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ABSTRACT

Peripheral nerve injury affects 2.8% of patients with trauma, presenting a critical clinical issue. The
neurons regenerateheir axons after injury an&chwann cells within the denervated nerve pathways
support the regenerating axonfnthe past decadestudies related td&schwann cells have mairflycused

on delivering the cells to the repasite to promote neural cell growth bubave not focusedon
enhancing the growth of Schwann cetiésfurther help in increasehe rate of axon regeeration. The

goal of this project was tenhance the growth of Schwann cells dgvelopng silk fibroin electrospun
matsto mimic the hierarchical structure of the extracellular matirixcombinationwith biocompatible

and biodegradabl&e0, nanoparticles with magnetic stimulations.

To accomplish this goal, varying concentrationg-ef, nanopowdes wereused with silk solution to
prepare electrospun mats at different voltagy A series of experiments wearried out to characterize

the electrospun matsugh as 8anning Electron microscopy (SEMPansmission Electron Microscopy
(TEM) Fourier Transform Infrared SpectroscopyT([R, XRay Powder Diffraction (XRD)
Thermogravimetric Analysis (TGA) Superconducting Quantum Interference eWice (SQUID
magnetameter testing and Instron Echanical testing. Schwann ce{ISTCC) were seeded on theats

and Alamarblue cell viabilitystudiesrevealed that the growth of Schwann cells was enhanced on the
mats with 7 wt.% FgO, on Day 1 In addition, magnetic silk fibroin electropun mats had no impact on
the growth and proliferation of Schwann cells indicating that these mats had no cytotoxic effects on
Schwann cedl Based on these resultmagnetic silk fibroin electrospun matould ke pursued as

scaffolds for neural tissue engineering.
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CHAPTER 1: INTRODUCTION

1.1TISSUE ENGINEERING TO ACHIEVE REGENERATION

In most of the major tissues and organs, the human body has limited regenerative capaoityising to

repair damage following traumatic injury or disease, the field of regenerative medicine has been spurred
by this fact. Small molecules, gene delivery, and stem cells are among the multiple therapeutic strategies
that are being explored buprimary approach to achieving regeneration remains tissue engineering
(Feinberg et al., 2012). In order for the studies in the field of tissue engineering to progress into their
clinical applications, some of the major challenges including (1) develfyiatjonal polymers, (2)
exploring more sources of human cells, and (3) finding ways to keep the engineered construct viable in

vitro and in vivo are still required to dressed (Levenberg & Lang2004 ).

Injection of cells alone, development of @apsulated systems and transplantation of cells onto scaffolds
are some of themain regenerative tissue engineering approachBst, the latter approach which
permits experimental manipulation at three levelbe cells, the polymer scaffolds and thenstruction
method, to achieve optimal constructippears to be the dominant method used in research on tissue
engineeringYeong et al., 2004).

Shown in Figure lare various approaches in tissue engineeringing cells, scaffolds, or their

combination (evenberg& Langer., 2004).
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Figure 1: ®rious approaches in tissue engineering using cells, scaffolds, or their combiRetbomo
surgical implantation or injection in viythe cells or engineered constructs can be cultivated and
stimulated in vito. In addition to different methods of cultivation or stimulatipvarious parameters
affecting the scaffolds and riaus cell types used are shoWlevenberg Langer, 2004)

1.2NEURAL TISSUE ENGINEERING AND CURRENT CLINICAL APPROACHES

Peripheral nere traumacomplicates iize per cent of all open wounds the extremities due teports

and road accidentgHuang et al., 2006)s cited in the same paper, nerve is also disrupted by traction
during complicated birthsncidence of these lesions being 0.12%all births.Spinal cord injury (SCI) is
being sustained by approx. 100@0nericansevery year. Bmage to or disconnection of axons, loss of
neurons and glia, and demyelination are the functional deficits following spinal cord injury. Not only the

initial mechanical insuldetermine the SCI pathology but theecondary processewhich include



ischemia, anoxia, fremdical formation, and excitotoxicity that occur over hours and days following

injury, also determine the SCI patholo@yuang et al., 208).

Treatment forperipheral nerve injurynormally consists ahe use of an autologous nerve graift direct
end-to end surgical reconnection of the damaged nerve er8isall defects or gaps in the never can be
repaired bySuturing the ends of the two mee ends However, this approach is not required for longer
nerve gaps the reason being that aagry tension introduced into the nerve cable would inhibit nerve
regeneration Therefore,an autologous nerve graft that is harvested from another site inlibdy is
used to span the injury sitlr larger nerve defec{Schmidi& Leach, 2003) Disadvantages, associated
with the use ofautologous gripheral nerve grafts includihe need fo a second surgical procedure in
order to harvest the tissue with the tated problems of potential for infectigrdonor site morbidity as
well asthe development of neuropathic painOther limitations arepotential mismatche in size and
fasciculation patterns between the grafted nerve and proximal and distal nerve stumips bwidged

besides theamount d nerve that can be harvested (Deumens et2010).

For their potential usefulness in the bridging of g@reral nerve lesions number of norautologous
sources have also been exploraslan alternative to autologous sises Thereforeboth allogenic (same
species) and even xenogenic (different species) tiskage been taken into consideration. Inspite of
sufficient supply of such alternatives, a number of risk factors are associated with them like

immunogenic mismathing besidethe possible transmission of disease.

IntegraNeir2 8 OA Sy 0Sa ¢eL)S L O2tfl 3Sy (dzoS o06bSdzN» DSy b SN
Cuffare some of the devices which are FDA approved for short nerve dé¢Batimidi& Leach, 2003)

NedzNR al G NAEu 2NJ bSdzNR Ct SE Meurdub@ fyom /Syhévis M@ré CompahigsNA E L
Alliance; and Neurolac from PolygamiBV are otheFDA and/or CE approved nerve cond(itable 1)

(Deumens et al., 2030



Table 1: FDA/CE approved nerve comsl{deumens et al., 2030

FDA/CE approved nerve | Company Biodegradability Conduit Length(cm)
conduit/graft
{ I £ dz NA R3S« | SaluMedica Nonbiodegradable
b SdzN® { dzo S un Synovis Micro Companieq Biodegradable 4
Alliance
b S$dzNR Y I 4 NX E » Collagen Matritnc. Biodegradable 2.5
bSdz2N2 Tt SEx
bSdzNRf I Ox Polyganics BV Biodegradable 3
bSdzN} ISy x Integra Neurosciences | Biodegradable 3

1.3ELECTROSPUN SCAFFOLDS FOR NERVE REGENERATION

Referred to as the tissue engineering triad, cells, scaffolds and gistimtinlating signalsare the key
components of engineered tissues. The scaffold attempts to mimic the function of the natural
extracellular matrix and the main role of the scaffolds are (i) to provide temporary mechanical support to
GKS ySgfte aANRgY (A aanidzda 3D strucRi® (i)ytd sérde ad gh Rdhasibrisybétrate
for the cell,aidingwith the localization and delivery of cells when they are implanted and (idh&mnel

the development of new tissues with the appropriate funct{deong et al2004).

Anonwoven mat derived from electrospun nanofibers typically exhibits a high porosity and large surface
area due to the small feature size which result in enabling a a nanefdmd scaffold to closely mimic

the hierarchical structure of the extracellulamatrix (ECM), an environment critical for signal
transduction, cell attachment/ migration, and nutrient transp@ie et al., 2009 Severalktudies have

been done to study the cell morphology on nanofibeised scaffolds. For exampléie et al. (2009)
reported that embryonic stem cells (ESCs) seeded on nanofibers could be induced to differentiate into

neural lineagesln another studyMao et al.(2009)studied the influence of the diameter of electrospun



fibers on the differentiation and proliferatioof neural stem cellsSilk fibroin nanofibebased scaffolds
have also been of great interest for several cell studies.if&iance Li et al (2006)reported that
electrospun silk fibroin based scaffolds supported hMSC growth and differenti@ticerd osteogenic
outcomes. Also, Hu et al. (2012)reported that regenerated electrospun silk fibroin nanofibers can

promote Schwangell adhesion, growth and proliferation, and have excellent biocompatibility.

1.4IRON OXIDE NANOPARTICLES INCORPORATED SCAFFOLDS

According to Kim et al. (2011), in response to an external magnetic field, Iron oxide nanoparticles have
magnetic properties that have attracted interests not only for in vivo tracking or imaging agents of
neuronal cells but also for positioning cells. Moty due to their magnetic properties but also for their
relative non toxicity, biodegradabilityhigh surface areto-volume ratio and biocompatibility, Iron oxide
nanopaticles are of great interestAs cited by ZiWolat et al. 2012, for various biomdical applications,

e.g., DNA separationmagnetic resonance imaging (MRhyperthermia, diagnostics, cell labeling and
sorting, and Xay contrast agents, gene and delivering drugs to a target organ and/or tissues dbgos
blood brain barrier (BBB) anchagnetic stimuli ensitive polymeric systems, the use of iron oxide

magnetic hanopatrticles has already been demonstrated.

Sincethey are not toxic and can be mdtalized by living organisms, §&, nanoparticles are of special
interest for biomedical applations(Chicea et al., 2009J0 produce magnetic scaffolds made of different
materials, iron oxide nanoparticles have been incorporated in the recent studies in the field of tissue
engineering. For exampleZhang et al(2009)reported the fiber formatim mechanism for both pure

PAN and theFeO, nanoparticles suspended in PAN solutions.-Phlat et al (2012)reported that
magnetic fibrin hydrogel scaffolds prepared by the interaction of thronwuinjugated iron oxide

magnetic nanoparticles with fibrirgen increased the growth of nasal olfactory mucosa (NOM) cells.



