions werescribed as either of the structures.

The main secondary conf eheetadevidenmcedibypeakeag W me d

cm 11522 cm and 1628 ch(Figure67). The pr es e nc eeliostructurand o m
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% Transmittance

was confirmed bythe peak at 1240 cnt On examination of spectra f6iD-RSF and RP

RSF similar peaks to those seen for the degummed silk fibre were observed. This suggests
that themain silk structure was essentially preserved after processinghat®&SF powders.
However, the peak broadness seen around 1650 or both powdersindicative of random

¢ o i-Helix Wtructure,points to the possibility ofa change in fibroin structure during
processing. Despite the differences in their electrospinnable concentratiorsyére no
remarkable differences in conformational peaks observed in the spectra-RERAnd FD

RSF.

\

~degummed fibre

RD-RSF
-RSF

-RSF electrospun fibre
-RSF electrospun fibre

1655
1648
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Figure 6.7.  FTIR spectra for the various silibroin formats
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It was however concluded from XRD analysis tR&-RSFhas a more abundant crystalline
structure tharFD-RSF powdergFigure 6.8) as seen by theeduction in the intensity of &
observedpeals. This suggestsincreased disordem the FDRSF than RERSF. The
crystallinity could however not be quantified due to the absence of a suitable standard for the
analysis. SF nanofibresshowed a major change in conformation when compared to the

degummed silk and RSF powdéFsgure 6.7)

Diffraction intensity

RD-RSF

FD-RSF

10 15 20 25 30 35 40
2 Theta angle (°)

Figure 6.8.  X-ray diffractograms for RERSF and FERSF

Peaks at 970 cthand 1628 ciifr e | a t islmegt crysmlliniby werabsentn the spectra

for the electrospun fibres. The nanofibres exhibited strong peaks at 1648640 crh* and

1240 cM*i ndi cating that t heir secondlelica. Thet r uct
presence of ahoulder peak at 1522 ¢ mp | i es t h at-sheeh@ystalinity s s o m
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present in the electrospun fibr&verall, hese results suggest that processes wedoin the
preparation of RSF powders and electrospinning result in secondary structure changes of silk
fibroin. These changes, however, appear to be more prominent during the electrospinning
process as seen by the s ishpnstrictiucemdibcreabea r ad at

random coill-helical structurén the nanofibres

6.5 Post treatment of RSF nanofibres

The nanofibreselectrospurfrom FD-RSF dissolved instantly iaqueous or agueowsganic
mixtures whilst those from RERSF maintained #ir integrity forjust over72 h Water
solubility of SF nanofibresis indicative of structural degradation which results ipoor
mechanical strength. This hampers the usg&Faianofibresn applications where mechanical
and structural integrity is a requirement suchinagascular grafts or asupport for cells and
tissues.Thereis thereforeoften a need for post treatment of the nanofibres to restore their
structural integrity.Immersionand vapour treatments using potaganic solventsare the
most frequently used technique o i n-shaet @ystdilinity in SFnatrices[305, 21].
These solvents act by penetrating the amorphous region generating a hydrophobic
environment which causes aggregation of the hydrophobic chains. Rearranggtmarthe
hydrogen bondingietworkthen results in the formation of theater stablesilk 1l structure

[345, 346].

Methanol, ethanol, propanol, acetone and chloroform were investigated as solvents to induce
this transition In this study, nanofibre mats were immersed for 15 minutes in each solvent to
ensure maximum crystallizatioinough some reportsave revealedthat as little as three
minutes is sufficient to make sitkatricesinsoluble in water238]. Water vapour treatment

which has been described as an effective yet a mild alternative to induce water insolubility in

SF [213], was also usedFTIR spectroscopy was used tomnfirm secondary structure
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transition in the nanofibres aftgrosttreatmentwith the varioussolvents Generally, the
solvent treatment resulted in ann ¢ r e asheet contenwifh a simultaneous reduction of
silk | structuresevidenced by shifting of conformational peaks in taeiousamide band
regions(Figure 6.9). The peak in the amide | region shifted from 1648 dor untreated
nandibres to 1628 cr in the spectra fothe nanofibres treated with methanol, isqgmool,

ethanol and water vapaur
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Figure 6.9. FTIR spectra of untreated and solvent treated SF nanofibres
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In the amide Il region, the peak at 154@ * disappeared and only the one at 1522'cmas
observed, al so showing the succ-kelixdadbisheett r an s |
conformation Reappearance of the peak at 970 Gwhich is also seen in the spectra for the

degummed sillibre, alsoindicates the increase sheetcontent.