Studies aimed at investigating the effects of iron oxide particles on stem cells have begimli$able 2

(Markides et al., 2012)

The sirfaces of these particles cdre modifiedby creatingof few atomic layers of organic polymer or

inorganic metallic (e.g. gold) or oxide surfaces (e.g. silica or alumina), suitable for further

functionalization by the attachment of various bioactive nwmikes. Nanoparticle coatings cdre

comprised of sevetanaterials such as inorganic or polymeric which further classifies to natural (Gelatin,

dextran, chitosan etc.) and synthetic (PVP, PLGA, PEG, PVA etc.) (A.K. Gupta, M. Gupta., 2005).

Table 2: List of studies aimed at investigating the effects of irae@articles on stem cells and results

(Markides et al., 2012)

Particle used Bilogial Particle size Cells type PﬂItIClE. Toxicity assay Result
polymer concentration
Feridex (FDA IMSC & Live/dead (7 days after labelling) differentiation ~ No loss of cell viability observed after 7 days
Dextran  80-150nm 25 pgfmL ) ) _
approved) mMSC w 2554Y5 with or without either TA
Ferric oxide . MTT (5 days continued culture) cellular
(noncommercial) foly-Lgine  15nm - HUC  20pml apoptosis—annexin V/PI double stainassay
Noncommercia Silica o hMSCs  200umL MTT (1 hr and 24 hrs) No red_uctpn in \’I:lblllll}" aFler 1 hour, No
Trypan Blue reduction in cell proliferation
FACS { fluorescence-activated cell sorting) to
Feridex Dextran  80-150nm hMSC  100pg/mL  evaluate cell death—to determine if iron oxide ~ Noreduction in viability after 12 hours
incorporation affects surface markers expression
{ron fluomescent ﬁ?ﬁ?n He Cells maintained viability and retained label for
paric Polystyrene  900nm  pMSC Morphobogicl cbservaion i[:?t[uej months. Differentiation capacity not
Differentiation studies
Manganese axide  Mesoporous 75% cell vibity
BN ? 65nm  mMSCs MTS Limited cell differentiation in the osteogenic
nanoparticles silica .
lineage
;‘:’l?lh";f;mﬂ" 1630nm  MSCs  28gmL  Trypan Blue Did not affect cell viability
Feridex Dextrn ~ 150mm  ESCs  50ug/mL  Tiypan Blue Did not affect cell viability
% 50 Cell viability not affected at lower
HEDP IMSC mj';ﬁ MTS concentrations but viability decreased to 70% at
2 100 p/mL
Feridex uncoated  80-1350  hMSC 50-230pg/mL Comet assay Did not affect viability




1.5SILK AS A BIOMATERIAL

For thousands of years for textile industry fibers from the Bombyx mori (domesticated) silk worm have
been used. Silk gets its mechanical strength resf$, and kasticity from Silkibroin, which is the interior
structural protein of silk and which consists of the heavy and light chains and forming the filaments of
the silk fiber. Sericin which igater-soluble protein glue, bonds the fibroin together to form thatural

silk fiber. A stated by Hu et al2006), silk fibroin finds pplication in the fields obiomedical and
biotechnological engineering e fissue regeneration, biosensors, cell adhesion and growth, drug release

as well as the potential startingaterial for the preparation of medical devices

Due to the dominance of hydrophobic domains consisting of short side chain amino acids in the primary
sequencesh £ 1 & | NB 3Sy S NisHedt strucr@swhidd pein8tRight2pficking ostacked
sheetsof hydrogen bonded arqparallel chains of the proteifVepari& Kaplan, 2007). Three structural
models, termed silk I, 1l and Ill, have been reported to exist in silk fibroin. 1®illrd to the water
soluble structure existing within theilkworm glanl before spinning, ik Il is the insoluble extended
beta-sheet conformation which forms after the spinning of silk fibers ftbmspinneret of the silkworm
andSilk Il is an unstable structure observed at the water air iaterfValluzzi and Gido, 19%alluzzi et

al., 1999).

As described by Wang et &20010), € YLJI NBR (G2 20KSNJ yI GdzNy £ RS3INI RI 6f
superior mechanical propertiesariabledegradation rates ranging from weeks to months in vivo due to

control of crystallity, exceptionaldo A 2 O2 YLI GAO0Af AGe GAGK 26 AyDbl YYLl (2
variousLINE OSaaAy3 gAyR2¢gaz FyR |ttt |1jdzS2dza YIsiSNALI €

sponges and microspheres

In vitro evaluation of electrospun silk fibroinadtolds for vascular cell growth has been investigated by

Zhang et al(2009)in which and human coronary artery smooth muscle cell (HCASMC) and Human aortic



endothelial (HAEC) were cultured on electrospun silk fibroin scaffolds. Within 5 days aftemgsdiedi
observation of SEM and confocal images revealed that there was alignment and elongation of HCASMCs
on random nonwoven nanofibrous silkccording to Yang et al. (200like many other biomaterialsSilk

fibroin, is capable of inducing substant@kon regeneration and tissue repair of relatively small (1 cm)
defects Excellent axon growth and glial cell migration from DRG explantstrim wvas been observed

more recently throughsilk fibroin conduits containing GDNF and NGF, as well as topogilapbasa
provided by aligned silk fibroin nanofibe(8Jadduri et al., 2010). Based on the study of MSCs on porous
silk scaffolds, Wang et al. (2011) has reported that aReweeks of cultivation, the spatial cell
arrangement and the collagen typédistribution in the MSGCsilk scaffold constructs resembled those in

native articular cartilage tissue.

1.6EFFECT OF MAGNETIC FIELD ON NERVE CELLS

In recent yearstesearch studies, possibilyspiredby nature, have focused dhe relationship between
magneticfields and neuron activitie@Chen et al., 2007As mentionedby Johnsen & Lohmann. (2005),

marg | yAYlFfaz AyOfdzZRAy3I o0ANRAEAZEI Y2fS NrdGaz Yz2ffdzaoa
use it as a signal for guiding movements over both long simoit distances.Their study further

mentioned that h severalanimals, thatare known to orient to the Earth's magnetic field, such as
honeybees, salmon, trout, sea turtles, threagnetic mineral, magnetite(Fe0O,), has been detected

mostly inthe form of singledomain crystals. Such crystals are minute (~50 nm diameter), permanently
YIE3AySGAT SR o0FN YIF3IySia GKIFG Gograld Ayldedtdrotakedy YSy i

freely.

The magnetitecrystal,most likelyneedsto contact the nervous sgemin orderto function asa magneto

receptor in animals(Johnsen & ohmann., 200b Magnetite has been found in a region of the upper
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innervated by the ros V nerve, which has units that also respond to magnetic sti@dafinsen &
Lohmann., 2006 Althoughlinkage between the magnetic crystals and the nervous systembblas

hypothesized for more than two decades, direcatomic evidencéiasstill not been established

As cited byChen et al. (2007), effectd both static and alternating magnetic fields neuron activities
suchas firing frequency, pulse sequence, polarity and amplitiidee been confirmed and extensively
investigated Numerous kpotheses have been proposed but the underlying mechanism of neuron

responseio magneticfield is still unknown.

1.7RESEARCH OBJECTIVE

The overall goal of the thesis was ittvestigate the effect of magnetiteF&O,) nanoparticles on the
growth and proliération of neuronalSchwann cell§$ATCC)To achieve this goamagneticsilk fibroin
matswere prepared using electrospinning method by incorporatieg), nanoparticlesand cell studies

were performed on these mats usilgghwann cells

1.8INTODUCTION TEXPERIMENTS

The work in the thesis is divided into 3 separate but complimentary experiments.

1. Experiment 1 describes the initial set up, techniques and equipment used to fabricate the

magnetic silk scaffolds along with the details of the parameters used.

2. Experiment 2 explains in detail different ways used to characterize the scaffolds. Various
structural analysis and image analysis techniques were used and magnetic measurements were

performed.

3. Experiment 3 describes the study $thwann cellon magnetic 8k scaffolds prepared in the
initial part of the project. Growth and proliferation as observed over a period of 7 days and

neurite outgrowth and release of neurotrophic factors was monitored.
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CHAPTERBACKGROUND

2.1 PHYSIOLOGY AND ANATOMY OF THE NERY®IEM

The nervous systeris composedf two parts, peripheral nervous system (PNS) and central nervous
system (CNS) thatary in their function and physiolog¥he PNS consists of sensory neuransl motor
neurons that detect stimulus from receptors aintform the CNS and run from the CNS to muscle and
glands, also known as effectors, that take action respectively. The CNS cohsjstsal cord and brain
which is protected by bonskull and vertebrate and is filled with fluid and tissue that helps$ulating

the brain and spinal cord (Figug® Huang & Huang2006)

— Sensory nourons Sensory neurons —
I//f [ntmﬂ}?—_\h—?ﬁ"fnnamﬁ__z—{r&mmah

@1’ ronment TETYOLLS Environment
= e -
— - System - —

Motor neurons - Motor neurons

Figure 2Cellular components of theervous systenfHuang & Huang., 2006)

The two cell types that the nervous system is mainly composed of are neurons and neuroglia. Neurons
mainly casist of a cell body or soma and axon and dendrite extensions. Outside the spinal cord are
located clusters of nerve soma ,also known as ganglia. Electrical signals are carried by dendrites to the
neuron cell body and the impulses are conducted away thinoagpn. Glial cells or neuroglia including
Schwanrcells in the PNS and oligodendrocytes in the CNS function as support cells and help in function
of neurons. Neurons are less abundant thatme glial cellsand cannot undergamitosis but can
regenerate a seered portion or develop new processes undertain conditions. Unlike neurons|igl

cellshave some capacity to regenerate.
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In the PNSaxons are surrounded by sheaths $thwanncells (Figure 3 (Heath & Rutkowski.,1998)
Neurilemma, a baement memipane similar to thafound in epithelial layerforms the outer surface of

the Schwanrcell layer As an alternativein many axons, an insulating sheath formed by dense layers of
successive wrapping of the cell membrane Sfhwann cellsurrounds the axorwhich function to
increase the velocity of propagation of the nerve impulse, especially the axons that extend up to 1m. On
the contrary, thecontinuousbasement membrane and sheath §thwann cellsloes notsurround the

axons(Schmidt & each., 2003).