The spectrdor chloroform and acetone treated nanofibnese slightly different from those
observed for the nanofibres treated with the other solvEhes, showedroad peak between
1636 cm' and 165 cm™* indicative ofa significant presenagf randomcoil conformation/U-
helix conformationStructural transition td-sheet structurevas evident in that thpeak at
1540 cm* was less intense whilst the peak at 1522'dmmore intense when compared to
spectrafor the untreated nanofibreThe peak a®70 cmi' wasalso seenin the spectra for
chloroform and acetone treated nanofibtsugh it wasveaker tharthat seen in thepectra
for nanofibres treated with the alcohols and water vapbhis implies that thetransition
usingchloroformandacetonds small withsome molecular regions remaigi n-helik and

random coil conformation.

It is thus clear that under the conditions used in this work, acetone and chloroform can
facilitate secondary structure r a n s i “sheai orystallimity fia different extenthanthe
alcohols and water vapourhis highlights that crystallinity of SF nanofibres can be tailored

to suit various applicationy utilizing different annealing solventdt is important tonote

that the structural changes;n SF caused byhe electrospinning process did not result in
complete degradation of its structure as it catilil rearrange int@ similar structure to #t

seen in thelegummed fibreiponsolventtreatment

In addition to structural change, post treatment also serves as a method of removing excess

electrospinning reagents. TFA is highly toxic to cells and any residue matiadibrescould
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result in cell deatimakingthe nanofibresinsuitable fotissue engieering applicationsChen
et. alreported thafTFA in SFchitosannanofibresforms salts with protonated amino groups
and exhibit threeFTIR peaksin the regiorfrom 720 to 840 c[218]. In their work, these
peaks disappeared after treatmehthe nanofibresvith ammonia/ethanol solutigrwhich
indicatedthe complete removal of the TFEAhe TFA salt peaks were not evidem our
resultsthus suggesting the absence of any TFA in the nanofibres proddoseever, there
were new peakseen in thespectralregion between 1100 and 12d®‘after electrospinning
wherecharacteristic peaksf TFA are also foundlf these peaks were indicative of TFA it
would imply a significant amount ob f r Té&A Would be presenin the nanofibresThisis
unlikely thoughas itwould significantly impact the cytotoxicity results for the nanofibres
considering the toxicity oT FA to celk. This toxicity wasnot observedor the cytotoxicity
tests(Section 6.1) andit is thereforehighly unlikely that thesenew peaks are attributable to
excess TFAFurther researcls therefore needetb identify the sourcand identityof the

new peaks.

6.6  Morphology of the treated nanofibres

To further characterize the treated nanofip&SM imaging was used to view tleéfect of

the different solvents on the fibre morphology. Gener#iigsolvens causedan alteration of
fibre shape and eeductionof inter-fibre pores (Figur®.10) when compared to the untreated
electrospun fibres (Figu&3). Nanofibres treated with methanol wéreavily fusedandvery
brittle as evidenced by c r ain khe @manofibremats (Figure 6.10d). This has been
previously observedby other researchers and is attributed to a high crystalline content in
methanol treatk nanofibreq213]. Brittlenessusually results irppoor mechanical properties.
Similar observations, in terms of reduction in the Hiil@re pores and brittleness, were seen

with propanol and acetone treated nanofil{fégure 6.10 a & ¢. Less brittle fibres were
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observed with ethanol treatmenbmparedto the other alcohols andilso showed less
reduction in the inter fibre poréEigure6.10 9. Chloroform treatechanofibreswere almost
completelydegradedvith individual fibresnot evident in the SEMnages (Figuré.10b).

FD-RSF and RERSF nanofibres did not show any major differences after treatment with all
the solvents except with water vapour. The nanofipreparedrom FD-RSF were swollen
and fused togethesshowing degradation of individudibres (Figure 6.10f). In contrast,
nanofibres from RERSF mostly maintained the circular shape of uinéreated nanofibres
and a smaller reduction of inter fibre pores (FigarHg), mostsimilar to ethanol treated
fibres.Porosity is an important proggrfor a tissue supporting scaffold, providing passage of

nutrients to the growing cells and room for cell migration and proliferation.

From the results, we can conclude that water vapour and ethanol are better solvents in

maintaining the morphology amatter-fibre porosity of SF nanofibrenats
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Figure 6.10. SEM micrographs of SF nanofibres treated with a) acetone, b) chloroform, c¢) isopropanol, d) methanol, e) ethanol apowa{EBRSF), and g)
water vapour (RERSF)
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6.7 Water solubility of SF nanofibrespre- and post- solvent treatment

After solvent treatment, there was a visible improvement in the water stabilitiieof
nanofibres as they did not dissolve immediately after immersion in watePBS solution
However, the differences in the structural transformatenreflected in the FTIR studjes
resulted in variations in water solubility of theandibre mats treated by the different
solvents.Chloroform and acetone treated nanofibrespletely dissolved withiri2 h when
immersed in PBS solution. The nanofibres treated with the other solvents showed better water
resistance as they were virtually insoluble in water with less 18a% weight loss after
immersion for 7 days. Itan be corladed that theni g her c esheetehimders o f

penetratiorand interactiorof waterwith the silk structure hence the increased stability

6.8  Thermal properties of silk nanofibres

Structural modifications induced by solvent treatment usually gbteggical properties such

as thermal behaviour of silk nanofibr@$sA and DSC analyses were used to investigate the
thermal behaviour of the treated and untreated nanofile®roform treated nanofibres
were excluded from further analyses because otdmeplete degradation of the nanofibre
structure. Using TGA, hie nanofibre sampleshowed a similar decomposition trend with
around 10% weight loss up to 200 °(igure 6.11) The weight loss continued steadily with
increasing temperature and thanofibres had lost at least 80 weight at 400 °CFigure

6.12 shows the DTG curves which represent specific thermal decompositions accompanying

weight losses of the SF nanofibres.
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Figure 6.11. TGA curves of the untreated and solvent tre&Edanofibres

The first significant observed weight loss was around 220 to 227 °C which is attributed to
breakdown of side chain groups of amino acid residues and as well as the cleavage of peptide
bonds[313]. This occurs at a slightly higher temperature of 230 °C forddgummed silk

fibre. The major weight loss associated with the degradation of the crystalline strudiuee of

fibroin was observed between 320 and 340 °C for the nanofibres.

The untreated and acetone treated nanofibres showed the fastest degradatioh& 322

°C respectively), which is an indication of lower thermal stability than the nanofibres treated
with the other solvents. The s odheeestructsire t hat
(water vapour, isopropanol, ethanol and methanol) showed higheddggraat 332, 333,

335 and 337 °C respectively. This supports the theory that the higher the crystallinity, the
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higher the degradation temperature. The maximum degradation of the degummed silk fibre is
almost 30 °C higher, suggesting higher crystallinitythe native fibroin than any of the

solvent treated nanofibres
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Figure 6.12 DTG curves for untreated and solvent treated SF nanofibres

Using DSC, more data could be obtained about the effect of the different treatméimés on
structureof the nanofiboresT he i ni t i al wei ght | oss observed
to loss of moistureThe weak endothermic shift aroun@81°C indicates the glass transition

(Tg) of silk[347]. However, theTg peak was notery evident in the graphsf the nanofibres

treated with the other solvents indicatihg presence of morle-sheetsThough there may be
differences in peak temperatures, reports from various researchers itlatatd@dotherms

seenaround 242°C ar e attri buted to motheix egicmrandmot i o

119



Heat flow

crystallization of the random castructure[305, 345, 348]. This was however observed at a
lower temperature (22%) for the degummed fibr&Vealer crystallization endotherms were
observed for the alcohol and water vapour treated nanofisre®mpared to the untreated
and acetone treated nanofibrébe variedintensiy of the peaksobserveds probablydue to

the difference# the crystallinity inposed by the different solvents.
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Figure 6.13 DSC analysis of treated and untrea&¢hanofibres

The more extensi vskeets htlesesdlventsesiaids thermallytinoluceal
motion of SFpolypeptidechains[349] thusweak thermal transitions wembsered in this
temperature rangeThis clearly showseducedU-helix and random coitontent in these

nanofibres Overall, the DSC resultshow that the untreated and acetone treated nanofibres
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mats were lesshermally stake than the solvent treated nanofibrése to differences in

crystallinity. The results are in agreement with data obtained Ui§iAgas well as FTIR