a
Nucleus
b Schwann-cell
Myelin nucleus
sheath
Nodes of Axon
Ranvier
Schwann-cell
nucleus Cross-section
Axon
Axon terminals

Figure 3 Peripheral motor neuron (Heath Rutkowski.1998)
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ANATOMY OF THE PERIPHERAL NERVOUS SYSTEM

Motor and sensory axons bundles together by means of a support tissue fparigheral nerven the
form of an anatomically definedunk (Figure 4 (Siemionow& Brzezicki 2009) The innermost layer,
Endoneurium, comprising of oriented collagen fibers surrounds individual axons an&dheann cells
Next, the layer surrounding groups of axons forms fascicles and is composed otageagayof flattened
cells (fibroblasts) and collagefhe outermost layerepineurium,bindsindividual nerve fascicles into a
nerve trunkand comprises ofoose fibrocollagenous tissudhe support tissue that bundles the axons
togetheris wellvascularzed bycapillariesor vessels that penetrate the nerve from surrounding arteries

and veingdSchmidt & each, 2003.

Blood vessels
Epineurial sheath

Epineurium (internal)

(F‘erineunum

Endoneurium
- .— MNode of ranvier
— Axon

Myelin

Fascicle

Figure 4 Anatomical overview of the PNS. Figure was adapated from Siemi@iBaezicki 2009.
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2.2 NERVE INJURY AND REGENERATION

The extent of the injuryforms the basis of cladi&iation of human nerve injuriesThe Urst clinical

Ot aaAUO0OFK A2y & Qashs&ond SIRR2 yZT mhE8NIBS U0 SNI Ay 2dzNE
or loss of nerve continuityNeurapraxia is referretb the injuries caused byerve compressiomith or

without demyelination,axonotmesisare the injuries caused kaxon transection with both perineurium

and epineurium remaining intacnd neurotmesisis referred to as thenerve transectionwhere the

continuity of the epineurium is interrupted Recovery of these injuries basicaldepends on
remyelination (Figure 5) (Bal8r Bonhoeffer, 1994), axon regeneratianithout surgical reuniorthrough

the original endoneurial pathways anda surgical reunion of mximal and distal nerve stumps to

supportregeneration into the dirupted endoneurial tubes/Nood et al., 2011).

Nerve cell
body

Proliferatin '
Schwann ogell @ Macrophage © Monocyte

Figure 5: Responses to axotomy in tidS? Figure adapted from BahiB®nhoeffer, 1994.

As described by Wood et al. (2014)dzy RS Nefst SR QAT Of  aaAUOF GA2y SELJI yR

08 RAGARAY3I ySNBS Ayadz2NASE A yad Goposed ® thikRgSindelavd y & RS 3

1978)(Figure 6 SdzNJ LIN} EALF | yR | E2y2GYSara 2F {dah®@SNI | YR
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endoneurium (while perineurium and epineurium remain intact) and all tleural and internal

~—h

supporting elementgepineurium remains intact), respéch @St @ ® b SdzNR2GYSaAira Aa Of |

fifth degree injury and is similar to the third degree of injury according { SRR2y Q&8 @6 KSNB
transaction of nerve occurs.treatment and surgical intervention are necessary for recover aftettihe fif

degree injury\Wood et al., 2011)

epineurium
perineurium
)\')0\::::::::::::::::::::::::::::::::: axon wih complex sheath |
._-\ ( \ endoneurium |
\ I/
Sunderland grade 1 ) 0\ S ez NEURAPRAXIA
Y
)\J\ _________________________________
Sunderland grade 2 O == ... AXONOTMESIS
= (
\_J
Sunderland grade 3 ) - -zioziz NEUROTMESIS
_..—\ [
)\J\ __________________________
Sunderland grade 4 e ' NEUROTMESIS +
= {
)\/’\ __________________________
Sunderland grade 5 P —————— B sesemees NEUROTMESIS ++
/7 S

Figure 6: Schematic representation of the five degrees of nerve injury according to Sunderland
(Sunderlad, 1951).Figure adapted frodeumens et al., 2010.
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A major difference between PNS and CNS lies in theHfatperipheral nerves can regenerate whereas
CNS axons cannot ,in their native environment (Schmidé&ch, 2003. In CNS, cellular debris, myelin,
oligodendrocytes, microglia and astrocytes form an impermeable glial scar and blookg#merating
neuron from reaching the synaptic targéEigure 7) (Bah& Bonhoeffer., 1994)Implantation of nerve
grafts to support axon extension or supplying nerve growth factors to the site of injury are the two

important strategies that are used to promote axonal edon (Schmidt &each, 2003.

Postsynaptic

cell
‘%’ Astrocyte ' ! Oligodendrocyte

Figure7: Response to axotomy in CNS. Figure adapted fron&HBdwhoeffer., 1994.

To bridge the gaps between nerve stumps, nerve grafts are essential and have been a togle of wi
experimentation and research due to thienited supply of autograftsEnormous efforts, irthe lastfew
decades have been focused onunderstandingthe requirements for successful peripheral axon
regeneration at molecular and cellular leyBleumens et al., 201@nd as a result, therapeutic steayies
have made it possible to treat most severe types of Blycosaminoglycanand ECMproteinshave also
been modified to function as scaffolds for variousvimo and clinical studiefHuang& Huang et al.,

2006). Some clinically evaluated materiated as an aid for successful nerve regeneration have been
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shown in Table 8Nectow et al, 2011)Some materials such as silk, collagen etc. have also been used for

in-vivo applicains (Table ¥(Nectow et al,2011).

Table 3 Some clinically evaluatedaterials Nectow et al, 2011)

Defect size
Materials Fabrication methods Nerve (i i) Qutcomes
Autologous tissues
Muscle Vein filled with Varied 560  85% of patients with “good”
muscle grafts recovery or better®
Nerve Autologous graft ~ Varied Vared  Gold standard
Vein Autologous graft ~ Nonessential <30 Good results; all patients considered
sersory surgery "helpful”
Autologous graft  Sensory 10-30  91% of patients with “good”
recovery or better®
Biopolymers
Type [ collagen  Collagen conduit  Digital 10-20  88% of patients with “good”
(NeuraGen) recovery or better®
Synthetic materials
PGA (Neurotube) PGA conduit Digital Upto >8  >74% of patients with “good”
recovery or better®
PGA conduit Digital <40 >89% of patients with “good”
recovery or better®
PLCL (Neurolac)  PLCL conduit Hand nerves €20 Sensory outcomes not significantly
different from autograft

Table 4 Some materials evaluated-Wivo (Nectow et al, 2011)
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Defect size
Materials Fabrication methods Animal, nerve  (in mm)
Biopolymers
Agarose Polysulfone conduit, agarose hydrogel Rat, sciatic 20
with LN-1/NGF gradient
Chitosan Chitosan conduit with intemnally aligned PGA filaments Dog, sciatic 30
Collagen NeuraGen conduits Human, brachial <20
plexus
Collagen conduit with longitudinal collagen filaments  Dog, peroneal 30
Fibrin Silicone conduit with GDNF released from fibrin matrix Rat, sciatic 13
Gelatin Genipin-crosslinked gelatin conduit Rat, sciatic 10
Keratin Silicone conduit with keratin hydrogel Mouse, tibial 4
Silk Silk fibroin conduit with longitudinal silk fibers Rat, sciatic 10
Silk fibroin conduit Rat, sciatic 8
Synthetic materials
PCL PCL conduit with GDNF microspheres Rat, sciatic 15
Poly(hydroxybutyrate) PHB conduit, alginate hydrogel with glial growth factor Rabbit, common 20, 40
peroneal
Poly(D,L-lactide) Porous conduit with surface microgrooves Rat, sciatic 10
PLGA PLGA /Pluronic F127 conduit Rat, sciatic 10
Polyurethane Polyurethane-collagen conduit Rat, peroneal 7



2.3 ROLE OCHWANN CELINSPERIPHERAL NERVE REGENERATION

Although various experiments support the theory th&chwann cellenhance nerve migration by
releasng various bioactive factors and offering highly preferred substfateaxon the underlying
mechanism behindhe dynamic axorbichwanncell relationship is still unknown (Evans et al., 2000).
Numerous cell adhesion molecules suchLas Ncadherin, gammaihtegrinsand neural cell adhesion
molecules are secretedby Schwann cellalong with structural andadhesive ECM molecdesuch as
laminin and collagen. Other functions &chwann cellsnclude synthesizing and secreting various
neurotrophicfactors toenhance nerve regeneration, forming a sheath around axon to serve as a guide
and aid in its growth¢learing outdebris to create favorable environment for nerve growth and most

importantly, myelinate axons (Bunge et al., 1994).

In the normal nerveSchwan cellsappear to be quiescent, having heterochromatich nuclei and
relatively electrondense cytoplasm. However, upon nerve injury ®ehwann cellin the distal nerve
undergo extensive changassociatedwith axonal degenerationSchwann cellgproliferate and form
columns reaching their peak of proliferation by daygd.2They serve as scaffolds for regenerating axons

by expressing adhesion molecules on the surface plasma membrane and produce various tropic factors

for regenerating axons (Evans et 2D00).

Various eperimentshave showrthat Schwann cellslong with acellular matrices can stimulate axons to
elongate faster to the distance needeg8chwann cellplay a major role in leading peripheral axons to the
distal nerve stump and in synapserfmation. The ability o6chwann cell® promote nerve regeneration

has been a research area of intense focus (HéahRgiang et al., 2006).
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Some of the ecent studiesfocused on deliveringSchwann celldo the site of injury have been

summarized iMalde 5(Pfister et al., 2011).

Table 5Engineered Nerve Conduits Tested in Animal and Human Models with SC (Pfister et al.,

19

2011).
Matural Degradable Conduits
Conduit Material Lurninal Matrix Cells GF Maodel
Chitin SC, Rat sciatic
BMSC
Callagen Collagen or empty sC Rat sciatic
Collagen (Kevlar rein- Saline or empty sC Rat sciatic
forced)
Synthetic Degradable Conduits
Quter Conduit Material Luminal Matrix Cells GF Madel
Poly-3-hydroxybutyrate Alginata, fibronectin sC rhLIF Rat sciatic
(PHB) hydrogel
Poly-3-hydroxybutyrate Fibrin gel SC, Rat sciatic
(PHB) dMSC
Poly-D/L-lactic acid bFGF Rat sciatic
(PDLLA) Micropatterned lumen SC Rat sciatic
Polylactic acid (PLA) or Collagen gel SC Rat sciatic
Silicone PLLA fibers, Matrigel Rat sciatic
Polylactic-co-glycolic acid  Rat tail glue, laminin sC Rat sciatic
(PLGA)
Polylactic-co-golycolic Collagen gel EMSC Rat sciatic
acid (PLGA)
Polylactic-co-glycolic acid  PLGA channels, lami- sC Rat sciatic
{PLGA, foam) nin
Trimethylenecarbonatee-  Fibrin gel, Matrigel sC Rat median
caprolactone (TMC/CL)



Table %contd.)

Synthetic Nondegradable Conduit

Outer Conduit Material Luminal Matrix Calls GF Model
Polyacylonitrile / polyvinyl- Matrigel sC Rat sciatic
chloride {PAN/PVC)

Silicone Aligned collagen fibrils  Fibro- Rat sciatic
blasts,
SC
Silicona Blood plasma sC Rat sciatic
Silicone Gelatin BMSC Rat sciatic

Apart from these studies, Xu et #1.995)has shown thaSchwann cellsvhen implantedwvith Matrigel,

can aid axonal regeneration across spinal cord transections in adult rats at levels above that of Matrigel
alone. Kierstead et af2005) extended these studies to show th&chwanncell transplantation in
combination with demyelination erdnced axonal growth in rat spinal cord injuries. Another study by
Guest et al(1997)supports the extension of these studies to human therapies: grafts of hiBchwann

cellsin the injured nude rat spinal cord were found to create a highly integrated-graft interface and

allowed a small population of neurons to regenerate across the graft ardter the spinal cord.

2.4 SILK SCAFFOLDS SEBIWANN CELLS

Unique and favorable physiochemical and biological properties of naturally derived biomatdsial sil
fibroin have led to its various applications in the fabrication of scaffolds in the field of tissue engineering

(Altman et al., 2003)

Inspite of being explored for various fields of tissue engineeritagrt@spunsilk fibroin scaffolds have

not been sudied broadly for nerve tissue engineeri@hang et al., 2009).
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Xu et al.(2011)and Huet al. (2012)eported that the electrospun SF mats supported the survival and

growth of theSchwann cellsultured onto the mats, and the mat extract showed no sigaiit cytotoxic

effects on the proliferation of th&chwann celldn another study byang et al. (2007) was shown that

daAt1 UONRAY adzLll2NIa GKS OSftt StinBnhg Gelwitiodt exbrim® |+ YR F
ye &aA3yAUOlyld OeiG202EAO SFFSOGa 2y (KS OStft LKSy
RecentlyHuang et al (2012)reported that p75 immunoractive Schwann cellsvere found throughout

partially degummed 10 mm Spidrex® silk fibroin conduits in abundance and were associated with
regenerating axons and that there was an apparent -tmene relationship between N52
immunoreactive axons and p75 immareactiveSchwann cellsSchwann cellave also been shown to

grow and proliferate on PLGBilk FibroirCollagen 50:25:25 biocomposite scaffolds without any

cytotoxicity (Wanget al., 2010)

2.5RESPONSE BOHWANN CELTS IRON OXIDE NANOPARTICLES

Various fields of biosciences, biotechnology, medicine, environmental technoletgy have exploited
applications of many ibcompatible materials exhibitingariety of response to external magnetfield.
Magnetic propertiesof such composite materials arise elto the presence of iron oxides naparticles

or microparticles.These materials can not only be used as contrast agents for magnetic resonance
imaging but also to generate heat during magnetic field exposure(Hyperthermia), to separate difficult to

handle samplesand to target drug or various other factor to a desired plaeé FI njN1 SO | f ®X wun

Magnetic field controllable materialsomprise ofmicro and nanoparticlespnagneto rheological fluids
ferrofluids films, nanowires and nanotubes, biologistiuctures modified magnetically ee I ¥ njN1 S

al., 2011)The most common magnetically responsive materials include iron oxide(ferrites or magnetitie)
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nano or microparticles that are dispersed in an inorganic matrix or a poly8efarik and Safarikova

2009.
Magnetic particles have found numemapplications suchas (¢ FI njN1 SG | f ®X HaAamMMO

1) Selective separation of biologicakaterials with diamagnetic propertiedMagnetically responsive
materials can be separated from other materials in a complex samvjgh the help of external
magnetic field.

2) Delivering and targeting the particles: Various magnetic materials coated with drugs can be
guided to a desired location with the help of an external magnetic field and kept there until
required.

3) Modification of biological materials: Diamagnetic biological materials such as cells can be
magnetically modified using magnetic particles or magnetically labetddbiologically active

compoundssuch asntibodiesor enzymes.

In the field of neural tissue engineeringKim et al.(2011) reported that Iron oxide nanoparticles
synergistically promoted the neurite outgrowth in the presenceta nerve growth factor. Iron oxide
nanoparticles prolonged the neurite length in dose dependent manner and a neural specificr marke
protein was upregulated by the iron oxide naropcles. On the contranfRisanic Il et al(2007)had
results showing that exposure to increasing concentrations of anionic MNPs (magnetipardiotes)
results in a dosdependantdecreasingiability and capacity of PC12 cells to extend neurites in response
to their known biological cue, i.e. nerve growth factor. Dunning et (2004) used dextran coated
superparamagnetic iron oxide particles to lal&ghwann celleand OECs (Olfactory ensheathing cells)
that were transplanted into focal areas of demyelination in adult rat spinal cord, to visualize the cells
using magnetic resonance imaging (MRI).lt was also specified thatebieléd SCs and OECs were able

to myelinate normally after transplantation iotfocal areas of demyelination.
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Surprisingly, not a lot of studies have been done to understand the behav®chaann cellsowards

magnetic particles and the influence of magnetic stimulation on their growth and proliferation.

2.6 ELECTROSPINNING

ELECTBSPINNING OVERVIEW AND EVOLUTION

Electrospinning employs electrostatic force to stretch and accelerate a charged polymer solution jet and
is known to producesubmicron diameter fibersBecause of the ease with which a wide range of
polymers can be electrpsin to produce nanoscale fibers, this technique has found tremendous growth

and attention commercially and in the research fig@Bkvelber et al., 2010)

Briefly; in this process, a syringe pump controls the polymer liquid flow rate and delivers thetbcmid
small dianeter nozzle as shown itFigure 8 (Gevelber et al., 2010). A higloltage power supply
generates an electric field between the nozzle and a grounded collector placed atacdistway from

the nozzle. As aautcomeof electric forces, thalrop of solution on the tip of the nozzle forms a conical
projection called a Taylor cone .When the applied electric field strength overcomes the surface tension,
a straight jet is ejected from thip of Taylor cone. This jet remains straight for sonstatice and then it
bends and follows a looping and spiraling path. Meanwhile, solvent is evaporated as the jet flies to the
collector. Ultimately, the jet solidifies and deposits on the grounded collector formmgnavoven fiber

mat (Gevelber et al., 2020
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& Upper disk Syringe pump

Taylor cone

Straight jet

Power supply

Bending/whipping
instability

Fiber collector

Figure 8 Schematic of Ettrospinning setupGevelber et al., 2010).

The process of electrospinniig LINB @A 2dzat & {y26y | a WH§pecBdbyizRy (I GA O
in 1914, and was found to bepmacticaltechnique for spinning smatliameter polymer fibersFormhals
was issued the first US patent, in 1934 after all the technical difficulties related to fiber formation were

overcome, for the process and setup used to spin synthetic fi@rang et al., 2009).

Since electrospinning lalved fabrication of fibers at nanoscale, it became popular in the early 1990s
because of the emerging field of nanotechnolo@y date, more than 50 different polymers have been
successfully eleadspun into ultrafine fibersghang et al., 2009).

Summan2 ¥ I FTSg LRtEYSNBR SKAOK KI @S 0SSy &adz00SaafTFdz f

Table6 (Huang et al., 2003).
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Table 6 Polymers that have le® spun in solution formHuang et al., 2003).