6.9 Loading of resveratrol onto GonometaSF nanofibres

Considering thenterestingchemical composition oGonometaSF, we carried out a short
study to assess its potential as a carrier for the bioactive phenolic compound resveratrol for
wound careapplication.Resveratrois mainly hydrophobic but the presence of the hydroxyl
groups intoduces the possibility of polar interactions, particularly considering the significant
amount of polar groups iGonometafibroin. It is this dual hydrophobic and hydrophilic
nature we sought to exploit in our attempt ®valuate the potential oGonometaSF
nanofibres as a carrier fthe compoundEthanol was used as a solvent as resveratrol is
highly soluble in it and it is also a good solvent for inducing crystallization of silk fibroin
matrices. In essence, in one reactionattempted tsimultaneouly crystallize SF nanofibres
whilst incorporating and stabilizing the resveratirtb the nanofibre matrixThe primary
purpo® of this studythereforewas to examine the ability dbonometaSF nanofibres to

adsorb and stabilize resveratrol in one single easy step

Drug loading was determined indirectly by measuringrdeveratrol remaining in solution
after the adsorption experimentdass of the nanofibres instead of size was used in the
experiments in an attempt to mitigate variances due toundarmity and porosity
differences from sample to samphel reactions were conducted in the dark with minimum
exposure to light as it has been reported that resveratsmlutioncan be unstable when
exposed to elements such as lifg0]. CE was used to determine tbleange in resveratrol
concentration for the testBigure 6.14 shows the run time for the analysis was less than 5

min with the resveratrol clearly resolved from gwdvent peak.
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Figure 6.14 CE analysis of 2@pm concentration resveratrol using 30 mM phosphate buffer ¢
8.0. Conditions: Capillary, 30 cm effective length (total 37.5 cm) pri0.d; voltage +2&V,
temperature 27C; UV-Vis detection at 285 nm

6.9.1 Effect of contact time on loading of resveratrol
We examined the influence of immersion time on the adsorption of resveratrol onto the
nanofibres. Acontrol containing just the resveratrol solution was analyzed lgaral the
loading experiments to enswstability of resveratrolinder the experimental conditiomsthe
study. Results for the contrahowed that the resveratrol content did not change significantly
(at 5% confidence intervaBnd was sufficiently std during the analysisAliquots were
drawn at several intervals betwe@mo 2 h.The loading occurred rapidly during the first 10
min of contactas observed irFigure 6.15. There was no further significant adsorption
observed aftePO min. It was thus assumed tha® min was the equilibrium point and no
significant amount of resveratrol could be adsorbed after that Tinezewereno significant
differences seen for adsorption time when different concentrations of resveratrol solutions

wereused.
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Figure 6.15. Effect of contact time on adsorption of resveratrol on SF nanofibres usimgn2®B0
ppm and Dppm resveratrol solutions

CE electrophoregramalso revealedthe reductionin peak areaat different time intervals
duringtheloading(Figure 6.17)which indicated adsorption of resveratrol onto the nanofibres
had occurred Our observations are similar to those reported by Bagtiral where
adsorption of phenolics from olive leaf was rajidhe first 5 minandthe adsorptiomeached
equilibriumaround 40 min, though silk fibres instead of nanofibres were used in their work
[351]. In the same work, the authors also concludedttteatdsorptiorof the phenoliconto

thesurface ofSFoccurred viehydrophobic interactionf851].
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Using ethanol, crystallization of SF nanofibres occurs within 15 min. We presume that this
proceeded simultaneously with various hydrophilic and hydrophobic interactions being
formed between the SF and resveratrol. It is thus possible that the resweesrallso
incorporated into the main silk structure during this proc8ssictureactivity relationships

of polyphenols with biopolymers carried out by Taag al. showed however thathé
interactions between thbiopolymers and polyphenoleere mainly hydophobic when
hydrophilic solventsvere used and vice verg252]. It is possible in this instance that as the
resveratrol was present during the crystallizafoocess;it may have formed hydrophilic
interactions via hydrogen bonds with the SF molecates thus incorporated into the main
silk structure To further study our assumption that the resveratrol may have incorporated into
the main silk structure, we examined thdsorption of resveratrobn precrystallized

nanofibres

6.9.2 Effect of precrystallization of nanofibres on loading of resveratrol
Precrystallized nanofibres were prepared by immersing the nanofibre mats in ethanol for 15
min and then drying under vacuum for 24 h. The dried nanofibres were then immersed in
ethanolic resveratrol nal the analysis donén the same way as for the amgstallized
nanofibre matsResults showed that the decrease of resveratrol in the test solution (Figure
6.17) was less than that observed for tivecrystallizednanofibre mats (Figuré.16). This
suggestshat loadingcapacityof precrystallized nanofibres is less thdrat ofuncrystallized
nanofibresthus supporting our theory that the resverasahcorporated into the main silk

structure during crystallizatioof the silk nanofibres.
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Figure 6.17. Adsorption of resveratrol on paystallized SF nanofibrassing 40 ppm
resveratrol solution