No. Polymer Solvent Concentration Prospective
1 Nylon6,6,PA6,6 Formic acid 10 wt.% Protective clothing
2 Polyurethanes, PU Dimethyl formamide 10 wt.% Protective clothing
Dimethyl formamide 10 wt% Electret filter
3 Polybenzimidazole, PBI | Dimethyl acetamide 10wt.% Protective clothing
nanofiberreinforced
composites
4 Polycarbonate, PC Dimethylformamide:tetrahydrofuran(1:1) | 10 wt.% Protective clothing
Dichlormethane 15 wt.% Sensorfilter
Dimethylformamide:tetrahydrofuran(1:1) | 14-15 wt.%
Dimethylformamide:tetrahydrofuran(1:1) | 20 wt.% Electret filter
5 Polyacrylonitrile, PAN Dimethyl formamide 600 mgPAN/165M3
Dimethyl formamide Dimethylformamide | Carbon nanofiber
Dimethyl formamide
Dimethyl formamide 15 wt.%
6 Polyvinyl alcohol, PVA Distilled water 8-16 wt.%
Distilled water 4-10 wt.%
1-10 wt.%
7 Polylactic acid, PLA Dimethyl formamide Membrane for
Methylene chloride and Dimethyl formamic %rgxggg;)ghc:;g;fery
Dichloromethane
Dichloromethane 5 wt.%
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3 main &ctors thatconsiderablyaffect the process of electrospinnirg different polymersare:

0] Rheological properties of the solution such as elasticity, viscosity, surface tension etc., chemistry

of the solution as well as the molecular weight of the solution.
(i) Process related parameters, suchvattage, distance of the collectérom the tip, flow rate etc.
(i)  Temperature, humidity and othem&ironment related parameters

Most favorable combinatiorof these electrospinning parameters should eneratedto prepare

nanoscale fibers with absence of beads

2.7 RESEARCH AIM

The first am of this thesis was to determine the different concentrations at which Iron oxide
nanoparticles could be electrospun with Silk/PEO and different parameters suitable for electrospinning
to have a beadree magnetic mat. The second aim was to analyze thdsmasing different
characterization techniques to figure out the most suitable mat for cell studies. The third aim was to

analyze the growth and proliferation &chwann cellen electrospun magnetic silk mats.
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CHAPTER 3: MATERIALS AND METHODS

3.1 EXPERIMENT 1: FABRICATION OF MAGNETIC SILK SCAFFOLDS
3.1.1 SILK FIBROIN SOLUTION

Silk fibroin (SF) solution was prepared following a previously established processing procedure (Li et al.,
2006; Scheider et al., 2009; Rockwooet al, 2011;Figure 9. Cocoons oBombyx morisilkworm

(Tajima Shoji Co., LTD., Yokohama, Japan) were boiled for 30 min in an aqueous solution of 0.02M
Na2CO3 to extract the gltdike sericin proteins. The degummed silk wiased thoroughly with distilled

water and allowed to dry overnight. The dried silk fibroin was then dissolved in 9.3M LiBr solution at
60xC for 4 h. Dissolved silk was dialyzed in distilled water using aa8ligeer dialysis cassette (Pierce,
MWCO 3,500jor 48 h and centrifuged to remove any particulate. It resulted-if¥® (w/v) silk fibroin
solution.

-

-

-
g

Bombyx mori silk Cut cocoons and dispose Boil cocoons for 30 min in Rinse fibers for 20 min 3
cocoons of worm 0.02 M Na,COj4 times

/

A l !
‘t 1 !. ) »

SV o A
/ >, - - -

S
Squeeze out excess water  Add 9.3 M LiBr on top of
i Add silk/LiBr to dialysis Dialyze against ultrapure

cassette water for 48 h
 \
- £ -

Remove silk solution from Centrifuge twice Store at 4 °C
cassette

Figure 9 Schematic of the silk fibroin extraction procedure. Going from the raw material (cocoons) to
the final agueousased solution takes 4 daysotkwood et al., 2011
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3.1.2 PREPARATION SIEKFe;0, BLENDSOLUTION

To prepare the electrospinning solution, 7 % silk fibroin solution was mixed with 5 wt. % PEO (900,000
g/mol). The addition of PEO to silk solutions generated a viscosity and surfagentesnstable for
electrospinning (Jin et al., 2002). PEO solution of 5wt. % was prepared by directly adding the PEO to
deionized water. Homogeneous solutions were obtained by stirring for at least 5 days at room

temperature (Li et al., 2006).

To make themats magnetic, Iron (I, 11l) oxide€O,) nanopowder, with less than 50 nm patrticle size,

stabilized with PVP coating (Sigma Aldrich) was added to the silk fibroin solution.

To start the experiments, five parts silk fibroin solution was blended withgarts PEO resulting in 7ml
of final solutionFgO, nanopowder was mixed with DI water to form 10% (W&O, solutions which

was then added to 7ml of SF/PEO solution in variable amounts.

These experiments were performed at different flow rates and vokagebe able to make the scaffolds

magnetic and also to obtain a mat without any bead formation in the mat.

For final experiments, four parts silk fibroin solution was blended with one part 5% PEO. The Silk: PEO
solution was kept asxC prior to electrospinninge0, nanopowder was added directly into 5 ml of
Silk/PEO blend solution in different concentrations. Six groups of scaffolds were prepared. Blend
concentrations of 0.0 wt. %, 1.0 wt. %, 3.0 wt. %, 5.0wt. %, 7.0wt. % and 10% fetFeO, were

chosen (Table)7.Addition ofFeO, nanopowder was followed by manual stirring to allow dispersion and

preventaggregation (Figure 10)
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Table 7 Different concentrations dfe;O, nanopowder and silk

Samples | Ratio of | Amount | Total Silk | Amount | Total Iron Ratio of

Silk (7%): | of in the of FeO, | oxideFe0O,) | weight

PEO (5%)| solution | solution | (% by in the of silk:

used (ml) | (gms) weight) | solution weight

(gms) of iron
oxide

Group | 4:1 5 0.28 0% o |-
Group Il | 4:1 5 0.28 1% 0.05 5.6::1
Group Il | 4:1 5 0.28 3% 0.15 1.8:1

Group IV | 4:1 5 0.28 5% 0.25 1.12::1
GroupV |41 5 0.28 7% 0.35 0.8::1

Group VI | 4:1 5 0.28 10% 0.50 0.56::1

Figure 10: Btocol for preparing the SF/PEB0, nanopowder solubn. A) 4 ml of Silk fibroin solution
(7%) and B) 1 ml of PEO (5%) are added together to form a blend sp{ifiand manually stirred. D)
Required concentration of @, is added to the blend solution and stirred to homogenously disperse the
particles,E). F) The solution is then collected in a syringe to electrospin.
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3.1.3 ELECTROSPINNING SET UP

The preexisting set up includes a chamber composed of gitass in which the electrospinning
procedure takes place. The chamber contains a shelf supportedsioissor lift that controls the needle

to target spacing. An 18 gauge needle is mounted within an aluminum counter electrode disk and is
connected to the syringe pump. The counter electrode helps to shape the electric field and propel the
silk solutiondownward toward the target. An Orion Sage M362 syringe pump (Thermo Electron
Corporation) sits on top of the chamber that controls the flow rate of the electrospinning solution and an
ES30RBW high voltage power supply (Gamma High Voltage Research,slmu)side of the chamber

that provides voltage to the needle between 10 KV to 30 KV (FigLie.

Modifying the collector shape and size directly influences the properties of the resuoititgrial (varin

et al., 2001) Initially random fibers were coltéed using a stationary circular aluminum collector and
aligned fibers were collected using a rotating mandrellector configuration Kenawy et al., 2009,
Figure 12. Due to certain difficulties in using the above mentioned collectors, the most sudalbéetor
chosen for final experiments was the rotating plate collector. A flat cardboard of dimensions 19cm*
10cm was used instead of the metallic plate and was taped to the rotating support at the bottom. The
rotational speed was set at 16 rpm. The emtiurface was then covered with nastick aluminum foil to

collect the fibers and was grounded to the power supply using 18 gaug€Ridrnere 11B).
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Figure 11 (A) Preexisting electrospinning set up (B) Flat rotating cardtamllector covered with non
stick aluminum foil rotating at 16rpm

Syringe Needle

Synnge Pump

A4

I Rotating and Translating

High-Voltage
DC Supply Grounded Target

Figure 12 Schematic of rotating mandrel eteaspinning configurationKenawy et al., 2009)
3.1.4 SELECTION OF ELECTROSPINNING PARAMETERS

SF/PEO and SF/PE@QO, nanocomposite fibers werprepared using the electrospinning method. Tip to
target distance was held 19 cm and the polymer solution was 7 wt. % for all the experiments. Flow rate
was maintained at 0.03 ml/ min. Experimental voltage effect analysis was performed for the SF and

SHPEOFe0, electrospinning solution using an output voltage range between 15 kV and 25 kVgjTable
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The only two parameters that were changed during the experiment were voltagé&a@gd nanopowder
concentration in the solution. For every output voltagdues 6 electrospun mats were prepared using
different concentrations ofgO, nanopowder, that is, 0 wt. %, 1 wt. %, 3 wt. %,5 wt. %, 7 wt. % and 10
wt. %. Briefly, at 15 K¥,electrospun scaffolds was prepared in each group, listed above, whicheasul

in 6 electrospun scaffoldst a particular voltage. Similarly, 6 electrospun scaffolds were prepared at 20

KV and 6 electrospun scaffolds at 25 KV.

Table8: List of parameters used for Electrospinning

Total amount of SF/PEO solution used (ml) 5
Concentrdion of FeO, nanopowder used 0,1,3,5,7,10
(wt %)

Spacing between the tip of the needle and the | 19
collector (cm)

Flow rate (ml/min) 0.03

Voltages used (KV) 15, 20, 25

Total electrospun scaffolds prepared at each 6
voltage

Total electrospun sdfolds prepared 18

3.1.5 WATER ANNEALING AND WATER LEACHING

The electrospun scaffolds were water anneatgdplacing them on a shelf in a valved container partially
filled with water. Next, a 24 mmHg vacuum was pulled within the container, and onceimaaas
reached the valve was placed in the closed position. This produces a saturated water vapor environment
0KF G A-gheazeadary structure formation within the silk fijbmwrence et al., 2010). The films

were left within the water vapor envirmment for an 8 hour period. The scaffolds were then water
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leached using DI for 48 hours. The scaffolds were submerged in 4 liters of DI water separately and water

was changed after every 12 hours. Water leaching helped to remove 5% PEO from the fibers.

3.2EXPERIMENT 2: CHARACTERIZATION OF THE SCAFFOLDS

3.2.1 IMAGING TECHNIQUES

3.2.1.1 LIGHT MICROSCOPE

To confirm the presence of the iron oxide particles in the mats, particles were characteriaatiyvisy
light microscopy Rudge et al., 2010).Samples claesized were: SF/PEO mats, SF/PEO/1 wEefd;,
SF/PEOR wt. %e0,, SF/IPEOA wt. 0,4, SF/PEO/7 wt. %0, and SF/PEO/10 wt. %&0, prepared
at 20 KV. 2 images were taken for each sample at 2 different areas on the sample. Magnification was 20 X
for all the images. Size range of the aggregates was compared between different samples by measuring

the diameter of 5 random aggregates in each image for each sample using Image J software.

3.2.12 SCANNING ELECTRON MICROSCOPY

After the process of leachin electrospun scaffolds were allowed to dry. A small section of the sample

was cut from the scaffold from a random position and then mounted on aluminum stubs using copper or
carbon tape and sputter coated with Pt/Pd for 60 seconds. The samples weredmag® scanning

electron microscopy (SEM) with a Zeiss SUPRA 55VP FESEM (Harvard University). The samples were
mounted in the SEM using a 9 pin stub holder mount so that the surface morphology could be easily
assessed. An accelerating voltage of 5 kV aygsdied to the samples and Everhdiornley side or an

Inlens side secondary electron detector was used for imaging. Samples electrospun at different voltages

and different concentration dfFeO, were analyzed.

After comparing the morphology of the matsing the SEM images of the mats electrospun at 15 KV, 20

KV and 25 KV, mats electrospun at 20 KV were chosen for further characterization and cell studies.
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3.2.1.3TRANSMISSION ELECTRON MICROSCOPY

Samples were collected for transmission electron microsd@®M) during electrospinning to observe

the location ofFg0, in the electrospun mats. Fibers were electrospun directly onto 300 mesh copper
Formvar/carbon coated grids for 10 s. The fibers were then imaged using a Zeiss Libra 120 Energy
Filtered Transmi&on Electron Microscope (Harvard University). An accelerating voltage of 120 kV was
used during imaging and the Omega filter was utilized for some of the samples. Samples electrospun at

20 KV with different concentrations 680, were analyzed.
3.2.2 IMAGE ANALYSIS
3.2.2.1 FIBER DIAMETER DISTRIBUTION

To analyze fiber thickness and fiber distribution of different samples, Image J software wa$Mitsed.
approximately 5 fibers in each image, the number of fibers analyzed for diameter analysis was typically

on the order 90 from 6 images. Each fiber was measured about 3 times along its length and then an
average was calculated for ib tensure measurement precisioScale barwa8>Y YR YI Iy A FTA Ol

was 20kX
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2 um Width=1510pm  Mag= 20.00KX WD=82mm EHT= 500kV Signal A= SE2
A

Figure 13: SEM image of the fibers electrospun at 20 KV. Scal&lpan is

3.2.2.2 MESH CHARACTERIZAMOND AREA FRACTION ANALYSIS

3 SEM images taken lgy Zeiss SUPRA 55VP FESEM (Harvard Univessity)the SE2 side of the
detector at magnification 1&X from each group of electrospun mats were analyzed using Image J
software. The groups analyzed were: SF/PEO mats, SF/PEO/L M&O% SF/PEORB wt. %60,

SF/PEOA wt. %e;0,, SF/PEO/7 wt. %0, and SF/PEO/10 wt. FeO..

The threshold of each image was set to exclude vpats as demonstrated in Figure.IPhe ratio of
excluded pixels to total pixels per image was used to estimate void area fraftibe entire mat(Jose

etal., 2012)
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Figure 14 Demonstration of Image J processing to calculate porosity. (A) Threshold set to exclude void
space (Red). (Brocessing completed revealing void area fraction (bldd&se et al., 2012)

3.2.3 STRUCTURAL ANALYSIS
3.2.3.1 XRD ANALYSIS

The crystal structure of the SF/PEO fibers and SFA&Q/fibers were investigated by powderry

diffraction. The powder Xay diffraction analysis of the samples electrospun at 20 KV and the received

FeO, powder was carried out using Philips PW1830 Diffractometer with optically encoded goniomete

PW 3020 operating with a € hradiation source€=0.1542 nm)operating in thereflection mode. The

electrospun mats were loaded on the aluminum hold@fgjure 15)XRD scans were re€@06 R T N2 Y pes

y ne T2 ND.0RSstepwidthiakd counting time for each step of 2 sec/step.
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Figure 15Samples prepared for Ky diffractoneter on aluminum holders.
3.2.3.2 FTIR ANALYSIS

FTIR spectra werabtained to estimate the secondary structure of the SF/PEO and SH8Bibers

prepared by electrospinning. For each sample, a measurement of 32 scans was collected at a resolution

of 4 cm*, which were acquired over a wavenumber range of 68000 cnt. v dzl YGA UOF GA2Yy 2°
secondary structure was based on analyzing the amide | region ¢IL,60® cml). The amide | region

was selected from the entire spectrum and a linear baseline was applied to the spettamrence et

al., 2008)

Fourier seldeconvotizi A 2y & & dza S-sheeficdnteRt $hisifk NdCkogp8n mats prepared at

20 KV as explained in detail by Bua.o H nnc o ® ¢KS | @SNF3IS LISNDSyid O2YL
30 NHzOG dzNB  F2NJ GKS St SO0 NP & Lidyeet ¥ihctird, wasLdSsésked By f f &
integrating the area of each deconvoluted curve and then normalizing to the total area of the amide |

vvvvv

NEIA2Yy 27F {EKDvretbéetins R0 LIS O i NI

3.2.33THERMAL GRAVIMETRIC ANALYSIS (TGA)

To analyze the exact concentrati@f FgO, in the scaffoldsand to study the degradation rate of the
samples,TGwas performed on a TA Instruments Q500 thergravimetric analyzer at a heating rate of 2

°C mirk from room temperature to 300 °C in a nitrogen purge gas flow of 50.0 mE.ifimprevent the
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powdered FgO, sample from being blown out of the pan by nitrogen gas flow, the samples were
encapsulated in aluminum DSC pans during heating. Several holes were made on DSC lids to let the
sample surface be exposed to the atmosphere, ltova the degradation products escap8ilk scaffolds

were cut into small pieces and placed directly on the TGA baBkébre each run, the empty pan with
platinum TGA basket was used to calibrate the zero point of the total mass. The initial sample mass

ranged between 6.0 and 10.0 mg.

3.2.4 MECHANICAL TESTING

Mechanical testing was performed on an Instron model 3366 universal testing machine (Instron,
Norwood, MA) to compare the mechanical properties of SF electrospun maE@@gdembedded mats.

All the samples were fully hydrated for 2 hours in DI water before performing the test and were
immersed in PBS bath during the experiment. The dimensions of all the samples were kept the same, 15
mm (length) * 10 mm (Width).Thickness varied for all the samase Hill software was used to set
pre-configured test method to Tension and samples were being pulléteatate of 5mm per minute

until failure.

ol 3

-

Figurel6: (A) Fullytndrated sample between the‘f:lamps immersed in PBS bath being pulled at the rate
of 5 mm per minute. (B) Close view of the sample nearing failure of the test.
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3.2.5MAGNETIC MEASUREMENTS

Saturation magnetizatiorand Magnetic coercivity measurements were de on electrospun mats
prepared at 20 KV using a Quantum Design (MPMSXL) SQUID magnetometer at Northeastern University.
42 data points were recorded at 300 Kelvin between 10,000 O2a00 Oe. Thelimensions of all the
samples werekept constant at 1cm éhgth)* 1cm (width) and the samples were weighed individually

before the experiment on a weighing scale.

The coercivity (Hc, Oe) is the external applied magnetic field necessary to return the material to a zero
magnetization conditionrand @turation magneization is the point where there is no effect on the

YEGSNRAFEQa YFEIYSGATIGA2Y 640 MVs)iFighe Wy ONBIF &8 2F YI I

T Saturation
Magnetization, M,
Remanent
Magnetization, M,

Figure 17 Important parameters obtained from a magnetic hysteresis loop. The saturation
magnetization, Ms, remamnt magnetization, Mr, and coercivity, Hc, are shd@hem. Mater., 1996)
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3.3 EXPERIMENTSCHWANNKCELL CULTURE
3.3.1 CELL CULTURE

NeuronalSchwann cellATCC, Manassas, VA), originating fEEIU (N-ethyl-N-nitrosourea) induced rat

peripheral neurotumg RT4were used for all the experiments. The cells were expanded in T175 tissue

culture flasks. Briefly, frozen cells were thawed and resuspended in ATCC formulated Dulbecco's
Modified Eagle's Medium (DMEM). The cell suspension was centrifuged for 1@esatua speed of

MHAN NLIY +G ne/ ® ! FGSNI OSYUNARTFdAFI A2y S GKS LISt Si
was resuspended in complete media consisting of 10% Fetal Bovine Serum A8igeih and 1% Anti

Anti (SigmaAldrich.The cells wer seeded onto flasks at a density of 5700 cells/cm2. Media was
renewed every 2 to 3 daySchwann cellerere passaged at 780% confluency and all experiments used

Schwanrcell passage numbers between-P4.