6.9.3 Effect of initial solution concentration on loading of resveratrol

Loading of resveratrol onto the nanofibres was investigated over a concenatienof 10

to 50 ppm as shown in FigurelB. Results did not clearly show any loading of the
resveratrolvhen 10 ppm resveratrol solutiomas usedThe lower concentrations may have
been insufficient for significant interactions with .$#gh variance also seen at 10 ppm may
have also been compoundaglpoorinstrument response at low concentratidifbien higher
concentration of 20 ppm was used, there was an incredbe imcorporation of resveratrol

into the SF nanofibres (Figurel8b). Again it was noted that the concentration rapidly
decreased within the first 15 min where crystallization of the random coil segments in the SF
occurs. This suggests that the availability of more resveratrol molecules during crystallization

increased thading onto the nanofibres.
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Similar results were obtained using silk fibres and olive oil polyphenols. The authors reported
a significant increase in the adsorption of the olive plant phenolic oleuropein was observed

when its initial concentration in solution was increas3&d].

The most resveratrol incorporated into the SF nanofibres was wHed [30m solutions were

used and the adsorption ranged frotoB83 pug/mg of nanofibreThe large variances seen in

the amount of resveratrol adsorbed can be attributed mainly teumfummity of the
nanofibre mats in terms of porosity and filsiemeter.This makes it a challenge to optimize

and standardize loading of the compound onto the nanofib@eadsorption The results
however show that a more thorough and extensive study of thet gy and extent
interactions between resveratrol and SF under the conditions utilized in this work still need to
be doneto optimize the procesdJpscaling the process to use larger amounts of the

nanofibres may also help in providing better results.

6.10 Releaseof resveratrol from the nanofibres

Release studies are important fodrag delivery scaffoldo determine delivery rate of the
drug to target organ3 he release of compouseémbedded in SHatricesis determinecby
characteristics dboththeincorporated drug and Sfach as nature and size of the compound,
degreeof crosslinking and pore sizaf the SF matri{353-355]. The releasef resveratrol
was evaluated iphosphate buffered salifEBS atpH 7.4.PBSwasselected for the release
studiesto closelysimulate humaiphysiological pH condition of 71Z.4 and would therefore
give an indication of release of the resveratrol undeen in contact withphysiological
fluids. However therewas no evidence of releaséany resveratrol fronthe SF nanofibres
and this could be due number ofeasons. Firstly, it is possible that the larger amount of

resveratrol is actually incorporated into the main silk structure and release is not possible.
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There have been repsmf polyphenols interacting irreversibly with some dietary proteins
[356]. It is also possible that, as resveratrol is a photosensitive compound, surface interactions
may have not been sufficient enough to stabilize the compound and it therefore degraded
hence no compound was present to be reled$edadsorbed quantity could also have been
too low.

FTIR studies could also not confirm the presence of any new interactions in the SF
nanofibres (Figuré.19). Characteristic peaks of resveratfound at 966, 1383, 1585 and

1607 cm? [357] are in amide regions where the SF itself exhibits peaks and therefore no
conclusive evidence was presented using this technithesabsence of these characteristic
peaks is however not a clear sign that the resverarolot present in the nanofibres.
Murugesh & Babu reported similar results with SF and curcy8%8]. They attributed the
absence of signals to eithene or a combination othe following phenomena. Firstly, the
compound could simply have not besfsorted on the surface afcaffold;rather, it possibly
interaced with the core pockets of fibroinThe interactions of the compoundth fibroin

could bevia noncovalent bondsna would therefore natxhibit anynew peak or significant

shift in peak. It is also possible if interactions with the compowudurred in the regions of
amide moieties omb-sheet componentst could lead to adecrease in the intensity of
corresponding characterissgnals[358].

Crystallographictechniquesof samples with and without resveratrol mpyovide more

information to help understand interactions between the SF and resveratrol.
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Figure 6.19. FTIR spectrum of resveratr@F and plain SF nanofibre

6.11 Cytotoxicity of nanofibres

Biomaterials may have different levels of potential risk to huswi@pending on the type and

the extent contact with a patient. It is therefore imperative to assess cytotoxicity of new

biomaterials.

130