For passaging the cells, Tryp&DTA (0.25%Invitrogen, NYjvas used to detach the cells for the tissue
culture flasks. The cell solution was then diluted in complete medium to inactivatdrypsin. A
hemocytometer slide was used to estimate number of trypsinized cells and subcultivation ratibOof

was maintained.
3.3.2SURFACE PREPARATION AND SC SEEDING ONTO MAGNETIC SILK SCAFFOLDS

The SF/PEO and SF/PE&D, electrsospun mats prepared at 20 KV were used fatitio cell studies. All

the mats were wetted prior to being cut to fit into a 24 Wwelate. A biopsy punch of 13mm diameter

was used to cut all the mats and 6 samples were prepared in each condition. The samples were then
placed in sterile 24 well plates. To ensure sterilization of the mats, 1 ml of 70% ethanol was added to

each well andvas exposed overnight to ultraviolet (UV) light in a laminar flow hood.

After surface preparatiorSchwann cellerere plated at a density of 25,000 cells per well in 3 wells from

each group. The other 3 wells from the same group were used as controlscacells were added in
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those wells.1 mL of the complete media was added to each well including cells or without cells
(controls). Complete media was renewed every 2 days to ensure growth and survival of the cells. Spent

media was carefully pipetted out.

3.3.3CELL VIABILITY ASSAY: ALAMAR BLUE®

To track cell viability and proliferation, alamar Bl{e@itrogen,NY) assay was used. The alamar Blue ®
assay was performed on Day 1, Day 3, Day 5 and Day 7 of the first week. A solution containing complete
media am alamar Blue® in the ratio 10:1 was prepared and 1mL of the solution was added to each well.
After 2 hours of incubation the plate was reasing aspectrophotometer plate reader (SpectraMax M2e
U\LVis) in the fluorescencsode. The cells were excited &30nm and the emission was measured at
590nm. alamar blue® was fully reduced by the method of autoclaving and was also read on the
spectrophotometer plate reader, to make a comparison between the sample fluorescence values and

F£FYFNJ . fdzSdueTdzZf f @ NBRJzOSR O

3.3.4SCANNING ELECTRON MICROSCOPY

Prior to alamar Blue® testing, in order to look at the growth of the cells on the electrospun mats,
samples of SC loaded mats were fixed with 4% Paraformaldehyde in PBS for 20 minutes and washed 2
times in PBS. Thmats were then dehydrated by using increasing concentration of ethanol, that is, 60%
ethanol, 70% ethanol, 80% ethanol, 90% ethanol and 100% ethanol for 10 mins each. The mats were
then allowed to dry in the hood for a few minutes. After dehydratitile mats were mounted on
aluminum stubs using copper tape and sputter coated with Pt/Pd. The samples were then loaded into
Zeiss SUPRA 55VP FESEM (Harvard Univessitg a 9 stub holder and viewed under an accelerating

voltage of %V.
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3.3.5ENZYMEINKEDMMUNO SORBENT ASSAY (ELISA)

After 4 days of culture, the culture mediumas collectedand scaffolds were suspended in HfOP

analysis of Nerve Growth (NGHRhe analysis was donsingthe DuoSet ELISA development (R&D

Systems, MIN The assay waserf 2 NY SR T2 t 2 ¢ A y Jinstiuétiéns. BrieflydaFIvel i dzNB NIQ 2
microplate was coated with capterantibody (goat antNJ &NGF) and incubated overnight at room
temperature. The plate was then washed 3 times with the wash buffer (0.05% Tween®20 in PBS) and
incubated for 1 hour with Reagent Diluent (1% BSA in B&8jples and standards were then added

the plate and incubated for 2 hours. Following incubation, Streptavidin conjugated to HRP was added to

the plate and incubated for 20 minutes. Substrate solution (1;0Q,Hletramethylbenzidine) was added

followingincubation and the reaction was stped using a Stop solution (2NS$Q).

Absorbance was measured at 450 nm and 540 nm in a microplate reader ($eectkd2e UWis).
Standard curve was generated using known amafgrowth factors. The standard curves for nerve
growth factor provided linea plot of absorbance versus concentration. The linear plot was used to

determine the concentration of nerve growfhctor. Allthe experiments were performed in duplicates.

To analyze the NGF content in the electrospun silk fibroin scaffolds, the matsiwdz® LISY RSR Ay Hp
of HFIP in lbind Eppendorf tube, which helped in releasing the growth factors. The tube was closed and
incubated overnight as described in Wang et al. (2010). HFIP was then evaporated by flowing air through

the tube and dried proteims I & NXB & dza LIS y R S R sainple prepafted using{this metimod was f

then added to the plate as mentioned above.
3.3.6STATISTICAL ANALYSIS

All results are expressed as the mean * #tendard deviation. For comparing 6 grougsalysis of
variance (ARVA) wasused with Tukey's Multiple Comparison Pdsst to compare the relative and
adjusted values of different groups for 4 different tirpeints. Significant levels weset at p < 0.05.
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CHAPTER RESULTS AND DISCUSSION

4.1 ELECTROSPINNING

As noted edier, 5 ml of SF/PEO (4:1) solution and different concentratior®a), powderwasused for
electrospinning the mats at various voltages using 3 different collectors.

The collectors used to collect the fibers were:

1) Stationary circular aluminum collector
2) Rotating mandrel collector
3) Flat surface rotating collector

Figure 18A) Stationary circular collector used initially for spinning scaffolds. B) For the samples prepared
using this collector, uneven distribution B&0O, was noticed.

Figure 18showthe electrospun mat prepared using the stationary circular Aluminum collector. These
mats appeared greyer on the outside circumference as compared to the center region of the mat, which
was due to the accumulation of the iron oxide particles or aggregdtasot only resulted in uneven
thickness of the mat at the outer circumference but also uneven distribution of the iron oxide particles

within the mat.
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Figure 19: A) Thin rotating mandrei uséd for electrospinning the mats at different concengratio
Fe0,.B) The sample prepared using thin rotating mandrel that had uneven surface ad uneven
distribution of F&O,.

Figure 19shows the electrospun mat prepared using the rotating mandrel collector. This collector was
used to collect aligned fibers bualue to high rotation speed, the mats had uneven surface with the
appearance of spikes in certain regions. The fibers alignment started to go astray after a few minutes of
electrospinning. The loss of alignment and uneven surface characteristics weilsutatr to the
accumulation of charge on the fibers deposited. As more fibers were being collected onathdrel,
accumulation of chargesiay have caused the incoming fibers to be repelled resulting in less oriented

fibers.

The samples that were prepareding the flat surface rotating collector had uniform thickness and the
appearance of the gray/black color throughout the mat gave the impression of iron oxide nanoparticles
being equally distributed over the entire region of the mat. As a result, flahsenfotating collector was

chosen to prepare all the samples at different voltages and different concentrations of Iron Bgi@g) (
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To introduce the magnetic properties to the electrospun SF/PEO @@, nanopowder was added to

the SF/PEO solutiom different amounts as described earlier. For lower concentrationFef,
nanopowder (1 wt. %, 3 wt. %, and 5 wt. %), the particles were uniformly suspended in the solution
before and during electrospinning. But with increase in the concentratiofes®, nanopowder (7 wt.

and 10 wt. %) , more aggregate formation was noticed in the solution. Nanoparticles aggregate forming
clusters of colloids with an isotropic shape, most probably due to van der Waals attractions and weak

magnetic attractions.

Manud stirring lead to homogenous dispersion B&O, particles throughout the solution. During
electrospinning, due to the high density of tkReO, particles, the particles tend to settle down at the
bottom of the syringe in small negligible amounts. Tereseme that problem, the syringe pump was
placed vertically on top of the electrospinning chamber to allow the flow of the nanoparticles towards

the syringe.

The mats electrospun at higher concentrationg=efO, nanopowderthan 10 wt. %did not seem to e

thick and stable enough as compared to the other mats.

It is well known that in traditional electrospinning process the applied voltage is one of the most
important parameters that can influence the formation of ultrafine and nano fibkitset al., 20D). To
investigate the effect of applied external voltage on the morphology of the SFHER)/ nanopowder

mats and fiber diameter distribution and to prepare a bdegk mat, mats were electrospun at 3
different voltages of 15KV, 20 KV and 25 KV and émagken using SEM were analyA&igure 20

Figure 21Figure 22 respectively
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Mag= 500KX WD=11.0mm EHT= 500kV Signal A= SE1

Figure 20SEM image of the SF/PEO mat electrospurb&KV and with 3 wt. %0, nanopowder. The
fibers have spindle shaped beads ifréd arrows)and are not corihuous

2 um Width=6042pym  Mag= 500KX WD=81mm EHT= 500KV Signal A=SE2
—

Figure 21SEM image of SF/PEO mat electrospun at 20 KV with 3k&Cynanopowder. The mat has
continuous fibers and no beads are present.
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Mag= 500KX WD=105mm EHT= 500KV SignalA=SE1  2HM

Figure 22 SEM image of SF/PEO mat electrospun at 25 KV with 3k&Cypowder. The mat has
spindle shapedred arrows)and circular beadéyellow arrows)n it and the fibers are discontinuous and
tightly packed.

All other electrospun mats prepared with different concentrationg-efO, nanopowder, apart from the
ones shown above (3 wt. %), alsadhthe same morphology. The mats prepared at 15 KV had spindle
shaped beads in it for all other concentrationsF&O, nanopowder and the mats electrospun at 25 KV
were very densely packed and had spindle shaped as well as circular beads and discofibiemuss a

result, these mats were not considered suitable enough for cell studies and further characterization.

There are many factors affecting the occurrence of beads, such as applied voltagelassicity of the
solution, charge density and sade tension of the solution. Since all other parameters were kept

constant, there were chances that applied voltage had an effect on the morphology of the fibers.

Also,fiber jet stability is closely associated with the applied voltage during the eledtmoisiy process.

When the voltage was at 15 kV, solution droplets were found to be dropping down continuously from
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the tip of the needle. But with an increase in the voltage to 25 KV, the jet started to become quite

unstable, resulting in twéber jets atthe tip of the needle occasionally.

Based on theanorphologyof the fibers, the samples that were chosen for further characterization such
as fiber diameter distribution, magnetic measorents, mechanical testing etc. ene the ones

electrospun at 20 KV sia¢he mats had continuous fibers and were bead free.

A few other parameters were varied such as the flow rate and the distance between the tip of the needle
and the collector to optimize the morphology of the mats (Data not shown).The most suitable gélues

flow rate and distance were chosen to be 2 mL/hr and 19 cm respectively.

Testing different voltages, concentration &80, nanopowder, flow rates (images not shown) and
distance between the tip of the needle and the collector yielded the most suitphlameters to
electrospin SF/PEO solution willgO, nanopowder at different concentrations which have been listed

in Table 9

Table 9 Established parameters to electrospin SF/PEO ki, nanopowder.

Applied Voltage 20 KV
Ratio and concentrations ofi¢ solution 4:1 blend solution of 7% SF: 5% PEO
Flow rate 2 mL/hr

Distance between tip of the needle and collect 19 cm

Maximum concentration oFe0O, nanopowder | 10 wt. %

in 5ml of SF/PEO solution

Collector Flat surface rotating collector
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4.2 LIGHMICROSCOPY IMAGE ANALYSIS
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Figure 23Light microscope imag@s magnification of 20%f the samples prepared at 20 RY, A2
SF/PEO mat with neeO, particlesB1, B2 SF/PEO/1 wt. %0, mat.C1, C2SF/PEO/3 wt. %0,
mat.D1, D2 SF/PEOS wt. %0, mat.E1, E2SF/PEO/7 wt. %0, mat. F1, F2SF/PEO/10 wt. %0,
mat.Scalebarmnn > Y
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As shown in Figurg3 above, SF/PEO electrospun mat with no particles in it had no dark regions in the
mat when seen under the light microscope at magnification 20 X whereas a few particles were seen in
the SF/PEO/1 wt. %0, mat. The average aggregate size was 195 + 118 nm. The SF/PEO/F&0,%

mat had more particles per unit area and the averagggregatesize was 251 + 134 nm. As the
concentration ofFe0, was increased in the solution, the mats appeared grayith more partcles per

unit area such as SF/PEOA wtF&0O, mat. The average aggregate size was 287 + 221 nm. As expected,
maximumnumber of particles per unit area wasbserved in SF/PEO/10 wt. B&O, mat under the
microscope with particles in SF/PEO/7 wtF&0, mat being only a little less than the former mat. The
average aggregate size for the mats electrospun using 7 Wwe@ and 10 wt% FegO,were 370 + 241

nm and 433 + 155 nm.

The increase in the average aggregate siz&eg®, particles is directly relat to the increase in the
concentration ofFeO, Y I Y2 L2 6 RSN 5dzS (2 yIy2LF NIAOf SaQ KAIK
aggregates are formed because of attractive van der Waals forces between the particles which bring
together the nanosized particles teduce the energy associated with the high surface area to volume

ratio.

4.3SEM IMAGE ANALYSIS

SEM image analysis was done on mats electrospun at 20 KV using different concentrafiey; tuf
reveal fiber morphology and fiber diameter distribution atwl determine the exact position of the

particles on or inside the ma{figure 2429).
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Opm  Mag= 1000KX WD=82mm EHT= 500kV Signal A=SE2

Mag= 2000KX WD=82mm EHT= 5.00kV Signal A=SE2
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Fgure 24 SEM image of SF/PEO mat electrospun at 20 KV. AkXt BDAt 2(kXC) Fiber diameter
distribution.
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pm  Mag=10.00KX WD=81mm EHT= 500kV Signal A=SE2

2um Width=15.10um  Mag= 2000KX WD=81mm EHT= 5.00kY Signal A=SE2
—
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Fiber Diameter Distribution
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Figure 25SEM image offPEO/1 wt. %60, mat electrospun at 20 KV. A) At kKR B) At 2kXC) Fiber
diameter distribution.
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2pm Width=30.20 pm  Mag= 10.00KX WD=82mm EHT= 5.00kV Signal A=SE2
—

1 m Width=15.10 pm  Mag= 20.00KX WD=82mm EHT= 5.00kV Signal A=SE2
—
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Fiber Diameter Distribution
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Figure 26 SEM image of SF/PEO/3 wtF&0, mat electrospun at 20 KV. A) At kR B) At 2kXC) Fiber
diameter distribution.
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2 ym Width=3020pm  Mag= 10.00KX WD= 83mm EHT= 5.00kV Signal A=SE2
—

Width=1510pm  Mag= 20.00KX WD=83mm EHT= 500kV Signal A=SE2
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Fiber Diameter Distribution
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Figure 27 SEM image of SF/PEOA wtF&0, mat electrospun at 20 KV. A) At KX B) At 2(KXC) Fiber
diameter distribution.
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2um Width=3020pm  Mag= 1000KX WD=83mm EHT= 500kV Signal A=SE2
—

2 pm Width=15.10 pm  Mag= 2000KX WD= 83mm EHT= 5.00kV Signal A=SE2
i
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Fiber Diameter Distribution
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Figure 28 SEM image of SF/PEO/7 wtFe40, mat electrospun at 20 KV. A) At kR B) At 2kXC) Fiber
diameter distribution
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Mag= 1000KX WD=82mm EHT= 500kV Signal A=SE2

2 pm Width=1510pm  Mag= 2000KX WD=82mm EHT= 5.00kV Signal A=SE2
e —
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Fiber Diameter Distribution
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Figure 29 SEM image of SF/PEO/10 wi-&40, mat electrospun at 20 KV. A) At R B) At 2(kXC)
Fiber diameter distribution.

Table 10: Fiber Diameter Distribution of electrospun mats at variable concentratiGiasCaf

Electrospun mats Average Fiber Diameter (nm)
Silk fibroin 640+ 155.4nm

Silk + 1 wt. % &, 543.2 + 74.2hm

Silk + 3 wt. % E6, 4523+ 56.6 nm

Silk + 5 wt. % E6, 399.2 + 80.21m

Silk + 7 wt. % E6, 360.9 + 80.21m

Silk + 10 wt. % E©, 338.2 + 80.4m
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Figure 24A) and 24B) shown above, are the SEM image of the SF/PEO mat electrospun at 20 KV taken at
10 kX 'and 20 kX magnification respectively. The mats were bead free and there were no signs of
discontinuity of fibers. This was a réisaf the stable Taylor cone formation at 20 KV and 2 ml/hr flow

rate. The average fiber diameter for the SF/PEO mat6a8s 155.4nm as seen in Figure 24.C)

With the addition of theFgO, particles to it at concentration of 1 wt. %, the fiber diameteduced to
543.2+ 74.2nm (Figure 25A), B) and ¥J. The presence d¥gO, particles in the form of aggregates was
also noticed.Figure 26shows the SEM images of the SF/PEO/3 wWEE)®, electrospun mats at high
magnifications of 1KX(Figure 26A) and 2k Figure 28).The average fiber diameter further reduced to
452.3+56.6nm (Figure 26 Gyas summarized in Table Hhd moreFeO, particles seen per unit area as

compared to SF/PEO/1 wt. B&O, electrospun mats.

Further increase in the concentratiarf F&O, particles from 3 wt. % to 5 wt. % to 7 wt. % and finally to
10 wt. % not only reduced the fiber diameter but also made visible more and more particles on the

surface of the mats.

The average fiber diameter for the SF/PEOS wtF&f, electrospunmat was399.2+ 80.2 nm, for
SF/PEO/7 wt. %0, electrospun mat wa860.86+ 80.2nm and for SF/PEO/10 wt. B&O, electrospun
mat was338.2+ 80.4nm as shown in the Figures 27(A, B, C), Figure 28(A, B, C) and F{gurB, 29)

respectively.

For the hghest concentration ofFg0, particles at 10 wt. %, the mats had the maximum number of
particles or aggregates visible on the surface of the mat, in between the layers of the mats and in

between the fibers.

The reason for thinning of fibers could be duethe effects of viscosity, conductivity, surface tension,

solution composition or solution concentration.
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4.4TEM IMAGE ANALYSIS

To further investigate the morphology and the location of theO, particles in the mats, TEM was
performed. With TEM, due tthe variations in electron wave scattering between different materials,

contrast was seen between the silk fibers and th@O, particles. The particlesvere more clearly

identified as they appeared darker due to the contrast.

Figure 30: TEM image of/BEO fiber containing 1 wt. #&0,. The particles serve as a part of the fiber,
holding the SF fibers togethé&cale bar200 nm

As shown above in Figure 30, thesO, aggregate of @64 nm length wasseenin between the two end
of the silk fibersThe agregate was holding the Silk fibrdiber together but was alseerving as part

of the fiber.In other wordsaggregates serveas abridge to maintain the continuity of thmat.
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307 nm

316 nm

192 nm

Figure 31: TEM image of SF/PEOQ fiber containing 3 wiy@aPaticles were seen concentrated within
Slk fibroinfibers.Scale bar200 nm

FeO, particles and aggregates not onlgrged as a bridge between thdlsfibroinfibers but were also
seenpresent inside the fibers. Figure 31 clearly shows that small aggpegs well as individual
particles that had diametdess than the diameter of the silk fibrdiitber were able to be concentrated
inside thefiber resulting in dumpy structure of the fibersThe thickness of thébers, aaneasured
using image,ithout any particles inside it, was abol®2nm. Due to the FeO, particlesincorporation

in the fibers,the thicknessof the fibersincreasedmore than 1.8imes to316nm. As shown below in

66



